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Abstract 

Cancers of various organs have been categorized into distinct subtypes after increasingly 

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

cancers contain diverse tumor cell populations that vary in important cancer-specific traits such 

as clonogenicity and invasive potential. Differences that exist between and within a given tumor 

type have hampered significantly both the proper selection of patients that might benefit from 

therapy, as well as the development of new 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. 

 

 

Keywords: 
cancer stem cells, cancer subtype, clonal evolution, therapy resistance 
 
Glossary: 
ABL  abelson murine leukemia viral oncogene 
APC  Adenomatous polyposis coli 
BCR  B-cell receptor 
BRAF  v-raf murine sarcoma viral oncogene homologue B1 
c-KIT  v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homologue 
c-MET  hepatocyte growth factor receptor 
DLL4  delta-like ligand 4 
EGFR  epidermal growth factor receptor 
EMT  epithelial–mesenchymal transition 
HER2  human epidermal growth factor receptor 2 
HGF  hepatocyte growth factor 
KRAS  kirsten rat sarcoma viral oncogene homologue 
MLH1  MutL homologue 1 
MMTV mouse mammary tumor virus 
NF- B  nuclear factor kappa-light-chain-enhancer of activated B cells 
PDGFR-  platelet-derived growth factor receptor alpha 
PyMT  polyoma middle T antigen 
TGF  transforming growth factor 
TGFBR2 TGF beta receptor 2 
TP53  tumor protein p53 
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Introduction 
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. Differences exist not 

only 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 has led to a better 

understanding of the numerous mechanisms by which both faces of tumor heterogeneity are 

driven. Indeed, gene expression arrays and next-generation sequencing have paved the way for a 

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

(1-3), allowing their separation into 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 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 by which individual cancers are driven has precluded the development of curative 

targeted therapies. In more advanced disease for instance, tumors relapse in most 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 idea, 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. As we 

discuss below, these two theories coexist perfectly and are complementary rather than mutually 

exclusive (9). In addition, tumor heterogeneity is also influenced by the cell-of-origin and 

involves the presence of non-neoplastic cells that establish a tumor microenvironment. 
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Here, we provide an overview of several aspects that contribute crucially to tumor heterogeneity 

(Fig 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. 

 

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 (Fig 2A). Adaptation can be enabled by genetic mutations that confer a 

selective advantage to a particular clone. This process is highly dynamic and usually selects for 

clones that will grow and dominate the tumor through so-called ‘selective sweeps’. This is 

Figure 1. Schematic representation of the various factors (diagonal, red boxes) that affect intra- (x-axis, light 
blue) and inter- (y-axis, light grey) tumor heterogeneity. Several examples are depicted for each factor and for 
both forms of tumor heterogeneity. CIN – chromosomal instability; CSC – cancer stem cell; MSI – microsatellite
instability; SHH – sonic hedgehog signaling. 
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reiterated as long as the tumor ecosystem evolves, leading to the formation of complex clonal 

patterns (6). 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 amounts 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 from a handful (15, 16) to hundreds of mutations (17). This startling diversity has urged 

efforts to define patterns and sets of mutations that actively contribute to disease initiation and 

progression, also dubbed ‘driver’ mutations as compared with bystander or ‘passenger’ 

mutations, which 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 for tumor cells remains poorly investigated. Indeed, few studies have attempted to 

quantify the evolutionary advantage that mutations confer to a clone (18). Models in which 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 over 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 both 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 (22). In contrast 

to the lack of quantitative measurements on genetic hits, it is more apparent that distinct 

mutations have different impacts 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 (23). 

Finally, assessing clonal heterogeneity with existing techniques requires the evaluation of 

topologically distinct regions. This is beautifully illustrated in renal carcinoma in which whole-

exome sequencing of multiple distinct tumor regions has revealed considerable genetic 

disparities (24). In keeping with this notion, Sottoriva and colleagues sampled single crypts from 

opposite sides of CRCs and note that the phylogenetic trees they construct based on genetic 

information would be different if only information from one side would have been considered 

(25). Additionally, the high resolution achieved in the genetic and epigenetic analyses allows the 
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authors to speculate that intra-tumor heterogeneity is installed early in tumor development and 

that the relative abundance of a selected feature is not a measure of its fitness but of its age (25). 

In this scenario, the complexity of clonal patterns is not a result of Darwinian selection and 

‘selective sweeps’ but results from a single expansion at an early stage. Surprisingly, the tumor 

microenvironment was assigned a passive role, as it did not affect tumor growth dynamics (25). 

Yet, microenvironmental components can act on transformed cells and alter their biological and 

clinical characteristics (26). Thus, how this so-called ‘Big Bang model’ can be reconciled with 

the evolutionary development of tumors and whether interconversion occurs upon selective 

pressure, such as therapy, warrants further investigation. 

Genomic differences do not exist solely within an individual cancer but also, and arguably most 

prominently, among cancers. It is evident that the range of mutations between seemingly 

identical cancers can vary substantially between patients. Even the type of driver mutations 

found in each cancer can differ highly. This has often resulted in the identification of molecular 

subsets of cancers that are made up of diverse mutational spectra (Fig 2D). In the case of CRC, 

many previous reports have attempted to classify this disease in different categories according to 

its respective genetic defects (27, 28). 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 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, whilst 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 or not 

they present with MSI (27). Conversely, gastrointestinal stromal tumors (GISTs) that are induced 

by either c-KIT or PDGFR-  mutations, present with remarkably similar histology and therapy 

response (29). Furthermore, our group has shown that unbiased determination of the most 

biologically distinct CRCs by using gene expression arrays results in the identification of robust 

subsets that have crucial differences in prognosis, despite a significant overlap in their mutation 

spectra (30). Moreover, CRCs can show striking overlap in gene expression profiles and clinical 

behavior even though lacking unifying mutations (27, 31). This further demonstrates that 

determining mutations per se is insufficient to appreciate fully biological and, as a consequence, 

clinical behavior. Therefore, efforts have been focused on gene expression-based classifications 

for many cancer types which resulted in the detection of several subtypes within a given tumor. 

As discussed in Chapter 4, an international subtyping consortium revealed the existence of four 
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consensus molecular subtypes of CRC with distinct biological and clinical behavior (32). The 

implementation of these subtypes in clinical management remains a challenge, but lessons can be 

learned from breast cancer where subtype-specific treatment regimens have been devised (33). 

 

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

increasing recognition that epigenetic changes, such as DNA methylation and histone 

deacetylation, can occur throughout tumorigenesis (34). These changes, and the subsequent 

biological processes they affect, are inherited during cell division without altering the DNA 

sequence. DNA methylation is instrumental for crucial biological processes during embryonic 

development and cellular differentiation (35), and is mediated by DNA methyltransferases that 

transfer methyl groups to cytosine residues. This process occurs mostly at CpG dinucleotides, 

which are distributed with high frequency at the promoter region of genes (36). Aberrant DNA 

methylation is a characteristic detected in many cancer types that present often with global loss 

of DNA methylation (37). More specific alterations are also frequently seen, such as those that 

target p16 (38), 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 (39). In breast cancers, subsets of tumor cells differentially methylate the TGFBR2 

promoter, which results in differential TGF pathway activity (40). Additionally, cell type specific 

epigenetic modifications of DNA and of histone proteins shape the response to TGF , providing 

an explanation for the highly context-dependent nature of this signaling molecule (41). 

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

clonal evolution as they promote a hypermutation phenotype (23). Interestingly, this particular 

case is directly related to inter-tumor heterogeneity as MLH1 methylation is a defining feature of 

the MSI–CRC subtype (28). Moreover, methylation of a subset of Wnt target genes has been 

shown to identify colon cancers with poor prognosis (42). In addition, in Chapter 5 we show that 

promoter methylation of the miR-200 family displays high levels in CRCs belonging to the 

mesenchymal subtype and not only provides a means to identify these tumors, but also 

rationalizes their mesenchymal appearance (43). Importantly, data presented in Chapter 6 

indicate that this epigenetic feature can already be detected at the premalignant stage. 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 (44, 45). The reversible nature of epigenetic 
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modifications has attracted much research efforts to develop agents that target the enzymes 

responsible for these changes. Several clinical examples illustrate the promise of epigenetic 

targeting, translated to the bedside by the US Food and Drug Administration approval of drugs 

that inhibit DNA methylation, and histone deacetylation for the treatment of myelodysplastic 

syndrome and cutaneous T-cell lymphoma, respectively (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 crucial 

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 new in cancer (46), but only 

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

cells endowed with stem cell properties. Initially described in leukemia, the concept of 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 (47), especially due to the imperfect nature of the methodologies 

available to assess cancer stemness. Although more recent reports lend support for the existence 

of CSCs in endogenously growing neoplasia (48-50), they 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 in cancer; heterogeneous cell populations are 

defined by their differentiation state, non-differentiated (or CSCs) as compared with 

differentiated cells, as well as the various differentiation lineages that can be adopted (Fig 2B). 

Importantly, the genetic and CSC models are not mutually exclusive but rather complementary 

in fueling tumor heterogeneity (9). For example, CSCs are – by definition – the only cells with 

self-renewal capacity and as such would serve as a repository for clonal evolution to take place. 

Indeed, genetically diverse CSC populations within individual tumors have been demonstrated in 

both hematological and solid malignancies (40, 51, 52). Reciprocally, genetic mutations such as 

inactivation of TP53 can influence the CSC content (53). The molecular attributes that maintain 

the CSC state remain largely elusive but we have gained an increased insight into the molecular 

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

levels of Wnt pathway activity as compared with their differentiated progeny, despite the 

presence of Wnt-activating mutations (54). Although deregulated in all colon carcinomas, Wnt 
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does not necessarily define colon CSCs in every tumor. There might be tumors with CSCs that 

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

organization (47, 55), as illustrated in CRC or breast cancer cell lines (56, 57). 

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

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

cancer with distinct genetic backgrounds were shown to have a crucial impact on the identity of 

the CSC population (58). Second, an elegant study by Caldas et al. reported that TGF  potently 

induces a stem cell phenotype in basal and low-claudin subtypes, but has a markedly different 

and even opposing role in other breast subtypes, such as luminal (Fig 2E; (59)). Finally, besides 

xenotransplantation assays, analyses of phylogenic trees of tumor populations have also resolved 

that CSC fractions vary among cancers (60). 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 (47). 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 

modelling of tumors that follow this model, which has revealed that hierarchical organization 

promotes the acquisition of new genetic and epigenetic traits and, thereafter, increased 

heterogeneity (61). 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 (56, 62). 

 

The impact of the tumor microenvironment on heterogeneity. Environmental cues have 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, coopted by tumor cells that influence the various steps of cancer development. 

The TME includes cancer-associated fibroblasts, endothelial cells, and a variety of infiltrating 

immune cells, 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 compared with the non-invasive edge 

(63). Extrinsic factors produced 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 production of reactive oxygen species, which are potent 

inducers of DNA damage (64). Consequently, this might influence intra-tumor heterogeneity in 
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tumor regions with localized inflammation, but also affect cancer subtypes that associate 

strongly 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’ (65). An equivalent entity has been shown to have 

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 (54). The 

Notch ligands DLL4 and more recently Jagged1 were shown to have similar effects (66, 67). In 

Figure 2. Cartoon representation of several factors affecting tumor heterogeneity. (A–C) Intra-tumor
heterogeneity. (A) From a common ancestor (blue founder cell), different subclones (represented by different 
colors) emerge 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 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 pink and immune cells in grey) as well as their derived factors that can induce the reversion of
differentiated cells to CSCs. (D–F) Inter-tumor heterogeneity. (D) The MSI or CIN colon cancer subtypes are
distinct subtypes that associate with BRAF or APC and KRAS mutations, respectively. (E) TGF  pathway activation
results in an increase or decrease of CSC phenotype when triggered in the basal or luminal breast cancer subtype,
respectively. (F) SDPPs can be used to identify breast cancer patients that differ in their survival probability.
APC –  adenomatous polyposis coli; BRAF – v-raf murine sarcoma viral oncogene homologue B1; CIN –
chromosomal instability; CSC – cancer stem cell; KRAS – kirsten rat sarcoma viral oncogene homologue; MSI –
microsatellite instability; SDPP – stroma-derived prognostic profile; TGF  – transforming growth factor beta;
TME – tumor microenvironment.
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glioma, endothelial cells co-localize to and are required for glioma stem cell maintenance (68). 

Altogether, these and other studies (63) have demonstrated the impact of the TME on the 

heterogeneity of tumors. Perhaps even more importantly, as discussed in Chapter 2, factors 

provided by tumor-associated cells not only maintain stem cell attributes but also induce the 

phenotype in more differentiated cells (Fig 2C). For instance, HGF was shown to induce 

differentiated colon cancer cells to revert to a CSC state (54), and similarly TGF  triggers an 

EMT–CSC program in mammary epithelial cells (69). Moreover, in Chapter 3 we provide 

evidence that basic fibroblast growth factor derived from tumor-associated endothelial cells can 

direct differentiated glioma cells to a CSC-like state (70). 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 (71), and suggests that alternative therapeutical options 

have to be considered (72). The composition of the TME is not only important in the regulation 

of tumor cell properties, but it also can be used as a defining peculiarity among different cancer 

subtypes and might provide opportunities for targeted therapy. For example, activation of CD8+ 

T cells in specific tumor regions predicts tumor recurrence in colon cancer (63). Furthermore, 

stromal-derived profiles from breast cancer have been associated with cancer subtypes suffering 

with a worse outcome (Fig 2F; (73)). Interestingly, the impact of the TME might also be specific 

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

depends crucially on the recruitment of CD4+ T cells (74) unlike MMTV-NeuT-derived tumors 

(75). A recent study delineated the microenvironmental make-up of the consensus molecular 

subtypes of CRC (76). Whereas two of the subtypes did not display distinctive 

microenvironmental signatures, both the subtype associated with good and with poor prognosis 

were characterized by an inflammatory signature (76). Integrating information on the phenotype 

and behavior of malignant cells with the composition and activation of stromal components 

might provide a rationale for distinct therapeutic approaches, such as immunotherapies using 

checkpoint inhibitors (76). The recognition of the TME as a defining feature of cancer subtypes 

is crucial when differences in mutations or stem cell content cannot explain the apparent 

diversity. 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. Indeed, data presented in Chapter 7 

indicate that sessile serrated adenomas – precursor lesions to CRC characterized by the 

BRAFV600E mutation and DNA hypermethylation (77, 78) – can either develop to the MSI or 

mesenchymal CRC subtype and that this divergence can be orchestrated by differential TGF  
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signaling activity (79). It is therefore important to view distinct cancer subtypes as complex 

systems in which both the presence of malignant and non-transformed cells as well as their 

crosstalk shape the resulting phenotype. 

 

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 (80, 81). In most adult tissues, self-renewal 

capability is restricted to stem cells and therefore these are probably the prime target for cellular 

transformation. Adult somatic stem cells are usually long-lived, which is a prerequisite to 

accumulate sufficient transforming events. Mouse models of intestinal cancer have initially 

confirmed the latter hypothesis as adenomas were shown to develop preferentially when loss of 

APC is induced in the stem cell compartment (82). However, more recent work has challenged 

this view and has demonstrated that dedifferentiation of intestinal enterocytes can occur and lead 

to intestinal tumors (81, 83), provided they have the right conditions. The Verma group reported 

another example in which they used a model of glioma and showed that terminally differentiated 

cells are also potent inducers of cancer, given that the right combination of genetic aberrations is 

induced. More specifically, the authors (80) deleted the tumor suppressor p53 together with the 

activation of the KRAS oncogene in differentiated neurons. They observed the induction of 

tumors that progressed rapidly towards invasive gliomas. Although these examples suggest that 

there is no restriction on the cell type that is initially targeted, the presence or acquisition of stem 

cell traits could still represent a limiting step to transformation. In the intestine, enforced activity 

of both Wnt signaling and NF- B in enterocytes is required to initiate adenomas from these cells 

and is accompanied by the re-expression of genes present in the intestinal stem cell signature. 

Similarly, acute myeloid leukemia can develop either from hematopoietic stem cells (HSCs) or 

more committed progenitor cells on translocation of the mixed lineage leukemia (MLL) gene. 

When occurring in committed granulocyte–macrophage progenitors, MLL-AF9 activates a self-

renewal signature normally restricted to HSCs and generates tumors with high leukemic stem 

cell content (84). 

Moreover, as discussed in Chapter 8, the cell-of-origin can be a source for inter-tumor 

heterogeneity, and mapping the susceptible cells of different cancer subtypes is intensely 

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

pediatric brain tumors originally thought to arise predominantly in the cerebellum. At least two 

main subtypes have been described – one driven by aberrant sonic hedgehog signaling (SHH) 

and the other seemingly dependent on Wnt activation – which have a dismal and good prognosis, 

respectively. By comparing the transcriptomes of these subtypes to those of distinct precursor 
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cells, Gibson et al. revealed that tumors from the SHH subtype were closely associated with 

committed cerebellar granule neuron precursor cells and developed from the cerebellum (85). By 

contrast, the Wnt-driven subtype is associated with a gene expression profile of neural precursor 

cells located in the embryonic dorsal brainstem. Several additional examples have been 

described (86), and it is expected that many molecularly distinct subtypes from various tumors 

will be quickly trailed back to their origin. Importantly, in some cases, transcriptional programs 

alone might be insufficient or even misleading in inferring the cell-of-origin of cancer subtypes. 

Basal cell carcinomas (BCCs) develop through activation of the hedgehog pathway, and during 

progression these tumors often show molecular markers normally expressed by hair follicles. 

Although this would suggest these tumors originate from hair follicle stem cells, conditional 

activation of the hedgehog pathway in various skin lineages has demonstrated that most BCCs 

develop preferentially from stem or progenitor cells found in the interfollicular epidermis (87). 

In line with these observations are studies in breast cancer which confirm that the differentiation 

state of the tumor does not always allow drawing conclusions about the cell-of-origin (88-91). 

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

heterogeneity, and discussed various sources that can promote them (Fig 1). First, we described 

the genetic contribution to heterogeneity resulting from an accumulation of genetic mutations in 

tumor cells and subsequent clonal selection; the process of clonal selection acts mostly on the 

CSCs as they are uniquely endowed with the capacity to self-renew. Moreover, we have 

discussed how CSCs add another layer of heterogeneity as these cells can spin off different 

tumor lineages of differentiated tumor cells. Finally, we concluded this first part by presenting 

the role of the tumor microenvironment and the cell-of-origin. 

 

Implications and crosstalk of both forms of 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 directly 

predict a lack of response to a particular treatment. This is the case in metastatic CRC, for which 

anti-EGFR therapy is relatively effective in KRAS wild-type cancer subtypes, but is not effective 

in KRAS-mutant tumors (92). 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 wild-type tumors (93). As mentioned 
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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 on the 

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

independent of KRAS mutation status (30). Similarly, different pancreatic adenocarcinoma 

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

mutations (94). 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 (an estrogen receptor antagonist; (95)) and 

trastuzumab (an anti-HER2 monoclonal antibody; (96)) has crucially improved the survival of 

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

Intra-tumor heterogeneity also has an impact on clinical outcome. In diagnostic terms, the choice 

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

do not yield a fully representative picture of a tumor (24, 97). Furthermore, diagnosis is 

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

disease presenting with phenotypic attributes that have progressed beyond the primary tumor. 

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

measurements, which reflect changes present in most 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. A recent study, for instance, made use of single cell 

RNA sequencing of individual glioma cells and revealed that not only pieces from different areas 

of a given tumor, but also single cells within a tumor correspond to different glioma subtypes 

(98). The question remains, however, of whether these diverse issues are rate-limiting steps that 

need to be resolved to improve clinical outcome for patients? In other words, is it essential to 

obtain multi-regional sampling 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 as 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 (99), from which 

diagnosis and therapy design should be made. Furthermore, the clinical benefit of obtaining 

genetic information on single tumor cells 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. Intriguingly, it was recently shown that cells 

within one glioma tumor display differential expression of receptor tyrosine kinases (RTKs) 
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(98). Inhibition of RTKs is a mainstay of targeted therapy and the observed cell-to-cell 

variability has thus profound implications for therapeutic strategies. Yet, the relevance of single-

cell-derived diagnosis is unclear, as data derived from these cells does not provide any direct 

information on the remnant tumor cell population, and other more accessible methods can be 

used to infer clonal relations (5, 100). 

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 is applied, 

such as therapy, the fittest – most resistant – subclones are invariably selected to survive and 

expand to manifest clinically 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 (101). 

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 (92). 

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

has been described in CRC in which resistance to BRAF inhibition is bypassed by EGFR 

overexpression (102). In most cases, therapy resistance is accompanied by the outgrowth – 

selective sweep – of genetic variants that existed before the introduction of the treatment. In 

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

therapy in patients that will develop resistance to that drug (103). Similarly, the emergence of 

KRAS-mutant clones might be noticed months before radiographic progression in metastatic 

CRC patients treated with anti-EGFR therapy (104). Likewise, around 5% of all gliomas are 

composed of coexisting subclones of which each is characterized by the amplification of a 

distinct RTK (105). This mosaicism might hold important implications for therapy: if these 

clones form an interconnected network and depend on each other, a single RTK inhibitor might 

be sufficient for effective treatment. However, subclones could also represent distinct self-

sustaining entities, which might explain the low efficacy of anti-EGFR therapy in glioma and 

might point to the requirement of a multiple RTK-targeting strategy (105). 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 before treatment (100). Moreover, a recent 

study analyzed the dynamics of resistance development and showed that the EGFRT790M 

mutation, which is responsible for resistance in 50-60% of lung cancer cases treated with EGFR 

inhibitors, was detectable in lung cancer cell lines prior to treatment with the EGFR inhibitor 

gefitinib (106). Upon EGFR inhibition the EGFRT790M-mutant cells are selected for and lead to 
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rapid outgrowth of drug-resistant colonies. In addition, the authors also observed outgrowth of 

colonies only after prolonged EGFR inhibition, which suggests that these colonies were initiated 

by the formation of de novo mutations and not by pre-existing mutant cells. Mutations associated 

with this late resistance are either the EGFRT790M mutation itself or mutations in downstream 

signaling components (106). This study therefore offers an explanation for both heterogeneity 

observed in the time to recurrence development as well as heterogeneity in sensitivity to second 

line therapeutics (106). 

Importantly, in the context of CSCs, therapy seems to select for pre-existing, highly resistant 

tumor cells. It is generally assumed that these cells are more resistant to a variety of treatments 

(71, 107, 108). Evidently this has a major clinical impact, as eradication of this subpopulation 

should be the priority when designing new therapeutic interventions. For example, leukemic 

stem cells (LSCs) identified in CML are reportedly more resistant to the drug imatinib than their 

differentiated progeny. This is often attributed to the quiescent nature of LSCs (109, 110) as 

imatinib preferentially targets dividing cells. Similarly, the quiescent state of a fraction of colon 

CSCs has also been associated with chemotherapy resistance (62), and altogether these studies 

highlight the potential therapeutic benefit of reverting quiescence (110). Additional experimental 

evidence comes from glioma in which CSC marker-expressing cells repair DNA damage more 

efficiently (111), and the ability of breast CSCs to maintain low levels of reactive oxygen 

species, which protects them against radiation (112). More clinical examples have also been 

reported, for instance in GISTs, whereby patients showing complete disease remission under 

imatinib treatment relapsed quickly after imatinib withdrawal (113). This suggests that a fraction 

of cancer cells remain untouched during the treatment and cause a relapse. 

The number of CSCs might relate to metastatic potential and, therefore, it is not too surprising 

that many efforts have been made to better identify tumors at a higher risk of relapse, with the 

assumption that they would present with a higher CSC content. The identification of patients 

with poor prognosis in breast cancers (114), colon cancers (42, 115), and leukemia (116), based 

on their association with CSC signatures, has indeed supported the relevance of CSCs in a 

clinical setting. Frequently, the underlying biological association of the tumor transcriptome to a 

CSC signature has been thought to reflect the fraction of CSCs present in a tumor. Although 

these associations might exist in malignancies that have a high CSC content, it is unlikely to be a 

general feature, as most cancers are believed to harbor only a minute number of CSCs. 

Consequently, several important conclusions can be drawn from the prognostic power of CSC 

signatures. First, CSC-associated expression profiles are clinically relevant as elements of 

stemness influence the clinical outcome of various cancers. Second, the association of CSC-
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derived profiles with prognosis should be interpreted with caution. This is well-illustrated for 

CRC in which a mouse intestinal stem cell (ISC)-derived signature was shown to associate 

strongly with patients at a high risk of relapse (115), suggesting that stem cell content is 

important. However, our data show that the presence of ISC-related genes in both pure ISC or 

colon CSC-derived gene signatures is not a crucial determinant of the prognostic power of these 

signatures (42). Importantly, in the illustrated case, ISC and CSC signatures pointed to a distinct, 

more immature and poorly differentiated subset, and thereby reflected a clonal trait of the 

malignant tissue, rather than CSC number. 

 

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

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

heterogeneity impinges on adequate diagnosis and results frequently in therapy resistance. 

Indeed, it has been shown that high levels of intra-tumor heterogeneity correlate with poor 

prognosis in glioma (98). 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 and group-based drug design, or even an approach directed towards specific tumor 

clones (52). Unfortunately, our crude understanding of the molecular mechanisms by which 

intra-tumor heterogeneity is driven, coupled with uncertainty about the diversity of existing 

molecular subtypes, might preclude the development of significantly improved therapies, 

particularly for more advanced metastatic disease. 

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

improve rational therapy design? In other words, could a better appreciation of the biological 

foundation of distinct subtypes be used to infer the behavior of intra-tumor heterogeneity? A 

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 (117). 

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 a 

heterogeneous tumor cell population in a tumor could be a reflection of the diverse molecular 

subtypes that belong to a malignancy (Fig 3). 



Chapter 1 

24 

 

 

Conclusion and outlook 
Tumors are recognized as heterogeneous entities but the crucial question remains of 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; a similar study performed in breast 

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

progression (118). Whether the presence of more clones is crucial for progression or simply the 

reflection of genomically unstable tumors remains to be established. Ingeniously designed, 

targeted therapeutic agents are tested in preclinical models at tremendous speed but at a high cost 

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

that target known aberrations to which cancer cells might be addicted – such as BCR–ABL in 

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

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

when drug responses are being evaluated. For example, ‘drug x’ might be discarded because it 

Figure 3. Connecting intra- and inter-tumor heterogeneity. (Top) Multiple subclones exist in an individual lung
tumor each being represented by a different subtype of lung cancer. (Bottom) Some subtypes of lung cancer are
more sensitive to therapy than others. This is reflected in an individual tumor for which a therapy selects the most
aggressive subclone, such as the subclone resembling the most aggressive cancer subtype. 
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does not produce clinical benefit in the overall population, although it might be potent in a small 

subset of the population given that the latter is represented adequately. This is not 

straightforward as 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 as those present in early stages. 

Assuming the latter is true, how do we progress towards more effective treatments? One of the 

limiting steps here is having appropriate models to use 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, especially inter-

tumorally. Human xenograft models are superior in that respect as they are derived directly from 

patients and can be maintained almost indefinitely in immunocompromised 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 (119), 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 identified subtypes of colon cancer cell lines that have important biological 

attributes, such as invasive properties and therapy resistance, corresponding with primary 

cancers (30). 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 crucial step 

to understanding the different biological backgrounds that are hard-wired into distinct cancer 

entities. 
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Abstract 

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

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

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

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

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

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

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

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

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

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

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

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

new starting-points for novel cancer therapies. 

 

 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

metastasis. 

 

The cancer stem cell theory 

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

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

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

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

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

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

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

tumor heterogeneity (3). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

deficient antibody recognition is not clear and requires further analysis. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

represents an intense area of investigation. 

 

Morphogenetic pathways regulating the cancer stem cell state 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

immunocompromised mice (33). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

carcinomas (37). 

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

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

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

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

tumor formation ability in vivo (40). 

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

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

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

 

The cancer stem cell niche 

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

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

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

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

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

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

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

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

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

stem cell niche (42). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

fashion (35). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

an endothelial brain CSC niche. 

Regarding colorectal cancer, myofibroblasts residing in the tumor microenvironment can 

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

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

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

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

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

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

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

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

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

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

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

great detail. 
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Cancer stem cell dynamics

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

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

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

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

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

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

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

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

reprogramming factors instead of genomic integration (54). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

whether melanomas follow a hierarchical organization. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

niche. 

 

The environmental cancer stem cell niche in tumor progression 

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

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

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

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

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

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

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

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

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

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

metastatic behavior of cancer cells. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

premetastatic niche. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

leads to macrometastatic outgrowth. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

invasion. 

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

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

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

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

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

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

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

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

factor-1 (SDF1) receptor CXCR4, which showed highly increased migratory abilities. Ablation 



Chapter 2 

44 

of these migrating CSCs abolished the capability of pancreatic cancer cells to form metastases 

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

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

(81). 

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

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

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

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

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

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

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

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

combination of a spontaneously metastasizing orthotopic breast cancer model with noninvasive 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

cancer patients is still a debated issue. 

 

Conclusions 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Background. Glioblastoma multiforme (GBM) is a rapidly growing malignant brain tumor, 

which has been reported to be organized in a hierarchical fashion with cancer stem cells (CSCs) 

at the apex. Recent studies demonstrate that this hierarchy does not follow a one-way route but 

can be reverted with more differentiated cells giving rise to cells possessing CSC features. We 

investigated the role of tumor microvascular endothelial cells (tMVECs) in reverting 

differentiated glioblastoma cells to CSC-like cells. 

Methods. We made use of primary GBM lines and tMVECs. To ensure differentiation, CSC-

enriched cultures were forced into differentiation using several stimuli and cultures consisting 

solely of differentiated cells were obtained by sorting on the oligodendrocyte marker O4. 

Reversion to the CSC state was assessed phenotypically by CSC marker expression and 

functionally by evaluating clonogenic and multilineage differentiation potential. 

Results. Conditioned medium of tMVECs was able to replenish the CSC pool by phenotypically 

and functionally reverting differentiated GBM cells to the CSC state. Basic fibroblast growth 

factor (bFGF), secreted by tMVECs, recapitulated the effects of the conditioned medium in 

inducing re-expression of CSC markers and increasing neurosphere formation ability of 

differentiated GBM cells. 

Conclusions. Our findings demonstrate that the CSC-based hierarchy displays a high level of 

plasticity showing that differentiated GBM cells can acquire CSC features when placed in the 

right environment. These results point to the need to intersect the elaborate network of tMVECs 

and GBM CSCs for efficient elimination of GBM CSCs. 
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Background 
Glioblastoma multiforme (GBM) is a nearly universally lethal, heterogeneous primary brain 

tumor. Despite aggressive treatment comprising surgical resection, radiotherapy, and 

temozolomide (TMZ) chemotherapy, the prognosis of GBM remains dismal with a 5-year 

survival rate of only 10 % (1). After treatment, recurrence is almost inevitable and is thought to 

be driven by cancer stem cells (CSCs). CSCs are suggested to be the only cells within a 

malignancy able to drive tumor growth and progression. Moreover, they have been shown to 

resist most cancer therapies and are therefore held responsible for poor clinical outcome (2-4). 

The CSC hypothesis suggests that tumors follow a hierarchical organization with CSCs 

localizing at the apex and giving rise to all differentiated progeny that can be found in the 

malignancy. However, several studies have challenged this concept indicating that the 

differentiation of CSCs is not a one-way route but might be a reversible process that can be 

directed by signals from the tumor microenvironment (5-7). It should be noted that the dynamic 

conversion between differentiation states could be, at least in part, an intrinsic feature. A model 

of this stochastic interconversion was reported by Gupta and colleagues for breast cancer (8) and 

was also shown in melanoma (9). As for GBM, CSCs can be generated by progenitor cells in 

response to microenvironmental signals (10-12). Two recent studies showed that non-stem 

glioblastoma cells can convert to CSC-like cells upon therapeutic stress, such as TMZ treatment 

or ionizing radiation (13, 14). These results demonstrate that stochastic transition between 

distinct differentiation states - as has been described before for breast cancer - also occurs in 

GBM (8, 13, 15, 16). Differentiated cells were defined by the downregulation of CSC markers 

and the increased expression of differentiation markers; however, the selection of these cells was 

not based on proteins flagging the differentiation state. In case of a cell sorting-based approach, 

differentiated cells were defined by the absence of CSC markers. This approach does not exclude 

the existence of concealed CSCs not expressing the classical CSC markers which could expand 

upon treatment. 

In this study, we assessed the role of the GBM CSC niche consisting of tumor microvascular 

endothelial cells (tMVECs) in regulating cell fate. Conditioned medium of tMVECs was 

sufficient to phenotypically and functionally revert differentiated cancer cells to the CSC state. 

To avoid the presence of cryptic CSCs, we forced primary GBM spheroid cultured cells to 

differentiate to distinct lineages by multiple differentiation techniques. Additionally, with the use 

of the cell surface marker O4, we sorted differentiated oligodendrocytes from the total 

population and therefore excluded the presence of CSCs devoid of traditional CSC markers. O4-



Chapter 3 

52 

expressing differentiated GBM cells were able to convert to CSC-like cells, showing that 

differentiated cancer cells could acquire CSC features. 

 

Results 
tMVECs increase self-renewal capacity and CD133 expression of CD133  GBM cells. 

Populations expressing high levels of CD133 were shown to be enriched for CSCs in a wide 

variety of malignancies, including GBM (17, 18). Although it is questionable whether CD133 

identifies the CSC population in all GBM tumors (19-22), its usefulness to identify cells that 

possess the capacity to self-renew, to spawn all differentiated progeny, and to serially propagate 

tumors has been well-documented in several primary spheroid cultured GBM lines (17, 18). We 

therefore examined the expression of CD133 in three primary GBM lines, G073, G062, and 

G408. As described before, such GBM spheroid cultures displayed a gradient of CD133 

expression and the highest CD133 expressing cells (top 10 %, CD133+) were endowed with high 

self-renewal capability determined by clonogenic assays (17, 23). In contrast, the clonogenicity 

of cells expressing no or low levels of CD133 (lowest 10 %, CD133-) was lower, indicating their 

more differentiated character (Fig. 1A and Additional file 1: Figure S2B). Although these 

CD133  cells had a lower capacity to self-renew and be clonogenic, conditioned medium derived 

from tMVECs (endothelial cell conditioned medium, ECCM) was capable of conveying such 

CSC features to these non-stem GBM cells. When plated in ECCM, the self-renewal ability of 

CD133  cells increased to a similar clonogenic potential as the one of CD133+ cells (Fig. 1A and 

Additional file 1: Figure S2B), suggesting that factors present in ECCM induce self-renewal in 

initially poorly clonogenic cells. 

To address the question whether this effect is also observed when employing other CSC markers, 

we made use of the G073 spheroid culture, which expresses a gradient of stage-specific 

embryonic antigen 1 (SSEA-1), a cell surface marker that has been reported to identify GBM 

CSCs (24). The low clonogenic potential of SSEA-1  cells in control medium strongly increased 

when these cells were plated in ECCM (Additional file 1: Figure S2A), indicating that the 

ECCM effect is not specific for CD133. 

We speculated that the 2 week time frame of clonogenic assays might leave possible small 

numbers of contaminating CD133+ cells in the sorted CD133  fraction enough time to proliferate 

and grow out, potentially misjudging the effect of ECCM as reversion of CD133  cells instead of 

outgrowth of CD133+ cells. To address this point, CD133  cells were sorted in control medium 

or ECCM and CD133 expression was analyzed 24 or 72 h after sorting, giving no time for 

possible contaminating CD133+ cells to grow out. ECCM was able to increase expression of 
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CD133 in the initially negative population already 24 or 72 h after plating (Fig. 1B and C and 

Additional file 1: Figure S2C). 

The above-described effects could also be observed when CD133  G062 cells were plated in 

conditioned medium derived from human umbilical vein endothelial cells (HUVECs; HUVEC 

conditioned medium, HCM) (Additional file 1: Figure S2D and S2E). Thus, tumor-derived as 

well as normal tissue endothelial cells are capable of phenotypically and functionally reverting 

non-stem GBM cells to the CSC state. 

 

Figure 1. ECCM increases the clonogenic 
potential and CD133 expression of CD133  
GBM cells. (A) Indicated is the clonogenic 
potential of the CD133  fraction of G073
(left) and G062 (right) cultures in control 
medium or ECCM and of CD133+ cells in
control medium, scored 2 weeks after
sorting (n 3). (B,C) G073 (B) and G062
(C) CD133  cells were plated in control
medium or ECCM directly after sorting.
Quantification and FACS profiles depict
CD133 expression 24 h (G073) or 72 h
(G062) after sorting (n = 3). 
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tMVECs induce CD133 expression in differentiated GBM cells. Although CD133  cells are 

considered to comprise the more differentiated part of a GBM spheroid culture, they are not 

differentiated and can thus contain a subpopulation of cells that still maintain self-renewal and 

sphere forming activity. Therefore, in order to determine the effect of ECCM on differentiated 

tumor cells, we forced in vitro differentiation of GBM CSCs toward the neuronal and astrocytic 

lineages using bone morphogenetic protein 4 (BMP4) (25). After 7 days of BMP4 treatment, the 

G073 and G062 primary GBM lines displayed glial fibrillary acidic protein (GFAP) expression. 

G073 cells also induced III-tubulin expression and downregulated the CSC marker SSEA-1 

(Fig. 2A and Additional file 1: Figure S3A). Quantitative real-time PCR (qRT PCR) results 

confirmed the increased expression of these differentiation markers and revealed the 

downregulation of the CSC marker OLIG2 in both cultures and of Musashi1 in G073 cells 

(Fig. 2B). In addition, CD133 and Nestin expression were strongly reduced on BMP4-treated 

GBM cells (Fig. 2C and Additional file 1: Figure S3B). 

Even though GBM cells were almost completely devoid of CD133 upon BMP4 treatment, we 

sorted CD133  cells to avoid the presence of cells expressing low levels of this CSC marker. 

Differentiated, CD133  cancer cells were sorted into control medium or ECCM and CD133 

expression was reanalyzed after 5 days revealing that cells plated in ECCM significantly induced 

CD133 expression (Fig. 2D). BMP4-differentiated CD133  G073 and G062 cells were plated in 

clonogenic assays to address the functional conversion of these differentiated cells to the CSC 

state. Indeed, the clonogenic potential of these cells increased when plated in ECCM compared 

to control medium (Additional file 1: Figure S3C). Hence, based on marker expression and on 

clonogenic capacity, ECCM is capable of reverting BMP4-differentiated cells to the CSC state. 

 

bFGF secreted by tMVECs induces the reversion of differentiated GBM cells. We performed a 

growth factor array on ECCM to identify which factors secreted by tMVECs could be 

responsible for the reversion. This revealed a wide range of growth factors (GFs) that could 

potentially be involved in reversal of differentiated GBM cells to the CSC state (Fig. 3A and 

Additional file 1: Figure S4A). We focused on bFGF, epidermal growth factor (EGF), 

hepatocyte growth factor (HGF), and vascular endothelial growth factor (VEGF) in further 

experiments, since bFGF and EGF play an important role in GBM CSC maintenance (26, 27), 

HGF was shown to revert differentiated colorectal cancer cells to a CSC phenotype (5), and 

VEGF was described to promote viability of GBM CSCs (28). 
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To assess which factor could be responsible for induction of CD133 expression, BMP4-

differentiated CD133 G073 cells were sorted and plated in control medium, medium containing 

bFGF, EGF, HGF, or VEGF. Analysis of CD133 expression 5 days after plating unveiled that 

only bFGF significantly increased the amount of CD133-expressing cells (Fig. 3B). Moreover, 

Figure 2. Differentiation of GBM CSCs using BMP4 leads to upregulation of differentiation markers and 
downregulation of the CSC marker CD133 which is reversed by ECCM. (A) BMP4 induces upregulation of the 
astrocyte marker GFAP in G073 (left) and G062 (right) cells and induction of the neuronal marker III-tubulin 
in G073 cells as compared to cells plated in CSC medium + GFs (scale bars 20 m). (B-D) Upper panels: G073, 
lower panels: G062. (B) Differentiation markers are upregulated and CSC markers are downregulated upon 
BMP4 treatment compared to cells plated in CSC medium + GFs as determined by qRT PCR (1 representative
of 3 independent experiments is shown) and (C) the CSC marker CD133 is not detectable anymore (n > 3). 
(D) BMP4-differentiated CD133  cells were sorted and plated in either control medium or ECCM. 5 days after 
sorting CD133 expression was reanalyzed by FACS (n 4). 
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when G062 cells were induced to differentiate with BMP4, stimulation of the resulting CD133  

cells with bFGF also significantly re-induced CD133 expression, indicating that the reversion 

was observed in other primary cultures as well (Additional file 1: Figure S4B). The observed 

effect of bFGF on induction of CD133 expression was not concentration dependent, as 10, 50, 

and 100 ng/ml yielded comparable results (Fig. 3C and Additional file 1: Figure S4B). 

Additionally, EGF, HGF, and VEGF were not able to induce CD133 expression even when used 

at very high doses (100 ng/ml, Fig. 3C). 

To prove that bFGF present in the conditioned medium was responsible for the ECCM-induced 

reversion we made use of a bFGF neutralizing antibody (bFGF nAb). Addition of this antibody 

to ECCM prevented the induction of CD133 expression in BMP4-differentiated G073 cells 

(Fig. 4A and B). In contrast, the addition of Bevacizumab, which targets VEGF, did not affect 

the induction of CD133 expression (Fig. 4A and B). 

The growth factor array performed revealed additional interesting candidates, such as insulin-

like growth factor-binding proteins (IGFBPs) and specifically IGFBP-2, which has previously 

been implicated in GBM CSC biology (29). Our results demonstrate that bFGF is capable of 

reverting differentiated GBM cells to the CSC state in the experimental model used. It should be 

noted, however, that under different circumstances other proteins might fulfil similar functions. 

To determine whether bFGF also functionally reverts differentiated GBM cells to the CSC state, 

Figure 3. bFGF in ECCM induces
CD133 expression on BMP4-
differentiated CD133  cells.
(A) Growth factor array
comparing control medium (left
panel) to ECCM (right panel).
(B,C) Differentiation of G073
cells using 100 ng/ml BMP4 for
7 days and subsequent sorting of
CD133  cells. Graphs show %
CD133+ cells 5 days after sorting,
as determined by FACS
((B) n = 3, (C) left n = 2, right
n = 3).
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BMP4-differentiated CD133  cells were sorted in clonogenic assays, either in control or bFGF-

containing medium. Indeed, bFGF was capable of promoting self-renewal capacity yielding a 

clonogenic potential similar to that of CD133+ GBM CSCs (Fig. 4C and E). G073 colonies that 

grew out in medium containing bFGF entirely resembled the parental undifferentiated population 

as judged by CD133 expression (Fig. 4D). 

Moreover, the expression of the differentiation markers GFAP and III-tubulin was 

downregulated to the level of the undifferentiated parental population in G062 cells collected 

from the bFGF condition of the clonogenic assay (Additional file 1: Figure S3D). Additionally, 

cultures derived from BMP4-differentiated CD133  G062 cells plated in bFGF containing 

Figure 4. bFGF in ECCM is responsible for induction of CD133 expression and increases the clonogenic potential of
BMP4-differentiated CD133  cells. (A) BMP4-differentiated CD133  G073 cells were sorted and plated in control 
medium, ECCM, ECCM containing a bFGF neutralizing antibody (bFGF nAb), or ECCM containing Bevacizumab. 
5 days after sorting CD133 expression was reanalyzed by FACS (n = 3). (B) FACS plots corresponding to (A). (C) The 
clonogenic potential of BMP4-differentiated CD133  G073 cells was assessed using clonogenic assays (n = 6). 
(D) CD133 expression of spheres formed in (C) in the bFGF condition compared to the non-differentiated parental 
G073 spheroid culture (n = 2). (E) The clonogenic potential of BMP4-differentiated CD133  G062 cells was assessed
using limiting dilution assays (n = 5). 
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medium could recapitulate the same differentiation pattern as the parental population, indicating 

their reversion to the CSC state (Additional file 1: Figure S5). These results demonstrate that 

bFGF in ECCM is able to phenotypically and functionally revert differentiated GBM cells to 

CSC-like cells. 

 

bFGF induces the reversion of O4+ oligodendrocyte-like cells to the CSC state. 

The identification of differentiated cells after BMP4 treatment relies on the absence of the CSC 

marker CD133. However, tumorigenic potential has also been described for CD133  

glioblastoma cells and various other markers besides CD133 could identify populations 

possessing CSC features as well (19-22, 24, 30). Furthermore, the selection of differentiated cells 

by the absence of a CSC marker does not exclude the presence of concealed CSCs. In a 

population lacking classical CSC markers these cryptic CSCs could be activated and reconstitute 

the distinct cell fractions present in the original population. To assess the reversion potential of a 

culture consisting exclusively of differentiated cells we made use of the cell surface 

oligodendrocyte marker O4. G073 GBM CSCs could be effectively differentiated toward the 

oligodendrocytic lineage using GF withdrawal (  GFs) or addition of 2 % fetal calf serum (+2 % 

FCS) for 7 days. In both conditions, cells displayed a differentiated morphology, gained O4 

expression and downregulated the expression of Nestin (Fig. 5A, Additional file 1: Figure S6A 

and Additional file 1: Figure S7). Moreover, cells differentiated with 2 % FCS showed induction 

of GFAP and III-tubulin expression (Additional file 1: Figure S6A). Differentiation into distinct 

lineages was confirmed by qRT PCR which also revealed the downregulation of the CSC marker 

Musashi1 in both conditions and of OLIG2 in cells differentiated with 2 % FCS (Fig. 5B and 

Additional file 1: Figure S6B). As O4 is a cell surface marker detectable by FACS (Fig. 5C and 

Additional file 1: Figure S6C) the differentiated oligodendrocyte-like tumor cells could be sorted 

from the total population. Of note is the appearance of a CD133+O4+ population upon 

differentiation. Since this population retains high expression of the CSC marker CD133 it was 

not subject of the current study; however, this population is intriguing and should be 

characterized in future experiments. 

For both differentiation conditions, CD133 O4+ cells were sorted and plated in control medium, 

medium containing bFGF, EGF, HGF, or VEGF for 5 days, after which the presence of 

CD133 O4+ cells was analyzed. Also under these conditions only bFGF was able to reduce the 

amount of CD133 O4+ cells and to reinstall CD133 expression (Fig. 5D and Additional file 1: 

Figure S6D). Further proof that reversal could be achieved with cells differentiated using GF 
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withdrawal was obtained by stimulating CD133 O4+ cells that were sorted twice to exclude 

contamination by missorting (Additional file 1: Figure S8). 

The reversal of CD133 O4+ cells is not only observed phenotypically, but is also a functional 

conversion as plating in bFGF-containing medium significantly increased the clonogenic 

potential of these cells (Fig. 5E and Additional file 1: Figure S6E). Analyzing the neurospheres 

formed in the bFGF condition unveiled that these cells reverted to a CSC-enriched population 

Figure 5. Differentiated GBM oligodendrocytes can be phenotypically and functionally redirected to the CSC state
by bFGF. (A) Differentiation of G073 cells for 7 days by GF withdrawal (  GFs). Differentiation induces 
morphological changes and strong upregulation of the oligodendrocyte marker O4 (scale bars 20 m). (B) Analysis
of differentiation and CSC markers by qRT PCR. Depicted is the fold change compared to cells plated in CSC 
medium + GFs. 1 representative of 3 independent experiments is shown. (C) Differentiated GBM cells express the
oligodendrocyte marker O4 on their surface as determined by FACS. (D) CD133 O4+ cells were sorted and plated in
the indicated condition. 5 days after sorting CD133 and O4 expression were reanalyzed by FACS (n = 3). (E) The 
clonogenic potential of differentiated CD133 O4+ cells was determined using clonogenic assays (n = 4). (F) CD133
and O4 expression of spheres formed in (E) in the bFGF condition compared to the non-differentiated parental 
GBM spheroid culture (n = 3). 
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similar to the parental population according to CD133 and O4 expression (Fig. 5F and 

Additional file 1: Figure S6F). Moreover, cultures derived from these spheres displayed the same 

differentiation pattern as the parental population, indicating their reversion to the CSC state as 

determined by the acquisition of multilineage differentiation potential (Additional file 1: Figure 

S9). 

The same phenotypical and functional reversal of CD133 O4+ cells induced by bFGF could be 

observed when stimulating these cells with ECCM (Additional file 1: Figure S10). Taken 

together, these results demonstrate that differentiated GBM cells can acquire CSC features and 

that this process can be orchestrated by tMVECs. 

 

Discussion 

The unidirectional dogma states that CSCs give rise to progenitor cells, which spawn transit 

amplifying cells that proliferate quickly and differentiate into all progeny found in a tumor. This 

hypothesis has lately been challenged by data supporting increased dynamics between cell 

fractions. 

Studies that demonstrate reversion of non-stem cells to CSC-like cells depend on the use of 

frequently debated CSC markers, such as CD133, to define the differentiated population. 

However, these fractions do not need to be completely devoid of CSCs, as CD133  cells can be 

tumorigenic as well, spawning tumors when transplanted into mice (13). This can be explained 

by contaminating CD133+ cells due to missorting or by the existence of CSCs not defined by 

classical CSC markers. In the case of GBM this could also be dependent on the origin and/or 

subtype of the GBM tumor tested. To avoid the presence of cryptic CSCs we therefore employed 

an additional selection step and assessed reversion of GBM cells forced into differentiation and 

of a culture consisting solely of differentiated cells by sorting on the oligodendrocyte marker O4. 

Our results demonstrate that differentiated GBM cells can acquire CSC features. Invariably this 

implies that the cells maintain their CSC capacities, but that these only become evident when the 

cells are placed in the right microenvironmental conditions. In other words differentiation as well 

as cancer stemness is in part determined by a dominant microenvironment in these cases. 

The analysis of the bFGF/ECCM-induced reversion in vivo could not be addressed in this study 

as the lines used herein did not display tumor growth following subcutaneous injection. Thus, 

determining the impact of this plasticity on therapy efficacy warrants further investigation. 

It is important to note, that distinct primary spheroid cultured GBM lines might differ in their 

behavior based on origin and subtype affiliation. We described previously that direct contact 

between tMVECs and two GBM spheroid lines is necessary for induction of proliferation and 



Endothelial cells induce cancer stem cell features in differentiated glioblastoma cells via bFGF. 

61 

conditioned medium was not sufficient to induce these effects (31). Herein, using two different 

spheroid-cultured GBM lines, conditioned medium was capable to revert differentiated GBM 

cells to the CSC state, indicating that secreted factors, specifically bFGF, could provide the 

necessary input. These differences could be explained by our cultures belonging to different 

subtypes of GBM tumors that might have distinct requirements from their microenvironment due 

to distinct sets of mutations (32, 33). 

 

Conclusions 
Previous studies have indicated the importance of GBM CSCs in therapy refractoriness and 

tumor recurrence. Based on these observations major efforts are invested in eradicating the CSC 

population. Our findings suggest that targeting the CSC fraction might not be sufficient for 

effective treatment due to its complex cross-talk with the microvasculature. Under the influence 

of their niche, differentiated tumor cells could potentially acquire CSC features and re-establish 

the CSC pool to maintain tumor homeostasis. Thus, targeting CSCs through treatment modalities 

intersecting the effects of the tumor surrounding might be essential for developing effective 

therapies. 

 

Methods 
Cell culture, ECCM and HCM preparation, and differentiation of GBM cells. GBM cells and tMVECs were isolated 
from patient material as described previously (31). Human tissues were obtained in accordance with the rules of the 
medical ethical committee of the AMC. GBM spheroid cultures were cultured as follows, further referred to as CSC 
medium + growth factors (+ GFs): advanced DMEM/F12 (Gibco), supplemented with N2 supplement (Invitrogen), 
2 mM L-glutamine, 0.15 % D-glucose (Sigma), 100 M -mercaptoethanol (Sigma), trace elements B and C (Fisher 
Scientific), 5 mM HEPES (Life Technologies), 2 g/ml heparin (Sigma), lipid mixture (Sigma), 10 g/ml insulin 
(Sigma), 50 ng/ml human bFGF, and 20 ng/ml human EGF (Peprotech) in ultra-low attachment flasks (Corning). 
Spheroids were dissociated with accutase (Sigma) and replated in fresh medium twice weekly. In all assays, control 
medium refers to CSC medium without bFGF and EGF (CSC medium -GFs). 
tMVECs were cultured in Endothelial Cell Medium MV2 (Promocell) on gelatine-coated plates (Sigma) and used 
between passage 2 and 8. HUVECs were cultured in Endothelial Cell Medium MV2 (Promocell). 
For preparation of ECCM and HCM, tMVECs or HUVECs were grown to confluence, washed twice with PBS, and 
CSC medium -GFs was added. After 24 h the conditioned medium was collected, filter-sterilized and stored at 

20°C. 
To differentiate GBM CSCs, spheroid cultures were brought to a single cell suspension using accutase and washed 
twice with CSC medium -GFs. For adherent differentiation as shown in Figs. 2A, 5A, Additional file 1: Figure S3B, 
Additional file 1: Figure S5, Additional file 1: Figure S6A, Additional file 1: Figure S7, and Additional file 1: 
Figure S9 GBM cells were plated on laminin-coated coverslips. For all other differentiation experiments, GBM cells 
were differentiated in ultra-low attachment flasks yielding the same differentiation pattern as adherent 
differentiation (judged by qRT PCR, see Figs. 2B,5B, and Additional file 1: Figure S6B); in both conditions for 
7 days in CSC medium -GFs containing 100 ng/ml recombinant human BMP4 (+ BMP4; R&D), CSC medium -GFs 
(GF withdrawal,  GFs), or CSC medium -GFs containing 2 % non-heat inactivated FCS (+2 % FCS). Medium was 
refreshed after 4 days. 
 
Clonogenic assays. For clonogenic assays, cells were sorted in low-attachment 96-well plates (Corning) at 
ascending clonal densities. Fresh medium was added every 3 days and the plates were scored 2 weeks after sorting. 
Wells containing spheroid structures were scored positive, empty wells or wells containing individual cells were 
scored negative. Clonogenic potential was determined using the Extreme Limiting Dilution Analysis (ELDA) 
software: http://bioinf.wehi.edu.au/software/elda/. Data are represented as percent clonogenic potential. Experiments 
for CD133+ cells in control medium and CD133  cells in control medium and ECCM or HCM were carried out 
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simultaneously. Clonogenic assays of differentiated cells were carried out independently and the clonogenic 
potential of CD133+ cells of the respective culture in control medium was included in the graphs as reference but 
was not determined in the same experiment. 
 
Immunostaining for FACS, cell sorting, ECCM, HCM and GF treatment, and establishment of cultures upon 
reversion. GBM spheroid cultures were dissociated into a single cell suspension using accutase and filtering through 
a 40 m pore size cell strainer. CD133 (CD133/1 (AC133)-APC (1:25; 130-090-826) or CD133/1 (AC133)-PE 
(1:100; 130-080-801), Miltenyi Biotec), O4 (O4-APC (1:25), Miltenyi Biotec 130-095-891), and SSEA-1 (1:250, 
R&D clone MC-480 MAB2155) staining was performed in PBS + 1 % BSA. For SSEA-1 staining, cells were 
subsequently incubated with an anti-mouse IgM Alexa fluor 488 secondary antibody (1:500, Invitrogen A-21042) in 
PBS + 1 % BSA. To exclude dead cells, propidium iodide was added to a final concentration of 200 ng/ml. Cells 
were sorted using the FACS Aria. Gating was performed using an unstained control as reference, exemplary FACS 
plots are shown in Additional file 1: Figure S1. 
For analysis upon ECCM, HCM, or GF treatment, cells were sorted into tubes and directly after sorting plated in 
low-attachment 24-well plates (Corning). Cells were plated in CSC medium containing the GFs at the following 
concentrations, if not otherwise indicated: 50 ng/ml bFGF, 20 ng/ml EGF, 25 ng/ml human HGF (R&D), and 
10 ng/ml human VEGF-121 (Peprotech). After 24 and 72 h or 5 days, spheroids were dissociated with accutase, 
stained for CD133 and/or O4 and analyzed on the FACS Canto. Gating was performed using the control-treated 
sample as a reference for the treated samples. 
To block bFGF or VEGF in ECCM, a bFGF neutralizing antibody (bFGF nAb 25 g/ml; clone bFM-1, Millipore 
05–117) or Bevacizumab (100 g/ml; Avastin, Roche), respectively, were added to ECCM and incubated at 37°C 
for 1 h before addition of the sorted cells. 
To assess the differentiation potential of bFGF-reverted cells, BMP4-differentiated CD133  G062 cells were plated 
in bFGF-containing medium directly after sorting for 5 days. CD133 O4+ G073 cells differentiated using GF 
withdrawal were sorted in clonogenic assays and spheres that formed in the bFGF condition were collected 14 days 
after sorting. After the 5 day (G062) or 14 day (G073) reversion period in bFGF, spheres were dissociated to a 
single cell suspension using accutase and grown up in CSC medium + GFs. Once sufficient cells were obtained, the 
cultures were subjected to adherent differentiation as described above (Additional file 1: Figure S5 for G062 and 
Additional file 1: Figure S9 for G073). 
 
Immunofluorescence. GBM cells were plated on laminin-coated coverslips. Cells were fixed using 4 % 
paraformaldehyde for 20 min on ice. Blocking and primary antibody dilutions were performed in PBS + 0.1 % 
Triton X-100 + 5 % normal goat serum. Cells were incubated in primary antibody dilutions over night at 4°C: anti-
GFAP (1:250, Sigma G9269), anti- III-tubulin (1:100, R&D MAB1195), anti-O4-APC (1:25, Miltenyi Biotec 130-
095-891), and anti-Nestin (1:250, Santa Cruz 10C2 sc-23927). Secondary antibody incubation was performed for 
1 h at RT (anti-rabbit IgG (H + L) Alexa fluor 488, anti-mouse IgG (H + L) Alexa fluor 488, anti-mouse IgM Alexa 
fluor 488, each 1:500, Invitrogen A-11034, A-11029, A-21042). For washing steps PBS + 0.1 % Triton X-100 was 
used. DAPI (Sigma) was included in the last washing step at a concentration of 1 g/ml. Slides were mounted using 
ProLong Gold Antifade Reagent (Invitrogen). Pictures were taken at a Zeiss Axiovert 200 M fluorescence 
microscope at an oil magnification of 63x (scale bars 20 m). 
 
Quantitative real-time PCR. RNA was isolated using the Nucleospin RNA II Kit (Macherey-Nagel). For qRT PCR, 
total RNA was reverse transcribed to cDNA using Superscript III following the manufacturer’s protocol 
(Invitrogen). qRT PCR was performed using SYBR Green and a Roche Light Cycler 480 II in accordance with the 
manufacturer’s instructions. All obtained values were normalized to the expression of -actin; normalization to 18S 
and B2M yielded similar results. The fold change as compared to GBM cells grown in CSC medium + GFs is 
shown. Primer sequences: ACTB-forward: 5 -CAG AAG GAT TCC TAT GTG GGC GA; ACTB-reverse 5 -TTC 
TCC ATG TCG TCC CAG TTG GT. GFAP-forward: 5 -GGC AAA AGC ACC AAA GAC GG; GFAP-reverse: 5 -
GGC GGC GTT CCA TTT ACA AT. TUBB3-forward: 5 -CCT GAC AAT TTC ATC TTT GGT CAG AGT; 
TUBB3-reverse: 5 -GCA CCA CAT CCA GGA CCG AAT. OLIG1-forward: 5 -CAC AGC GGC CCG GAG ACT 
T; OLIG1-reverse: 5 -CCT GTA GCC CAC CAG CTC GTA GA. OLIG2-forward: 5 -CGC CAG AGC CCG ATG 
ACC TT; OLIG2-reverse: 5 -GAC ACG GTG CCC CCA GTG AA. Musashi1-forward: 5 -GAG ACT GAC GCG 
CCC CAG CC; Musashi1-reverse: 5 -CGC CTG GTC CAT GAA AGT GAC G. 
 
Growth factor array. The growth factor array AAH-GF-1 (RayBiotech) was performed on 3 independently derived 
ECCM samples and 1 control sample (CSC medium -GFs) following the manufacturer’s instructions. Detection was 
carried out using the LAS4000 and the spot intensity was quantified using the Odyssey V3.0 program. From each 
value of the ECCM the value of the control medium was subtracted and the average of the duplicates was calculated. 
Displayed in the graph are the raw intensities of the 3 different ECCM samples taken together. 
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Statistical analyses. Data are presented as means + standard deviation. P-values were determined using the unpaired 
two-tailed Student’s t-test in GraphPad Prism 5 software. A P-value of <0.05 was considered significant (*P < 0.05, 
**P < 0.01, ***P < 0.001). 
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Additional file 1 

 
Figure S1. Gating on cell populations for sorting was performed using an unstained control as reference. 
(A-C) Shown are exemplary FACS plots for the identification of (A) the CD133 O4+ (  GF and + 2 % FCS) and 
CD133  (+ BMP4) fraction of G073 cells, (B) the SSEA-1  population of G073 cells, and (C) the CD133  fraction of 
BMP4-differentiated G062 cells. 
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Figure S2. ECCM and HCM increase the clonogenic potential of non-stem GBM cells and increase the expression 
of CD133. (A) Shown is the clonogenic potential of the SSEA-1  fraction of the G073 culture in control medium or 
ECCM scored 2 weeks after sorting (n = 2). (B) Indicated is the clonogenic potential of CD133  G408 cells in control 
medium or ECCM and of CD133+ cells in control medium, scored 2 weeks after sorting (n = 2). (C) G408 CD133  
cells were plated in control medium or ECCM directly after sorting. Quantification and FACS profiles depict CD133 
expression 72 h after sorting (n = 2). (D) Displayed is the clonogenic potential of CD133  G602 cells in control 
medium or HCM and of CD133+ cells in control medium, scored 2 weeks after sorting (n = 2). (E) G062 CD133  cells 
were plated in control medium or HCM directly after sorting. Quantification and FACS profiles depict CD133 
expression 72 h after sorting (n = 4). 
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Figure S3. BMP4 differentiation leads to downregulation of SSEA-1 and Nestin and to a decreased clonogenic 
potential which can be reverted by ECCM and bFGF. (A) Representative FACS plots of SSEA-1 staining on BMP4-
differentiated G073 cells and the parental population (+ GFs). The bar plot shows % SSEA-1+ cells upon BMP4-
induced differentiation (+ BMP4) compared to the parental population (+ GFs) (n = 5). (B) 7 day BMP4 
differentiation leads to the downregulation of Nestin expression in G073 (left) and G062 (right) cells as compared 
to cells plated in CSC medium + GFs (scale bars 20 m; n = 2). (C) The clonogenic potential of BMP4-differentiated 
G073 (left) and G062 (right) cells upon plating in control medium, ECCM or medium containing bFGF was 
determined using clonogenic assays (n = 2). (D) GFAP and III-tubulin expression in 7 day BMP4-differentiated 
G062 cells and in spheres formed in the bFGF condition shown in (C). Depicted is the fold change compared to 
cells plated in CSC medium + GFs. 1 representative of 3 independent experiments is shown. 
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Figure S5. Neurospheres derived 
from CD133  G062 cells stimulated 
with bFGF recapitulate the 
differentiation pattern of the 
parental population. (A) Plating 
G062 cells for 7 days in BMP4 
containing medium leads to 
morphological differentiation as well 
as upregulation of GFAP, indicating 
the differentiation to the astrocytic 
lineage as compared to cells plated 
in GF-containing medium (scale bars 
20 m). (B) A culture derived from 
BMP4-differentiated CD133  G062 
cells stimulated with bFGF after 
sorting was plated in medium 
containing GFs or BMP4. These cells 
displayed the same differentiation 
pattern as the parental population, 
demonstrated by the expression of 
GFAP and III-tubulin (n = 2, scale 
bars 20 m). 

Figure S4. bFGF is secreted by tMVECs and induces CD133 expression on BMP4-
differentiated CD133  cells. (A) Quantification of the growth factor arrays shown 
in Fig. 3A. Graph depicts quantification of 3 growth factor arrays using different 
batches of ECCM. Shown is the intensity of each spot minus the intensity of the 
respective spot on the control array. (B) BMP4-differentiated CD133  G062 cells 
were plated in the indicated condition directly after sorting. 5 days after sorting 
CD133 expression was analyzed by FACS (n = 4). 
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Figure S6. Differentiated GBM oligodendrocytes can be phenotypically and functionally redirected to the CSC 
state by bFGF. (A) Differentiation for 7 days by addition of 2 % FCS (+2 % FCS). G073 cells differentiate into all 3 
lineages, indicated by the expression of GFAP, III-tubulin, and O4 (scale bars 20 m). (B) Analysis of 
differentiation and CSC markers by qRT PCR. Depicted is the fold change compared to cells plated in CSC 
medium + GFs. 1 representative of 3 independent experiments is shown. (C) Differentiated GBM cells express the 
oligodendrocyte marker O4 on their surface as determined by FACS. (D) CD133 O4+ cells were sorted and plated 
in the indicated condition. 5 days after sorting CD133 and O4 expression were analyzed by FACS (n = 3). (E) The 
clonogenic potential of differentiated CD133 O4+ cells was determined using clonogenic assays (n = 4). (F) CD133 
and O4 expression of spheres formed in (E) in the bFGF condition compared to the non-differentiated parental 
GBM spheroid culture (n = 2). 
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Figure S7. Nestin expression is downregulated upon differentiation in G073 cells. 7 day differentiation of G073 
cells using GF withdrawal ( GF) or addition of 2 % FCS (+2 % FCS) leads to downregulation of Nestin expression as 
compared to cells plated in CSC medium + GFs (scale bars 20 m; n = 2). 

 

 
Figure S8. Gain of CD133 and loss of O4 expression on differentiated cells induced by bFGF is not due to 
expansion of a contaminating CD133+O4  fraction. (A) Differentiation and sorting of G073 cells as described in 
(Fig. 5 and Additional file 1: Figure S6). The purity of the sort was analyzed immediately afterwards by FACS. 
(B) After differentiation using GF withdrawal, CD133 O4+ cells were sorted twice and plated in low adherence for 5 
days. Subsequently the expression of CD133 and O4 was analyzed by FACS. Induction of CD133 and loss of O4 
were as efficient as after a single sort (n = 1). 
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Figure S9. Neurospheres derived from CD133 O4+ cells stimulated with bFGF recapitulate the differentiation 
pattern of the parental population. Cultures derived from G073 spheres that formed in a clonogenic assay in 
bFGF-containing medium (as described in Fig. 5E) were differentiated using the depicted conditions. These cells 
displayed the same differentiation pattern as the parental population, demonstrated by the expression of GFAP, 

III-tubulin, and O4 (n = 3; scale bars 20 m). 
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Figure S10. Differentiated GBM oligodendrocytes can be phenotypically and functionally redirected to the CSC 
state by ECCM. (A,B) Differentiation of G073 cells for 7 days by GF withdrawal (  GFs) (A) or addition of 2 % FCS 
(B) and subsequent sorting of CD133 O4+ cells in the indicated condition. 5 days after sorting CD133 and O4 
expression were reanalyzed by FACS (n = 4 for - GF and n = 2 for + 2 % FCS). (C,D) The clonogenic potential of 
differentiated CD133 O4+ cells was determined using clonogenic assays (n = 2 for - GF and n = 3 for + 2 % FCS).
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Abstract 
Cancer is a heterogeneous disease and many cancer types do not represent a single entity, but are 

in fact composed of biologically and clinically diverse subtypes. The subtype affiliation 

frequently dictates prognosis as well as response to therapy. It is therefore of utmost importance 

to consider this so-called inter-tumor heterogeneity in clinical management of patients and in 

preclinical studies. Recently, a consensus molecular classification system has been devised for 

colorectal cancer, which will be of great benefit for future fundamental and clinical research as it 

enables uniform categorization of colorectal cancer specimen across different institutions and 

studies. The biological conformity observed within each consensus molecular subtype holds 

great promise for the development of subtype-specific treatment regimens. Herein, we describe 

the classification of colorectal cancer patients, with a focus on the consensus molecular subtypes, 

and we discuss suitable model systems that will be crucial for in-depth biological 

characterization of distinct subtypes and design of novel therapeutic strategies. 
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Introduction 

Colorectal cancer (CRC) patients show diversity with respect to prognosis and response to 

therapy; yet, the highly heterogeneous nature of this malignancy is not reflected in the current 

CRC staging system (1). Although histopathological parameters like resection margin, tumor 

differentiation grade, and invasion of lymph and blood vessels play a role (2), the most important 

factor for prognostication and therapeutic decision making is tumor stage (1). The American 

Joint Committee on Cancer devised a staging system, which is composed of the T (local tumor 

invasion), the N (involvement of lymph nodes), and the M (metastases in distant organs) stage 

(1). This staging system, however, does not allow prediction of prognosis or benefit from 

chemotherapy on the level of individual patients, which remains a holy grail in clinical practice. 

Accordingly, a large body of literature is available on how to further classify CRC patients into 

clinically relevant groups. Nonetheless, to date it remains a challenge to predict treatment 

response for the early stages of CRC (3). This might in part be due to the fact that predictive 

signatures were derived from whole patient sets without taking the presence of biologically 

distinct subtypes into account. Recent advances in derivation and analysis of gene expression 

profiles make it possible to stratify patients with a given cancer type into biologically 

homogeneous subgroups. Considering this inter-tumor heterogeneity and classifying CRCs into 

distinct groups prior to biological and clinical analyses might result in detailed characterization 

and development of more successful treatment avenues. Herein, we discuss the modalities used 

for identification of CRC subtypes and compare classical and modern methods of CRC 

classification, with an emphasis on the potential of recently developed approaches, such as 

unbiased gene expression-based stratification. 

 

Identification of colorectal cancer subtypes 

Molecular markers. Historically, CRC has been classified based on molecular features of the 

genome into a chromosomally instable and a microsatellite instable group (2). Chromosomal 

instability (CIN) is present in approximately two thirds of CRC cases and refers to tumors with 

aneuploid chromosome sets carrying multiple structural and numerical aberrations (2). Although 

the causes of CIN are not well-defined, it has been described that patients with CIN+ tumors 

suffer a poorer clinical outcome compared to patients with chromosomally stable tumors (4, 5). 

Yet, this clinical association might be influenced by the microsatellite status of the tumor: CIN 

and microsatellite instability (MSI) rarely coincide and patients bearing MSI+ tumors display 

better prognosis (6). Therefore, the poor prognosis associated with CIN could be a result of 

microsatellite stability concurring in these tumors. MSI+ tumors are characterized by a near-
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diploid genome and instability in form of insertions and deletions in microsatellite regions (2). 

MSI is caused by a defective mismatch repair system, in the sporadic form most frequently due 

to inactivation of one of its main components, MLH1, by promoter hypermethylation (7). The 

limitation associated with MSI as clinical marker results from its low frequency – only 15% of 

all CRCs are MSI+. Besides its prognostic value, MSI status also holds information about 

treatment response, as patients with MSI-high CRC appear to respond poorly to fluorouracil-

based therapy (6, 8).  

Next to instability afflicting the genome, global changes can also occur on the epigenetic level. 

This manifests either as an overall DNA hypomethylation or as the so-called CpG island 

methylator phenotype (CIMP). CIMP is defined as hypermethylation of CpG islands, which are 

frequently located in promoter regions of genes. Hence, CIMP can lead to epigenetic silencing of 

tumor suppressor genes such as CDKN2A (9). CIMP has also been shown to affect the promoter 

region of the MLH1 gene, leading to inactivation of the mismatch repair system and thus to MSI, 

which rationalizes the overlap of MSI and CIMP found in CRC (10).  

In addition to genome-wide aberrations, single genetic alterations – such as mutations in the 

KRAS and BRAF oncogenes – present important clinical parameters. The KRAS mutation status, 

for instance, holds predictive value for patients with metastatic disease that would be eligible for 

anti-epidermal growth factor receptor (EGFR) therapy (11, 12). KRAS-mutant tumors do not 

respond to this targeted approach due to activation of the mitogen-activated protein kinase 

(MAPK) pathway downstream of the EGFR. Of note, the type of mutation afflicting the KRAS 

gene seems to influence treatment response: retrospective analyses revealed that patients with 

KRASG13D-mutant CRCs benefit from treatment with the anti-EGFR monoclonal antibody 

Cetuximab in contrast to tumors displaying other KRAS mutations (13, 14). In vitro studies 

underlined this observation in showing that CRC cell lines carrying the KRASG13D mutation are 

sensitive to EGFR inhibition (13, 15). However, the conclusion that anti-EGFR therapy provides 

benefit for this particular subset of CRC patients cannot yet be drawn and warrants results from 

prospective trials (16). The use of the KRAS mutation status as predictive marker is further 

complicated by the fact that only 35% of non-KRAS-mutant tumors respond to this treatment 

option, which could be explained by the presence of mutations in other downstream signaling 

components of the MAPK pathway – such as BRAF or NRAS – and by mutations in PIK3CA 

activating a parallel pathway (17). This suggests a benefit from combining information about 

multiple molecular markers, which has been shown to allow more refined classification of 

patients and more accurate prognostication (18-20). This approach also revealed that the 

prognostic value of individual mutations relies on the presence or absence of other molecular 
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markers – the BRAFV600E mutation, for example, is only associated with poor prognosis in 

tumors that are not microsatellite unstable (19). 

Even though progression of CRC has been well-defined on the genetic level (21) and whole 

mutational landscapes have been drafted for this malignancy (22, 23), defining the mutational 

spectrum of a cancer does not always reveal all its characteristics. Recently, it was, for instance, 

shown that a striking overlap in gene expression exists between tumors carrying a BRAFV600E 

mutation and a subset of tumors – dubbed BRAFmutant-like – which lack this genetic event, but 

display the same gene expression patterns and overlapping clinical features (24). This analogy 

could result from mutational activation of the same signaling pathway and could predict similar 

response to targeted therapy (25), propelling whole pathways rather than single mutations into 

the spotlight (26). In line with this is the observation that poor response to anti-EGFR therapy 

can be observed in tumors characterized by a gene expression signature indicative of active 

MAPK or PI3K signaling pathways. Surprisingly, also samples lacking mutations in above-

mentioned oncogenes can fall into this category (27), highlighting the need for assessing 

pathway activity next to individual mutations. 

Importantly, also on protein level single markers can carry prognostic information, as was shown 

for the expression of caudal-type homeobox transcription factor 2 (CDX2) (28-31). CRCs 

expressing no CDX2 protein display significantly worse clinical outcome and seem to benefit 

from adjuvant therapy (31). The predictive validity of this approach, however, awaits further 

testing in appropriately-designed clinical trials. Furthermore, in accordance with results on the 

genetic level, the information provided by individual markers does not permit to draw 

conclusions about underlying biology and thus hampers the identification of novel targets and 

treatment avenues. In this respect, gene expression-based studies might aid to obtain a more 

comprehensive picture and to group tumors based on the activity and complexity of biological 

programs. 

 

Gene expression-based classification. The list of publications on gene expression-based 

categorization of CRC patients is too extensive to be discussed herein. Of note are two gene 

expression-based signatures that were successfully translated into the clinic to guide 

prognostication for stage II patients: the ColoPrint and Oncotype DX signatures (32, 33). One 

major drawback of these two signatures is the supervised approach: in case of the ColoPrint 

signature, survival was considered as an a priori variable and the genes assessed in the Oncotype 

DX assay have previously been associated with disease recurrence. Many more signatures have 

been proposed for the identification of high risk CRC patients; however, small sample sizes 



Chapter 4 

78 

frequently result in lack of statistical significance. Moreover, absence of pre-stratification – e.g. 

patients with MSI+ tumors might have to be excluded due to better prognosis – makes many 

studies difficult to interpret.  

Unsupervised approaches allow unbiased classification of cancer patients into distinct groups 

yielding valuable biological insight (34). Each cancer subgroup identified this way can 

subsequently be analyzed individually, allowing the detection of underlying driver mutations or 

pathways – information that can be used to design subtype-specific prediction signatures and 

therapies. This strategy has led to promising treatment options for breast cancer (35).  

Unbiased classification approaches have been applied to distinct CRC data sets and several 

studies report the existence of 3-6 CRC subtypes (29, 36-42). In an effort to generate a unified 

classification system for CRC, the international CRC subtyping consortium was formed (43). 

Indeed, of a total of 3,962 CRC samples 3,443 are classifiable into one of four main consensus 

molecular subtypes (CMSs) and each of the subtypes associates with distinct biological 

programs (Figure 1) (43). CMS1 tumors display a diffuse immune infiltrate and are frequently 

associated with MSI and CIMP, and the BRAFV600E mutation, therefore this group was dubbed 

the MSI, immune subtype of CRC. The canonical CMS2 is characterized by high expression of 

targets of the WNT pathway and the transcription factor MYC, as well as an epithelial signature. 

This group was recognized as the classical type of CRC due to high levels of CIN and activated 

WNT signaling, suggesting it to follow the canonical path of CRC development (21). Based on 

gene expression, CMS3 tumors also possess a strong epithelial component and additionally show 

deregulation of metabolic processes, thus representing the metabolic subtype. On the molecular 

level these tumors frequently display mutations in the KRAS oncogene and are generally CIMP 

low. The fourth group is characterized by a large fraction of stromal cells and the activation of 

genes associated with epithelial-mesenchymal transition (EMT), angiogenesis, transforming 

growth factor-  (TGF ) signaling, and matrix remodeling. These processes have been associated 

with poor disease outcome before (44, 45), and indeed, patients with CMS4 tumors show worse 

relapse-free and overall survival (43). Importantly, the consensus classification reveals signaling 

pathways that are selectively active in CMS1 (JAK-STAT), CMS2 (WNT and SRC), and CMS4 

(integrin- 3, TGF , and VEGF/VEGFR), further highlighting the biological foundation of the 

subtyping approach and pointing to the potential of developing subtype-specific targeting 

regimens (43). 

Intriguingly, an overlap with subtypes in other solid cancers can be observed, suggesting that 

deregulation of similar pathways is a common theme with a comparable phenotypic outcome in 

malignancies of distinct organs. Lessons might thus be learned from detecting analogies between 
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tumors of the same subtype arising in different organs and from extrapolating biological 

characteristics and treatment response. Parallels can for instance be drawn between CMS3 of 

CRC and a metabolic, genomically stable group of gastric cancers (46, 47). Since no specific 

pathways were identified for CMS3 of CRC, findings in gastric cancer might help to further 

define this particular CRC subtype. A universal trait of cancer seems to be the development of a 

mesenchymal subtype that is frequently associated with poor prognosis, as such a subgroup was 

identified in a large panel of solid cancers, such as CRC (CMS4) (43), glioblastoma (48), ovarian 

cancer (49), and gastric cancer (46). Interestingly, Hoadley and colleagues recently described the 

Figure 1. The consensus molecular subtypes of CRC as described by Guinney et al. 2015 (43). Each subtype
presents a biologically and clinically distinct subgroup. Precursor lesions are assigned to the CMSs based on gene
expression (Fessler et al. 2016 (59)). Active pathways and programs are linked with arrows based on their potential 
connection. CAFs – cancer-associated fibroblasts; CIMP – CpG island methylator phenotype; CIN – chromosomal 
instability; DFS – disease-free survival; EMT – epithelial-mesenchymal transition; MSI – microsatellite instability. 
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identification of 11 ‘integrated subtypes’ across 12 cancer types revealing a striking conformity 

between gene expression in cancers derived from different organs. Incorporating this subtype 

information in the current prognostication scheme improves survival prediction, highlighting the 

clinical significance of this approach (50). This observation indeed indicates that biological traits 

are shared between distinct tumor types and suggests the existence of oncogenic driver pathways 

whose aberrant activation installs similar traits in tumors originating in different tissues. 

 

Model systems. The biological conformity observed within cancer subtypes holds promise for the 

design of subtype-specific treatment strategies. This may be facilitated by the fact that cell line 

panels can be classified into the same subtypes as primary CRCs and thus permit subtype-

specific screening modalities (36). Making use of this approach, it has, for instance, been 

revealed that cell lines belonging to the mesenchymal colon cancer subtype are more resistant to 

the anti-EGFR antibody Cetuximab (29). Importantly, this finding is mirrored in the clinic: 

patients with mesenchymal colon cancers do not seem to benefit from Cetuximab treatment 

irrespective of their KRAS mutation status (29). Cell line panels are an invaluable tool for high 

throughput screening approaches (51-53); yet, their advantages – such as easy propagation and 

extensive annotation – are counterbalanced by numerous drawbacks – for instance adaptation to 

culture conditions during continuous propagation. Recent advance in ex vivo culture systems 

nowadays allows the generation of so-called organoid cultures from patient-derived specimen. 

Organoids are defined as self-organizing systems that contain both stem cells and their progeny 

and thus constitute an in vitro model of either the healthy organ (in case of normal tissue used for 

isolation) or the patient tumor (54). CRC organoids display the same mutations and copy number 

variations in similar frequencies as CRC specimen, implying that collections of organoid cultures 

will reflect the same heterogeneity observed on the population level (55). The generation of 

organoid biobanks might soon permit therapeutic subtype screening in these ex vivo culture 

systems with the goal of designing personalized treatment strategies (55). Moreover, tissue 

specimen obtained from patient tumors can also be transplanted into immunodeficient mice to 

form so-called patient-derived xenografts. This strategy has successfully been used to determine 

the drug sensitivity of patient-derived tumor tissue (56-58). 

 

Outlook 
It is becoming increasingly clear that subtypes of a given type of cancer are as heterogeneous as 

unrelated malignancies arising in different organs (3). Each subtype should therefore be 

considered as distinct entity and characterized as such. Combining information from patient 

material with data derived from model systems will greatly facilitate this endeavor by allowing 
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the identification of subtype-specific drivers and underlying regulatory mechanisms. Subtype-

specific vulnerabilities identified this way can be exploited for the design of tailored treatment 

regimens. While this approach has been successfully employed in breast cancer (35), it remains 

to be investigated whether devising treatments specific for CRC subtypes will be similarly 

beneficial. To understand effectiveness or failure of specific agents, we believe that it is of 

utmost importance to not only consider the current state of the tumor by analyzing the end stage 

carcinomatous tissue derived from patients, but to complement this knowledge with information 

from early stage disease. We think that studying the developmental route of distinct subtypes 

will shed light on the causes of subtype-specific peculiarities. Furthermore, we advocate the use 

of integrative approaches which acknowledge that each cancer subtype is in fact a complex 

mélange of non-transformed and malignant cells. At first glance, this detailed biological 

characterization of each subtype seems like an unsurmountable challenge, yet, sophisticated 

model systems will keep on being developed that will eventually succeed in pinpointing subtype-

specific weaknesses. 
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Abstract 
Colorectal cancer (CRC) is a heterogeneous disease posing a challenge for accurate classification 

and treatment of this malignancy. There is no common genetic molecular feature that would 

allow for the identification of patients at risk for developing recurrences and thus selecting 

patients that would benefit from more stringent therapies still poses a major clinical challenge. 

Recently, an international multicenter consortium (CRC Subtyping Consortium) was established 

aiming at the classification of CRC patients in biologically homogeneous CRC subtypes. Four 

consensus molecular subtypes (CMS) were identified, of which the mesenchymal CMS4 

presented with worse prognosis signifying the importance of identifying these patients. Despite 

the large number of samples analyzed and their clear association with unifying biological 

programs and clinical features, single driver mutations could not be identified and patients are 

heterogeneous with regard to currently used clinical markers. We therefore set out to define the 

regulatory mechanisms underlying the distinct gene expression profiles using a network-based 

approach involving multiple molecular modalities such as gene expression, methylation levels, 

and microRNA (miR) expression. The miR-200 family presented as the most powerful 

determinant of CMS4-specific gene expression, tuning the majority of genes differentially 

expressed in the poor prognosis subtype including genes associated with the epithelial-

mesenchymal transition program. Furthermore, our data show that two epigenetic marks, namely 

the methylation of the two miR-200 promoter regions, can identify tumors belonging to the 

mesenchymal subtype and is predictive of disease-free survival in CRC patients. Importantly, 

epigenetic silencing of the miR-200 family is also detected in epithelial CRC cell lines that 

belong to the mesenchymal CMS. We thus show that determining regulatory networks is a 

powerful strategy to define drivers of distinct cancer subtypes, which possess the ability to 

identify subtype affiliation and to shed light on biological behavior. 

 

 

Keywords: 
cancer subtypes, colorectal cancer, epithelial-mesenchymal transition, miR-200, regulatory 
network 
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Introduction 

Colorectal cancer (CRC) is a heterogeneous disease, which until recently has only been reflected 

by (i) histopathological classification, (ii) single molecular conditions such as microsatellite 

instability (MSI), and (iii) mutation status of major cancer genes. However, the diversity of the 

disease has made it difficult to accurately classify and treat CRC patients. Only lately, CRC 

patients have been categorized using unsupervised classification of gene expression profiling 

which resulted in the identification of distinct CRC subtypes (1-6). In an effort to generate a 

unified classification system, the CRC Subtyping Consortium (CRCSC) was established which 

identified the existence of four consensus molecular subtypes (CMSs) in a large panel of CRC 

patients (n = 4,151) (7). Different CMSs associate with specific molecular, biological, and 

clinical features and thus present distinct entities. Linking the subtypes to disease outcome 

revealed that the mesenchymal CMS4 displayed worse prognosis, highlighting the clinical 

relevance of this approach (7). 

To date subtyping of CRC based on gene expression data has not taken regulatory networks into 

account, thus the underlying determinants remain elusive (8). In glioblastoma such a 

transcriptional network driving the expression of mesenchymal genes of a poor prognosis 

subtype was identified (9). Also in ovarian and gastric carcinoma a poor prognosis mesenchymal 

subtype was detected, driven by a microRNA (miR) regulatory network (10, 11). miRs are short 

noncoding RNAs that regulate translation of mRNAs into proteins (12). Individual miRs can 

affect an extensive number of genes simultaneously (13, 14), explaining their ability to influence 

expression of complete networks defining a cancer subtype. Of special interest with regard to 

driving poor prognosis subtypes is the ability of miRs to regulate the expression of genes 

associated with aggressive features of malignancies, such as the epithelial-mesenchymal 

transition (EMT) (15). Cancer cells undergoing EMT lose epithelial characteristics, such as 

polarity and cell-cell-adhesion, and gain mesenchymal features that allow them to disseminate to 

distant organs (16). A direct link between miRs and EMT was firmly established and specifically 

the miR-200 family has been implicated in repressing the EMT-inducing zinc-finger E-box 

binding homeobox transcription factors ZEB1 and ZEB2 (17, 18), thereby inhibiting the EMT 

program. Also in CRC miR-200 family members have been shown to regulate the transition 

between distinct cellular states (19), and to play a role in development of metastatic disease. 

Cells at the invasive front of tumors downregulate miR-200 expression, allowing them to 

undergo EMT and leave the primary tumor. This process is reversed in metastatic lesions, 

leading to the re-acquisition of an epithelial phenotype (20, 21). The expression of miR-200 
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family members, and thus the orchestration of the EMT program, have been shown to be 

regulated by miR-200 promoter methylation (21-25). 

Herein, we describe a network-based approach enabling the identification of subtype-specific 

drivers to gain insight into the molecular determinants of distinct CRC subtypes. The dominant 

regulatory network identified in the CMS4 group consists of the miR-200 family. Methylation of 

the miR-200 promoter regions controls the activity of this network and is responsible for tuning 

the gene expression of the poor prognosis CMS. We show that in CRC the miR-200 family 

cannot only be used to define distinct cellular states, such as associated with the EMT program, 

but regulates subtype-specific gene expression, thus being a determinant for the subset of poor 

prognosis, mesenchymal CRCs. Defining the underlying regulatory network of CMS4 tumors 

allowed us to identify miR-200 promoter methylation as a molecular marker that can be used to 

determine subtype affiliation at early stages in tumor development and that presents an 

independent prognostic factor in stage II CRC. 

 

Results  

Gene expression profiling identifies a heterogeneous group of poor prognosis CRCs. Based on 

gene expression profiling, CRCs can be divided into four main consensus molecular subtypes 

(CMSs) using a random forest classifier (7). To illustrate this finding, the classifier was applied 

to a large publicly available data set of 566 colon cancer patients (Cartes d’Identité des Tumeurs, 

CIT) (Supplementary Figure S1a) (6). 557 patients were classified in one of the four CMSs 

(Figure 1a and b). This gene expression-based classification allowed for the identification of 

distinct subsets of CRC. The largest CMS2 subgroup, for instance, associated with the well-

characterized chromosomal-instable (CIN) type of CRC, as 95.5% of the tumors identified as 

CMS2 were CIN+ and mainly anatomically left-sided, displaying KRAS and/or TP53 mutations. 

The CMS1 group contained a high level of MSI and CIMP+ right-sided tumors, therefore 

associating with the reported MSI/CIMP+ type of CRC (Figure 1b) (26-28). However, none of 

these molecular markers was able to unequivocally point to one subtype and especially tumors 

belonging to the CMS3 and CMS4 subtypes represented heterogeneous groups of CRC patients 

with respect to molecular aberrations commonly occurring in this disease (Figure 1b). There was 

however a strong association of clinical characteristics, as the CMS1-3 subgroups were enriched 

in stage I+II tumors, whereas more than 55% of CMS4 tumors were classified as stage III+IV 

(Figure 1b). Although representing a mixed group based on molecular markers, we observed a 

significantly poorer prognosis for patients with CMS4 tumors (Figure 1c). Therefore the clinical 
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relevance of this approach was confirmed as it allows the identification of a subtype with 

significantly decreased disease-free survival (DFS). 

 

Figure 1. Classification of CRC samples into four distinct subtypes based on gene expression. (a) 557 patients of
the CIT data set are classified in four CMSs. Columns indicate patients, whose subtypes are indicated in the top
bar. The posterior probability of belonging to the subtype is shown in the bar below the heatmap. Rows represent
genes of a random forest classifier. The heatmap displays the median centered log2 gene expression levels (high
expression: orange, low expression: blue). (b) Association of each subtype with molecular characteristics as well as 
stage and tumor location. The number of patients displaying the respective characteristic and the total number of
patients analyzed is shown. The percentage of positivity is shown in brackets. Asterisks indicate the significance 
of association of one subtype with the respective feature as determined by hypergeometric tests (**P <0.01,
***P <0.001). (c) KM curve showing DFS of patients of the CIT set according to CMS. P-value is based on log-rank
test. 
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A microRNA regulatory network accounts for differential gene expression between CMS1-3 and 

CMS4 tumors. Mutation status or molecular characteristics such as MSI do not allow the 

distinction between the different CMSs, indicating that the driving force for specific cancer 

subtypes is more complex. To investigate which regulatory network is predominantly 

responsible for differences in gene expression between the subtypes we generated three 

regulatory networks comprising various dimensions of molecular regulation. In particular we 

studied (i) transcription factors (TFs) (Supplementary Figure S2), (ii) methylation marks 

(Supplementary Figure S3), and (iii) microRNAs (miRs) (Figure 2) as putative subtype-specific 

regulators. Network analyses were performed to identify which level of regulation was most 

stringently associated with the subtype-specific gene expression distinction in the TCGA data set 

(Supplementary Figure S1a). We chose to investigate the differences between CMS1-3 and 

CMS4 tumors, as this mesenchymal subtype is associated with worse clinical outcome. The miR 

network, consisting of miRs significantly lower expressed in CMS4 compared to CMS1-3 

tumors (Supplementary Figure S4a), was found to be the most powerful determinant of subtype-

specific regulation of gene expression. The largest regulatory element was predicted to be 

responsible for 74.8% of the variation in gene expression (Supplementary Figure S4b; based on 

reference networks; for comparisons to the other networks the percentage was calculated based 

on the transcriptional network with redundant edges removed based on ARACNE which resulted 

in a percentage of 61.9%). The largest elements in the TF- and methylation mark-based 

regulatory networks account for approximately 10.3% and 10.4%, respectively. The dominant 

regulatory element in the miR network was generated by the miR-200 family, namely miR-200a, 

miR-200b, miR-200c, miR-141, and miR-429, representing miRs whose expression levels differ 

significantly between CMS1-3 and CMS4 tumors (Supplementary Figure S5a). The network 

analysis predicted that these miRs target similar genes, suggesting that the miR-200 family 

members are functionally related, which was confirmed by analyzing the overlap of genes most 

strongly predicted (P < 0.01) to be regulated by one of the miR-200 family members based on 

the network analysis (Supplementary Figure S5b).  

These findings point to a critical role of the miR-200 regulatory network in orchestrating 

subtype-specific gene expression. As reported before, expression of the miR-200 family 

associated with low expression of mesenchymal genes and inhibition of the EMT program by 

modulating ZEB1 levels (17, 18, 29, 30), thus the low abundance of miR-200 family members in 

CMS4 tumors could explain their mesenchymal phenotype. 

Highlighting the genes belonging to an experimentally-derived EMT signature in the inferred 

regulatory network revealed that many of the EMT-associated genes were indeed predicted to be 
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regulated by the identified miRs (Figure 2) (31). Most of the EMT genes belonged to the miR-

200 family cluster, and reversely, further analysis revealed that 12 miRs, including all miR-200 

family members, function as master regulators of the EMT signature (Supplementary Figure 

S4c). Consistent with the idea that miR-200 members are instrumental in orchestrating an EMT 

signature in CMS4 tumors, the expression of genes present in an experimentally-derived EMT 

signature was highly enriched in CMS4 tumors of the CIT data set (Supplementary Figure S6) 

(6, 31). 

 

Figure 2. Network analysis identifies the miR-200 family as main regulatory network of CMS4- and EMT-related
genes. Displayed is the differential miR expression between CMS1-3 and CMS4 tumors of the TCGA data set
(green: lowly expressed in CMS4). Genes predicted to be regulated by the miRs are shown based on their
differential expression between CMS1-3 and CMS4 tumors (blue: lowly expressed in CMS4, orange: highly
expressed in CMS4). The connection between miRs and genes is depicted in red (induction) or blue (repression)
based on the influence of the miR on gene expression. EMT-associated genes from the Taube EMT signature are
highlighted as rectangles. 
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Methylation of promoter regions underlies differential expression of miR-200 family members. 

The members of the miR-200 family are organized as polycistronic transcripts on chromosome 1 

(miR-200ba429) and chromosome 12 (miR-200c141) (32). The methylation mark regulator 

network identified the methylation of the miR-200 loci as regulator of subtype-specific gene 

expression (Supplementary Figure S3) and promoter methylation has been described to regulate 

expression of miR-200 family members (22-25). Indeed, both miR-200 loci displayed 

significantly higher methylation levels in CMS4 CRC samples from the TCGA set (Figure 3a). 

The methylation of the two loci was highly correlated, confirming the role of all miR-200 family 

members in regulating a common gene expression program (Figure 3b). Furthermore, 

methylation of each locus significantly correlated with expression of the respective miR-200 

family member (Figure 3c and Supplementary Figure S5c-e), suggesting it to be decisive for the 

Figure 3. miR-200 loci are highly methylated in tumors of the mesenchymal CMS4. (a) Relative methylation of the 
miR-200ba429 and miR-200c141 loci in CMS1-4 tumor samples of the TCGA data set. For each sample the
methylation of the two or three miRs belonging to one locus is averaged. Boxes extend from the 25th to the 75th 
percentile, the lines indicate the median. The whiskers are drawn to the 5th and the 95th percentile, outliers are 
depicted as dots. (n = 32 for CMS1, n = 66 for CMS2, n = 35 for CMS3, and n = 61 for CMS4. **P < 0.01, ***P < 
0.001, asterisks indicate the significance of the respective subtype compared to CMS4; P-values are based on two-
tailed Student’s t-tests). (b) The methylation of the miR-200ba429 and miR-200c141 loci is highly correlated. 
(c) The methylation of the miR-200ba429 locus is highly correlated with the expression of miR-200b and the 
methylation of the miR-200c141 locus with the expression of miR-200c. (d) CMS4 tumors display significantly 
higher expression of ZEB1 compared to CMS1-3 tumor samples (***P < 0.001, asterisks indicate the significance 
of the respective subtype compared to CMS4; P-values are based on two-tailed Student’s t-tests. Box plots 
represent the same parameters as described in (a)). 
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differential miR-200 expression. Additionally the EMT-inducing TF ZEB1, which is a direct 

target of the miR-200 family (30), was significantly higher expressed in tumors belonging to the 

CMS4 group (Figure 3d).  

Recently, two independent studies reported that not the epithelium, but the abundance or 

activation of the stroma account for the mesenchymal status of this CRC subtype (33, 34). As 

miR-200 family expression is suggested to be regulated by methylation in stromal fibroblasts as 

well (25), the elevated levels of methylation could therefore simply reflect the amount of stroma 

in these tumors. However, our data point to the expression of ZEB1 in the epithelium of 

mesenchymal tumors (2), suggesting that this mechanism of gene regulation is active in the 

malignant, epithelial part of CMS4 tumors. Indeed, the analysis of primary tumors and cell lines 

or xenografts derived from these cancers confirmed this observation (Supplementary Figure S8). 

In primary tumors, whose corresponding cell lines or xenografts do not display any miR-200 

promoter methylation, this signal probably reflects the stromal content of these cancers. Yet, if 

miR-200 promoter methylation displays high levels in the primary tumors, it can also be detected 

in matching cell lines and xenografts, therefore methylation signals derived from the epithelial 

tumor cell fraction importantly contribute to this signal (Supplementary Figure S8). To study 

miR-200 promoter methylation in the epithelial compartment more closely we made use of CRC 

cell lines stratified into the CMSs using gene expression data. Also in this in vitro culture 

system, we could detect methylation of the miR-200 promoter regions. Seventy-one percent of 

cell lines classified as CMS4 (5/7) presented with high miR-200 promoter methylation levels, 

whereas only one CMS1 cell line (14%) and none of the cell lines classified as CMS2 and CMS3 

displayed these methylation marks (Figure 4a and Supplementary Figure S7). The highest levels 

of miR-200 promoter methylation were detected in cell lines that also displayed low levels of 

miR-200 expression (Figure 4b). Using decitabine (DAC) the miR-200 loci were demethylated 

in two cell lines belonging to the mesenchymal subtype, which resulted in the upregulation of 

miR-200 family member expression (Figure 4c). Interfering with another component of 

epigenetic gene regulation, namely acetylation, by histone deacetylase (HDAC) inhibition using 

Panobinostat, did not modulate miR-200 family expression in a meaningful and consistent way 

(Supplementary Figure S9). These results indicate that repression of the miR-200 regulatory 

network by methylation is instrumental in controlling miR-200 expression and is indeed active in 

the epithelial compartment of CMS4 tumors. 
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miR-200 family members are instrumental for subtype-associated gene expression. To confirm 

the role of miR-200 family members in regulating subtype-specific gene expression, miR-200 

family members were introduced in three CMS4 cell lines resulting in high levels of miR-200 

family member expression, downregulation of ZEB1, and upregulation of E-Cadherin (Figure 5a 

and Supplementary Figure S10a). Gene expression profiles were derived from these lines and 

gene set enrichment analysis (GSEA) (35, 36) revealed that genes that were putatively regulated 

by miR-200 family members, that is, the miR-200 family regulon in the network analysis, were 

significantly enriched in the gene set that is regulated by miR-200 expression (Supplementary 

Figure S10b). Moreover, miR-200 overexpression in cell lines suppressed EMT-associated genes 

(Figure 5b) and genes involved in matrix remodeling, migration, and transforming growth factor-

 signaling (Supplementary Figure S10c-e). Importantly, genes upregulated in CMS4 compared 

to CMS1-3 tumors were significantly inhibited in the miR-200 overexpressing cell lines (Figure 

5c). To assess whether overexpression of miR-200 family members also has a functional impact, 

we introduced the two clusters into the primary colon cancer cell line RC511 (Supplementary 

Figure S11a). RC511 cells show high methylation of miR-200 promoter regions (Supplementary 

Figure S8) and classify as CMS4 based on gene expression (data not shown). Overexpression of 

miR-200 family members resulted in similar gene expression changes as observed in the above-

mentioned cell lines: the EMT-inducing TF ZEB1 was downregulated and E-Cadherin 

expression was induced (Supplementary Figure S11b). Subcutaneous injection of RC511 cells 

into NSG mice revealed that overexpression of miR-200 family members renders the cells less 

aggressive, evidenced by slower tumor growth (Supplementary Figure S11c) and longer survival 

time (Supplementary Figure S11d). In combination, these findings validate the notion that the 

miR-200 family represents an important determinant of subtype-specific gene expression and 

functional properties. 

 

Figure 4. CMS4 cell lines often display high miR-200 promoter methylation levels, which are instrumental for 
miR-200 repression. (a) Promoter methylation levels of miR-200 family members in CMS1-4 CRC cell lines (**P < 
0.01, asterisks indicate the significance of the respective subtype compared to CMS4; P-values are based on two-
tailed Student’s t-tests; n = 7 for CMS1, n = 12 for CMS2, n = 3 for CMS3, n = 7 for CMS4. Boxes extend from the 
25th to the 75th percentile, the lines indicate the median. The whiskers and outliers are plotted using the Tukey 
method.). (b) Cell lines that display high miR-200 promoter methylation (> 10%) express low levels of the miR-200 
family members (n = 38 for methylation < 10% and n = 6 for methylation > 10%; *P < 0.05, **P < 0.01; P-values are
based on two-tailed Student’s t-tests. Boxes extend from the 25th to the 75th percentile, the lines indicate the 
median. The whiskers are drawn to the 5th and the 95th percentile, outliers are depicted as dots.). (c) Decitabine 
(DAC) treatment of the HUTU-80 and MDST8 cell lines reveals that a reduction in methylation results in re-
expression of the miR-200 family members (n = 3, P-values are based on two-tailed Student’s t-tests, *P < 0.05, 
**P < 0.01, ***P < 0.001). 
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Methylation of the miR-200 loci is a determinant of CMS4 affiliation and is predictive of DFS. 

As miR-200 family members orchestrate subtype-specific gene expression, we speculated that 

the methylation of the miR-200 loci is a predictor of disease subtype and in consequence 

identifies patients with poor prognosis. We computed a binary logistic regression model using 

both miR-200 loci methylation levels as covariates. The resulting predicted probabilities were 

used to calculate the receiver operator characteristics curve, revealing that miR-200 loci 

methylation was indeed able to identify CMS4 affiliation in the TCGA data set (Figure 6a). 

Next, we sought to validate the utility of this test in an independent patient series. We therefore 

determined the methylation of the miR-200 promoter regions in the AMC-AJCCII-90 data set 

comprising only stage II CRC patients (Supplementary Figure S1a and b). Tumors of the CMS4 

group showed a significantly higher methylation of the miR-200 loci compared to tumors 

belonging to the other subtypes (Figure 6b). The methylation of these two loci was highly 

correlated (Figure 6c); however, the methylation levels were not influenced by the CIMP status 

of the tumor (Figure 6d), indicating that it is not a feature of tumors with overall higher DNA 

methylation, but that these regions are specifically methylated. DNA methylation in the patients 

displayed a gradient for both loci, in which CMS4 samples were enriched in the quartile 

Figure 5. miR-200 family members regulate EMT- and CMS4-associated genes. (a) ZEB1 expression is reduced 
and E-Cadherin expression induced in two CMS4 cell lines following overexpression of miR-200ba429, miR-
200c141, or the combination of both clusters, indicating an overlap in target genes. (b and c) GSEA of miR-200 
overexpressing cell lines confirms that these miRs significantly regulate (b) EMT-associated genes (31) and (c) the
CMS4-specific gene expression program (log2FC (CMS4 vs CMS1-3) > 0.85, FDR < 0.001). ES = enrichment score. 
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displaying the highest DNA methylation (Supplementary Figure S12a and b). Also in this data 

set, the combined methylation of the miR-200 loci was able to predict CMS4 affiliation with 

high confidence (Figure 6e). 

Because detection of stage II CRC patients that harbor a poor prognosis is of utmost importance 

as this provides the opportunity to treat these patients with adjuvant therapy we investigated if 

miR-200 methylation directly predicts patient prognosis.  

DFS data is available for all patients of the AMC-AJCCII-90 set, in which disease recurrence 

largely represents detection of metastases either in the liver, the lung, or the peritoneal cavity. 

miR-200 promoter methylation was able to identify patients developing recurrences using a Cox 

Figure 6. miR-200 loci methylation is predictive of CMS4 affiliation in the TCGA and AMC-AJCCII-90 data sets.
(a) The receiver operator characteristics (ROC) curve showing the prediction of CMS4 affiliation in the TCGA data
set using miR-200 loci methylation (AUC = area under the curve). (b) The promoter methylation of the miR-
200ba429 and the miR-200c141 loci of 80 patients of the AMC-AJCCII-90 set shows significantly higher levels in
tumors of the CMS4 class (*P < 0.05, ***P < 0.001, asterisks indicate the significance of the respective subtype
compared to CMS4; P-values are based on two-tailed Student’s t-tests. Boxes extend from the 25th to the 75th

percentile, the lines indicate the median. The whiskers are drawn to the 5th and the 95th percentile, outliers are
depicted as dots; n = 20 for CMS1, n = 31 for CMS2, n = 9 for CMS3, and n = 20 for CMS4). (c) The methylation of
the miR-200c141 and miR-200ba429 loci is highly correlated, (d) but is not influenced by the CIMP status of the
tumor. The average methylation of both miR-200 loci taken together is shown (box plots represent the same
parameters as described in (b)). (e) The ROC curve showing the prediction of CMS4 affiliation in the AMC-AJCCII-
90 data set using miR-200 loci methylation. 
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proportional hazards regression model (Figure 7a). A Kaplan-Meier (KM) curve was generated 

making use of a cutoff determined using this receiver operator characteristics curve. Indeed 

patients containing highly methylated tumors displayed a significantly poorer DFS compared to 

patients whose tumors showed lower methylation of the miR-200 loci (Figure 7b). To exclude 

that the miR-200-based stratification leads to a separation of MSI samples that are known to 

have a better prognosis, the above-described analyses were performed using only microsatellite 

Figure 7. miR-200 loci methylation is predictive of prognosis in the AMC-AJCCII-90 data set. (a) The receiver 
operator characteristics (ROC) curve displaying the survival prediction in the AMC-AJCCII-90 data set. Green lines 
indicate cutoff used for the KM curve shown in (b). (b) The KM curve depicting DFS survival of the AMC-AJCCII-90 
data set separated based on the cutoff chosen using the ROC curve shown in (a) (P-value is based on log-rank 
test.). (c) Univariate (top) and multivariate (bottom) analyses of prognostic features in the AMC-AJCCII-90 set. 
Also in a multivariate analysis miR-200 promoter methylation remains an independent prognostic factor 
(P = 0.002). 
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stable (MSS) patients of the TCGA and AMC-AJCCII-90 data sets, resulting in similar outcomes 

(Supplementary Figure S13).  

Multivariate analyses confirmed that miR-200 promoter methylation is an independent 

prognostic factor (P = 0.002) in the AMC-AJCCII-90 data set also when taking T-stage, 

differentiation grade, MSS/MSI, and BRAF mutation status into account (Figure 7c). Hence, we 

identified the miR-200 promoter methylation as a critical molecular determinant of the 

mesenchymal CMS, therefore strongly correlating with the patient group that is at high risk for 

developing recurrences. 

 

Discussion  

Gene expression profiling is a powerful tool to detect different patient subgroups and four 

distinct CRC CMSs have been identified in a large international multicenter study (7). Tumors 

belonging to the different CMSs present distinct entities characterized by unifying biological 

programs and specific survival rates. Yet, it is not clear whether there is a common underlying 

mechanism for differences in gene expression or distinct clinical outcome. Herein, a network-

based approach was applied to investigate the drivers of specific CRC subgroups. Making use of 

the TCGA data set, we studied gene expression regulation on several dimensions, such as 

methylation and miRs. As CMS4 tumors display worse prognosis and are thus in need of early 

identification, we chose to validate our approach using the CMS1-3 vs CMS4 distinction. This 

way, the miR-200 family was identified as subtype determinant. 

The idea of an aggressive mesenchymal CMS in which epithelial cells gain malignant features 

by undergoing an EMT program, has recently been challenged. Two studies report that not the 

epithelium, but the abundance or activation of the stroma cause the mesenchymal appearance of 

CMS4 tumors (33, 34). Indeed, stromal cells display methylation of the miR-200 loci and thus 

likely contribute to the observed miR-200 promoter methylation levels in primary tumors (25). 

However, we demonstrate that this epigenetic regulatory loop is also active in epithelial cells, as 

the miR-200 promoter regions display high methylation levels in cell lines mainly belonging to 

the CMS4 subtype. We speculate that a shared, yet unidentified upstream mechanism is 

responsible for EMT induction in tumor epithelial cells, as well as for attracting abundant and 

activated mesenchymal cells to the cancer site. 

The EMT is a process during which epithelial cells lose their cell-cell junctions, and gain a 

mesenchymal, migratory, and invasive phenotype, allowing them to leave the primary site and 

spread to distant organs (37). Indeed, EMT has been linked to dismal outcome before (38, 39). 

Two recent reports using mouse models enforce this notion, yet, link EMT to therapy resistance 
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rather than enhanced metastatic spread (40, 41). Notwithstanding the exact mechanism, the 

mesenchymal phenotype has been linked to poor prognosis in patients for many cancer types, 

including CRC (7). 

As we describe here, the methylation of the miR-200 promoter regions – an epigenetic 

modification allowing for the activation of the EMT program – could serve as a tool to identify 

poor prognosis CRC lesions early on. This epigenetic mark is prognostic in stage II CRCs and 

could be used to select individuals that are likely to benefit from more aggressive therapy. It 

remains to be examined whether high methylation levels could also be used as a marker to 

identify patients within this group that benefit from adjuvant therapy. In this regard, the 

simplicity and highly robust nature of the miR-200 promoter methylation assay might be of great 

benefit to the field as this will allow for improved retrospective analysis of clinical studies and 

design of novel trials aiming to improve therapeutic outcome in these patients.  

Taken together, our data demonstrate that employing networks to study subtype-specific gene 

expression is a powerful approach to identify drivers of distinct cancer subgroups. The regulators 

determined in this way grant insight into the biological behavior of the subtype. Herein, we show 

that the miR-200 network is a determinant for mesenchymal CRCs and that its activity is 

regulated by promoter methylation. This methylation mark is predictive of disease outcome, can 

be detected already early in the development of CRC, and thus presents a tool to identify poor 

prognosis patients at early stages. 

 

Materials and methods 
Sample collection. Frozen tissues were collected from pathology (AMC), following the institute’s guidelines 
(Medical Ethical Committee, AMC, Amsterdam). No approval was needed for samples of the AMC-AJCCII-90 data 
set; the material was collected as rest material in accordance with the Dutch legislation. 
Clinical characteristics of the AMC-AJCCII-90 data set, processing of samples for microarray (GSE33113), gDNA 
extraction, bisulfite conversion, and CIMP analysis were described before (2). 
 
Consensus molecular subtype (CMS) classification. CIT data set: microarrays (GSE39582) were first normalized 
and summarized using the robust multi-array average (RMA) method. Non-biological effects across batches were 
detected using principal component analysis and were corrected using ComBat (42). The expression profiles were 
standardized and then subjected to classification using the CMS classifier as described (7). 
Using the same strategy, we classified the Sanger CRC cell line panel (n = 43). This was performed using multiple 
publicly available gene expression data sets ArrayExpress database (E-MTAB-783), the Cancer Cell Line 
Encyclopedia (43) (n = 55, GSE36133), Wagner et al. (44) (n = 38, GSE8332), and Medico et al. (45) (n = 155, 
GSE59857). Additionally, we derived a classifier that was optimized by first identifying epithelial-expressed genes 
and subsequent training on the CIT data set. This epithelial-specific classifier was applied to the same data sets as 
described above. Using all data sets and the different classification methods revealed that most of the lines were 
consistently classified. However, for some cell lines, this resulted in different CMS affiliations. Cell lines that could 
not be classified with a confidence of > 66.6% were excluded. Using this approach 29 cell lines were faithfully 
classified. 
Two independent TCGA RNASeq data sets, based on Illumina GA and HiSeq platforms, were used for constructing 
a regulatory network and for correlation analysis, respectively. CMS classification for the two TCGA data sets and 
the AMC-AJCCII-90 data set were obtained from the CRCSC (7). 
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Regulatory network inference. We employed a network-based approach to study the regulatory relationships 
between miRs and potential target genes. Gene expression data are log2-transformed RPKM profiles (n = 270) in the 
TCGA Illumina GA data set, while the miR data are log-transformed RPM (reads per million miR mapped, n = 255) 
obtained from The Cancer Genome Atlas Network (28). Together, 200 patient samples have both miR and gene 
expression data. We focused on 30 miRs downregulated (fold change < 0.71, false discovery rate (FDR) < 0.001) in 
CMS4 vs CMS1-3, and 1,437 genes differentially expressed between CMS4 and CMS1-3 (|log2FC| > 0.85, FDR < 
0.001). The miR expression data and gene expression data were standardized independently and merged for network 
inference. The bioconductor RTN package was employed to infer the regulatory network. 
We tested the statistical significance of overrepresentation of EMT signature genes (31) in each miR’s regulon. 12 
miRs of top significance (Benjamini-Hochberg-adjusted P-value < 0.05) were selected as master regulators. 
 
Inference of transcription factor regulatory network. From the total number of 1,544 transcription factors (TFs) 
obtained from AnimalTFDB (46) we first selected 90 TFs significantly differentially expressed between CMS4 and 
CMS1-3 (|log2FC| > 0.85, FDR < 0.001). The same approach used for inference of the miR regulatory network was 
employed here to infer a network encoding regulatory relationships between TFs and target genes. 
 
Inference of DNA methylation regulatory network. Forty-five genes and nine miRs were selected as regulators based 
on two criteria: (1) significant inverse correlation between their expression profiles and DNA methylation profiles 
(Pearson correlation coefficient < -0.5, P-value < 0.001); (2) significant differential DNA methylation between 
CMS4 and CMS1-3 samples (|log2FC| > log2(1.1), FDR < 0.001). A total of 2,273 genes significantly differentially 
expressed between CMS4 and CMS1-3 (|log2FC| > 0.5, FDR < 0.001) were selected as target genes of the total 54 
regulators. Using the same approach for miR network inference, we predicted a network representing how DNA 
methylation regulates gene expression. 
 
TCGA data. Multiple TCGA data sets were used for analyzing the correlation between expression and promoter 
methylation of the miR-200 family members. From the TCGA data portal, we obtained mRNA expression, miRNA 
expression as well as DNA methylation profiles (all level-3 data, from 194 patients). For each miR-200 family 
member, we took the median -value over all annotated CpG sites as its promoter methylation level. The mean 
methylation levels over corresponding individual miR-200 family members were used for the miR-200ba429 and 
miR-200c141 clusters, respectively. 
 
EMT heatmap. Expression of EMT-associated genes of the CIT data set was imported into MultiExperiment Viewer 
(http://www.tm4.org/mev.html) (6, 31). Genes were normalized by rows, median centered, and the gene tree was 
hierarchically clustered using Pearson correlation. 
 
Cells. Forty-four CRC cell lines were a kind gift from the Sanger Institute (Cambridge, UK; authenticated by STR 
Genotyping). Cell lines were mycoplasma negative, cultured in Dulbecco’s modified Eagle’s medium/F12 medium 
with L-glutamine, 15 mM HEPES (Thermo-Fisher Scientific, Bleiswijk, The Netherlands), 8% fetal calf serum 
(Lonza, Breda, The Netherlands), or in RPMI1640 medium with L-glutamine, 25 mM HEPES (Thermo-Fisher 
Scientific), 8% fetal calf serum, 1% D-glucose solution plus (Sigma-Aldrich, Zwijndrecht, The Netherlands), and 
100 M sodium pyruvate (Life Technologies, Bleiswijk, The Netherlands). 
Cells were plated in medium containing 0.1 M decitabine (5-Aza-2 -deoxycytidine, Sigma-Aldrich) for 96 h, 10 
nM Panobinostat (LBH589, Selleck Chemicals, Munich, Germany) for 36 h, or dimethylsulfoxide. Decitabine and 
dimethylsulfoxide were refreshed daily.  
The primary cell lines RC511 and Co147 were derived from a colon cancer patient as described before (47) and 
cultured in advanced Dulbecco’s modified Eagle’s medium/F12 (Thermo-Fisher Scientific), supplemented with N2 
supplement (Invitrogen, Waltham, MA, USA), 2 mM L-glutamine, 0.15% D-glucose (Sigma-Aldrich), 100 M -
mercaptoethanol (Sigma-Aldrich), trace elements B and C (Thermo-Fisher Scientific), 5 mM HEPES (Life 
Technologies), 2 g/ml heparin (Sigma-Aldrich), 10 g/ml insulin (Sigma-Aldrich), 10 ng/ml human bFGF, and 20 
ng/ml human EGF (Peprotech, London, United Kingdom) in ultra-low attachment flasks (Corning, Amsterdam, The 
Netherlands). Spheroids were dissociated manually and replated in fresh medium twice weekly. 
 
miR-200 overexpression. HUTU-80, MDST8, and NCI-H716 cells were transduced with lentiviral particles 
containing lenti-miR-200b+200a+429 or lenti-miR-200c+141 (System Biosciences, Huissen, The Netherlands) 
constructs and sorted on GFP after 48 h. Twenty-four hours after sorting, a fraction of the miR-200ba429-transduced 
cells was transduced with miR-200c141 lentivirus. RNA was extracted 7 days after transduction. RC511 primary 
cells were transduced with lentiviral particles containing lenti-miR-200b+200a+429 and sorted on GFP. Two weeks 
after sorting, a fraction of the miR-200ba429-transduced cells was transduced with miR-200c141 lentivirus. 
For microarrays the GeneTitanTM MC system from Affymetrix (Santa Clara, CA, USA) was used according to the 
standard protocols of the Cologne Center for Genomics, University of Cologne, Germany (GEO accession 
GSE65551). 
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Microarrays (n = 12) were first normalized and summarized using the robust multi-array average (RMA) method 
(48). To identify differentially expressed genes, one-class Rank Product analysis was employed (49), using log2-
fold changes of gene expression between each cell line overexpressing miR-200 members and corresponding 
control. In the GSEA (35, 36), we used as phenotype the ranks of the rank product of genes (P-values were adjusted 
using the Benjamini-Hochberg method). Of the EMT signature (31) only 59 genes differentially expressed between 
CMS4 and CMS1-3 (|log2FC| > 0.85, FDR < 0.001) were included. 
 
Quantitative real-time PCR. Total RNA was extracted using the NucleoSpin miRNA kit (Macherey-Nagel, Düren, 
Germany). 
miRNA. One microgram total RNA was reverse transcribed using the HiFlex buffer of the miScript II RT Kit 
(Qiagen, Venlo, The Netherlands). Quantitative real-time PCR (qRT PCR) was performed using the miScript SYBR 
Green PCR kit (Qiagen). miScript Primer assays: Hs_RNU6-2_11, Hs_SNORA74A_11, Hs_miR-200b_3, Hs_miR-
200a_1, Hs_miR-429_1, Hs_miR-200c_1, and Hs_miR-141_1. Data shown was normalized to the expression of 
SNORA74A, normalization to RNU6-2 yielded comparable results. 
mRNA. One microgram total RNA was reverse transcribed using Superscript III (Invitrogen). qRT PCR was 
performed using SYBR Green and a Roche Light Cycler 480 II (Roche, Almere, The Netherlands). Values for cell 
lines were normalized to GAPDH expression; for the primary cell line RC511 values were normalized to B2M 
expression. Primer sequences: GAPDH-forward: 5’-AAT CCC ATC ACC ATC TTC CA, GAPDH-reverse: 5’-
TGG ACT CCA CGA CGT ACT CA; B2M-forward: 5’-GTC TTT CAG CAA GGA CTG GTC, B2M-reverse: 5’-
CTT CAA ACC TCC ATG ATG C; ZEB1-forward: 5’-GCA CAA GAA GAG CCA CAA GTA, ZEB1-reverse: 5’-
GCA AGA CAA GTT CAA GGG TTC; E-Cadherin-forward: 5’-TGG AGG AAT TCT TGC TTT GC, E-
Cadherin-reverse: 5’-CGC TCT CCT CCG AAG AAA C; p21-forward: 5’-CAG GCT GAA GGG TCC CCA, p21-
reverse: 5’-TCA GCC GGC GTT TGG AGT GG. 
 
miR-200 promoter methylation analysis. gDNA was extracted using the High Pure PCR Template Preparation Kit 
(Roche). Two micrograms of gDNA were bisulfite converted using the EpiTect Bisulfite Kit (Qiagen). Methylation 
was detected using the PyroMark PCR system (Qiagen). PyroMark Assay Design Software 2.0 (Qiagen) was used 
for primer design (miR-200ba429 promoter region: 110 basepairs (6 CpGs), miR-200c141 promoter region: 140 
basepairs (11 CpGs)). Depicted is the average methylation of all 6 or 11 CpGs combined. Primer sequences: miR-
200ba429-forward: 5’-GGT TTG AAT TGA TTT TTT GTG TTA GG; miR-200ba429-reverse: 5’-CCT CAA CCA 
AAA TCA AAC CTC A. miR-200ba429-sequencing primer: 5’-ATT TTT TGT GTT AGG GTT T. miR-200c141-
forward: 5’-ATT GTA GAG GGG GGA TGA G; miR-200c141-reverse: 5’-CCA AAT TAC AAT CCA AAC AAA 
CC. miR-200c141-sequencing primer: 5’-GAT GAG GGT GGG TAA. All analyses were performed blinded with 
respect to subtype and DFS data. Prior to the study, the reproducibility of the miR-200 promoter methylation assay 
was tested using control cell lines. 
 
In vivo tumor growth. All animal experimentation was approved by the animal ethics committee of the AMC, 
University of Amsterdam and the University of Palermo. In all, 100,000 primary colon cancer cells (RC511, Co149, 
DA13) were, after extensive washing with phosphate-buffered saline, injected subcutaneously into the right flank of 
13- to 14-week-old male NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, in house breeding) in 50% growth factor 
reduced BD matrigel matrix (BD Biosciences, Breda, The Netherlands). Tumors were measured twice weekly in a 
non-blinded way using a caliper and the formula ‘tumor volume=(length x width2)/2’ was used to calculate the 
volumes. Animals were sacrificed when the tumor volume exceeded 1,000mm3 and tumors were excised for DNA 
and RNA isolation. To determine the difference in growth speed between RC511 control and RC511 + miR-
200ba429 + miR-200c141, group size was first determined using a power calculation analysis (NQuery, using a 
power of 80%, a confidence of 0.05, and a variation estimation within the group of 20%). Based on this calculation, 
6 mice per group were subcutaneously injected non-randomized, and subsequent growth and survival curves were 
generated for mice over a period of 50 days (in GraphPad Prism; significance for survival was calculated using the 
log-rank test). 
 
Statistics. Predicted probabilities for CMS4 affiliation were calculated using a binary logistic regression with miR-
200ba429 and miR-200c141 methylation as covariates for 80 patients of the AMC-AJCCII-90 data set (nine patients 
could not be classified into one of the CMSs, one patient had poor gDNA quality). The x-  values for predicting 
recurrence were calculated using a Cox proportional hazards regression model with miR-200ba429 and miR-
200c141 methylation as covariates for 89 patients. The sensitivity and specificity of CMS4 and recurrence 
prediction were calculated by plotting the receiver operator characteristics curves of the predicted probabilities and 
x-  values, respectively, and calculating the AUC using IBM SPSS Statistics version 22 software (Amsterdam, The 
Netherlands). 
Kaplan-Meier curves display survival, significance was evaluated by log-rank tests. DFS was measured from the 
day of surgery until recurrence detection. The x-  value 0.293 was chosen to divide the patients into methylation 
low (< 0.293) and methylation high (> 0.293) (sensitivity: 68.4%, specificity: 75.7%).  
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Univariate and multivariate Cox proportional hazards regression models were used to test the prognostic relevance 
of clinical factors and miR-200 methylation. Variables were dichotomized as follows: gender (male vs female), age 
at operation (mean-dichotomized, < 70.24 vs > 70.24), location (right- vs left-sided), differentiation grade (well and 
moderate vs poor), T-stage (T3 vs T4), MSI vs MSS, BRAFV600E and MSS vs the rest, miR-200ba429 + miR-
200c141 methylation (predicted probability of < 0.293 vs > 0.293). Three patients (including the patient with 
insufficient gDNA quality) of the AMC-AJCCII-90 data set were excluded from the uni- and multivariate analyses 
for lack of differentiation grade information. 
Statistics were used as indicated in the figure legends. P-values < 0.05 were considered significant (Benjamini-
Hochberg-corrected, where applicable). 
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Supplementary Figure S1. Clinical and molecular information of the CIT, TCGA, and AMC-AJCCII-90 data sets. 
(a) Characteristics of the data sets used in this study. TCGA 1 was used to generate the miR regulatory network 
and the TCGA 2 data set for analysis of methylation as well as of methylation and expression correlations. 
(b) Flow of patients of the AMC-AJCCII-90 set through the study. 
 
 

          
Supplementary Figure S2. Transcription factor (TF) regulatory network of genes differentially expressed 
between CMS1-3 and CMS4 tumors. This regulatory network identifies no TF or cluster of TFs controlling large 
parts of subtype-specific gene expression, albeit identifying some miR-200 controlled TFs. 
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Supplementary Figure S3. Methylation mark regulatory network of genes differentially expressed between 
CMS1-3 and CMS4 tumors. Methylation of both miR-200 loci is identified as regulator of the mesenchymal 
subtype by methylation mark regulator network analysis as well as the methylation of other miRs that were also 
identified in the miR expression regulatory network. Moreover, several other candidate regulators were 
identified, such as enhanced methylation of the loci that comprise the CDX2 gene and miR-192 in CMS4 tumors. 
Increased methylation of the Angiopoietin-like 2 (ANGPTL2) locus in CMS1-3 tumors was also predicted to be 
involved in regulation of the CMS1-3 – CMS4 distinction. 
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Supplementary Figure S4. Identifying miRs lowly expressed in CMS4 compared to CMS1-3 tumors ascertains the 
miR-200 family as driver of CMS4-related gene expression and the overrepresentation of EMT genes in the miR-
associated regulons. (a) Identification of miRs based on differential expression between CMS1-3 and CMS4 
tumors of the TCGA set (FC = fold change; P-values are based on two-tailed Student’s t-tests and corrected for 
multiple hypothesis testing using the Benjamini-Hochberg method). (b) Displayed is the percentage of 
differentially expressed genes in CMS4 compared to CMS1-3 tumors that is predicted to be regulated by the 
indicated miR. (c) Shown is the regulon size of the miRs depicted in Figure 2, that is, number of genes that are 
regulated by the miR, and the significance of overrepresentation of EMT genes within the regulon of each miR. P-
values are based on hypergeometric tests. 
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Supplementary Figure S5. Expression of miR-200 family members is lower in CMS4 tumors and is correlated with 
the methylation of the respective locus. (a) miR-200 members are significantly differentially expressed between 
CMS4 and CMS1-3 tumors. Boxes extend from the 25th to the 75th percentile, the lines indicate the median. The 
whiskers are drawn to the 5th and the 95th percentile, outliers are depicted as dots. (n = 32 for CMS1, n = 66 for 
CMS2, n = 35 for CMS3, and n = 61 for CMS4. *P < 0.05, **P< 0.01, ***P < 0.001, asterisks indicate the 
significance of the respective subtype compared to CMS4; P-values are based on two-tailed Student’s t-tests.) 
(b) Venn diagram depicting the overlap in putative targets of the miR-200 family members. (c and d) Significant 
correlation of the miR-200ba429 locus methylation with the expression of miR-200a (c) and miR-429 (d), (e) and 
of the miR-200c141 locus methylation with the expression of miR-141 of CMS1-4 tumors belonging to the TCGA 
data set (n = 32 for CMS1, n = 66 for CMS2, n = 35 for CMS3, and n = 61 for CMS4). 
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Supplementary Figure S6. Genes present in an experimentally-derived EMT signature are enriched in CMS4 
tumors of the CIT data set. Heatmap representing the median centered log2 gene expression levels of EMT-
associated genes belonging to the Taube signature (including only the upregulated genes) in patients of the CIT 
data set (high expression: orange, low expression: blue). Rows indicate genes, columns represent patients. The 
subtypes are indicated in the bar above the heatmap. 
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Supplementary Figure S7. CMS4 cell lines often present pronounced methylation of the miR-200 promoter 
regions. Analysis of miR-200 promoter methylation in a panel of 29 Sanger cell lines. More than 70% of the cell 
lines classified in the mesenchymal CMS4 present with pronounced methylation of these promoter regions. 
 
 

 
Supplementary Figure S8. The epithelium of some CRC samples displays miR-200 promoter methylation. 
Analysis of miR-200 promoter methylation in primary tumors and matching cell lines or xenografts reveals that in 
some cases the miR-200 methylation levels observed are derived from the stroma (Co147 and Co149), whereas in 
other cases the epithelium contributes to this signal (RC511 and DA13). 
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Supplementary Figure S9. miR-200 family member expression is not consistently regulated by acetylation 
events. (a and b) Cell lines representative of the (a) CMS4/mesenchymal subtype and (b) CMS2 were treated with 
the HDAC inhibitor Panobinostat. The Panobinostat treatment is effective judged by p21 upregulation. No 
consistent regulation of miR-200 family members or the target ZEB1 was observed. One representative of three 
independent experiments is shown. 
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Supplementary Figure S10. Overexpression of miR-200 family members in CMS4 cell lines suppresses the 
expression of genes belonging to the miR-200 regulon and signatures associated with poor disease outcome. 
(a) Validation of miR-200 overexpression in the HUTU-80 and NCI-H716 cell lines based on miR-200 member 
expression (log10 relative expression). (b-e) GSEA of (b) the miR-200 regulon, (c) matrix remodeling (GO term; 
REACTOME; REACT_118779), (d) migration (MSigDB; 
http://software.broadinstitute.org/gsea/msigdb/cards/WU_CELL_MIGRATION.html), and (e) TGF  pathway 
(KEGG pathway) signatures in control (left) vs miR-200 overexpressing (right) cell lines (ES = enrichment score). 
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Supplementary Figure S11. Overexpression of miR-200 family members leads to reduced tumor growth and 
prolonged survival. (a) Validation of miR-200 overexpression in the primary CMS4-like colon cancer cell line RC511 
based on miR-200 member expression (log10 relative expression). (b) ZEB1 expression is reduced and E-Cadherin 
expression induced upon overexpression of miR-200 family members in the primary RC511 cell line. 
(c) Tumor growth of RC511 cells subcutaneously injected into NSG mice is slower for miR-200 overexpressing 
compared to control cells (n = 6 for each group). (d) Mice injected with RC511 control cells have a significantly 
shorter survival than mice injected with miR-200 overexpressing cells (n = 6 for each group; P-value is based on 
log-rank test.). 
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Supplementary Figure S12. Stage II CMS4 tumors display high levels of miR-200 promoter methylation. 
(a and b) Depicted is the methylation of the miR-200ba429 (a) and miR-200c141 (b) promoter regions of 80 
patients of the stage II AMC-AJCCII-90 data set for each patient individually. CMS4 tumor samples are enriched in 
the quartile displaying the highest methylation. 
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Supplementary Figure S13. miR-200 promoter methylation is predictive of CMS4 affiliation in MSS patients. 
(a and b) ROC curves showing the prediction of CMS4 affiliation in the TCGA (a) and AMC-AJCCII-90 (b) data set 
using miR-200 loci methylation in MSS patients only. (c) Depicted is the methylation of the miR-200ba429 and 
miR-200c141 promoter regions of the 55 MSS patients of the stage II AMC-AJCCII-90 data set for each patient 
individually. CMS4 tumor samples are enriched in the quartile displaying the highest methylation. 
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Abstract 
Colorectal cancer (CRC) has long been thought of as a molecularly well-characterized disease in 

which the progression from premalignant lesions to carcinomas follows a defined route. The 

tubular adenoma (TA) was recognized as the only precursor lesion able to spawn colorectal 

carcinomas. However, over the last decade reports have described the progression of sessile 

serrated adenomas (SSAs) to a malignant stage, thus complementing the classical path of CRC 

development with a serrated neoplasia pathway. SSAs have been suggested to be precursor 

lesions of the mesenchymal, poor prognosis subtype of colon cancer based on similarities in gene 

expression profiles. Yet, due to its short history and relatively low prevalence, this pathway lacks 

the same wealth of information that is available for the classical route. Here we set out to gain 

more insight into the molecular make-up of SSAs. We analyzed gene expression profiles of TA 

and SSA samples and demonstrate that unifying biological programs are active in SSAs and 

colon cancers of the mesenchymal subgroup. Employing a regulatory network approach, we 

have previously shown that microRNAs (miRs) of the miR-200 family tune the majority of 

genes differentially expressed in the mesenchymal CRC subtype. The members of the miR-200 

family are lower expressed in mesenchymal tumors and thus allow the expression of, for 

instance, the zinc-finger E-box binding homeobox transcription factor ZEB1, which is a well-

known inducer of the epithelial-mesenchymal transition (EMT) program. Inhibition of miR-200 

expression is achieved by methylation of the miR-200 promoter regions, suggesting that this 

epigenetic mark plays a crucial role in determining the activity of the EMT program. Here we 

show that the molecular circuit which defines the mesenchymal CRC subtype, is already active 

in serrated precursor lesions, indicating it to be a feature installed early in tumorigenesis and 

maintained throughout this specific adenoma-carcinoma sequence. 
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Introduction 
Colorectal cancer (CRC) is a broadly studied malignancy of which the developmental path, the 

so-called adenoma-carcinoma sequence, was described already 40 years ago and molecularly 

defined in 1990 (1, 2). However, despite its detailed characterization, CRC still poses a major 

clinical challenge representing the third most common cause of cancer-related deaths (3). Gene 

expression-based classification of CRC samples into four distinct consensus molecular subtypes 

(CMSs) led to the recognition of a poor prognosis, mesenchymal group of CRCs (4). In addition, 

this mesenchymal subgroup appears to respond poorly to chemo- as well as targeted therapy. 

Molecular markers commonly used in the clinic unfortunately do not allow the identification of 

this subtype, pointing to the need to gain more biological insight and generate diagnostic tools 

for these patients. Recently, we have reported that a microRNA (miR) regulatory network, 

involving the miR-200 family, regulates a large proportion of genes differentially expressed in 

the mesenchymal subgroup (CMS4). It has been shown that the miR-200 family members miR-

200a, miR-200b, miR-200c, miR-429, and miR-141 play a role in orchestrating the epithelial-

mesenchymal transition (EMT) (5-7), thus likely accounting for the mesenchymal appearance of 

the poor prognosis CMS4. The miR-200 family members are organized as polycistronic 

transcripts on chromosome 1 (miR-200ba429) and chromosome 12 (miR-200c141) (8) and their 

expression can be epigenetically silenced by promoter methylation (9-12). miR-200 promoter 

methylation levels are higher in tumors belonging to the mesenchymal CMS4 and present a tool 

to identify patients belonging to this subtype and displaying worse clinical outcome (13). 

CRCs of the CMS4 group may in part develop following an alternative route of colorectal 

tumorigenesis, namely the serrated neoplasia pathway (14). In contrast to the tubular adenoma 

(TA), which has been recognized as a premalignant lesion leading to CRC via the classical 

adenoma-carcinoma pathway already in 1975 (1), alternative forms of premalignant, serrated, 

lesions were recognized and attributed malignant potential only in the last two decades. The term 

serrated lesions comprises multiple distinct forms of serrated adenomas (15), of which the sessile 

serrated adenoma (SSA) has been reported to be able to progress to a colorectal malignancy (16, 

17). Gene expression-based profiling revealed that this specific type of benign polyp is closely 

related to the mesenchymal, poor prognosis subtype of colon cancer (14). To gain further insight 

into the relation of SSAs and CMS4 tumors, we herein analyzed gene expression data of SSA 

and TA samples with regard to biological programs defining the distinct CMSs. We show that 

pathways and signatures present in CMS4 tumors are also active in SSAs. Additionally, the miR-

200 regulatory network defining the poor prognosis subtype is already installed at the benign 

state, as miR-200 family members are lowly expressed in SSA lesions due to promoter 

methylation. Our data thus indicate, that the molecular features of poor prognosis CRC – 
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expression of EMT-associated genes and miR-200 promoter methylation – are already active at a 

premalignant stage. 

 

Results 
Unifying biological programs are active in sessile serrated adenomas and colon cancers of the 

mesenchymal subtype. Sessile serrated adenomas (SSAs) present distinct colorectal cancer 

(CRC) precursor lesions. Molecularly and morphologically they can be differentiated from 

classical tubular adenomas (TAs) by their serrated morphology (Supplementary Figure S1A) and 

frequently by the presence of a BRAFV600E mutation and DNA hypermethylation (CpG island 

methylator phenotype positive; CIMP+) (Supplementary Figure S1B) (18-21). Gene expression 

data point to an overlap between mesenchymal colon cancers and SSAs (14), suggesting that a 

proportion of CMS4 cancers might originate from this distinct precursor lesion. Indeed, genes 

highly expressed in mesenchymal CMS4 vs CMS1-3 tumor samples were enriched in SSAs 

compared with TA samples (Figure 1A). Also on protein level SSAs related to CMS4 tumors, as 

the caudal-type homeobox transcription factor 2 (CDX2), whose expression is frequently lost in 

the mesenchymal colon cancer subtype (14), was downregulated in the epithelium of SSAs 

compared with TAs (Figure 1B). To gain more insight into biological similarities, we studied the 

expression of genes associated with specific biological processes that have previously been 

analyzed in CMS1-4 cancers (4). In particular, the expression patterns of migration and matrix 

degradation signatures, which were highly enriched in CMS4 samples (Supplementary Figure 

S2A and B), were examined. This revealed that SSAs, in comparison with TA samples, 

displayed elevated expression of both signatures (Figure 1C and Supplementary Figure S2B). 

More importantly, the same subset of genes within each signature that was highly expressed in 

CMS4 samples was also highly expressed in SSAs (Supplementary Figure S2C and D), 

highlighting the similarity between SSA precursor lesions and CMS4 carcinomas. One of the 

dominating biological programs in CMS4 tumors is the epithelial-mesenchymal transition 

(EMT) (4, 14), illustrated by the enrichment of a range of EMT-associated genes in this 

subgroup compared with CMS1-3 samples (Supplementary Figure S3A and B) (22, 23). 

Applying EMT signatures to gene expression data from TAs and SSAs revealed the higher 

expression of EMT-associated genes also in SSA polyps (Supplementary Figure S3A and B), 

and again a strong overlap between the genes highly expressed in CMS4 tumors and SSA lesions 

could be detected (Figure 1D). Taken together, these results indicate that SSAs are potential 

precursor lesions of CMS4 carcinomas as their gene expression profiles exhibit strong overlap in 

specific biological processes. 
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A miR-200 regulatory network is active in precursor lesions. We have previously shown that a 

microRNA (miR) regulatory network is a determinant of subtype-specific gene expression and 

that the dominant cluster in this network was generated by the members of the miR-200 family. 

We and others have demonstrated that miR-200a, miR-200b, miR-200c, miR-429, and miR-141 

regulate genes associated with EMT (5-7), and furthermore, our data show that the miR-200 

family tunes the majority of genes differentially expressed between CMS4 and CMS1-3 tumors 

(13). To study the role of the miR regulatory network at the premalignant stage, we projected 

gene expression data of the adenoma set (GSE45270 (14)) onto the miR network of tumor 

samples from the TCGA set (24) (Figure 2). This approach revealed that most of the genes

Figure 1. Gene expression profiles of sessile serrated adenomas display high similarity to colon cancers of the
mesenchymal subtype. (A) Genes highly expressed in CMS4 vs CMS1-3 tumor samples are enriched in SSA
compared with TA samples revealed by GSEA. (B) Immunohistochemical staining of the epithelial subtype marker
CDX2 on TA and SSA samples. (C) GSEA using a matrix remodeling signature (GO) applied to a gene expression
data set comprising SSAs and TAs. (D) Genes present in an experimentally-derived EMT signature (Taube et al.
2010) are highly expressed in SSA vs TA samples and the same expression pattern can be observed in CMS4
compared to CMS1-3 tumor samples of the AMC-AJCCII-90 data set. 
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present in this network were highly expressed in SSA compared with TA polyps, thus following 

the same trend that was observed for CMS4 vs CMS1-3 cancers, confirming the similarity 

between SSAs and CMS4 tumors. Zooming in on the genes present in an experimentally-derived 

EMT signature (22) revealed that most gene products were inversely correlated with the 

respective miR. This supports the idea that members of the miR-200 family have a negative 

impact on EMT-associated genes in precursor lesions (Figure 2). Moreover, these results indicate 

Figure 2. Genes regulated by miRs lowly expressed in CMS4 tumors are highly expressed in SSA polyps. 
Differential gene expression data of 6 SSAs and 7 TAs is projected on a miR network derived from tumor samples
of the TCGA data set. Displayed is the differential miR expression between CMS1-3 and CMS4 tumors of the 
TCGA data set (green: lowly expressed in CMS4). Genes predicted to be regulated by the miRs are shown based 
on their differential expression between SSA and TA samples (blue: lowly expressed in SSA, orange: highly
expressed in SSA). The connection between miRs and genes is depicted in red (induction) or blue (repression) 
based on the influence of the miR on gene expression. EMT-associated genes from the Taube EMT signature are
highlighted as rectangles. 
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that SSA lesions harbor the same gene regulatory mechanisms as CMS4 tumors, highlighting 

their potential affiliation to the same adenoma-carcinoma sequence. 

 
Epigenetic silencing of miR-200 expression is already installed in precursor lesions. To further 

investigate the role of the miR-200 family members at the premalignant stage, we generated a set 

of 20 TAs and 25 SSAs. Quantitative real-time PCR revealed that all members of the miR-200 

family were significantly lower expressed in SSAs compared to TAs (Figure 3A). The miR-200 

family members are located on two chromosomes as polycistronic transcripts (miR-200ba429 on 

chromosome 1 and miR-200c141 on chromosome 12) (8). Their expression can be regulated on 

multiple levels, for example by the zinc-finger E-box binding homeobox transcription factor 

ZEB1, which represses their expression (5-7), but also by epigenetic silencing (9-12). We have 

previously shown that the methylation of the miR-200 promoter regions can serve as a tool to 

identify CMS4 tumors and that this epigenetic mark is instrumental in controlling miR-200 

expression. Since DNA methylation represents a metastable event that can be inherited by 

daughter cells, we speculated that these methylation marks are already installed in the precursor 

Figure 3. Differential expression of miR-200 family members in SSAs and TAs is regulated by promoter 
methylation. (A) Detection of miR-200 family members by quantitative real-time PCR in 20 TA and 25 SSA 
samples (Boxes extend from the 25th to the 75th percentile, the lines indicate the median. The whiskers are drawn
to the 5th and the 95th percentile, outliers are depicted as dots. *P < 0.05, **P < 0.01, ***P < 0.001; P-values are
based on two-tailed Student’s t-tests). (B) Methylation of the miR-200ba429 and miR-200c141 promoter regions
in adenoma samples determined by pyrosequencing (n = 20 for TA and n = 16 for SSA, P < 0.001; P-values are
based on two-tailed Student’s t-tests. Box plots represent the same parameters as described in (A)). (C) The 
methylation of the miR-200ba429 and miR-200c141 loci is highly correlated. (D) The methylation of the miR-
200ba429 locus correlates with the expression of miR-200b. 
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lesions and maintained throughout the adenoma-carcinoma sequence. Indeed, both promoter 

regions were significantly higher methylated in SSAs compared with TAs (Figure 3B). 

Furthermore, the methylation of both regions was highly correlated (Figure 3C). The expression 

of miR-200b inversely correlated with the methylation of its respective locus (Figure 3D), 

indicating the methylation mark to be decisive for miR-200 expression. Premalignant SSAs are 

therefore already endowed with the molecular circuitry that relieves the inhibitory constraint on 

the EMT program. Our data thus demonstrate that a program that was thought to be responsible 

for aggressiveness of late stage disease can already be installed at a premalignant stage of CRC. 

 

Discussion 
As we demonstrate herein, EMT and the miR-200 regulatory network, both dominating 

characteristics in the mesenchymal group of CRCs, are already installed in SSAs, precursor 

lesions that are associated with CMS4 tumors. Thus, even though the EMT process is thought to 

occur late in tumor progression and to mark the time point when a localized tumor is able to 

spread to distant organs (25), we show that already at a premalignant stage in CRC development 

this program can be active. This points to the fact that early in CRC formation SSA lesions 

possess features allowing them to progress into aggressive and metastatic types of CRC, 

highlighting the need for early identification and thorough surveillance. Indeed, in a mouse 

model of pancreatic cancer, activation of EMT and subsequent dissemination of cells was 

observed before full malignant conversion (26). In a follow up study Rhim et al. detected 

pancreatic epithelial cells in the circulation of patients with premalignant lesions (27).  

It remains unresolved what proportion of SSAs develops into CMS4 tumors and what fraction 

gives rise to other subtypes. In particular, based on their genetic make-up (frequently BRAFV600E-

mutated and CIMP+) (18-21), SSA lesions could also be potential precursor lesions for MSI+ 

CMS1 cancers (28, 29). Indeed, based on gene expression, SSAs are predicted to progress to 

either CMS1 or CMS4 tumors (30). In line with this notion is the observation that some genes 

highly expressed in CMS4 and SSA samples of the signatures studied herein also displayed 

higher expression in CMS1 compared to CMS2+3 tumors (Figure 1D and Supplementary Figure 

S2C and D). Even though being lower in the average of tumor samples, some CMS1 tumors 

display high levels of miR-200 promoter methylation. Whereas this epigenetic mark is 

responsible for tuning CMS4-specific gene expression, it could be a bystander in CMS1 tumors 

with overall higher DNA methylation levels. While the reason for increased miR-200 promoter 

methylation in SSAs remains to be examined, we recently described that high activity of the 

TGF  signaling pathway could direct SSA lesions to develop to the mesenchymal CRC subtype 

(30). It is important to note that not all CMS4 cancers display BRAFV600E mutations, while this 
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oncogenic hit was detected in the majority of SSAs studied herein (24/25, 96%; Supplementary 

Figure S1B), suggesting the existence of other precursor lesions developing to CMS4 

malignancies. It is important to unravel specific adenoma-carcinoma sequences in depth in the 

future to be able to select the premalignant lesions developing to the poor prognosis CMS4. It 

will be crucial to define the signaling molecules and pathways driving distinct developmental 

routes. This warrants further studies comprising larger gene expression data sets of premalignant 

lesions of CRC. Our data demonstrate that still benign SSAs possess the molecular make-up of 

CMS4 tumors and we speculate that the formation of a distinct microenvironment provides cues 

for malignant conversion to this specific CRC subtype. Hence, our data stress the need to 

identify such tumors already at an early stage, as they might acquire a highly malignant potential 

early in tumorigenesis. 

 

Materials and methods  
Sample collection. Human tissues were obtained in accordance with the legislation in the Netherlands. Collection of 
adenomas was approved by the Medical Ethical Committee (MEC 09/146 and MEC 05/071; Academic Medical 
Center (AMC), Amsterdam) and tissue was collected following written informed consent of patients. Tubular 
adenomas (TAs) were obtained from familial adenomatous polyposis (FAP) patients. Sessile serrated adenomas 
(SSAs) were collected from serrated polyposis syndrome (SPS) patients.  
5x20 m frozen tissue sections were cut using a cryotome and stored at -80°C until further use.  
RNA was extracted using the miRNAeasy micro kit (Qiagen) or the AllPrep DNA/RNA/miRNA Universal Kit 
(Qiagen) from 20 TA and 19 SSA polyps. In the detection of miR-200 family expression we included 6 SSA polyps 
used for gene expression analysis (GSE45270) (14).  
Matching gDNA was extracted for all 20 TAs and for 16 SSAs using the High Pure PCR Template Preparation Kit 
(Roche) or the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen). 
BRAF mutation status was determined by quantitative real-time PCR in a 10 μl total reaction volume consisting of 
20 ng gDNA or cDNA, 5 μl SYBR Green (Roche), 1 μl forward and reverse primers (10 μM), and 3 μl H2O. Each 
sample was measured in triplicate for each primer pair on a Roche Light Cycler 480 II in accordance with the 
manufacturer’s instructions (annealing temperature of 60 C). gDNA or cDNA of a BRAFwildtype and a BRAFV600E-
mutated cell line was included in each run as control. The resulting Cp-values of the mutant primer pair was 
subtracted from the wild-type one. Samples were scored as BRAFV600E-mutant if this difference was < 5. Primer 
sequences: BRAFwildtype-forward: 5’-AGG TGA TTT TGG TCT AGC TAC AGT, BRAFV600E-forward: 5’-AGG 
TGA TTT TGG TCT AGC TAC AGA, BRAF-reverse: 5’-TAG TAA CTC AGC AGC ATC TCA GGG C. 
Two microgram of gDNA were subjected to bisulfite conversion using the EpiTect Bisulfite Kit (Qiagen) according 
to the manufacturer’s instructions. TaqMan-based methylation specific quantitative real-time PCR (MethyLight) 
was used to determine the CIMP-status. 8 CIMP-specific markers (CACNA1G, IGF2, NEUROG1, RUNX3, 
SOCS1, MLH1, CRABP1, CDKN2A) and a methylation-independent normalization control (ALU) were included 
in the analysis. Primer/probe sequences and protocol were described previously (14). Markers with a percent of 
methylated reference (PMR) value > 10 were considered positive for methylation; samples were defined as CIMP 
high (  6 out of 8 CIMP markers have a PMR > 10), low (1-5 out of 8 CIMP markers have a PMR > 10) or negative 
(0 markers have a PMR > 10). 
 
Gene set enrichment analysis. Gene set enrichment analysis (GSEA) was performed for two EMT gene sets (only 
upregulated genes of the Taube EMT signature were included), matrix remodeling (GO term; REACTOME; 
REACT_118779), and migration (MSigDB; http://software.broadinstitute.org/gsea/msigdb/cards/ 
WU_CELL_MIGRATION.html) (22, 23, 31, 32). GSEA were performed using the default settings of the Broad 
Institute’s web application tool (http://www.broadinstitute.org/gsea/index.jsp). P-values indicating the significance 
of enrichment were estimated by 1,000 permutations. 
 
Regulatory network inference. We employed a network-based approach to study the regulatory relationships 
between miRs and potential target genes as described in (13). Gene expression data are log2-transformed RPKM 
profiles (n = 270) in the TCGA Illumina GA data set, while the miR data are log-transformed RPM (reads per 
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million miR mapped, n = 255) obtained from (24). Together, 200 patient samples have both miR and gene 
expression data. We focused on 30 miRs downregulated (fold change < 0.71, FDR < 0.001) in CMS4 vs CMS1-3, 
and 1,437 genes differentially expressed between CMS4 and CMS1-3 (|log2FC| > 0.85, FDR < 0.001). The miR 
expression data and gene expression data were standardized independently and merged for network inference. The 
bioconductor RTN package was employed to infer the regulatory network. 
 
Adenoma microarray data analysis. Microarray data for 6 TAs and 7 SSAs (GSE45270) (14) were normalized and 
summarized using frozen robust multiarray analysis (fRMA) (33). Gene expression profiles were then collapsed 
from probe sets to unique symbols based on the criterion that the probe set of highest overall expression is selected. 
Differential expression analysis was performed using the limma package (34). Log2 fold changes in gene expression 
between SSAs and TAs were projected onto the regulatory network (Figure 2). The median-centered expression 
levels of signature genes for EMT, matrix remodeling, and migration were used to generate the heatmaps in Figure 
2D, Supplementary Figure S2C and D, respectively. 
 
Quantitative real-time PCR. RNA was extracted as described above. One microgram of total RNA was reverse 
transcribed to cDNA using the HiFlex buffer of the miScript II RT Kit (Qiagen). Quantitative real-time PCR was 
performed using the miScript SYBR Green PCR Kit (Qiagen) together with the following miScript Primer assays: 
Hs_RNU6-2_11, Hs_SNORA74A_11, Hs_miR-200b_3, Hs_miR-200a_1, Hs_miR-429_1, Hs_miR-200c_1, and 
Hs_miR-141_1 according to the manufacturer’s instructions. Data shown was normalized to the expression of 
SNORA74A, normalization to RNU6-2 yielded comparable results. 
 
miR-200 promoter methylation analysis. gDNA was extracted and bisulfite converted as described above. 
Methylation detection was carried out using the PyroMark PCR system (Qiagen). Primers were designed using the 
PyroMark Assay Design Software 2.0 (Qiagen) and span 110 basepairs including 6 CpGs in the miR-200ba429 
promoter region and 140 basepairs including 11 CpGs in the miR-200c141 promoter region. PCR reactions and 
pyrosequencing were performed following the manufacturer’s instructions. Depicted is the average methylation of 
all 6 or 11 CpGs taken together. Primer sequences: miR-200ba429-forward: 5’-GGT TTG AAT TGA TTT TTT 
GTG TTA GG; miR-200ba429-reverse: 5’-CCT CAA CCA AAA TCA AAC CTC A. miR-200ba429-sequencing 
primer: 5’-ATT TTT TGT GTT AGG GTT T. miR-200c141-forward: 5’-ATT GTA GAG GGG GGA TGA G; miR-
200c141-reverse: 5’-CCA AAT TAC AAT CCA AAC AAA CC. miR-200c141-sequencing primer: 5’-GAT GAG 
GGT GGG TAA. 
 
Immunohistochemistry. Four-micrometer sections of formalin-fixed paraffin-embedded tissues were used for 
immunohistochemistry. After rehydration, antigen retrieval was performed using a 10 mM sodium citrate buffer at 
pH 6.0 (Vector Laboratories) for 20 min at 98 C. Endogenous peroxidase was blocked with 3% H2O2 (VWR) in 
PBS for 15 min at RT followed by incubation in ultraV block (Immunologic) for 10 min at RT. Sections were 
incubated in primary antibody dilution at 4 C over night (anti-CDX2 (1:100, BioGenex, clone CDX2-88, 
MU392A)). Subsequently, post-antibody blocking (Immunologic) was added for 20 min at RT followed by Poly-
HRP-Anti-mouse/rabbit/rat IgG (Immunologic) for 30 min at RT. Washing steps were performed using PBS. 
Sections were incubated in Bright DAB solution (Immunologic), rinsed in dH2O, and counterstained using 
hematoxylin (Sigma). After dehydration, slides were mounted using Pertex (HistoLab). Images were taken with a 
Leica TCS-SP2. 
 
Statistical analysis. The correlation of miR-200 methylation and miR-200 expression was performed using linear 
regression and the P-values were based on Pearson correlation. For all other comparisons, unpaired two-tailed 
Student’s t-tests were used. A P-value of < 0.05 was considered significant. 
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Supplementary figures 
 

 
Supplementary Figure S1. Morphologically and molecularly SSAs and TAs are distinct entities. 
(A) Representative histology of SSA and TA polyps, revealing the serrated morphology of SSA lesions. (B) BRAF 
mutation (white: BRAFwildtype, black: BRAFV600E) and CIMP status (white: CIMP negative, grey: CIMP low, black: 
CIMP high) in the SSA and TA samples used in this study (asterisks indicate data not available (n.a.)). 
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Supplementary Figure S2. Unifying biological programs are active in CMS4 colon cancer and SSA samples. 
(A) Genes present in a matrix remodeling signature (GO) are highly enriched in CMS4 vs CMS1-3 tumor samples of 
the AMC-AJCCII-90 data set. (B) GSEA of a migration signature (MSigDB) in CMS4 vs CMS1-3 tumor samples of 
the AMC-AJCCII-90 data set (left) and in SSAs vs TAs (right). (C and D) Analyzing the expression of genes in (C) a 
matrix remodeling (GO) and (D) a migration (MSigDB) signature in the AMC-AJCCII-90 and the adenoma data set 
reveals that for each signature the same set of genes is highly expressed in CMS4 tumors and SSA lesions. 
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Supplementary Figure S3. Genes present in EMT signatures are highly enriched in CMS4 vs CMS1-3 colon cancer 
and in TA vs SSA samples. (A and B) GSEA of two EMT signatures ((A) Taube et al. 2010, (B) Gröger et al. 2012) in 
CMS4 vs CMS1-3 tumor samples of the AMC-AJCCII-90 data set (left) and in SSAs compared with TAs (right). 
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Abstract 

The heterogeneous nature of colorectal cancer (CRC) complicates prognosis and is suggested to 

be a determining factor in the efficacy of adjuvant therapy for individual patients. Based on gene 

expression profiling, CRC is currently classified into four consensus molecular subtypes 

(CMSs), characterized by specific biological programs, thus suggesting the existence of unifying 

developmental drivers for each CMS. Using human organoid cultures we investigated the role of 

such developmental drivers at the premalignant stage of distinct CRC subtypes and found that 

TGF  plays an important role in the development of the mesenchymal CMS4, which is of 

special interest due to its association with dismal prognosis. We show that in tubular adenomas, 

which progress to classical CRCs, the dominating response to TGF  is death by apoptosis. By 

contrast, induction of a mesenchymal phenotype upon TGF  treatment prevails in a genetically 

engineered organoid culture carrying a BRAFV600E mutation, constituting a model system for 

sessile serrated adenomas (SSAs). Our data indicate that TGF  signaling is already active in 

SSA precursor lesions and that TGF  is a critical cue for directing SSAs to the mesenchymal, 

poor-prognosis CMS4 of CRC. 

 

 

Keywords: 
cancer subtypes, colorectal cancer, epithelial-mesenchymal transition, sessile serrated adenoma, 
transforming growth factor beta (TGF ) 
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Introduction 

Transforming growth factor-  (TGF ) signaling controls a plethora of physiological programs, 

influencing cellular behavior and tissue homeostasis. The response to TGF  is highly context-

specific and results in distinct or even opposite effects for different cell types (1). The 

multifunctional nature of this cytokine can also be observed in tumorigenesis, where it plays 

either a tumor-suppressing or tumor-promoting role (2). Induction of apoptosis, for example by 

upregulation of the pro-apoptotic molecule BIM and the death-associated protein kinase (DAPK) 

(3-5), as well as the arrest of proliferation by the induction of cyclin dependent kinase inhibitors 

such as p21CIP1, are examples of tumor suppressive mechanisms (2, 6, 7). On the other hand, 

tumors can benefit from activated TGF  signaling due to its ability to enhance cancer cell 

invasion and metastasis. The TGF  signaling molecule is a well-known inducer of the epithelial-

mesenchymal transition (EMT) (8), a process during which epithelial-organized cells lose their 

cell-cell junctions and gain a mesenchymal, migratory, and invasive phenotype, allowing them to 

leave the primary site and spread to distant organs (9). Recent insight from murine models, 

however, proposes that EMT may be related to therapy resistance rather than enhanced 

metastatic spread (10, 11). Regardless of the exact mechanism, the mesenchymal phenotype has 

been linked to dismal prognosis in patients for many cancer types, including colorectal cancer 

(CRC) (12). CRC samples can be classified into four distinct consensus molecular subtypes 

(CMSs), of which CMS4 displays a mesenchymal gene expression profile and dismal clinical 

outcome (12). 

Even though components of the TGF  signaling pathway are often inactivated during CRC 

progression (13, 14), it has been shown that active TGF  signaling – judged by phosphorylation 

of the downstream components SMAD2/3 (phospho-SMAD2/3) – can be found in colorectal 

carcinomas (15). Tumors associated with poor prognosis display significantly higher levels of 

phospho-SMAD2/3 also in the tumor epithelium and activation of the TGF  pathway has been 

linked to resistance to conventional and targeted chemotherapeutics (15, 16). 

For a long time, the development of CRC was thought to follow a molecularly well-defined route 

with the inactivation of the adenomatous polyposis coli (APC) gene as the initiating event 

followed by the activation of the KRAS oncogene and the inactivation of TP53 as the tumor 

progresses to a metastatic carcinoma (17). The tubular adenoma (TA) was viewed as the main 

epithelial precursor lesion to spawn colorectal malignancies (18). However, over the last two 

decades, it has become increasingly clear that the heterogeneity observed in colorectal 

malignancies is also reflected already at the premalignant stage (19). The classical path of CRC 

development and progression has been complemented with the serrated neoplasia pathway (20). 
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Several types of serrated polyps have been described (19), and the sessile serrated adenoma 

(SSA) could be linked to malignant progression to CRC (19, 21, 22). Histologically and 

molecularly SSAs present as distinct entities, characterized by a serrated morphology and the 

activation of the BRAF oncogene (20, 23). Furthermore, serrated lesions often display DNA 

hypermethylation of CpG islands in promoter regions, leading to silencing of tumor suppressor 

genes (also known as the CpG island methylator phenotype or CIMP) (24, 25). Specific 

precursor lesions have been suggested to develop into different types of CRC based on gene 

expression profiling and SSAs were suggested to harbor the potential to develop into the 

mesenchymal, poor-prognosis CRC subtype, whereas TAs more closely relate to the 

chromosomally instable type of CRC (26). However, it is unclear what is responsible for 

promoting subtype-specific transformation and for installing unique features associated with 

distinct groups of CRC. Gene expression-based characterization of a small set of TA and SSA 

samples has allowed a glimpse of the wiring of these polyps. Whereas components of the WNT 

pathway are highly expressed in TAs, SSAs present with high levels of EMT- and TGF  

pathway-associated genes (26). Therefore, we set out to determine the response of genetically 

distinct CRC precursor lesions to TGF  stimulation in organoid cultures, model systems that 

closely recapitulate human disease (27). We made use of human organoid cultures from normal 

colon tissue and TA polyps, and the CRISPR (clustered regularly interspaced short palindromic 

repeat)-Cas9 (CRISPR-associated nuclease 9) system to genetically engineer an organoid culture 

to carry the BRAFV600E mutation, thus modeling different paths of CRC development. In TA 

organoids, which most frequently progress to the classical CRC subtype, apoptosis was the 

dominating response upon TGF  treatment, while induction of a mesenchymal phenotype 

prevailed in the BRAFV600E-mutated organoid culture, presenting a model system for the serrated 

path to CRC. SSAs following the serrated neoplasia pathway have been suggested to harbor the 

potential to progress either to good- or to poor-prognosis CRCs based on molecular markers (28, 

29). Indeed, using gene expression data, we show that SSAs can be segregated into both CMS1- 

and CMS4-like lesions, which is associated with activation of the TGF  pathway. Significantly 

higher levels of TGF  pathway activity were detectable in SSAs predicted to progress to CMS4-

like CRCs compared to those poised to give rise to CMS1 CRC. Hence, our data point to an 

important role of TGF  in the serrated path of CRC development and propose that this cytokine 

represents a critical cue in directing SSAs to the mesenchymal, poor-prognosis CRC subtype. 
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Results 

TGF  induces apoptosis in human tubular adenoma organoid cultures. To study the effect of 

TGF  at an early stage of tumor development, we obtained tubular adenomas (TAs) from 

familial adenomatous polyposis (FAP) patients, which would predictably follow the classical 

path of CRC development (17, 26). Organoid cultures (TA1-TA5) were established from these 

premalignant lesions and they were propagated in medium without the WNT-ligands WNT3A 

and R-Spondin-1 to select for transformed cells in which the WNT pathway is constitutively 

active. Normal non-transformed cells without activated WNT signaling do not survive this 

selection process (30). Of note, besides WNT pathway activation, one of the TA organoid 

cultures – TA1 – also carries a KRASG12V mutation (Appendix Fig S1A). In the classical path of 

CRC development, activating mutations in the KRAS oncogene are thought to follow aberrant 

WNT pathway activation (17); hence, the origin of the TA1 organoid culture is likely to be a 

more advanced adenoma or early carcinoma. The TGF  pathway was not perturbed in the TA 

organoid cultures, as all five cultures used in this study showed SMAD4 expression and 

induction of phopho-SMAD2 upon TGF  stimulation (Appendix Fig S1B and C). In the 

organoid cultures TA2-TA5, the formation of well-organized structures was disrupted by the 

addition of TGF  to the culture medium, leading to disintegration of the organoids (Fig 1A). In 

the control condition, cleaved Caspase-3-positive, and thus apoptotic, cells could only be found 

inside the organoids (Fig 1B). These represent old cells that have been replaced by a new 

generation, undergo apoptosis, and are shed into the lumen. In contrast, the amount of cleaved 

Caspase-3-positive cells was strongly increased upon TGF  treatment, highlighting the loss of 

organization in these structures (Fig 1B). In contrast, the KRAS-mutant TA1 organoid culture did 

not undergo apoptosis judged by the lack of cleaved Caspase-3, but rather showed growth arrest 

both morphologically and based on KI-67 expression (Figs 1A and B, and EV1A). We 

performed gene expression arrays on control and TGF -treated samples of three TA organoid 

cultures and two organoid cultures from normal colon tissue. As expected, genes involved in 

apoptosis were highly enriched in the TGF -treated compared to the control samples judged by 

gene set enrichment analysis (GSEA) (31, 32) (Fig 1C). Similar results have previously been 

reported for mouse intestinal organoids carrying an inactivating Apc mutation, in which BCL2-

like protein 11 (BCL2L11, BIM) was identified to mediate TGF -induced apoptosis (33). Also in 

the human TA organoid cultures, BIM was induced upon TGF  treatment (Fig 1D), whereas 

BID and Puma (BBC3) were not induced or downregulated (Fig EV1A). All TA cultures 

displayed upregulation of BIM, except the KRAS-mutated TA1 organoid culture (Fig 1D), 

confirming the previously published results that addition of a KRAS mutation to an APC-mutated 
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Figure 1. TGF  induces an apoptotic response in human tubular adenoma organoids. (A) The usually well-
organized human tubular adenoma (TA) organoids disintegrate upon TGF stimulation (scale bars: 200 m).
(B) Following TGF  treatment TA organoid cultures display increased levels of cleaved Caspase-3 (scale bars: 200

m). (C) Gene expression profiles of TGF -treated organoids show enrichment in apoptosis-related genes when
compared to the control condition. (D) The pro-apoptotic molecule BIM (BCL2L11) is upregulated in the TGF -
treated condition in all TA cultures, besides in TA1, which carries a KRASG12V mutation (one representative of  3 
independent experiments is shown, error bars represent SD). 
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background increased resistance to TGF -mediated apoptosis by inhibiting the induction of BIM 

(33). Also human wild-type organoid cultures isolated from normal colon mucosa did not show 

induction of BIM and cleaved Caspase-3 upon TGF  treatment (Fig EV1B and C), but slowed 

proliferation illustrated by reduction of KI-67 expression (Fig EV1C). These results indicate that 

human cells with activated WNT signaling respond to TGF  via induction of apoptosis, which is 

alleviated in the presence of an oncogenic KRAS mutation. Thus, patient-derived organoid 

cultures from premalignant lesions recapitulate similar phenotypes upon TGF  stimulation as 

organoids from genetically engineered mouse models (33). 

 

Human colon organoid cultures respond to TGF  by induction of EMT features. TGF  is a well-

known inducer of the epithelial-mesenchymal transition (EMT) program (8). Indeed, we 

observed morphological changes in the normal colon organoid cultures that resembled the 

induction of a mesenchymal phenotype in these usually well-organized epithelial structures (Fig 

2A). Also in all five TA organoid cultures morphological changes indicative of EMT induction 

could be observed in the surviving cells (Fig 2B and Appendix Fig S2A). Applying EMT-

signatures to the gene expression data obtained from TGF -treated and control organoids 

revealed that genes present in these signatures were enriched in TGF -treated compared to 

control samples (Fig 2C and Appendix Fig S2B) (34, 35). In accordance, the EMT-inducing 

transcription factor zinc-finger E-box binding homeobox 1 (ZEB1) was upregulated upon TGF  

treatment in both normal colon and TA organoid cultures (Fig 2D and E). Also the mesenchymal 

marker fibronectin 1 (FN1) was strongly induced upon TGF  treatment (Fig 2F and Appendix 

Fig S2C). Taken together, non-transformed as well as transformed colon organoid cultures 

possess the ability to respond to TGF  via the induction of the EMT program. 

 

TGF -treated human organoids adapt a mesenchymal CRC subtype gene expression profile. 

Recently, CRC has been classified into multiple subtypes by several groups (26, 36-42), and in a 

large international effort the CRC subtyping consortium (CRCSC) unified these classifications 

resulting in the four consensus molecular subtypes (CMSs) of CRC (12). In line with the 

individual classifications, a mesenchymal subtype (CMS4) was identified with significantly 

worse recurrence-free survival (RFS) (12). This subtype was characterized by high expression of 

EMT-associated genes (12, 26). Additionally, based on gene expression profiling sessile serrated 

adenomas (SSAs) were predicted to be potential precursor lesions of this mesenchymal, poor-

prognosis colon cancer subgroup (26). Since the EMT phenotype – a hallmark of the 

mesenchymal colon cancer subtype – can be induced by TGF , and the TGF  signaling pathway  
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Figure 2. TGF stimulation of human colon organoids induces EMT features. (A,B) Morphological changes in 
(A) normal colon (N1-3) and (B) surviving TA organoids upon TGF  treatment resemble the induction of a 
mesenchymal phenotype in these usually well-organized epithelial structures (scale bars: 50 m). (C) Genes 
present in an EMT signature (Gröger et al. 2012) are enriched in TGF -treated compared to control samples. 
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is predicted to be active based on gene expression in CMS4 CRCs (12) and SSAs (26), we 

wondered whether TGF  might also dictate subtype-specific gene expression. We chose FRMD6 

(FERM Domain Containing 6), a marker that is highly expressed in tumors of the mesenchymal 

subtype, and caudal-type homeobox 2 (CDX2), which is highly expressed in tumors of the 

classical group (26) and assessed their expression changes upon TGF  treatment. Normal colon 

and TA organoid cultures responded to TGF  treatment with upregulation of FRMD6 (Fig 3A 

and B). CDX2 levels were strongly reduced upon TGF  stimulation both on RNA and protein 

level (Fig 3A-C and Appendix Fig S2D). A direct comparison of the gene expression changes 

induced by TGF  in organoids with either genes upregulated in CMS4 cancers (Fig 3D) or the 

500 most highly expressed genes in SSAs compared with TAs (Fig 3E) confirmed this switch to 

a more CMS4/SSA-like profile (Fig 3D and E). Therefore, TGF  treatment of colon organoids 

not only induced EMT, but also induced the expression of CMS4/mesenchymal marker genes 

and downregulated expression of genes associated with the classical, epithelial type of CRC. 

 

SSA and TA polyps can be separated using a TGF  signature, which is predictive of prognosis in 

CRC data sets. To gain further insight into the role of TGF  signaling at the early stages of 

tumor development in vivo, we generated gene expression data from a set of TA and SSA polyps 

(GSE45270 and GSE79460) and analyzed the expression of the five most strongly induced and 

five most strongly reduced genes upon TGF  treatment of TA organoid cultures. The expression 

of these genes followed the expected pattern, meaning genes induced upon TGF treatment were 

more highly expressed in SSAs, while the downregulated genes could be detected at higher 

levels in TAs (Fig 4A). Applying an in vitro TGF  response signature from TGF -treated 

organoid cultures to gene expression data from SSAs and TAs revealed that this signature was 

able to segregate SSA from TA samples (Fig 4B). Additionally, this epithelial cell-derived TGF  

signature was capable of clustering most of the CMS4 samples of the AMC-AJCCII-90 data set 

apart from CMS1-3 tumor samples (Fig EV2B) (GSE33113 (43)). GSEA confirmed the higher 

expression of the TGF  signature genes in SSA lesions and CMS4 tumors (Fig EV2A). As the 

TGF  signature is able to identify CMS4 tumors that reportedly display worse RFS (12), we 

speculated that this signature would be able to predict RFS. Indeed, our in vitro TGF  response 

signature could predict RFS in two independent CRC data sets (Fig EV2C). Importantly, the 
 

 

(D,E) The EMT-inducing transcription factor ZEB1 is strongly induced upon TGF  treatment both in (D) normal 
(one (representative) experiment is shown (n = 1 for N1 and N2, and n = 3 for N3), error bars represent SD) as well 
as (E) TA (one representative of  3 independent experiments is shown, error bars represent SD) organoids. 
(F) The mesenchymal marker fibronectin 1 (FN1) is induced following TGF  stimulation (scale bars: 200 m). 
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gene expression-based observations were substantiated by the finding that the TGF  target gene 

ZEB1 was strongly expressed in the epithelium of SSA but not TA polyps at the protein level 

(Fig EV3A). 

Figure 3. TA organoids adapt their gene expression profiles to those of CMS4/SSA samples upon TGF  treatment. 
(A,B) FRMD6 expression is strongly induced and CDX2 expression is downregulated both in (A) normal (one 
(representative) experiment is shown (n = 1 for N1 and N2, and n = 3 for N3), error bars represent SD) and (B) TA 
(one representative of  3 independent experiments is shown, error bars represent SD) organoid cultures
following TGF  stimulation. (C) The reduction in CDX2 levels in the TGF -treated condition is also observed on 
the protein level (scale bars: 200 m). (D,E) Gene expression profiles of TGF -treated samples show enrichment
of genes highly expressed in (D) the mesenchymal CMS4 of CRC (log2FC > 2) and (E) SSA precursor lesions when 
compared to control samples. 



TGF  signaling directs serrated adenomas to the mesenchymal colorectal cancer subtype. 

141 

Based on molecular markers, such as BRAF mutation and CIMP, SSAs have previously been 

suggested to develop into two distinct types of CRC, one associated with good and the other one 

with poor prognosis (28, 29). Strikingly, we also observed that the in vitro TGF  response 

signature derived from organoids not only segregated TAs from SSAs, but also clustered the 

SSA samples into two distinct groups (Fig 4B). This indicated that one group of SSAs displays a 

more vigorous TGF  response as compared to the rest. To further study this distinction within 

the SSA population, the CRC subtype affiliation of these lesions was elucidated. CMS 

classification of the pre-neoplastic polyps allowed us to predict that SSAs could indeed progress 

to either the good-prognosis CMS1 (further referred to as CMS1-SSAs) or the poor-prognosis 

CMS4 (Fig EV3B) and this perfectly aligned with the segregation observed using the TGF  

signature. This classification also confirmed the link between TAs and the classical CMS2, as 

almost all TA samples were classified into the CMS2 group (Fig EV3B; see Fig EV3C for KRAS 

and BRAF mutation as well as CIMP status of these polyps). Intriguingly, the 4 SSAs that 

predictably would give rise to carcinomas of the CMS4 (further referred to as CMS4-SSAs) 

showed high expression of a subset of genes present in the in vitro TGF  response signature (Fig 

4B). Indeed, the genes most strongly induced upon TGF  treatment and differentially expressed 

between TAs and SSAs showed significantly higher expression levels in CMS4-SSAs compared 

with CMS1-SSAs (Fig 4C). Taken together, these data indicate that (i) the TGF  pathway is 

operational in premalignant SSAs, that (ii) SSAs are characterized by higher activity of TGF  

signaling compared to TAs, and that (iii) in CMS4-SSAs TGF  activity is elevated even further, 

suggesting that high levels of TGF  signaling direct SSAs to the CMS4 of CRC (Fig 4D). 

 

A genetically engineered human organoid culture as model for the serrated path to CRC. To 

further dissect the role of TGF  signaling in SSA precursor lesions, we made use of a genetically 

engineered BRAFV600E-mutated organoid culture. To date, we and others have not been 

successful in establishing organoid cultures of SSAs (19), thus rendering direct analysis of the 

role of TGF signaling in these precursor lesions in vitro impossible. The serrated path of CRC 

development is thought to be initiated by a BRAFV600E mutation (20). We therefore made use of 

the CRISPR (clustered regularly interspaced short palindromic repeat)-Cas9 (CRISPR-associated 

nuclease 9) system to genetically engineer an organoid culture to carry a BRAFV600E mutation 

(30, 44-46), thus modeling the serrated path to CRC. Importantly, this organoid culture does not 

display features of CIMP, yet, suggesting that it represents the earliest phase of the serrated 

pathway. The organoid culture carrying the BRAFV600E mutation did not respond to TGF with 

apoptosis, judged by the lack of cleaved Caspase-3 and BIM induction (Fig 5A-C). As shown for  
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Figure 4. TGF  target genes are differentially expressed between TA and SSA samples. (A) The five most strongly
induced genes (right column) upon TGF  treatment of TA organoid cultures are higher expressed in SSAs when
compared to TAs, whereas the five most strongly reduced genes (left column) follow the opposite pattern (n = 12
for SSA and n = 15 for TA. The horizontal lines represent the mean, the error bars display the SD. P-values are
based on unpaired two-tailed Student’s t-tests.). (B) Hierarchical clustering of 15 TA and 12 SSA samples using a
TGF  response signature derived from TGF -treated TA organoids ( log2FC  > 3). Expression values were mean-
centered (gene-wise) and cosine similarity was used as the distance measure. (C) Genes induced upon TGF
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normal and TA organoid cultures, the expression of the pro-apoptotic genes BID and Puma was 

not induced upon TGF  treatment (Appendix Fig S3A). Instead, the BRAFV600E-mutant organoid 

culture showed decreased expression of KI-67, indicative of growth arrest (Appendix Fig S3B).

Additionally, TGF  treatment induced a pronounced EMT-like phenotype in the BRAFV600E-

mutant organoid culture, coinciding with a marked upregulation of ZEB1 and FN1 (Fig 5D and 

E). Furthermore, the organoid culture carrying the BRAFV600E mutation strongly induced FRMD6 

and reduced the expression of CDX2 (Fig 5F and G). These data indicate that lesions carrying 

distinct genetic insults respond differentially to TGF  stimulation early in tumor development: 

whereas an apoptotic response dominated in classical TAs, in both TA and BRAFV600E-mutated 

organoids a robust EMT response was observed upon TGF  treatment. In the case of TA 

organoids, a minority of cells that was able to resist TGF -induced cell death was selected for, 

survived this stimulus, and underwent EMT. In contrast, the bulk of cells in the BRAFV600E-

mutant organoid culture survived treatment with TGF and the majority was able to induce the 

EMT process (Fig EV4). By avoiding cell death upon stimulation with TGF  BRAFV600E-mutant 

SSAs escape the detrimental effects of TGF  signaling and could thus exploit TGF  pathway 

activation by the induction of the EMT program. We therefore conclude that BRAFV600E 

mutations in combination with a microenvironmental TGF  signal could be the underlying 

pathway towards the induction of SSAs. 

To further study the role of differential TGF  signaling between CMS1-SSAs and CMS4-SSAs, 

gene expression profiles of the BRAFV600E-mutant organoid culture in the absence and presence 

of TGF  were generated (GSE79461). The TGF  response in the genetically engineered 

BRAFV600E-mutant organoid culture overlapped significantly with that of TGF -treated TA 

organoid cultures (Fig EV5A), indicating that TGF  induces a similar cellular program in our 

engineered model system as in organoids from precursor lesions arisen in patients. In accordance 

with the previous observation using the TA TGF signature, genes induced upon TGF  

treatment in the BRAFV600E-mutant organoid culture were highly expressed in CMS4-SSAs 

compared to CMS1-SSAs and the most strongly downregulated genes followed the opposite 

pattern (Figs 5H and EV5B). Importantly, this distinction was maintained at the carcinoma stage 

where BRAF-mutant CMS4 tumors showed higher levels of TGF -induced target genes 
 

 

treatment of TA organoids, that are differentially expressed between TA and SSA samples, display significantly
higher expression levels in CMS4-SSAs compared with CMS1-SSAs (n = 8 for CMS1-SSAs and n = 4 for CMS4-
SSAs. The horizontal lines represent the mean, the error bars display the SD. P-values are based on unpaired two-
tailed Student’s t-tests.). (D) Gene expression-based classification reveals that SSAs could progress to CMS1 and
CMS4 tumors. The data presented in this manuscript suggest that high activity of the TGF  signaling pathway
directs these precursor lesions to the CMS4 of CRC. 
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Figure 5. A BRAFV600E-mutant organoid culture serves as model for the serrated path to CRC. (A) An organoid 
culture genetically engineered using the CRISPR-Cas9 system to carry a BRAFV600E mutation represents a model 
for the serrated path to CRC. Upon TGF  treatment, this culture gains a mesenchymal appearance (scale bars: 
200 m). (B,C) TGF  stimulation does not induce (B) cleaved Caspase-3 or (C) BIM expression (n = 6) in the 
BRAFV600E-mutated organoid culture (scale bars: 200 m; error bars represent SD). (D,E) Markers of the EMT 
program, (D) ZEB1 (n = 6) and (E) FN1 are strongly induced in the TGF -treated condition (scale bars: 200 m;
error bars represent SD). (F,G) FRMD6 is upregulated and CDX2 expression is reduced both on RNA (n = 6) as well
as on protein level following TGF  stimulation (scale bars: 200 m; error bars represent SD). (H) TGF  target 
genes downregulated upon TGF  treatment of the BRAFV600E-mutant organoid culture (TGF  down) are lower 
expressed in CMS4-SSAs compared to CMS1-SSAs and genes induced by TGF  treatment (TGF  up) are more 
strongly expressed in CMS4-SSAs than in CMS1-SSAs (n = 4 for CMS4-SSAs and n = 8 for CMS1-SSAs; FC = fold 
change). (I) The differential expression of TGF  target genes observed for CMS1-SSAs and CMS4-SSAs is
maintained at the carcinoma stage for CMS4 vs CMS1 BRAF-mutant CRCs of the TCGA data set (n = 4 for BRAF-
mutant CMS4 and n = 34 for BRAF-mutant CMS1 CRC samples; FC = fold change). 
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compared to BRAF-mutated CMS1 tumors and vice versa genes reduced upon TGF  treatment 

displayed lower expression in BRAF-mutant CMS4 CRCs compared to CMS1 CRCs (Figs 5I 

and EV5C). Taken together, these data point to the fact that TGF  is indeed a critical cue to 

direct SSA precursor lesions to the mesenchymal, poor-prognosis CMS4 of CRC and offer a 

possible explanation as to how the same pre-neoplastic lesion might spawn CRCs belonging to 

the most favorable and the most dismal prognosis subtype. 

 

Discussion 

The roles of TGF  in CRC tumorigenesis are manifold and not undisputed in literature. While 

some studies indicate that the main target of this growth factor is the tumor stroma due to 

unresponsiveness of the malignant epithelium (47), others report that active TGF  signaling can 

indeed be detected in epithelial tumor cells (15). Notwithstanding the exact mechanism of action, 

increased levels of TGF  pathway activity are predictive of prognosis and point to the presence 

of metastatic lesions (15, 47-50). This can in part be explained by the ability of TGF  to induce 

EMT, a process that is linked to poor disease outcome (51, 52). Two recent reports enforce this 

notion and indeed associate the EMT program with dismal outcome. The use of mouse models 

allowed the authors of these studies for the first time to follow the EMT process in vivo and 

suggests that the mesenchymal phenotype is not related to metastatic dissemination, but to 

chemoresistance (10, 11). While the mechanism by which EMT confers poor prognosis is thus a 

matter of debate, it has been firmly established that a mesenchymal cancer phenotype is linked to 

dismal disease outcome. Indeed, gene expression-based classification of CRC samples identified 

a mesenchymal subtype associated with poor clinical outcome (12). Despite the fact that the 

CMSs of CRC cannot be identified based on unifying molecular markers currently used in the 

clinic, they represent biologically homogeneous groups, allowing the speculation that common 

underlying drivers are responsible for installing specific biological programs. The activation of 

the EMT program is a hallmark feature of the mesenchymal CMS4 of CRC and the TGF  

signaling pathway – a known inducer of this process (8) – is predicted to be active in CMS4 

tumors (12). Therefore, we have herein elucidated the effect of TGF  on subtype affiliation at 

the early stage of tumor development. We show that the genetic background of pre-neoplastic 

lesions dictates the dominating response to this signaling molecule, changing it from a largely 

apoptotic response in WNT pathway-activated TAs to a dominant EMT response in mitogen-

activated protein kinase (MAPK) pathway mutant cells. In addition, our data show that TGF  

influences subtype affiliation. Our data demonstrate that – already in premalignant lesions – 

TGF  can induce the EMT program. The severity of the simultaneously occurring apoptotic 
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response is strongly dependent on the genetic background: whereas it dominates in TAs, wild-

type organoids and cultures with mutations in the MAPK pathway are protected from apoptosis. 

Mutations in the MAPK pathway in the form of activating KRAS mutations occur during tumor 

progression in the classical path of CRC development (17). In contrast, activation of this 

pathway by the BRAFV600E mutation is an initiating mutation in the serrated neoplasia pathway 

(20, 23). Since early SSA lesions can therefore exploit TGF  signaling without dying by 

apoptosis, this growth factor is able to direct subtype affiliation early in the developmental path 

of SSAs. Indeed, our data indicate that high levels of TGF  signaling can poise SSA lesions to 

develop to the mesenchymal CMS4 of CRC. Importantly, TGF stimulation led to 

downregulation of CDX2, whose expression is low or absent in poor-prognosis, mesenchymal 

CRCs (26). This observation has been re-enforced by a recent study (53); however, it is not clear 

how and at what stage in tumor progression CDX2 expression is lost. Our data suggest that 

TGF  signaling downregulates CDX2 expression, possibly early in tumor progression. 

Furthermore, the induction of an EMT phenotype, which has been linked to the stem-like and 

thus undifferentiated state (54), can be stimulated by TGF  (34) and could therefore explain both 

low levels of CDX2 expression and the immature phenotype of these cancer cells. 

In contrast to apoptosis, the induction of growth arrest is not influenced by the mutation status of 

the organoid cultures. However, it is important to note that the genetically engineered 

BRAFV600E-mutant organoid culture did not display a hypermethylation phenotype that is thought 

to be an early event in the serrated path to CRC (24, 25). Indeed, as reported before, we observed 

methylation of the CDKN2A locus (encoding for p16INK4A/p19ARF) in a panel of BRAFV600E-

mutant SSAs (data not shown), which is most likely installed to overcome oncogene-induced 

senescence (55). We speculate that the epigenetic silencing of p16INK4A/p19ARF expression might 

allow the cells to also circumvent the TGF -induced growth arrest and progress to a malignant 

stage. This hypothesis warrants further testing with appropriate genetically engineered cultures. 

It will be of interest to further investigate whether the premalignant lesions progress to CRC 

while maintaining their TGF -responsiveness or whether TGF  stimulation early in tumor 

development installs a more aggressive phenotype without the constant need of re-stimulation 

during progression. BRAFV600E-mutant CMS4 tumors of the TCGA data set display higher levels 

of TGF  pathway activation based on gene expression compared with CMS1 BRAFV600E-mutant 

CRCs, suggesting that the distinction installed early in tumor development is maintained at the 

carcinoma stage. This long-term commitment may be explained by the fact that TGF  can 

induce DNA hypermethylation (56, 57). DNA methylation represents a metastable mechanism 

that can be inherited by daughter cells, allowing for stabilization of specific phenotypes – such as 
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EMT – without the need for continuous signaling input. However, the organoid cultures used in 

this study did not induce methylation of the miR-200 promoter regions upon TGF  treatment, 

which might be a reflection of in vitro culture conditions. Specific requirements for the induction 

of DNA hypermethylation in vivo might not be mimicked by in vitro culture systems lacking 

microenvironmental components such as cancer-associated fibroblasts (CAFs) and distinct 

extracellular matrix components. Alternatively, even though CRCs frequently contain mutations 

in TGF  pathway components (13, 14), cancer cells can maintain responsiveness to the TGF  

signaling molecule. It has, for instance, recently been shown that instead of an overall 

insensitivity to TGF , SMAD4 inactivation leads to a shutdown of selective programs that 

would be opposing malignant progression, such as apoptosis (58). Continuous TGF  signaling 

during tumor progression could therefore install subtype affiliation early in the adenoma-

carcinoma sequence and subsequently remain necessary to maintain it throughout development. 

To study the full response of SSAs to TGF , their dependence on this signaling molecule, and 

the dominating phenotype upon stimulation, organoid cultures derived from these lesions are 

indispensable. Thus far, we and others have not been able to establish organoids from serrated 

adenomas (19). However, the recent advances in genome editing using the CRISPR-Cas9 system 

have made it possible to engineer genetically defined organoid cultures (30). Herein, we used 

this technique to generate a BRAFV600E-mutant organoid culture to serve as an in vitro model 

system for early serrated lesions. The fact that these organoids have not progressed beyond the 

initial hit in the BRAF gene, yet, allowed the elucidation of early events in the serrated neoplasia 

pathway. Combining data from this model system with gene expression-based information from 

SSA and TA samples prompts us to hypothesize that TGF  plays a role in the serrated pathway 

to CRC. 

Our data indicate that high activity of the TGF  signaling pathway can direct SSAs to the CMS4 

of CRC, yet, the source of this signaling molecule remains to be determined. Of note is the fact 

that poor-prognosis CRCs display a stroma-rich environment (59, 60). One of the main stromal 

components are CAFs, which have been described to secrete the TGF  signaling molecule (61). 

Additionally, the abundant presence of CAFs might provide a favorable environment for the 

premalignant cells to overcome the TGF -induced growth arrest and to progress to a malignant, 

and eventually to a metastatic state. Whereas TGF  is detrimental to the epithelium of TA 

precursor lesions, SSAs might benefit from TGF  pathway activation, priming them to adapt a 

more aggressive phenotype and directing these precursor lesions toward the mesenchymal, poor-

prognosis CRC subtype. 
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Materials and methods 
Sample collection. Human tissues were obtained in accordance with the legislation in the Netherlands. Collection of 
normal and adenomatous material from the colon was approved by the Medical Ethical Committee (normal tissue: 
2014_178; adenomas: MEC 09/146 and MEC 05/071; Academic Medical Center (AMC), Amsterdam). Tissue was 
collected following written informed consent of patients and the experiments conformed to the principles set out in 
the WMA Declaration of Helsinki and the Department of Health and Human Services Belmont Report. 
 
Processing of TA and SSA samples. For RNA and gDNA extraction from patient material, 5x20 m frozen tissue 
sections were cut using a cryotome and stored at -80°C until further use. Fifteen TAs were obtained from 10 familial 
adenomatous polyposis (FAP) patients, and 12 SSAs were collected from 4 serrated polyposis syndrome (SPS) 
patients. We confirmed the nature of each polyp by H&E staining. RNA was extracted using the miRNAeasy micro 
kit (Qiagen). Microarrays of these samples were performed as described below, and the resulting gene expression 
profiles were analyzed in combination with those described in (GSE45270 (26)). 
 
Organoid isolation, culture, and treatment. Human adenoma cultures TA1 and TA2 were derived from two 
independent polyps of one patient and generated and maintained as previously described (62, 63). TA3-TA5 
organoid cultures were derived from polyps obtained from 3 additional patients and established by cutting the 
polyps into small pieces using tweezers and a scalpel. After washing, the pieces were plated in growth factor-
reduced BD matrigel matrix (BD Biosciences; further referred to as matrigel) and mechanically dissociated upon 
growth to propagate viable organoids (the naming of the organoid cultures (TA1-TA5) is independent of the TA 
adenoma samples used for gene expression array (TA2-TA16)). Please see Appendix supplementary materials and 
methods for propagation and medium composition. 
Normal colon tissue was obtained from resection material of CRC patients from a part of the mucosa  10 cm apart 
from the cancerous tissue. Normal colon organoid cultures were isolated as previously described (62), and for a 
detailed description of isolation, propagation, and medium composition, please see Appendix supplementary 
materials and methods.  
The organoid cultures were treated with 5 ng/ml recombinant human TGF- 1 (PeproTech 100-21) for 5 days, 
medium was refreshed after 3 days. Control refers to TA culture medium + 1 M A83-01 + TGF  dissolvent, and to 
normal colon culture medium + TGF  dissolvent (regular culture medium already contains A83-01). 
Organoid cultures were mycoplasma negative, as determined by testing for mycoplasma contamination every 4-6 
weeks. 
Phase contrast pictures were taken at a Zeiss Axiovert 200M fluorescence microscope. 
 
Generation of the human BRAFV600E-mutant colon organoid culture. The BRAFV600E mutation was introduced by 
homologous recombination in human colon organoids using a targeting vector containing a puromycin-resistance 
cassette flanked by 5’- (including the BRAFV600E sequence) and 3’-homology arms. The puromycin-resistance 
cassette was targeted to the intron downstream of BRAF exon 15. Organoids were cotransfected with a sgRNA 
targeting BRAF (target sequence 5’-TAG CTA CAG TGA AAT CTC GAT GG), Cas9 endonuclease and the 
targeting plasmid as described (30). Growth medium was exchanged with medium containing 1 μg/ml puromycin 3 
days after transfection. For clonal expansion, single puromycin-resistant organoids were picked. Genotyping was 
performed as previously described (30). Primer sequences were as follows: BRAF-genotyping-forward: 5’-GTT 
AGT CAT GGG AAA GCT TC; BRAF-genotyping-reverse: 5’-GCC TCC CCT ACC CGG TAG AAT T. 
BRAFV600E-mutant organoids were cultured in normal colon culture medium as described in the Appendix 
supplementary materials and methods, dissociated every 7 days and medium was refreshed every 3-4 days. 
 
RNA extraction and quantitative real-time PCR. For RNA extraction from organoid cultures, matrigel was destroyed 
mechanically, organoids were resuspended in cell recovery solution (BD Biosciences), and incubated on ice. Cells 
were pelleted and RNA was extracted using the NucleoSpin RNA II kit from Macherey-Nagel. 
To determine gene expression levels by quantitative real-time PCR (qRT-PCR), total RNA was reverse transcribed 
to cDNA using Superscript III following the manufacturer’s protocol (Invitrogen). qRT-PCR was performed using 
SYBR Green (Roche) and a Roche Light Cycler 480 II in accordance with the manufacturer’s instructions. All 
obtained values were normalized to the expression of -actin, and normalization to B2M yielded similar results. 
Please see the Appendix supplementary materials and methods for primer sequences. 
 
Western blotting. To prepare protein lysates, matrigel was mechanically disrupted and resuspended in PBS. 
Organoids were pelleted and washed once with PBS. Organoids were resuspended in 1X reducing sample buffer, 
lysates were sonicated, and boiled for 5 min at 85 C. Protein concentration was determined using the Protein 
Quantification Assay from Macherey-Nagel. Ten micrograms of protein was loaded on 4-15% Mini-PROTEAN® 
TGX™ Precast Protein Gels (Bio-Rad) and transferred to a hydrophobic, microporous, polyvinylidene difluoride 
(PVDF) membrane with a pore size of 0.2 μm (Roche). Membranes were blocked for 1 h in 5% bovine serum 
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albumin in PBS + 0.2% Tween 20 (Sigma) and subsequently incubated in primary antibody dilution in 5% bovine 
serum albumin in PBS + 0.2% Tween 20  at 4 C overnight (anti-phospho-Smad2 (Ser465/467) (138D4) (1:2,000, 
Cell Signaling 3108); anti-Smad2 (L16D3) (1:2,000, Cell Signaling 3103)). The secondary antibody in 5% bovine 
serum albumin in PBS + 0.2% Tween 20 (anti-rabbit-HRP (1:2,000, Cell Signaling 7074); anti-mouse-HRP 
(1:10,000, Southern Biotech 1070-05)) was applied for 1 h at room temperature. After washing, the membrane was 
developed using Lumi-LightPLUS Western Blotting Substrate (Roche), and signal was detected with the ImageQuant 
LAS4000 (GE Healthcare Life Sciences). Washing steps were performed using PBS + 0.2% Tween 20. 
 
Immunohistochemistry. For immunohistochemical stainings, the matrigel cultures were washed twice with PBS and 
fixed using 4% paraformaldehyde (Klinipath) over night at 4 C. Subsequently, paraformaldehyde was replaced with 
70% ethanol. After an incubation period of 30 min at RT, cells were incubated for 30 min at RT in 96% ethanol 
containing hematoxylin to visualize the organoids. Dehydration was continued with 100% ethanol followed by 
xylene each twice for 30 min at RT. Subsequently cells were incubated in paraffin at 60 C twice for 30 min, 
followed by embedding in paraffin. Four-micrometer sections of formalin-fixed paraffin-embedded organoids were 
used for immunohistochemistry. 
CDX2, SMAD4, FN1: After rehydration, antigen retrieval was performed using a 10 mM sodium citrate buffer at 
pH 6.0 (Vector Laboratories) for 20 min at 98 C. Endogenous peroxidase was blocked with 3% H2O2 (VWR) in 
PBS for 15 min at RT followed by incubation in ultraV block (Immunologic) for 10 min at RT. Sections were 
incubated in primary antibody dilution at 4 C overnight (anti-CDX2 (1:100, BioGenex, clone CDX2-88, MU392A); 
anti-SMAD4 (B-8) (1:400, Santa Cruz Biotechnology sc-7966); anti-Fibronectin Clone 10/Fibronectin (1:100, BD 
Biosciences 610077)). Subsequently, post-antibody blocking (Immunologic) was added for 20 min at RT followed 
by Poly-HRP-Anti-mouse/rabbit/rat IgG (Immunologic) for 30 min at RT. Washing steps were performed using 
PBS. Sections were incubated in Bright DAB solution (Immunologic), rinsed in dH2O and counterstained using 
hematoxylin (Klinipath). After dehydration, slides were mounted using Pertex (HistoLab). Images were taken with a 
Leica TCS-SP2. 
ZEB1: Same as the immunohistochemistry protocol for CDX2, SMAD4, FN1 above, with the exception of antigen 
retrieval: performed using an EDTA-based buffer at pH 9.0 (Vector Laboratories) for 20 min at 98 C. Sections were 
incubated in primary antibody dilution at 4 C overnight (anti-ZEB1 (1:400, Sigma HPA027524)). 
Cleaved Caspase-3 (Asp175): After rehydration, antigen retrieval was performed using a 10 mM sodium citrate 
buffer at pH 6.0 (Vector Laboratories) for 30 min at 95 C. Endogenous peroxidase was blocked with 3% H2O2 
(VWR) in methanol for 20 min at RT followed by incubation in ultraV block (Immunologic) for 5 min at RT. 
Sections were incubated in primary antibody dilution at 4 C overnight (anti-cleaved Caspase-3 (Asp175) (1:200, 
Cell Signaling 9661)). Subsequently, Poly-HRP-Anti-mouse/rabbit/rat IgG (Immunologic) was added for 60 min at 
RT. Washing steps were performed using PBS + 0.05% Tween 20. Sections were incubated in Bright DAB solution 
(Immunologic), rinsed in dH2O and counterstained using hematoxylin (Klinipath). After dehydration, slides were 
mounted using Pertex (HistoLab). Images were taken with a Leica TCS-SP2. 
 
Mutation analysis. gDNA was extracted from the TA organoid cultures and from matching samples of 18 patient-
derived adenoma samples for which gene expression profiles were derived using the NucleoSpin Tissue kit from 
Macherey-Nagel. BRAF, KRAS, NRAS, and PIK3CA mutations were analyzed using two multiplex PCRs as 
described before (64). The TA1 organoid culture was subjected to PCR followed by direct Sanger sequencing to 
confirm the KRAS mutation. Amplification of exon 2 of the KRAS gene was carried out in a 25 μl total reaction 
volume consisting of 20 ng gDNA, 12.5 μl Reddymix (Thermo Scientific), 1 μl forward and reverse primers (10 
μM), and 6.5 μl H2O. Samples were subjected to 5 min 95°C, 40 cycles of 30 sec 95°C, 30 sec 55°C, 1 min 30 
seconds 72°C, followed by 5 min 72°C. One microliter of PCRs was subsequently sequenced using BigDye 
Terminator 3.1 (BDT, Applied Biosystems). Primer sequences: KRAS_exon2-forward: 5’-GTG TGA CAT GTT 
CTA ATA TAG TCA; KRAS_exon2-reverse: 5’-GAA TGG TCC TGC ACC AGT AA. Please see the Appendix 
supplementary materials and methods for analysis of the BRAF mutation and CIMP status of patient-derived 
adenoma samples. 
 
Nicoletti assay. Matrigel was destroyed mechanically, organoids were resuspended in cell recovery solution (BD 
Biosciences), and incubated on ice. Cells were pelleted and resuspended in Nicoletti buffer (0.1% sodium citrate 
(w/v) and 0.1% Triton X-100 (v/v) in deionized water pH 7.4, supplemented with 50 g/ml propidium iodide before 
use) (65). After incubation at 4°C, PI staining of nuclei was analyzed using flow cytometry (FACS Canto). 
Measurements were performed in triplicates for each cell line and condition, and the experiment was repeated at 
least three independent times. 
 
Microarray. Microarrays of TA, normal, and BRAFV600E-mutant organoid cultures as well as patient-derived TA and 
SSA samples were performed using the GeneTitanTM MC system from Affymetrix according to the standard 
protocols of the Cologne Center for Genomics (CCG), University of Cologne, Germany. Three TA, two normal 
colon, and the genetically engineered BRAFV600E-mutant organoid cultures were included in the microarray, the 
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replicates included in the microarray were as follows: TA1 control n = 1, + TGF  n = 1; TA2 control n = 2, + TGF  
n = 4; TA3 control n = 2, + TGF  n = 1; N2 and N3 control n = 1, + TGF  n = 1; BRAFV600E control n = 3, + TGF  
n = 2; patient-derived TA n = 9 and SSA n = 7. Only samples with an RNA integrity number (RIN) above 7 were 
included. Microarray data can be viewed online under GEO accession number GSE79462 (comprising microarrays 
of patient-derived adenomas (GSE79460) and organoid cultures (GSE79461)). 
 
Gene expression data. The microarray data was normalized and summarized using robust multiarray analysis (rma) 
(66), and batch effects were removed using the Combat algorithm (67) as implemented in the sva R package (R 
package version 3.18.0). After normalization the probe sets were annotated using the hgu133plus2.db annotation 
package (Affymetrix Human Genome U133 Plus 2.0 Array annotation data (chip hgu133plus2); R package version 
3.1.3). In case of multiple probe sets interrogating a specific gene, the probe set with the highest mean intensity was 
selected as representative for that gene. 
 
TGF  signature. A TGF  signature was established by comparing gene expression following TGF  and control 
treatment in three TA organoid cultures. Genes differentially expressed between TGF  and control treatment were 
identified using the limma R package (68) in which both the treatment and organoid culture specific effects were 
modelled. Genes with a P-value < 0.01 (adjusted for multiple testing using the Benjamini & Hochberg method) and 
an absolute log2 fold change > 3 were selected to be part of the TGF  signature (231 genes). The same approach 
was used to determine a TGF  signature in the genetically engineered BRAFV600E-mutant organoid culture (334 
genes). 
 
Gene set enrichment analysis. Gene set enrichment analyses (GSEA) (31, 32) were performed using the default 
settings of the Broad Institute’s web application tool (http://www.broadinstitute.org/gsea/index.jsp). P-values 
indicating the significance of enrichment were estimated by 1,000 permutations. The following publicly available 
signatures were used: an apoptosis signature (KEGG) and two EMT signatures (34, 35). Furthermore, we applied a 
signature comprising genes upregulated in CMS4 compared to CMS2+3 tumor samples of the AMC-AJCCII-90 
data set (log2FC > 2, GSE33113), the 500 most highly expressed genes in SSA compared with TA samples 
(GSE45270), a signature of genes induced upon TGF  treatment in TA organoids (log2FC > 3; described above), 
and a signature of genes induced upon TGF  treatment in the BRAFV600E organoid culture (log2FC > 3; described 
above). 
 
Molecular subtype classification of adenomas. Microarray data for the two batches of adenoma samples, newly 
generated and from (26), were first separately normalized and summarized using the RMA method (66). Non-
biological effects between the two batches were detected using principal component analysis and were corrected 
using ComBat (67). The corrected expression profiles were collapsed from probe sets to unique genes and median-
centered across all samples. The classifier (12) developed by the colorectal cancer subtyping consortium (CRCSC) 
was then employed to classify adenoma samples into consensus molecular subtypes. Only samples that could be 
classified with a posterior probability of  0.5 were included in the subsequent analyses and their gene expression 
profiles are available at GEO: GSE45270 (TA: GSM1100484-GSM1100489 and SSA: GSM1100491-
GSM1100495) and GSE79460. 
 
Survival analysis. The association of the TGF  signature with recurrence free survival was tested using two publicly 
available colon tumor gene expression data sets (GSE33113 (43) and TCGA-COAD Illumina HiSeq and genome 
analyzer (GA) (http://cancergenome.nih.gov/)). Stage IV patients were excluded from the TCGA data set for this 
analysis. The samples in both data sets were divided into TGF  signature low and high groups using the Pearson 
correlation with the 231-gene TGF  signature derived from the TA organoid cultures. Samples with a correlation > 
0.1 were assigned to the TGF  high group, samples with a correlation < -0.1 to the TGF  low group. The survival 
distributions of the two groups were compared with the log-rank test. 
 
Statistics. The log-rank test was used to compare the RFS of different groups shown in the KM plots. The Pearson’s 
correlation test makes use of a t distribution with number of observations -2 degrees of freedom to determine a P-
value. For all other comparisons, unpaired two-tailed Student’s t-tests were used. If not otherwise indicated mean ± 
SD is depicted. Experiments with TA and BRAFV600E-mutant organoid cultures were performed at least three 
independent times, of which one representative experiment is depicted in the figures (if not otherwise indicated in 
the figure legend). Due to the limited life span of normal colon organoid cultures, experiments with N1-N3 
organoids could not all be performed three independent times (N3 qRT-PCR n = 3, N3 IHC n = 2, N1+N2 qRT-PCR 
n = 1). A P-value of below 0.05 was considered significant. 
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For more information 
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33113 
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE45270 
http://cancergenome.nih.gov/cancersselected/colorectaladenocarcinoma 
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The paper explained 
Problem. Colorectal cancer (CRC) is a heterogeneous disease, which hampers accurate prognostication and the 
efficacy of adjuvant therapy. Recently, gene expression-based classification has allowed the identification of four 
consensus molecular subtypes (CMSs) of CRC and samples belonging to each group are defined by common 
biological programs. However, to date it is not clear what is responsible for driving the development to one specific 
CMS. Of special interest is the mesenchymal CMS4 as patients in this group present with dismal prognosis. Gene 
expression data point to a role of transforming growth factor-  (TGF ) in this subset of CRC and in its associated 
premalignant lesion, the sessile serrated adenoma (SSA). 
 
Results. We studied the effect of TGF  at the premalignant stage of CRC development. We made use of organoid 
cultures from normal colon epithelium, tubular adenomas (TAs; precursor lesions of the classical, good-prognosis 
CMS), and of an organoid culture genetically engineered to carry a BRAFV600E mutation, which frequently occurs 
early in the serrated path to CRC. Our data show that an apoptotic phenotype prevailed in TA organoids upon TGF  
treatment, whereas cultures from normal epithelium and from material carrying an activating mutation in the MAPK 
pathway were protected from apoptosis induction. TGF  stimulation of organoid cultures led to the induction of a 
mesenchymal phenotype and they adapted their gene expression profiles to those of SSAs and the mesenchymal 
CMS4. 
 
Impact. Our data on premalignant lesions of CRC indicate that distinct genetic backgrounds respond differentially to 
TGF  treatment and that SSAs might benefit from TGF  stimulation. We hypothesize that high levels of TGF  
signaling activity install a mesenchymal phenotype in these distinct CRC precursor lesions, directing them to the 
mesenchymal, poor-prognosis CRC subtype. 
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Expanded view

 
Figure EV1. TA and normal colon organoids display growth arrest upon TGF  treatment, but normal organoids do 
not show features of apoptosis induction. (A) The pro-apoptotic molecules BID and Puma (BBC3) are not induced 
in TGF -treated TA organoids, but KI-67 is downregulated (one representative of  3 independent experiments is 
shown, error bars represent SD). (B) Cleaved Caspase-3 was not induced upon TGF  stimulation in the normal 
colon organoid culture N3. (C) No induction of pro-apoptotic molecules was detected in TGF -treated normal 
colon cultures (N1-N3), but KI-67 expression was reduced (one (representative) experiment is shown (n = 1 for N1 
and N2, and n = 3 for N3), error bars represent SD). 
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Figure EV2. Genes induced upon TGF  treatment are enriched in CMS4 and SSA samples and a TGF  signature is 
predictive of prognosis in two CRC data sets. (A) Genes induced in TGF -treated TA organoid cultures (log2FC > 3) 
are enriched in SSA compared to TA precursor lesions (n = 12 for TA and n = 15 for SSA; left) and in CMS4 vs 
CMS1-3 tumor samples of the AMC-AJCCII-90 data set (CMS4 n = 20 and CMS1-3 n = 60; GSE33113; right). 
(B) A TGF  signature derived from the stimulation of TA organoid cultures ( log2FC  > 3) is able to separate CMS4 
from CMS1-3 tumors of the AMC-AJCCII-90 data set. Expression values were mean-centered (gene-wise) and 
cosine similarity was used as the distance measure. (C) Separating patients into a TGF -low (black) or TGF -high 
(red) group based on the TGF  signature derived from the stimulation of TA organoid cultures ( log2FC  > 3), 
reveals its prognostic value in two independent CRC patient data sets (P-values are based on log-rank tests; RFS – 
recurrence-free survival). 
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Figure EV3. The TGF  target gene ZEB1 is expressed in SSAs and these precursor lesions are classified as either 
CMS1- or CMS4-like based on gene expression. (A) The TGF  target gene ZEB1 is highly expressed in epithelial 
cells of SSA but not of TA precursor lesions. (B) Classification of adenoma samples (n = 12 for SSA and n = 15 for 
TA) into one of the CMSs based on gene expression (RF – random forest). (C) Mutation analysis of adenoma 
samples of which gene expression data was derived: CIMP status (white: CIMP negative, grey: CIMP low, black: 
CIMP high), BRAF mutation (white: BRAFwildtype, black: BRAFV600E), and KRAS mutation (white: KRASwildtype; all 
samples analyzed displayed the wild-type sequence for codon 12 and codon 13 of exon 2 and codon 61 of exon 3 
of the KRAS gene). Asterisks indicate data not available (n.a.). 
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Figure EV4. Cell death is the dominating response to TGF  treatment in KRAS-wild-type TA organoid cultures, 
but is not induced in the BRAFV600E-mutant organoid culture. (A) Displayed is the percentage of dead cells in the 
control or TGF -treated condition after 5 days determined by Nicoletti assay (one representative of  3 
independent experiments is shown, error bars represent SD). To control for differences in medium composition 
and to rule out a protective effect of the normal colon culture medium, the BRAFV600E-mutant organoid culture 
was plated in TA culture medium for the duration of this experiment (5 days). (B) One representative FACS plot of 
the control and TGF -treated sample is shown for each organoid culture. 
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Figure EV5. Genes regulated by TGF in the BRAFV600E-mutant organoid culture display differential expression in 
CMS4 vs CMS1 tumors. (A) Correspondence of the TGF  response in the BRAFV600E-mutant organoid culture and 
TA organoids. The red dotted line is the regression line; r = Pearson correlation coefficient; P-value is based on a 
Pearson’s correlation test. (B) Genes induced by TGF  treatment of the BRAFV600E-mutant organoid culture are 
enriched in CMS4-SSA compared with CMS1-SSA samples (n = 4 for CMS4-SSAs and n = 8 CMS1-SSAs). 
(C) TGF  target genes upregulated upon TGF  treatment of the BRAFV600E-mutant organoid culture are enriched 
in BRAF-mutant CMS4 CRCs compared with BRAF-mutant CMS1 carcinomas of the TCGA data set (n = 4 for CMS4 
and n = 34 for CMS1 CRC samples). 
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Appendix supplementary materials and methods 
TA organoid culture. TA organoids were cultured in TA culture medium: advanced DMEM/F12 (Gibco), 
supplemented with N2 and B27 supplement (Invitrogen), penicillin/streptomycin (PS), gentamycin, amphotericin B, 
2 mM L-glutamine, 0.15% D-glucose (Sigma), 100 μM -mercaptoethanol (Sigma), trace elements B and C (Fisher 
Scientific), 5 mM HEPES (Life Technologies), 2 μg/ml heparin (Sigma), 10 μg/ml insulin (Sigma), 20 ng/ml human 
EGF (PeproTech), and 10 M SB202190 (Sigma). Organoids were grown in matrigel and were disrupted 
mechanically every 7 days. Medium was refreshed 3 or 4 days after dissociation. 
 
Normal colon organoid isolation and culture. Normal colon organoid cultures were isolated as previously described 
(62). In brief, the muscle layer and submucosa were removed from normal colon tissue and the mucosa was washed 
in PBS + PS + gentamycin + amphotericin B (further referred to as PBS + antibiotics) for 15 min at RT. The tissue 
was cut in small pieces and incubated in PBS + antibiotics + 10 mM DTT (Sigma) 3 times, each 5 min at RT. 
Subsequently, the tissue was transferred to PBS + antibiotics + 8 mM EDTA (Invitrogen) and incubated with slow 
rotation at 4 C for 1h. After the incubation period, the supernatant was removed and replaced with PBS + 
antibiotics. Through thorough shaking, crypts were removed from the tissue and the supernatant containing the 
crypts was transferred to a new tube. The procedure was repeated three times and the obtained crypts were pooled, 
FBS was added to a final concentration of 5%, and the crypts were pelleted by centrifugation at 600 rpm for 2 min. 
The supernatant was removed and the crypts were washed three times in advanced DMEM/F12 + 2 mM 
GlutaMAX-1 (Invitrogen) + 10 mM HEPES + 5% FBS + PS + gentamycin + amphotericin B. Lastly, the crypts 
were resuspended in matrigel and plated in 24 well plates. Normal colon organoids were dissociated every 7-10 
days, every 3-4 days medium was refreshed. Normal colon culture medium: advanced DMEM/F12, supplemented 
with N2 and B27 supplement, PS, gentamycin, amphotericin B, 2 mM GlutaMax-1, 10 mM HEPES, 1 mM N-
acetyl-L-cysteine (Sigma), 10 nM [Leu15]-gastrin I (Sigma), 10 mM nicotinamide (Sigma), 500 nM A83-01 
(Tocris), 3 M SB202190 (Sigma), 50% WNT3A conditioned medium, 50 ng/ml h-EGF, 20% RSPO1 conditioned 
medium, 10% Noggin conditioned medium, 10 nM PGE2 (Santa Cruz Biotechnology). 
 
Quantitative real-time PCR primer sequences. Primer sequences: ACTB-forward: 5’-CAG AAG GAT TCC TAT 
GTG GGC GA; ACTB-reverse: 5’-TTC TCC ATG TCG TCC CAG TTG GT. ZEB1-forward: 5’-GCA CAA GAA 
GAG CCA CAA GTA; ZEB1-reverse: 5’-GCA AGA CAA GTT CAA GGG TTC. FRMD6-forward: 5’-TGC TCA 
GGC TAA AGG ACT GC; FRMD6-reverse: 5’-GTA CTG CAC ACG GAA GTG GA. CDX2-forward: 5’-TTC 
ACT ACA GTC GCT ACA TCA CC; CDX2-reverse: 5’-TTG TTG ATT TTC CTC TCC TTT GC. BCL2L11-
forward: 5’-TAA GTT CTG AGT GTG ACC GAG A; BCL2L11-reverse: 5’-GCT CTG TCT GTA GGG AGG 
TAG G. BID-forward: 5’-CAT CCC TCC GGG CCT GGT GA. BID-reverse: 5’-AGG GTA GGC CTG CAG CAG 
CT. BBC3-forward: 5’-GAC GAC CTC AAC GCA CAG TA; BBC3-reverse: 5’-GTA AGG GCA GGA GTC CCA 
T. KI-67-forward: 5’-GCC TGC TCG ACC CTA CAG A; KI-67-reverse: 5’-GCT TGT CAA CTG CGG TTG C. 
 
CIMP, BRAF, and KRAS mutation status analysis in patient-derived adenoma samples. For patient-derived adenoma 
samples TA8, TA9, TA10, TA11, TA12, TA13, SSA2, SSA3, SSA4, SSA5, SSA6, SSA13, and SSA14 the BRAF 
and KRAS mutation status was determined using a multiplex PCR as described in the materials an methods section 
“Mutation analysis” in the main text (64). For all other patient-derived adenoma samples the KRAS and BRAF 
mutation status were analyzed as described below. 
KRAS mutation status of codon 12, 13, and 61 was determined by amplification of exon 2 and exon 3 of the KRAS 
gene and subsequent Sanger sequencing (see the materials and methods section “Mutation analysis” in the main text 
for the protocol and primer sequences of KRAS_exon2). Primer sequences: KRAS_exon3-forward: 5’-CAG GAA 
GCA AGT AGT AAT TGA TGG; KRAS_exon3-reverse: 5’-TGG TGA ATA TCT TCA AAT GAT TTA GT. 
BRAF mutation status was determined by quantitative real-time PCR in a 10 μl total reaction volume consisting of 
20 ng gDNA or cDNA, 5 μl SYBR Green (Roche), 1 μl forward and reverse primers (10 μM), and 3 μl H2O. Each 
sample was measured in triplicate for each primer pair on a Roche Light Cycler 480 II in accordance with the 
manufacturer’s instructions (annealing temperature of 60°C). gDNA or cDNA of a BRAFwildtype and a BRAFV600E-
mutated cell line were included in each run as control. The resulting Cp-values of the mutant primer pair was 
subtracted from the wildtype one. Samples were scored as BRAFV600E-mutant if this difference was < 5. Primer 
sequences: BRAFwildtype-forward: 5’-AGG TGA TTT TGG TCT AGC TAC AGT, BRAFV600E-forward: 5’-AGG 
TGA TTT TGG TCT AGC TAC AGA, BRAF-reverse: 5’-TAG TAA CTC AGC AGC ATC TCA GGG C. 
2 g of gDNA were subjected to bisulfite conversion using the EpiTect Bisulfite Kit (Qiagen) according to the 
manufacturer’s instructions. TaqMan-based methylation specific quantitative real-time PCR (MethyLight) was used 
to determine the CIMP-status. 8 CIMP-specific markers (CACNA1G, IGF2, NEUROG1, RUNX3, SOCS1, MLH1, 
CRABP1, CDKN2A) and a methylation-independent normalization control (ALU) were included in the analysis. 
Primer/probe sequences and protocol were described previously (26). Markers with a percent of methylated 
reference (PMR) value > 10 were considered positive for methylation; samples were defined as CIMP high (  6 out 
of 8 CIMP markers have a PMR > 10), low (1-5 out of 8 CIMP markers have a PMR > 10), or negative (0 markers 
have a PMR > 10). 
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Appendix figures

      
Appendix Figure S1. The TGF  pathway is intact in TA organoid cultures. (A) The TA1 organoid culture carries a 
KRASG12V mutation determined by Sanger sequencing. (B) All five TA organoid cultures display SMAD4 
expression. (C) The TA organoids respond to TGF  treatment with induction of phospho-SMAD2 (pSMAD2) 
levels. 
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Appendix Figure S2. TGF  stimulation induces EMT features in TA organoid cultures. (A) Morphological changes 
in surviving TA organoids upon TGF  treatment resemble the induction of a mesenchymal phenotype (scale bars: 
50 m). (B) Genes present in an experimentally-derived EMT signature (Taube et al. 2010) are enriched in TGF -
treated compared to control samples. (C) The mesenchymal marker fibronectin 1 (FN1) is induced upon TGF  
treatment. (D) CDX2 expression is reduced in TGF -treated TA organoid cultures. 
 

 
Appendix Figure S3. TGF  induces growth arrest in genetically engineered BRAFV600E-mutant organoids. (A) The 
expression of the pro-apoptotic molecules BID and Puma (BBC3) are not changed upon TGF  treatment in 
BRAFV600E-mutated organoid cultures (n = 6). (B) BRAFV600E-mutant organoids undergo growth arrest in the 
TGF -treated condition judged by KI-67 downregulation (n = 6). 
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Major advances in detection, diagnosis, and treatment of malignancies have significantly 

increased survival time of cancer patients; yet, the heterogeneity observed within and between 

tumors severely complicates accurate prognostication and interferes with efficacy of treatment. 

As described in Chapter 1, two forms of tumor heterogeneity exist that share common drivers 

and both forms have a major impact on biological and clinical behavior of malignant tissues. 

Heterogeneity is a global concept, mirrored for instance by the fact that the two vastly distinct 

cancer types discussed in this thesis – glioblastoma and colorectal cancer – are each 

characterized by high levels of tumor heterogeneity, both from a population as well as cellular 

perspective. Even though tumor heterogeneity presents a major challenge for the clinical 

management of individual patients, its presence allows the design of tailored therapeutic 

approaches and therefore exploring tumor heterogeneity holds great promise for the design of 

personalized treatment strategies. Below we discuss determinants of tumor heterogeneity and 

how specific parameters can shape the behavior of diverse cellular subsets within one tumor and 

the phenotype of distinct subtypes within a given cancer type. 
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Part I – Intra-tumor heterogeneity 

Following the identification of cancer stem cells (CSCs) in acute myeloid leukemia (1), the 

existence of this specific cellular subset was described in many solid malignancies (2-5) (see 

Chapter 2). These observations led to the notion that tumors are hierarchically organized, a 

concept that strongly contributes to the heterogeneity observed within a given tumor. Yet, the 

term intra-tumor heterogeneity also comprises other forms of diversity, such as the presence of 

distinct (epi)genetic clones and a mélange of non-transformed cells. Both the hierarchical 

organization as well as the clonal variation present within a given tumor influence its phenotypic 

and functional characteristics (6). It remains a challenge to dissect these two forms of intra-tumor 

heterogeneity and it is important to note that these two models do not need to be mutually 

exclusive but might coexist and be intricately linked in certain tumors (6) (see Chapter 1). 

Conceivably, both the presence of genetically diverse cells as well as the existence of cells in 

distinct cellular states present appealing concepts to explain treatment failure and disease 

recurrence. CSCs, for instance, have been reported to resist chemotherapy for example by 

preferential activation of the DNA damage response or by possessing a higher apoptotic 

threshold compared to more differentiated cells (7, 8). Since CSCs are thought to drive tumor 

growth, overcoming their chemoresistance and depleting these cells in growing tumors might 

hold potential for more effective treatment strategies. Yet, the plasticity observed between 

distinct cellular subsets within one tumor complicates this approach (9). Differentiated tumor 

cells can acquire a CSC-like phenotype, either following therapeutic pressure (10) or exposure to 

microenvironmental signals (11) (see Chapter 3). This concept suggests that differentiated cells 

within a tumor retain CSC characteristics that can be reactivated, questioning the degree of 

differentiation achieved within a tumor and whether terminal differentiation truly occurs in 

malignancies. These observations, however, mainly rely on in vitro experimentation and in vivo 

data supporting cellular plasticity are scarce. Lineage tracing will be key to elucidate this 

phenomenon in vivo, yet, this approach is severely hampered by the lack of suitable markers. 

Glial fibrillary acidic protein, for instance, identifies differentiated astrocytes, but is also 

expressed by stem cells located in the subventricular zone of mice (12). Additionally, the 

potential influence of inter-tumor heterogeneity should be considered: the differentiation 

capacity of tumor cells and thus the spectrum of distinct cell types present in a tumor might be 

determined by the subtype affiliation of the given lesion (13). Therefore, a small panel of cell 

lines and/or mouse models might not fully reflect the heterogeneity observed on the patient level 

and might neglect distinct forms of cellular plasticity restricted to a specific cancer subtype not 

represented in the in vitro model systems. Moreover, as mentioned above, one tumor can be 
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clonally as well as hierarchically diverse, such that cellular hierarchies might exist within distinct 

clones in a given tumor and each clone and the cell types therein could require specific 

microenvironmental inputs or be adapted to distinct niches. Despite the complexity outlined 

above, the notion that basic fibroblast growth factor can support dedifferentiation of both 

differentiated cells of the murine brain (14) as well as differentiated cells in human 

glioblastomas (see Chapter 3) is intriguing and could point to the fact that essential mediators of 

(de)differentiation processes are shared between normal and cancerous tissue. This notion is 

enforced by the fact that bone morphogenetic protein 4 can induce differentiation of both normal 

brain as well as glioblastoma stem cells (6). These observations also highlight the role of 

external stimuli derived from the microenvironment, which not only support the existing CSC 

population, but also orchestrate differentiated cells to adopt a CSC-like phenotype (11) (Chapter 

3), a process that can lead to replenishment of the CSC pool upon depletion. Hence, 

understanding cellular heterogeneity might result from in-depth characterization of 

microenvironmental components and the intricate crosstalk between normal and transformed 

cells crucial for tumor growth and progression (see Chapter 2). 

 

Part II – Inter-tumor heterogeneity 

Recently, a consensus molecular classification system has been devised for colorectal cancer and 

the biological conformity observed within each consensus molecular subtype (CMS) holds great 

promise for the design of subtype-specific treatment regimens (Chapter 4). Supplementing the 

gene expression-based classification with information on further molecular modalities – such as 

protein expression and epigenetic control – might allow the identification of underlying drivers 

and regulatory networks. Below, we present new approaches for the identification and in-depth 

biological characterization of cancer subtypes. We discuss the role of the cell-of-origin, distinct 

developmental trajectories, and the tumor microenvironment in defining cancer subtypes, 

intersecting findings from colorectal cancer (CRC) with observations from other cancers. 

Moreover, we describe model systems that recapitulate the steps of tumor development and 

progression of different cancer subtypes, which will be crucial for detailed understanding of 

underlying biology and for the design novel therapeutic intervention strategies. 

 

New approaches for the identification and characterization of colorectal cancer subtypes 

Based on gene expression profiles, markers differentially expressed between cancer subgroups 

can be identified and small sets can be used in quantitative real-time PCRs as so-called 

miniclassifiers to facilitate classification of patients (15, 16). If antibodies recognizing these 
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markers are available for immunohistochemistry, detection of differential expression on protein 

level is a feasible approach (15, 16). The transition to a clinical classification strategy could be 

expedited by the presence of diagnostically validated antibodies (17). However, not all 

differentially expressed genes show distinct protein expression patterns (18, 19). Therefore, the 

identification of proteins specific for subtypes might be more feasible in a direct approach using 

proteomic analysis. The resulting information could be used to design immunohistochemistry-

based classifiers that could be translated to the clinic and to narrow down potential therapeutic 

targets. Transcriptomic analysis is the current gold standard to define cancer subtypes, however, 

recent technological advances now also allow quantitative proteomic analyses, which has been 

carried out for colorectal and breast cancer (20, 21). Importantly, even though not all 

differentially expressed genes show distinct protein expression patterns (18, 19), an overlap can 

be detected between CRC subtypes defined by gene as well as protein expression (22). 

Furthermore, the combination of multiple forms of –omics data (transcriptomic, genomic, and 

proteomic) allows for a refined breast cancer classification and in addition sheds light on 

molecular features associated with distinct subtypes (23). Other molecular modalities have also 

been successfully employed to identify cancer subgroups. For instance, including information on 

copy number aberrations into the breast cancer classification strategy results in a more detailed 

molecular picture of the distinct subgroups (24). Moreover, expression of long non-coding RNAs 

has been used to define subgroups of CRC (25). Yet, it is not clear how this classification relates 

to the gene expression-based categorization and future approaches might benefit from combining 

different dimensions of gene expression instead of considering them individually. Indeed, several 

groups have now started to analyze mRNA and microRNA expression data in integrated 

approaches. In gastric cancer an epithelial and a mesenchymal subtype could be defined based on 

the differential expression of microRNAs (26). Interestingly, an integrated network approach 

allowed the authors to delineate a microRNA regulatory network underlying the mesenchymal-

type of gastric cancer (26). Similarly, a regulatory microRNA network was identified to drive the 

expression of the majority of genes differentially expressed in the mesenchymal serous ovarian 

cancer subtype (27). Post-transcriptional regulation of mRNA expression has also been implied 

to play a role in CRC subtype definition, as microRNAs show distinct expression patterns (22). 

The data presented in Chapter 5 indicate that microRNAs belonging to the miR-200 family tune 

the majority of genes differentially expressed between CMS4 and CMS1-3 tumors. The 

expression of miR-200 family members is significantly lower in CMS4 compared to the other 

subtypes and relates to high levels of methylation of the miR-200 promoters. Importantly, 

methylation levels of the miR-200 promoter regions predict CMS4 affiliation and prognosis of 
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stage II colon cancer patients, therefore identifying another molecular modality that can be used 

to define cancer subtypes. 

The multitude of cancer subtyping studies has highlighted the need to not only categorize tumors 

based on genetic or epigenetic aberrations, but to define drivers of subtypes and to characterize 

underlying biology. As we show in Chapter 5, determining regulatory networks underlying 

distinct cancer subtypes holds potential for biological characterization and identification of 

determinants of subtype behavior. Moreover, our data suggest that networks defining distinct 

cancer subtypes can already be active at a premalignant stage (see Chapter 6). Hence, the 

tendency to develop into a specific cancer subtype could be installed early in tumor development 

and be dictated by multiple parameters during progression to malignancy. Knowledge derived 

from these parameters might be necessary for detailed characterization of distinct cancer 

subtypes. 

 

Parameters influencing cancer subtype affiliation 

Each CRC subtype represents a complex system in which cell-intrinsic and extrinsic parameters 

shape the phenotypic appearance of tumors and influence subtype affiliation (see Chapter 4). As 

we discuss below, the microenvironment not only accounts for a substantial proportion of 

subtype-specific gene expression profiles, but also determines biological and clinical behavior of 

cancer cells. Furthermore, the adherence to specific biological traits and/or activity of signaling 

pathways might become wired into a cell during malignant transformation. Therefore, detailed 

insight into subtype biology might not only be obtained from the tissue at hand, but can also be 

gained from tracing the development of specific cancer subtypes and identifying their origin. 

 

The cell-of-origin. In an attempt to explain the presence of biologically heterogeneous groups 

lacking unifying mutations within one cancer type, the cell-of-origin was propelled into the 

spotlight (reviewed in (28)). Since specific biological programs might be active in distinct cells-

of-origin, identifying this cell for different cancer subtypes could yield information about 

pathway activity and requirement of external stimuli, especially during early steps of tumor 

development. Several potential cells-of-origin have been described for CRC. In mouse models, 

the intestinal stem cell has been targeted for transformation by aberrant activation of the WNT 

pathway resulting in rapid development of adenomatous lesions (29, 30). In contrast, directing 

this genetic inactivation to more differentiated cells only rarely induces tumor formation (29). 

Intestinal stem cells can be identified using various markers, which points to the existence of 

multiple stem-like cells in the intestine. It has therefore been proposed that the intestine has a 
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‘stem cell compartment’ rather than individual stem cells (31). Moreover, it was shown that the 

hierarchical organization of the colon is not unidirectional and that more-differentiated cells can 

gain tumor-initiating potential when receiving the proper stimuli. Exposure to a favorable 

environment – for example inflammation inducing NF- B activity – instigates bidirectionality, 

inflicting stem cell properties and tumor-initiating capacity on non-stem cells of the intestine, 

indicating that transformation is not limited to the intestinal stem cell (32, 33). Similar results 

have been obtained for other organs and not only still-proliferative progenitor cells, but also 

terminally differentiated cells pose a potential target for transformation: neurons in the murine 

brain can dedifferentiate and gain tumor-initiating capacity upon loss of tumor suppressors and 

activation of oncogenic signaling (14). 

These concepts expand the pool of candidate cells-of-origin, allowing the speculation that 

different cancer subtypes originate from distinct hierarchical cells-of-origin (Figure 1A.1). 

Indeed, the CRC classification system proposed by Sadanandam and colleagues draws parallels 

between gene expression programs active in distinct subsets of healthy intestinal cells and 

specific CRC entities (16). Nonetheless, the hypothesis that the cell-of-origin can be inferred 

from the differentiation state of the tumor has been challenged by studies in breast cancer. That 

is, breast tumors arising through the genetic inactivation of the tumor suppressor BRCA1 

resemble the so-called basal-like tumors and were thus thought to originate from the basal stem 

cell (28), but gene expression profiles suggest close similarity between basal-like tumors and 

luminal progenitor cells (34). In line with this observation is the finding that deletion of Brca1 in 

luminal progenitor cells of the murine mammary gland gives rise to tumors resembling basal-like 

breast cancer (35). The conclusion that the tumor phenotype does not always relate to the cell 

population targeted for transformation was confirmed by two recent studies. Making use of 

mouse models, the most frequent mutation observed in human breast cancer – PIK3CAH1047R – 

was introduced into lineage-restricted cells of the mammary gland (36, 37). This oncogenic hit 

results in reversion of unipotent lineage-committed cells to stem-like cells. The so-inferred 

multipotency permits subsequent multi-lineage differentiation of transformed cells, resulting in 

heterogeneous tumors. This observation indicates that histology and expression of differentiation 

markers of specific breast cancer subtypes do not directly imply a relation to the cell-of-origin. 

However, the authors observed a different degree of tumor aggressiveness depending on which 

cell was targeted with the Pik3caH1047R mutation, indicating that the cell-of-origin is indeed 

responsible for specific features of a distinct tumor type (36, 37). Whereas similar results have 

been obtained for T-cell acute lymphoblastic leukemia (38) and glioblastoma (39), it is still a 

matter of debate whether the hierarchical localization of the cell-of-origin dictates subtype 
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affiliation in CRC. Such a role may be less likely as the identity of cells within the colonic crypt 

hierarchy is enforced by signals derived from the microenvironment and distinct cell types do 

not seem to differ in epigenetic marks, such as DNA methylation as well as histone methylation 

and acetylation (40, 41). Thus, mutational activation of an oncogenic signaling pathway could 

overcome microenvironmental stimuli leading to differentiation and allow transformation, 

resulting in highly similar tumors, despite distinct hierarchical cells-of-origin. By contrast, it is 

now well established that the transformation of cells located in distinct anatomical regions of the 

colon results in specific cancer entities (Figure 1A.2). Based on different embryonal origins, the 

colon is divided into a proximal, right-sided and a distal, left-sided part (42). Tumors arising in 

these two locations are characterized by distinct molecular make-ups: opposed to right-sided 

colon cancers, that most frequently display microsatellite instability (MSI), the CpG island 

methylator phenotype (CIMP), and the BRAFV600E mutation, the majority of left-sided tumors is 

chromosomally unstable and characterized by genetic insults occurring in classical CRCs (APC 

loss, KRAS mutations, TP53 inactivation; Figure 1A.2) (42). Next to the rough classification into 

the main genomic instability groups, tumor location also allows a more refined assessment of, 

for instance, microsatellite stable tumors. Arising in the proximal colon, cancers of this class 

associate with worse clinical outcome than distal microsatellite stable tumors (42). A possible 

explanation are cell intrinsic differences as discordant gene expression profiles have been 

described for cells located in the proximal compared with the distal colon (43). Additionally, cell 

extrinsic factors – such as the microbiome – differ between these two locations (42). Yet, 

features of the proximal colon may not convert abruptly into properties of the distal colon when 

passing the splenic flexure, but this transition could present a continuum instead (44). Therefore, 

it remains to be investigated whether a strict separation into right- and left-sided colon cancer 

will be of similar use in clinical management as the separation in colon and rectal cancer. 

Nevertheless, from a biological perspective, this separation holds great value as a combination of 

location-specific variables might be responsible for installing distinct cancer phenotypes. In this 

mélange, the cell-of-origin could dictate the activity of gene expression programs and wiring of 

signaling pathways in early transformed cells. Therefore, identifying its characteristics for 

distinct cancer subtypes might allow subtype-specific tailoring of treatment regimens with a 

focus on early intervention strategies. 

 

Developmental pathways. The developmental trajectory of benign tumorous lesions to fully 

metastatic carcinomas has been well-characterized on the molecular level for CRC, mainly 

through the analysis of transformed material obtained from individuals with inherited syndromes 
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predisposing to CRC (45). Different pathways of CRC development have been described, and 

intriguingly, an overlap with distinct CRC subtypes can be observed. For instance – due to high 

levels of WNT pathway activity and high frequency of chromosomally unstable tumors – the 

CMS2 group of CRC is thought to develop via the classical adenoma-carcinoma sequence. 

Tubular adenomas (TAs) – precursor lesions associated with this path of CRC development – are 

frequently initiated by inactivation of the APC gene (46, 47). Subsequent genetic alterations 

include activation of the KRAS oncogene, development of chromosomal instability (CIN), and 

TP53 inactivation (45). The influence of distinct developmental trajectories on subtype 

affiliation becomes apparent when comparing this mutational sequence to the one observed in 

individuals with hereditary nonpolyposis CRC (HNPCC) syndrome. Early genetic lesions giving 

rise to adenomas overlap with those observed in the classical path of CRC development, namely 

loss of APC and activation of KRAS. Yet, HNPCC patients carry germ-line mutations in genes of 

the mismatch repair pathway and are therefore predisposed to develop MSI+ CRC. Due to  

mismatch repair pathway deficiency, genes afflicted during tumor progression, such as 

TGFBIIR, differ from the classical sequence (45). Hence, even though initiating mutations are 

identical, additional genetic lesions and most likely environmental stimuli determine the 

molecular make-up and subtype affiliation of the resulting tumor. In line with this hypothesis is 

the fact that a large proportion of CMS1 and a subset of CMS4 tumors carry an activating 

mutation in the BRAF oncogene, which has been described as an initiating mutation in the 

serrated neoplasia pathway to CRC (48-50). Indeed, based on molecular markers, the serrated 

neoplasia pathway has been suggested to give rise to a good and a poor prognosis group of CRCs 

(51, 52). Gene expression-based classification of sessile serrated adenomas (SSAs) – a precursor 

lesion associated with the serrated neoplasia pathway (48) – into the CMSs of CRC indeed 

revealed that they closely relate to the CMS1 or CMS4 of CRC (see Chapter 7). The 

developmental trajectory of SSAs carrying the same molecular features (BRAFV600E and DNA 

hypermethylation) to either CMS1 or CMS4 tumors remains to be examined. Furthermore, we 

show in Chapter 6 that a panel of SSAs displays higher levels of miR-200 promoter methylation 

compared with classical TAs. The methylation level is not influenced by subtype affiliation: 

SSAs predicted to spawn CMS4 tumors do not show higher methylation of the miR-200 

promoter regions compared with those predicted to progress to CMS1 cancers (data not shown). 

Yet, this epigenetic feature is a determinant of the mesenchymal CMS4 and can identify CMS4 

tumors from data sets comprising all subtypes, including CMS1 (see Chapter 5). Hence, two 

main questions arise from this observation: (i) what is responsible for installing methylation at 

the miR-200 promoter regions and (ii) how does this methylation become a defining feature of 
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CMS4 but not of CMS1 cancers? Molecular and microenvironmental features of the resulting 

tumors allow speculation about critical cues: a large proportion of CMS1 tumors are MSI+, a 

feature that is frequently installed by MLH1 promoter hypermethylation in sporadic CRCs (53) 

and which leads to attraction of tumor-infiltrating lymphocytes (54), a cellular subset that is 

abundantly present in CMS1 tumors (22). In contrast, CMS4 tumors are characterized by a large 

Figure 1. Models for how the cell-of-origin, the transformation-initiating mutation, or distinct developmental 
paths could dictate subtype affiliation. (A) 1. Loss of APC in two distinct cell types within the crypt hierarchy could 
lead to two different tumor forms: in case of a cell located in the crypt base, the resulting lesion could be a tubular
adenoma further progressing to the canonical type of CRC. If the cell-of-origin is located further up the crypt, 
additional stimuli might be necessary for tumor development, such as inflammation, which could lead to the 
development of inflammation-induced CRC. 2. The anatomical location of the cell-of-origin might influence
subtype affiliation. In case of transformation of a cell located in the proximal colon the resulting tumor frequently 
displays MSI, CIMP, and the BRAFV600E mutation, mirroring the features associated with the CMS1 of CRC. In 
contrast, tumors initiated by transformation of a cell in the distal colon display high percentages of APC, KRAS, 
and TP53 mutations, as well as CIN, resembling the molecular make-up frequently observed in the canonical 
CMS2 of CRC. (B) APC loss in a cell located in the crypt base can lead to the formation of a tubular adenoma, 
whereas an activating mutation in the BRAF oncogene afflicting the same cell type could spawn serrated
adenomas. In both cases adenoma formation may require additional aberrations, such as DNA hypermethylation 
in the serrated neoplasia pathway. Moreover, adenomas initiated by the same mutation could diverge upon 
additional stimuli such as a distinct microenvironmental composition or additional genetic lesions. 
CIMP – CpG island methylator phenotype; CIN – chromosomal instability; MSI – microsatellite instability. 
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stromal component and a mesenchymal appearance (22). Furthermore, based on gene expression 

profiling, the TGF  pathway is active in CMS4 tumors (22). Integrating this information with 

the data presented in Chapter 7 prompts us to speculate that attraction of cancer-associated 

fibroblasts (CAFs) that secrete TGF  could induce the epithelial-mesenchymal transition (EMT) 

process in transformed cells and direct SSAs to the mesenchymal CMS4 (Figure 1B). Whether 

these factors could truly be deterministic for the development to the respective subtypes and the 

steps that would orchestrate these events remain to be investigated. In the in vitro model system 

used in Chapter 7 we did not observe the induction of miR-200 promoter methylation following 

TGF  treatment (data not shown). This could be due to the lack of microenvironmental stimuli, 

which play an important role in shaping subtype affiliation as discussed below. It will be 

important to dissect the composition of the microenvironment in pre-neoplastic lesions: if an 

increased amount of stromal cells such as CAFs can already be detected in SSAs compared with 

TAs, this would suggest a role for this cellular subset in the early stages of tumor development 

and thus most likely also in determining subtype affiliation. The in vitro model systems for TA 

and SSA lesions described in Chapter 7 could provide a valuable tool to study the interaction 

between the epithelial cell compartment and specific microenvironmental components in in vitro 

co-culture assays. Additional insight could be gained from characterizing the serrated adenoma-

carcinoma sequence in more detail: what kind of aberrant crypt foci – the earliest neoplastic 

lesions observed in the colon – exist in the serrated neoplasia pathway and how are they 

characterized? How do other serrated lesions – such as hyperplastic polyps – relate to SSAs? 

What is the order in which molecular aberrations occur? While it will be challenging to delineate 

the sequence of lesions leading to CRC via the serrated neoplasia pathway, since definite proof 

can only be obtained from rare patient samples in which the pre-neoplastic lesion is still present 

adjacent to the fully malignant tissue (55, 56), the sequence of molecular aberrations might be 

more feasible to study. Analyzing DNA methylation patterns of normal mucosa from serrated 

polyposis syndrome (SPS) patients, Minoo et al. detect high methylation in a panel of CIMP-

related genes in the normal mucosa of SPS patients (57). This observation could point to aberrant 

DNA methylation being the initial event, poising the tissue to develop to serrated lesions. Yet, a 

more extensive cohort of patients is needed to confirm this notion. Material from SPS patients 

might also provide key insight into the initiating events of the serrated neoplasia pathway and 

could answer the question whether genetic, epigenetic, or environmental factors predispose to 

the development of serrated polyps. It is important to note, however, that data derived from SPS 

patients is based on a relatively rare condition and might not reflect the development and 

progression of sporadic serrated polyps. Defining key players in the serrated neoplasia pathway 



Chapter 8 

174 

could result in the identification of the factor installing miR-200 promoter methylation or reveal 

that it is a bystander effect of increased overall DNA methylation. The installation of the miR-

200 network might equip SSAs with the molecular circuitry defining CMS4-like CRCs (see 

Chapter 5 and Chapter 6), yet, to fully commit to this route, a microenvironment-derived TGF  

signal might be necessary (see Chapter 7). As TGF  has been shown to stimulate the EMT 

process and miR-200 repression (58), this growth factor could reinforce the miR-200 network, 

leading to an overt EMT phenotype and development to CMS4 malignancies. Such an EMT 

phenotype could not only explain the mesenchymal appearance of these tumors but also the poor 

prognosis associated with this distinct CRC subset. Indeed, cancer cells undergoing EMT lose 

cell-cell junctions and gain migratory and invasive capabilities, which might allow them to leave 

the primary tumor and spread to distant sites (59). Yet, two recent studies indicate that the EMT 

process is not required for metastasis, but is nonetheless linked to dismal disease outcome by 

conveying chemoresistance to malignant cells (60, 61). In line with this notion is the observation 

that tumors of lung cancer patients treated with epidermal growth factor receptor inhibitors 

acquired an EMT-like phenotype upon recurrence (62, 63). Importantly, EMT can be induced by 

TGF  and additionally, this growth factor has been implicated in resistance to conventional as 

well as targeted chemotherapeutics (64, 65). TGF  might therefore constitute an important factor 

orchestrating features associated with poor disease outcome in patients with CMS4 CRCs. Since 

this growth factor presents an actionable target, it might be feasible to test its role in 

chemoresistance and recurrence development in prospective clinical trials. 

Detailed biological and functional understanding regarding cancer subtype development via 

distinct routes can be achieved by deriving organoid cultures of precursor lesions from 

individuals with inherited CRC syndromes (see Chapter 7). Genetic manipulation can lead to 

the delineation of the sequence of mutations directing the development to specific CRC 

subtypes. Furthermore, co-culture experiments with specific non-transformed cell subsets, such 

as fibroblasts, or stimulation with defined growth factors could shed light on the role of 

microenvironmental components in determining subtype affiliation. This endeavor could result 

in therapeutic strategies preventing or significantly decelerating progression of still-benign 

lesions to CRC in patients with inherited CRC syndromes. Moreover, biological programs 

associated with distinct CRC subtypes can already be active at the precursor stage (15) and these 

cultures could allow the identification of signals installing these programs. 

In addition to the sequence of mutations, studying polyps from familial CRC patients also 

provides information about the role of the initiating mutation. Whereas APC loss results in TAs 

most likely developing into CMS2 tumors with relatively good prognosis, activation of the 
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BRAF oncogene initiates formation of SSAs that have the potential to develop to the poor 

prognosis CMS4 (Figure 1B; Chapter 7). Due to major advances in genome engineering, studies 

of pre-neoplastic material from familial CRC syndrome patients can nowadays be complemented 

with organoid cultures carrying single genetic hits, modeling the earliest stage of cancer 

development. In contrast to adenomas obtained from patients, which in addition to the initiating 

event most likely carry genetic or epigenetic insults that show inter-patient variation, genetic 

manipulation of organoid cultures from the healthy intestine results in genetically well-defined 

model systems. Making use of the CRISPR (clustered regularly interspaced short palindromic 

repeat)-Cas9 (CRISPR-associated nuclease 9) technology (66-69), typical CRC-associated 

mutations have been introduced into human intestinal organoids (70, 71). This approach allows 

the examination of specific effects inferred by individual mutations and has for instance revealed 

that inactivating mutations in the tumor suppressors APC and TP53 together are sufficient to 

induce CIN in the form of aneuploidy (70). The mutations studied so far recapitulate the classical 

path of CRC development and it would be of importance to study the effect of different initiating 

mutations in this system, with the aim to compare the resulting structures to the CMSs of CRC. 

In Chapter 7 we provide evidence that organoids genetically engineered to carry a BRAFV600E 

mutation represent a model system for early lesions of an alternative pathway to CRC, the 

serrated neoplasia pathway. It is important to note, however, that tumor cell intrinsic changes 

occurring in patients not only determine malignant cell behavior, but also have profound effects 

on normal non-transformed cells, thus shaping the tumor microenvironment. In turn, distinct 

cellular subsets within the microenvironment influence malignant cells in various ways and play 

pivotal roles in shaping cancer subtypes. For a detailed understanding of subtype biology it is 

therefore of utmost importance to consider the above-described modifications in cancer cells in 

an integrative approach that acknowledges the complex interactions with microenvironmental 

components. 

 

Microenvironmental regulation. In the last years it became increasingly clear that tumors are not 

only clonal outgrowths of deregulated cancer cells, but that they are – just as normal organs – 

composed of many different cell types and that interactions between these diverse components 

are pivotal for tumor development and progression (72). Tumor cell extrinsic stimuli derived 

from the microenvironment might play crucial roles in the development of cancer heterogeneity. 

MSI+ CMS1 CRCs, for instance, are characterized by a large number of tumor-infiltrating 

lymphocytes (54), and the presence of cytotoxic T cells might rationalize the better prognosis of 

this patient subgroup (73). Although counterintuitive at first, inflammatory responses can also be 
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detrimental for cancer patients, as they can aid malignant tumor progression under certain 

circumstances. In the case of chronic inflammatory conditions in the intestine, summarized as 

inflammatory bowel disease (IBD), inflammation precedes tumor formation and has been linked 

to increased risk for CRC development (74). Interestingly, it has been suggested that IBD-

associated CRC follows an inflammatory carcinogenesis route giving rise to a distinct form of 

CRC (75). This could be explained by an alternative cell-of-origin, as inflammation-induced NF-

B signaling primes non-stem cells in the murine intestine for transformation (32). 

As in normal organs, the stroma – the framework surrounding the components that fulfill the 

organ’s function – constitutes a major part of cancers. CMS4 tumors are characterized by a high 

density of stromal cells, such as lymphoid, myeloid, and endothelial cells, as well as CAFs (76). 

CAFs are a mesenchymal cell subset which is susceptible to manipulation by malignant cells and 

vice versa can influence a multitude of processes in transformed cells, such as growth and 

invasion (77). It is a matter of debate whether the mesenchymal appearance of the CMS4 of CRC 

is caused by epithelial cells that undergo EMT and thus gain a mesenchymal phenotype or solely 

by the presence of more stroma or a higher activation state of stromal components in these 

tumors (78, 79). The data presented in Chapter 5 contribute to this discussion by showing that 

the regulatory network underlying the mesenchymal CRC subtype can drive the EMT program 

and is indeed present in the epithelial tumor cell population. Both, epithelial cells undergoing 

EMT as well as high amounts of stroma, have been linked to dismal outcome in various cancer 

types (60, 61, 80-84). The cause of increased stromal attraction or activation remains obscure. 

Laser capture microdissection experiments separating stroma from epithelium prior to gene 

expression analyses might yield detailed insight into the activation state of the stroma and the 

epithelial phenotype in distinct cancer subtypes. Intriguingly, stroma from breast cancer patients 

acquired using microdissection predicts prognosis independent of cancer subtype (85). Similarly, 

virtual microdissection revealed that not only malignant cells but also stromal components of 

pancreatic adenocarcinomas exist in distinct states that associate with prognosis and that can 

refine cancer classification (86). These observations suggest that the tumor stroma strongly 

affects tumor cell behavior and that it is an important determinant of gene expression profiles 

derived from whole tumor samples as discussed below. Conversely, Calon and colleagues have 

shown that only malignant cells that induce stromal activation in distant organs are able to 

colonize the distant site (87), allowing the speculation that malignant transformation of epithelial 

cells shapes the stromal compartment. We hypothesize that, depending on which molecular or 

functional characteristics are inflicted on tumor cells, they could – as discussed above – develop 

to distinct types of CRC that simultaneously impact the composition and activity of the tumor 
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stroma. The so-influenced stromal niche might in turn affect tumor behavior and direct cancers 

to a more malignant state. 

Whereas cell-intrinsic effects can be easily recapitulated in cell culture systems, modeling the 

interplay with the microenvironment is more challenging. In the case of patient-derived 

xenografts (PDX) the tumor piece interacts with the murine organism and non-transformed cells 

are incorporated into the tumor. However, studying cancer subtypes in this model system is a 

cost- and labor-intensive approach and might be further restrained by difficulties in detecting 

molecular cancer subtypes based on gene expression. As detailed above, non-epithelial cells 

constitute a major proportion of the cancer mass and a stroma-derived signal might influence the 

classification of tumors into distinct subtypes. The replacement of human stroma with stroma of 

murine origin in PDX complicates the comparison between gene expression data of PDX and 

human tumors and could thus hamper the correct categorization of PDX material (79). More 

importantly, differences between mouse and human may preclude the effective communication 

between human tumor cells and murine stromal cells. It has for example been shown that murine 

hepatocyte growth factor only inadequately stimulates the human c-Met receptor (88). In 

addition, immune components, which can orchestrate biological and clinical parameters for 

instance in CMS1 tumors, will not be part of the equation due to the need of 

immunocompromised mice for xenotransplantation. Both immune cells and fibroblasts 

themselves as well as their interaction with malignant cells, have, however, been shown to 

critically influence not only biological characteristics but also clinical behavior (reviewed in 

(89)). Genetically engineered mouse models more faithfully recapitulate this interaction and 

allow incorporation of multiple components potentially shaping the resulting cancer subtype. 

Nevertheless, the utility of this system is restricted by the long period to tumor development, 

limited amount of mutations that can be introduced, the short lifespan of a mouse that often 

prevents the development of fully malignant and metastatic carcinomas, and human-mouse 

differences (reviewed in (90)). Furthermore, it remains to be investigated how adenomas and 

carcinomas arising in genetically engineered mouse models relate to the cancer subtypes 

detected in patients. Evidence provided in Chapter 7 points to BRAFV600E-mutant organoids as a 

valuable in vitro model for SSAs. Importantly, gastrointestinal tumors initiated by the BrafV600E 

mutation in mice also closely resemble human serrated adenomas (91) and might thus provide a 

system to study the intricate crosstalk between BRAFV600E-mutant cells and specific 

microenvironmental components. 
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Outlook

As discussed in Part II, each step of the developmental cascade of tumors as well as their 

microenvironmental composition holds information about the resulting cancer subtype (Figure 

2). We propose that this information should be analyzed in an integrative approach. This may 

lead to detailed biological characterization of tumors which we believe is key to developing 

successful treatment strategies. As described in Part I, it is important to note, however, that not 

only inter-tumor, but also intra-tumor heterogeneity could severely impair the effectiveness of 

novel therapeutic avenues and lead to resistance and tumor relapse (92). Additionally, spatial and 

temporal differences need to be considered: specimen from different areas of the tumor might be 

Figure 2. The distinct steps of tumor 
development and the 
microenvironmental composition
shape the resulting cancer subtype. 
Information can be obtained from 
model systems and the tissue at 
hand and impacts the biological as 
well as clinical understanding of
subtypes within a given tumor. We 
propose that an integrated 
approach considering knowledge 
gained from each dimension is 
necessary for an in-depth biological 
characterization and the design of
successful treatment strategies. 
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classified into different subgroups in molecular analyses and might show distinct behavior with 

respect to clonal and CSC dynamics, potentially due to the presence of more or distinct types of 

tumor stroma. Furthermore, tumors that recur might not belong to the same subtype (62) and 

might be fueled by a different type of stem-like cell compared to the primary malignancy. 

Importantly, the tumor microenvironment seems to adopt a key role in many aspects related to 

tumor heterogeneity. The microenvironment by itself is a variable contributing to diversity and 

can dictate biological and clinical behavior of transformed cells (89). Future research should aim 

at the design of reliable culture techniques and model systems that account for all forms of tumor 

heterogeneity. We suspect that integrating information from multiple model systems with data 

from primary specimen will be essential for delineating the facets that drive tumor growth and 

progression. Eventually, this information will lead to in-depth characterization and 

understanding of cancer cell behavior which will be pivotal for development of successful 

treatment avenues. 
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Summary 

Cancer is a heterogeneous disease, which is reflected both on the cellular as well as the 

population level. Tumors have been recognized as ‘abnormal organs’ based on the fact that 

transformed cells within one tumor exist in distinct states and intricately crosstalk with non-

transformed cells in the tumor microenvironment. The term intra-tumor heterogeneity 

conceptualizes this notion, which is nowadays recognized as an important factor determining 

response to treatment and development of recurrences. Inter-tumor heterogeneity refers to the 

fact that no tumor is like any other, which is illustrated most obviously by the comparison of 

tumors arising in different organs. The cells targeted for transformation, the transformation-

initiating event, the environmental composition, and many more factors differ between 

neoplasms arising for instance in the brain (glioblastomas) and in the colon. Moreover, these 

parameters can also differ between tumors arising in the same organ, leading to the formation of 

distinct subtypes within a given type of cancer. The drivers of both intra- as well as inter-tumor 

heterogeneity are described in Chapter 1, where we also discuss the potential implications of 

this diversity on clinical management of patients and how the two forms of heterogeneity are 

connected. 

 

Part I – Intra-tumor heterogeneity 

In Chapter 2, we describe the cancer stem cell (CSC) concept, which perceives tumors as 

hierarchically organized entities. The hierarchy observed in tumors closely parallels the one in 

normal organs – (cancer) stem cells at the apex of the hierarchy give rise to transit amplifying 

cells, which eventually spawn differentiated progeny. Yet, the hierarchical organization of 

tumors might be more flexible with differentiated cells being able to gain CSC characteristics. 

We highlight the pathways that control the CSC state and that influence the plasticity within 

distinct cellular populations. The cues regulating pathway activity can originate from the tumor 

microenvironment and we discuss its role in shaping the CSC state and the impact of CSCs on 

tumor progression and metastatic spread to distant organs. 

 

In Chapter 3, we make use of primary cultures derived from glioblastoma specimen: (i) 

spheroid cultures, that are enriched for CSCs and (ii) cultures of tumor microvascular endothelial 

cells, which constitute the niche for glioblastoma CSCs. We induce differentiation of 

glioblastoma cells using multiple stimuli and assess their capacity to dedifferentiate upon 

exposure to endothelial cell-derived factors both phenotypically based on marker expression as 

well as functionally by determining the clonogenic potential. We purify the differentiated 
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population using the cell surface marker O4, to assess the dedifferentiation potential of a 

population consisting solely of differentiated cells. Soluble factors derived from endothelial cells 

are sufficient to inflict CSC features on differentiated glioblastoma cells and we show that basic 

fibroblast growth factor alone is able to recapitulate the plasticity instigated by endothelial cells. 

 

Part II – Inter-tumor heterogeneity 

In Chapter 4 we describe the existence of subtypes within colorectal cancer (CRC) and how 

they can be identified. Historically, CRC has been classified based on genetic and epigenetic 

features. Recently, categorization using whole gene expression profiles was propelled into the 

spotlight. We highlight the consensus molecular subtype (CMS) classification system, which 

unifies several independent gene expression-based classifications of CRC. Moreover, we discuss 

model systems that could recapitulate distinct cancer subtypes and might thus proof useful for in-

depth biological characterization of the CMSs of CRC. 

 

In Chapter 5 we set out to identify the underlying drivers of the mesenchymal, poor prognosis 

CRC subtype (CMS4). The data presented indicate that microRNAs (miRs) belonging to the 

miR-200 family tune the majority of genes differentially expressed between CMS4 and CMS1-3 

tumors. The expression of miR-200 family members is lower in CMS4 compared to the other 

subtypes and relates to high levels of methylation of the miR-200 promoter regions. Importantly, 

methylation levels of the miR-200 promoter regions predict CMS4 affiliation and prognosis of 

stage II colon cancer patients. Besides its usefulness in determining subtype affiliation, this 

epigenetic feature also provides an explanation for activity of specific biological programs in 

distinct subtypes. The members of the miR-200 family have been implicated in the epithelial-

mesenchymal transition (EMT) program and their low expression can therefore account for the 

mesenchymal appearance of CMS4 tumors. Furthermore, our data suggest that the miR-200 

regulatory network is active in the epithelial compartment of mesenchymal colorectal 

carcinomas and manipulation of this network in CRC cell lines indicates that the miR-200 family 

members indeed determine CMS4-associated gene expression and functional properties. 

 

The CMSs of CRC present distinct entities, raising the question at what point during 

tumorigenesis their development diverges. It has previously been suggested that different colon 

cancer subtypes originate from distinct precursor lesions, thus implying that instead of diverging 

during tumor development, they follow specific adenoma-carcinoma sequences from the very 

beginning. The data presented in Chapter 6 indeed highlight the similarity between sessile 
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serrated adenomas (SSAs) and the mesenchymal CMS4 of CRC, with respect to gene expression, 

expression of selected proteins, and epigenetic features. Additionally, the data suggest that EMT, 

a program so far associated with late stage disease, can already be active at the premalignant 

stage and might equip SSAs with aggressive features early on. 

 

Next to the straightforward development of one specific precursor lesion to one distinct CRC 

subtype, the possibility exists that one type of precursor lesion can spawn carcinomas belonging 

to multiple subtypes. In fact, molecular markers such as the BRAFV600E mutation and DNA 

hypermethylation suggest that SSAs can develop to the best and the worst prognosis CRC 

subtypes, CMS1 and CMS4, respectively. In Chapter 7, we set out to determine developmental 

drivers of CRC subtypes and elucidate the effect of the cytokine transforming growth factor-  

(TGF ) on precursor lesions of CRC. Gene expression-based predictions indicate that SSAs 

could indeed give rise to CMS1 and CMS4 malignancies and that high levels of TGF  pathway 

activity direct SSAs to the mesenchymal, poor prognosis CRC subtype. 

 

In Chapter 8, we discuss the findings of this thesis work in the light of recent publications and 

integrate the drivers of tumor heterogeneity identified herein with additional parameters 

impacting on tumor (cell) diversity.  
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Kanker is een heterogene ziekte, wat zowel tot uiting komt op cel- als op populatie niveau. De 

term intra-tumor heterogeniteit beschrijft het verschil in eigenschappen tussen cellen binnen een 

tumor. Door deze verschillen zullen sommige cellen wel, maar andere cellen niet gevoelig zijn 

voor therapie waardoor de kanker na eerdere succesvolle behandeling toch uiteindelijk kan 

terugkomen. Inter-tumor heterogeniteit verwijst naar het feit dat geen twee tumoren hetzelfde 

zijn. Dit verschil is duidelijk waarneembaar tussen tumoren die in verschillende organen 

ontstaan; een tumor in de hersenen (glioblastoom) is erg verschillend van een tumor in de darm. 

Het celtype, de verandering in de cel, de omgeving van de cel en nog vele andere factoren leiden 

uiteindelijk tot deze verschillen. Maar ook binnen de tumoren van hetzelfde orgaan, kunnen veel 

van elkaar verschillen, waardoor zogenaamde “subtypes” binnen een tumorsoort worden 

gevormd. De factoren die een rol spelen bij zowel intra-tumor als inter-tumor heterogeniteit en 

hun relatie tot elkaar worden beschreven in Hoofdstuk 1. Hierin beschrijven we ook de invloed 

van heterogeniteit op klinische beslisvorming. 

 

Deel I – Intra-tumor heterogeniteit 

In Hoofdstuk 2 bespreken we het concept kankerstamcellen, die zorgen voor een hiërarchisch 

georganiseerd systeem in een tumor. De hiërarchie in tumoren lijkt sterk op die in normale 

organen – (kanker) stamcellen staan bovenaan in de hiërarchie en ontwikkelen zich tot meer 

gedifferentieerde dochtercellen. In kanker is deze hiërarchie wat minder strikt waardoor 

gedifferentieerde cellen in staat zijn opnieuw kankerstamcel-eigenschappen te verkrijgen.  

We belichten de signaalroutes die belangrijk zijn voor het in stand houden van de kankerstamcel 

eigenschappen in tumorcellen. Deze signalen kunnen ook ontstaan in de omgeving van de tumor 

en ook de rol hiervan op de stamcel activiteit wordt besproken. Tevens bespreken we de rol van 

kankerstamcellen op de ontwikkeling van de tumor en het vormen van uitzaaiingen. 

 

In Hoofdstuk 3, gebruiken we twee soorten kweken van glioblastomen, één waarin zowel 

kankerstamcellen als gedifferentieerde cellen aanwezig zijn en één waarin de endotheelcellen uit 

de omgeving van de tumorcellen gekweekt worden. We forceren kankerstamcellen tot 

differentiatie naar meer gedifferentieerde cellen en kijken welke factoren deze cellen nodig 

hebben om hun kankerstamcel kenmerken terug te krijgen. We zien dat fibroblast growth factor 

uitgescheiden door endotheelcellen voldoende is om dit te bewerkstelligen. 
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Deel II – Inter-tumor heterogeniteit

In Hoofdstuk 4 beschrijven we de verschillende subtypes in darmkanker die gebaseerd zijn op 

(moleculaire) genexpressie. Verschillende onderzoeksgroepen hebben deze subtypes 

geïdentificeerd en zijn uiteindelijk gezamenlijk tot een consensus classificatie gekomen die moet 

leiden tot uniformiteit. Daarnaast beschrijven we modellen die gebruikt kunnen worden bij 

experimenten in cellen en muizen om deze subtypes beter te kunnen onderzoeken. 

 

In Hoofdstuk 5 identificeren we factoren die een rol spelen in de ontwikkelen van één van de 

subtypes, namelijk het mesenchymale subtype, dat gekenmerkt wordt door een slechte 

overlevingskans. We laten zien dat microRNAs (miRs), behorende tot de miR-200 familie, de 

genexpressie van deze subgroep tumoren beïnvloedt. De expressie van deze miR familie is lager 

in het mesenchymale subtype in vergelijking tot de andere subgroepen, wat komt door 

methylatie, een manier om een gen uit te schakelen. We laten ook zien dat deze methylatie van 

de miR familie de overleving van darmkanker patiënten kan voorspellen. 

Genen van deze familie zijn eerder gelinkt aan een proces dat epithelial-mesenchymal transition 

(EMT) heet en lage expressie van deze genen kan dus een verklaring zijn voor het 

mesenchymale karakter van deze tumoren. 

 

De subtypes in darmkanker verschillen in grote mate van elkaar en de vraag is wanneer in de 

ontwikkeling van tumoren deze verschillen ontstaan. Eerder is gesuggereerd dat verschillende 

subtypes uit verschillende premaligne afwijkingen, bijvoorbeeld poliepen ontstaan. Dit 

impliceert dat de verschillen al in een vroeg stadium aanwezig zijn en dat deze tumoren 

behorende tot een subtype vanaf het begin een andere route bewandelen dan tumoren behorende 

tot een ander subtype. In Hoofdstuk 6 laten we de overeenkomsten in genexpressie, eiwitten en 

methylatie tussen sessiele (vlakke) poliepen en het mesenchymale subtype zien. Daarnaast laten 

we zien dat EMT, een proces dat meestal wordt geassocieerd met vergevorderde ziekte, al actief 

is in deze sessiele poliepen waardoor deze poliepen wellicht in een vroeg stadium al agressieve 

kenmerken hebben. 

 

Naast de eenvoudige verklaring dat een bepaald subtype uit een bepaalde premaligne afwijking 

ontstaat, kan het ook zo zijn dat één type afwijking zich kan ontwikkelen tot tumoren uit 

verschillende subtypes. Moleculaire eigenschappen van sessiele poliepen suggereren dat ze zich 

kunnen ontwikkelen tot tumoren uit twee subtypes: degene met de beste én degene met de 

slechtste prognose. In Hoofdstuk 7 proberen we de factoren die belangrijk zijn voor het 
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ontwikkelen van de tumoren in de verschillende subtypes te identificeren. We bestuderen het 

effect van transforming growth factor-  (TGF ) op premaligne afwijkingen. Op basis van 

genexpressie zien we dat sessiele poliepen inderdaad tot tumoren uit deze twee subtypes kunnen 

leiden en dat verhoogde activiteit van TGF  sessiele poliepen in de richting van het 

mesenchymale subtype doet sturen.  

 

In Hoofdstuk 8 zetten we de gevonden resultaten in perspectief van de recente publicaties van 

anderen en beschrijven we andere factoren die van invloed zijn op tumor heterogeniteit. 
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