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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 
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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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