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BETWEEN HOMEOSTASIS AND CANCER
Basic signaling pathways involved in the development and homeostasis of the adult tissue are 
often conserved during malignant transformation. Understanding these mechanisms in health 
is therefore instrumental to gain insights into the biology of the  malignant transformation1. For 
example, Wnt signaling acts as the main driver of stem cell proliferation in the healthy intestine2. A 
truncating mutation in Wnt negative regulator APC causes hyperactivated Wnt signaling resulting in 
aberrant stem cell proliferation, adenoma formation and predisposition to colorectal cancer (CRC) 
development3,4. Conversely, activation of the  unfolded protein response (UPR) forces intestinal stem 
cells into differentiation5, a finding that in this thesis is described to be conserved in colorectal cancer. 
Importantly, UPR induced differentiation renders therapy resistant colon cancer stem cells more 
sensitive to chemotherapy, further demonstrating that findings in fundamental stem cell biology can 
be of significant clinical impact. 

The tight link between stem cells in homeostasis and cancer development has recently been 
underlined by Tomasetti et al. They found that the lifetime risk of developing a tumor is tightly 
correlated to the number of divisions of the stem cells that maintain homeostasis in the healthy 
tissue6. In this introduction the basics of colonic embryogenesis and homeostasis of the adult tissue 
will first be discussed before entering the field of cancer stem cells and therapy response.

FUNCTION AND ANATOMY OF THE COLON
The large intestine or colon is the distal part of the intestinal tube between the ileum and the anal 
canal and has a length of around 1.5 m7. The main function of the colon is the absorption of water 
and salts from the luminal content after most nutrients have been digested and absorbed in the 
stomach and small intestine. The colonic epithelium has little digestive activity but its lumen contains 
a very rich microbiome that is able to ferment potential nutrients such as complex carbohydrates 
that may not have been hydrolyzed in the small intestine. This not only reduces the osmotic effect of 
unabsorbed carbohydrates which otherwise may hinder the formation of firm stool but it is also an 
important source of short-chain fatty acids that maintain growth of colonic epithelial cells8. 

The proximal end of the colon or caecum contains two important landmarks; the vermiform appendix 
and ileocaecal valve. The ileocaecal valve or Bauhin’s valve forms the transition zone between small 
intestine and colon. The valve is formed by two lips that protrude into the colonic lumen that prevent 
reflux of colonic content into the small intestine7. The vermiform appendix is a worm-shaped tube 
that is connected to the caecum and is around 8 cm in length in humans7. The function of the 
appendix is incompletely understood. It may serve specific immune functions, as it contains part of 
the gut associated lymphoid tissue. 

Histologically, the lumen of colon is covered by a single layer of polarized epithelial cells that cover the 
lamina propria. The lamina propria contains a variety of mesenchymal cells such as myofibroblast-like 
cells and a large variety of both adaptive and innate immune cells. The epithelium and lamina propria 
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are surrounded by a thin muscle layer, the muscularis mucosae. The muscularis mucosae is separated 
from the muscularis propria by the submucosa, a layer of connective tissue.  The epithelium of the 
colon is a rapidly renewing tissue in which the dividing cells lie in tube like invaginations called crypts. 
Stem cells at the base of the crypts generate transit amplifying cells that cycle a number of times and 
then differentiate into one of the epithelial lineages of the colon. The major epithelial cell types in the 
colon are the colonocytes that absorb water and salt, goblet cells that produce mucus and endocrine 
cells that secrete gut hormones.  

MORPHOLOgICAL PATTERNINg OF THE COLON
As most research on signaling pathways with a role in colon development has been performed on 
mice, both human and mouse embryology will be discussed. The primitive gut tube consists of three 
separate regions: the foregut, the midgut, and the hindgut. The gut tube derives its blood supply from 
the mesenteric arteries and gut vascularization clearly marks the transitions between midgut and 
hindgut. The midgut is vascularised by the superior mesenteric artery and the hindgut is vascularised 
by the inferior mesenteric artery9. The adult caecum, ascending colon and proximal two-thirds of the 
transverse colon will be formed from the last part of the midgut and is vascularized by the superior 
mesenteric artery, while the last third of the distal transverse colon, descending colon, sigmoid and 
anorectum are derived from hindgut and vascularized by the inferior mesenteric artery (Figure 1). 

Figure 1. Components of the adult colon
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In humans, by 5 weeks the primitive gut tube increases more than the length of the embryo, causing 
the midgut to bulge out into the body stalk. Hereby a hairpin-like structure is formed, called the 
midgut loop. The cranial limb of the midgut loop will contribute to the adult ileum, the caudal limb 
will contribute to the adult colon. The mid- and hindgut assume their adult positions by a series of 
rotations. First the caudal limb of the midgut loop rotates 270° clockwise (as seen from the embryo’s 
perspective) around the cranial limb, causing the future colon to move across the future small intestine. 

At 9 weeks of human gestation, the abdominal cavity has enlarged sufficiently to accommodate the 
intestinal tract and the herniated intestinal loops begin to move back into the abdominal cavity. After 
the small intestines move into the peritoneal cavity, the colon also returns. At the twelfth week, the 
caecal primordium on the right starts to move downwards, causing the colon to assume its definitive 
C-shaped position. The main events during human and mouse colon development are summarized 
in Table 1.

Table 1. Events during colon development

Developmental Events
Human 
(weeks)

Mouse 
(days) 

Gastrulation 2 6,25

Formation of tubular gut tube 3 9,5

Midgut loop herniates into yolk stalk 5 11

Formation of the caecum 6 11,5

Herniation of intestinal loop 7 12,5

Return of gut tube into body cavity 9 15,5

   

Formation of allantois 6 11,5

Division of cloaca into rectum and urogenital sinus by urorectal septum 6 11,5

Complete seperation of intestinal and urinary outflow tract by perineum 8 13,5

   

Colonization of the gut by neural crest cells 8 15

HISTOgENESIS OF THE COLON
In humans, gastrulation occurs in the second week of gestation. Endodermal differentiation starts 
in week 6 and is completed in week 9 when a columnar epithelial monolayer is formed. Right 
after the onset of endodermal differentiation, at week 7, the mesoderm will start to differentiate 
into mesenchyme and muscle layers which are completely formed and positioned at week 12 of 
development10. 
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In mice, gastrulation occurs at E6.25 and the primitive gut tube is formed during a complex folding 
process which is completed at E9.511. Just after gastrulation, the endodermal layer is a histologically 
uniform layer of columnar epithelial cells. Despite its morphological uniformity, the endodermal 
layer is already patterned along the anterior-posterior (AP) axis at this point in development12,13. This 
patterning information is encoded by regional expression of the transcription factors Sox2, Hhex, 
Foxa2 and Cdx2. The endodermal cells that were formed first and have moved most anteriorly express 
Sox214 and the homeobox gene Hhex (or Hex)15, whereas later endodermal cells express Foxa2 (or 
Hnf3β), and the last endodermal cells that form the posterior endoderm and will therefore form the 
colon express Cdx216. Elegant explant experiments in which endoderm and mesoderm were cultured 
separately or in various combinations have shown that the next phase of patterning of the posterior 
endoderm around E7.5, such as the induction of the expression of intestinal fatty acid binding protein 
(iFabp), is controlled by soluble factors derived from the posterior mesoderm17; however the nature 
of these mesodermal factors has not been resolved. 

Cdx2 plays a central role in gut morphogenesis and drives differentiation towards an intestinal 
phenotype. Cdx2+/- heterozygous mice develop colonic polyps in which Cdx2 expression is lowest 
in the center and gradually rises towards the outside of the polyp18,19. The center of these polyps 
consists of esophageal tissue, whereas towards the outside the tissue transforms into gastric, small 
intestinal and finally colonic origin. Therefore Cdx2 directs endodermal differentiation towards a 
more caudal phenotype18.

In Foxa3Cre;Cdx2fl/fl mice in which Cdx2 was specifically deleted in the early endoderm, the entire 
intestinal mucosa was converted into a fore-stomach phenotype and the distal colon was completely 
absent20, indicating that Cdx2 is essential to suppress foregut fate. In these mice, multiple signaling 
pathways that are involved in epithelial-mesenchymal interactions were severely affected, suggesting 
that Cdx2 may carry out its role by governing epithelial-mesenchymal interactions. Conversely, 
overexpression of Cdx2 in the stomach endoderm results in incomplete intestinal metaplasia in the 
distal stomach, reflecting its ability to direct the intestinal program and repress foregut identity21. 
Cdx2 expression persists throughout life in the entire intestinal mucosa where it appears to regulate 
the production of many gut enzymes22. Another important action of Cdx2 is its tumor-suppressor 
function in the distal colon23. 

In addition to Cdx2, Wnt signaling plays a key role in the specification of the intestinal epithelial 
phenotype. Simultaneous deletion of Tcf1 and Tcf4 leads to severe anomalies of the hindgut24. 
Furthermore, these mice showed anterior transformation at the stomach-duodenal junction. Expression 
analysis using specific markers for gastric epithelium and intestinal epithelium revealed duplications of 
the stomach, suggesting that Tcf1 and Tcf4 promote an “intestinal” fate within the primitive gut. This 
was further shown when a β-catenin/Lef1 fusion protein is misexpressed in lung endoderm, these cells 
turn on genes, normally restricted to the intestine25. This implies that in the colon Wnt signals instruct 
endodermal cells to become intestine as opposed to other endodermal lineages. 
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Once the basic structure of the intestinal tract is laid out, differentiation along the radial axis can take place. 
This occurs through instructive and permissive interactions between endoderm and mesoderm. At E9.5, 
the endodermal layer is a uniform layer of cuboidal epithelial cells overlying a thin layer of mesodermal 
cells. Gut tube length and circumference increase by expansion of the mesenchyme, epithelium and the 
lumen. Around E14, the epithelium reorganizes to form a polarized columnar epithelial monolayer. At 
the same time, mesenchymal condensation and subepithelial expansion induce the colon to develop 
epithelial folds at E16.526. These folds resemble small intestinal villi; however whereas villi in the small 
intestine are thin and elongated, the folds in the colon are wider and flattened. In the first two postnatal 
weeks, crypts are formed between the epithelial folds. In the third week after birth, the number of crypts 
rapidly increases through crypt fission. This process of crypt multiplication results from symmetric stem 
cell division27. After four weeks, crypt morphogenesis and multiplication is complete. 

Formation of the stem cell pool
The colonic epithelium is characterized by rapid and continuous renewal throughout life. Epithelial 
renewal occurs in the crypts through a coordinated series of events involving proliferation, 
differentiation and migration towards the colonic lumen. Simultaneous with the formation of crypts, 
the epithelium compartmentalizes into rapidly proliferating progenitor cells at the bottom of the crypt 
and terminally differentiated cells that localize to the upper part of the crypts. Intestinal epithelial 
stem cells are able to self-renew and give rise to all differentiated cell lineages. Stem cells form transit-
amplifying progenitors that occupy the lower third of the crypt. These progenitor cells differentiate 

Figure 2. Embryonic stages during mouse colonic histogenesis 
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into one of the functional cell types of the colon, including absorptive colonocytes, mucin-secreting 
goblet cells and hormone-releasing enteroendocrine cells (Figure 3). At the luminal surface, cells 
undergo apoptosis and/or are shed into the lumen. This entire process takes approximately 3-5 days. 

Figure 3. Colonic stem cells in homeostasis 

It is well established that renewal of the small intestinal epithelium is entirely dependent on continual 
stimulation of the Wnt pathway28. In the colon, this has not been as well investigated, however, several 
lines of in vivo evidence show similar dependency on Wnt signaling of the colonic epithelium. First, 
rapidly proliferating progenitor cells at the bottom of the crypt are characterized by accumulation 
of nuclear β-catenin and expression of Tcf4, implying that these cells respond to Wnt stimulation28. 
Second, mutations that activate the Wnt β-catenin pathway can lead to colorectal cancer in 
humans29. Third, adenoviral expression of Wnt inhibitor Dickkopf-1 (Dkk-1) in the colonic epithelium 
inhibited proliferation in the colon accompanied by progressive architectural degeneration with the 
loss of crypts by 7 days30. Fourth, ex vivo colonic crypt cultures are dependent on continuous Wnt 
stimulation31. Finally, the Wnt target gene Lgr5 marks stem cells at the base of the crypt32. 

The differentiated compartment is marked by expression of P21, an important mediator of cell cycle 
arrest and differentiation33. C-myc, one of the downstream targets of Wnt signaling, acts to inhibit 
P21, thereby preventing crypt progenitor cells from differentiation and going into cell cycle arrest33. 
The majority of colorectal cancers display hyperactivation of the Wnt-β-catenin19 most display 
inactivating mutations in the negative regulator of Wnt signaling, the APC gene. However, other Wnt-
activating mutations, such as in β-catenin and AXIN2, may ultimately lead to colorectal cancer. 

Together these data show that Wnt signaling regulates colonic epithelial precursor cell fate and 
proliferation. Homeostatic systems however, exist by virtue of negative feedback loops. If the number 
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of stem cells is not tightly regulated this would result in abnormal growth. The most important 
negative feedback regulator of Wnt signaling in the colonic crypt that has been identified to date 
is Indian Hedgehog (Ihh). Hedgehog signals released by differentiated epithelial cells stimulate the 
mesenchymal cells to release Activins and Bone Morphogenetic Proteins (BMPs)34-36. BMP signaling 
in turn inhibits colonic stem cell self-renewal through suppression of Wnt-signaling37. It was recently 
shown that activation of the so-called Unfolded Protein Response (UPR) forces intestinal stem cells 
into differentiation5. The differentiation of intestinal stem cells upon UPR activation may act as a 
mechanism to guarantee integrity of the stem cell pool (Figure 3).

Between clonal evolution and strict hierarchy
Cancer originates from cells that have acquired genetic mutations which give them a survival advantage 
over the other surrounding cells. These ‘driver’ mutations may include activating mutations in genes 
that promote tumor growth (proto-oncogenes) or inactivating mutations in genes that slow down 
cell division, repair DNA mistakes, or mediate apoptosis (tumor suppressor genes). The acquisition of 
multiple additional driver mutations is necessary for the development of a carcinoma. This is called 
“clonal evolution”38,39. The sequence of occurring mutations ultimately leading to CRC has been 
mapped by Fearon and Vogelstein in 19904 and starts with a Wnt activating mutation caused by either 
inactivation of Wnt negative regulator APC or activation of β-catenin (CTNNB1). Both mutations result 
in increased proliferation and formation of non-invasive adenomas. Similarly, patients with familial 
adenomatous polyposis (FAP) carry a germline mutation in one copy of the APC gene and develop 
hundreds of intestinal adenomas early in life and their life time risk of developing CRC is almost 
100%40. Transformation of a benign adenoma into an invasive adenocarcinoma only occurs when 
subsequent mutations occur in genes such as K-RAS, SMAD4, and/or p53. Although recent reports 
have identified alternative routes that may also lead to CRC41,42, the route Vogelstein  has proposed 
is still considered the classical and most predominant adenoma-to-carcinoma sequence (Figure 4). 

The model of ‘clonal evolution’ may erroneously leave the impression that a tumor is nothing but 
a random pile of mutated, hyper-proliferating tumor cells. Similarly, the World Health Organization 
describes cancer as ‘the uncontrolled growth and spread of cells’. Increasing evidence is actually 
pointing the opposite direction towards the tumor as a highly organized tissue with a strict hierarchy 
amongst tumor cells. Similar to normal tissue homeostasis, tumors are believed to consist of stem 
cells (cancer stem cells) that fuel tumor growth as well as differentiated cancer cells that may not 
drive tumor growth themselves but are still indispensable for the maintenance of a tumor as a whole. 
Although the hypothesis that only a small subpopulation of cells is responsible for tumor growth 
(Figure 5) is much older; it was not until 1997 when the cancer stem cell hypothesis was functionally 
proven. 

Stem cells in cancer
Cancer stem cells (CSCs) are believed to drive tumor initiation, -growth, and metastasis. As CSCs are 
more resistant to chemo-, radiation therapy than differentiated cancer cells, they are considered 
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Figure 4. Adenoma to carcinoma sequence

Figure 5. The cancer stem cell hypothesis
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to play an important role in post-therapeutic tumor relapse. Correct identification of CSCs would 
therefore greatly facilitate the development of prognostic and therapeutic tools. The golden standard 
for identification of CSC in various hematologic and solid tumors has long been by xenotransplantation 
(Figure 6, left). Xenotransplantation involves subcutaneous injection of a subpopulation of human 
cancer cells, characterized by the expression of certain cell surface markers, in immune deficient 
mice.  In contrast to non- stem cells or ‘differentiated’ cancer cells, CSCs are able to expand and 
propagate the disease subcutaneously, characterized by the production of new CSCs as well as 
differentiated cancer cells. Upon injection CSCs are thus capable of both self-renewal and multi 
lineage differentiation, the two hallmarks of stemness (Figure 3). These newly made CSCs can be 
re-isolated from the xenografts and re-injected to form secondary, tertiary (and further) tumors, a 
procedure also known as ‘serial transplantation’ (Figure 6, right).

Figure 6. Identification of cancer stem cells by xenotransplantation

The existence of cancer stem cells was proven for the first time in acute myeloid leukemia (AML) in 
1997. By performing xenotransplantations Bonnet & Dick showed that only a very small population 
of human AML cells, characterized by the expression of CD34 and the absence of expression of 
CD38, were capable of reproducing disease in immune deficient mice43. Since then cancer stem cells 
have been identified in several solid tumors as well. For the colon, this happened in 2007 when two 
independent research groups identified colon cancer stem cells (colon-CSCs) by the expression of 
CD133. Both groups demonstrated that CD133+ cells (about 0.1-10% of all tumor cells) were able 
to induce tumors in mice that resembled the original malignancy44,45. Since the first identification of 
colon-CSCs by CD133, several other markers have been suggested to identify colon-CSCs, including 
CD166, CD44 and LGR5 (Table 2)44-56. Most CSC surface markers identified thus far however, are 
expressed also by normal ISCs, preventing their potential use as therapeutic targets. 
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Distinction between cancer stem cells and differentiated cancer cells has not only been made by cell 
surface markers, but also on functional levels. As such cancer stem cells have been characterized by 
high activity in aldehyde dehydrogenase 55 and Wnt signaling54 (Table 2). Vermeulen et al established 
spheroid cultures with a TCF/LEF driven GFP reporter for Wnt signaling activity that allow comparing 
the effects of treatment on cancer stem cells (Wnthigh) to more differentiated cells (Wntlow) within the 
same experiment54. This reporter system was also used in experiments described in chapter 7 of this 
thesis. 

An important pitfall in xenograft-based identification of CSC markers is the artificiality of the 
procedure which involves the establishment of a single cell suspension, FACS-sorting and 
subcutaneous injections. Sceptics claim that the proposed markers may identify cells capable of 
surviving these harsh experimental manipulations rather than identifying which cells are responsible 
for tumor growth in vivo.  To circumvent this issue, Schepers et al. performed in vivo lineage tracing 
and subsequent re-tracing within adenomas using a multi-color reporter mouse50. They confirmed 
that Lgr5+ cells do not only drive tissue growth under homeostatic conditions32 but also drive tumor 
growth in well-established adenomas. Furthermore, these cells were capable of producing both 
other Lgr5+ stem cells as well as Lgr5-, differentiated cells, further proving their stem cell capacities. 
Although this elegant approach was the first (and thus far the only) report to prove stem cell function 
within established adenoma’s, two points of critique must be mentioned. First, the experiments were 

Table 2. Proposed markers for colon cancer stem cells

Cell surface markers Reference

CD133 (Prom1) O’Brien, Nature,  2007

Ricci-Vitiani, Nature,  2007

Zhu, Nature,  2009

ESA+/CD44+/CD166(ALCAM) Dalerba et al, PNAS, 2007

CD24/CD29 Vermeulen, PNAS,  2008

Bmi1 Sangorgi , Nat. Gen, 2008

Lgr5 Barker, Nature, 2009

Schepers, Science, 2012

Kemper, Stem Cells, 2012

Dclk1 Nakanishi, Nat. Gen,  2013

Westphalen, JCI, 2014

Functional activity Reference

Wnt Signaling Vermeulen, Nat. Cell. Biol, 2010

Aldehyde dehydrogenase Huang, Cancer Res, 2009

Chu, Int. J. Cancer, 2009
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only performed in mouse adenomas and did not involve human derived cancer cells. Second, in 
contrast to xenografts experiments where Lgr5- cancer cells were not able to induce tumor growth, 
the specificity of Lgr5 as an exclusive CSC-marker was not investigated in this research article, leaving 
the option open that other cells not expressing Lgr5 may also contribute to tumor growth. 

Cancer cell or origin
Although xenograft studies and lineage tracings may effectively prove hierarchical organization and 
identify stem cells within a tumor, they do not necessarily prove that the tumor originated in normal-
tissue stem cells. Alternatively, differentiated cells could have acquired the appropriate mutations 
that transformed them into cancer stem cells. To address the issue of “cell-of-origin” Zhu et al. and 
Sangiorgi & Capechi activated β-catenin specifically in intestinal stem cells expressing Cd13346 or 
Bmi157. In both cases, β-catenin activation led to the development of intestinal adenomas, proving 
that transformed intestinal stem cells can give rise to intestinal adenomas. The specificity of Cd133 
and Bmi1 however was not investigated in these studies as β-catenin was not activated in cells devoid 
of these markers. More specific proof for the normal intestinal stem cells as the origin of cancer 
came from Barker et al. They conditionally deleted tumor-suppressor gene Apc in Lgr5+ stem cells 
or in short lived transit amplifying cells49 and found that only Lgr5+ cells were capable of generating 
intestinal adenomas. In contrast, mutated transit amplifying cells generated microadenomas or cystic 
structures that failed to develop into macroscopic adenomas. 

The whole tumorigenic process however, develops from multiple DNA mutations and Schwitalla et al. 
showed that simultaneous deletion of Apc and IkBα  (resulting in hyperactivated NFkB signaling) caused 
malignant transformation in de-differentiating epithelial cells58. Also chemical induced inflammation 
conferred non stem cells (rare Dclk1+ tuft cells) susceptible to malignant transformation53. Taken 
together, these studies show that generally tumors may arise in mutated normal-tissue stem cells, 
but under specific conditions such as inflammation and subsequent NFkB activation, also non-stem 
cells may act as the cell-of-origin in cancer. 

Plasticity in cancer stem cell dynamics
CSCs were initially considered as a population with well-defined phenotypic and molecular features. 
Accumulating evidence however suggests that CSCs are a dynamic population continuously shaped 
by genetic, epigenetic and microenvironmental factors59,60.  In contrast to stem cells in normal tissue 
homeostasis, the process of maintaining stemness versus differentiation in tumors is subject to much 
higher levels of plasticity and often referred to as “the dynamic cancer stem cell model” (Figure 7).  
In the normal colon for example, colonocytes are considered to be ‘terminally’ differentiated. Only 
under very specific conditions such as damage or inflammation are these colonocytes capable of 
reverting into stem cells58,61,62. Cancer in contrast shows much more plasticity as non-stem cells can 
spontaneously revert into to a stem cell-like state 62,63. Furthermore several stroma derived factors 
including HGF54, IL17A64 OPN, SDF165 and even chemotherapy treatment66,67 can trigger non-stem 
cells to revert into CSCs. 
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Several other cell types within the CSC microenvironment contribute to stemness of colon-CSCs. First, 
endothelial cells were shown to promote Notch signaling by the production of Notch ligand Dll1 and 
thereby promote self-renewal of colon-CSCs68. Secondly, prostaglandin E2 and cytokines produced by 
mesenchymal cells were shown to induce β-catenin activation and CSC formation69. Lastly CD4+ T cells 
were shown to secrete Il-22, which acted on cancer cells to promote activation of the transcription 
factor STAT3 and expression of methytransferase DOT1L responsible for the transcription of stem 
cell-associated genes70. 

Clinical impact of cancer stem cells
As CSCs are responsible for tumor expansion and disease progression, they have to be eradicated 
specifically in order to achieve a sustained response to therapy. The necessity of targeting CSCs is 
further underlined by the finding that CSC profiles are highly prognostic for patients with CRC71,72. 
Unfortunately, CSCs are in fact more resistant to chemo-, and radiation therapy than differentiated 
cancer cells73-77. Conventional therapies may therefore effectively reduce the bulk of a tumor, mainly 
consisting of differentiated cells, but leave behind the small population of CSCs that subsequently 
drive tumor regrowth after therapy withdrawal (Figure 8, upper panel). Even when tumors seem to 
have been completely eradicated based on latest imaging techniques, relapses may occur. This implies 
that a very small population of CSCs, invisible to radiologic imaging, is capable of withstanding the 
toxic effects of the therapy. Consistent with this model, clinical data show that the relative proportion 
of CSCs in a tumor is massively increased after chemo-, radiation therapy78-80.  

Several pathways have been suggested to influence therapy resistance. For example colon-CSCs 
express high levels ATP-binding cassettes member 5 (ABCB5). This transporter is responsible for the 
efflux of chemotherapy across the cell membrane and was shown to mediate resistance to 5-FU 

Figure 7. Plasticity in cancer stem cell dynamics
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by colon-CSCs78. Recently, decreased mitochondrial priming was shown to contribute to chemo-
resistance due to selective production of anti-apoptotic molecules by colon-CSCs such as BCLXL81. 
Todaro et al. have shown that auto-, and paracrine signaling of Il4/Il4-R by colon-CSCs maintains 
high levels of BCLXL and thereby protects against chemotherapy 80,82. Several compounds including 
ABT-737 and WEHI-539 are capable of inhibiting these anti-apoptotic molecules and may selectively 

Figure 8. Clinical impact of cancer stem cells
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target the CSC pool within a tumor. Interference with pathways that confer resistance to CSCs may 
thus serve as an attractive target for therapy and is currently under clinical investigation. 

Since colon-CSCs are greatly dependent on signal transduction pathways that regulate healthy stem 
cell dynamics, targeting these pathways may provide a novel window of opportunities. Specific 
targeting of the Wnt83,84 and Notch pathway 85,86 was shown to suppress cancer stemness and 
decrease tumor-initiating cell frequency. Compounds targeting Wnt and Notch are currently under 
investigation in clinical trials87,88. By contrast, activation of pathways that oppose Wnt and Notch, 
such as bone morphogenetic protein (BMP) signaling was shown to induce differentiation of both 
intestinal stem cells as well as colon-CSCs by the inhibition of Wnt signaling89. 

Although specific ablation of the CSC pool may seem an attractive and feasible avenue, two factors 
may complicate this approach. First, the suggested pathways to be targeted are also indispensable 
normal stem cells and homeostasis of the healthy tissue and may therefore cause severe side effects. 
Second, when only the CSC compartment of a tumor is eradicated, de-differentiating non-stem cells 
may cause regeneration of the CSC pool and disease recurrence (Figure 8, middle panel). In an even 
worse scenario, therapies ablating only the CSC pool may even elicit a reactive response resulting 
in hyper-proliferation of the surviving tumor cells and recurrence of the tumor in a more aggressive 
form. In a clinical setting, these drugs should therefore always be combined with conventional 
chemotherapies that target the differentiated cells. 

An alternative and promising approach to achieve a sustained response to therapy is by sensitizing 
the therapy resistant CSCs to conventional therapy. As differentiated cells are more sensitive to 
chemo-, radiation therapy, forced differentiation of colon-CSCs is a very attractive target which could 
render them more sensitive to conventional chemotherapy (Figure 8, lower panel). This approach is 
further investigated in chapter 7 of this thesis. 



501271-L-bw-Wielenga501271-L-bw-Wielenga501271-L-bw-Wielenga501271-L-bw-Wielenga

26

Chapter 1

REFERENCES

1. Beck, B. & Blanpain, C. Unravelling cancer stem 
cell potential. Nature reviews. Cancer 13, 727-738, 
doi:10.1038/nrc3597 (2013).

2. Clevers, H., Loh, K. M. & Nusse, R. Stem cell 
signaling. An integral program for tissue renewal 
and regeneration: Wnt signaling and stem cell 
control. Science 346, 1248012, doi:10.1126/
science.1248012 (2014).

3. Clevers, H. & Nusse, R. Wnt/beta-catenin signaling 
and disease. Cell 149, 1192-1205, doi:10.1016/j.
cell.2012.05.012 (2012).

4. Fearon, E. R. & Vogelstein, B. A genetic model for 
colorectal tumorigenesis. Cell 61, 759-767 (1990).

5. Heijmans, J. et al. ER stress causes rapid loss of 
intestinal epithelial stemness through activation 
of the unfolded protein response. Cell reports 3, 
1128-1139, doi:10.1016/j.celrep.2013.02.031 
(2013).

6. Tomasetti, C. & Vogelstein, B. Cancer etiology. 
Variation in cancer risk among tissues can be 
explained by the number of stem cell divisions. 
Science 347, 78-81, doi:10.1126/science.1260825 
(2015).

7. Gray & Carter. Gray’s antomy of the human body. 
20 edn,  (Bratlebee, 1918).

8. Valeur, J. & Berstad, A. Colonic fermentation: a 
neglected topic in human physiology education. 
Adv Physiol Educ 34, 22, doi:34/1/22 [pii];10.1152/
advan.00103.2009 [doi] (2010).

9. Carlson. in Human embryology and developmental 
biology    Ch. 15, 361-378 (Elsevier- Health 
Sciences, 2009).

10. Fritsch, H. et al. Epithelial and muscular 
regionalization of the human developing 
anorectum. Anat Rec (Hoboken ) 290, 1449-1458, 
doi:10.1002/ar.20589 [doi] (2007).

11. van den Brink, G. R. Hedgehog signaling 
in development and homeostasis of the 
gastrointestinal tract. Physiol Rev 87, 1343-1375, 
doi:87/4/1343 [pii];10.1152/physrev.00054.2006 
[doi] (2007).

12. Grapin-Botton, A. Antero-posterior patterning of 
the vertebrate digestive tract: 40 years after Nicole 
Le Douarin’s PhD thesis. Int J Dev Biol 49, 335-347, 
doi:041946ag [pii];10.1387/ijdb.041946ag [doi] 
(2005).

13. Wells, J. M. & Melton, D. A. Vertebrate endoderm 
development. Annu Rev Cell Dev Biol 15, 393-

410, doi:10.1146/annurev.cellbio.15.1.393 [doi] 
(1999).

14. Sherwood, R. I., Chen, T. Y. & Melton, D. A. 
Transcriptional dynamics of endodermal organ 
formation. Dev Dyn 238, 29-42, doi:10.1002/
dvdy.21810 [doi] (2009).

15. Thomas, P. Q., Brown, A. & Beddington, R. S. Hex: 
a homeobox gene revealing peri-implantation 
asymmetry in the mouse embryo and an early 
transient marker of endothelial cell precursors. 
Development 125, 85-94 (1998).

16. Beck, F., Erler, T., Russell, A. & James, R. Expression 
of Cdx-2 in the mouse embryo and placenta: 
possible role in patterning of the extra-embryonic 
membranes. Dev Dyn 204, 219-227, doi:10.1002/
aja.1002040302 [doi] (1995).

17. Wells, J. M. & Melton, D. A. Early mouse endoderm 
is patterned by soluble factors from adjacent germ 
layers. Development 127, 1563-1572 (2000).

18. Beck, F., Chawengsaksophak, K., Waring, P., 
Playford, R. J. & Furness, J. B. Reprogramming 
of intestinal differentiation and intercalary 
regeneration in Cdx2 mutant mice. Proc Natl Acad 
Sci U S A 96, 7318-7323 (1999).

19. Gregorieff, A. & Clevers, H. Wnt signaling in 
the intestinal epithelium: from endoderm to 
cancer. Genes Dev 19, 877-890, doi:19/8/877 
[pii];10.1101/gad.1295405 [doi] (2005).

20. Gao, N., White, P. & Kaestner, K. H. Establishment 
of intestinal identity and epithelial-mesenchymal 
signaling by Cdx2. Dev Cell 16, 588-599, 
doi:S1534-5807(09)00084-7 [pii];10.1016/j.
devcel.2009.02.010 [doi] (2009).

21. Silberg, D. G. et al. Cdx2 ectopic expression 
induces gastric intestinal metaplasia in 
transgenic mice. Gastroenterology 122, 689-696, 
doi:S0016508502533242 [pii] (2002).

22. Troelsen, J. T. et al. Regulation of lactase-phlorizin 
hydrolase gene expression by the caudal-related 
homoeodomain protein Cdx-2. Biochem J 322 ( Pt 
3), 833-838 (1997).

23. Aoki, K., Tamai, Y., Horiike, S., Oshima, M. & Taketo, 
M. M. Colonic polyposis caused by mTOR-mediated 
chromosomal instability in Apc+/Delta716 Cdx2+/- 
compound mutant mice. Nat Genet 35, 323-330, 
doi:10.1038/ng1265 [doi];ng1265 [pii] (2003).

24. Gregorieff, A., Grosschedl, R. & Clevers, H. Hindgut 
defects and transformation of the gastro-intestinal 
tract in Tcf4(-/-)/Tcf1(-/-) embryos. EMBO J 23, 
1825-1833, doi:10.1038/sj.emboj.7600191 
[doi];7600191 [pii] (2004).



501271-L-bw-Wielenga501271-L-bw-Wielenga501271-L-bw-Wielenga501271-L-bw-Wielenga

Colonic stem cells in homeostasis and cancer

27

1

25. Okubo, T. & Hogan, B. L. Hyperactive Wnt signaling 
changes the developmental potential of embryonic 
lung endoderm. J Biol 3, 11, doi:10.1186/jbiol3 
[doi];jbiol3 [pii] (2004).

26. Colony, P. C. & Conforti, J. C. Morphogenesis in the 
fetal rat proximal colon: effects of cytochalasin 
D. Anat Rec 235, 241-252, doi:10.1002/
ar.1092350208 [doi] (1993).

27. Greaves, L. C. et al. Mitochondrial DNA mutations 
are established in human colonic stem cells, and 
mutated clones expand by crypt fission. Proc Natl 
Acad Sci U S A 103, 714-719, doi:0505903103 
[pii];10.1073/pnas.0505903103 [doi] (2006).

28. Pinto, D., Gregorieff, A., Begthel, H. & Clevers, 
H. Canonical Wnt signals are essential for 
homeostasis of the intestinal epithelium. Genes 
Dev 17, 1709-1713, doi:10.1101/gad.267103 
[doi];17/14/1709 [pii] (2003).

29. Powell, S. M. et al. APC mutations occur early 
during colorectal tumorigenesis. Nature 359, 235-
237, doi:10.1038/359235a0 [doi] (1992).

30. Kuhnert, F. et al. Essential requirement for Wnt 
signaling in proliferation of adult small intestine 
and colon revealed by adenoviral expression of 
Dickkopf-1. Proc Natl Acad Sci U S A 101, 266-271, 
doi:10.1073/pnas.2536800100 [doi];2536800100 
[pii] (2004).

31. Sato, T. et al. Long-term expansion of epithelial 
organoids from human colon, adenoma, 
adenocarcinoma, and Barrett’s epithelium. 
Gastroenterology 141, 1762-1772, doi:10.1053/j.
gastro.2011.07.050 (2011).

32. Barker, N. et al. Identification of stem cells in small 
intestine and colon by marker gene Lgr5. Nature 
449, 1003-1007, doi:nature06196 [pii];10.1038/
nature06196 [doi] (2007).

33. van de Wetering, M. et al. The beta-catenin/TCF-
4 complex imposes a crypt progenitor phenotype 
on colorectal cancer cells. Cell 111, 241-250, 
doi:S0092867402010140 [pii] (2002).

34. van Dop, W. A. et al. Depletion of the colonic 
epithelial precursor cell compartment upon 
conditional activation of the hedgehog 
pathway. Gastroenterology 136, 2195-2203, 
doi:S0016-5085(09)00354-0 [pii];10.1053/j.
gastro.2009.02.068 [doi] (2009).

35. van Dop, W. A. et al. Loss of Indian Hedgehog 
activates multiple aspects of a wound 
healing response in the mouse intestine. 
Gastroenterology 139, 1665-1676, 1676, 
doi:S0016-5085(10)01140-6 [pii];10.1053/j.
gastro.2010.07.045 [doi] (2010).

36. Kosinski, C. et al. Indian hedgehog 
regulates intestinal stem cell fate through 
epithelial-mesenchymal interactions during 
development. Gastroenterology 139, 893-903, 
doi:S0016-5085(10)00873-5 [pii];10.1053/j.
gastro.2010.06.014 [doi] (2010).

37. Burns, R. C. et al. Requirement for fibroblast 
growth factor 10 or fibroblast growth factor 
receptor 2-IIIb signaling for cecal development in 
mouse. Developmental biology 265, 61-74 (2004).

38. Nowell, P. C. The clonal evolution of tumor cell 
populations. Science 194, 23-28 (1976).

39. Visvader, J. E. & Lindeman, G. J. Cancer stem cells: 
current status and evolving complexities. Cell stem 
cell 10, 717-728, doi:10.1016/j.stem.2012.05.007 
(2012).

40. Markowitz, S. D. & Bertagnolli, M. M. Molecular 
origins of cancer: Molecular basis of colorectal 
cancer. The New England journal of medicine 361, 
2449-2460, doi:10.1056/NEJMra0804588 (2009).

41. De Sousa, E. M. F. et al. Poor-prognosis colon 
cancer is defined by a molecularly distinct subtype 
and develops from serrated precursor lesions. 
Nature medicine 19, 614-618, doi:10.1038/
nm.3174 (2013).

42. JE, I. J., Medema, J. P. & Dekker, E. Colorectal 
neoplasia pathways: state of the art. 
Gastrointestinal endoscopy clinics of North America 
25, 169-182, doi:10.1016/j.giec.2014.11.004 
(2015).

43. Bonnet, D. & Dick, J. E. Human acute myeloid 
leukemia is organized as a hierarchy that 
originates from a primitive hematopoietic cell. 
Nature medicine 3, 730-737 (1997).

44. O’Brien, C. A., Pollett, A., Gallinger, S. & Dick, J. E. 
A human colon cancer cell capable of initiating 
tumour growth in immunodeficient mice. Nature 
445, 106-110, doi:10.1038/nature05372 (2007).

45. Ricci-Vitiani, L. et al. Human neural progenitor 
cells display limited cytotoxicity and increased 
oligodendrogenesis during inflammation. 
Cell death and differentiation 14, 876-878, 
doi:10.1038/sj.cdd.4402078 (2007).

46. Zhu, L. et al. Prominin 1 marks intestinal stem cells 
that are susceptible to neoplastic transformation. 
Nature 457, 603-607, doi:10.1038/nature07589 
(2009).

47. Dalerba, P. et al. Phenotypic characterization of 
human colorectal cancer stem cells. Proc Natl 
Acad Sci U S A 104, 10158-10163, doi:10.1073/
pnas.0703478104 (2007).



501271-L-bw-Wielenga501271-L-bw-Wielenga501271-L-bw-Wielenga501271-L-bw-Wielenga

28

Chapter 1

48. Vermeulen, L. et al. Single-cell cloning of 
colon cancer stem cells reveals a multi-
lineage differentiation capacity. Proc Natl Acad 
Sci U S A 105, 13427-13432, doi:10.1073/
pnas.0805706105 (2008).

49. Barker, N. et al. Crypt stem cells as the cells-of-
origin of intestinal cancer. Nature 457, 608-611, 
doi:10.1038/nature07602 (2009).

50. Schepers, A. G. et al. Lineage tracing reveals 
Lgr5+ stem cell activity in mouse intestinal 
adenomas. Science 337, 730-735, doi:10.1126/
science.1224676 (2012).

51. Kemper, K. et al. Monoclonal antibodies against Lgr5 
identify human colorectal cancer stem cells. Stem 
cells 30, 2378-2386, doi:10.1002/stem.1233 (2012).

52. Nakanishi, Y. et al. Dclk1 distinguishes between 
tumor and normal stem cells in the intestine. Nat 
Genet 45, 98-103, doi:10.1038/ng.2481 (2013).

53. Westphalen, C. B. et al. Long-lived intestinal tuft 
cells serve as colon cancer-initiating cells. The 
Journal of clinical investigation 124, 1283-1295, 
doi:10.1172/JCI73434 (2014).

54. Vermeulen, L. et al. Wnt activity defines colon 
cancer stem cells and is regulated by the 
microenvironment. Nature cell biology 12, 468-
476, doi:10.1038/ncb2048 (2010).

55. Huang, E. H. et al. Aldehyde dehydrogenase 1 is a 
marker for normal and malignant human colonic 
stem cells (SC) and tracks SC overpopulation during 
colon tumorigenesis. Cancer research 69, 3382-
3389, doi:10.1158/0008-5472.CAN-08-4418 (2009).

56. Chu, P. et al. Characterization of a subpopulation 
of colon cancer cells with stem cell-like 
properties. International journal of cancer. 
Journal international du cancer 124, 1312-1321, 
doi:10.1002/ijc.24061 (2009).

57. Sangiorgi, E. & Capecchi, M. R. Bmi1 is expressed 
in vivo in intestinal stem cells. Nat Genet 40, 915-
920, doi:10.1038/ng.165 (2008).

58. Schwitalla, S. et al. Intestinal tumorigenesis 
initiated by dedifferentiation and acquisition 
of stem-cell-like properties. Cell 152, 25-38, 
doi:10.1016/j.cell.2012.12.012 (2013).

59. Kreso, A. & Dick, J. E. Evolution of the cancer 
stem cell model. Cell stem cell 14, 275-291, 
doi:10.1016/j.stem.2014.02.006 (2014).

60. Vermeulen, L., de Sousa e Melo, F., Richel, D. J. 
& Medema, J. P. The developing cancer stem-cell 
model: clinical challenges and opportunities. The 
Lancet. Oncology 13, e83-89, doi:10.1016/S1470-
2045(11)70257-1 (2012).

61. van Es, J. H. et al. Dll1+ secretory progenitor cells 
revert to stem cells upon crypt damage. Nature 
cell biology 14, 1099-1104, doi:10.1038/ncb2581 
(2012).

62. Chaffer, C. L. et al. Normal and neoplastic nonstem 
cells can spontaneously convert to a stem-like 
state. Proc Natl Acad Sci U S A 108, 7950-7955, 
doi:10.1073/pnas.1102454108 (2011).

63. Gupta, P. B. et al. Stochastic state transitions give 
rise to phenotypic equilibrium in populations of 
cancer cells. Cell 146, 633-644, doi:10.1016/j.
cell.2011.07.026 (2011).

64. Lotti, F. et al. Chemotherapy activates cancer-
associated fibroblasts to maintain colorectal 
cancer-initiating cells by IL-17A. The Journal 
of experimental medicine 210, 2851-2872, 
doi:10.1084/jem.20131195 (2013).

65. Todaro, M. et al. CD44v6 is a marker of constitutive 
and reprogrammed cancer stem cells driving colon 
cancer metastasis. Cell stem cell 14, 342-356, 
doi:10.1016/j.stem.2014.01.009 (2014).

66. Tenbaum, S. P. et al. beta-catenin confers 
resistance to PI3K and AKT inhibitors and subverts 
FOXO3a to promote metastasis in colon cancer. 
Nature medicine 18, 892-901, doi:10.1038/
nm.2772 (2012).

67. Kobayashi, S. et al. LGR5-positive colon cancer 
stem cells interconvert with drug-resistant 
LGR5-negative cells and are capable of tumor 
reconstitution. Stem cells 30, 2631-2644, 
doi:10.1002/stem.1257 (2012).

68. Lu, J. et al. Endothelial cells promote the 
colorectal cancer stem cell phenotype through a 
soluble form of Jagged-1. Cancer cell 23, 171-185, 
doi:10.1016/j.ccr.2012.12.021 (2013).

69. Li, H. J., Reinhardt, F., Herschman, H. R. & 
Weinberg, R. A. Cancer-stimulated mesenchymal 
stem cells create a carcinoma stem cell niche via 
prostaglandin E2 signaling. Cancer discovery 2, 
840-855, doi:10.1158/2159-8290.CD-12-0101 
(2012).

70. Kryczek, I. et al. IL-22(+)CD4(+) T cells promote 
colorectal cancer stemness via STAT3 transcription 
factor activation and induction of the 
methyltransferase DOT1L. Immunity 40, 772-784, 
doi:10.1016/j.immuni.2014.03.010 (2014).

71. de Sousa, E. M. F. et al. Methylation of cancer-stem-
cell-associated Wnt target genes predicts poor 
prognosis in colorectal cancer patients. Cell stem 
cell 9, 476-485, doi:10.1016/j.stem.2011.10.008 
(2011).



501271-L-bw-Wielenga501271-L-bw-Wielenga501271-L-bw-Wielenga501271-L-bw-Wielenga

Colonic stem cells in homeostasis and cancer

29

1

72. Merlos-Suarez, A. et al. The intestinal stem cell 
signature identifies colorectal cancer stem cells 
and predicts disease relapse. Cell stem cell 8, 511-
524, doi:10.1016/j.stem.2011.02.020 (2011).

73. Valent, P. et al. Cancer stem cell definitions and 
terminology: the devil is in the details. Nature 
reviews. Cancer 12, 767-775, doi:10.1038/
nrc3368 (2012).

74. Rich, J. N. & Bao, S. Chemotherapy and cancer 
stem cells. Cell stem cell 1, 353-355, doi:10.1016/j.
stem.2007.09.011 (2007).

75. Zeuner, A., Todaro, M., Stassi, G. & De Maria, R. 
Colorectal Cancer Stem Cells: From the Crypt to 
the Clinic. Cell stem cell 15, 692-705, doi:10.1016/j.
stem.2014.11.012 (2014).

76. Colak, S. & Medema, J. P. Cancer stem cells--
important players in tumor therapy resistance. 
The FEBS journal 281, 4779-4791, doi:10.1111/
febs.13023 (2014).

77. Kemper, K., Grandela, C. & Medema, J. P. Molecular 
identification and targeting of colorectal cancer 
stem cells. Oncotarget 1, 387-395 (2010).

78. Wilson, B. J. et al. ABCB5 identifies a therapy-
refractory tumor cell population in colorectal 
cancer patients. Cancer research 71, 5307-5316, 
doi:10.1158/0008-5472.CAN-11-0221 (2011).

79. Dylla, S. J. et al. Colorectal cancer stem cells 
are enriched in xenogeneic tumors following 
chemotherapy. PloS one 3, e2428, doi:10.1371/
journal.pone.0002428 (2008).

80. Todaro, M. et al. Colon cancer stem cells dictate 
tumor growth and resist cell death by production 
of interleukin-4. Cell stem cell 1, 389-402, 
doi:10.1016/j.stem.2007.08.001 (2007).

81. Colak, S. et al. Decreased mitochondrial priming 
determines chemoresistance of colon cancer stem 
cells. Cell death and differentiation 21, 1170-1177, 
doi:10.1038/cdd.2014.37 (2014).

82. Todaro, M. et al. Apoptosis resistance in epithelial 
tumors is mediated by tumor-cell-derived 
interleukin-4. Cell death and differentiation 15, 
762-772, doi:10.1038/sj.cdd.4402305 (2008).

83. de Sousa, E. M., Vermeulen, L., Richel, D. & 
Medema, J. P. Targeting Wnt signaling in colon 
cancer stem cells. Clinical cancer research : an 
official journal of the American Association for 
Cancer Research 17, 647-653, doi:10.1158/1078-
0432.CCR-10-1204 (2011).

84. Sebio, A., Kahn, M. & Lenz, H. J. The potential of 
targeting Wnt/beta-catenin in colon cancer. Expert 
opinion on therapeutic targets 18, 611-615, doi:10
.1517/14728222.2014.906580 (2014).

85. Prasetyanti, P. R. et al. Regulation of stem cell self-
renewal and differentiation by Wnt and Notch are 
conserved throughout the adenoma-carcinoma 
sequence in the colon. Molecular cancer 12, 126, 
doi:10.1186/1476-4598-12-126 (2013).

86. Hoey, T. et al. DLL4 blockade inhibits tumor growth 
and reduces tumor-initiating cell frequency. 
Cell stem cell 5, 168-177, doi:10.1016/j.
stem.2009.05.019 (2009).

87. Espinoza, I. & Miele, L. Notch inhibitors for cancer 
treatment. Pharmacology & therapeutics 139, 
95-110, doi:10.1016/j.pharmthera.2013.02.003 
(2013).

88. Suman, S., Das, T. P., Ankem, M. K. & Damodaran, 
C. Targeting Notch Signaling in Colorectal Cancer. 
Current colorectal cancer reports 10, 411-416, 
doi:10.1007/s11888-014-0252-3 (2014).

89. Lombardo, Y. et al. Bone morphogenetic protein 
4 induces differentiation of colorectal cancer 
stem cells and increases their response to 
chemotherapy in mice. Gastroenterology 140, 
297-309, doi:10.1053/j.gastro.2010.10.005 
(2011).


