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Aim and outline of the thesis

AIM AND OUTLINE OF THE THESIS
Colorectal cancer (CRC) is one of the leading causes of cancer related deaths worldwide. Surgical 
resection is the primary treatment modality, but can only be curative in the earliest stages of 
CRC. As these early stages often occur asymptomatically, much effort is being put into earlier 
detection by population based screenings. Nonetheless, the vast majority of diagnosed CRCs will 
need additional chemo-radiation therapy. Although more and more specific anti-cancer therapies 
are being developed, the standard of care remains treatment with cytotoxic agents that target 
both cancer and healthy cells resulting in severe toxicity. Therefore, in order to combat  cancer 
better, we should aim our research goals  at increasing knowledge on mechanisms involved in 
cancer development as well as enhance the understanding of therapy-sensitivity and, importantly 
-resistance. 

The first two chapters of this thesis are an introduction. Chapter 1 introduces basic concepts of 
stemness and differentiation in the healthy intestinal epithelium and in cancer. These concepts form 
the basis of our experimental research described in chapter 7. Chapter 2 reviews the literature on the 
influence of sex hormones on CRC.

Several risk factors have been described to be associated with the incidence of colorectal cancer. 
Some risk factors are modifiable such as smoking, physical inactivity and western diet, whereas non 
modifiable risk factors include older age and male gender. In the line with this, postmenopausal 
hormone replacement therapy (HRT) has been  found to be associated with a reduced risk of CRC 
suggesting a protective role of female hormones as a potential mechanism. Further understanding 
on how these risk factors mechanistically act will increase our understanding of CRC development 
and can help us develop personalized treatment strategies predicting which patients will respond to 
which therapy. In Chapter 3 we investigated which endogenous hormones are responsible for gender 
differences in the incidence of CRC. Interestingly, we find gender differences to be dependent on male 
hormone promotion and not female hormone protection. This contrasts with the clinical observation 
that female hormone replacement protects from CRC. In chapter 4 this apparent discrepancy is 
further investigated and explained by a pivotal role for postmenopausal hormone status in CRC 
protection by progestins. This indicates that in contrast to postmenopausal women, fertile women 
may not benefit from progestins. Oncogenic pathways involved in sporadic CRC development may 
differ from those involved in the pathogenesis of CRC in the context of chronic inflammation. Indeed, 
in contrast to sporadic cancer we find estrogens to promote colitis and subsequent colitis associated 
cancer, this is further described in chapter 5. 

Some patient groups are genetically predisposed to the development of CRC due to a mutation in the 
APC gene causing the development of up to hundreds of intestinal adenomas. To ultimately prevent 
from CRC, these so called FAP (familial adenomatous polyposis)-patients require surgical resection of 
their colon. In Chapter 6 we tested and disprove the hypothesis that azathioprine would protect from 
CRC in a mouse model with a similar mutation in the Apc gene. 
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In the last decades a multitude of new therapeutical strategies have emerged resulting in better 
efficacy, less side effects and longer overall survival. Even when tumors seem to have been completely 
eradicated based on radiologic imaging, relapses are relatively common. This implies that a very small 
population of tumor cells, invisible to current imaging techniques, is capable of withstanding the toxic 
effects of chemotherapy and eventually causing regrowth of the tumor. Important players in tumor 
relapse are the so-called cancer stem cells. In chapter 7 we focus on these therapy resistant cancer 
stem cells that are also believed to be responsible for tumor-initiation, and -growth. In this chapter a 
strategy is proposed to sensitize resistant colorectal cancer stem cells to the effects of conventional 
chemotherapy, namely by ER-stressed induced differentiation. 

In this thesis, our ultimate goal was to contribute knowledge that allows for the development of more 
efficient and more specific (adjuvant) drugs in the treatment or prevention of colorectal cancer with 
fewer side effects. This will lead to new treatments specific to cancer cells and thereby narrows the 
gap between cancer development and response to therapy.

Figure. Schematic overview of the thesis
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Colonic stem cells in homeostasis and cancer
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Chapter 1

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. 



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

Colonic stem cells in homeostasis and cancer

21

1

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. 
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ABSTRACT
Male gender is one of the most important risk factors for the development of colorectal cancer (CRC), 
suggesting that this disease behaves in a sex hormone dependent manner. Here we highlight the role 
of sex hormones in the development of CRC both from a clinical and experimental point of view. The 
available data suggest that sex hormones may be an interesting target for preventive or therapeutic 
treatment of this disease.
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INTRODUCTION
Men have a twofold increased risk for developing colorectal cancer (CRC) compared to women and 
this risk is apparent throughout all stages of CRC development including benign precursor lesions1-3. 
Next to male sex, a large number of other risk factors are recognized (Table 13-13). Patients with active 
inflammatory disease of the colon such as ulcerative colitis4 or Crohns disease5 have a relative risk 
of 5.64,5,14 and are subjected to repeated screening colonoscopies. Recent advances in treatment 
modalities for inflammatory bowel diseases may have reduced this risk considerably. Patients that 
have a family history of CRC have a relative risk of 2.4. These patients often harbor mutations 
that cause hereditary cancer syndromes15. Since CRC development of both hereditary cancer and 
inflammatory disease occurs through distinct molecular mechanisms they are in fact regarded as 
distinct diseases. Therefore, for the remaining 75% of sporadic CRC (e.g. those cancers that develop 
in the absence of overt risk factors), male sex is one of the strongest associated risk factors and 
arguably the most important contributor epidemiologically due to the rarity of the other risk factors. 
It has however received little scientific attention thus far.

Table 1. Risk factors for CRC

Risk factors for CRC RR Reference

Ulcerative Colitis 5,7 Ekbom, NEJM 1990

M. Crohn (colonic disease) 5,6 Ekbom, Lancet 1990

First degree relatives 2,4 Johns, Am J Gastr 2001

High social class 2,7 Teppo, SJWEH 1984

Obesity 1,3 Larsson, Am J Clin Nutr 2007

Acromegaly 2,5 Baris, CCC 2002

Red meat 2,2 Willet, NEJM 1990

Smoking 1,1 Terry, Int J Canc 2001

 1,3 Nyren, J Nat Canc Inst 1996

Male sex 2,0 Ferlitsch, JAMA 2011

 2,1 Regula, NEJM 2006

Long apparent sexual dimorphism in CRC development has been contributed to environmental, 
behavioral and toxicological differences1,7,10. Mounting evidence over the last decades suggests 
however that adenoma and cancer formation are critically regulated by sex hormones but how 
tumorigenesis is influenced by sex hormones remains largely elusive. In this review we will the 
discuss evidence pointing towards sex hormones as major determinant of the risk to develop CRC. 
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PART 1: gENDER DIFFERENCES IN CRC IN HUMANS
The notion that men are at an increased risk of developing colorectal cancer (CRC) already dates 
from the middle of the previous century and has repeatedly been corroborated2,3,13,16. Men do 
not only exhibit higher incidence rates of colorectal cancer compared to women, but disease 
presentation in men is at a more progressed stage (patients diagnosed with Dukes’ stage D disease 
in men vs. women is 22 vs. 16.1 percent) and men have worse survival outcomes than women 
(overall survival in men vs. women is 52 vs. 57.8 months)17,18. Furthermore, whereas the relative 
risk for CRC development in men increases with age, this is mainly noted for tumors that occur on 
the left side of the colon19-21. Large screening studies that employed colonoscopy in asymptomatic 
individuals have corroborated male sex as a risk factor in development of CRC3,13. These and other 
studies additionally showed that CRC development in men is more prevalent in all age groups2. 
Colorectal carcinomas develop from adenomatous precursor lesions and adenomas that harbor 
high risk for malignant transformation. These high-risk lesions are collectively called ‘advanced 
neoplasias’ and include adenomas larger than 1 cm, adenomas with villous histology and adenomas 
with high-grade dysplasia. Men are not only at increased risk for the development of colorectal 
carcinomas but also have an increased incidence of adenomas and advanced neoplasias compared 
to women3,22. Thus, compared to women, men have an increased risk of developing colorectal 
cancer and this sex difference is apparent at all stages of colon cancer development. This argues 
that the factors that promote colon cancer development in men act at an early stage of tumor 
development.

Female hormones
In an attempt to explain gender disparity in CRC development by effects of a hormonal factor, the 
observation that nuns experience excess not only of known hormonal cancers (breast, ovary and 
endometrium), but also of colon cancer, was among the first reported evidence23. Later, analysis 
of reproductive data of colon cancer patients confirmed protection by reproductive and hormonal 
factors24-26. It must be noted however that parity does not only alter circulating female hormones 
but also effects levels of other hormonal substances that may be involved in carcinogenesis such as 
growth hormones27. 

A number of studies next examined protective effects of female hormone replacement therapy 
(HRT). In a large population based study mainly focusing on estrogen treatment, Calle et al. found 
that ever use of estrogen replacement therapy, either as monotherapy or in combination with 
a progestin, was associated with a 29% reduced risk of developing fatal CRC28. Later, analyses of 
subgroups in a Swedish cohort exposed that not estrogen monotherapy but a combination of 
estradiol and the synthetic progestin levonorgestrel protected women from development and 
mortality of CRC29. These studies differed in the aspect that the latter included postmenopausal 
women exclusively whereas the former included both pre- and postmenopausal women. Additional 
studies corroborated protective effects that emanated from a combination of estradiol and a 
progestin but also of estrogen monotherapy. Additionally, it was shown that longer use of HRT 
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was associated with increased protection30-32. Lastly, HRT in women already diagnosed with CRC 
improved survival outcomes33. Next to differences in tumor development, estrogen use results in 
reduced incidence of microsatellite instable (MSI) tumors34. These tumors are a distinct subtype 
of CRC that bear a more beneficial prognosis35. The retrospective observational studies thus 
demonstrate protective effects of estrogens, but more likely a combination of estrogens and a 
progestin. Probably, protective effects are largest in postmenopausal women lacking endogenous 
production of these hormones. 

The first, and to date only, prospective intervention studies were performed a decade later. Two 
double blind randomized controlled trials examining HRT in postmenopausal women exclusively, 
were initiated by the Women’s Health Initiative (WHI). A first study showed that treatment with 
equine estrogen plus the progestin medroxyprogesterone acetate (MPA) substantially reduced the 
overall risk of developing colorectal cancer compared to placebo (odds ratio = 0.63) after five years 
follow-up36, confirming previous cohort data. No such protection was found in the second RCT in 
which women, that had previously undergone hysterectomy, were treated with equine estrogen 
alone (odds ratio = 1.08)37. Thus a combination of estrogen and a progestin protect against CRC. 
Although retrospective data suggest that estrogen monotherapy may exert some protective effects 
before menopause, it does not influence tumorigenesis in postmenopausal women. 

Furthermore, in intestinal epithelium, the 5’ promoter region of the ERβ gene increasingly undergoes 
CpG island methylation with age. This epigenetic feature, closely correlated to silencing of gene 
transcription was found more frequently in cancer tissue compared to patient matched normal 
mucosa38. Similarly, ERβ expression was found to be lost in cancers39,40. 

Progestins
The WHI studies showed that a combination of estrogen and the synthetic progestin 
medroxyprogesterone acetate (MPA) exhibited marked reduction in CRC prevalence in 
postmenopausal women, whereas estrogen monotherapy was unsuccessful36,37, advocating a 
critical role for progestins or progesterone signaling during intestinal tumorigenesis. Progesterone, 
most known for its functions in female fertility signals through the progesterone receptor (PR), of 
which at least two splice variants with distinct functions are known41. Expression of the progesterone 
receptor has been shown in normal colonic mucosa and colon cancer using binding studies and 
techniques that quantified mRNA42-45. Immunohistochemical studies however showed only one out 
of 156 colon cancer samples expressing PR46. Likely, cells that express PR in colorectal tumors and 
normal tissue are of non-epithelial mesenchymal or hematological origin. Therefore involvement 
of the progesterone receptor in CRC development is likely to occur in an independent manor. It 
must be stated however that in contrast to ovary-derived progestins, the synthetic progestin MPA 
has the capacity to disrupt androgen signaling by competitive binding to the androgen receptor47. 
This leaves the option open of involvement of the AR instead of the PR in protection against CRC 
by MPA. 
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Male hormones: androgens
In human disease, to date no clinical intervention studies have been performed that show a link 
between androgens and CRC and data of patients that were treated with anti-androgenic agents are 
biased since these patients virtually all suffer from prostate cancer48.

PART 2: ANIMAL MODELS OF CRC
Experimental challenges in studying the relationship between sexual dimorphism and colon 
cancer development 
Animal models for cancer
Many animal models are used for studies on human colorectal cancer of which only few model 
invasion, metastasis and death49. These models are of complex genetic makeup and often require 
colonic treatment with abrasive substances such as dextrane sodium sulfate (DSS). Instead of 
developing full blown cancers, the most frequently used animal models become moribund already 
upon development of premalignant adenomas50 and therefore do not develop invasive disease 
frequently and do not metastasize. The discrepancy between adenomas and cancer has been a 
matter of debate in the interpretation of rodent studies. In the human situation however, it was 
importantly shown that gender disparity is not only limited to full-blown CRC, but commences 
at the smallest visible lesion found when using endoscopic procedures3. Therefore, models that 
examine adenomatous precursor lesions may yield valuable information on development of 
human CRC. 

Ovariectomy versus menopause
Another dilemma encountered in experimental studies on the effect of sex hormones, most 
particular ovarian hormones, is the fact that most experimental animals do not enter menopause 
at advanced age. Most cancer in humans develops at advanced age and most often, women in 
this age are in the postmenopausal period. The most frequently used method to mimic this phase 
experimentally is making use of ovariectomies. The most important clinical studies in humans 
on CRC and hormone replacement have exclusively studied postmenopausal women that lacked 
production of endogenous ovarian hormones due to physiological postmenopausal ovarian failure, 
a situation that is hormonally distinct from the post-ovariectomy state. After removal of ovaries, 
GnRH and subsequentially LH and FSH are upregulated highly as a result of reduced feedback of 
estrogens on the hypothalamus and pituitary. In postmenopausal women, this feedback mechanism 
is found to a similar extent at first, but tends to attenuate over time51. Furthermore, although 
ovaries in postmenopausal women do not produce female sex hormones, they may produce 
other substances that have oncogenic effects, such the androgen androstenedione52. Although 
murine models for induction of ovarian failure and therefore induction of the menopause have 
been described53, they have yet to be used in investigation of hormonal influences on intestinal 
tumorigenesis. 
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Hormonal feedback in receptor knockout animals
Upon measurement of estrogen levels in mice that genetically lacked the estrogen receptor alpha 
(Erα-/-), it was found that these animals had highly increased levels of estrogens and as a result 
had increased signaling of the estrogen receptor beta isoform54. To correct for feedback effects in 
production of ovarian hormones when using animals that genetically lack a specific hormone receptor 
or in which hormonal balance is shifted by supplementation, it is thus necessary to block endogenous 
hormone production (most often by performing ovariectomies) and supplement ovarian hormones 
to desired levels. Lack of ovariectomies and replacement has rendered a large volume of experiments 
difficult to interpret and in the current review, we refer solely to those articles in which hormonal 
status of experimental animals has been controlled for by ovariectomies and supplementation of 
steroids.  

Sexual dimorphism in animal models of CRC
We have recently identified two genetic animal models of colonic adenoma development that 
show clear sexual dimorphism with male tumor predominance55,56. The identification of these 
models argues that sex differences in colon cancer development in humans may be a phenotypic 
difference between the sexes that is related to differences in circulating sex hormones rather 
than differences in diet, smoking behavior or other environmental exposure factors.  One of the 
two models with a clear male predominance in adenoma development is the ApcPirc/+ rat. This 
rat harbors a germline truncating mutation in the Apc gene (ApcPirc/+), a tumor suppressor gene 
that is mutated in the majority of human CRC57,58. As a consequence of having a single functional 
Apc allele, ApcPirc/+ rats develop multiple tumors throughout the small intestine and colon. Similar 
to humans, male Apc mutant rats have increased tumor burden at all polyp stages and develop 
polyps at an earlier age than female rats56. It was later found that ApcMin/+ mice, the most frequently 
used animal in the study of intestinal tumorigenesis also show male predominance in adenoma 
development, however this is restricted to the relatively rare adenomas in the colon whereas 
the majority of the adenomas in these mice develop in the small intestine. Therefore the group 
size required to investigate the underlying mechanism would be too large for it to be used as an 
experimental model55.

In addition to these genetic models, we recently reported that male mice were more susceptible 
to chemical induction of colorectal tumors with the carcinogen azoxymethane compared to female 
mice55. Similar findings were reported by another study in which colorectal tumors were induced in 
rats with the carcinogen dimethylhydrazine59. 

Thus, a biological difference of reproductive and hormonal origin underlies gender disparity in 
development of CRC. This biological effect is conserved in humans and rodents. Since gender 
differences are seen at the adenoma stage in both mice, rats and humans, it is likely that these effects 
take place at one of the earlier steps of carcinoma development.
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Female hormones
In an effort to implicate female hormones in animal models of CRC, it was shown that ovariectomies 
increase tumorigenesis in ApcMin/+, but lack of sham operations in control animals may have confounded 
these results60. In the rat counterpart of ApcMin/+ mice developed in the same lab (ApcPirc/+), no 
changes in polyp numbers were found after ovariectomies although these animals exhibited a strong 
gender difference in tumorigenesis55. Additionally, OVX did not alter the number of early adenoma 
precursor lesions that evolved after injection with the carcinogen azoxymethane (AOM)55,61. Thus 
CRC development exhibits gender disparity in both humans and rodents and in postmenopausal 
women, hormone substitution containing estrogens and a progestin seems to reduce CRC. To date 
however no animal studies have shown protective effects from either endogenous or exogenous 
female hormones in development of sporadic CRC.

Estrogens
In animal studies, effects of estrogens in intestinal tumorigenesis have been ambiguous. Whereas 
tumor numbers in ovariectomized ApcMin/+ mouse could be reduced by supplementation of estrogen62, 
no effect of estrogen supplementation was found in ApcPirc/+ rats. Moreover, a protective role for ERβ 
was found using ERβ knockout mice63. Treatment with the ERβ selective agonist diarylpropionytrile 
(DPN) corroborated these results64. In both models, reduced enterocyte proliferation was observed, 
potentially explaining protection from tumor formation. Thus, in the case of sporadic colorectal 
carcinogenesis, rodent experiments have shown that there may be beneficial effects of estrogens. 
Human studies however have not shown protective effects of estrogen.

Progestins
In experimental studies, the strong evidence that was formed by the first WHI study supporting a role 
of progesterone signaling in intestinal tumorigenesis, could not be corroborated. Using ApcMin/+ mice 
crossed into mice that lacked the progesterone receptor (PRKO), no differences were found between 
groups45. Additionally, in both ApcPirc/+ rats and rats that were injected with AOM, supplementation of 
medroxyprogesterone acetate (MPA), the progestin used in the WHI, did not alter tumorigenesis or 
prevalence of ACFs45,55. Potential discrepancy of clinical and experimental data depends on duration 
of treatment (years versus weeks), tumor location (small intestine versus colon) or on tumor stage, 
since tumors in mice rarely progress beyond the adenoma level and no metastasis is observed in 
either mice or rats. Alternatively, progestin signaling is distinct in rodents of fertile age that may have 
undergone ovariectomy versus women that have entered a postfertile, postmenopausal physiology. 
Perhaps, studies using the murine model of ovarian failure will explain protective effects of progestins 
in humans.

Male hormones: androgens
Gender differences in intestinal tumors in  ApcPirc/+ rats could not be explained by protective effects 
of female hormones, but were reconstructed by castration of male rats instead and supplementation 
of these animals with testosterone caused increased tumorigenesis to the sham-operated wild type 
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levels. This was the case for AOM induced polyps in mice as well55. Gender disparity in experimental 
animals is thus explained by tumor promoting effects of male hormones instead of by protective 
effects of female hormones. Of interest it was found in the mouse model for menopause, that 
postmenopausal ovaries lose the capacity to produce female hormones but retain the potential to 
generate androgens65. Potentially, protective effects of HRT in humans result from reduced androgen 
signaling, but more research is warranted to confirm this hypothesis.

Perspective
Colorectal cancer behaves in a sex dependent fashion, but to date the precise mechanism behind 
this disparity remains incompletely understood. The strongest evidence in humans, generated by 
the womens health initiative, points towards protective effects of progesterone, either alone or in 
combination with estrogen. Biological differences however, as were replicated in rats that develop 
polyps, point towards androgens as tumor promoters, being responsible for gender differences. 
Future experiments, that are aimed at reconciling these two findings and further explaining 
tumorigenic roles of androgens on a mechanistic level have yet to be performed. 
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Box 1: The adenoma to carcinoma sequence 
The majority of colorectal cancers develops in the absence of overt predisposing factors and is referred to as 
sporadic CRC. However, disease may arise in the context of conditions that are recognized to modulate this risk. 
These include hereditary CRC syndromes and inflammatory bowel disease (IBD)4,5,14,15. Inheritable syndromes may 
contribute to 20% of CRC development with an estimated 5-10% of disease being Mendelian in nature15. CRC that 
develops in the context of IBD contributes to approximately 2% of all cases and is referred to as colitis associated 
cancer (CAC). Of all cases, approximately 80% thus develops sporadically, constituting the vast majority of cases. 

With the exception of IBD associated tumorigenesis and a small percentage of hereditary CRC, the majority of 
tumors derives from adenomatous polyps, which in turn develop from dysplastic crypts. Following a specific 
sequence known as the adenoma to carcinoma sequence (Figure 1), designated mutations accumulate in specific 
stages of a neoplasia66. Most frequently, mutations in the tumor suppressor gene APC constitute a first step in 
dysplastic transformation of colonic crypts and as a result, aberrant crypts and subsequently small polyps develop. 
In humans, approximately 90% of all colorectal cancer harbors a mutation in APC causing activation of the canonical 
WNT-signaling pathway. Those tumors that do not harbor APC mutations often have a mutation in CTNNB1 which, 
equal to APC mutations, results in WNT-signaling activation67. When disease progresses to larger polyps, oncogenic 
mutations in RAS frequently occur68. Later, additional mutations, among which those in SMAD4 and eventually P53 
promote further progression into invasive and eventually metastasizing malignancies66.

Although not all polyps progress into invasive adenocarcinomas, they are widely accepted as premalignant lesions and 
they have served as readout for screening and chemoprevention studies69. In animal models that are used for the study 
of CRC, tumors are often studied in early stages. Mostly, genetic models are used with animals that harbor mutations in 
the Apc gene, which genetically and phenotypically mimics the first step of CRC development. These animals develop 
large numbers of polyps, but invading carcinomas are rare and metastasis has not been reported to date. Alternatively, 
using injections with alkylating agents such as azoxymethane (AOM), a large amount of aberrant crypts may be 
induced, but after a number of months, only a small proportion hereof eventually develop into polyps. Reportedly, 
AOM induced ACFs mostly harbor mutations in the K-Ras oncogene, whereas polyps that later evolve from ACFs 
have Apc or Ctnnb1 mutations predominantly70,71. Carcinomas thus develop from polyps that derive from dysplastic 
crypts following the adenoma to carcinoma sequence. Most used animal models that mimic this development harbor 
mutations in the Apc gene, analogous to the human situation. Judging animal studies, it is important to realize that 
studies on CRC in animals are limited by lack of development past the polyp stage and no metastasis.

Figure 1. Adenoma to carcinoma sequence
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Box 2: Sex hormone signaling
Peripherally produced sex hormones include estradiol, progesterone and testosterone. These steroids are secreted 
from gonads during fertile age. Signaling occurs primarily through distinct hormone receptors that all belong to 
the nuclear hormone receptors superfamily (Figure 2). These receptors all signal in a similar fashion. In contrast 
to progesterone and testosterone, estradiol can bind to two distinct estrogen receptors (ER), ERα and ERβ that 
are transcribed from distinct genes localized on human chromosome 6 and 14 respectively. Progesterone and 
testosterone signal through a single receptor (progesterone receptor (PR) and androgen receptor (AR)). Sex 
hormones are steroidal and thus lipophilic and diffuse through the plasma membrane freely. In the cytosol they bind 
to their specific receptor that undergoes a conformational change and dimerizes subsequently before translocating 
to the nucleus. In the case of estrogen receptors, either hetero- or homodimers are formed. In the nucleus, these 
hormone receptors exert active roles in transcription37. 

Figure 2. Hormone signaling
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ABSTRACT
It has recently become recognized that men develop colonic adenomas and carcinomas at an earlier 
age and at a higher incidence than women. In the ApcPirc/+ (Pirc) rat model of early colonic cancer this 
sex susceptibility is recapitulated with male Pirc rats developing twice as many adenomas as females. 
Analysis of large datasets reveal that the ApcMin/+ mouse also shows enhanced male susceptibility 
to adenomagenesis, but only in the colon. In addition, we find that wildtype mice treated with 
injections of the carcinogen azoxymethane (AOM) show increased numbers of colonic adenomas in 
males compared to females. The mechanism underlying these observations can be investigated by 
manipulation of hormonal status. The preponderance of colonic adenomas in the Pirc rat model has 
enabled a statistically significant investigation in vivo of the mechanism of sex hormone action on the 
development of colonic adenomas. Females depleted of endogenous hormones by ovariectomy do 
not exhibit a change in prevalence of adenomas, nor is any effect observed with replacement of one 
or a combination of female hormones. By contrast, depletion of male hormones by orchidectomy 
(castration) markedly protects the Pirc rat from adenoma development, while supplementation with 
testosterone reverses that effect. These observations were recapitulated in the AOM mouse model. 
Androgen receptor was undetectable in the colon or adenomas, making it likely that testosterone 
acts indirectly on the tumor lineage. In conclusion, indirect tumor-promoting effects of testosterone 
likely explain the disparity between sexes in thedevelopment of colonic adenomas.

SIgNIFICANCE
The age-adjusted incidence of colonic adenomas and colorectal cancer is higher in men than 
women. In careful analysis of two established animal models, we found that castration reduced, 
and testosterone supplementation restored, the number of adenomas in the male rat and mouse 
colon, while ovariectomy and replacement of female hormones had no measureable effect on 
colonic adenomagenesis. In Min mice, where most of the tumors arise in the small intestine, this 
testosterone-dependent sexual dimorphism in mice was specific to the colon. Our results support 
a paradigm shift: testosterone promotes early adenomagenesis through an indirect mechanism, 
explaining the enhanced susceptibility of males to colonic adenomagenesis in the human, rat, and 
mouse.
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INTRODUCTION
Epidemiological studies have identified a number of factors that influence the risk of sporadic 
adenomas and colorectal cancer (CRC). Age, familial predisposition, racial background, diet, physical 
activity, obesity and the metabolic syndrome, smoking and heavy alcohol use are all examples of 
established risk factors for the development of CRC. In addition, the risk of CRC also shows sexual 
dimorphism with a lower incidence and delayed onset in women1,2. Colonoscopic screening of 
asymptomatic individuals has corroborated male sex as a risk factor in development of both 
adenomas and CRC among all age groups3,4. However, it is not known if this disparity depends upon 
protective factors in women, tumor promoting factors in males, or both. 

A protective role of female hormones against the development of frank CRC is suggested by data 
from the Women’s Health Initiative (WHI). Two very large randomized controlled trials examined the 
effects of hormonal replacement therapy on postmenopausal women over a five year interval, using 
CRC development as one of the endpoints. The first study showed that combined treatment with 
both equine estrogen (E2) and medroxyprogesterone acetate (MPA) substantially reduced the risk 
of colorectal cancer compared to placebo (odds ratio = 0.63) after five years follow-up5. However, 
protection was not found in a second randomized controlled trial among women who had previously 
undergone hysterectomy and were treated only with equine estrogen (odds ratio = 1.08)6. Although 
treatment with a combination of female hormones may be protective against a five-year incidence of 
CRC in postmenopausal women, it is unknown whether this effect involves the same mechanism as 
that in the differences between the sexes in adenomagenesis and CRC. 

Animal models of colonic neoplasia permit an experimental approach to examine the molecular basis 
of the disparity between males and females. The most frequently used mouse model of intestinal 
adenoma development is the ApcMin/+ (Min) mouse. These mice carry a truncating mutation in the 
Apc gatekeeper tumor suppressor gene that is also mutated in the majority of adenomas and CRCs 
in the human7,8. However, Min and most other mouse genetic models of intestinal neoplasia develop 
tumors primarily in the small intestine. Thus, studies of risk factors for lesions in the colon of the Min 
mouse would require a major effort to achieve statistically significant results.

We have previously reported a rat mutant model of adenoma development: a nonsense  mutation in 
the Apc gene of the rat, Polyposis in the rat colon (ApcPirc/+), leads to multiple adenomas primarily 
in the colon. Similar to humans, Pirc males develop an increased adenoma burden with earlier 
onset than Pirc females9. In agreement with this genetic model, male rats have previously been 
shown to be more susceptible to the chemical induction of colorectal tumors with the carcinogen 
dimethylhydrazine10. Thus, it appears that sexual dimorphism in the incidence of colonic neoplasia 
results from intrinsic biological differences rather than from environmental differences, such 
as exposure to carcinogens. Benefitting from its high multiplicity of colonic adenomas, we have 
employed the Pirc rat to elucidate the underlying biological cause of this sex effect. We were able to 
substantiate these findings with a complementary model in which mice are treated with repeated 
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injections of the carcinogen azoxymethane; here a clear difference in colonic adenomagenesis owing 
to promotion by testosterone was also observed.

METHODS
Animal experiments
All experiments were performed according to the experimental animal committee guidelines from 
the Universities of Wisconsin and Amsterdam. Co-isogenic F344/NTac-ApcPirc/+ (Pirc) rats and wild-
type controls were bred in the facility at the McArdle Laboratory for Cancer Research as described 
previously9. For the AOM mouse model of adenomagenesis, C57BL/6JOlaHsd mice (Harlan, Boxmeer, 
the Netherlands) were injected with 6 weekly injections of azoxymethane10 mg/kg according to the 
previously published protocol of Neufert et al.11 and sacrificed at the indicated time points.

Breeding of the C57BL/6JD-ApcMin colony
The congenic mouse strain carrying the Multiple intestinal neoplasia (Min) allele of Apc on the 
C57BL/6J genetic background is subject to genetic modifiers arising by spontaneous mutation, 
either in our laboratory or in the production colony at the Jackson Laboratory12. To maintain the 
classical Min phenotype, we have established a “closed B6-Min colony” at the McArdle Laboratory 
for Cancer Research in which animals are maintained as breeders only if their Min progeny give total 
intestinal tumor multiplicities of 100 ± 30. Following nomenclature protocol, this colony is designated 
C57BL/6JD-ApcMin, where D stands for Dove.

Hormonal Manipulations
Animals were randomized within litters and subjected to ovariectomies (OVX), orchidectomies 
(ORX) or sham operations. For female hormone replacement in the rat, slow release pellets with 
medroxyprogesterone acetate (MPA), 17β- estradiol (E2), or a combination of MPA and E2, or vehicle 
only were implanted. For male hormone replacement in the rat, dihydrotestosterone (DHT), or 
vehicle-only pellets were used. For rat experiments all hormones (Innovative Research of America, 
Sarasota, FL, USA) were added to pellets, which were implanted subcutaneously in the nape of 
the neck at the time of OVX or ORX. Pellets with female hormones were fabricated as 90-day slow 
release formulations and contained a total of 25 mg MPA (approximately 1 mg/kg/day) or 0.1 mg 
E2 (approximately 4 µg/kg/day). Pellets with DHT were fabricated as 90-day slow release pellets 
that contained 10 mg DHT per pellet (approximately 0.5 mg/kg/day) for Pirc animals. Vehicle-only 
(placebo) pellets were of the same size and composition as pellets containing the designated steroid 
hormone, but contained no functional substance. For experiments in Pirc rats, surgery was performed 
at 30-40 days of age and a new pellet was implanted 90 days later. 

To supplement ORX mice with male hormone we used intramuscular injections of testosterone 
enanthate 0.5 mg per mouse in a 50 µl volume or vehicle every two weeks as previously described 
by Zielinski and Vandenbergh13. Hormone supplementation was initiated on the day of the surgery.
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Tissue processing and counting of lesions. 
For scoring of Min, Pirc and AOM adenomas, tissue was fixed in 10% formalin overnight at room 
temperature and transferred to 70% ethanol. Only tumors greater than 1 mm in maximum diameter were 
counted. Counting of lesions under a dissection microscope was performed blinded for sex and treatment.

Immunohistochemistry for AR. 
For immunohistochemistry in the mouse a rabbit polyclonal anti-Ar antibody was used (N-20, Sc-
816, Santa Cruz). Sections of 4 µm were deparaffinized in xylene and rehydrated. Endogenous 
peroxidase was blocked using 0.3% H2O2 in methanol for 30 minutes. For antigen retrieval, slides 
were boiled at 100°C for 20 minutes in 0.01 mol/L sodium citrate (pH 6). Slides were then blocked 
in PBS with 0.1% Triton X-100 and 1% bovine serum albumin for 30 minutes, followed by incubation 
overnight at 4°C with the primary antibody in PBS with 0.1% Triton X-100 and 1% bovine serum 
albumin. Antibody binding was visualized with Powervision HRP labeled secondary antibodies from 
Immunologic (Duiven, the Netherlands) and diaminobenzidine for substrate development. For the 
rat, immunohistochemistry for the AR was performed by IDEXX Bioresearch (Columbia, MO), using 
the polyclonal rabbit antibody RG-21 (Upstate).

Quantitative RT-PCR for Ar RNA in the mouse. 
To examine Ar expression levels we isolated RNA from homogenates of mouse testes, brain, liver, small 
intestine and colon and from organoids of primary mouse small intestinal epithelium. Organoids were 
grown as previously described14. To separate small intestinal and colonic epithelial cells from the rest 
of the intestinal mucosa, small pieces of intestine were incubated in ice cold 5mM EDTA containing 
10μM Rock inhibitor (Sigma #Y27632) for 20 min and centrifuged at 800g for 5 min. The supernatant 
was discarded, and the pellet was resuspended and incubated for a further 20 min in ice cold 5mM 
EDTA containing 10μM Rock inhibitor. After 5 min centrifugation at 800g the supernatant was again 
discarded and the pellet was resuspended in PBS containing 2% fetal calf serum and 10μM Rock 
inhibitor. Cells were then incubated with Anti-Epcam G8.8 FITC (1:50, Tebu Bio #SC-53532) and Anti-
Cd45 PE-30 F11 (Bioscience #12-0451-82) and subsequently sorted into an epithelial fraction (Epcam+, 
Cd45) and a non-epithelial fraction (Epcam-) using fluorescence-activated cell sorting. Tissue, sorted 
cells and organoids were lysed in RLT buffer with 1% ß-mercaptoethanol. RNA was extracted with the 
RNEasy (Qiagen) minikit according to the manufacturer’s protocol. cDNA synthesis was performed 
with revertaid transcriptase (Thermoscientific) according to the manufacturer’s protocol. Quantitative 
RT-PCR was performed with the Sensifast Sybr No-Rox kit (GC Biotech) with Hot-Start Taq polymerase. 
Primers: mouse androgen receptor-forward GGTCTTCTGGGGTGGAAAGT, mouse androgen receptor-
reverse GGGACCTTGGATGGAGAACT, mouse gapdh-forward TGTGTCCGTCGTGGATCTGA, mouse 
gapdh-reverse TTGCTGTTGAAGTCGCAGGAG.

Statistical analysis of tumor count data
All tumor count data are presented as mean ± standard error of the mean. Significance levels were 
calculated by the Student’s t-test. For animal experiments, a Student t test or a 1-way analysis of 
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variance (ANOVA) test was used. All ANOVA tests were followed by Bonferroni’s post-test for multiple 
comparisons.

RESULTS
To examine in detail the effect of sex on tumor multiplicity in the Min mouse we have assembled data 
on Min animals from the McArdle Laboratory closed colony between 2006 and 2012 (see Methods). 
80 females and 78 males from 57 litters were selected by the following criteria: ApcMin/+, 90-120 
days old at death, no treatments, and at least one Min mouse of each sex in each litter. In the small 
intestine, Min females develop slightly more adenomas than males (female 103 ± 4 versus male 
92 ± 4, p = 0.03; Figure 1A). By contrast, a scatterplot of this large data-set demonstrates a highly 
significant enhancement of adenoma multiplicity in the colon of Min males (male 2.9 ± 0.2 versus 
female 1.6 ± 0.1, p < 0.0001;Figure 1B). In the past, this effect was obscured by the very low number 
of adenomas in the colon shown by the Min mouse and most other Apc-dependent mouse models 
of intestinal neoplasia. By contrast, this differential sex bias can be easily detected and analyzed in 
the Pirc rat, with its preponderance of colonic tumors. The experiments were carried out on the co-
isogenic F344/NTac genetic strain; but the relative male susceptibility to colonic adenoma formation 
has also been observed in the ACI and BN congenic Pirc colonies at McArdle.

To test the effect of female hormones in our rat models we performed OVX with and without 
hormone replacement. Controls were subjected to a sham operation, in which both ovaries were 
left in situ. During the operation animals received subcutaneous pellets containing either placebo, 
the progestin MPA, 17β-estradiol (E2) or a combination of both steroids (Supplemental Figure S1). 
Body weight normally increases after OVX and decreases upon the administration of E215. Therefore, 
we followed body weight as a measure of steroid administration. Females that underwent OVX and 
received either E2 or the combination of E2 and MPA had reduced body weight and were observed 
to be much leaner than animals treated with MPA alone or placebo (Table 1).

Animals were killed at 210 days of age when a significant adenoma load had developed. Despite the 
effect of the hormones on body weight (Table 1), no significant difference in colonic tumor numbers 
was observed between groups (Figure 2A). Thus our results indicate that female hormones do not 
influence the formation of adenomas in the Pirc rat colon. We next analyzed the numbers of colonic 
lesions in male littermates of the females studied above. We corroborated our previous findings9 that 
males develop more colonic adenomas than females [22.4 ± 3.9 (N=33) vs. 12.1 ± 1.8 (N=44), P < 
0.0001]. We therefore tested a new hypothesis: that the observed disparity between sexes in colonic 
adenomagenesis is caused by a tumor-promoting effect of male hormones rather than a protective 
effect of female hormones.

Pirc males underwent sham surgeries or ORX followed by implantation with pellets containing either 
placebo or DHT (Supplemental Figure S1). At ~210 days of age, rats implanted with placebo-containing 
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Figure 1. Differential sex effect on the C57BL/6JD-ApcMin mouse phenotype. Male and female 
Min offspring from 57 litters were scored at sacrifice (90-120 days of age) for adenomas of the colon 
and small intestine. To minimize the effect of any variation between litters, the litters were selected 
as containing at least one Min animal of each sex. Tumor scoring was carried out as described (35), 
primarily by a single experienced observer (AS). Scatterplots were created for each sex for the small 
intestine (A) and the colon (B). SI, small intestine.

Table 1. Effect of female hormones on body weight. Female Pirc rats were subjected either to OVX 
or to sham operation. The OVX females were then supplemented with MPA, MPA and E2, or E2 
alone. E2 supplementation was sufficient to return the body weight of OVX females to that of sham-
operated females (p = 0.19).

Operation + hormone replacement N
Weight (g),
mean ± SD

p-value* compared
to OVX + placebo

Sham + placebo 7 261.9 ± 14.4 0.003

OVX + placebo 8 300.8 ± 16.1 NA

OVX + MPA 10 300.7 ± 20.6 0.96

OVX + MPA + E2 9 270.9 ± 20.6 0.007

OVX + E2 10 272.9 ± 30.2 0.03

*Wilcoxon rank sum test, two-sided.
NA, not applicable.
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Figure 2. Adenoma development in the Pirc rat is promoted by DHT and not affected by female 
hormones. (A) Adenoma numbers in female Pirc rats are not affected by either OVX or OVX plus 
supplementation of female hormones. (B) Compared to sham-operated Pirc male rats, ORX reduces 
adenoma numbers to those observed in female rats. Treatment of ORX male Pirc rats with DHT 
causes adenoma numbers to increase to levels found in non-ORX males. Data is depicted as mean ± 
s.e.m. * = P < 0.05; ** = P < 0.01.

pellets had significantly fewer colonic adenomas than sham-operated males (14.6 ± 1.4 vs. 21.4 ± 2.3, 
P = 0.02) while ORX followed by DHT reversed this effect (22.7 ± 2.1 vs. ORX plus placebo, P = 0.005) 
(Figure 2B). We note the tumor load in males that underwent ORX and were implanted with placebo-
containing pellets was reduced to levels similar to that in females. Thus, it appears that development of 
colonic adenomas is the direct or indirect result of testosterone, the principal hormone made in male 
gonads.

To examine the tumor promoting role of male hormones in a complementary model of adenomagenesis 
we used a chemical model in which mice were given six weekly injections with the carcinogen 
azoxymethane (AOM) (11) (Supplemental Figure S2). We compared adenoma incidence between 
males (n=10) and females (n=9) at 25 weeks after the first AOM injection. As in the human and Pirc 
rat, we found a higher incidence in males than females (1.5 ± 0.2 vs 0.9 ± 0.2, P = 0.03) (Figure 3A). To 
test if this result depended on male hormones we performed a sham operation (n=13) or ORX (n=13) 
and initiated the AOM injections one week after surgery. Animals were sacrificed at week 30 after the 
first AOM injection and we found that ORX substantially reduced adenoma numbers compared to the 
sham procedure (2.4 ± 0.5 vs 0.7 ± 0.2, P = 0.005) (Figure 3B). In a third experiment we performed 
ORX and treated one group with vehicle injections i.m. every other week (n=10) and a second group 
(n=8) were treated with injections every other week of testosterone enanthate 0.5 mg/mouse i.m. At 



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

Sex disparity in colonic adenomagenesis involves promotion by male hormones

55

3

Figure 3. Adenoma development is promoted by male hormones in the AOM mouse model. (A) Results 
of the male versus female mouse experiment. In comparison to female mice, male mice have an increased 
adenoma burden. (B) Results of the ORX experiment. Adenoma number in mice that have undergone ORX 
is reduced compared to sham operated mice. (C) Results of the testosterone supplementation experiment. 
Supplementtion of male mice that had undergone ORX with testosterone substantially increased the 
adenoma number. Data is depicted as mean ± s.e.m. * = P < 0.05; ** = P < 0.01.

25 weeks after the first AOM injection those receiving testosterone enanthate had substantially more 
adenomas than those on placebo (0.7 ± 0.2 vs 1.8 ± 0.5, P = 0.04) (Figure 3C). Blood testosterone 
levels in these experiments were measured 1week after the final injection and found to be 1.8 ± 0.4 
for intact males, 0.25 ± 0.05 for orchidectomized males receiving vehicle-only injections and 16.4 ± 
2.3 for orchidectomized males receiving testosterone enanthate (nmol/L, mean ± s.e.m.). Thus these 
results recapitulated those obtained in the Pirc rat and further support a tumor promoting role of 
male hormones rather than a suppressive effect of female hormones.

To determine whether androgens act directly on the intestinal epithelial cells to promote 
adenomagenesis, we examined the localization and expression of the androgen receptor in the small 
intestine and colon of the mouse and rat. In the mouse, quantitative RT-PCR on lysates of prostate, 
brain, liver and different intestinal segments revealed Ar expression~10-20x lower in the small intestine 
and colon compared to the other organs (Table 2). In the rat this expression difference was similar 
(Supplemental Table S1). Further, in organoid cultures of pure mouse primary intestinal epithelial cells, 
no detectable Ar expression was observed. We then isolated intestinal cells from fresh mouse small 
intestine and colon and sorted them into epithelial (Epcam+) and non-epithelial (Epcam-) cells and 
confirmed that the Ar gene is exclusively expressed in the non-epithelial cells (Table 3). 
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Table 2. Expression of Ar in mouse tissues as determined by qRT-PCR. Expression of Ar in different 
tissues of the mouse as determined by quantitative RTPCR. Expression levels in small intestine and 
colon are very low compared to prostate, brain and liver. No Ar expression is detectable in organoid 
cultures of primary small intestinal epithelium.

Tissue
N of 

samples
N of measurements 

per sample
Androgen receptor, fold mRNA 

expression* (mean ± SD)

Testes 2 3 1.00 ± 0.14

Brain 2 3 0.37 ± 0.05

Liver 2 3 0.20 ± 0.05

Small intestine, proximal 2 1 0.02 ± 0.002

Small intestine, middle 2 1  ± 0.001

Small intestine, distal 2 1  ± 0.001

Colon 2 1 0.04 ± 0.01

Organoids 2 1 Not detectable

* Relative to testes

Table 3. Ar expression in mouse intestinal EpCAM+, EpCAM− and unsorted cells. Mouse intestinal 
cells were sorted into epithelial cells (Epcam+) and non-epithelial cells (Epcam-) showing that Ar 
is expressed in non-epithelial cells. Primers for mouse GAPDH: TGTGTCCGTCGTGGATCTGA and 
TTGCTGTTGAAGTCGCAGGAG. 

Androgen receptor, 
relative mRNA expression x 10-4 

(mean ± SD)*

Tissue N of samples
N of measurements 

per sample Unsorted Epcam- Epcam+

Small intestine 2 3 1.9 ± 1.0 1.6 ± 0.3 Not detectable

Colon 2** 3 2.6 ± 0.7 7.4 ± 5.3 Not detectable

ND, not detectable. *Relative to GAPDH. †Colons from four animals pooled per sample.

These observations by quantitative RT-PCR were confirmed by immunohistochemical analysis of the 
androgen receptor: no AR positive cells were found in the epithelium of either small intestine or 
colon in the mouse or rat, using prostate and testis as positive controls (Figure 4).
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Figure 4. IHC for androgen receptors in rat and mouse tissues. IHC for androgen receptor on rat 
and mouse tissues. (A) Positive staining for the androgen receptor protein is seen in rare cells within 
the crypt and stroma of the mucosa. (B) Colonic adenomas show no staining for androgen receptor. 
(C) Diffuse staining is seen in the submucosa and muscularis in normal adjacent colon. (D) Positive 
control for androgen receptor staining in rat testis. (E) No positive staining for androgen receptor 
protein is seen in mouse colon. (F) Positive control for androgen receptor staining in mouse seminal 
vesicles.
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DISCUSSION
In humans the colonic adenoma-to-carcinoma sequence shows clear sexual dimorphism with 
preferential male development of both adenomas and CRC16. The reasons for this difference remain 
a matter under investigation. Confounding factors in human studies include obesity, carcinogen 
exposure through diet or smoking, physical activity, and comorbidities of other cancers. Thus, animal 
models may play an important role understanding this effect. Models carrying mutations in the Apc 
gene genetically parallel both familial and sporadic colon adenoma development in humans. The Min 
mouse and Pirc rat are such models.

The Pirc rat develops intestinal tumors preferentially in the colon. Thus, male susceptibility to 
colonic adenomagenesis can be analyzed easily in this model. In the female, we find that adenoma 
development does not respond to OVX or hormone replacement. By contrast, abrogation of male 
hormone production by ORX results in reduction of tumor numbers to those observed in females 
(Figure 2). Subsequent DHT replacement reverses the number to that found in sham-operated 
littermates. These observations establish that in the Pirc rat sex disparity in adenomagenesis depends 
directly or indirectly on a tumor-promoting effect of testosterone, rather than a protective effect of 
female hormones.

A frequently used rodent model for the development of colonic adenomas utilizes repeated 
injections with the chemical carcinogen AOM. AOM treatment of the C57BL/6 mouse recapitulated 
the observations in the Pirc rat: preferential susceptibility of males, a reduction in the colonic tumor 
incidence upon ORX with a return to normal numbers after testosterone replacement (Figure 3). 
Thus, in this mouse model as in the Pirc rat, adenoma incidence is promoted by male hormones 
rather than suppressed by female hormones. Further, since most mouse mutants are carried on a 
C57BL/6 background, this will be a useful platform for the molecular genetic analysis of the sexual 
dimorphism of colonic tumorigenesis.

Evidence for an indirect effect of testosterone has been found by analyzing the tissue distribution of 
the androgen receptor (Ar). In the intestinal epithelium of both mouse and rat, Ar expression levels 
are below detectable limits (Tables 2, 3, and S1). We note that a promoting effect of testosterone 
on hepatocarcinogenesis extrinsic to the tumor lineage was previously demonstrated in an elegant 
use of mice mosaic for the Tfm mutation in the androgen receptor 17. One indirect mechanism for 
this effect is the increase in stress hormones, such as cortisol, affecting the tumor environment 
18. Further, studies of Ar KO mice indicate that the immune system is regulated by androgens. For 
example, Chuang and colleagues found that neutrophil counts are reduced in castrated males but 
can be restored to normal levels through androgen supplementation, implicating the innate immune 
system19. Our evidence that testosterone acts indirectly to promote colonic adenomagenesis, opens 
the possibility to test of these indirect mechanisms, using the power of the molecular genetics of the 
mouse and the rat to ablate the androgen receptor gene in somatic lineages that are candidates for 
the site of testosterone action20.
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Our observations should be compared with other reports involving the Min mouse and the AOM 
rodent models, as well as with studies of hormonal replacement in human cohorts. The number of 
adenomas developing in the colon of Min mice is very low, limiting its usefulness in analyzing a sex 
effect on colonic adenomagenesis; a large number of animals is needed for statistical significance. 
Thus, only by analyzing a very large cohort of Min mice were we able to demonstrate the significant 
two-fold male susceptibility to colonic adenomagenesis (Figure 1). By contrast, in the small intestine 
of the Min mouse, it has been reported that OVX increases adenomagenesis, perhaps owing to loss of 
a suppressive estrogen effect21,22. Yet, our analysis of the large data set of Min mice from the McArdle 
lab provided marginally significant evidence for a 1.1-fold relative female susceptibility to adenoma 
development in the small intestine (Figure 1). It is not clear how this subtle female susceptibility is 
related to the reported enhancement by OVX. Further investigation of the female susceptibility of the 
small intestine in the Min mouse is made daunting by the small size of the effect.

A complication to understanding the published studies of the effects of OVX on colonic adenomas in 
the Min mouse is lack of reproducibility, perhaps owing to the low numbers of colonic tumors. One 
report described a significant reduction of colonic adenomas after OVX, with a reversal to normal by 
supplementation with 17β-estradiol22. Such a tumorpromoting role for estrogens is consistent with 
the strong estrogen enhancement found in colonic tumorigenesis associated with inflammation in 
the mouse23. However, this estrogen effect was not reproduced in a subsequent report by the same 
group24. In a later analysis of estrogen effects on colonic adenomagenesis using Er receptor mutant 
mice25 no OVX plus hormone replacement was performed, and the studies did not differentiate 
between male and female mice. Studies in mice that have kept endogenous hormone production 
intact leave open the possibility that genetically inactivating only one of the two Er receptors leads to 
off-target hormone action. A well-known example is the increased plasma levels of estrogens that are 
present in ERα mutant mice26. In this view, changes in adenomagenesis could be caused by aberrant 
hormone action rather than by the absence of normal estrogen function.

Additional apparent contradictions to our observations are found in published studies of AOM-
induced colonic adenomas in both the rat and mouse. For example, one report showed that AOM-
induced tumor formation was dependent on male hormones in F344 rats27, yet a second report 
by the same group found no effect of orchidectomy in Sprague-Dawley rats28. A further study 
reported female susceptibility to AOM-induced colonic adenomagenesis in the highly susceptible 
A/J strain of mice29, which is in contrast to the observations of male susceptibility reported here 
on the C57BL/6 mouse strain. These differences are strain16 dependent, perhaps owing to genetic 
variation in carcinogen metabolism trumping the biological variation of the sex of the animal. AOM-
induced colonic adenomagenesis in the mouse has been shown to be controlled by polymorphisms 
at numerous loci30.

Finally, it is important to understand the distinction between our studies of adenomagenesis and 
those of homonal replacement in human populations. Two unique large interventional studies (WHI) 
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have clearly established that combination therapy with estradiol and MPA (but not estradiol alone) 
protects against frank colorectal cancer formation in postmenopausal women5. At first glance these 
studies appear to contrast with our findings: in rats OVX and female hormone replacement had no 
effect on the incidence of colonic adenomas. However, in the Pirc rat our end point was adenoma 
formation and not CRC as in the WHI. The differences seen at the adenoma stage suggest that male 
hormones act at an early stage in the sequence leading from adenoma to carcinoma31-33. Thus the 
molecular basis for the fiveyear protective effect of female hormone supplementation against CRC in 
postmenopausal women may be different from that of the difference between men and women in 
adenoma formation.

Although abrogation of female hormone production by OVX allows study of the contribution of 
female hormones, it must be recognized that it does not recapitulate the events that take place 
during menopause. Noteably, postmenopausal ovaries are not inert but remain hormonally active 
and are a significant source of testosterone34,35. Other factors may have contributed to the seeming 
discrepancy between our results and those of the postmenopausal WHI studies. In particular, 
hormones affect many biological pathways important in tumor progression, such as inflammation, 
which differ between animal models and humans. Although CRC incidence was reduced by treatment 
by female hormones in the WHI study, these may not be represented in our animal experiments that 
specifically targeted adenoma formation driven by Apc mutations and the carcinogen AOM. Recent 
reports of invasive colonic adenocarcinomas in both mouse and rat models36,37 may present an

opportunity to explore this dichotomy. Delineating more fully the roles of male and female hormones 
on the adenoma and CRC development will be important for a deeper understanding of the sexual 
dimorphism in the colorectal adenoma-to-carcinoma sequence and in hormone replacement of post-
menopausal women.
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SUPPLEMENTAL INFORMATION

Supplemental Table S1. Androgen receptor expression in colon of the Pirc rat.  RNA was 
extracted using the Qiagen (Valencia, CA) AllPrep RNA/DNA mini kit following the manufacturer’s 
instructions including the supplemental Dnase treatment on the column during the RNA extraction. 
RNA was quantitated using optical density measurements on a Nanodrop 8000 (Thermo Scientific, 
Wilmington DE). RNA was reverse transcribed using Superscript VILO cDNA synthesis kit (Invitrogen/ 
Life Technologies, Grand Island, NY) using 400 ng of RNA in a 20μl reaction using the extended 2 
hour incubation at 42OC. cDNA was amplified and quantitated using a BioRad CFX96 or CFX384 using 
predesigned assays from IDT shown in Supplemental Table S2. Samples were heated to 95 OC for 30 
seconds followed by 55 cycles of 95 OC denaturation for 5 seconds and 60 OC annealing for 30 seconds 
with fluorescence detection after each cycle. Samples were all run in triplicate with all replicates ± 0.5 
cycles. Relative expression levels were calculated using BioRad and qBase software packages.

Tissue
N of 

samples
N of measurements 

per sample

Androgen receptor, 
fold mRNA expression* 

(DDCt)(mean ± SD)

WT testes 2 3 1.00 ± 0.02

Male ORX, placebo, NE 5 3 0.023± 0.03

Male ORX, placebo, CT 5 3 0.025 ± 0.009

Male ORX, DHT, NE 6 3 0.017 ± 0.013

Male ORX, DHT, CT 6 3 0.019 ± 0.012

Female, NE 5 3 0.022 ± 0.008

Female, CT 5 3 0.025 ± 0.01

* Relative to testes using HPRT as the reference control probe. NE, normal epithelium adjacent to 
paired tumor sample; CT, colon tumor; ORX,orchidectomized; WT, wild type non-Pirc animal. 
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Supplemental Table S2.

gene (IDT assay number) Probe Primer 1 Primer 2

Androgen Receptor 
IDT#Rn.PT.56a.36070402

5’-6-FAM/AGC TGC ATC 
/ZEN/AAT TCA CTT TTG 
ACC TGC /IABkFQ/-3’

AAT CCC ACA TCC 
TGC TCA AG

GAA AGT CCA CGC 
TCA CCA TA

HPRT
IDT#Rn.PT.39a.22214832

5’-/5HEX/TGG ATA 
CAG/ZEN/GCC AGA CTT 
TGT TGG 
ATT/3IABkFQ/-3’

GCT TTT CCA CTT 
TCG CTG ATG

GGT GAA AAG GAC 
CTC TCG AAG
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ABSTRACT
Large placebo controlled trials have shown that medroxyprogesterone acetate (MPA) protects from 
colorectal cancer in postmenopausal women. Further in-depth animal research has thus far not been 
able to recapitulate these results. Here we show in a VCD-induced mouse model of menopause that 
the protective effect of MPA is strictly dependent on postmenopausal hormone status, and future in 
vivo research should be investigated using an appropriate postmenopausal mouse model.
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MAIN TExT
Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the third leading cause 
of cancer related death1. A protective role of female hormones against the development of CRC is 
suggested by data from the Women’s Health Initiative (WHI). Two very large randomized controlled 
trials examined the effects of hormonal replacement therapy on postmenopausal (PMP) women over 
a five year interval. The first study showed that combined treatment with both equine estrogen (E2) 
and medroxyprogesterone acetate (MPA) substantially reduced the risk of colorectal cancer compared 
to placebo with 37%2. However, protection was not found in a second randomized controlled trial 
among women that were treated with equine estrogen alone3. Thus large clinical studies suggest that 
MPA is protective against CRC. 

Since the reports of the WHI, the effect of female hormones on CRC was further investigated in 
a number of animal models of colonic neoplasia. These animal models permit an experimental 
approach to examine the molecular basis of CRC protection in the absence of environmental, 
behavioral and toxicological confounders. None of these reports however, has thus far been able to 
recapitulate the protective effect of female hormones4,5, making these studies difficult to interpret 
and translate to human setting. In all of these studies, the postmenopausal hormone status was 
mimicked by performing ovariectomies which leads to attenuated production of the female hormones 
estrogen and progesterone, but also the male hormone testosterone. Although human ovaries in 
postmenopausal women do not produce female sex hormones, they are still capable of producing 
other substances that have oncogenic effects, such as androgens6,7. 

We therefore set out to investigate the effect of medroxy progesterone acetate (MPA), a synthetic 
variant of progesterone, on CRC in a specific mouse model of menopause. In this model, menopause 
is induced with repetitive i.p. injections with 4-vinylcyclohexene diepoxide (VCD) leading to 
depletion of ovarial follicles, attenuation of female hormone production but leaving male hormone 
production intact similar to human menopause8,9. After menopause induction we chemically induced 
colonic adenomas with the carcinogen azoxymethane (AOM)10 and started hormonal replacement 
therapy with subcutaneous MPA slow release pellets (Figure 1, upper panel). Effective induction of 
menopause and hormone suppletion was confirmed by the absence of ovarial follicles in the VCD 
induced postmenopausal mice (Figure 1, lower panel). 

In fertile mice MPA did not reduce adenoma number or the total tumor load (Figure 2a, b), confirming 
previous research reporting lack of effect of MPA on adenomagenesis in ovariëctomized rodents4,11. 
Surprisingly, induction of menopause resulted in a significant increase of adenoma number (2.6 vs 1.3 
P<0.05) while  MPA treatment fully protected from the oncogenic effects of menopause by reducing 
the adenoma number (0.9 vs 2.6, P<0.001, Figure 2) to comparable levels as those in fertile mice. 

To examine how MPA affects mucosal homeostasis, we assessed numbers of proliferating cells in the 
normal appearing mucosa at the moment of sacrifice (Figure 3). We did not observe differences in 
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epithelial proliferation as assessed by BrdU incorporation, suggesting that the effects of menopause 
and MPA are specific for tumor initiation and not general epithelial proliferation. To the best of our 
knowledge, the VCD animal model for menopause is the first to mimic human chemoprevention by 
MPA and these data clearly demonstrate that MPA protects from colonic adenomagenesis, but only 
the after the menopause.

The increase in adenoma formation observed after the menopause suggests that ovary-derived 
factors, produced in response to VCD treatment, enhance adenoma formation.  One of the factors 
that are produced by postmenopausal ovaria is the androgen androstenedione7. Strikingly, we have 
recently demonstrated that androgens promote colonic adenomagenesis4 and therefore measured 
the levels of androstenedione in our animal groups. Indeed, VCD treated mice had significantly higher 
levels of serum androstenedione compared to fertile mice (0.024 vs 0.163 nmol/L, p<0.0001, Figure 
4). MPA treatment did not affect androgen levels. This can be explained by MPA’s capacity to disrupt 
androgen signaling by competitive binding to the androgen receptor12 implicating that the inhibitory 

Figure 1. Experimental design and menopause induction. Upper panel: Experimental design. Lower 
panel: H&E of representative ovary of a fertile mouse (left) showing presence of follicles in all stages. 
Top (40X magnification) primary follicle with single layer of cuboidal cells. Bottom (20X magnification) 
secondary follicle with  multiple layers of granulosa cells.  On the right a representative ovary of a VCD 
treated postmenopausal mouse depleted of follicles. 
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Figure 2. MPA protects from adenoma formation in postmenopausal mice. Upper panel: Total 
adenoma number in fertile mice receiving placebo pellets (N=10), fertile mice receiving MPA 
pellets (n=10), VCD treated postmenopausal mice receiving placebo pellets (n=9) and VCD treated 
postmenopausal mice receiving MPA pellets (n=8). Lower panel: Total tumor load consisting of tumor 
sizes added up per mouse. 1-way analysis of variance (ANOVA) test was used, followed by Bonferroni 
post-test for multiple comparisons. Data are mean ± SEM. *P < 0.05; **P < 0.01

Figure 3. Epithelial proliferation is not influenced by menopause induction and MP treatment.
Number of BrdU positive cells per crypt for all treatment groups. Total tumor load consisting of tumor 
sizes added up per mouse. 1-way analysis of variance (ANOVA) test was used, where p<0.05 was 
regarded as significant.
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effect of MPA on androgen signaling is downstream of serum levels. In fact, androstenedione levels 
were slightly higher in MPA treated postmenopausal mice compared to placebo (0.186 vs 0.146, not 
significant), potentially as a result of negative feedback regulation. If the chemoprotective effect of 
MPA is truly due to a decrease in androgen signaling has yet to be investigated. 

In conclusion, large clinical studies suggest that MPA functions as a chemopreventive agent in 
the development  of CRC. Here we show that this protective effect is critically dependent on 
postmenopausal hormone status and that the results of the WHI may not be applicable to fertile 
women at increased risk of developing CRC. The lack of effect of MPA in previous animal studies can be 
explained by the animal models that were used. We propose that the VCD-induced mouse model of 
menopause is an appropriate in vivo model for investigating the hormonal effects on postmenopausal 
CRC development This may also hold true for other tumor models that are influenced by hormones 
such as breast, ovarian, endometrial cancer and other hormonally regulated diseases. 

METHODS 
Animal experiments
The protocol of this study was approved by the animal ethics committee of the University of 
Amsterdam (permit number ALC102969). C57B6/JOlaHsd (Harlan Laboratories) at six weeks of age 
were injected intraperitoneally in 21 subsequent days with either 4-vinylcyclohexene diepoxide (VCD, 
160 mg/kg in corn oil) or vehicle only according to Hoyer et al8. Three months after the first VCD 
injection colonic adenomas were chemically induced by 6 weekly injection of azoxymethane 10mg/
kg in NaCl. Simultaneous with the first AOM injection, hormone replacement therapy (HRT) was 
started in fertile and PMP mice by placement of subcutaneous slow release pellets containing either 
MPA or Vehicle (7.5 mg in 90 days, Innovative Research of America). Additional pellets were placed 
12 and 24 weeks after placement of the first pellet. All animals were sacrificed 25 weeks after the 

Figure Legend 4. Menopause induction increases circulating levels of serum androstenedione.
Serum levels of circulating androstenedione for all treatment groups. 1-way analysis of variance 
(ANOVA) test was used, followed by Bonferroni post-test for multiple comparisons. Data are mean ± 
SEM. *P < 0.05; **P < 0.01
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first AOM injection. One hour prior to sacrifice, all animals were injected with 200 µl BrdU (10 mg/
ml in PBS; Sigma–Aldrich).

Adenoma counting
After overnight fixation of the colons in icecold 4% paraformaldehyde in PBS, tissue was rinsed with 
PBS twice and immersed in 70% ethanol overnight. Subsequently, adenomas were counted while the 
researcher was blinded for the treatment. Adenoma size was estimated using a ruler guide.

Tissue processing and immunohistochemistry
Tissue was fixed in 4% ice-cold formalin and embedded in paraffin. Sections of 4 µm were 
deparaffinised in xylene and rehydrated. For immunohistochemistry, endogenous peroxidase was 
blocked using 0.3% H2O2 in methanol. The sections were cooked in 0.01 M citrate buffer pH 6.0 for 
20 min and incubated with the primary antibody in PBS with 1% bovine serum albumin and 0.1% Triton 
X-100. Antibody binding was visualised with Powervision horseradish peroxidase-labelled secondary 
antibodies, and diaminobenzidine for substrate development. All sections were counterstained with 
Mayer’s haematoxylin. The following antibodies were used: mouse monoclonal anti-BrdU (clone 
BMC9318, Roche). 

Androstenedione measurements 
Plasma testosterone levels were measured for intact male mice and castrated mice that received 
testosterone enanthate or placebo. One week after the twelfth injection with testosterone enanthate 
all mice were sacrificed and blood was drawn by cardial puncture. Blood samples were separated by 
centrifugation at 3000 rotation per minutes for 5 minutes and stored at -20°C until assayed. Plasma 
testosterone levels were measured by ultra performance liquid chromatography- tandem mass 
spectrometry (UPLC-MS/MS) and are depicted as nmol/L. 

Statistical analysis
All data are presented as mean ± standard error of the mean. For animal experiments a 1-way analysis 
of variance (ANOVA) test was used, followed by Bonferroni’s post-test for multiple comparisons, 
where p<0.05 was regarded as significant.
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ABSTRACT
Background
Hormone replacement therapy increases the risk of developing ulcerative colitis in postmenopausal 
women. Chronic intestinal inflammation predisposes to colon cancer development, but effects of 
female hormones on colitis-associated cancer development have not been examined.

Aim
To investigate the role of female hormones in the dextran sodium sulfate (DSS)-azoxymethane (AOM) 
mouse model for colitis-associated cancer.

Design
We performed ovariectomies, or sham operations, on mice, and supplemented these animals with 
indicated hormones. Additionally, we used oestrogen receptor α or β (Erα or Erβ) mutant mice. To 
study colitis or colitis-associated cancer, we used DSS only, or DSS and AOM, respectively.

Results
Ovariectomy protects female mice against colitis-associated tumour development. Hormone 
replacement in ovariectomised mice with either oestradiol (E2), medroxyprogesterone acetate or 
a combination of both suggests that oestrogens are the ovary-derived factor that promotes tumour 
development in the context of inflammatory damage. E2-treated animals showed increased clinical 
symptoms and Il-6 production upon DSS-induced colitis and enhanced epithelial proliferation. 
Treatment with E2 markedly increased the numbers of polyps in ovariectomised mice and also 
strongly promoted tumour progression with all E2-treated animals developing at least one invasive 
adenocarcinoma, whereas, placebo-treated animals developed adenomas only. Using Er mutant 
mice, we find that the protumorigenic effect of oestrogen depends on both Erα and Erβ.

Conclusions
Our results suggest that oestrogens promote inflammation-associated cancer development by 
impairing the mucosal response to inflammatory damage.
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SIgNIFICANCE OF THIS STUDY
What is already known about this subject?

• Female hormones increase the risk for developing inflammatory bowel disease.
• Female hormones protect against sporadic colorectal cancer development.
• Oestrogens have known pro- and antitumorigenic effects.

What are the new findings?
• Endogenous female hormones deteriorate colitis-associated cancer development in vivo.
• Of female hormones, oestrogens are responsible for proinflammatory and protumorigenic 

effects.
• The effect of oestrogens on development of colitis-associated cancer depends on both 

oestrogen receptors α and β.

How might it impact on clinical practice in the foreseeable future?
• Our data suggest that care should be taken with prescribing hormone replacement therapy in 

women with inflammatory bowel disease.
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INTRODUCTION
Patients with inflammatory bowel disease (IBD) are at an increased risk of developing colorectal cancer 
(CRC). The risk of developing CRC correlates with the duration, extent and severity of inflammation1,2. 
Factors driving inflammation-associated cancers are different from sporadically occurring cancers as 
they seem to be driven by a distinct sequence of DNA mutations3.

One of the important risk factors for the development of sporadic adenomas and CRC is male gender. 
Women have a delayed development of adenomas and colon cancers4,5. This gender disparity may 
depend on a protective effect of female hormones in premenopausal women. The protective effect 
of female hormones was suggested by the outcome of the Women’s Health Initiative. In these large 
randomised placebo-controlled trials, the combination of oestrogen and medroxyprogesterone 
acetate (MPA) reduced the number of colon cancers by 37% compared with placebo at 5 years 
follow-up6,7. Treatment with oestrogens alone did not significantly affect the risk of colon cancer 
development8,9. 

Recently, it was shown in a large cohort study, that the risk of developing IBD is increased in 
postmenopausal women who were/are past/current users of female hormones (either oestrogens 
or oestrogens in combination with progestins)10,11. However, the role of female hormones in colitis-
associated cancer development has not been examined. We therefore set out to investigate a role 
for female hormones in an experimental model for colitis-associated cancer development. In line 
with the data that suggest a predisposing role for oestrogens in the development of ulcerative colitis, 
we find that oestrogens promote tumour incidence and progression in the context of intestinal 
inflammation.

MATERIAL AND METHODS
Animal experiments
All experiments were performed according to the guidelines of the Experimental Animal Center of the 
Leiden University Medical Center (PDC), or the Animal Research Institute of the Academic Medical 
Center. Erα12 and Erβ13 knockout mice were ordered at Jacksons Laboratories and bred heterozygously 
to generate Erα−/− or Erβ−/− animals. For all experiments, wild-type littermate control animals were 
used. All mouse experiments were performed on C57BL/6J background.

Ovariectomy (OVX) was performed on all mice, unless indicated otherwise. For OVX, a sagittal cut 
of 1 cm was made on the back of mice. The skin was then manipulated over the fat pad where the 
ovarium resides. A small cut was made in the fat pad, and the ovarium was found and removed by 
cauterisation. The fat pad was closed by a single suture and the skin was closed using staples. Where 
indicated, a pellet containing either steroid hormone or placebo (Innovative Research of America) 
was implanted subcutaneously in the neck. One week after surgery, animals were enrolled in the 
dextran sodium sulfate (DSS)-azoxymethane (AOM) protocol, or the DSS protocol.
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For the DSS-AOM protocol, on day 1, mice were injected with azoxymethane (10 mg/kg/day; Sigma–
Aldrich, Zwijndrecht, Netherlands), and drinking water was changed for water supplemented with 
1.5% DSS weight per volume. On day 4, DSS was refreshed, and on day 6, DSS was changed back 
for regular drinking water. A similar cycle of DSS was repeated in week 4 and week 7. At 12 weeks 
of age, animals were sacrificed and colons were fixed in phosphate buffered saline (PBS) containing 
4% formaldehyde. For the experiment with DSS only, animals received drinking water supplemented 
with 2% DSS for 7 days. On day 8 animals, were sacrificed. One hour prior to sacrifice, all animals 
were injected with 200 µl BrdU (10 mg/ml in PBS; Sigma–Aldrich). Since the severity of DSS-AOM-
induced tumorigenesis tends to vary between different experiments, we included placebo-treated 
animals in each experiment.

Hormone replacement
Slow-release pellets with hormones (Innovative Research of America) were based on an average 
weight of 25 g/mouse. Pellets contained the following steroid doses: oestradiol (E2): 0.025 mg per 
90-day slow-release pellet: 10 μg/kg/day. MPA: 7.5 mg per 90-day slow-release pellet: 3.3 mg/kg/
day. Placebo pellets were of similar size, but contained no steroids.

Polyp counting
After overnight fixation of colons, tissue was rinsed with PBS twice and immersed in 70% ethanol 
overnight. Subsequently, polyps were counted. Polyp size was estimated using a ruler guide.

DSS scoring system
A standardised scoring system was used to assess the severity of colitis both clinically and 
histopathologically14. 

Tissue processing and immunohistochemistry
Immunohistochemistry was performed as previously described15. In short, tissue was fixed in 10% ice-
cold formalin embedded in paraffin. Sections of 4 µm were deparaffinised in xylene and rehydrated. 
For immunohistochemistry, endogenous peroxidase was blocked using 0.3% H2O2 in methanol. The 
sections were cooked in 0.01 M citrate buffer pH 6.0 for 20 min and incubated with the primary 
antibody in PBS with 1% bovine serum albumin and 0.1% Triton X-100. Antibody binding was visualised 
with Powervision horseradish peroxidase-labelled secondary antibodies, and diaminobenzidine for 
substrate development. All sections were counterstained with Mayer’s haematoxylin. The following 
antibodies were used: mouse monoclonal anti-BrdU (clone BMC9318, Roche), rabbit monoclonal 
anticleaved-caspase 3 (#9664, Cell signalling technologies).

Cytokine bead analysis
Intestines were lysed in nine volumes of Greenberger lysis buffer using a motorised Turrax 
homogeniser. The lysis was made out of a 2× buffer containing 150 mM NaCl, 15 mM Tris, 1 mM 
MgCl2, 1 mM CaCl2 and 1% Triton X-100 pH 7.4 prior to use, the 2× buffer was diluted 1 : 1 with 0.9% 
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NaCl, and to 50 ml buffer 1 tablet protease inhibitor (Roche) was added. Tissues were homogenised 
on ice, and after homogenisation they were put to rest on ice for 30 min. Subsequently, the lysates 
were centrifuged for 7 min at 4000 rounds per minute (RPM) at 4°C in a microcentrifuge. The 
supernatant was put into a clean new tube and centrifuged for 10 min at 14 000 RPM at 4°C, and 
stored at 20°C for further analysis. Cytokine bead analysis (CBA) was performed on a mouse Th1 
cytokine kit (R&D) according to the manufacturer’s protocol.

Statistical analysis
All data are presented as mean ± SE of the mean. For animal experiments, a Student t test or a 
1-way analysis of variance (ANOVA) test was used. For the analysis of the distribution of polyp size, 
2-way ANOVA tests were used. All ANOVA tests were followed by Bonferroni’s post-test for multiple 
comparisons. For survival analysis, Gehan–Breslow–Wilcoxon values were noted for comparison, 
corrected using Bonferroni’s post-test for multiple comparisons, where p<0.05/K was regarded as 
significant. K was defined as the total number of analyses made.

RESULTS
Female hormones promote tumorigenesis in a mouse model for colitis-associated cancer
To analyse the role of female hormones in intestinal tumorigenesis in the context of inflammation, 
we used the AOM-DSS model16. In this model, an injection with the carcinogen AOM is followed by 
three subsequent cycles of DSS to induce colitis (Figure 1A). DSS causes direct damage to the colonic 
epithelium, eliciting a wound-healing response that markedly enhances AOM-induced tumorigenesis. 
We first examined whether female hormones influence colitis-associated cancer development. In 
female mice, endogenous production of female sex hormones can be largely abrogated by OVX. We 
therefore subjected female mice that had undergone OVX, or a sham operation in which the ovaries 
where left in situ, to the AOM-DSS model. During the cycles of DSS-induced colitis, we noticed that 
animals in which ovaries had been removed were slightly but not significantly protected from DSS-
induced weight loss (data not shown). Surprisingly, we found that females who had undergone OVX 
were markedly protected from tumour development compared with sham operated mice (Figure 1B, 
7.0 vs 12.0 tumours per colon, P < 0.001). Size distribution of the polyps did not differ between mice 
that had undergone OVX or a sham procedure (Figure 1C). These data suggest that female hormones 
promote tumorigenesis in the context of inflammation.

Colitis-associated tumorigenesis is promoted by oestrogens
We next set out to investigate which ovarian hormone is responsible for the promotion of colitis-
associated cancer development. Therefore, we induced tumours in mice that underwent OVX, and 
in which we replaced endogenous hormones with slow-release pellets implanted subcutaneously. 
Animals were treated with pellets containing the oestrogen oestradiol (E2, 10 μg/kg/day), the 
progestin (MPA, 3.3 mg/kg/day) or with a combination of both. MPA is a synthetic progestagen that 
signals through the progesterone receptor, and is widely used as a contraceptive agent. Additionally, 
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MPA in combination with oestrogen, was shown to be protective in sporadic colon cancer development 
in humans.6 ,7 The concentrations used were based on the IC50 required for inhibition of ovulation 
in rats, and allosterically converted to mice17. To control for placement of the pellet, a placebo pellet 
was implanted in mice that did not undergo hormone replacement. OVX was performed together 
with the placement of the pellets 1 week prior to enrolment in the AOM-DSS protocol. Animals that 
received E2, either as monotherapy or in combination with MPA suffered more DSS-induced weight 
loss than control animals or animals that had received MPA monotherapy (Figure 2A, P < 0.01 on day 
8 for E2 vs placebo, P < 0.001 on day 8 for E2+MPA vs placebo). This resulted in reduced survival of 
mice that had received E2 (P < 0.01), but not for animals that had received the combination of E2 
and MPA (Figure 2B). We treated all groups with 1.5% DSS in the drinking water for a period of 5 days 
in weeks 1, 4 and 7, since this was the highest level of DSS that was tolerated in E2-treated mice. 
Due to the low levels of DSS we gave to all animals, control mice showed minimal clinical symptoms 
(eg, weight loss, diarrhoea and rectal bleeding). Additionally, control animals developed only few 
tumours. Mice that received E2 showed a dramatic 10-fold increase in polyp development compared 

Figure 1. Endogenous female hormones promote colitis-associated tumorigenesis. (A) Protocol 
for induction of colitis-associated tumours by azoxymethane combined with dextran sodium sulfate 
(AOM-DSS). Mice are injected with 10 mg/kg AOM on day 1, and colitis is induced by addition 
of indicated amounts of DSS to the drinking water in weeks 1, 4 and 7. Animals are sacrificed for 
polyp count 12 weeks after the injection of AOM. (B) Polyp number of mice that had undergone 
ovariectomy (OVX), or sham operations, prior to AOM-DSS. (C) Distribution of polyp size after OVX or 
a sham procedure ** = P < 0.01.
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with placebo-treated mice (Figure 2C,F, 1.5 vs 16 polyps/mouse in placebo and E2-treated mice, 
respectively, P < 0.001). In agreement with the survival data, animals that had received MPA together 
with E2 were partially protected from E2-induced tumorigenesis (Figure 2C, 5.6 polyps/mouse in 
MPA+E2-treated mice, P < 0.001). E2 promoted tumour incidence and also tumour progression, as 
we observed a shift towards larger polyp size in E2-treated mice (Figure 2D, P < 0.01). To examine 
how E2 affects mucosal homeostasis, we assessed numbers of proliferating and apoptotic cells in 
the normal appearing mucosa at the moment of sacrifice. We found that E2 significantly increased 
the number of Ki-67 positive cells, whereas the number of apoptotic (active caspase-3 positive) cells 
was very low and unchanged by treatment with E2 (Figure 2E). The polyps were assessed by an 
expert GI pathologist (JR) on one longitudinal microscopic section of the colon of every animal. It was 
found that all animals treated with E2 developed adenocarcinomas with invasive growth (Figure 2G), 
whereas no adenocarcinomas were observed in any of the animals that had received placebo (P < 
0.01 Fisher’s exact test).

To examine if the tumour-promoting effect of oestrogen was specific to female mice, we also enrolled 
male mice that had undergone a sham operation in the AOM-DSS model. Similar to females, E2 
treatment caused enhanced weight loss and decreased survival in DSS-AOM-treated males (see 
online Supplemental Figure S1A,B). Additionally, an increase in tumour number was seen in males 
receiving E2 compared with placebo (see online Supplemental Figure S1C), albeit to a lesser extent 
than in females (3.6 ± 2.7 vs 7.6 ± 3.6, P < 0.05). Likewise, a trend towards larger polyps was observed, 
although not significant (see online Supplemental Figure S1D). Thus, oestrogens promote both 
tumour incidence and growth in the context of inflammation.

Oestrogens aggravate clinical symptoms of disease, but not histological severity of colitis
E2-treated mice showed increased weight loss during the cycles of DSS in the AOM-DSS model. At the 
time of sacrifice however, the weight of different treatment groups had reverted to the levels that 
had been measured before the start of DSS-AOM. Weight loss is a sensitive measure of the severity 
of colitis in the DSS model, which in turn is linked to tumorigenesis. Thus, increased severity of colitis 
could explain the tumour-promoting properties seen in animals treated with E2. Although previous 
reports have shown colitogenic effects of E2, these experiments were performed without OVX, in 
the presence of endogenous hormone production18. We therefore repeated these experiments and 
examined if E2 may aggravate DSS-induced colitis. As in the previous experiment, we subjected mice 
to OVX and injected these animals with E2 or placebo pellets. They subsequently received a high dose 
of DSS (2.5%) in their drinking water for 7 days.

E2 aggravated colitis development as judged by clinical symptoms: weight loss, diarrhoea and rectal 
blood loss (Figure 3A,B, see online Supplemental Figure S2A). However we observed no significant 
differences in the histopathological score of colitis that was scored by an expert gastrointestinal 
pathologist (JR), blinded to the treatment of the mice (see online Supplemental Figure S2B). As in the 
AOM-DSS experiment, E2 replacement increased the rate of proliferation in DSS-treated animals, but 
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Figure 2. Oestrogens promote colitis-associated cancer development. Female mice that 
underwent ovariectomy (OVX), were implanted with hormone or placebo pellets as indicated, and 
were subjected to azoxymethane (AOM)-dextran sodium sulfate (DSS). (A) Mice on E2 alone or 
E2+medroxyprogesterone acetate (MPA) combination therapy lost significantly more weight than mice 
implanted with placebo pellets. (B) Mice on E2 replacement therapy after OVX showed significantly 
decreased survival compared with controls. (C) Polyp counts show that E2 replacement promotes 
tumour development in OVX mice in the AOM-DSS model, whereas MPA significantly protects against 
the tumour-promoting effects of E2. (D) E2 replacement results in a significant shift towards larger 
polyps in the AOM-DSS model. (E) E2 replacement increases the number of BrdU positive cells, but 
not caspase-3 positive cells. (F) Representative pictures of colons of a mouse from the placebo group 
versus a mouse on E2 replacement therapy. (g) Representative photomicrographs show H&E section 
of a small polyp in an animal from the placebo group, and an invasive adenocarcinoma (arrow head 
indicates area of invasive growth) in an animal treated with E2 ** = P < 0.01, *** = P < 0.001.
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left the number of apoptotic epithelial cells unchanged (Figure 3C). We performed a Th1 cytokine 
bead array to examine the influence of oestrogens on a panel of inflammatory cytokines (Ifnγ, Tnfα, Il-
12 p40, Il-6, Il-10, Mcp-1). Ifnγ was below the level of detection. Of the other cytokines, only Il-6 was 
significantly increased by oestrogen replacement compared with animals implanted with placebo 
pellets (Figure 3D, P < 0.01). These results suggest that during DSS-induced inflammation, oestrogens 
increase clinical severity of inflammation, which correlates with increased mucosal concentrations of 
Il-6 and increased epithelial proliferation. However, the gross histological severity of colitis remains 
unaltered. These observations were made in two independent experiments with identical results.

Figure 3. Oestrogens increase clinical disease, but not the histological severity of colitis. Female 
mice that underwent ovariectomy, were implanted with pellets containing E2 or placebo, and were 
subsequently subjected to DSS-induced colitis. (A) Disease activity index, a score that includes 
weight loss, diarrhoea and rectal blood loss was increased by E2. (B) Animals receiving E2 suffered 
significantly more weight loss than placebo-treated animals. (C) Immunohistochemistry shows that 
E2 significantly increased the number of BrdU positive cells in S phase in E2-treated animals, but 
did not affect the low number of apoptotic cells marked by active caspase-3. (D) E2 promoted the 
secretion of Il-6 in DSS-induced colitis * = P < 0.05, ** = P < 0.01.

Oestrogen signalling promotes tumorigenesis through both Erα and Erβ
E2 signals through two distinct oestrogen receptors (Erα and Erβ). When E2 binds the receptors, 
they form homo- or heterodimers, and translocate from the cytosol to the nucleus where they act as 
transcription factors. The oestrogen receptors, Erα and Erβ, are products of different genes localised 
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on different chromosomes, and with distinct expression patterns. They can mediate distinct effects 
of oestrogens and have pleiotropic effects on cancer development19.

To examine which oestrogen receptor is responsible for the oncogenic effect of E2 in colitis-associated 
cancer development, we bred Erα+/− and Erβ+/− mice and compared homozygous mutant mice with 
their littermate wild-type mice in the AOM-DSS model. Similar to our previous experiments, all 
animals were subjected to OVX prior to the start of AOM-DSS, and mice similarly received slow-
release pellets with either E2 or with placebo.

During the DSS cycles in the protocol, wild-type control mice treated with E2 exhibited marked weight 
loss compared with placebo-treated wild-type control mice as expected (P < 0.0001 in littermate 
control animals of both Erα−/− and Erβ−/− mice). Erα−/− mice were completely protected against the effect 
of E2 on DSS-induced weight loss (Figure 4A). By contrast, weight loss in Erβ−/− mice was even slightly, 
though not significantly, higher than in wild-type control mice (Figure 4B). Both Erα−/− and Erβ−/− mice 
were protected against the enhanced proliferation observed in the epithelium of E2-treated wild-type 
mice (Figure 4C). When analysing polyp numbers, we found that E2 consistently and reproducibly 
increased the tumour load throughout our experiments. Despite their distinct effects on the clinical 
severity of colitis during the DSS cycles, both Erα−/− and Erβ−/− mice were protected from E2-induced 
tumorigenesis (Figure 4D,G). Additionally, E2 consistently and significantly increased tumour size in 
wild-type littermate control animals, but not in Erα−/− and Erβ−/− mice (Figure 4E,F and H,I). Taken 
together, these results suggest that the tumour-promoting effects of E2 require both Erα and Erβ. 
However, there may be differences in the way in which these receptors modulate tumorigenesis. 
Based on the DSS-induced weight loss, we find that Erα promotes tumorgenesis by aggravating 
inflammation, whereas, Erβ has inflammation-independent effects on tumours in the context of 
intestinal inflammation.

DISCUSSION
The large prospective randomised trials of the Women’s Health Initiative have firmly established 
that hormone replacement therapy with a combination of oestrogen and MPA protects against 
the development of CRC6-8. Recently, large epidemiological studies have suggested that oestrogens 
promote the development of ulcerative colitis10,11. We find that ovariectomised mice are protected 
against the development of colitis-associated cancer development. Using different combinations 
of replacement therapy, we find that oestrogens promote colitis-associated cancer development. 
Additionally, oestrogens promote clinical signs of colitis, such as weight loss and the severity 
of diarrhoea, but had no effects on histological scores as judged by H&E staining. The increased 
clinical symptoms correlated with elevated Il-6 production, but levels of Tnfα, Il-12 and Il-10 were 
not affected by oestrogens. A colitogenic effect of oestrogens in the DSS model has previously been 
reported by others in mice that had not undergone OVX18. In these experiments, it was shown that 
oestrogens aggravate DSS-induced colitis both clinically and histologically. In our experiments, we 
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Figure 4. Oestrogens promote colitis-associated tumorigenesis through both Erα and Erβ. 
Female Erα and Erβ mutant and their wild-type littermate control animals underwent ovariectomy 
(OVX), and were subjected to azoxymethane-dextran sodium sulfate after replacement with E2 or 
a placebo pellet. (A) Weight curve shows that Erα mutant mice were completely protected against 
the weight loss-promoting effect of E2. (B) In Erβ mutant mice, there was a trend towards increased 
weight loss in E2-treated animals compared with placebo. (C) Counting of BrdU-positive cells shows 
that absence of both Erα and Erβ protected against the enhanced epithelial proliferation observed 
in E2-treated mice. (D) Polyp numbers of wild-type and Erαmutant mice treated with E2 or placebo 
after OVX. (E) In wild-type animals, E2 replacement significantly promoted tumour progression. (F) 
By contrast, in Erα mutant littermates, the distribution of polyp size was similar between E2 and 
placebo-treated mice. (g) Polyp numbers of wild-type and Erβ mutant mice treated with E2 or placebo 
after OVX. (H) In wild-type animals, E2 replacement significantly promoted tumour progression. (I) 
By contrast, in Erβ mutant littermates, the distribution of polyp size was similar between E2 and 
placebo-treated mice * = P < 0.05, ** = P < 0.01, *** = P < 0.001.
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find that oestrogens increase clinical symptoms but not the histology of colitis. Potentially, this 
discrepancy depends on the fact that we used an approximate 80-fold lower dose of oestrogens 
in our experiments. Although we find no alterations in the histological colitis score or in separate 
features of intestinal histology, animals suffer from increased clinical disease and show increased 
secretion of Il-6. This may suggest that similar to the study of Verdúet al, oestrogen increases the 
inflammatory milieu upon DSS-induced colitis, which may contribute to carcinogenesis. Interestingly, 
in the same study by Verdú et al, oestrogens had a protective effect on colitis induced with the 
hapten dinitrobenzene. This is an intriguing finding in the light that oestrogens may increase the risk 
of ulcerative colitis but not Crohn’s disease in humans. Thus, the effects of oestrogens may depend 
on the nature of the inflammatory response in both mice and humans. As judged by the different 
roles of Erα and Erβ in DSS-induced weight loss, it seems that the two oestrogen receptors may have 
opposing effects on the severity of colitis. This could be related to the differential expressions of the 
two receptors between the epithelium and lamina propria cells, a question we did not pursue in this 
study. This, however, is an observation that warrants further research into the role of the oestrogen 
receptors in the development of colitis.

Tumour induction with DSS-AOM may vary between experiments due to environmental factors 
or batch to batch variation of reagents used. Therefore, we used placebo-treated animals in 
addition to oestrogen-treated animals in each experiment. We find that despite their divergent 
effects on the severity of clinical symptoms during colitis, both Erα and Erβ are required for the 
tumour-promoting effects of oestrogens. By contrast with littermate control animals, we find that 
animals lacking either Erα or Erβ become insensitive to the tumour-promoting effects of oestrogens. 
Interestingly, Erα−/− mice have increased tumour size compared with control animals in the absence 
of oestrogens (placebo-treated ovariectomised mice). This may reflect an oestrogen-independent 
function of Erα, since these animals lack both endogenous and exogenous oestrogens. Our 
studies contrast with a recent report that suggests that Erβ mutant mice have increased tumour 
development in the AOM-DSS model of colitis-associated cancer development20. In this study, it 
was found that Erβ mutant mice have a more rapid tumour development compared with wild-type 
littermates in the AOM-DSS model. The Erβ mutants had an increased number of tumours at week 
9, whereas tumour load was equal to wild-type mice at week 16. The most noticeable difference 
between the two experimental approaches is the fact that we performed OVX in all our studies, 
thereby abrogating endogenous sex hormone production, whereas in the study by Saleiro et al, 
the ovaries were left in situ. OVX plus oestrogen replacement is often performed in Er mutant mice 
as the lack of one of the receptors may modulate oestrogen levels and affect signalling through 
the remaining receptor. A well known example is the increased plasma levels of oestrogens that 
are present in Erα mutant mice21. A similar effect may exist in Erβ mutant mice, as Erβ plays an 
important role in the ovaries where it is expressed in the granulosa cells and regulates granulosa 
cell differentiation22. Erβ mutant mice display aberrant regulation of oestrogen production by the 
ovaries22 which may influence outcomes in animal models. These effects can be circumvented by 
performing OVX plus hormone replacement.
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In the AOM-DSS model, tumorigenesis depends on DSS-induced tissue damage and the subsequent 
epithelial repair. It has recently been demonstrated that efficient repair of inflammatory mucosal 
injury is important to prevent ongoing inflammation and epithelial proliferation23. This was 
demonstrated in Egfr mutant mice which show an impaired epithelial response to a proinflammatory 
environment on an Il-10 mutant background resulting in an exaggerated response to DSS with 
overexpression of proinflammatory cytokines, excess weight loss and increased mortality. The mice 
showed a particular overexpression of Il-6, a cytokine that plays a key role in colitis-associated cancer 
development24,25. This excess production of Il-6 likely plays a key role in the ongoing proliferative 
response in both Egfr mutant and E2-treated mice. Finally, the Egfrmutant mice develop more 
tumours on an Il-10 mutant background and show enhanced tumour progression with development 
of invasive adenocarcinomas. Thus, E2 may promote colitis-associated colon cancer development by 
impairing the resolution of inflammatory injury similar toEgfr mutant mice.

Increased production of Il-6 in E2-treated mice may be the result of impaired mucosal repair, but 
may also be more direct. It was previously shown that oestrogens promote the production of Il-6 
in peritoneal macrophages in vitro and in vivo26. Similar to our own results in these macrophages, 
oestrogens had no effect on Il-12 production and only little effect on Tnfα26. On the other hand, the 
effect of oestrogens on Il-6 production in the context of colitis is in contrast with studies showing that 
oestrogens inhibit Il-6-dependent bone resorption27, and can suppress Il-6-dependent tumorigenesis 
in the liver28. This suggests that effects of oestrogens on Il-6 production are highly context-dependent.

In conclusion, we find that oestrogens increase severity of colitis and colitis-associated cancer 
development. Both Erα and Erβ are required for the tumour-promoting role of oestrogens. The 
tumour-promoting properties of oestrogens correlate with increased production of Il-6 and an 
exaggerated proliferative response of the colonic epithelium which may indicate that E2 compromises 
mucosal repair after inflammatory injury. Since colitis-associated cancer development is a relatively 
rare occurrence, there is no clinical information on the effect of female hormone replacement in 
the development of colitis-associated cancer in humans. Our results seem to suggest, however, that 
care should be taken to assure that women with ulcerative colitis who are on hormone replacement 
therapy, undergo adequate colonoscopy screening for colon cancer development.
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SUPPLEMENTAL INFORMATION

Supplemental Figure 1. E2 promotes colitis associated tumor development in male mice. Male mice 
were implanted with an E2 containing or placebo pellet and included in an AOM-DSS experiment. (A) 
male mice treated with E2 lost significantly more weight in the first cycle of DSS than those implanted 
with placebo pellets. (B) E2 treatment compromises survival in the AOM-DSS model in male mice. 
(C) E2 treated male mice had significantly more polyps than placebo treated mice. (D) E2 did not 
significantly affect tumor size distribution in male mice. * = P < 0.05, ** = P < 0.01, *** = P < 0.001 
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Supplemental Figure 2. Effects of E2 on the severity of colitis in female mice. (A) E2 replacement 
therapy significantly aggravated the clinical signs of colitis in mice that had undergone OVX. (B) no 
difference was observed in the pathological score of the severity of colitis. (C) different components 
of the histopathological score of the severity of colitis. *** = P < 0.001
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ABSTRACT
Aim
To investigate if azathioprine could reduce adenoma formation in ApcMin/+, a mouse model of sporadic 
intestinal tumorigenesis.

Methods
Azathioprine was administered via drinking water (estimated 6-20 mg/kg body weight per day) to 
ApcMin/+ and wildtype mice. Control animals received vehicle only (DMSO) dissolved in drinking water. 
At 15 weeks of age all mice were sacrificed and intestines of ApcMin/+ were harvested for evaluation 
of polyp number. Azathioprine induced toxicity was investigated by immunohistochemical analysis 
on spleens. 

Results
All azathioprine treated mice showed signs of drug-associated toxicity such as weight loss and 
development of splenic T-cell lymphomas. Although this suggests that the thiopurine concentration 
was clearly in the therapeutic range, it did not reduce tumor formation (48±3.1 vs 59±5.7  adenomas, 
P = 0.148). 

Conclusion
We conclude that in the absence of inflammation, azathioprine does not affect intestinal 
tumorigenesis. 

keywords
azathioprine; thiopurine; intestinal adenoma; polyp; ApcMin ; chemoprevention ; lymphoma; colon 
cancer

Core tip
Treatment with thiopurines is associated with a reduced risk of developing colorectal cancer in 
patients with inflammatory bowel disease. The molecular target of azathioprine, Rac1 has recently 
been implicated as a critical player during sporadic intestinal tumorigenesis. Here, we investigated 
the potential preventive role of azathioprine in ApcMin/+, a mouse model of sporadic intestinal 
tumorigenesis. Even though all azathioprine treated mice showed signs of drug-associated toxicity, 
it did not reduce tumor formation. We therefore conclude that in the absence of inflammation 
azathioprine does not affect intestinal tumorigenesis. 
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INTRODUCTION
The thiopurines azathioprine and 6-mercaptopurine are widely used to induce and maintain remission 
of inflammatory bowel disease (IBD)1-4. In addition to their immunosuppressive effects, exposure to 
thiopurines is associated with a substantially reduced risk of developing colorectal cancer in patients 
with IBD2,5. 

The presumed mechanism of action of thiopurines is through selective inhibition of the GTPase 
RAC16,7. This member of the Rho family of GTPases acts as a key-component in diverse signaling 
pathways and plays a critical role in many cellular processes such as proliferation, apoptosis and 
migration8. It has recently been shown that Rac1 signaling plays a key role in intestinal adenoma 
formation downstream of the mutation in Apc9. The Apc gene is frequently mutated in intestinal 
adenomas and carcinomas and patients with familial adenomatous polyposis (FAP) carry a germline 
mutation in one copy of the APC gene10. ApcMin/+ mice carry a germ line mutation in Apc similar to 
patients with FAP and can be used to model FAP specifically or Apc dependent adenoma development 
more in general11.

Since Rac1 signaling plays a critical role in intestinal tumorigenesis and thiopurines are widely used 
drugs that inhibit Rac1 activity, we reasoned that thiopurines may protect against the development of 
intestinal tumorigenesis. Here we tested this hypothesis by treating ApcMin/+ mice with azathioprine.

MATERIALS AND METHODS
Mouse experiments
The protocol of this study was approved by the animal ethics committee of the University of 
Amsterdam (permit number ALC102806). ApcMin/+11 and littermate wild type C57B/6J mice of five 
weeks old (12 males and 12 females of each genotype) were ordered at the Jacksons Laboratory. 
Upon arrival animals were given drinking water in which azathioprine (Sigma Aldrich A4638) was 
dissolved at 0.04 mg/ml as previously described by others12. The estimated dose was 6–20 mg/kg 
body weight per day, given that a mouse weighs approximately 20–30 g and drinks approximately 
4–8 mL of water per day12. Control animals received vehicle only (DMSO) dissolved in drinking water. 
We expected mice to develop a mean of 60 polyps (with 10% standard deviation) and reasoned that 
azathioprine could only be clinically applicable if the polyp number would be reduced by at least 25%. 
At a p of 0.05 (alpha 0,025) and power of 0.8, the sample size was calculated for 6 animals by group. 

Histological analysis
After paraffin embedding, 4 µm sections were made and used for routine hematoxylin eosin 
staining. Immunohistochemistry was performed as described previously13{Heijmans, 2013 11 /id} using the 
following antibodies: anti-Cd3 (Dako, rabbit polyclonal, A0452), B220. Anti-Cd45R (Biolegend/ITK, 
rat monoclonal, 103202), anti-Ki67 (Monosan, Rabbit monoclonal, MONX10284), anti-β-catenin 
(transduction laboratories, mouse monoclonal, 610154). Histological evaluation of spleens was 
performed by an expert pathologist (MJ). 



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

100

Chapter 6

Statistics
All data are presented as mean ± standard error of the mean. For animal experiments, the Mann-
Whitney test was used. For the analysis of adenoma size distribution, a 2-way ANOVA was used. 

RESULTS 
Treatment with azathioprine results in severe toxicity in mice
Two weeks after the start of azathioprine administration (dissolved in the drinking water at 0.04 mg/
ml), ApcMin/+ and wild type female mice started to lose weight and became moribund whereas female 
control mice treated with solvent only continued to gain weight (Figure 1a, b). According to local 
animal research guidelines we euthanized mice losing more than 15% of initial weight, resulting in 
termination of the entire group of 12 female mice receiving azathioprine by the end of the fourth 
week of treatment. In contrast, male mice did not show any symptoms of drug-associated toxicity 
at this time point. Post mortem investigation showed signs of profound anemia with discoloration 
of extremities and internal organs of all azathioprine treated female mice. Upon examination of the 
intestines, we did not identify polyps in these 9-week-old animals. 

In order to reduce potential drug toxicity in the remaining male animals, we lowered the 
azathioprine dose to 0.02 mg/ml at four weeks after the start of treatment. Although the body 
weight of male mice remained stable at first, we eventually observed weight loss in male animals. 
To prevent further deterioration of the mice, we terminated the experiment at fifteen weeks of 
age (Figure 1c).

Azathioprine treatment results in the development of splenic T-cell lymphomas
We observed enlargement of the spleen in all azathioprine treated mice (both controls and ApcMin/+ 
mice), but in none of the control animals (Figure 2a). The development of splenic lymphomas 
is a known adverse effect of azathioprine treatment in both humans and mice14. We therefore 
performed further histological evaluation of samples of azathioprine treated control and ApcMin/+ 
mice. All spleens of azathioprine treated animals showed an expanded red pulp with a pleomorphic 
population of lymphocytic blasts that displayed prominent variation in nuclear size, contour 
and atypical mitoses (Figure 2b). This is diagnostic of a diffuse lymphoproliferative disease. We 
performed immunohistochemical staining to further analyze the composition of these infiltrates. 
This showed that the pre-existent peri-arteriolar B- and T-cell areas were preserved while the 
red pulp was diffusely infiltrated by Cd3 positive atypical lymphocytes (Figure 2c). Analysis of 
proliferation using Ki67 showed that proliferative activity in germinal centers was retained as 
expected, whereas splenic T-cell lymphomas exhibited a near 100% proliferative index (Figure 
2d). β-Catenin did not show nuclear labeling in either ApcMin/+ or wild type mice (Figure 2d). This 
suggests that the lymphomas developed in an Apc independent manner. This is consistent with the 
fact that no difference was observed in the severity of lymphoma development between control 
and ApcMin/+ mice.  
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Azathioprine treatment does not affect adenoma development in ApcMin/+ mice
We next assessed if intestinal adenoma development was affected by the administration of 
azathioprine. Animals that had received azathioprine (n=6) did not exhibit a significant decrease in 
polyp numbers compared to ApcMin/+ mice that had received vehicle only (n=6) (48±3.1 vs 59±5.7 
adenomas respectively, P = 0.148, Figure 3a). Furthermore, analysis of adenoma localization and 

Figure 1. Treatment with azathioprine results in severe drug associated toxicity. (A) Weight 
curve of female mice. All azathioprine treated female mice had to be sacrificed three to four weeks 
after start of the treatment due to progressive weight loss. (B) Survival curve of female mice. (C) 
Weight curve of male mice. After nine to ten weeks of treatment male mice started to show signs 
of toxicity. 
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size did not show any difference between azathioprine and vehicle treated animals (Figure 3b, c). 
Based on these results we concluded that azathioprine treatment did not affect the incidence or 
progression of adenoma development in ApcMin/+ animals.

DISCUSSION
Use of thiopurines is associated with a reduced risk of developing colorectal cancer in patients 
with IBD but their role in sporadic tumor formation has thus far not been investigated. In our 
study, treatment of mice with the highest tolerable azathioprine dose, results in severe drug 
associated toxicity both in ApcMin/+ and wild type mice. Azathioprine treated animals suffered from 
profound weight loss and displayed development of splenic lymphomas. Nonetheless, even at this 
high dose, azathioprine treatment did not affect Apc dependent intestinal adenoma development 
in mice. 

Figure 2. Azathioprine treatment results in the development of splenic T cell lymphomas. (A) 
Representative image of vehicle and azathioprine treated mice showing splenic enlargement and 
discolored liver and kidneys in azathioprine treated animals. (B) Representative photomicrographs 
of the morphology of the splenic infiltrates. The images show a highly atypical and pleomorphic 
population of lymphocytic blast-like cells with prominent variation in nuclear size and contour (left 
panel), atypical mitoses (middle panel, top right) and admixed giant cells (right panel). (C) Splenic 
architecture. Peri-arteriolar B and T cell areas are preserved (B220 and Cd3 top panel), while the 
red pulpa is effaced by a Cd3 positive atypical infiltrate, diagnostic of T-cell lymphoma. (D) Ki67 
staining shows limited proliferative activity in pre-existent germinal centers; the surrounding atypical 
infiltrate demonstrates a nearly 100% labeling index. β-catenin does not show nuclear labeling in 
either genotype.  
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Figure 3. Azathioprine treatment does not affect adenoma development in ApcMin/+ mice. (A) Total 
adenoma number in azathioprine (n=6) and vehicle treated (n=6) mice. (B) Localization and (C) size 
of adenomas did not differ between vehicle and azathioprine treated mice.

In humans, the major side effects of treatment with azathioprine are gastrointestinal complaints such 
as nausea and abdominal pain15, hepatotoxicity16, pancreatitis17 and bone marrow depression18. We 
observed substantial toxicity in all azathioprine treated mice. Surprisingly, this resulted in significant 
more morbidity in female mice compared to males. Azathioprine induced toxicity is related to activity 
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of the enzyme thiopurine S-methyltransferase (TPMT)19,20. Thereofore the deficiency of TPMT enzyme 
activity may cause increased sensitivity to azathioprine induced toxicity21,22.  In accordance to this it 
was recently shown that TPMT enzyme activity was lower in females than compared to males23. 
Although we did not assess TPMT activity in our experiments, this may explain why female mice were 
more vulnerable to azathioprine than males. 

Thiopurine use is also associated with an increased relative risk but small absolute risk in development 
of lymphomas24-26. Also in our hands mice display a remarkable susceptibility to develop azathioprine-
induced lymphomas. This suggests that the azathioprine may have been over dosed in our experiment 
or that mice have an increased susceptibility to lymphoma development. Unfortunately we have so 
far been unable to determine drug levels in mouse blood in our institute. However, since overdosing 
would more likely result in overestimation of the protective effect of azathioprine, it is unlikely to 
explain the lack of effect on adenoma development. 

The lack of effect of azathioprine on adenoma development in our experiments could be due to 
pleiotropic effects on cellular signaling by azathioprine. Another potential difference between 
the genetic loss of Rac1 signaling as investigated by Myant et al. {Myant, 2013 1 /id} and treatment with 
azathioprine is that genetic deletion of Rac1 occurred concurrent with loss of Apc whereas the 
ApcMin/+ mice in our experiments carried a germline Apc mutation. The effect of Rac1 inhibition 
could be mediated at the earliest stages of adenoma development. Since we started azathioprine 
treatment at the age of five weeks, it may be that precursor lesions were already established before 
the initiation of azathioprine treatment. Although azathioprine is known to reduce Rac1 signaling in 
humans, we can’t formally exclude that in mice Rac1 signaling remains unaltered during azathioprine 
treatment. 

The reduced risk of developing colorectal cancer in patients with IBD treated with thiopurines was 
observed in a retrospective analysis of 2578 patients in which 1% developed advanced neoplasia 
(high grade dysplasia or colorectal cancer). Whether this association is the result of a better control 
of inflammation in thiopurine treated patients, a direct effect on inflammation driven carcinogenesis 
or potential confounding factors will be hard to elucidate. The results from our current study suggest 
that azathioprine may not prevent Apc dependent sporadic intestinal tumorigenesis. 
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COMMENTS
Background
Treatment with thiopurines is associated with a reduced risk of developing colorectal cancer in 
patients with inflammatory bowel disease. If thiopurines can also reduce adenoma formation in the 
absence of inflammation remains thus far unknown. 

Research frontiers
The presumed mechanism of action of thiopurines is through selective inhibition of the GTPase RAC1. 
It has recently been shown that Rac1 signaling also plays a key role in sporadic intestinal adenoma 
formation downstream of the mutation in Apc. The Apc gene is frequently mutated in intestinal 
adenomas and carcinomas and patients with familial adenomatous polyposis (FAP). 

Innovations and breakthroughs
The role of azathioprine in inflammation and inflammation associated cancer has been studied 
extensively. In the current manuscript we report fort the first time that in the absence of 
inflammation, azathioprine does not reduce adenoma formation in a mouse model of sporadic 
intestinal tumorigenesis. 

Applications
The molecular target of azathioprine, RAC1 has recently been implicated as a critical player during 
sporadic intestinal tumorigenesis. Given the extensive clinical experience with thiopurines, this may 
thus be a candidate for chemoprevention of colorectal cancer in patients that have increased risk for 
developing this disease. Here we tested this hypothesis by treating ApcMin/+ mice with azathioprine 
and found that azathioprine does not reduce adenoma formation.

Terminology
Rac1 is a member of the Rho family of GTPases and acts as a key-component in diverse signaling 
pathways and plays a critical role in many cellular processes such as proliferation, apoptosis and 
migration. ApcMin/+ mice carry a germ line mutation in Apc similar to patients with familial adenomatous 
polyposis (FAP) and can be used to model FAP specifically or Apc dependent adenoma development 
more in general.
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HIgHLIgHTS
• Colon-CSCs are more resistant to chemotherapy than differentiated cancer cells
• Activation of the unfolded protein response causes differentiation of colon-CSCs
• UPR-induced differentiation enhances response to chemotherapy in vitro and in vivo

ETOC BLURB
Colon cancer stem cells (colon-CSCs) are more resistant to chemotherapy than differentiated cancer 
cells. Wielenga and Colak et al. show that activation of the Unfolded Protein Response (UPR) forces 
colon-CSCs into differentiation, which augments their sensitivity to conventional chemotherapy.

SUMMARY
Colon cancer stem cells (colon-CSCs) are more resistant to conventional chemotherapy than 
differentiated cancer cells. This subset of therapy refractory cells is therefore believed to play 
an important role in post-therapeutic tumor relapse. In order to improve the rate of sustained 
response to conventional chemotherapy, development of approaches is warranted that specifically 
sensitize colon-CSCs to treatment. Here we report that ER-stress induced activation of the Unfolded 
Protein Response (UPR) forces colon-CSCs to differentiate, resulting in their enhanced sensitivity to 
chemotherapy in vitro and in vivo. Our data suggest that agents that induce activation of the UPR may 
be used to specifically increase sensitivity of colon-CSCs to the effects of conventional chemotherapy. 

graphical abstract
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INTRODUCTION
In many cancers, a small subpopulation of cells is responsible for tumor-initiation, -growth and 
metastasis1. In the colon, these so called colon cancer stem cells (colon-CSCs) are characterized by 
the expression of cell surface markers such as CD1332,3, LGR54,5 and CD1666. Furthermore, these 
cells display high levels of ALDH1 enzyme activity7 and Wnt signaling activity8.  Importantly, colon-
CSCs show increased resistance to conventional chemotherapies and are believed to be responsible 
for tumor regeneration after initial response to chemotherapy9-13. Therefore, therapeutic outcomes 
after chemotherapy may be improved with therapies that specifically target the eradication of 
colon-CSCs. 

Mechanisms that regulate stem cell dynamics in the healthy intestinal epithelium may give 
fundamental insights into the biology of their malignant counterparts. An important organelle that 
regulates the homeostasis of normal intestinal stem cells is the endoplasmic reticulum (ER). Novel 
proteins that are synthesized in the ER are assisted by chaperones for their proper folding. The major 
ER chaperone GRP78 is in a dynamic equilibrium between folding proteins and ER transmembrane 
receptors. An increased load of folding proteins shifts GRP78 away from the transmembrane 
receptors, a situation termed ER- stress that results in the activation of the unfolded protein response 
(UPR). We have recently shown that activation of the UPR forces normal intestinal epithelial stem 
cells into differentiation14.

RESULTS
Activation of the Unfolded Protein Response reduces stemness of colon-CSCs 
We hypothesized that if the differentiating effects of the Unfolded Protein Response (UPR) would be 
conserved between normal intestinal stem cells and colon-CSCs, this may be exploited to sensitize 
colon-CSCs to chemotherapy. To specifically investigate the effects of the UPR on colon-CSCs, we used 
patient derived spheroid cultures of colon cancer cells with Wnt driven GFP expression8. In these 
cultures colon-CSCs are marked by high Wnt pathway activity (Wnthigh) whereas more differentiated 

cancer cells have lower Wnt pathway activity (Wntlow). We have previously established that Wnthigh 
cells exhibit a higher clonogenic potential and are more resistant to chemotherapy than Wntlow 
cells8,15, indicating that the Wnt-driven GFP reporter efficiently distinguishes between CSCs and more 
differentiated cancer cells.  

The UPR can be activated in vitro with subtilase cytotoxin AB (SubAB), a bacterium derived protease 
that specifically cleaves ER chaperone GRP7816. Gene ontology analysis of SubAB treated Wnthigh cells 
showed that the top three upregulated genesets were: unfolded protein response (p=1.3x10-36), 
ER associated catabolic process (p=3.9x10-23) and endoplasmic reticulum lumen (p=2.4x10-22). 
This confirmed the validity of using SubAB to induce ER-stress and activate the UPR. Interestingly, 
SubAB treatment resulted in a significant downregulation of several established intestinal stem cell 
associated genes such as OLFM4 and LGR5 in FACS-sorted colon-CSCs (Wnt-GFPhigh) 24 hours post-
treatment. (Figure 1a, Figure S1a).  Gene set enrichment analysis (GSEA) using a previously described 
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colon-CSC geneset confirmed the loss of expression of genes that define colon-CSCs17 (Figure 1b). 
This suggests that ER-stress results in loss of the colon-CSC phenotype. Indeed, a FACS based analysis 
showed that treatment with SubAB reduced expression of CD133 and almost completely abrogated 
expression of LGR5 (Figure 1c). Similar to SubAB, treatment with the UPR-inducing agent thapsigargin, 
also resulted in downregulation of stem cell markers, corroborating  the results obtained with SubAB 
(Figure S1b). In contrast to thapsigargin and SubAB, salubrinal inhibits the phosphatase of eIF2α 
and thereby only activates the PERK- eIF2α branch of the UPR18. Interestingly, salubrinal was equally 
effective in downregulating stem cell markers (Figure S1c), suggesting that activation of the PERK-
eIF2α branch is sufficient for UPR induced differentiation of colon-CSCs, as previously described for 
normal intestinal stem cells14. 

To exclude the possibility that LGR5 positive cells disappeared from the spheroid cultures by a 
process of cell death of the LGR5 positive colon-CSCs, we now FACS-sorted colon-CSCs (Wnt-GFPhigh) 
before start of the treatment (Figure 1d). Sorted colon-CSCs did not show increased propidium 
iodide (PI) uptake upon treatment with SubAB (Figure 1e) and survived in culture. As previously 
observed in the unsorted spheroid cultures, LGR5 expression was lost upon treatment (Figure 1f). 
Together these experiments establish that Wnt-GFPhigh cells not only lose the transcriptional profile 
of colon-CSCs but also lose protein expression of the stem cell marker LGR5 when exposed to ER-
stress.

Self-renewal capacity is a hallmark of stemness and can be determined by limiting dilution analysis. 
To test the functional consequences of the ER-stress induced loss of the colon-CSC profile and LGR5 
protein expression we performed a limiting dilution assay. Intriguingly, SubAB treatment resulted in 
a loss of self-renewal capacity in vitro and a decrease in potential to form xenografts in vivo (Figure 
1g,h), demonstrating that activation of UPR differentiates colon-CSCs both phenotypically as well as 
functionally.

UPR activation results in differentiation of colon-CSCs towards an enterocyte phenotype
In line with the hypothesis that ER-stress may induce differentiation of colon-CSCs, loss of expression 
of stem cell markers concurred with increased expression of the master inhibitor of intestinal stem 
cell cycle progression P21Cip1/Waf1 or cyclin-dependent kinase inhibitor 1 (CDKN1)19 at 24 hours post-
treatment. This was followed by upregulation of enterocyte markers CK20, VIL2, SI and FABP2 after 
48-72 hours treatment with SubAB (Figure 2a). Intriguingly MUC2, a marker of secretory goblet cells 
was downregulated, arguing that ER-stress may differentiate intestinal epithelial stem cells towards 
an absorptive phenotype rather than a secretory phenotype.  

When colon-CSCs were grown in 3D matrigel culture, SubAB treatment dramatically increased 
the percentage of differentiated spheres (90% vs 11%, p<0.001, Figure 2b) with increased cellular 
polarization and the formation of a central lumen.  Taken together these findings indicate that UPR 
activation results in phenotypic differentiation of colon-CSCs. 
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Figure 1. Activation of the Unfolded Protein Response in colon-CSCs results in loss of stemness.(A) Gene expression 
analysis of colon-CSCs (Wnt-GFPhigh) cells treated with SubAB or protease-dead SubA272B control (24 hours, 1µg/ml) in 
three independent experiments. Treatment with SubAB resulted in upregulation of UPR target genes and loss of several 
intestinal stem cell markers. These findings were validated on quantitative RT-PCR (Figure S1A) and were confirmed by 
treatment with other UPR-activating agents thapsigargin and salubrinal (Figure S1B-C) and on other primary spheroid 
cultures derived from different patients with colon cancer (Figure S1D) (B) Gene Set Enrichment Analysis of SubAB 
treated colon-CSCs revealed profound loss of a previously described colon-CSC signature (de Sousa et al., 2011). (C) Flow 
cytometry analysis of 24 hour SubAB treatment (1µg/ml) resulted in downregulation of colon-CSC markers CD133 and 
LGR5. Data are representative of three independent experiments. (D) Experimental setup for (E-F). In these experiments 
colon-CSCs (Wnt-GFPhigh) were first sorted before treatment for 24 hours with SubAB or SubA272B control (1µg/ml). (E) 
SubAB treatment did not result in increased cell death in colon-CSCs as assessed by propidium iodide uptake. (F) Similar 
to spheroid culture (C), sorted colon-CSCs lost expression of LGR5 upon UPR activation by SubAB. (g) Limiting-dilution 
assay performed on colon-CSCs (Wnt- GFPhigh) and differentiated cancer cells (Wnt-GFPlow). Cells were pre-treated for 24 
hours with SubAB or SubA272B control (1µg/ml) and plated out in normal CSC-medium without treatment. Exclusion of 
dead cells was performed with propidium iodide (PI). (F) In vivo limiting-dilution assay. Colon-CSCs were pre-treated for 
24 hours with SubAB or SubA272B (1µg/ml) and sorted in matrigel with indicated quantities and subcutaneously injected 
into nude mice. Exclusion of dead cells was performed with propidium iodide (PI). Values in (E) are mean ± SEM, values in 
(g, H) are mean with 95% CI, *p<0.05, **p < 0.01, ***p < 0.001
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Figure 2. Differentiation of  colon-CSCs occurs towards an enterocyte phenotype and loss of stemness can 
be reversed. (A) Quantitative RT-PCR for differentiation markers relative to GAPDH at different  time points 
after start of treatment with SubAB or protease-dead SubA272B control (1µg/ml). Data are representative 
of three independent experiments. (B) 3D matrigel culture showed phenotypic differentiation by SubAB 
treatment as seen by enhanced polarization, smoothening of the outer layer and development of a central 
lumen. Data are representative of three independent experiments. (C) Experimental setup for (C-D). 
Spheroid cultures were harvested for further analysis directly after 24 hour treatment with  SubAB  or 
protease-dead SubA272B control (1µg/ml) or 24-48 after replacement of the treatment with normal CSC-
medium. Quantitative RT-PCR for stem cell markers LGR5 and OLFM4 relative to GAPDH reveals that loss 
of expression of stem cell markers  can be reversed after therapy withdrawal. (D) Limiting dilution analysis 
at indicated times after treatment withdrawal demonstrating that the loss of self-renewal capacity by UPR 
activation is completely lost 48 hours after treatment withdrawal. Transient salubrinal treatment resulted in 
similar reversible effects of UPR induced differentiation (Figure S2). Values in (A-C) are mean ± SEM, values 
in (D) are mean with 95% CI, *p<0.05, **p < 0.01, ***p < 0.001
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UPR induced loss of stemness is reversed by treatment withdrawal 
To investigate to what extent UPR induced differentiation is irreversible, we transiently treated 
spheroid cultures for 24 hours with subAB and performed further analyses directly after the treatment 
or 24-48 after replacement of the treatment with normal CSC-medium (Figure 2c). After 48 hours of 
treatment withdrawal, the spheroid cultures had almost completely regained their OLFM4 expression 
(Figure 2c). In concordance, UPR induced loss of self-renewal capacity was completely reversed at 
this timepoint (Figure 2d). The same observation was made in salubrinal treated colon-CSCs (Figure 
S2a-c). These data clearly indicate that the effects of UPR activation are transient and are reversed 
when colon-CSCs are given the opportunity to recover in the absence of ER-stress.  Surprisingly, the 
expression of LGR5 was even increased at 48 hours post SubAB and salubrinal treatment (Figure 2c 
and S2c), suggesting that transient UPR activation may ultimately elicit a regenerative response in 
these cells resulting in expansion of the stem cell pool. 

UPR induced differentiation sensitizes colon-CSCs to chemotherapy 
Colon-CSCs are suggested to be more resistant to conventional chemotherapy and thereby to drive 
recurrence of the tumor after initial response to therapy. Indeed we found colon-CSCs to be more 
resistant to oxaliplatin than differentiated cancer cells (Figure 3a, Figure S3) confirming previous 
reports15 . The specific eradication of these therapy refractory cells may therefore provide a window 
of opportunity to improve outcomes of chemotherapy. We hypothesized that ER-stress induced 
colon-CSC differentiation could be an attractive option to achieve this goal. To test this hypothesis, 
spheroid cultures of colon-CSC were treated with SubAB or salubrinal, followed by conventional 
chemotherapeutic regimens. UPR activation sensitized colon-CSCs towards oxaliplatin and 5-FU but 
also for chemotherapy regimens including, FOLFOX and FOLFIRI in vitro (Figure 3a,b, Figure S3). In 
vivo UPR activation was obtained by treating mice with salubrinal, because SubAB causes hemolytic 
uremic syndrome20. In line with the in vitro observations of a compensatory response elicited by 
transient UPR activation, treatment with salubrinal alone resulted  increased growth of xenografts 
derived from colon-CSCs. In combination with oxaliplatin however, salubrinal suppressed growth 
of subcutaneous xenografts (Figure 3c,d). This indicates that UPR activation sensitizes colon-CSCs 
towards chemotherapy in vitro and in vivo.

DISCUSSION
Forced differentiation of colon-CSCs is an attractive and feasible avenue in the development of new 
strategies to achieve a more sustained response to chemotherapy. Previously, bone morphogenetic 
protein (BMP) signaling was shown to induce differentiation of colon-CSCs by the inhibition of Wnt 
signaling, which increased their sensitivity to chemotherapy21.  This effect however was only found 
in colon-CSCs that did not have simultaneous mutations in SMAD4 and constitutive activation of 
PI3K. A more broad effect appears to be exerted by inhibition of the Notch pathway, which strongly 
suppresses cancer stemness22, and in addition neutralizing antibodies against DLL4 were shown to 
decrease tumor-initiating cell frequency and sensitize colon-CSCs to chemotherapy23.
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Figure 3. UPR induced differentiation sensitizes colon-CSCs to chemotherapy in vitro and in vivo.
(A) Percentages of apoptotic cells, measured by caspase3 activity (CaspGlow) for colon-CSCs (Wnt-
GFPhigh) and differentiated cancer cells (Wnt-GFPlow) after indicated treatments. Colon-CSCs were 
more  resistant to oxaliplatin (24 hours, 50µM) compared to differentiated cancer cells. Pre-treatment 
with SubAB (24 hours 1µg/ml) or salubrinal (Figure S3) resulted in enhanced sensitivity to oxaliplatin 
induced apoptosis. (B) Sensitization of colon-CSCs was confirmed for other chemotherapeutic 
agents 5-FU (200µg/ml), FOLFOX (1,25µM oxaliplatin and 50µM 5-FU) and FOLFIRI (1µM irinotecan 
and 50µM 5-FU). (C) Illustration of experimental setup for in vivo experiments. (D) Survival curves 
for xenotransplanted mice, treated weekly with salubrinal (1mg/kg), oxaliplatin (1mg/kg), or a 
combination of both for four weeks. Values in (A,B) are mean ± SEM. Significance was measured 
by two-way anova (A), one way anova (B) or LogRank (Mantel Cox) test (D), followed by Bonferroni 
posttest for multiple comparisons. Significance was defined as *p<0.05, **p < 0.01, ***p < 0.001. 

Our findings now show that induction of ER-stress and subsequent activation of the UPR is an effective 
means to induce differentiation of colon-CSCs. UPR activation results from various stimuli that are 
known to impair cellular integrity such as protein misfolding or aggregation, oxidative injury, and 
viral infection. In normal physiology UPR-mediated stem cell differentiation may therefore act as a 
mechanism to guarantee integrity of the stem cell pool by forcing the differentiation of damaged stem 
cells. Indeed, we recently showed that activation of the UPR in healthy intestine by genetic deletion 
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of ER-chaperone Grp78 resulted in loss of stem cells by differentiation and quick repopulation of 
healthy stem cells that were not recombined14. This protective function may be preserved for other 
healthy and cancerous tissues as well. Likewise, van Galen et al. have shown that the integrity of the 
hematopoietic stem cell pool is governed by the UPR by clearance of individual HSCs after stress in 
order to prevent propagation of damaged stem cells24. 

Our in vitro findings show that ER-stress induced differentiation of CSCs results in their enhanced 
sensitivity to chemotherapy. Our in vivo experiments established that treatment with salubrinal 
enhanced the efficacy of oxaliplatin in inhibiting tumor growth but it should be noted that this 
experiment did not formally examine if this was due to CSC differentiation. The compensatory 
regenerative response we observed in our in vitro experiments within 48 hours after therapy 
withdrawal indicates that chemotherapy should be administered in a critical time window after UPR 
activation. Together these data  identify the UPR as a pathway that may be targeted to optimize the 
sensitivity of colon-CSCs for chemotherapy and improve outcome in patients with colon cancer. 

ExPERIMENTAL PROCEDURES
Cell culture 
Spheroid cultures were isolated from different patients with colon cancer in accordance with 
the rules of the medical ethical committee of the AMC. Spheroid cultures with a TCF/LEF driven 
GFP reporter for Wnt signaling activity were previously described 8. The 10% highest Wnt-GFP 
expressing cells represent the colon-CSC population whereas the 10% lowest Wnt-GFP expressing 
cells represent differentiated colon cancer cells. Colon-CSCs were cultured under ultralow-adherent 
condition as described previously25 in CSC-medium. All treatments were performed after overnight 
adherence in 12 wells plates (50.000 cells per well).  For composition of CSC medium and reagents, 
see supplemental information. 

RNA extraction, quantitative RT- PCR and microarray 
Spheroid cultures were adhered overnight and treated for 24 hours with SubAB or protease-dead 
SubA272B (1µg/ml). Colon-CSCs (Wnt- GFPhigh) were sorted and lysed in 350 µl RLT buffer (RNeasy, 
QIAGEN). RNA extraction was performed according to manufacturer’s instructions. For cDNA 
synthesis, 1µg of RNA was transcribed using Revertaid (Fermentas). Quantitative RT-PCR was 
performed using SybrGreen (QIAGEN) according to manufacturers’ protocol on a BioRad iCycler using 
specific primers for the mRNA of interest (see below). For microarray, RNA was labeled using cRNA 
labeling kit for Illumina arrays (Ambion) and hybridized with Illumina HT12 Arrays. The array data 
were analyzed on the R2 bioinformatic platform (http://r2.amc.nl). Differentially expressed genes 
were extracted using ANOVA test (p < 0.05) and FDR post-analysis correction. GSEA were done using 
GSEA software from the Broad Institute (http://www.broadinstitute.org/gsea). The gene sets used 
were previously described17.  Heatmaps were generated using TreeView software generated by the 
Eisen lab (http://www.eisenlab.org/eisen).
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Quantitative RT-PCR primers
See supplemental information

Flow cytometry and FACS sorting
Spheroid cultures were adhered overnight and treated for 24 hours with SubAB or protease-dead 
SubA272B (1µg/ml). Flow cytometry was performed on trypsin-dissociated spheroid cultures with 
anti-LGR5-biotin antibody (4D11F, 1:100, BD Biosciences) and AC133/CD133-APC antibody (1:25, 
Miltenyi Biotec). Dead cells were excluded with PI (1:1000). 

3D matrigel differentiation assay
For 3D matrigel cultures, trypsin-dissociated spheroid cultures were dissolved in ice cold, liquid 
matrigel and allowed to solidify at 37° before addition of CSC-medium. Treatment were added to the 
3D matrigel cultures two days thereafter and continued for four days. Quantification of differentiated 
spheres was performed by three independent observers that were blinded for the treatment. 

Limiting-dilution Assays
For in vitro limiting-dilutions, spheroid cultures were pre-treated for 24 hours with SubAB or protease-
dead SubA272B control (1µg/ml). Colon-CSC (Wnt- GFPhigh) and differentiated colon cancer cells (Wnt-
GFPlow) were sorted into a 96 wells plate containing normal CSC-medium without treatment at 1, 2, 4, 
8, 16, 32, 64, 128, 256 cells per well. Dead cells were excluded with PI. 

In vitro cell death assays
Spheroid cultures were pre-treated for 24 hours with SubAB or protease-dead SubA272B (1µg/ml) 
followed by 24 hour treatment with chemotherapeutic regimens (see reagent section); oxaliplatin 
(50µM), 5-FU (200µg/ml) FOLFOX (1,25µM oxaliplatin followed after 90 minutes by 50µM 5-FU) and 
FOLFIRI (irinotecan 1µM, followed after 90 minutes by 50µM 5-FU). To compare colon-CSCs (Wnt- 
GFPhigh) to differentiated cancer cells (Wnt-GFPlow) apoptosis was measured at the single-cell level by 
caspase 3 activity using CaspGlow active staining kit (Red-DEVD-FMK) according to the manufacturer’s 
instructions (BioVision, Milpitas, CA, USA). In short, after treatment, spheroid cultures were made 
single cells using trypsin-EDTA. 50 000 cells were washed with CSC-medium and stained with RED-
DEVD-FMK for 1 h at 37 1C. Subsequently, cells were washed twice with wash buffer.

Animal experiments
The protocol of this study was approved by the animal ethics committee of the University of 
Amsterdam (permit number ALC102862). For xenograft studies, 7.000 FACS-sorted Wnt- GFPhigh cells 
were suspended in 100μl of PBS/BSA mixed with Matrigel at a 1:1 ratio and injected subcutaneously 
into nude mice (Hsd:Athymic Nude/Nude) (Harlan). After 3–8 weeks visible tumors arose and 
therapy started when tumors size reached 50-100 mm3. Salubrinal (1mg/kg) oxaliplatin (1mg/kg), 
a combination of both or DMSO control was injected intraperitoneally once a week for four weeks. 
Tumor growth was measured once a week and all mice were sacrificed when the tumor size reached 1 
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cm3. For in vivo limiting-dilution assay spheroid cultures were treated with SubAB or SubA272B control 
for 24 hours and Wnt- GFPhigh  cells were sorted directly into matrigel and injected subcutaneously 
into nude mice (Hsd:Athymic Nude/Nude) (Harlan) as described previously 8.  Tumor development 
was assessed weekly until 10 weeks after injection. 

Statistical Analysis
Data are expressed as mean ± SEM. Unless otherwise indicated, statistical significance was determined 
by ANOVA (one way or two way) with a Bonferroni post-test. For statistical analysis of Kaplan-Meier 
survival curves with Log-rank (Mantel-Cox) test was performed followed by Bonferroni post-test for 
multiple comparisons. For Limiting Dilution Assays, clonal frequency and statistical significance were 
evaluated with the Extreme Limiting-dilution Analysis (ELDA) ‘limdil’ function (http://bioinf.wehi.edu.
au/software/elda/index.html). 26. All significance was defined as *p<0.05, **p < 0.01, ***p < 0.001. 

Accession numbers
Microarray data have been deposited in the Gene Expression Omnibus Database with the accession 
number GSE65879.

Author contributions
MCBW, SC, JH, LV, JPM, GRvdB designed the experiments. MCBW, SC, JFvLdJ conducted the 
experiments. MCBW, SC, and HMR performed the in vivo experiments. JCP and AWP provided SubAB 
and SubA272B. MCBW, SC, JH, LV, JPM and GRvdB discussed data and commented on results and on 
the manuscript. MCBW, SC, JPM and GRvdB wrote the manuscript. JPM and GRvdB supervised all the 
experiments. 

Acknowledgements
This research was funded by grant UL-2013–6135 of the Dutch Cancer Society (GvdB and JPM) and 
a grant from the European Research Council under the European Community’s Seventh Framework 
Program (FP7/2007-2013, grant agreement number 241344 (GvdB). The thank Sander Meisner, Kate 
Cameron and Berend Hooibrink for help with the FACS sorting and Jan Koster, Danny Zwijnenburg and 
Vanesa Muncan for help with the analysis of the microarray data.  



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

120

Chapter 7

REFERENCES

1. 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).

2. 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).

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

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

5. 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).

6. 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).

7. 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 Res 69, 3382-
3389, doi:10.1158/0008-5472.CAN-08-4418 
(2009).

8. Vermeulen, L. et al. Wnt activity defines colon 
cancer stem cells and is regulated by the 
microenvironment. Nat Cell Biol 12, 468-476, 
doi:10.1038/ncb2048 (2010).

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

10. 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).

11. 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).

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

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

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

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

16. Paton, A. W. et al. AB5 subtilase cytotoxin inactivates 
the endoplasmic reticulum chaperone BiP. Nature 
443, 548-552, doi:10.1038/nature05124 (2006).

17. 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).

18. Boyce, M. et al. A selective inhibitor of eIF2alpha 
dephosphorylation protects cells from ER 
stress. Science 307, 935-939, doi:10.1126/
science.1101902 (2005).

19. 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 (2002).

20. Wang, J. C. Evaluating therapeutic efficacy against 
cancer stem cells: new challenges posed by a new 
paradigm. Cell Stem Cell 1, 497-501 (2007).

21. 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).

22. 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. Mol Cancer 12, 126, 
doi:10.1186/1476-4598-12-126 (2013).

23. 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).

24. van Galen, P. et al. The unfolded protein response 
governs integrity of the haematopoietic stem-
cell pool during stress. Nature 510, 268-272, 
doi:10.1038/nature13228 (2014).

25. 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).



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

ER-stress induced differentiation sensitizes colon cancer stem cells to chemotherapy

121

7

26. Hu, Y. & Smyth, G. K. ELDA: extreme limiting 
dilution analysis for comparing depleted and 
enriched populations in stem cell and other assays. 
J Immunol Methods 347, 70-78, doi:10.1016/j.
jim.2009.06.008 (2009).



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

122

Chapter 7

SUPPLEMENTAL INFORMATION

Figure S1, related to Figure 1. Validation of the UPR induced differentiation by different agents 
and on different spheroid cultures. (A-C) Quantitative RT-PCR relative to GAPDH at indicated doses 
of (A) SubAB, (B) thapsigargin and (C) salubrinal. (D) Quantitative RT-PCR relative to GAPDH on 
indicated primary spheroid cultures after treatment with SubAB or SubA272B control (24 hours, 1µg/
ml). Data are representative of three independent experiments. Mean ± SEM are depicted, *p<0.05, 
**p < 0.01, ***p < 0.001
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Figure S2, related to Figure 2. Loss of stemness by salubrinal is reverted after therapy withdrawal. 
(A) Experimental setup for (B-C). Spheroid cultures were harvested for further analysis directly after 
24 hour treatment with salubrinal (25µM) or 24-48 after replacement of the treatment with normal 
CSC-medium. (B) Limiting dilution analysis at indicated times after salubrinal, demonstrating that the 
loss of self-renewal capacity by salubrinal treatment is gradually lost 24-48 hours after treatment 
withdrawal. (C) FACS analysis of colon-CSC markers CD133 and LGR5 after indicated timepoints. 
Values in (A-C) are mean ± SEM, values in (D) are mean with 95% CI, *p<0.05, **p < 0.01, ***p < 
0.001.
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Figure S3, related to Figure 3. Salubrinal induced differentiation sensitizes colon-CSCs to oxaliplatin. 
Percentages of apoptotic cells, measured by caspase3 activity (CaspGlow) for colon-CSCs (Wnt-
GFPhigh) and differentiated cancer cells (Wnt-GFPlow) after indicated treatments. Colon-CSCs were more  
resistant to oxaliplatin (24 hours, 50µM) compared to differentiated cancer cells. Pre-treatment with 
salubrinal (24 hours 25µM) resulted in enhanced sensitivity to oxaliplatin induced apoptosis. Mean 
± SEM depicted. Significance was measured by two-way anova, followed by Bonferroni posttest for 
multiple comparisons. Significance was defined as *p<0.05, **p < 0.01, ***p < 0.001. 
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SUMMARY
In this thesis, we have investigated factors that influence the initiation of colorectal cancer (CRC), as 
well as mechanisms that manipulate resistance to conventional chemotherapy in established CRC. 
Increasing our knowledge of both processes is instrumental to combat cancer better. Collectively, our 
results put forward novel candidates that play critical roles in these processes and may therefore serve 
as attractive targets in the development of new therapies that may ultimately prevent or treat CRC.

In chapter 3 and 4, we investigated the role of sex hormones on CRC development. Epidemiologic 
studies have shown that females have a lower incidence and delayed onset of CRC compared to 
males. Additionally, two very large randomized controlled trials performed by the Women’s Health 
Initiative (WHI) examined the effects of hormonal replacement therapy in postmenopausal (PMP) 
women. The first study showed that combined treatment with both equine estrogen (E2) and 
medroxyprogesterone acetate (MPA) substantially reduced the risk of CRC cancer compared to 
placebo with 37%. This protection was not found in a second randomized controlled trial among 
women that were treated with equine estrogen alone. Thus large clinical studies suggest that MPA is 
protective against CRC. The gender disparity in CRC incidence was therefore generally attributed to a 
protective effect of female hormones.

Chapter 3
The data presented in this chapter support a paradigm shift, namely that gender disparity in 
sporadic CRC depends on male hormone tumor promotion instead of female hormone protection. 
In careful analysis of two established animal models for colonic adenoma formation, we found that 
castration reduced, and testosterone supplementation restored, the number of adenomas in the 
male rat and mouse colon. In contrast, ovariectomy and replacement of female hormones had no 
measureable effect on colonic adenoma formation. In ApcMin/+ mice, where most of the tumors arise 
in the small intestine, this testosterone-dependent sexual dimorphism was specific to the colon. 
Mechanistically we demonstrated that the androgen receptor (AR) is not expressed in the intestinal 
or colonic epithelium indicating that testosterone promotes adenoma formation through an indirect 
mechanism. 

Chapter 4 
Here, we further investigated the apparent discrepancy between findings in animal models and the 
clinical trials from the WHI. In previous animal studies conducted by us and others, the postmenopausal 
hormone status was mimicked by performing ovariectomies which leads to attenuated production of 
all female and male hormones. Indeed in humans, the production of female hormones is substantially 
reduced after the menopause. However postmenopausal ovaries are still capable of producing other 
substances that have oncogenic effects, such as androgens. Therefore we tested the effect of MPA 
on adenoma formation in a mouse model of menopause. In concordance with previous reports using 
ovariectomized mice, we confirmed that MPA does not reduce adenoma formation in fertile mice. 
Strikingly, induction of menopause significantly increased the number of adenomas. In contrast to 
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fertile mice, MPA protected against adenoma formation in postmenopausal mice and reduced the 
number of adenomas to similar numbers as those in fertile mice. These data argue that the protective 
effect of MPA is critically dependent on postmenopausal hormone status and suggest that in contrast 
to postmenopausal women, fertile women may not benefit from progestins. 

Chapter 5
In contrast to the protective effect on CRC, treatment with female hormones increases the risk 
of developing ulcerative colitis. As chronic intestinal inflammation predisposes to colon cancer 
development, we investigated the effects of female hormones on colitis-associated cancer. To that 
end, we performed ovariectomies in a well-established mouse model of inflammation associated 
colon carcinogenesis and found that, in contrast to sporadic colorectal carcinogenesis, in the context 
of chronic inflammation female hormones promote tumorigenesis. Using hormone replacement, we 
subsequently identified estrogens (E2) but not progestins (MPA) to be responsible for this tumor-
promoting effect. E2-treated animals showed increased clinical symptoms and Il-6 production upon 
DSS-induced colitis and treatment with E2 did not only increase the numbers of adenomas but also 
strongly promoted tumour progression with all E2-treated animals developing at least one invasive 
adenocarcinoma, whereas placebo-treated animals developed adenomas only. Using Er mutant 
mice, we found that the pro-tumorigenic effect of oestrogens depends on both Erα and Erβ.

Chapter 6
Azathioprine and other thiopurines are an important treatment modality in patients that suffer from 
inflammatory bowel disease. In these patients, treatment with thiopurines has been associated 
with a reduced risk of developing CRC. Additionally, the molecular target of azathioprine, Rac1 
has recently been implicated as a critical player during intestinal tumorigenesis. We hypothesized 
that Azathioprine may thus be a candidate for chemoprevention of CRC in patients that have 
increased risk for developing this disease. We tested this hypothesis in the ApcMin/+ mouse model of 
sporadic intestinal tumorigenesis.  Even though all azathioprine treated mice showed signs of drug-
associated toxicity, it did not reduce tumor formation. We therefore concluded that in the absence of 
inflammation azathioprine does not affect intestinal tumorigenesis. 

Chapter 7
Cancer stem cells (CSCs) are more resistant to conventional chemotherapy than differentiated cancer 
cells and may therefore play an important role in post-therapeutic tumor relapse. In order to improve 
the rate of sustained response to conventional chemotherapy, novel approaches are warranted that 
specifically sensitize these colon-CSCs to therapy. In this chapter, we report that induction of ER-
stress leads to phenotypic differentiation of colon-CSCs and a suppressed clonogenic potential in vitro 
and in vivo. ER-stress induced differentiation resulted in enhanced sensitivity to several conventional 
chemotherapies in vitro and suppressed the growth of subcutaneous xenografts when combined 
with chemotherapy. Our data thus provide a novel approach to force the differentiation of cancer 
stem cells and sensitize these cells to conventional therapy.
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DISCUSSION AND FUTURE PERSPECTIvES
All experimental chapters are discussed at the end of the chapter itself. In this section we will discuss 
unanswered questions and elaborate on how future experiments are directed to answer these 
questions. In particular we will further investigate the underlying molecular mechanism by which 
androgens promote colorectal tumorigenesis. In the last part of this chapter we will elaborate on how 
ER-stress may cause differentiation mechanistically and how our findings may be applied to the clinic.

Androgen receptor
The receptor for testosterone, the androgen receptor (AR), is not expressed in the intestinal and 
colonic epithelium, which indicates that its androgen-dependent tumor promotion is effected in an 
indirect manor. We have shown that the androgen receptor is highly expressed in brain and liver and 
are currently investigating how these tissues modulate adenoma formation in response to androgens 
by using tissue specific deletion of the AR-gene.

Testosterone and the brain
The brain produces several factors that may promote colorectal cancer (CRC) development. Human 
Growth Hormone Releasing Hormone (GHRH) is a hypothalamic decapeptide which binds to the 
Growth Hormone Releasing Hormone Receptor (GHRHR) in the pituitary gland, resulting in the 
production and release of Growth Hormone (GH) into the circulation and exerts its effects either 
directly by binding to the Growth Hormone Receptor (GHR) or indirectly through its tissue mediated 
Insulin Like Growth Factor 1 (IGF-1). 

A tumor-promoting role of GH is suggested by the observation that patients with acromegaly have 
increased risk of developing CRC 1,2. These patients suffer from excessive production of GH and IGF, 
most commonly due to pituitary adenoma’s. IGF-1 has anti-apoptotic properties and the mRNA of 
IGF-1 and its receptor are expressed in colon cancer cell lines 3,4. Epithelial proliferation is the colon 
is increased in acromegaly patients and correlates with the levels of circulating IGF-1  5. Conversely, 
treatment with antagonists of GHRH results in cell cycle arrests in colon cancer cells and delayed 
growth of subcutaneous xenografts in mice 6,7.

Thus far, the relationship between circulating androgens and release of GH and IGF-1 is poorly 
investigated. Elevated levels of IGF-1 are observed in bodybuilders abusing androgen anabolic 
steroids 8, however if this finding can be extrapolated to physiologic differences in androgen levels 
between male and female patients is uncertain, let alone if brain-derived factors can explain gender 
differences in CRC. 

The microgenderome
Although not investigated in this thesis, the role of gut microbiota has received much attention in the 
last decade. Gender bias is observed in numerous autoimmune diseases, many of which are more 
prominent in women. As such, male gender protects against disease susceptibility and severity of 
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type I diabetes mellitus (T1D) in the Non Obese Diabetic (NOD) mouse model. This protective effect 
was shown to be dependent on circulating androgen levels 9,10. The composition of intestinal gut 
microbiota is clearly different in males compared to females. An important role of microbiota on T1D 
development is suggested by the observation that gender difference disappears when NOD mice are 
housed under germ free conditions 11. Markle et al. demonstrated that removal of the gut microbiota 
increased circulating testosterone concentrations in female mice but decreased them in male mice. 
Furthermore, transfer of gut microbiota from adult males to immature female resulted in elevated 
serum testosterone levels and robust protection against T1D. All these effects were dependent on 
androgen receptor activity. Together these data suggest that that gender-specific composition of 
microbiota modulates circulating testosterone levels, resulting in relative protection against T1D. 
Yurkovetskiy et al. demonstrated that the crosstalk between microbiota and testosterone is not 
unidirectional and that in fact testosterone itself can also modulate microbiota composition 12. 

How intestinal microbiota influences the development of colon cancer is incompletely understood, 
however accumulating evidence shows that colorectal carcinogenesis is accompanied by microbial 
dysbiosis13,14. There is no single causative organism identified in CRC, however, some bacteria such 
as Fusobacteria, Alistipes, Porphyromonadaceae, Coriobacteridae, Staphylococcaceae, Akkermansia 
spp. and Methanobacteriales are consistently augmented in patients with colorectal cancer 
whereas others are constantly diminished such as Bifidobacterium, Lactobacillus, Ruminococcus, 
Faecalibacterium spp., Roseburia and Treponema. Moreover, bacterial metabolites amino acids are 
increased and butyrate is decreased throughout colonic carcinogenesis13. Which of these alterations 
is truly responsible for (anti-) oncogenic effects remains to be elucidated. Future experiments in our 
laboratory shall investigate whether hormonally regulated differences in intestinal microbiota may 
account for the gender difference colonic adenomas. 

Testosterone and the Liver
How testosterone modulates the intestinal microbiota composition is thus far incompletely 
understood. The androgen receptor is highly expressed in the liver so potentially testosterone 
influences the composition of bile acids, ultimately resulting in alteration of microbial composition. 
Vice versa, as a result of the enterohepatic bile circulation, alterations in microbiota may influence 
the composition of bile acids15. Altered bile acid composition has been suggested to exert direct 
oncogenic effect on the colonic epithelium16. As such, relatively high levels the bile acids lithocolic 
acid and deoxycolic acid are found in persons with CRC, whereas ursodeoxycholic acid is linked to a 
lower incidence in CRC15.

Furthermore, sex steroids are important regulators of adipose tissue metabolism in the liver. It was 
shown that treatment of orchidectomized mice with dihydrotestosterone (DHT) results in obesity, 
associated with reduced energy expenditure and fat oxidation, whereas in contrast, DHT did not 
affect food consumption or locomotor activity 17. Another study revealed a reduction in high-density 
lipoprotein-cholesterol in primates upon DHT treatment18.
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It must be stated that all the above suggested involvements of the androgen receptor in colonic 
carcinogenesis are highly speculative. The first step towards revealing the oncogenic mechanism 
of testosterone is by systematic testing which organ systems are involved. This can and will be 
investigated by tissue-specific deletion of the androgen receptor. 

Tissue-specific deletion of the androgen receptor
The target cell by which testosterone promotes adenoma formation remains yet to be elucidated. 
To investigate this, we will perform genetic experiments using Cre-LoxP mediated tissue specific 
deletion of the androgen receptor (AR). We are currently breeding a genetic mouse model in which 
exon 2 of the AR gene is flanked by LoxP sites19. The presence of LoxP sites itself  does not influence 
the functioning of the AR and thus these mice can functionally be seen as AR-wild type. Expression 
of the enzyme Cre-Recombinase (Cre) results in excision of the DNA fragment that is flanked by 
the LoxP sites and thus leads to a functional knock-out phenotype of the androgen receptor in all 
cells expressing  Cre. Crossing AR-Flox mice into mouse strains that express Cre under tissue specific 
promoters will allow us to selectively delete the androgen receptor in either the whole body, the 
brain, the liver or the intestinal epithelium.

Mechanism of ER-stress induced differentiation
In an attempt to elucidate the underlying molecular mechanism of stem cell differentiation by ER-
stress, we performed STORM-analysis on the list of downregulated genes by SubAB treatment in 
chapter 7. The STORM software (Search Tool for Occurences of Regulatory Motifs) is designed to 
scan through sequences in search of binding sites that match given motifs which allows prediction 
of transcription factors that may be responsible for a difference in gene expression upon a certain 
treatment20 (Figure 1a).  This analysis revealed involved of the Nuclear Factor κ-light-chain-enhancer 
of activated B-cells (NF-κB) pathway after SubAB treatment, as binding sites for both NF-kB as well as 
NFKB1 were among the 15 most abundant transcription factors of all SubAB-downregulated genes. 
The NFKB1 gene encodes for Nuclear factor NFkB p105 subunit which can undergo cotranslational 
processing by the 26S proteasome to produce the NFkB subunit p50. 

NF-κB is a transcription factor consisting of the subunits p65 (also called RelA) and p50. NF-kB 
signaling is activated by numerous processes such as inflammation, damage by oxidant-free radicals, 
ultraviolet irradiation, and is activated by cytokines, chemokines, adhesion molecules and bacterial 
or viral products21. In the absence of activating stimuli, NF-kB is located in the cytoplasm and bound 
to NF-kB inhibitor α (IkBα) where IkBα prevents nuclear translocation of NF-kB. Upon activation, NF-
kB inducing kinase (NIK) phosphorylates the IᴋBα kinase (IKK) complex. This complex phosphorylates 
IκBα, marking it for ubiquitination and subsequent 26S proteasome-mediated degradation. As a 
consequence of IκBα degradation, NF-kB translocates to the nucleas where is causes transcription of 
its target genes22. NF-kB plays a key role in several cellular functions such as inflammation, apoptosis, 
cell survival, proliferation, angiogenesis and innate and acquired immunity. Additionally, NF-kB 
has recently been implicated to play a crucial role in stem cell proliferation and colorectal cancer 
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Figure 1. UPR-induced differentiation is mediated by inhibition of NFkB signaling. (A) Schematic 
representation of  STORM analysis (Search Tool for Occurences of Regulatory Motifs) of differentially 
expressed after SubAB treatment. Pre-scanned human Refseq promoter regions were used from the 
Transfac Professional database (-1500 bp to +500 bp from the transcription start site (TSS). (B) Geneset 
Enrichment Analysis of a previously described NF-kappaB Geneset23 using GSEA software from the 
Broad Institute (http://www.broadinstitute.org/gsea). (C) Quantitative RT-PCR for LGR5 relative to 
GAPDH of GTG7 colon cancer stem cells after 24 hours treatment with NF-kappaB inhibitor JSH40 and 
BMS at indicated doses. Experiments were set up in a similar manor as described in chapter 7 of this 
thesis. Data are representative of three independent experiments. Values mean ± SEM, significance 
was measured by Student’s t-test where *p<0.05, **p < 0.01, ***p < 0.001. 
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initiation. Upon activation of the NF-kB signaling pathway, nonstem cells were shown to undergo 
dedifferentiation and acquire tumor-initiating capacity.23,24. 

Geneset Enrichment Analysis using a previously described NF-kappaB geneset25 confirmed inhibition 
of NF-kB signaling by SubAB treatment (Figure 1b). In order to investigate if inhibition of NF-kB 
signaling is sufficient to induce stem cell differentiation we treated GTG7 colon cancer stem cells 
with NF-kB inhibitors BMS345541 (BMS) and JSH-23 (JSH). BMS is an IKK inhibitor and prevents 
phosphorylation of IkBα. JSH interferes with nuclear translocation of NF-kB, without affecting the 
process of IκB degradation. Both JSH and BMS were equally effective in downregulating stem cell 
marker LGR5 (Figure 1b). Although we did not perform rescue-experiments to investigate if the effect 
of ER-stress would be neutralized by simultaneous NF-kB activation, these data suggest that ER-stress 
induced differentiation is mediated by NF-kB inhibition. 

Clinical opportunities of ER-stress
The data described in chapter 7 provide a novel approach to force the differentiation of cancer stem 
cells and sensitize these cells to conventional therapy. The compounds described in this chapter 
however are not suitable for treatment of patients. SubAB and thapsigargin are potent activators of 
the UPR, but are highly toxic in vivo and rapidly lead to death after injection in rhodents26,27. In our 
experiments we did not observe any signs of toxicity of Salubrinal treatment in vivo, however this 
compound has thus far not been tested in humans.

In an effort to find a safe treatment, registered for patients, we tested the efficacy of the proteasome 
inhibitor bortezomib. Although the mechanism of action of bortezomib is incompletely understood, 
inhibition of the NF-κB is suggested to play an important role due to a reduction of IkBα degradation28. 
We hypothesized that proteasome inhibition would lead to an accumulation of unfolded and misfolded 
proteins (ER stress) resulting in activation of the UPR. Indeed, treatment of LS174T colon cancer cells 
with bortezomib caused upregulation of the endoplasmic reticulum chaperone GRP78/BiP and the 
downstream transcription factor CHOP (Figure 1a-b). UPR activation by bortezomib was accompanied 
with downregulation of Intestinal Stem Cell marker OLFM4 and LGR5 (Figure 2c) and a loss of self-
renewal capacity (Figure 2d). Interestingly, low dose bortezomib of 5nM showed differentiation in the 
absence of UPR activation, leaving the option open that bortezomib- induced differentiation may not 
directly result from UPR activation but from another stimulus such as inhibition of NF-kB signaling. 

Currently it is not completely clear if combined treatment of bortezomib with standard therapy is safe 
and effective in the treatment of colon cancer. Two fase-I trials have thus far shown contradicting results. 
Cohen et al. reported that combined treatment of capecitabine and oxaliplatin with bortezomib was 
safe in a fase-I trial for solid tumors29. A later fase-I study for the treatment of advanced or metastatic 
rectal cancer however showed that the maximal tolerable dose of bortezomib in combination with 
standard 5-fluorouracil and external beam radiation therapy may be below a clinically relevant dose, 
limiting the clinical applicability of this combination30  



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

Summary and Discussion

135

8

In conclusion, forced differentiation of therapy resistant colon cancer stem cells is an attractive 
and feasible avenue which may optimize the sensitivity to chemotherapy and improve outcome in 
patients with colon cancer, however this aim is currently retained from the lack of safe and effective 
compounds that are registered for human applications. Therefore future research is warranted for 
the development of new compounds or the identification of existing agents that may be effective in 
achieving this aim. 

Figure 2. Bortezomib activates the UPR and causes intestinal stem cell differentiation. Effects of 
24 hours treatment with bortezomib at indicated doses of LS174T colon cancer cells. (A) Quantitative 
RT-PCR of components of the Unfolded Protein Response CHOP and GRP78 relative to GAPDH. (B) 
Westernblot analysis of endoplasmic reticulum- chaperone GRP78 after bortezomib treatment. 
(C) Quantitative RT-PCR of Instestinal Stem Cell markers OLFM4 and LGR5 relative to GAPDH. (D) 
Percentage of colony forming cells after bortezomib treatment, assessed by limiting dilution assay.  
Assessment of clonal frequencies and statistical analysis was evaluated with the Extreme Limiting-
dilution Analysis (ELDA) ‘limdil’ function (http://bioinf.wehi.edu.au/software/elda/index.html). 
Exclusion of dead cells was performed with propidium iodide (PI). Experiments were set up in a 
similar manor as described in chapter 7 of this thesis. All data are representative of three independent 
experiments. Statistical significance of (A, C) was determined by one way ANOVA with a Bonferroni 
post-test. Values mean ± SEM (A,C) or mean with 95% CI, *p<0.05, **p < 0.01, ***p < 0.001. 
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NEDERLANDSE SAMENVATTINg VOOR NIET-INgEWIJDEN
Darmkanker is wereldwijd één van de meest voorkomende en dodelijkste vormen van kanker. De 
afgelopen jaren is het aantal patiënten met darmkanker toegenomen. Deels is dit een gevolg van de 
vergrijzing maar zonder twijfel spelen ook andere factoren hier een rol in zoals voedingspatroon en 
leefstijl. 

De behandeling van darmkanker bestaat in eerste instantie uit chirurgische verwijdering van de tumor, 
al dan niet in combinatie met chemotherapie en eventueel bestraling. Of deze behandeling succesvol 
zal zijn hangt voor een groot gedeelte af van het stadium waarin de kanker zich bevindt ten tijde van 
de diagnose. Dit stadium wordt bepaald door de grootte van de tumor, ingroei in omliggende weefsels, 
de locatie (dikke darm of endeldarm) en of de tumor uitgezaaid is. Het voorstadium van darmkanker, 
de poliep, is bijvoorbeeld vaak eenvoudig endoscopisch te verwijderen zonder dat verdere behandeling 
nodig is. Voor vergevorderde darmkanker met uitzaaiingen echter is de prognose veel minder gunstig. 
Het is dus belangrijk om darmkanker tijdig op te sporen. De eerste stadia van darmkanker verlopen 
echter regelmatig zonder duidelijk herkenbare symptomen waardoor de ziekte pas in een ver gevorderd 
stadium aan het licht komt en de kans op genezing drastisch afneemt. De behandelopties zijn dan niet 
meer gericht op genezing maar op verlichting van de klachten en verlenging van het leven. 

Om dit te voorkomen wordt er in Nederland en in het buitenland veel moeite gestoken in het vroegtijdig 
opsporen van darmkanker. Zo vindt er sinds 2014 het landelijk bevolkingsonderzoek plaats waarbij 
alle Nederlanders tussen de 55 en 75 jaar worden gescreend met behulp van een ontlastingstest. 
Met deze test wordt gezocht naar sporen van bloed die kunnen wijzen op darmkanker, maar ook 
andere relatief onschuldige aandoeningen zoals poliepen en aambeien. Indien bloedsporen worden 
aangetroffen in de ontlasting zal met behulp van een colposcopie onderzocht worden waar deze 
precies vandaan komen. Indien er tijdens de coloscopie poliepen worden aangetroffen kunnen deze 
vaak direct verwijderd worden waardoor eventuele ontwikkeling tot darmkanker voorkomen wordt. 
Hoewel het bevolkingsonderzoek in veel gevallen zal leiden tot vroegere opsporing van darmkanker 
zal nog steeds een groot gedeelte van de patiënten die wordt gediagnosticeerd met darmkanker 
verdere behandeling nodig hebben. 

De laatste jaren zijn er veel nieuwe experimentele medicijnen ontwikkeld voor de behandeling tegen 
darmkanker. Op dit moment bestaat de standaard behandeling, naast chirurgische verwijdering van 
de tumor, echter nog altijd uit chemotherapie met eventueel bestraling. Het grootste nadeel van 
chemotherapie is dat deze gericht is op snel delende cellen. In het menselijk lichaam zijn dit niet 
alleen kankercellen, maar ook een heleboel gezonde cellen die je niet zomaar kunt missen. Hierdoor 
leidt chemotherapie tot aanzienlijke bijwerkingen en houden patiënten het lang niet altijd vol om de 
kuur volledige af te maken. 

Chemotherapie is erg effectief in het verkleinen van de tumor. Vaak zelfs is de tumor na therapie 
zo klein geworden dat deze niet meer zichtbaar is op radiologische beeldvorming. Toch blijkt in de 
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praktijk dat een deel van de tumoren uiteindelijk weer terug komt, soms vele jaren later en vaak ook 
nog eens in een agressievere vorm. Dit betekent dat er een kleine groep van kankercellen bestaat die 
immuun is tegen (ongevoelig voor) chemotherapie en die verantwoordelijk is voor het terugkomen 
van de ziekte. De afgelopen jaren wordt het steeds duidelijker dat het hier gaat om de zogenaamde 
‘kankerstamcellen’. 

Dit proefschrift richt zich op twee gebieden van de oncologie. Ten eerste onderzoeken we factoren 
die betrokken zijn bij het ontstaan van darmkanker. In het bijzonder hebben we hierin de rol van 
geslachtshormonen onderzocht. Ten tweede onderzoeken we factoren die een rol spelen bij de respons 
op chemotherapie. Hiervoor hebben we ons speciaal gericht op het gevoelig maken (sensitizeren) 
van kankerstamcellen voor chemotherapie. De eerste twee hoofdstukken van dit proefschrift kunnen 
worden gezien als introductie. Hoofdstuk 1 beschrijft het concept van stamcellen. Hier wordt 
duidelijk waarom stamcellen zo belangrijk zijn voor de gezonde darm, maar zo gevaarlijk in het geval 
van kanker. Omdat een darmcel gemiddeld slechts vijf dagen leeft, moet de gehele binnenbekleding 
van de darm elke week volledig vernieuwd worden. Deze taak wordt volbracht door de stamcellen. 
Zij zijn continue aan het delen om daarmee nieuwe darmcellen te produceren. Als de stamcellen hun 
werk niet goed doen en de vernieuwing niet adequaat verloopt, komt de darm in de problemen en 
kunnen er ontstekingen ontstaan. Als de vernieuwing van het darmweefsel echter ongecontroleerd 
gebeurt, kan er darmkanker ontstaan. Stamcellen in een tumor, de kankerstamcellen, zijn juist 
gevaarlijk omdat ze verantwoordelijk worden gehouden voor groei en uitbreiding van de tumor en 
omdat ze resistent zijn tegen chemotherapie. In hoofdstuk 7 van dit proefschrift onderzoeken we 
methoden om kankerstamcellen gevoeliger te maken voor chemotherapie. 

Hoofdstuk 2 geeft een overzicht van wat er in de medische literatuur bekend is over de rol van 
geslachtshormonen in darmkanker. Er zijn verschillende risicofactoren beschreven die een rol 
spelen bij het ontstaan van darmkanker. Sommige risico’s zijn beïnvloedbaar zoals roken, gebrek aan 
lichaamsbeweging en het overmatig eten van rood vlees. Andere risicofactoren zijn niet te beïnvloeden 
zoals een oudere leeftijd en het mannelijk geslacht. Mannen hebben namelijk een grotere kans om 
darmkanker te krijgen dan vrouwen. De rol van geslachtshormonen hebben we uitvoerig onderzocht 
in dit proefschrift. Postmenopauzale vrouwen die de pil slikken hebben minder kans om darmkanker te 
krijgen. Dit verschil lijkt vooral veroorzaakt te worden door een beschermende werking van medroxy 
progesteron acetaat (MPA), een synthetische vorm van het vrouwelijke hormoon progesteron. 
Omdat MPA postmenopauzale vrouwen beschermt tegen darmkanker, werd altijd aangenomen dat 
het verschil tussen mannen en vrouwen ook wordt verklaard door een beschermende werking van 
vrouwelijk hormonen. In dit proefschrift tonen we aan dat dit niet het geval is. 

In hoofdstuk 3 onderzoeken we met behulp van verschillende diermodellen hoe het komt dat mannen 
meer darmkanker krijgen dan vrouwen. Uit dit onderzoek blijkt dat het niet de vrouwelijke hormonen 
zijn die beschermen, maar juist de mannelijke hormonen (testosteron) die ervoor zorgen dat mannen 
een grotere kans hebben op darmkanker. Mechanistisch laten we zien dat het een indirect effect 
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moet zijn van testosteron omdat de receptor voor testosteron, de androgeenreceptor, niet aanwezig 
is in de darmcellen waar kanker ontstaat. 

In hoofdstuk 4 hebben we onderzocht hoe het komt dat MPA beschermt tegen darmkanker 
in postmenopauzale vrouwen. Allereerst tonen we met behulp van muizenproeven aan dat de 
menopauze ervoor zorgt dat vrouwelijke muizen meer darmpoliepen krijgen. Dit zou verklaard 
kunnen worden doordat testosteron actiever wordt na de menopauze, zoals ook al blijkt uit eerdere 
studies in muizen en mensen. MPA blijkt het aantal darmpoliepen niet te remmen in vruchtbare 
muizen, maar wel een zeer beschermende werking te hebben in postmenopauzale muizen. Dit zou 
betekenen dat het geen zin heeft om vruchtbare vrouwen met MPA te behandelen om darmkanker 
te voorkomen, maar postmenopauzale vrouwen wel. Van MPA is bekend dat het de activiteit van 
testosteron remt. Dit zou kunnen verklaren waarom het alleen beschermend werkt na de menopauze. 

In tegenstelling tot de beschermende werking van vrouwelijke hormonen op darmkanker, vergroot 
het slikken van de anticonceptiepil ervoor dat de kans om colitis ulcerosa (chronische dikke darm 
ontsteking) te krijgen toeneemt. Omdat chronische ontsteking de kans op kanker juist vergroot 
hebben we in hoofdstuk 5 de rol van vrouwelijk hormonen onderzocht in darmkanker ten gevolge 
van chronische darmontsteking (colitis geassocieerde kanker). Deze vorm van damkanker komt 
namelijk op een hele andere manier tot stand dan de sporadische vorm waarbij er minder duidelijk 
één specifieke oorzaak aan te wijzen is. In dit hoofdstuk tonen we aan dat vrouwelijke hormonen, 
oestradiol in het bijzonder, ervoor zorgen dat darmontsteking wordt verergerd en, in tegenstelling 
tot sporadische darmkanker, het risico op colitis geassocieerde darmkanker juist verhoogt. Voor de 
kliniek betekent dit dat artsen die patiënten behandelen met chronische darmontsteking zoals de 
ziekte van Crohn of colitis ulcerosa, bedacht moeten zijn op het gebruik van de pil bij hun patiënten. 

Door bepaalde foutjes (mutaties) in het DNA hebben sommige patiënten een verhoogde kans op 
darmkanker. Een dramatisch voorbeeld hiervan zijn patiënten met FAP (familial adenomatous 
polyposis) die een mutatie hebben in het APC gen dat ervoor zorgt dat de kans om gedurende het 
gehele leven darmkanker te krijgen bijna gelijk is aan honderd procent. De enige manier om dit te 
voorkomen is door op vroege leeftijd de gehele dikke darm te verwijderen. In hoofdstuk 6 hebben 
we in een muismodel met een vergelijkbare mutatie in het Apc gen getest of we de ontwikkeling 
van darmpoliepen konden tegengaan met behulp van het medicijn Azathioprine. Azathioprine wordt 
normaal gesproken niet gegeven in de behandeling van darmkanker maar van colitis ulcerosa. Het 
werkingsmechanisme is niet helemaal bekend, maar in ieder geval weten we dat Azathioprine het 
molecuul RAC1 remt. Recent was aangetoond dat ditzelfde RAC1 noodzakelijk is voor het ontstaan 
van darmpoliepen. Helaas bleek uit onze proeven dat de behandeling met Azathioprine het aantal 
poliepen niet kon verminderen in dit muismodel. 

Een tumor bestaat niet zomaar uit een zak met snel delende cellen zoals soms wel eens wordt 
gedacht. In werkelijkheid is een tumor heel goed georganiseerd met een stricte hiërarchie tussen 
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de verschillende kankercellen. Aan de top van de keten staan de kankerstamcellen. Deze vormen in 
totaal minder dan tien procent van alle kankercellen en worden verantwoordelijk geacht voor het 
ontstaan van de tumor, maar ook voor de groei en uitbreiding daarvan. De overige ‘gedifferentieerde’ 
(uitgerijpte) cellen veroorzaken niet zozeer de tumorgroei zelf, maar zijn nog steeds wel onmisbaar 
voor de tumor als geheel doordat ze belangrijke taken uitvoeren. De kankerstamcellen zijn niet alleen 
de motor achter tumorgroei, maar zijn ook nog eens resistent zijn tegen chemotherapie. Hierdoor 
worden ze verantwoordelijk gehouden voor terugkeer van de tumor na een aanvankelijk succesvolle 
behandeling. In de praktijk is het ontzettend moeilijk gebleken om deze kankerstamcellen te doden. 
Daarom hebben wij in hoofdstuk 7 een andere strategie toegepast. Door middel ‘differentiatie’ 
zorgen we ervoor dat de kankerstamcellen veranderen in gedifferentieerde cellen. Hierdoor worden 
ze wel gevoelig voor chemotherapie. Door in de toekomst differentiatie-therapie te combineren met 
chemotherapie worden ook de kankerstamcellen gedood waardoor de tumor minder snel terug zou 
kunnen komen. Bovendien zou differentiatie-therapie ervoor kunnen zorgen dat we lagere doseringen 
nodig hebben van chemotherapie waardoor patiënten minder last krijgen van bijwerkingen. Voordat 
de stap naar de kliniek is gemaakt moet echter nog veel experimenteel werk gedaan worden. 

Hoofdstuk 8 is een discussie van dit proefschrift. Elk hoofdstuk heeft op zichzelf al een eigen discussie 
dus in dit hoofdstuk richten we ons vooral op punten die eerder nog niet aan bod zijn gekomen en 
waar we in de toekomst verder aan zullen werken. Een voorbeeld hiervan is dat we momenteel 
onderzoeken hoe het komt dat testosteron de kans op darmkanker verhoogt. Mogelijkerwijs hebben 
de lever of de darmflora hier een essentiële rol in. Ook zullen we in de toekomst verder onderzoeken 
hoe MPA precies beschermt tegen darmkanker en of hier een rol is weg gelegd voor het onderdrukken 
van de activiteit van testosteron. 

Om uiteindelijk darmkanker beter te kunnen bestrijden is het noodzakelijk om ons niet alleen te 
richten op de tumor en de therapie zelf, maar ook te onderzoeken hoe darmkanker nu eigenlijk 
ontstaat en welke factoren hierbij betrokken zijn. Een beter inzicht in het ontstaan van darmkanker 
zal uiteindelijk leiden tot de ontwikkeling van specifiekere medicijnen die helpen bij het voorkomen 
of genezen daarvan. Met dit proefschrift hebben we ons gericht op zowel factoren die een rol spelen 
bij het ontstaan van darmkanker als factoren die een rol spelen bij de gevoeligheid voor of resistentie 
tegen chemotherapie. In dit proefschrift zijn we op zoek gegaan naar nieuwe aangrijpingspunten 
die zouden kunnen worden aangewend voor de ontwikkeling van nieuwe, betere medicijnen met 
minder bijwerkingen in de behandeling en preventie van darmkanker. Al met al hebben we met dit 
proefschrift geprobeerd om de kloof tussen de kanker en therapie (between cancer and therapy) te 
verkleinen.
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DANkWOORD
“We’ve knocked the bastard off” zei Edmund Hillary in 1953 bij zijn terugkeer in het basiskamp, 
nadat hij als eerste mens in de geschiedenis de top van Mount Everest had bereikt. De inspanningen 
die het schrijven van een proefschrift vergt zijn wellicht van een ietwat ander kaliber dan die bij 
het klimmen van Everest. Toch voel ik me een beetje als Hillary indertijd; trots en voldaan na een 
prachtige tocht! De vergelijking tussen promotieonderzoek en een bergbeklimming komt overigens 
niet van mijzelf. In 2011 stelde Willemijn van Dop dat je bij bergbeklimmen –in tegenstelling tot 
promoveren- in ieder geval van tevoren precies weet hoe hoog de top zal zijn. Hoewel dit uiteraard 
waar is, kun je in beide gevallen wel van tevoren kiezen met welke personen je op pad gaat en 
zij bepalen grotendeels het succes van de expeditie. Willemijn introduceerde mij destijds bij de 
onderzoeksgroep van Gijs van den Brink en dat bleek een gouden greep (wat mij betreft). Zo leerde 
ik snel een grote groep slimme, gedreven en enorm gezellige mensen kennen die allemaal op hun 
eigen manier hebben bijgedragen aan het tot stand komen van dit proefschrift. Het is onmogelijk 
om hier iedereen hier te benoemen,  toch zijn er een paar mensen voor wie een persoonlijk woord 
van dank op zijn plaats is. 

Mijn promotor, Gijs van de Brink. Beste Gijs, wat voel ik mij bevoorrecht dat ik onderdeel heb mogen 
zijn van jouw team! Je tomeloze enthousiasme, intelligentie en positiviteit werken enorm aanstekelijk 
en inspirerend, zowel binnen als buiten het lab. Een paar hoogtepunten: ons sollicitatiegesprek aan 
de bar in een bomvol Villa Ruysch. Huttentochten door de Alpen langs steile kliffen over bergpaadjes 
die niet veel breder waren dan de breedte van je bergschoenen met als enige houvast een roestig 
kabeltje. Naderhand verplicht zwemmen tussen de ijsschotsen in een gletsjermeer. De Abcouder 
feestweek (inmiddels een begrip) en ga zo maar door. Xaipe!

Mijn copromotoren Jarom Heijmans en Vanesa Muncan. Beste Jarom; jij maakte mij wegwijs in 
de voor mij totaal abstracte en ongrijpbare wereld van laboratorium onderzoek, maar wat ik het 
meest van jou heb geleerd is plezier te hebben in het werk. Mislukte clonings, verdwenen chimeren, 
onterechte reviews. Jij blijft het werk (en misschien wel het leven) benaderen met een ongekende 
‘joie de vivre’. Dancing naked in a mind field! Dear Vanesa, I don’t believe your esteem of me was 
particularly high when I had just taken my first steps in the lab. I can still vividly recall you exclaiming 
(while I was actually standing right next to you): “does this boy have a clue what he is doing?” Our 
relationship grew with the years and I particularly thank you for always being honest, critical and 
supportive regardless the results of the experiments or the potential impact of a project. 

De leden van mijn promotiecommissie. Prof. Dr. E. Dekker, Prof. Dr. H.W.M. van Laarhoven, Prof. Dr. A. 
Käser, Prof. Dr. J.P. Medema, Prof. Dr. S.T. Pals en Prof. Dr. M.P. Peppelenbosch. Dank voor uw interesse, 
kritische blik en (hopelijk) geregelde gedachtewisseling. Het is een eer dat zulke vooraanstaande 
onderzoekers in mijn promotiecommissie zitting willen nemen. Professor Käser, thank you for coming 
all the way to Amsterdam for this special day, this is a great honour for me! Jan Paul Medema ben 
ik in het bijzonder veel dank verschuldigd. De deuren van jouw laboratorium stonden voor mij altijd 
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open, en de mensen achter die deuren hebben mij enorm geholpen en welkom laten voelen. Dit 
brengt mij dan op Selcuk Colak. Beste Selcuk, met jou had ik het werkelijk niet beter kunnen treffen. 
Samen hebben we het beste van twee onderzoeksgroepen bij elkaar proberen te brengen wat heeft 
geresulteerd in een vruchtbare samenwerking en een mooie publicatie!

De afgelopen jaren heb ik enorm veel plezier gehad in mijn werk en dat komt in eerste instantie 
door de collegae van het Tytgat Instituut en de afdeling maag-, darm-, en leverziekten van het AMC. 
Of het nou gaat om extatische successen, diepe teleurstellingen of het hele spectrum ertussenin,  
in het Tytgat beleef je ze nooit alleen. Dit heeft geleid tot het ontstaan van mooie en dierbare 
vriendschappen die een stuk verder reiken dan de rondweg van het AMC. Sanne en Nikè, de kleine 
harde kern vanaf het begin; jullie waren ieder op je eigen manier een voorbeeld voor me. Alon,  
godzijdank hoef ik nooit meer een marathon (bergop!) te lopen om je te blijven zien en werken wij 
nu samen in het Flevoziekenhuis. Hanke; onder het adagium “als je jezelf niet kietelt wordt er nooit 
gelachen” hebben we een hoop lol gemaakt en hoogte- en dieptepunten met elkaar gedeeld. In 
Berlijn waren die ettelijke honderden meters van elkaar verwijderd. Ik ben blij dat ik jou als vriend 
erbij heb gekregen! Felicia, jij bracht muziek in de Jolly Pipets! Florien en Jessica dank voor jullie input 
bij de Nederlandse samenvatting van dit proefschrift. Bartolomeus; je bent een waardige opvolger. 
Ik reken erop dat jij samen met Theo het hormoonproject naar nieuwe hoogtes zal brengen en we 
ergens tijdens jouw promotietijd nog een grote klapper gaan maken! 

Mijn student Monique Schukking: Lieve Monique, je kwam solliciteren voor een stageplek en vertelde 
‘en passant’ dat kleien je lust en je leven was. Toen bleek dat je dit niet als grap had bedoeld, wist 
ik dat we een te gekke tijd tegemoet zouden gaan. Met je eigenzinnige visies en verhalen heb je 
ongelofelijk veel jeu toegevoegd aan de groep. Je zelf gekleide muis (inclusief anale prolaps) staat nog 
altijd fier naar mij te koekeloeren op mijn bureau! 

In het Tytgat Instituut zijn we gezegend met enorm goede postdocs en technicians die altijd bereid 
zijn om te helpen. Manon Wildenberg, koningin van de FACS. Bart-Blot-Baan: ooit staan wij nog eens 
samen aan de lessenaar! Paula da Sousa: The most exciting experiments I have performed with you. 
Injecting our “homemade virus directly into the pancreatic ducts from rats that behaved themselves 
as lead characters in a horror movie. Theo; houd je Bartolomeus een beetje in toom voor me? Olga, 
our time together in the lab was way to short! 

Sander Meisner, met al je technische kennis en vaardigheden ben je achter de schermen een absolute 
hoofdrolspeler in het Tytgat instituut. Daarnaast heb je ons samen met Fadi, Carl en Clinton bergen 
werk uit handen genomen. Jacqueline, de keren dat je me hebt moeten redden wanneer de camera 
van de omkeer microscoop het weer eens begeven had zijn niet te tellen. Telkens weer flik je het 
om dat kreng aan de praat te krijgen. Esther dank voor de gezelligheid. Kam dank voor alle electro-
competente cellen die ik van je mocht gebruiken. Buiten het  Tytgat ben ik dank verschuldigd aan 
Berend Hooibrink en Toni van Capel voor de hulp bij cell sorting en aan Danny Zwijnenberg en Jan 
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Koster voor de hulp met de analyses van de microarrays. En dan -zeker niet te vergeten- de twee 
pilaren waarop het hele Tytgat rust; Mona en Wil.   

Jooske en Wouter, wat een feest dat jullie deze dag zo dicht bij mij staan als paranimf! Jooske, mijn 
rots in de branding. Of het nu ging om ingewikkelde southern blot opstellingen of een goede grap, 
voor werkelijk alles kon ik bij jou terecht. Je slimme, kritische blik en relativerende humor hebben 
mijn promotietijd significant aangenamer gemaakt! Wouter, ook al hadden je open vragen soms 
wellicht meer ten doel om vooral zelf niet te hoeven praten tijdens het hardlopen, niemand van mijn 
vrienden was inhoudelijk zo geïnteresseerd in mijn onderzoek als jij.  

De afgelopen jaren waren er soms ook momenten dat ik even niet in het lab was.  Wat was het dan 
heerlijk om met vrienden te borrelen, hard te lopen, muziek te maken of mooie reizen te maken. 
Voor leuke en minder leuke dingen ben ik regelmatig terug gekeerd naar mijn bourgondische roots 
in Teteringen waar de haard altijd aan staat en het elk uur van de dag borreltijd is! Lieve vrienden, 
lieve familie, lieve Georg; hoe leuk mijn onderzoekstijd ook was, met jullie was het altijd nog leuker!

Drie belangrijke mensen hebben wel het begin van mijn promotie meegemaakt, maar kunnen 
er vandaag helaas niet meer bij zijn. Boppie; de tientallen brieven, artikelen en berichten die mij 
ertoe hadden moeten zetten om radioloog te worden hebben niet het beoogde effect gehad. Toch 
bent u voor mij een grote inspiratie en zal ik mijzelf gelukkig prijzen als ik over 55 jaar maar half zo 
gepassioneerd ben over mijn vak als u was tot op het einde van uw leven. Bommie, lief, zorgzaam en 
altijd apetrots op haar kleinkinderen. Tot slot kan helaas mijn lieve moeder er niet meer bij zijn. We 
zullen goed voor je tuintje zorgen!

‘muis’ door M. Schukking, 2015
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Stellingen behorend bij het proefschrift:

BETWEEN CANCER AND THERAPY
-STUDIES OF THE COLON-

Het is niet zozeer dat vrouwen beschermd zijn tegen darmkanker, als wel dat mannen hier een 
verhoogd risico op hebben
 Dit proefschrift

Preventie van darmkanker door middel van synthetisch progesteron is enkel effectief na de 
menopauze
 Dit proefschrift

Oestrogenen verergeren de mate van colitis wat leidt tot een grotere kans op darmtumoren
 Dit proefschrift

Door activatie van de ‘Unfolded Protein Response’ worden resistente kankerstamcellen gevoelig 
voor chemotherapie wat leidt tot een betere respons 
 Dit proefschrift

Progress toward the understanding and management of human colon cancer can be significantly 
advanced if appropriate animal models become available 
 Amos Landgraf-PNAS 2007 en dit proefschrift 

Gemiddelden zeggen niet altijd alles, gemiddeld Nederland heeft één bal en één tiet 
 Dr. L.E. Ellerbroek

Stamcellen kunnen ‘de kanker’ krijgen

If you think adventure is dangerous, try routine, it’s lethal
 Paulo Coelho

Music is the one incorporeal entrance into the higher world of knowledge which comprehends 
mankind but which mankind cannot comprehend 
 Ludwig van Beethoven 

Some day I’m going to climb Everest 
 Sir Edmund Hillary (1939)
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