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General introduction

   1Introduction to CRC
There are more than 200 different types of cancer and those that originate in colon, 
rectum or small intestine are collectively called colorectal cancer (CRC) 1. CRC is 
the third most common cancer worldwide with nearly 1.4 million new cases in 
2012 2. Fearon and Vogelstein suggested already 25 years ago that sequential accu-
mulation of mutations leads to CRC 3. The so called Vogelgram summarizes muta-
tions and epigenetic changes that frequently occur at different phases of tumor 
development in CRC, including mutation in APC, KRAS and TP53 (Figure 1). 
It is important to mention that this proposed order of mutations is useful but not 
observed in all CRCs as there is considerable variation in the number of muta-
tions and also the order in which mutations occur can differ between patients 4, 5.  

Mutations in adenomatosis polyposis coli (APC) is seen in approximately 80% of the CRC 
patients and is thought to be the first step in CRC tumorigenesis in some patients 6, 

7. This tumor suppressor gene is a key player in the WNT signaling pathway. In the 
absence of any WNT ligands APC forms, together with glycogen synthase kinase 3β 
(GSK3β), Axin and casein kinase Iα (CKIα), a destruction complex that tightly regulates 
protein levels of the transcriptional co-activator β-catenin. The destruction complex 
phosphorylates β-catenin, which directs binding to the E3 ubiquitin ligase β-TrCP 
resulting in ubiquitination and degradation of β-catenin. However, when WNT ligands 
are present, these interact with their cognate receptors Frizzled and LRP5 or LRP6 
inducing Frizzled-LRP5/6 complex formation. Conformational changes in these recep-
tors allow LRP phosphorylation followed by inhibition of GSK3β by Dishevelled and 
binding to Axin. The resulting inhibition of the destruction complex, allows for accu-
mulation of cytoplasmic β-catenin due to a failure to phosphorylate and subsequent 

Figure 1: Vogelgram summarizing (epi-)genetic changes leading to transition from normal tissue 
to carcinoma.
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translocation to the nucleus. Here nuclear β-catenin interacts with T-cell factor (TCF) 
/ lymphoid enhancer-binding factor (LEF) transcription factors, and induces transcrip-
tion of target genes including LGR5, Cyclin D1, and C-MYC  (Figure 2) 8. Mutations in 
the APC gene lead to decreased activity of the APC tumor suppressor gene and result in 
activation of WNT signaling pathway in the absence of ligands, leading to increased cell 
proliferation. Therefore APC mutations contribute to the transition of normal epithe-
lium to early adenomas (Figure 1) 9, 10. In a recent study it was shown that restoring 
expression of APC in an APC knock down mice results in regression of tumors even 
when additional mutations are present. This provides evidence that APC mutations are 
not only important for tumor initiation but also for CRC maintenance 11. 

Figure 2: WNT signaling pathway. WNT ligands induce accumulation of β-catenin and thereby 
increased transcription of target genes including LGR5. See texts for detailed information. Abbrevia-
tions: Dsh: Dishevelled, β-cat: β-catenin.
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   1The Vogelgram indicates that APC mutations are followed by activating mutations 
in the Kirsten Rat Sarcoma (KRAS). KRAS mutations contribute to the transition from 
early to late adenoma and is reported in 30-50% of CRC patients 7, 12, 13 . KRAS is a one 
of the key players in the EGF pathway. This pathway is activated when a ligand like 
epidermal growth factor (EGF) binds to its receptor e.g. EGFR. This pathway ulti-
mately leads to activation of ERK and ELK1 that stimulate cell proliferation 14. The 
relevance of KRAS mutations in CRC is recently studied in mouse intestine by inducing 
KRAS mutations. Activating KRAS mutations give mutated stem cells a competitive 
advantage over their wild-type (WT) counterparts, making the chance that WT cells 
are replaced by KRAS mutant cells higher 15. In line with this it was also shown that 
activating KRAS mutations in stem cells increase crypt fission, spreading the mutation 
throughout the intestinal lining. This process makes it possible that KRAS mutant 
cells can expand beyond the crypt border 16. These studies provide evidence that KRAS 
mutations are advantageous during CRC development.
 In the Vogelgram KRAS mutations are followed by mutations in TP53 gene. Bi-allelic 
inactivation of TP53 contributes to late stage adenoma to malignant carcinoma devel-
opment 12. In CRC TP53 is often inactivated by a loss of heterozygosity (LOH) of the 
chromosome 17p and a somatic mutation in the remaining allele. TP53 mutations 
are found in approximately 60% of CRC patients 7. Under physiological conditions, 
the p53 protein is pivotal in maintaining genome integrity and in inducing apoptosis 
or senescence in cells damaged beyond repair. In response to DNA damage p53 is 
stabilized by ATM and regulates the expression of several genes involved in cell cycle 
control that lead to G1 or G2/M cell cycle arrest. If the DNA cannot be repaired p53 
will induce a stable cell cycle arrest (senescence) or apoptosis in these cells 17, 18. In TP53 
mutant cells this tumor suppression mechanism is impaired and despite mutations 
cells will progress through the cell cycle leading to aneuploidy and ultimately to more 
advanced disease 19. The above mentioned APC, KRAS, and TP53 mutations contribute 
to the progression from normal epithelium to adenoma to carcinoma (Figure 1). 
In addition to the classical APC-KRAS-TP53 CRC progression sequence discussed 
above CRC  is also typified by epigenetic changes. These changes reversibly affect gene 
activity and the best described mechanism in CRC is CpG island methylation. During 
the process of methylation a methyl group (CH3) is added by DNA methyltransferases 
on cytosine residues. Methylation of promoters occurs at sites were cytosine (C) is 
followed by a guanine (G), hence the name CpG methylation 20. This methylation 
occurs in so called CpG islands and results in a closed chromatin structure that is corre-
lated with decreased transcriptional activity 21.  In CRC CpG methylation of genes has 
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been shown to induce tumor progression and in fact certain CRCs are characterized 
by methylation of a wide variety of CpG islands, the so called CpG island methylator 
phenotype (CIMP). Tumors that belong to this group have been suggested to develop 
along a separate tumorigenic pathway, but strong evidence for this is still lacking. 
Nonetheless, there are several distinct pathways described leading to development of 
CRC. In one of these pathways the MLH1 gene is silenced by methylation. This gene 
encodes for a DNA mismatch repair protein and silencing gives rise to tumors with high 
mutation rate. These patients are classified as microsatellite instable (MSI) and tumors 
have different features compared to non-MSI tumors including high T-cell infiltration 
and a more mucinous presentation 22-24. Importantly, also this subset of CRCs contains 
a hereditary form called Lynch syndrome in which patients carry germline mutations 
in these DNA repair genes. 

Inter- and intra-tumoral heterogeneity in CRC 
The Vogelgram describes that progression is associated with an accumulation of muta-
tions 3. However, when patients present with CRC in clinical practice, most of these 
mutations will already have occurred and the actual staging is performed based on macro-
scopic and microscopic assessments of the tumor. Patients of which the cancers have not 
invaded beyond the submucosa or muscularis propria are classified as stage I. In stage II 
cancer cells invade through muscularis propria into pericolorectal tissues. In contrast to 
stage I and stage II in stage III lymph node metastasis are observed. In stage IV distant 
metastasis are present in for instance liver, lung, ovary, or nonregional nodes 25. Staging is 
crucial for therapy choice and directly correlates with 5-years survival. For examples, stage 
I patients have a 5-years survival of approximately 90%, which is less than 10% in stage 
IV patients. Despite the fact that stage II patients have a localized disease approximately 
20% of these patients will eventually progress upon successful surgery either showing 
local recurrences or distant metastases 26.  There is a big effort to identify these poor 
prognosis patients and prognostic tests have been developed that use gene expression 
profiles including ColoPrint and the Oncotype Dx. Both platforms are able to discrimi-
nate patients with high risk for recurrence from patients that have good prognosis 27, 28. 
It is worth to mention that these tests can be useful for prognosis but not for prediction 
of therapy response. In addition to these two gene expression platforms in chapter 3 we 
show another method to discriminate high and low risk stage II CRC patients 29.  
Not only between patients, but also within patients tumor heterogeneity is observed. 
In a recent study intratumoral heterogeneity in CRC was studied by Sottoriva et al.  
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   1They isolated glands that are clusters of cells, from various locations within 15 different 
CRCs. High intratumoral heterogeneity in these CRCs were observed that was caused 
by mutations that occur early in CRC development. The authors claim that besides 
mutation in APC, KRAS, and TP53 stringent selection is absent in CRC development and 
therefore not the fittest mutations but the time when a mutation occurs is important for 
CRC. Interestingly, they also report that glands far from each other show similar muta-
tions suggesting that mutations occur early on and spread throughout the tumor 30. 
Furthermore, there is also another type of heterogeneity that is dependent on hier-
archy. In chapter 2 we discuss this form of intratumoral heterogeneity in detail. 
Many cancers including CRC are hierarchical organized with cancer stem cells 
at the top of this hierarchy. This is similar to non-neoplastic tissues and organs 
including colon. In the colon proliferation of stem cells generate progenitor cells 
that differentiate into adsorptive enterocyte cells, secretory goblet and entero-endo-
crine cells. This hierarchy is also present in CRC and the cancer counterpart of the 
colon stem cells, the so called colon- cancer stem cells (colon-CSCs), drive tumor 
growth and have similar to their normal counterpart self-renewal capacity and can 
spin off progeny that will differentiate into more differentiated tumor cells 31.  
Hierarchy in tissues or tumors is in part regulated by the microenvironment. A solid 
tumor consists not only of tumor cells but also infiltrating cells and stromal cells. 
This so called micro-environment plays an important role in tumor progression and 
consists of fibroblasts, infiltrating immune cells and the tumor vasculature 32. To illus-
trate, in CRC myofibroblasts have a major impact on the hierarchical organization of 
tumors by supporting CSCs. Colon-CSCs display high WNT signaling and stemness 
can be supported by the tumor microenvironment 33. In chapter 5 we extend on these 
original observations and confirm that myofibroblasts can support colon-CSCs and 
even induce stemness in more differentiated cells. More importantly, we show that 
the microenvironment plays a role in therapy resistance as it induces anti-apoptotic 
mechanisms in differentiated tumor cells 34.

 
Treatment of CRC patients  
The stage at presentation is crucial in treatment decision making. Surgery is the main 
treatment of stage I CRC patients. No adjuvant therapy is offered to these patients. 
However in the Netherlands patients diagnosed as stage III are, after surgery, adju-
vantly treated with FOLFOX or CAPOX. In case of contraindication for these severe 
chemotherapeutic regimens these patients can be treated with 5FU with leucovorin 
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or capecitabine monotherapy. Stage IV patients can be treated with above mentioned 
FOLFOX, CAPOX or FOLFIRI regimens combined with or without targeted therapy 35, 

36. For stage II disease the reality is a bit more complicated. Despite the fact that 20% 
of the patients will recur the benefit of adjuvant therapy  is relatively limited 37, 38. 
Therefore only a subset of the stage II patients are treated similar to stage III patients. 
These so called high risk patients present with at least one of the following features; 
poorly differentiated tumor, presence of bowel obstruction or perforation, less than 12 
lymph nodes evaluated (in Netherlands less than 10), tumor penetration into visceral 
peritoneum or vascular, lymphatic or perineural invasion of tumor cells 36, 37.  
FOLFOX regime consists of the chemotherapeutics fluorouracil, leucovorin, and oxali-
platin. Fluorouracil (5FU) is an antimetabolite and is a pyrimidine analogue. 5FU irre-
versible inhibits thymidylate synthase (TS), an enzyme that is important in thymidine 
biosynthesis. Inhibition of TS by 5FU leads to thymidine starvation, which negatively 
affects DNA replication and subsequently leads to apoptosis 39. Leucovorin also called 
folinic acid is closely related to folic acid (vitamin B9).  Leucovorin is anabolized to 
CH2-tetrahydrofolate and is required for optimal binding of TS to its substrate during 
thymidine biosynthesis. This binding last for a longer period of time because of leuco-
vorin and thereby it boosts the effect of 5FU 40-42. Oxaliplatin is a third-generation 
platinum analog and it binds to the nitrogen atom of guanine. Covalent interaction of 
oxaliplatin with two guanines results in intra-strand crosslinks that lead to DNA lesions 
and cell death 43. CAPOX regime consists of capecitabine and oxaliplatin combination 
treatments. Capecitabine is a prodrug that is metabolized into 5FU and as discussed 
above mechanism of action of 5FU is via inhibition of TS 44. In the FOLFIRI regime 
oxaliplatin is replaced by the type I topoisomerase inhibitor irinotecan. Topoisomer-
ases are enzymes that relax overwinding of DNA by cleavage of the DNA, which is a 
process needed during DNA replication and transcription. Irinotecan binds and stabi-
lizes topoisomerase I - DNA complexes and thereby prevents re-ligation. This results 
in double strand breaks and subsequently to cell death 45. Stage IV CRC patients can be 
treated with the regimens discussed above in combination with angiogenesis inhibitor 
or RTK inhibitors. Patients can additionally be treated with monoclonal antibodies 
(mAb) inhibiting VEGF (e.g. Bevacizumab) or if they have a WT KRAS tumor with 
mAb inhibition EGF-receptor (e.g. Cetuximab and Panitumumab). Combining chemo-
therapy regimens with RTK inhibition increases overall survival of CRC patients 46, 47.
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   1Therapy resistance and apoptotic signaling 
Therapy resistance is a major concern of cancer treatment. In chapter 2 we describe 
mechanisms that are reported to induce therapy resistance, including enhanced DNA 
damage response, enhanced expression of drug efflux pumps, and apoptotic blockade. 
In this chapter I want to discuss in more detail the apoptotic signaling and its role 
in therapy resistance in CRC. In normal healthy cells pro- and anti-apoptotic signals 
are tightly regulated. Anti-apoptotic BCL2 family members, consisting of  BCL2, 
BCLXL, BCLW, MCL1, A1/BFL1, and BCLB bind to pro-apoptotic molecules like 
BAX and BAK and inhibit their function 48, 49. However, when cells are stressed, for 
instance after exposure to chemotherapy, pro-apoptotic BH3 molecules get activated 
(Figure 3). These proteins are able to inhibit anti-apoptotic BCL2 family proteins 
like BCLXL. Inactive BCLXL is not able to inhibit BAX, which subsequently shows 
enhanced relocation to the mitochondria where it oligomerizes and forms pores 50. 
It is believed that some of the BH3 molecules including BID and BIM are able to 
directly activate BAX or BAK 51. Pore formation by BAX and BAK in the outer mito-
chondrial membrane leads to release of various apoptotic molecules from the mito-
chondrial inter-membrane space to the cytosol. One of the most important pro-apop-
totic molecules that leaks out of the mitochondria is cytochrome c. In the cytosol 
cytochrome c can catalyze formation of APAF-1 / caspase-9 complex. In this apopto-
some complex caspase-9 becomes activated and is able to cleave and activate caspase-3 
and -7, which are effector caspases that can cleave many targets. Poly ADP ribose 
polymerase (PARP) and inhibitor of caspase activated DNAse (ICAD) are only two of 

Figure 3: Apoptotic signaling pathway.	Apoptotic	stimuli	can	activate	BH3	molecules.	These	molecules	
can	inhibit	anti-apoptotic	BCL2	family	members	and	thereby	indirect	activate	BAX	and	BAK.	In	contrast	to	
e.g.	NOXA	some	BH3	molecules	including	BIM	and	BID	are	able	to	directly	activate	BAX	and	BAK.	Activa-
tion	of	BAX	and/or	BAK	triggers	cytochrome-c	(Cyt-C)	release	into	the	cytosol.	This	initiates	a	caspase	
cascade	whereby	caspase-9	 (Casp9)	gets	activated	 that	can	activate	caspase-3	 (Casp3).	The	 latter	 is	
able	to	cleave	many	proteins	and	induce	cell	death.	Pro-	and	anti-apoptotic	molecules	are	highlighted	in	
red	and	green,	respectively.



18

Chapter 1

the many targets of these caspases. ICAD cleavage directly impedes on the activity of 
caspase-activated DNAse, which is released and results in fragmentation of DNA 52. 
  
There are many mechanisms reported in cancer that can tip the balance between pro- 
and anti-apoptotic signaling in favour of anti-apoptotic signals. Decreased and defective 
pro-apoptotic signaling occurs for example when TP53 is mutated. WT TP53 induces 
upon stress, expression of pro-apoptotic molecules PUMA, NOXA, BAX, and BID 53, 
which upon TP53 mutation no longer occurs as effectively leading to a defective apop-
totic response to stress. In addition to TP53 also PTEN mutations occur in patients with 
CRC. This leads to hyperactivation of PKB/AKT, which is a kinase that amongst others 
phosphorylates pro-apoptotic molecule BAD, resulting in its sequestrating by 14-3-3 and 
inactivation 54. This shows that mutations found in CRC can regulate apoptotic sign-
aling and thereby tips the apoptotic balance in favour of anti-apoptotic signaling.   
Moreover, in some MSI CRC patients the pro-apoptotic molecule BAX can be mutated. 
There are homozygous deletions or inactivating mutations in BAX identified in CRC 
patients. The human BAX gene contains a microsatellite repeat and instability leads 
to a frameshift 55, 56. In absence of BAX protein apoptosis is partially blocked. Next to 
decreased pro-apoptotic signaling, many CRCs have increased anti-apoptotic signaling. 
Anti-apoptotic BCL2 family member BCLXL is highly expressed in cancer compared 
to normal tissue 57, 58 and knocking down BCLXL makes colon cancer derived cell lines 
more sensitive to chemotherapy 59. In chapter 5 we further discuss the importance of 
BCLXL in CRC. We show that ectopic overexpression of this protein makes CRC cells 
more resistant to chemotherapy and that inhibition of this protein with an inhib-
itor can sensitize CRC cells to chemotherapy. Together showing that this molecule is 
important for CRC cell survival and therapy response 60. 
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   1Outline of this thesis
This thesis is an overview of the research that I performed to understand therapy 
resistance in CRC and to identify novel treatments to improve therapy. First, in 
chapter 2 we summarize the findings that CSCs are resistant to tumor therapy and 
I also discuss the effort that has been taken to target these therapy resistant cells. In 
chapter 3 we generate a colon-CSCs signature and we use this set of genes to predict 
outcome in stage II CRC patients. We show that not the numbers of CSCs in tumors 
but the methylation of a set of WNT target genes can stratify stage II CRC patients 
with good or bad prognosis. In the general introduction of this thesis (chapter 1) we 
therefore address heterogeneity in CRC that is determined by genetic and epigenetic 
alterations. In chapter 4 and the following chapters we study therapy resistance in 
colon-CSCs. In chapter 4 we transduced colon-CSCs with an inducible caspase-9. We 
show that activation of caspase-9 induces cell death in colon-CSCs, indicating that 
downstream activation of the apoptotic signalling is possible in colon-CSCs. To reli-
ably measure cell death in colon-CSCs we subsequently developed an FACS based 
assay that allowed us to measure cell death in colon-CSCs and differentiated tumor 
cells simultaneously. Using this assay we showed that colon-CSCs are more resistant 
to various chemotherapeutics compared to more differentiated tumor cells (chapter 5). 
Further study showed that this therapy resistance is because the apoptotic balance is 
tipped in favour of anti-apoptotic molecules. Colon-CSCs are dependent on the anti-
apoptotic protein BCLXL and inhibition of BCLXL sensitizes colon-CSCs towards 
chemotherapy (chapter 5). In chapter 6 we show that factors released by the micro-
environment can induce stemness in differentiated tumor cells. As a consequence, 
these cells become resistant to chemotherapy. Similar to colon-CSCs, in de-differen-
tiated cells therapy resistance can be overcome by inhibition of anti-apoptotic BCL2 
family members. Chapter 7 shows our effort to find pathway inhibitors that sensitize 
colon-CSCs towards chemotherapy. From a small compound screening we identi-
fied histone deacetylase (HDAC) inhibitors as compounds that sensitize colon-CSCs 
towards chemotherapy. These compounds differentiate colon-CSCs and thereby sensi-
tize them towards chemotherapy (chapter 7). Besides treatment with HDAC inhibi-
tors, in chapter 8 we show that induction of ER-stress also differentiates colon-CSCs. 
We show that ER-stress induced differentiation sensitizes colon-CSCs towards chemo-
therapy. In chapter 9 we discuss critically our findings described in this thesis and try 
to put forward the implication of these findings. 
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Abstract 
Resistance to tumor therapy is an unsolved problem in cancer treatment. A plethora 
of studies have attempted to explain this phenomenon and many mechanisms of 
resistance have been suggested over the last decades. The concept of cancer stem cells 
(CSCs), which describes tumors as hierarchically organized, has added a new level of 
complexity to therapy failure. CSCs are the root of cancers and resist chemo- and irra-
diation therapy explaining cancer recurrence even many years after the therapy ended. 
This review discusses briefly CSCs in cancers, gives an overview of the role of CSCs 
in therapy resistance, and discusses the potential means of targeting these therapy 
resistant tumor cells. 
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Introduction
Well over 40 years ago president Nixon signed the national cancer act and officially 
started the war on cancer. 1 Despite this act and resulting significant improvements 
in therapy, the war has not ended and cancer is still one of the leading causes of death 
worldwide. To illustrate, in 2012 14.1 million adults in the world were diagnosed with 
cancer and in the same year an estimated 8.2 million people died from the disease 2 The 
main problem we face in cancer treatment is the presence or development of resistance 
to therapy for which a multitude of distinct reasons have been defined. For instance, 
acquisition of mutations in key signalling molecules, enhanced anti-apoptotic protein 
expression, presence of quiescent and/or resistant tumor cells or high expression of drug 
efflux pumps are all potential means that impair therapy efficacy. 3, 4 In the last decade 
a lot of attention has gone to the role of a specific subset of cancer cells called cancer 
stem cells (CSCs). In analogy with their normal counterparts, the stem cells, these cells 
display a high level of therapy resistance and can effectively repopulate the tumor. 

CSCs are the tumorigenic core of tumors
CSCs are defined based on their tumor forming capacity in xenograft studies. 5 These 
cells normally represent a minority of the tumor cells and can be identified by a long 
list of markers, although most of these are not restricted solely to the CSC popula-
tion. 6 CSCs can be selected in vitro using spheroid growth in suspension and defined 
media compositions. Upon injection in mice CSCs, but not their more differentiated 
counterparts, can very efficiently form tumors that resemble the original tumor from 
which they were derived, including all differentiated cells. Moreover, re-isolation of 
the CSCs from xenografts allows for serial transplantation to secondary and tertiary 
mice, which is the gold-standard assay to prove that tumor cells are indeed CSCs. 5 
CSCs were first defined in acute myeloid leukemia (AML) in 1994. 7 CD34+/CD38- 

expression has long been used to mark progenitor and pluripotent stem cells in the bone 
marrow. Intriguingly, a similar subpopulation was detected in AML and xenotrans-
plantation of specifically this CD34+/CD38- leukemia cells resulted in leukemia in mice 
that reproduced many features of human AML. 7 A decade later CSCs were detected in 
solid tumors. Breast, glioblastoma, prostate and colorectal tumors are only some of the 
tumor types where CSCs were identified. 6, 8-12 The variety of tumors in which CSCs 
were identified suggests that it is a common feature in most cancers, although some 
observations indicate that it may not occur in all tumor types or alternatively at all 
stages of disease. 13-16
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As mentioned above, CSCs are highly tumorigenic and therefore are also referred to 
as tumor-initiating cells. The name “CSC” does not refer to the fact that CSCs can be 
derived from normal stem cells, but rather points to the idea that CSCs display prop-
erties normally attributed to stem cells. Firstly, stem cells have the capacity to self-
renew, i.e. to form a new stem cell upon division, and secondly stem cells can differ-
entiate into the more specialized cell types that make up a tissue. 17 Self-renewal and 
differentiation of stem cells is regulated by morphogenic pathways and interestingly 
these signaling pathways are also highly active in many CSCs, suggesting that equal 
regulatory principles exist in CSCs. One of the morphogenic pathways that is active in 
stem cells is the Wnt signaling. 18 This pathway determines self-renewal and cell fate 
of hematopoietic stem cell (HSCs).19 High activity of this pathway is also observed in 
stem cells of other tissues like breast and colon. 18, 20, 21 Next to Wnt signaling, Notch 
signaling is shown to be essential for stem cell maintenance. Notch signaling is highly 
active in HSC when compared to more differentiated cells and inhibition of Notch 
signaling promotes differentiation of HSC. 22 Likewise, Hedgehog (HH) signaling regu-
lates proliferation and self-renewal of stem cells and activation of HH signaling is able 
to expand HSC and brain stem cells in vitro and in vivo. 23, 24 In contrast to Wnt, Notch, 
and HH signaling  BMP signaling is inhibiting stem cell expansion. Activation of BMP 
signalling results in suppression of Wnt signaling and this controls stem cells numbers. 
25-27 Combined these morphogenic pathways regulate stem cell fate and differentia-
tion cues. Intriguingly, this regulatory network appears to extend to CSCs. In a high 
throughput screening in breast CSCs salinomycin was identified as a compound that 
eliminates CSCs. 28 This antibiotic was shown to inhibit Wnt signaling and as a result 
is capable to differentiate breast CSCs. 28 High Wnt pathway activity is also shown 
to be important for cell fate of CSCs from many tumors like CLL, breast, CRC, squa-
mous cell carcinoma, and lung cancer. 28-32 In these tumors inhibition of Wnt pathway 
activity, with e.g. salinomycin is detrimental for CSCs. 28-32 Beside Wnt signaling, 
Notch signaling can also regulate CSC self-renewal. Inhibition of Notch signals can 
be achieved by neutralizing antibodies against DLL4, or treatment with a g-secretase 
inhibitor (DBZ). GBM, CRC and breast cancer stem cells need high Notch activity 
and inhibition of Notch results in loss of CSCs. 33-36 Furthermore, Hedgehog signalling 
is highly active in CSCs, which is shown to be required for self-renewal of CSCs in 
various cancers like breast, lung, and CRC. 37-39 Morphogenic pathways and inhibitors 
are depicted in figure 1.
In addition to the analogous usage of morphogenic pathways, stem cells and CSCs 
also appear to share high activity of DNA repair pathways. For example, HSC can 
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Figure 1: Targeting morphogenic pathways in CSCs
Morphogenic	 pathways	Notch	 (blue),	Wnt	 (green)	 and	Hedgehog	 (red)	 signaling	pathways	are	highly	
active	and	important	for	self-renewal	of	stem	cell	and	CSCs.	Blue:	Notch	signaling	is	activated	via	direct	
cell-cell	 contact.	A	cell	 expressing	Notch	 ligand	 (e.g.	DLL4)	 contacts	with	another	 cell	 that	expresses	
Notch	receptor.	When	bound	by	a	Notch	ligand,	the	intracellular	domain	of	the	Notch	receptor	(IC-Notch)	
is	cleaved	by	γ-secretase	(γsec)	and	is	targeted	to	the	nucleus	to	activate	transcription	of	downstream	
target	gene	 that	enhance	self-renewal	of	CSCs.	This	pathway	can	be	 inhibited	with	a	DLL4	antibody	
that	neutralizes	Notch	ligand	DLL4.	Also	γ-secretase	inhibitors	like	DBZ	are	efficient	 in	blocking	Notch	
signaling.	Green:	Wnt	 ligands	binds	to	the	Frizzled-LRP	receptor	and	 inhibit	a	cytoplasmic	destruction	
complex	(APC-GSK3β-Axin)	of	β-catenin,	which	then	enters	the	nucleus	to	activate	transcription	of	Wnt	
target	genes	that	are	known	to	be	important	for	CSCs	maintenance.	Wnt	signaling	can	be	inhibited	with	
salinomycin.	 Red:	 The	Hedgehog	 pathway	 is	 activated	 by	Hedgehog	 ligands	 binding	 to	 the	 Patched	
receptor,	which	releases	its	inhibition	of	the	Smoothened	(Smo)	transmembrane	receptor.	Smoothened	
can	then	in	turn	activates	Gli	transcription	factors,	the	final	effectors	of	the	Hedgehog	pathway.	The	natural	
occuring	compound	cyclopamine	is	used	to	inhibit	Smo	receptor	and	thereby	block	Hedgehog	signaling.	
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repair UV induced single-strand breaks faster when compared with more differenti-
ated cells 40 and this was reported in CSCs as well. 41 It is important to mention that 
more and more evidence indicates that CSCs are not a fixed cell population, but rather 
represents a state of tumor cells that appears inducible. Giving the right signals from 
the micro-environment or introduction of new mutations can result in de-differentia-
tion of more differentiated tumor cells into CSCs. 31, 42-44

Not only signaling pathways, but also cell surface molecules are similarly expressed on 
stem cells and CSCs. The pentaspan membrane glycoprotein CD133, also known as 
Prominin-1, is expressed in normal stem cells, e.g. hematopoietic, neural, and intestinal 
stem cells, 45-47 but CD133 was also used to identify CSCs from different tumor types. 
8, 9, 41, 48 Moreover, in the last decade the G-protein coupled receptor Lgr5 received a lot 
of attention because high Lgr5 expression was reported to mark stem cells in various 
organs. This target gene of the Wnt signaling pathway is exclusively expressed by stem 
cells of various organs 49-52 and we and others have shown that Lgr5 also marks CSCs 
in various tumors. 53, 54 Most of the currently used markers have no known role in CSC 
biology. In contrast, Aldehyde dehydrogenase isoform 1 (ALDH1) oxidizes aldehydes 
to carboxylic acids and thus for instance catalyzes the conversion of retinol (vitamin 
A) to retinoid acid. Inhibition of ALDH1 reduces retinoic acid levels and thereby 
promotes HSC and breast CSCs self-renewal. 55, 56  ALDH1 is highly expressed in many 
stem cells and CSCs, and ALDH1 expression and its activity were used to isolate stem 
cells and CSCs. 57-59 Taken together, it appears that stem cells and CSCs are wired in 
the same way and share expression of several cell surface markers. Unfortunately, this 
similarity extends to  a more detrimental property, namely therapy resistance. 
 
The extreme survivors; CSCs and their therapy resistance
The concept that CSCs selectively resist therapy stems from a multitude of observa-
tions in cell culture, animal models and cancer patients. In cell culture direct analysis 
of apoptosis revealed that differentiated colon cancer cells are induced to die upon 
chemotherapy treatment, while colon CSCs from the same cultures survive the toxic 
insults. 60 This differential sensitivity was not due to proliferation differences between 
CSCs and more differentiated cells as it was also observed when using treatments that 
are not dependent on cycling cells. 60 Moreover, these surviving CSCs can re-estab-
lish the culture, confirming the idea that they are responsible for therapy failure. 60 
Chemotherapy resistant CD133+ CSCs were described in liver and lung cancer as 
well, 61, 62 Similar observations were derived in pancreatic cancer where CSCs were 
isolated from patient specimens and subsequently treated with gemcitabine. Also in 
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this tumor type in vitro cell death was more pronounced in the differentiated CD133- 
cells as compared to the CD133+ cells. 48 Finally, GBM CSCs and breast CSCs isolated 
from patient specimens, displayed selective resistance to various chemotherapies. 63, 64 
Next to the in vitro evidence, escape from therapy was also evident from xenograft 
studies. Chemotherapy treatment of xenotransplanted CRCs resulted in an increase 
in CD133+ in the tumor. 65 This indicates that CD133+ CSCs are more resistant to 
oxaliplatin in vivo when compared to differentiated CD133- cells. In vivo resistance 
of CRC CSCs is not restricted to oxaliplatin as mice bearing human CRC tumors 
treated with irinotecan show an increase in cells that express ESA+ CD44+ CD166+, 
distinct markers for CSCs. 66 Moreover, in vivo gemcitabine treatment of xenotrans-
planted pancreatic cancer induced the CD133+ fraction, pointing to a gemcitabine 
resistant CSC population. 48 Finally, also in xenotransplants of AML enhanced 
CD34+/CD38- CSCs were observed in vivo upon cytosine arabinoside treatment. 67  
Intriguingly, therapy resistance appears to be  a general feature of these cells 
and is not restricted to chemotherapy, but observed with radiotherapy as well. 68  
Irradiated glioblastoma, either implanted subcutaneously or intracranially 
showed an increase of CD133+ cells when compared to non-irradiated tumors. 
This distinction was suggested to be clinically relevant as the authors extended 
these findings to ex vivo irradiation of surgically removed glioblastomas. 41 
Also for irradiation examples encompass other tumor types. MMTV-Wnt1 mice bearing 
breast tumors showed an increase in the CSC (Thy1+ CD24+ Lin-) fraction after irradi-
ation and in the same study CSCs from primary human head and neck cancers proved 
radioresistant. 69 Combined these data indicate that cell line or primary tumor-derived 
cells with CSC markers display decreased sensitivity to chemo and radiotherapy. It 
is important to realize though that one potential caveat with this conclusion is the 
fact that CSC markers are heavily debated, suggesting that the increases observed in 
marker expression may not represent enhanced stemness(for a review see Medema 
2013). 6 Moreover, xenotransplantation models may not adequately represent the 
normal situation in patients 6 and select for distinct traits and/or markers. Neverthe-
less, a first direct hint that this CSC resistance concept could explain minimal residual 
disease and therapy failure in patients came from a study of the group of Luis Parada 
who used a genetically modified mouse model to study endogenously growing tumors 
in which CSCs could be traced using a Nestin reporter construct. Nestin+ tumor cells, 
which represent a quiescent CSC population, could fully repopulate the tumor after 
temozolomide chemotherapy, while selective deletion of these cells prevented tumor 
outgrowth. 70 These data indicate that CSCs resist therapy and might be a poten-
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tial cause of tumor relapse. In line with this observation, an increasing list of obser-
vations in patients support the crucial role of CSCs in tumor relapse after therapy. 
In patients with GBM, CRC, or breast cancer, increased CSC fractions using marker 
expression were measured after chemotherapy treatment. 71-74 A more direct evidence 
for increases in true functional CSCs came from a study in breast cancer. In contrast to 
other reports, here authors studied patient samples and performed functional assays. 
Increase in mammosphere formation capacity was seen after chemotherapy treat-
ment, 72, 73 proving that stemness rather showed a relative increase than decrease upon 
therapeutic intervention. The growing body of evidence that points to a role for CSCs 
in resistance warrants a more detailed survey to increase our understanding of the 
mechanisms that determine resistance in order to target these survivors of therapy. 

Mechanisms behind therapy resistance
Normal stem cells contain multiple mechanisms to control cell death, which aids to 
protect these crucial cells from cytotoxic insults. Elevated apoptosis resistance, drug-
efflux pumps, enhanced DNA repair efficiency, detoxification enzyme expression and 
quiescence are all identified as pro-survival mechanisms. Intriguingly, all these mecha-
nisms appear to be hijacked by CSCs. For instance, mitochondrial apoptosis is associ-
ated with loss of mitochondrial membrane integrity, which is maintained by a strict 
balance of anti-apoptotic BCL2 proteins (e.g. BCL2, BCLXL, and MCL1), pro-apoptotic 
BCL2 family members (BAX and BAK) and BH3 proteins (e.g. BIM, BAD, and NOXA). 
A cytotoxic insult-induced imbalance in the ratio of these molecules results in permea-
bilization of the mitochondrial outer membrane and subsequent activation of a caspase 
cascade. 75 In stem cells, but also in CSCs, an elevated anti-apoptotic protein expression 
increases the threshold for apoptosis induction and thereby directly protects the cells 
against apoptosis. For instance, in breast and AML CSCs, BCL2 and BCLXL are highly 
expressed. 76, 77 Similarly, in primary GBM cultures CD133+ CSCs had elevated expres-
sion of BCL2 and BCLXL compared to their more differentiated CD133- progeny. 78  In 
agreement with a role for apoptosis regulation in CSCs, direct proteomic analysis of 
CRC CSCs and differentiated cells revealed “apoptosis” as one of the main molecular 
pathways affected, involving differential expression of key anti-apoptotic proteins, 
including BIRC6. 79 Combined this suggests that CSCs have an elevated anti-apoptotic 
threshold. Recent data confirm this idea using so-called BH3 profiling, an assay to 
directly measure the apoptosis priming state of cells. 80 This revealed that CRC CSCs 
were less-primed as compared to differentiated cells, which at least in part explains 
their resistance to conventional chemotherapy. 60 In agreement, sublethal doses of BH3 
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mimetics can change this threshold and strongly sensitize CSCs to chemotherapy.  
Besides an elevated apoptotic threshold, CSCs display high expression of drug efflux 
pumps, like ATP-binding cassette (ABC) transporter family proteins. 71, 81-83 These 
proteins are important for efflux of chemotherapy across the plasma membrane. 4 Various 
ABC transporter proteins are highly expressed in HSC and in AML CSCs (CD34+/
CD38-) compared to the non stem (CD34+/CD38+) cells [81]. Also in GBM and mela-
noma high expression of drug efflux pumps in CSCs are reported. 82 In the latter, 
expression of ABC transporter ABCB5 in fact serves as a marker for CSCs. 83 Surpris-
ingly, in CRC a different scenario is reported. Here not CSCs, but rather the differenti-
ated cells express high levels of the drug efflux pump ABCB1. The authors suggested 
that differentiated cells protect CSCs from chemotherapy treatment by forming a 
protective rim around the CSCs. 84

The above points to the fact that CSCs employ means to avoid the impact of therapy, 
which we can potentially circumvent using combination therapy. However a poten-
tially more challenging problem is the recent observation that CSCs may exist that 
display quiescent properties. Selectivity of chemotherapy for cancer cells relies on 
the fact that chemotherapy mainly kills cells that are highly proliferative. As rapid 
uncontrolled proliferation is a standard feature of many tumor cells, chemotherapy is 
thought to target tumor cells selectively over non-proliferating normal cells, consistent 
with the observed toxicity in organs with rapidly dividing cells, such as bone marrow, 
digestive tract, and hair follicles. In contrast, slow proliferating or quiescent normal 
cells are largely protected from chemotherapy treatment. Importantly, this resist-
ance also extends to quiescent tumor cells. In ovarian cancer CD24+ CSCs are less 
proliferative and more resistant to chemotherapy when compared to CD24- cells. 85 
Recent data point to the existence of CSCs that are quiescent. These can be identi-
fied using the dye PKH26, which dilutes out when cells proliferate and therefore only 
low or non-proliferative cells will retain the label. In primary melanoma cultures label 
retaining cells were detected with a very low doubling time of around 4 weeks in vitro. 
Although these cells are slow dividing they have increased sphere forming capacity in 
vitro suggesting that these label retaining cells are enriched in CSCs. 86  Such quiescent 
cells are also identified in pancreatic adenocarcinoma and shown to be enriched for 
CSC markers like CD133, CD24+/CD44+ and ALDH. In agreement with this notion, 
these label retaining cells are more tumorigenic, indicating that cancer is not a disease 
of homogeneously rapidly proliferating cells, but also contains quiescent cells that 
can escape classical chemotherapy and subsequently induce regrowth of the tumor. 87  
Quiescent cells not only display decreased sensitivity to chemotherapy, but also 
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contain enhanced potential and/or time to repair the damage that is inflicted to them. 
As many chemotherapeutic agents as well as radiotherapy work by inducing DNA 
damage,  cells that effectively repair DNA damage can potentially survive chemo-
therapy. Various reports have shown that CSCs, for instance from GBM, possess high 
DNA repair activity, which makes them resistant to radiation and chemotherapy. 41 
Similarly, in breast CSCs there is increased expression of DNA repair genes, indicating 
that high DNA repair pathway activity may aid in making CSCs resistant to tumor 
therapy. In conclusion, there are many ways for CSCs to resist tumor therapy. Figure 
2 illustrates the reasons for therapy resistance in CSCs. 
 
Killing CSCs, magic bullets or combination cocktails?
Although considered bad news, the efficient DNA repair of CSCs may also point to a 
dependency for these mechanisms and as such offer a means to target these cells. For 
example, CSCs in GBM have elevated activity of Chk1 and ATM and survive irradiation, 
but inhibition of the cell cycle checkpoint kinases Chk1 and Chk2 is sufficient to sensitize 
CSCs towards irradiation. 41 Recently, it has been reported that a combined Chk1 and 
PDK1 inhibition is required to kill CSCs in GBM. 88 Similarly, non-small cell lung cancer 
CSCs can be sensitized to chemotherapy by combining treatment with Chk1 and Chk2 
inhibitors SB218078 or AZD7762. 89 Mechanistically, inhibition of Chk1 results in active 
Cdc2-cyclin B complex that is followed by mitotic catastrophe. 90 Although effective, these 
compounds are also relatively toxic and combination of the Chk inhibitor AZD7762 with 
gemcitabine showed cardiac toxicity. 91 To overcome this toxicity an inhibitor of a down-
stream target of Chk1, Wee1, was developed. In the presence of DNA damage Wee1 arrests 
cells in G2 phase and allows cells to repair DNA before entering into mitosis. Interestingly, 
Wee1 is reported to be overexpressed in GBM CSCs. In the same report, the authors show 
that inhibition of Wee1 with PD0166285 sensitizes GBM CSCs towards irradiation. 92 
Besides targeting the core of the repair machinery, a lot of effort is put into targeting the 
execution machinery in cancer cells. Previously, we have used an inducible caspase-9 to 
target colon CSCs. Upon activation of caspase-9, colon CSCs were killed efficiently in 
vitro and in vivo suggesting that activation of caspases are sufficient to efficiently kill 
CSCs. 93 As described, anti-apoptotic proteins are highly expressed in various cancers and 
especially in CSCs. Targeting these anti-apoptotic proteins using  small molecules that 
have been developed therefore forms an attractive mechanism. For instance, ABT-737, 
a small molecule inhibitor that targets BCL2, BCLXL, and BCLW tips the apoptotic 
balance to a more pro-apoptotic state and reverts the resistance of colon CSCs. 60, 94 
Unfortunately, Navitoclax (ABT-263), an orally bioavailable variant of ABT-737 with 
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Figure 2: Mechanisms of therapy resistance in CSCs
a)	Four	mechanisms	that	are	used	by	CSCs	to	resist	chemotherapy.	Efficient	DNA	repair	(orange),	quies-
cence	(red),	increase	ABC	transporter	expression	(green),	and	decreased	mitochondrial	priming	(blue).	
b)	Potential	means	of	targeting	therapy	resistant	CSCs.	
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the same specificity, seems to exert high toxicity for platelets, which  depend on BCLXL 
for survival. 95 Although more selective inhibitors, such as ABT-199 targeting only BCL2, 
have been developed to overcome this problem, our recent data indicates that also colon 
CSCs are dependent on BCLXL for survival. In agreement inhibition of BCLXL with 
ABT-737 or a BCLXL specific inhibitor (WEHI-539) is sufficient to kill colon CSCs. Simi-
larly, lung CSCs are shown to be dependent on BCLXL and also in these cells inhibi-
tion eliminates lung CSCs in vitro and in vivo. 96 Although this still raises the problem of 
toxicity, it is possible to use sublethal amounts of BCLXL inhibition, which is sufficient 
to strongly sensitize CSCs towards chemotherapy. 60 It is currently not completely clear 
why colon CSCs acquire this dependency on BCLXL. One possible explanation is the 
observation by Todaro and colleagues showing an autocrine loop of IL4/IL4R in colon 
CSCs, which appears to maintain BCLXL levels and protect CSCs from chemotherapy. 65

One thing that allows for the identification of CSCs is the presence of several cell 
surface markers. Various groups and companies therefore developed immunotoxins 
that directly target such CSC markers. For instance, antibodies against for instance the 
stem cell marker CD133 conjugated to paclitaxel or cytolethal distending toxin (Cdt) 
target CD133 expressing cells and show in vitro and in vivo elimination of tumors.  97, 98 
Similarly, targeting of CD133+ cells can be achieved by generation of CD133 specific 
Measlus viruses. These oncolytic viruses infect CD133 expressing cells and destroy 
them by lysis. 99 Moreover, selective killing of CD133+ GBM cells was shown with 
CD133 antibodies coupled to singe walled carbon nanotubes (SWNTs). These anti-
CD133-SWNTs induce thermal destruction of cancer cells when it is combined with 
nearIR laser light. 100 However, CD133 expression is not specific for CSCs but also 
expressed on normal stem cells, which should be protected from such therapies at 
all times. To minimize toxicity and deliver drug to cancer selectivity photochemical 
internalization (PCI) was developed. This technique makes it possible to release 
drug in the tumor area specifically. 101 Next to CD133, there is an increasing effort 
to target other cell surface molecules including the stem cell marker Lgr5. Neverthe-
less, as is true for CD133, toxicity with such an approach can be expected. Surpris-
ingly, antibodies without toxins targeting other cell surface molecules are shown to 
be efficient in killing CSCs as well. Antibodies against CD47 give promising effects 
in various cancers. CD47 is a receptor that is involved in inhibition of so called 
“eat-me” signals and is highly expressed on CSCs compared to more differentiated 
cells. Blocking of this CD47 receptor with an antibody enables the phagocytosis of 
AML CSCs and thereby blocks tumor growth. 102 In addition, CD47 inhibition also 
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blocks tumor growth in solid cancers, like breast cancer, CRC, ovarian cancer and 
GBM, which is also suggested to depend on facilitating phagocytosis of CSCs. 103  
 
Next to phagocytosis induction, several antibodies have shown to delete essential 
signals from CSCs. For instance, direct targeting of breast CSCs can be achieved by 
using an antibody against CXCR1. The IL8 receptor CXCR1 is expressed almost exclu-
sively on CSCs and  Repertaxin, an inhibitor of CXCR1/2, or anti-CXCR1 treatment 
induces cell death in CXCR1+  breast CSCs, which appears to be mediated by AKT 
signaling inhibition. 64 Intriguingly, PI3K/AKT signaling addiction in colon CSCs was 
also reported in colon CSCs, where a CD44v6-positive subset was identified that is 
exclusively metastatic. These cells express high levels of PI3K, which, if inhibited, alter 
the viability of the cells and impede the capacity to migrate, 104 suggesting that PI3K 
signaling is crucial for CSCs.
As described, CSCs require signaling through morphogenic pathways for their main-
tenance, suggesting that these may be attractive targets for therapy as well. In agree-
ment, a screen for CSC sensitizing compounds identified salinomycin, which inhibits 
Wnt signaling and eliminates breast and CLL CSCs. 28, 32 As CSCs in CML, AML and 
skin tumors are dependent on the Wnt pathway, inhibition can be clinically relevant. 29, 

105-107 Furthermore, inhibition of Notch signalling pathway using a neutralizing anti-
body against DLL4 results in less tumor engraftment in secondary tumors suggesting 
in vivo differentiation of CSCs. Importantly, DLL4 antibody was also able to sensi-
tize the tumor to irinotecan in vivo. 33 Inhibition of Notch signaling was also suffi-
cient to deplete GBM CSCs and sensitize ovarian CSCs to chemotherapy. 35, 108 Lastly, 
HH signaling can be inhibited by using cyclopamine and this Smoothened antago-
nist sensitizes AML CSCs to Ara-c treatment. 109 Similarly, in GBM and in pancre-
atic cancer decreases in CSCs are observed after treatment with Smoothened inhibi-
tors cyclopamine or CUR199691. 110, 111 These data point to a crucial role for HH 
signalling in cancer stemness and this is confirmed by knockdown of Smoothened, 
which results in loss of CML CSCs. 112 Antibodies can also be used to target CSC 
niche. Blood vessels maintain GBM CSCs in a stem like state. Targeting microenvi-
ronment with Bevacizumab, an antibody against VEGF is able to differentiate GBM 
CSCs. 113 In 2006 Jin et al showed that using an antibody against CD44 decreased 
homing of AML cells and thereby promoting the AML CSCs to differentiate to a 
more mature cancer cell progeny. This antibody inhibited AML growth in mice. 114 
Forcing CSCs to non tumorigenic differentiated cells is clinically very relevant and is 
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reported to happen with bone morphogenetic protein 4 (BMP4) as well. In CRC BMP4 
expression is exclusively expressed by differentiated cancer cells and shown to induce 
differentiation of CSCs and sensitization to oxaliplatin in vivo. 115 In addition, BMP4 
also forces GBM CSCs to  differentiate and thereby inhibits their tumorigenicity. 116 
Not only inhibition of morphogenic pathways, but activation of signaling pathways 
can change CSCs cell fate as well. Activation of the unfolded protein response (UPR) 
induces differentiation of stem cells in the mouse intestine. 117 In line with this, salu-
brinal induces UPR in colon CSCs and forces them to differentiate. In addition to 
inducing differentiation, UPR sensitizes cells to chemotherapy in vitro and in vivo 
(M.C.B. Wielenga and S. Colak unpublished observations). Although targeting CSCs 
by forcing them to differentiate or by the induction of apoptosis seem to be a attrac-
tive therapeutic options, the suggested flexibility of the system is a clear caveat. Even 
when CSCs are eliminated within a tumor, differentiated cells can de-differentiated 
and take the place of the CSCs that were deleted. 31, 43 Targeting the cues that induce 
de-differentiation or simply attacking both CSCs and more-differentiated cells needs 
to be achieved to eradicate a tumor. 6 Altogether, direct CSCs targeting or CSC differ-
entiation therapy are promising means to improve tumor therapy. Further studies are 
needed to investigate the most promising combination treatments that does not give 
severe toxicities. 

 
Summary
Identification of CSCs in many tumors allowed for a better understanding as to why 
even many years after therapy tumors can relapse. There is increasing evidence that 
targeting these CSCs is important to improve therapies. Here we reviewed mechanisms 
that make CSCs resistant to therapy A better understanding  of these mechanisms 
and the way CSCs retain their tumorigenic stem cell capacities is crucial. The exiting 
new insight will undoubtedly provide new therapeutic tools in the years to come.  
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Summary
Gene signatures derived from cancer stem cells (CSCs) predict tumor recurrence for 
many forms of cancer. Here, we derived a gene signature for colorectal CSCs defined 
by high Wnt signaling activity, which in agreement with previous observations 
predicts poor prognosis. Surprisingly, however, we found that elevated expression of 
Wnt targets was actually associated with good prognosis, while patient tumors with 
low expression of Wnt target genes segregated with immature stem cell signatures. 
We discovered that several Wnt target genes, including ASCL2 and LGR5, become  
silenced by CpG island methylation during progression of tumorigenesis, and that 
their re-expression was associated with reduced tumor growth. Taken together, our 
data show that promoter methylation of Wnt target genes is a strong predictor for 
recurrence of colorectal cancer, and suggest that CSC gene signatures, rather than 
reflecting CSC numbers, may reflect differentiation status of the malignant tissue.
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Introduction
Colorectal cancer (CRC) is a major contributor to cancer-related death. Although 
patients with local disease (stage I and II) have a favorable prognosis, a small frac-
tion of these patients will inevitably develop a recurrence after intentionally curative 
surgery 1. Identifying these poor-prognosis patients will allow optimized selection of 
individuals that would benefit from adjuvant chemotherapy. Exciting new insights 
in tumor biology might facilitate this selection; of particular interest in this respect 
is the recent discovery of cancer stem cells (CSCs) in CRC, a subset of cells that are 
defined by their capacity to transplant the human malignancy to immuno-compro-
mised mice 2, 3. CSCs share many features with normal intestinal stem cells (ISCs) 4, 
and can be identified based on cell surface markers, such as CD133 5, 6, or function-
ally, using high Wnt-signaling activity levels7. Importantly, CSCs are suggested to fuel 
tumor growth and as such are hypothesized to cause tumor recurrence and metastasis. 
Accordingly, recent reports address the relation between stem cells, CSCs, and patient 
prognosis in different malignancies, including CRC 8. For example, in a recent study by 
Merlos-Suárez et al. 9 a mouse ISC signature has been derived by identifying genes that 
are highly expressed in EphB2high ISCs compared with that of the more differentiated 
epithelial cells. This profile encompasses known ISC markers, such as the Wnt target 
gene LGR5, and is strongly associated with both CRC disease stage and the occurrence 
of tumor relapse and metastasis formation. This has led to the suggestion that an 
increased number of CSCs is predictive for prognosis.
Here we show that CSC-derived gene signatures can indeed predict tumor recurrence. 
However, the positive association is not due to expression of specific CSC and CSC-
associated Wnt target genes, which rather inversely correlate with prognosis. The 
subset of patients identified in this manner display decreased expression of a wide 
range of ISC/Wnt target genes. This is not due to decreased Wnt pathway activity, 
but is a result of selective promoter methylation. Moreover, Wnt target methylation 
levels, by themselves, can be used to effectively identify patients at risk of recurrence, 
and re-expression of these methylated genes lowers tumorigenicity in vitro and in vivo.

Results
ISC and CSC Profiles Predict Poor Prognosis in CRC
Previously we have shown that colon-CSCs can be identified in primary human CRC 
using Wnt signaling intensity levels and can be isolated by employing a Wnt reporter 
construct (TOP-GFP, Figure 1A) 7. Gene expression profiling of the TOP-GFPhigh human 
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colon-CSCs indicated high expression of the stem cell marker LGR5, as well as several 
other Wnt targets (APCDD1, LEF1), while typical intestinal differentiation markers 
(e.g., MUC2 and FABP1) displayed low expression (Figure 1A). Based on two primary 
isolated spheroid cultures, we generated a colon-CSC signature comprising 187 genes 
most differentially expressed between the CSCs and the more differentiated cells 
(Table S1A). This profile was subsequently validated in several independent freshly 
isolated CRCs (Figure S1A).
Crucially, by employing gene set enrichment analysis (GSEA) 10, we found that this 
colon-CSC gene expression signature was intimately associated with disease recurrence 
in a set of 90 stage II CRC patients that underwent intentionally curative surgery at 
our institute (AMC-AJCCII-90, see Table S1B for patient characteristics), a finding we 
confirmed in an unrelated, publically available data set (Figure 1B and Figure S1B). 
Similar results were obtained using two independent ISC profiles that have previously 
been shown to relate to disease recurrence, lending strength to the validity of both the 
CSC signature and our patient set (Figure 1B and Figure S1B) 9. Using a simple rank-sum 
approach, we stratified the AMC-AJCCII-90 patients into two groups, which further 
established the prognostic power of the CSC profile because it revealed that especially 
early relapses in stage II CRC patients were characterized by a strong resemblance to 
the CSC signature (Figure  1C, see Experimental Procedures for details). Importantly, 
however, the nature and biological implication of this correlation remain unclear.

Figure 1. CSC Profile Predicts Poor Prognosis; Wnt Targets and ISC Markers Predict Favorable 
Prognosis
(A)	Schematic	representation	of	CSC	spheroid	transduction	with	TOP-GFP	lentiviral	vector.	Microarray	anal-
ysis	was	performed	on	10%	lowest	and	highest	TOP-GFP	sorted	fractions	to	generate	a	colon-CSC	signa-
ture.	The	heat	map	depicts	the	most	differentially	regulated	genes,	including	differentiation	markers	(FABP1, 
MUC2)	and	Wnt	canonical	targets	(LGR5, LEF1, and APCDD1).	See	Table	S1A	for	the	complete	gene	set. 
(B)	GSEA	reveals	a	strong	relationship	between	CSC	signature	and	tumor	relapse	in	the	AMC-AJCCII-90	
patient	 set.	Also,	 previously	 described	 LGR5−	 and	 ISC-EphB2	 signatures	 associate	 with	 recurrence	
in	 our	 set.	 ES,	 enrichment	 score;	 NES,	 normalized	 enrichment	 score;	 FDR,	 false	 discovery	 rate. 
(C)	 Kaplan-Meier	 graph	 (relapse-free	 survival)	 based	 on	 overall	 adherence	 to	 the	 TOP-GFPhigh/
CSC	 profile	 as	 identified	 by	 gene	 ranking	 analysis	 (see	 Experimental	 Procedures	 for	 details). 
(D	and	E)	K-means	clustering	analysis	of	CRC	samples	from	the	AMC-AJCCII-90	patient	set	according	to	
the	colon-CSC	signature	(D)	and	the	dnTCF4	signature	(E)	representing	a	defined	set	of	Wnt	target	genes.	
Several	canonical	Wnt	target	genes	are	denoted	for	each	signature.	Kaplan-Meier	analysis	on	relapse-
free	survival	 is	drawn	 for	each	corresponding	signature.	Note	 that	 the	poor-prognosis	cluster	 (blue)	 is	
associated	with	low	expression	of	indicated	Wnt	targets	(see	also	Figure	S1C	and	S1D	for	similar	conclu-
sions	based	on	the	LGR5−	and	ISC-EphB2	signatures).	p	values	are	calculated	with	the	log-rank	test. 
(F)	 Representative	 β-catenin	 stainings	 are	 shown	 for	 two	 patients	 in	 both	 the	 Wnt-target-High	
(WntHigh;	 red)	 and	 Wnt-target-Low	 (WntLow;	 blue)	 clusters.	 Automated	 scoring	 of	 nuclear	 β-catenin	
fractions	 in	 patients	 from	 the	 AMC-AJCCII-90	 set	 is	 shown.	 Scale	 bars	 represent	 200	 μm. 
In	(D–F),	blue	represents	Wnt-target-low	cluster	(WntLow);	red,	Wnt-target-high	cluster	(WntHigh).

◄◄
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CSC-Associated Wnt Target Genes Inversely Correlate with
Prognosis
In an attempt to analyze the biological mechanism behind the prognostic power of 
CSC profiles in more depth and to identify genes that are most predictive regarding 
tumor relapse and metastasis formation, we employed a cluster analysis. Unsuper-
vised K-means clustering of the AMC-AJCCII-90 set using the TOP-GFPhigh/CSC-
derived gene expression profile resulted in two distinct patient groups with a signifi-
cant difference in relapse-free survival, as the Kaplan-Meier curve illustrates (Figure 
1D). Gene tree analysis revealed that segregation of these two clusters is accompanied 
by generation of two major subgroups of genes. The majority of genes were upregu-
lated in the patient cluster that was associated with poor prognosis (blue). However, a 
clearly distinct subset of genes, at the bottom region of the gene tree, inversely corre-
lated with disease relapse (Figure 1D). To our surprise this gene cluster contained many 
well-known Wnt target genes of which the expression is intimately linked to ISCs and 
CSCs. (For a list of genes and their differential expression between the clusters, see 
Tables S1C and S1D). Similar results were obtained by employing different stem cell 
signatures, including the LGR5− and EphB2 ISC signatures that have been described 
previously (Figure S1C and S1D) 9. In all cases high expression of the Wnt-driven 
ISC marker genes present in the different signatures, like ASCL2, LGR5, AXIN2, and 
APCDD1, were associated with the favorable prognosis cluster (Figure 1D and Figure 
S1C and S1D). We confirmed the expression level differences between the two groups 
by qPCR (Figure S1E) and found that expression was not related to oncogenic muta-
tions present within the different patients (Figure S2A). Multivariate Cox regression 
analysis indicated the profile to be an independent prognostic factor that was much 
more predictive than the presence of different mutations (Figure S2A). Strikingly, we 
also observed that the expression of Wnt target genes was not a simple reflection of 
patient-to-patient variation in Wnt signaling activity as measured by nuclear localized 
β-catenin levels (Figure 1F).
Intrigued by this counterintuitive finding, which indicates that high Wnt target gene 
expression is linked to favorable rather than poor prognosis, we repeated this analysis 
with a more defined set of Wnt target genes, previously identified by overexpression of 
dominant-negative TCF4 (dnTCF4) in CRC cell lines 11. The clear majority of genes in 
this dnTCF4 signature are also markedly lower expressed in the poor-prognosis patient 
cluster (Figure 1E). Even single Wnt target genes, including the validated ISC markers 
EPHB2 9, LGR5 12, and ASCL2 13, but also more general Wnt targets such as AXIN2 and 
APCDD1, can identify poor-prognosis patients based on their low expression levels 
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both in our patient set and in publically available data sets (Figure S2B and results not 
shown).
The finding that high expression of genes intimately associated with the CSC pheno-
type is associated with good prognosis in CRC immediately challenges the conven-
tional interpretation as to why (cancer-) stem-cell-associated profiles define poor prog-
nosis in cancer. Mostly it is believed that association with a CSC profile reflects the 
number of CSC-like cells in the malignancy. However, when we use FACS staining to 
define the fraction of cells positive for CD133 in several freshly isolated colon cancer 
specimens, which so far is the best studied and validated means to identify colon-
CSCs, we could not correlate the number of CSCs to the overall expression of CSC-
associated Wnt target genes within these tumors (Figure S2C). In addition, the frac-
tion of CRC cells positive for nuclear β-catenin, which has been used before as a trait 
to identify colon-CSCs, also does not correlate significantly with Wnt target gene 
expression in our patient data set (Figure S2D). These findings both indicate that CSC 
numbers in CRC are not causal determinants in the patient stratification obtained 
with the CSC-associated expression signature. More importantly, the lack of correla-
tion between nuclear β-catenin levels and Wnt target gene expression indicates that 
additional regulatory mechanisms are in place to regulate Wnt target gene expression.

CSC-Associated Wnt Targets Are Downregulated during 
Progression
In order to better understand why CSC-associated Wnt targets are inversely correlated 
with prognosis, we determined the expression of five Wnt target genes at multiple 
stages during the adenoma-carcinoma sequence. As expected, comparison of normal 
tissue with adenoma tissue revealed a marked increase in expression of most Wnt 
target genes, in line with the notion that activation of the Wnt cascade is the initiating 
event in CRC development (Figure 2A) 14. It is well accepted that further genetic and 
epigenetic alterations in the premalignant adenoma tissue mark the transition to an 
invasively growing CRC 15. However, evaluation of Wnt target gene expression in CRC 
samples strikingly indicated a downregulation in the majority of patients compared 
with the adenoma stage (Figure 2A). This was also observed in an independent data 
set containing normal, adenoma, and carcinoma samples (Figure S3A and S3B). The 
relevance of this suppressed Wnt target gene expression was immediately evident: 
patients that developed a tumor relapse displayed the lowest expression levels (Figure 
2A, red triangles). This confirms our findings that a low Wnt target gene expression 
profile is related to poor prognosis. In addition, we obtained evidence that CRC tissue 
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characterized by a low Wnt target expression signature demonstrates other charac-
teristics of advanced disease as well. In this respect we analyzed the association of 
the patients in the Wnt target-low cluster with immature stem cell signatures (based 
on SOX2, OCT4, and Nanog targets), which have been used previously to determine 
disease grade and prognosis in cancer patients (Figure S3C) 16. GSEA showed a clear 
correlation between the Wnt target-low cluster and these signatures (Figure S3D). 
This correlation was not detected when a direct comparison was made between the 
expression of pluripotency genes in the Wnt target high clusters with that of low 
clusters (Figure S3D), but the association with immature stem cell signatures does 
suggest that segregation based on the CSC signature reflects a more immature trait of 
the malignant tissue in the poor-prognosis cluster. In agreement, the association of the 
Wnt target-low cluster with this molecular immature fingerprint is also reflected by 
a significant enrichment for tumors presenting with a poorly differentiated histology 
(Figure 2B).

CSC-Associated Wnt Target Genes Are Subject to Methylation-
Dependent Regulation
Although the above indicates that the tumors that cluster in the Wnt-low group have 
a more immature phenotype, this does not provide insight into the apparent discrep-
ancy between the observed low Wnt target gene expression and the lack of reduction 
in nuclear β-catenin localization (Figure S2). To explain this conundrum we sought 
to determine whether epigenetic regulatory mechanisms might act to regulate Wnt 
target gene expression and thereby promote progression. Methylation is involved in 
many biological processes, including stem cell maintenance and cancer progression. In 
addition, CRC development is accompanied by global changes in methylation status 
of a plethora of genes 14, 17. A subtype of CRC, the CpG Island Methylation Phenotype 
(CIMP), has even been identified that is characterized by extensive methylation 18.  

Figure 2. Wnt Target Genes Are Regulated by Methylation in CRC
(A)	Relative	expression	of	established	Wnt	target	genes	(LGR5, APCDD1, ASCL2, DKK1, and AXIN2)	
in	normal,	adenoma,	and	CRC	tissue.	Patients	in	the	CRC	group	that	developed	a	recurrence	are	high-
lighted	in	red.	Horizontal	line	indicates	mean	value.
(B)	The	Wnt-target-Low	(WntLow)	cluster	of	patients	is	enriched	in	patients	displaying	a	poorly	differenti-
ated	morphology.	p	value	was	calculated	by	Chi-square	test.
(C)	Methylation-specific	PCR	for	Wnt	target	genes	LGR5, APCDD1, ASCL2, and DKK1 in a panel of CRC 
lines.	U,	unmethylated;	M,	methylated.
(D)	Relative	expression	of	indicated	Wnt	target	genes	following	48	hr	demethylating	treatment	with	5-Aza	
in	CRC	cell	lines.	Confidence	intervals	represent	standard	deviations.

◄◄
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Several natural Wnt inhibitors, such as AXIN2 and SFRP1, have previously been shown 
to be methylated in CRC 19, 20. We therefore analyzed the DNA methylation status of 
Wnt target genes first in a series of CRC cell lines. Methylation-specific PCR analysis 
revealed that several Wnt target genes including LGR5, APCDD1, DKK1, and ASCL2 
are, to a different extent, methylated in a panel of CRC cell lines, suggesting epigenetic 
silencing of these genes (Figure 2C). In agreement, treatment of CRC cells with the 
demethylating agent 5-Azacytidine (5-Aza) resulted in marked upregulation of these 
genes specifically in those cell lines where methylation was evident (Figure 2D). For 
instance, APCDD1 expression was enhanced by 5-Aza in the lines where APCDD1 
promoter methylation was clearly detectable. These data enforce the notion that Wnt 
targets are regulated, at least in part, by a mechanism that involves promoter methyla-
tion in CRC cell lines.

Functional Relevance of Wnt Target Gene Methylation
Next we determined the functional relevance of this methylation-dependent silencing 
of Wnt target genes. Treatment of CRC cell lines with a demethylating agent resulted 
in markedly decreased clonogenicity of these lines (Figure 3A). Importantly, this was a 
general observation; primary isolated colon-CSC cultures treated with 5-Aza also 
demonstrated significantly lower clonogenicity as determined by limiting dilution 
analysis, suggesting that the fraction of CSCs in these cultures decreased (Figure 3B). 
Also, in an in  vivo model system in which primary CSC-induced xenograft tumors 
were growing subcutaneously, we observed that 5-Aza treatment resulted in markedly 
suppressed tumor growth (Figure 3C). Importantly, analysis of these 5-Aza-treated 
xenografts confirmed the efficacy of 5-Aza on re-expression of the Wnt target genes 
in  vivo (Figure 3D), validating the methylation-dependent regulation of Wnt target 
genes in this in vivo model as well. To strengthen our hypothesis that re-expression of 
Wnt target genes has important functional consequences, we analyzed the effect of 
5-Aza on Wnt activity levels. In this light it is important to realize that several of these 
repressed target genes normally serve as feedback inhibitors of the same pathway and 
as such could repress the activity of the Wnt pathway. In agreement, in several CRC 
cell lines, 5-Aza-mediated expression of genes previously suppressed by methylation 
resulted in decreased Wnt activity (Figure 3E).
Although these data are suggestive for a role of Wnt target gene methylation in CRC, the 
effects of 5-Aza are rather generic, affecting all methylated CpG islands, and can there-
fore not be considered specific for Wnt target genes. We therefore questioned whether 
growth inhibition could be achieved directly by specific re-expression of methylated 
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Figure 3. Functional Relevance of Wnt Target Gene Methylation
(A	 and	 B)	 Clonogenic	 analysis	 of	 indicated	 CRC	 cell	 lines	 (A)	 and	 primary	 human	 colon-CSC	
cultures	 (B)	 in	 the	 absence	 or	 presence	 of	 demethylating	 treatment	 with	 5-Aza	 for	 48	 hrs. 
(C)	Subcutaneous	xenografts	of	human	primary	CSC	cultures	treated	with	5-Aza	or	PBS	intraperitoneally. 
(D)	Expression	of	Wnt	target	genes	in	5-Aza-treated	primary	human	CSC	culture-derived	xenografts	from	the	
experiment	depicted	in	(C).	(E)	TOP/FOP	analysis	to	determine	Wnt	signaling	levels	following	5-Aza	treatment. 
(F)	Effect	of	transient	overexpression	of	APCDD1 or AXIN2	on	TOP/FOP	activity	in	CRC	cell	lines	and	in	
primary	human	CSC	cultures	(Co100,	right	bars).	Error	bars	represent	standard	deviation.
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Wnt target genes. Indeed, we observed that re-expression of either AXIN2 or APCDD1, 
both methylated in CRC, was sufficient to decrease Wnt signaling levels (Figure 3F). 
This is not only observed in CRC cell lines, but confirmed in a primary CSC culture 
as well (Figure 3F, right bars, Co100). This Wnt activity modulation directly suggests a 
potential functional explanation of why suppression of a large set of Wnt target genes 
occurs during the adenoma to carcinoma sequence and why Wnt target gene inactiva-
tion could be associated with poor prognosis.

Wnt Target Gene Methylation Predicts Prognosis in CRC
So far our data indicate that low expression of CSC-associated Wnt target genes is 
related to poor prognosis and that methylation-dependent downregulation of these 
genes has a functionally relevant impact on the clonogenicity of CRC cells. However, 
it is unclear whether in-patient material suppression of a stem-cell-associated Wnt 
expression program is also dependent on methylation. To this end we determined the 
relative methylation levels of the Wnt target genes in our AMC-AJCCII-90 patient set 
by either methylation-specific PCR or bisulphite sequencing (Figure 4). Intriguingly, 
also in the tumors from our patient cohort, low Wnt target gene expression was asso-
ciated with increased methylation of the promoter regions of these genes (Figure 4A). 
That is, in the tumors that cluster in the Wnt-low group (Figure 4A, right black bars), 
the fraction of DNA methylation in the APCDD1, ASCL2, AXIN2, DKK1, and LGR5 
promoter regions is much higher as compared with that of the tumors that cluster in 
the Wnt-high group. Moreover, tumors in the Wnt-high group that did show methyla-
tion were, in several cases, derived from patients that eventually developed recurrences 
or metastases, as indicated by the asterisks in Figure 4A, suggesting that methylation 
of Wnt target genes is an even better marker for recurrences. In agreement, we found 
that methylation levels of a small subset of these CSC-associated Wnt target genes 
resulted in a highly predictive association with disease recurrence and metastasis 
using unsupervised cluster analysis based on the relative methylation levels (Figure 4B 
and 4C). Indeed, all recurrences cluster within the Wnt target gene methylation high 
group. These findings lend further support to the idea that methylation-dependent 
tuning of the Wnt expression program is related to disease progression and increased 
risk for recurrent disease.
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Figure 4. Methylation of Wnt Target Genes Identifies Poor-Prognosis Patients
(A)	Percentage	of	CpG	island	methylation	in	the	promoter	region	of	the	indicated	Wnt	target	genes	for	a	
subset	of	patients	from	the	AMC-AJCCII-90	set.
(B)	Unsupervised	cluster	analysis	using	the	methylation	levels	(ranking)	of	Wnt	target	genes	reveals	two	
clusters.	Patient	number,	High	or	Low	Wnt-target	 cluster,	and	 recurrence	are	 indicated.	Colors	depict	
rank	order	of	methylation	level	within	the	patient	set	for	each	gene:	green,	lowly	methylated;	red,	highly	
methylated;	grey,	data	not	available.
(C)	Kaplan-Meier	curve	depicting	the	two	different	patient	groups	as	identified	in	(B).	p	value	is	calculated	
with	the	log-rank	test.
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Discussion
Our findings have three major implications for the use and interpretation of (cancer-) 
stem-cell-associated profiles in risk stratification of CRC.
First, we confirm previous observations that ISC signatures can predict recurrence 
of CRC 9 and extend these findings with a novel colon-CSC-derived signature that 
has similar predictive properties, as might be expected based on the partial overlap 
between the various stem cell signatures. In particular both ISC and CSC signatures 
were characterized by a clear enrichment in Wnt target genes, consistent with the 
major role of the Wnt cascade in both ISC and colon-CSC biology.
Second, to our surprise, our data unequivocally show that expression of many well-
defined canonical Wnt target genes, including prominent ISC markers, was inversely 
correlated with prognosis. This unexpected finding, which was verified in multiple 
patient sets, significantly changes the conclusions of earlier studies of stem-cell-derived 
predictive signatures 9. In previous reports the association of a (cancer) stem cell signa-
ture with poor prognosis is often attributed to a relative high number of CSCs present 
in the malignant tissue 9, 21, 22, which was thought to enhance the chance of CSCs 
shedding from the primary tumor. Indeed, adherence to an ISC profile of individual 
CRCs, but also similarity of breast cancers to a breast-CSC signature, was translated 
into an increased risk of metastasis and tumor recurrence 8, 9. It is important to realize 
though that CSC numbers in primary tumors are on average suggested to constitute a 
minority of the tumor cells. It therefore appears rather unlikely that gene profiling of a 
complete tumor specimen would yield detailed information on a small minority of the 
cells. This would only be feasible when stem cell genes in the signatures are unique to 
the CSC population and additionally highly expressed. Instead, it is apparent from our 
data that these signatures identify poor-prognosis patients despite the presence of key 
(cancer) stem cell markers and canonical Wnt target genes, which we find to inversely 
correlate with tumor relapse and disease stage in CRC. Indeed, deletion of Wnt targets 
from the CSC signature improves the association with malignancies harboring a poor 
prognosis as predicted (Figure S1F). We believe our data indicate that CSC signatures 
identify tumors with a relatively immature signature as suggested by the association 
with a poorly differentiated histology. In agreement, progression of disease seems to be 
accompanied by adapting a more primitive, immature expression program defined by 
SOX2, OCT4, and Nanog signatures, as opposed to the more intestinal-tissue-specific 
stem cell signature with genes such as ASCL2 and LGR5. The fact that this association 
is strongest with the Wnt-target low cluster (Figure S3C), which has the poorest prog-
nosis, substantiates this hypothesis. Whether this is directly related to methylation 
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of ISC/CSC-associated Wnt target genes or occurs in parallel is unclear at this point, 
but suppression of the Wnt target expression profile during the adenoma-carcinoma 
sequence clearly links this Wnt regulation to disease progression in a manner that is 
unexpected (Figure 2A and Figure S3A). Our results therefore support a different inter-
pretation of prognosis prediction by (cancer) stem cell profiles; an overall resemblance 
to a CSC signature does not simply reflect CSC numbers, but rather reflects a clonal, 
immature trait of the tissue as a whole and points to more advanced disease. This is 
also in line with the lack of correlation between established colon-CSC markers, such 
as CD133 or nuclear localized β-catenin, and the expression of CSC-associated genes in 
primary human CRC (Figure S2C and S2D). Interestingly, a similar conclusion can be 
drawn when analyzing breast cancer specimens using a breast-CSC signature, which 
also appears to identify basal, i.e., more immature, breast cancers 23.
Third, our results indicate that suppression of the Wnt expression program is related 
to metastatic spread, which supports recent findings that Wnt blockage by dnTCF4 
expression is promoting metastasis formation in CRC 24. However, these observations 
are not completely in line with the current data, because we do not detect decreased 
Wnt pathway activity as evidenced by nuclear β-catenin localization. In this light it 
is important to realize that many Wnt target genes (e.g., AXIN2 and APCDD1) func-
tion as negative feedback regulators of the pathway 25, and therefore suppression of 
these genes by methylation might in fact increase Wnt activity levels and contribute 
to disease progression and relapse via activation of yet unknown positive targets. 
This is corroborated by our observation that demethylating treatment with 5-Aza, or 
more specifically re-expression of AXIN2 or APCDD1, decreases Wnt signaling activity 
in vitro (Figure 3F and 3G). In general, this implies that re-expression of suppressed Wnt 
targets by demethylating agents might provide an exciting therapeutic strategy that 
deserves further exploration.
To conclude, by using CSC-derived gene signatures, we unraveled a fundamental change 
during the progression of CRC that is characterized by methylation of a set of key Wnt 
targets. This methylation allows a relatively easy way of identifying patients at risk of 
recurrence, which would likely benefit most from adjuvant therapy. Moreover, our data 
also point to novel means that could take advantage of the modulated Wnt target gene 
expression and/or more immature phenotype to design more effective therapies.
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Experimental Procedures
Cell Culture and Generation of the Colon-CSC Signature
The generation and culture of colon-CSCs has been previously described 7. CRC cell 
lines were purchased at the ATCC. All lines were maintained in DMEM (supplemented 
with 10% FCS/1% glutamine) except for Colo205, which was cultured in RPMI-1640 
(10% FCS/1% glutamine). CSC signature was derived from the 10% highest and lowest 
TOP-GFP fraction of cells in two independent colon-CSC cultures 7 using Human 
Genome U133 Plus 2.0 microarrays (see Supplemental Information). The ISC-EphB2, 
LGR5, and dnTCF4 signatures were described elsewhere 9, 11.

Patient Cohorts
Two different CRC patient series were used for this study. The first one consisted of 
90 AJCC stage II CRC patients that underwent intentionally curative surgery in the 
Academic Medical Center in Amsterdam, The Netherlands in the years 1997–2006 
(AMC-AJCCII-90). Extensive medical records are kept of these patients and long-term 
clinical follow-up is available for the large majority. Both paraffin-embedded and fresh 
frozen tissue is available from all these patients for analysis, which was used to derive 
gene expression profiles. The second patient set is composed of two merged cohorts 
that form a metacohort of 345 CRC patients and has been described elsewhere 9. In 
addition, a separate panel of normal and adenoma fresh-frozen tissues was obtained in 
the AMC and these observations were validated with a publically available data set 26

Clustering and Survival Analysis
Unsupervised K-means cluster analysis and Kaplan-Meier survival curves were gener-
ated in the different expression data sets with the different gene signatures using 
the software package R2 (http://r2.amc.nl), a web-based microarray analysis appli-
cation developed by J.K. (data not shown). For single-gene survival prediction, the 
median expression value of each gene was used as a cutoff to generate two groups of 
45 patients having either a low or high relative expression. p value was calculated using 
the log-rank test. For cluster analysis (Euclidian Distance, average linkage in the Multi-
Experiment Viewer package v4.5, www.TM4.org) of methylation levels of Wnt target 
gene sets, we used the rank value for each individual patient for each gene.
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Prediction Power of Signature and Multivariate Analysis
For the predictive power of the CSC signature, we selected the 134 upregulated genes. 
Every individual gene was ranked according to their expression in each patient. The 
rank score for all the genes per patient was summed to define the rank for each patient. 
A high expression of a gene is translated into a low rank score. Patients that have an 
overall high expression of the genes in the signature have an overall low rank score and 
therefore are highly associated with the CSC profile. A Kaplan-Meier survival curve 
was generated to plot the relapse-free survival of patients having a high (n = 30) versus 
low (n = 60) correlation with the CSC profile. For multivariate analysis, the Cox 
proportional hazard model was used. All p values are two-sided. Statistical analysis 
was performed in SPSS.

In Vivo 5-Aza Treatment
Murine experiments were performed in accordance with the ethical committee of 
the AMC. For transplantation of CSCs, 5,000 cells suspended in 100 μl of PBS/BSA 
admixed with Matrigel at a 1:1 ratio were injected subcutaneously into nude mice 
(Hsd:Athymic Nude/Nude) (Harlan). When tumors were palpable, mice were injected 
i.p. with 5-Aza (5 mg/kg) or PBS vehicle. Injections were performed every 2 days.

β-catenin Staining and Spectral Imaging Quantification
Paraffin-embedded primary human specimens were stained with anti-β-catenin 
(Transduction Labs) and then incubated with anti-mouse-HRP (Powervision) (1:1). 
Multispectral data sets from slides stained for β-catenin were acquired using a Nuance 
camera system (Caliper Life Science, Hopkinton, MA) from 420–720 nm at intervals 
of 20 nm. To analyze the frequency of hematoxylin-β-catenin colocalization, spectral 
data sets were analyzed with the tissue segmentation and machine-learning Inform 
1.2 software (Caliper Life Science), similar to methods described elsewhere 27. The soft-
ware was trained to recognize tumor and stroma areas, and next, all spectral data sets 
were segmented into these two tissue categories. All data sets were analyzed using the 
nuclear algorithm, scoring the percentage of β-catenin positive nuclei out of all nuclei 
in the tumor tissue category.

RNA, PCR, and Methylation Analysis
For all methods on RNA isolation, PCR, and mutation analysis, and for all primer 
sequences, please see the Supplemental Information.
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Figure S2. Wnt expression levels do not relate to activity of the Wnt cascade or to 
additional mutations. 
(A)	Multivariate	 analysis	 using	 a	Cox	 proportional	 hazard	model	 to	 assess	 dependency	 between	 the	
CSC	signature	and	several	reported	mutations	in	CRC	in	relation	to	prognosis.	(B)	Kaplan	Meier	curves	
depict	disease	 free	survival	 for	groups	based	on	expression	 levels	of	 the	 individual	Wnt	 target	genes	
indicated	 in	 the	AMC-AJCCII-90	 patient	 set.	 Groups	 comprise	 45	 highest	 (red)	 and	 45	 lowest	 (blue)	
expressing	patients	for	each	gene.	P-value	is	calculated	with	the	log-rank	test.	(C)	Graphs	depict	relation-
ship	between	fraction	of	CD133+	cells	as	determined	by	FACS	analysis	in	freshly	isolated	CRC	specimens	
and	expression	levels	of	the	genes	as	determined	by	qPCR.	(D)	Graphs	depict	relation	between	fraction	
of	cells	demonstrating	nuclear	β-catenin	and	expression	 levels	of	 the	genes	 indicated	 from	 the	AMC-
AJCCII-90	patient	set.	Both	in	(C) and	(D)	no	clear	relation	can	be	observed	between	CSC	content	and	
CSC-associated	genes	in	these	samples.	Each	dot	represents	an	independent	CRC	sample.	
Related	to	Figure	1	and	Supplemental	Tables.

◄◄

►►

Figure S1. GSEA analysis, K-means clustering and Wnt targets validation. 
(A)	Heat	map	of	unsupervised	cluster	analysis	based	on	the	187	gene-CSC	signature	on	6	TOP-GFP	
high	and	low	sorted	spheroid	cultures	reveals	clear	separation	of	CSC	from	differentiated	cells.	(B)	GSEA	
analyses	performed	with	 the	different	 (cancer)	stem	cell	associated	gene	signatures	on	an	additional,	
publically	available	patient	dataset.	(C, D)	K-means	clustering	of	the	AMC-AJCCII-90	with	the	Lgr5-	(C)	
or	ISC-EphB2	(D)	signatures	also	shows	two	clusters.	Kaplan-Meier	and	prognostic	value	of	these	signa-
tures	is	depicted	(right	panels).	P-value	is	calculated	with	the	log-rank	test.	(E)	qPCR	validation	of	Wnt	
target	gene	expression	levels	in	the	Wnt-target-High	(WntHigh;	red)	and	Wnt-target-Low	(WntLow;	blue)	clus-
ters	by	qPCR.	Each	dot	represents	a	patient.	Horizontal	lines	represent	the	mean	value.	(F)	Wnt	target	
genes	that	are	downregulated	during	the	progression	from	adenoma	to	carcinoma	were	manually	deleted	
from	the	CSC-signature	(n=16	genes,	indicated	in	Table S1A).	This	curated	signature	was	subsequently	
used	in	a	GSEA	showing	increased	association	with	poor	prognosis	CRCs.	ES,	enrichment	score;	NES,	
normalized	enrichment	score;	FDR,	false	discovery	rate.	
Related	to	Figure	1.
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Figure S3. Progression in CRC correlates with a decreased Wnt target gene expression and an 
immature phenotype. 
(A)	Microarray	 expression	 levels	 of	 the	 different	Wnt	 target	 genes	 in	 normal,	 adenoma	and	 colorectal	
cancer	 samples	 derived	 from	 a	 publically	 available	 dataset	 26	 depicting	 identical	 up	 and	 downregula-
tion	during	tumor	progression.	(B)	Heat	map	analysis	of	 this	dataset	using	the	dnTCF4	gene	signature	
reveals	high	and	 low	Wnt	 target	gene	expression	groups.	Of	note	 some	of	 the	CRCs	group	with	 low/
normal	samples	and	some	with	the	high/adenoma	samples.	(C)	Table	demonstrates	the	results	of	GSEA	
for	the	association	of	embryonic	stem	cells	associated	gene	signatures	with	either	the	Wnt-target-Low	or	
Wnt-target-High	cluster	of	patients.	Results	of	both	the	AMC-AJCCII-90	patient	set	as	well	as	a	publically	
available,	and	larger,	patient	set	are	included.	Red	values	indicate	an	association	of	the	particular	signature	
with	 the	Wnt-target-Low	cluster,	green	 indicates	no	association.	Size	 indicates	number	of	genes	 in	 the	
profile.	NOS	indicates	Nanog/Oct4/Sox2.	ES,	enrichment	score;	NES,	normalized	enrichment	score;	FDR,	
false	discovery	rate.	FDRs	<	0.25	are	indicated	in	bold.	Clearly	the	Wnt-target-low	cluster	of	tumors	in	both	
patients	sets	adhere	 to	a	more	 immature	phenotype.	 (D)	qPCR	validation	of	Embryonic	stem	cell	core	
genes	expression	levels	in	the	Wnt-target-High	(WntHigh;	red)	and	Wnt-target-Low	(WntLow;	blue)	clusters	by	
qPCR.	Each	dot	represents	a	patient.	Horizontal	lines	represent	the	mean	value.	
Related	to	Figure	2.

◄◄
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Table S1A CSC signature, 187 
differentially expressed genesin 
red genes that are deleted from 
the set for the analysis shown in 
figure S1E	Related	to	Figure	1	and	
Figure	S2#
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Table S1B patient characteristics AMC-AJCCII-90	Related	to	Figure	1	and	Figure	S2
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Table S1C Complete set of differentially 
expressed genes between Wnt-high and low 
groups 
Related	to	Figure	1	and	Figure	S2

Table S1D Genes differentially expressed 
between Wnt-high and low group present in the 
CSC signature
Related	to	Figure	1	and	Figure	S2
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Supplemental Experimental Procedures 
CSC signature and Gene Set Enrichment Analysis (GSEA) 
The CSC signature was derived by selecting genes of raw data value >30 that were 
most differentially regulated between TOP-GFPHigh and TOP-GFPLow by at least 2-logfold 
change from each line and with a p-value < 0.05. Both orientations were taken into 
account to generate a list of 187 genes (134 up-regulated genes and 53 genes down-
regulated in TOP-GFPHigh compared to TOP-GFPLow), that was subsequently validated 
on several independent CSC cultures (GEO accession number of the array data is). 
Gene set enrichment analysis (GSEA) was performed as previously described 10. Genes 
are ranked according to their association with a given phenotype. Genes at the top of 
the rank associate positively with the phenotype while genes at the bottom of the rank 
associate negatively. The GSEA determines whether genes present in a defined signa-
ture are either randomly distributed throughout the ranks (no association of the signa-
ture with the phenotype), present at the top of the rank (positively associated with 
the phenotype) or present at the bottom of the rank (negatively associated with the 
phenotype). The occurrence of disease recurrence was used as a variable. The output 
of the GSEA comprises the Enrichment score (ES), the normalized enrichment score 
(NES) and the False discovery rate (FDR). For the GSEA analysis using embryonic stem 
cell gene associated signatures we used the profiles compiled in the manuscript of 16.

Clonogenic assay and limiting dilution assay 
CRC cultures were treated with either 2μM Aza or acetic acid for 48hrs. 250 cells from 
control or treated samples were FACS deposited in triplicate in a 24 well plate. 7 days 
after plating, cells were fixed and stained with crystal Violet/2% glutaraldehyde for 1 
hour. Colonies of at least 64 cells were counted under a light microscope. 
CSC cultures were treated with either 2μM Aza or acetic acid for 48hrs and then 
deposited at 1, 2, 4, 6, 8, 12, 16, 20 and 24 cells per well. Clonal frequency and statis-
tical significance were evaluated with the Extreme Limiting Dilution Analysis (ELDA) 
‘limdil’ function (http://bioinf.wehi.edu.au/software/elda/index.html).

TOP-FOP and overexpression assays 
Luciferase assays were performed as recommended by the manufacturer (SA 
Biosciences). Cells were transiently transfected (FuGENE 6; Roche) with a mixture 
of inducible TCF/LEF-responsive (TOP) firefly luciferase and constitutively expressed 
Renilla luciferase (40:1), or with a negative control (FOP) containing a mixture of non-
inducible firefly luciferase and constitutively expressed Renilla luciferase (40:1). One 
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day after transfection, cells were incubated for 48hrs with 2μM Aza or acetic acid. 
All experiments were performed in triplicate. Cells were lysed in luciferase reporter 
lysis buffer and monitored for luciferase and Renilla activity with a Dual-Luciferase 
Reporter Assay System (Promega). For overexpression, pMX-AXIN2-IRES-mCD8 
(kindly provided by Pr. H. Mano) or pcDNA3-APCDD1 were co-transfected with 
either TCF/LEF or non-inducible firefly luciferase at a 4:1 ratio for 48hrs.

Mutation analysis, RNA isolation, qPCR, rtPCR, methylation  
analysis and primer sequences 
P53 mutations were analyzed by sequencing with specific sets of primers. 
The K-RAS and the B-RAF mutations were determined in tumor-derived cDNA by 
PCR and subsequent sequencing. All sequencing reactions were performed using the 
Big Dye Terminator (BDT, Applied Biosystems, Nieuwerkerk a/d IJssel, NL). For MSI 
analysis we used the MSI Analysis System Version 1.2 (Promega, Leiden, NL) according 
to the manufacturer’s instructions.

Primer       Sequence 
P53-exon1  F-GCTTTCCACGACGGTGACA R-TTGTTGAGGGCAGGGGAGTA 

P53-P33   F-TGTCATCTTCTGTCCCTTCCC R-GATGGTGGTACAGTCAGAGC 

P53-P31   F-TTGCGTGTGGAGTATTTGGA R-GCAAGCAAGGGTTCAAAGACC 

K-RAS   F-CTGTGACATGTTCTAATATAGTCA R-GAATGGTCCTGCACCAGTAA 

B-RAF   F-TGATTTTTGTGAATACTGGGAAC R-TGCTTGCTCTGATAGGAAAATG

To generate expression profiles or analysis RNA expression by rtPCR or qPCR, RNA 
was extracted using Trizol in accordance with the manufacturer’s protocol (Invitrogen, 
Breda, NL). RNA concentration was analysed on a NanoDrop ND-1000. For micro-
array RNA quality was determined using the RNA 6000 Nano assay on the Agilent 
2100 Bioanalyzer (Agilent Technologies, Amstelveen, NL). Affymetrix microarray 
analysis, fragmentation of RNA, labelling, hybridization to Human Genome U133 
Plus 2.0 microarrays, and scanning were performed in accordance with the manufac-
turer’s protocol (Affymetrix, Santa Clara, CA). Microarray data can be viewed online 
(http://www.ncbi.nlm.nih.gov/geo/index.html) under GEO accession number (to be 
determined).
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For real time PCR, RNA was extracted using Trizol in accordance with the manu-
facturer’s protocol (Invitrogen, Breda, NL). RNA concentration was determined with 
Real time RT–PCR was performed with SYBR green (Roche) in accordance with the 
manufacturer’s instructions on a Light Cycler 480 (Roche). Primer sequences are 
described elsewhere (Vermeulen et al., 2010) or listed below:
β-actin_F  CAGAAGGATTCCTATGTGGGCGA 
β-actin_R  TTCTCCATGTCGTCCCAGTTGGT 
LGR5_F  AAT CCC CTG CCC AGT CTC 
LGR5_R  CCC TTG GGA ATG TAT GTC AGA 
APCDD1_F  CATCCAGACAGCAGGTCTCA 
APCDD1_R  GGGCCTGACCTTACTTCACA 
AXIN_F  CTCCTTATCGTGTGGGCAGT 
AXIN2_R  CTTCATCCTCTCGGATCTGC 
ASCL2_F  GTGAAGCTGGTGAACTTGGGC 
ASCL2_R  CAGCGTCTCCACCTTGCTCA 
Oct4a_F  ACGACCATCTGCCGCTTTG 
Oct4a_R  GCTTCCTCCACCCACTTCTG 
SOX2_F  AAATGGGAGGGGTGCAAAAGAGGA 
SOX2_R  CAGCTGTCATTTGCTGTGGGTGATG 
NANOG_F  GCCGAAGAATAGCAATGGTG 
NANOG_R  TGGTGGTAGGAAGAGTAGAGG 
DKK1_F  GCCCCGGGAATTACTGCAAAAATG
DKK1_R  CCGGAGACAAACAGAACCTTCTTGT 
KLF4_F   CCAATTACCCATCCTTCCTG 
KLF4_R  CGATCGTCTTCCCCTCTTTG

For methylation-specific PCR genomic DNA from CRC cell lines and primary CRC 
tissue was extracted and 500ng of gDNA was used for bi-sulfite conversion with the 
Epitect bisulfite kit (Qiagen, Venlo, NL) according to the manufacturer’s instructions. 
Methylation-specific PCR was carried out using primer sets specific for either methyl-
ated or unmethylated CpG sites. For primary CRC, a nested PCR was used to enhance 
the product prior to quantitative MSP with SYBR green using methylation-insensi-
tive primer sets. Plasma blood lymphocyte (PBL) gDNA was treated with Methylase 
(M.Sss1, Bioke, Leiden, NL). Untreated and treated samples were bi-sulfite converted 
and used as negative and positive controls respectively. Primer sequences can be found 
in supplemental material and methods.
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Primer    Sequence 
APCDD1_MSP_M F  GTGAGTTTTCGAGGGTTATTCGAGC 
APCDD1_MSP_M R  CCTCTCCCAAAACTAAAACGACAAACG 
APCDD1_MSP_U F  ATGGTGAGTTTTTGAGGGTTATTTGAGTG 
APCDD1_MSP_U R  CCCTCTCCCAAAACTAAAACAACAAACA 
LGR5_MSP_M F  TGGATTCGTAGAGAAATGGTTTC 
LGR5_MSP_M R  ATACCTACATTTACAAAAATTCGCC 
LGR5_MSP_U F  TTTGGATTTGTAGAGAAATGGTTTT 
LGR5_MSP_U R  ATACCTACATTTACAAAAATTCACC 
APCDD1_F nested  AGGTTTTAGAGTAGGATTGGAAATGT 
APCDD1_R nested  ACCCCCTCTCCCAAAACTAA 
AXIN2_F nested  TTGTATATAGTTTAGYGGTTGGG 
AXIN2_R nested  AAATCTAAACTCCCTACACACTT 
DKK1_F nested   TTYGGTTTTGTTGTTTTTTTTTTAAGGGG 
DKK1_R nested   AACCRTCACTTTACAAACCTAAATCCC 
DKK1_MSP_M F  GTCGGAATGTTTCGGTTCGC 
DKK1_MSP_M R  CTAAATCCCCACGAAACCGTACCG 
DKK1_MSP_UF  GGGGTTGGAATGTTTTGGGTTTGT 
DKK1_MSP_U R  ACCTAAATCCCCACAAAACCATACCA 
ASCL2_F nested  ATTCCTCTACCTACACCTTCCTAC 
ASCL2_R nested  GTTTGGAAGTTTAAGTTTATTAGTTTTA 
ASCL2_MSP_M F  GCGATTGGTTAAACGGGTGGTTTAC 
ASCL2_MSP_M R  AACGCGACCCTAACGACAACACG 
ASCL2_MSP_U F  TGATTGGTTAAATGGGTGGTTTATGA 
ASCL2_MSP_U R  AACACAACCCTAACAACAACACAAC

Prediction power of signature and multivariate analysis 
For the predictive power of the CSC signature, we selected the 134 up-regulated genes. 
Every individual gene was ranked according to their expression in each patient. The 
rank score for all the genes per patient was summed to define the rank for each patient. 
A high expression of a gene is translated into a low rank score. Patients that have an 
overall high expression of the genes in the signature have an overall low rank score 
and therefore are highly associated with the CSC profile. A Kaplan-Meier survival 
curve was generated to plot the relapse free survival of patients having a high (n=30) 
versus low (n=60) correlation with the CSC profile. For multivariate analysis, the Cox 
proportional hazard model was used. All p-values are two-sided. Statistical analysis 
was performed in SPSS.
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Abstract
Colorectal cancer stem cells (CSCs) drive tumor growth and are suggested to initiate 
distant metastases. Moreover, colon CSCs are reportedly more resistant to conven-
tional chemotherapy, which is in part due to upregulation of anti-apoptotic Bcl-2 
family members. To determine whether we could circumvent this apoptotic blockade, 
we made use of an inducible active caspase-9 (iCasp9) construct to target CSCs. 
Dimerization of iCasp9 with AP20187 in HCT116 colorectal cancer cells resulted in 
massive and rapid induction of apoptosis. In contrast to fluorouracil (5-FU)-induced 
apoptosis, iCasp9-induced apoptosis was independent of the mitochondrial pathway 
as evidenced by Bax/Bak double deficient HCT116 cells. Dimerizer treatment of colon 
CSCs transduced with iCasp9 (CSC-iCasp9) also rapidly induced high levels of apop-
tosis, while these cells were unresponsive to 5-FU in vitro. More importantly, injection 
of the dimerizer into mice that developed a colon CSC-iCasp9-induced tumor resulted 
in a strong decrease in tumor size, an increase in tumor cell apoptosis and a clear loss of 
CD133+ CSCs. Taken together, our data indicate that dimerization of iCasp9 circum-
vents the apoptosis block in CSCs, which results in effective tumor regression in vivo.
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Introduction
Cancer stem cells (CSCs), also called tumor-initiating cells, were first identified in 
haematological malignancies, but more recently these cells were also described in solid 
tumors, like colorectal cancer (CRC) 1-4. CSCs are a subpopulation of cells within the 
tumor that contain self-renewal capacity and the ability to differentiate. Therefore, 
they are thought to be the driving force behind tumor growth and metastasis. In vitro 
experiments have shown that colon CSCs are more resistant to treatment with fluo-
rouracil (5-FU) and oxaliplatin compared to their more differentiated progeny 3,5 and 
therefore, CSCs are thought to be responsible for tumor recurrence after treatment.
Chemoresistance of tumor cells can be caused by alterations in the expression of apop-
totic and anti-apoptotic genes 3. Apoptosis can be triggered by the extrinsic pathway, 
initiated by ligation of death receptors on the cell surface leading to caspase-8 acti-
vation, or by the intrinsic pathway, which leads to cytochrome c release from the 
mitochondria 6. Release of cytochrome c is regulated by Bax and Bak-dependent mito-
chondrial permeabilization and is counteracted by the anti-apoptotic Bcl-2 family 
members. Cytochrome c release is a crucial step in the assembly of the apoptosome, 
which in effect results in caspase-9 activation through induced proximity and subse-
quently cumulates in proteolytic cleavage and thereby activation of the downstream 
executioner caspases-3 and -7.
Evasion of apoptosis is one of the hallmarks of cancer 7. Resistance to chemotherapy-
induced apoptosis in CRC tumors is in part due to upregulation of anti-apoptotic 
molecules and downregulation of pro-apoptotic molecules. For instance, the expres-
sion level of anti-apoptotic molecule Bcl-2 has been reported to increase during the 
early stages of colorectal tumorigenesis 8. On the other hand, pro-apoptotic molecules 
like Bax and Bak 9 are decreased in CRC tumors. Low levels of pro-apoptotic molecule 
Bax have been shown to correlate to 5-FU resistance 10. In addition, more than 50% 
of colon tumors with defects in mismatch repair harbor mutations in Bax, thereby 
compromising its function in apoptosis 11. CRCs therefore appear to escape from ther-
apy-induced apoptosis by changes in the expression of apoptosis-regulatory genes.
Unlike executioner caspases, such as caspase-3, that are activated by cleavage, caspase-9 
undergoes a conformational change when two caspase-9 molecules are brought into 
close proximity. This opens up the catalytic site and unleashes the proteolytic activity. 
Based on the same principle an inducible system has been developed where the cata-
lytic domain of caspase-9 is fused to a modified FK506-binding domain (FKBP) that 
can be homodimerized by addition of an optimized chemical inducer of dimerization 
(CID) AP20187 12. The dimerizer is membrane-permeable and binds at subnanomolar 
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concentrations to the modified FKBP, while the affinity for the endogenous FKBP is 
1,000-fold lower. Therefore addition of the dimerizer brings two inducible caspase-9 
(iCasp9) molecules into close proximity and thereby rapidly activates downstream 
executioner caspases in a cytochrome c-independent fashion. In contrast to other 
inducible suicide systems, such as the HSV-1-derived thymidine kinase (HSV-TK)/
ganciclovir (GCV) method, the mode of action of iCasp9 does not rely on prolifera-
tion, which makes it ideal to target CSCs, as these have been shown under certain 
conditions to be quiescent or slow cycling 13-16. In addition, HSV-TK has been shown 
to induce a bystander effect, since the prodrug GCV, when converted to its active form 
by HSV-TK, can spread to other cells and also exert its inhibitory function in cells that 
do not express HSV-TK. In contrast, iCasp9-induced apoptosis is cell autonomous and 
a more reliable method to selectively target individual cells without collateral damage. 
Lastly, since caspase-9 is downstream of the mitochondria the sensitivity of cells to its 
activation should be independent of the Bcl-2 family of proteins.
The iCasp9 construct has been tested in an in vitro and in vivo xenograft model for 
prostate cancer 17, but the cytotoxic effect on CSCs was not taken into considera-
tion in this study. Since CSCs are known to be resistant to conventional therapy, we 
decided to study the effect of dimerization of iCasp9 in these cells. We show here that 
CRC cells that have lost pro-apoptotic proteins are still responsive to the dimerization 
of iCasp9. More importantly, colon CSCs are very effectively killed by dimerization of 
iCasp9 both in vitro and in vivo.

Results
Apoptosis induction by dimerization of iCasp9 is independent of 
Bax/Bak and XIAP
Tumor cells that are resistant to conventional chemotherapy, often downregulate pro-
apoptotic molecules and/or upregulate anti-apoptotic molecules to achieve this resist-
ance. To mimic this, we made use of the CRC cell line HCT116 deficient for both Bax 
and Bak 18,19, referred to as DKO cells. Bax and Bak are required for cytochrome c release 
from the mitochondria and thus subsequent caspase activation 20-22. Loss of only one 
of the pro-apoptotic Bcl-2 family members does not prevent apoptosis in most cases 
as Bax and Bak are redundant 23,24. However, absence of both Bax and Bak makes cells 
highly resistant to mitochondrial-dependent caspase activation after exposure to 
various stress stimuli and chemotherapeutic insults 22,25. One such stimulus is 5-FU, a 
pyrimidine analogue that upon cell entry is converted into different cytotoxic metabo-
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lites and incorporated into the DNA and RNA, thereby inducing cell cycle arrest and 
apoptosis. In agreement, treatment of WT HCT116-GFP cells with 500 μg/ml 5-FU for 
24 h induced cell death as measured by PI+ cells. This coincides with the induction of 
apoptosis using either DNA fragmentation or cleavage of PARP and caspase-3 as read-
out (Fig. 1a–c). In contrast, 5-FU treatment of the DKO HCT116-GFP cells did not 
induce any signs of cell death or apoptosis (Fig. 1a–c), confirming that loss of Bax and 
Bak causes resistance to apoptosis induced by 5-FU.
Next, we set out to test whether the iCasp9 construct would induce apoptosis in the 
mitochondrial pathway-deficient DKO cells. To this end, we transduced WT HCT116 
and the DKO cells with a vector encoding iCasp9-IRES-GFP. Treatment with 10 nM 
of AP20187 dimerizer resulted in a time-dependent reduction of GFP+ cells and a 
concomitant increase in PI+ cells after 24 h, showing that cell death is induced by 
dimerization (Fig. 1d, e). Only the iCasp9-IRES-GFP expressing cells die upon addition 
of dimerizer, while control transduced (PMX-YFP) showed no response to treatment, 
indicating that the cytotoxic effect is dependent on the presence of iCasp9. To directly 
show that the cell death is a result of apoptosis, we determined the effect of dimerizer 
on caspase-3 activation and DNA fragmentation. This revealed that the addition of 
dimerizer results in an extremely rapid onset of apoptosis. Both caspase-3 activation 
and DNA fragmentation were detected already after 1 h of dimerizer treatment, and 
PARP was even fully processed at this time point (Fig. 1f, g). Importantly, at the later 
time points tumor cells were completely disintegrated and we even failed to isolate 
sufficient amounts of protein from these dead cells as evidenced by the lack of tubulin 
in the samples. As expected, the induction of apoptosis is dependent on the presence of 
iCasp9 and not observed in HCT116 cells transduced with a control vector.
Interestingly, when DKO HCT116 cells, transduced with iCasp9, were treated with 
dimerizer, they responded in a similar way as the WT HCT116 cells. Also, these DKO 
cells displayed a quick apoptotic response to the dimerizer, while they resist 5-FU. The 
dimerizer induced quick DNA fragmentation, PARP and caspase-3 cleavage (Fig. 1f, 
g, i). In addition, the increase in PI+ cells (Fig. 1e) and decrease in GFP+ cells (Fig. 1d) 
was found after 24 h, indicating that dimerization of iCasp9 can induce a robust and 
efficient cell death, even when Bax and Bak are not present.
Taken together, the current data indicate that dimerizer-induced cell death is dependent 
on the presence of the iCasp9 construct, but the effectiveness does not depend on 
upstream signalling molecules in the apoptosis pathway like Bax and Bak.
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Dimerization of iCasp9 in CSCs induces apoptosis in vitro
Since CSCs are thought to be the cells within a tumor that are resistant to conven-
tional therapy, we switched to a more relevant in vitro system, namely that of primary 
spheroid culture, to test our iCasp9 construct. A CSC spheroid culture, derived from a 
primary CRC 4, was transduced with the pMX-iCasp9-IRES-GFP construct and subse-
quently single-cell cloned to avoid cell-to-cell variation in integration site or number 
of the retroviral vector. Two clones were used for further studies and initially treated 
with 10 nM of dimerizer AP20187 for different periods of time. Also in these CSC 
cultures, loss of GFP+ cells and induction of PI+ cells was clearly observed starting 
24 h after treatment, indicating that cell death was induced. Similarly to the situa-
tion in HCT116 cells, rapid and robust induction of apoptosis as measured by DNA 
fragmentation, PARP and caspase-3 cleavage was found already after 1 h of treatment 
(Fig. 2a–d).
As these spheroid cultures do not only contain CSCs, but also more differentiated cells, 
as shown previously by our group 26, we decided to compare the effect of dimerization 
of iCasp9 to treatment with 5-FU in a more specific test that allows to discriminate 
CSCs from their differentiated progeny. This assay allows us to specifically analyse 
apoptosis induction within the CSC population and compare it directly to the more 
differentiated tumor progeny. To this end, we stained spheroid cultures for the CSC 
marker CD133 1-3 and analyzed the activity of caspase-3 in CD133high (i.e. CSCs) versus 
CD133low cells (i.e. more differentiated tumor cells). In addition, as a supplement 
measurement for apoptosis we studied the expression of the early apoptosis marker 
Annexin-V. Treatment of CSCs for 48 h with 500 μg/ml 5-FU induced apoptosis in 
the more differentiated cells, whereas the CD133high CSCs were resistant (Fig. 2e, f). 
In contrast, treatment for 1 h with dimerizer induced apoptosis in both the CD133high 
and the CD133low population (Fig. 2e, f), indicating that CSCs which are normally 
resistant to conventional therapy can be targeted by dimerization of iCasp9.

Figure 1: Apoptosis induction by dimerization of iCasp9 is independent of Bax/Bak and XIAP.	a–c	
HCT116	control	cells	and	HCT116	cells	deficient	for	Bax	and	knockdown	for	Bak	(DKO)	were	treated	with	
500	μg/ml	5-FU	for	24	h,	after	which	they	were	analyzed	by	FACS	for	PI-exclusion	(a),	apoptotic	nuclei	
(b),	and	by	western	for	cleaved	caspase	3	and	cleaved	PARP	(c).	Tubulin	was	used	as	a	loading	control.	
d–f	WT	HCT116	and	DKO	HCT116	cells	were	transduced	with	either	pMX-iCasp9-IRES-GFP	or	control	
vector	pMX-IRES-YFP	after	which	they	were	treated	with	10	nM	of	dimerizer	AP20187	for	different	time	
points,	cells	were	analyzed	by	FACS	for	GFP-positivity	(d),	PI-exclusion	(e)	and	apoptotic	nuclei	(f).	WT	
HCT116	and	DKO	HCT116	cells	iCasp9-IRES-GFP	or	pMX-IRES-YFP	were	analysed	for	g	5-FU	and	h	
dimerizer-induced	caspase-3	activity	after	16	and	1	h,	respectively	or	i	by	western	for	cleaved	caspase	3	
and	cleaved	PARP	after	dimerizer	treatment	at	different	time	points.	Tubulin	was	used	as	a	loading	control

◄◄
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Figure 2: Dimerization of iCasp9 induces apoptosis in CSCs in vitro.	a–d	Spheroid	culture	derived	
from	 a	 primary	 colon	 carcinoma	 was	 transduced	 with	 pMX-iCasp9-IRES-GFP	 and	 single-cell	 cloned	
by	FACS.	Two	clones	were	treated	with	10	nM	dimerizer	AP20187	for	different	time	points.	Cells	were	
analyzed	by	FACS	for	GFP-positivity	(a),	PI-exclusion	(b),	apoptotic	nuclei	(c)	and	by	western	for	cleaved	
caspase	3	and	cleaved	PARP	(d).	Tubulin	was	used	as	a	loading	control.	e,	f	CSCs	with	iCasp9	cells	were	
treated	for	48	h	with	500	μg/ml	5-FU	or	for	1	h	with	10	nM	dimerizer.	Next,	early	markers	of	apoptosis,	
Annexin-V	staining	(e)	and	activity	of	caspase-3	were	measured	(f).	g,	h	The	clonogenic	capacity	of	the	
C002-iCasp9	after	dimerizer	 treatment	was	analyzed	by	LDA,	showing	 that	CSCs	are	not	 resistant	 to	
apoptosis	induction	by	dimerization	of	iCasp9.	The	graphs	represent	either	the	outgrowth	of	spheroids	(g)	
or	the	clonogenic	fraction	calculated	by	ELDA	(h)
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To functionally prove that CSCs are killed by dimerization of iCasp9, we analysed the 
clonogenic capacity of CSCs after dimerization treatment by performing a limiting 
dilution assay (LDA). This assay determines the clonogenic growth of single cells 
derived from the spheroid cultures and is a measure for the viability of the CSCs. Sphe-
roid cells were either pre-treated for 1 h with dimerizer or left untreated and subse-
quently deposited by FACS in a limiting dilution fashion. After 2 weeks, outgrowth of 
spheroids was scored. Untreated CSCs had a clonogenic capacity of approximately 1 
in every 7 cells. However, pre-treatment of CSC with dimerizer, resulted in a dramatic 
decrease in clonogenicity to only 1 in every 400 cells (clone #1) or even a complete 
absence of spheroids after two weeks (clone #2) (Fig. 2g, h). Of note, the spheroids 
that did grow out after dimerization treatment were all GFP−, suggesting that they 
had lost the construct and thereby were rendered resistant to the induction of apop-
tosis. Altogether, these data show that CSCs, marked by CD133, display resistance to 
5-FU treatment in vitro, while dimerization of iCasp9 also induces apoptosis in the 
CSC fraction and thereby loss of clonogenicity.

Dimerization of iCasp9 induces apoptosis and growth delay in vivo
To test the in vivo efficacy of the iCasp9-induced CSC apoptosis, the CSC-iCasp9-
IRES-GFP cells were injected subcutaneously in immunodeficient mice and allowed to 
grow. When tumors had reached a size of ~200 mm3, mice were treated either once 
or twice with 1 mg/kg AP20187 intraperitoneally or left untreated. Treatment led in 
both cases to a reduction in tumor size for around 15 days, especially when compared 
to the untreated control. However, after this initial reduction, tumors started to grow 
out again. To determine whether regrowth was due to an escape from therapy due 
to the availability of the dimerizer or a simple silencing of the iCasp9 construct, we 
retreated the mice for a second time with dimerizer and observed a reduction in tumor 
size. This indicates that the iCasp9 is still present in a fraction of the tumor cells, yet 
we also observed a more rapid regrowth (Fig. 3a).
H&E staining of the treated tumors revealed that dimerization of iCasp9 induced a 
massive loss of cells in the tumor, which was caused by cell death, as shown by the 
apoptotic cytodeath (M30) staining. Staining for proliferation marker Ki67 shows that 
cells that do survive the treatment are still highly proliferating, explaining the rapid 
re-growth of the tumors (Fig. 3b). When tumor cells were analyzed by FACS 48 h after 
the last treatment, a two- to fourfold relative decrease in epithelial cells was found, 
indicating that the tumor cells with iCasp9 were indeed targeted. In addition, a signifi-
cant loss of GFP-positivity was observed. This confirms our observations with the 
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second treatment of dimerizer and suggests that the iCasp9 construct in the remaining 
epithelial cells is either lost or inactivated. In addition, loss of expression of CSC marker 
CD133 was found, indicating that the CSCs were indeed targeted (Fig. 3c, d).
The in vivo experiment showed that treating tumors carrying the iCasp9 construct 
with dimerizer could effectively reduce tumor size, but eventually tumors will grow 
out again. To determine if in vivo resistance was the cause for re-growth of the tumor, 
we injected CSCs-iCasp9-IRES-GFP subcutaneously in mice and subsequently treated 
the mice for 5 consecutive days with dimerizer either directly upon tumor injection or 
after the tumor reached 200 mm3 (Fig. 3e). This extended treatment of the mice after 
tumor formation induced a better and longer reduction in tumor size and. Moreover, 
although the tumors eventually did grow out, this occurred with slower kinetics as 
compared to the original line or the one-time treated mice. In contrast, direct treat-
ment with dimerizer after tumor injection severely inhibited tumor growth. Only 1 in 
4 mice developed a tumor after 10 weeks, which displayed remarkably slower growth 
rates than the untreated tumors. In addition, this tumor did not show any GFP+ cells 
(Fig. 3f), indicating that the iCasp9 construct was lost.

Discussion
We have shown that iCasp9, after chemical dimerization, can induce apoptosis in cells 
that are resistant to conventional therapy. First of all, cells that lack expression of Bax 
and Bak show no apoptotic response to 5-FU treatment, whereas, as expected, dimeri-
zation of iCasp9 induces rapid induction of cell death independent of the presence of 
Bax and Bak. Secondly, CSCs, known to be resistant for conventional therapy 3,5,27, 
undergo rapid apoptosis when exposed to dimerization of the iCasp9 construct, both 
in vitro as well as in vivo.

Figure 3: Dimerization of inducible caspase-9 induces apoptosis in vivo. A colon spheroid culture 
transduced	with	pMX-iCasp9-IRES-GFP	was	 injected	 subcutaneously	 in	Balb/c	 nude	mice.	 a	Tumors	
were	grown	until	200	mm3	before	 the	mice	were	 treated	either	once	or	 twice	with	1	mg/kg	dimerizer	
AP20187.	One	group	was	left	untreated.	After	treatment,	the	tumors	regressed	but	re-growth	occurred	
rapidly,	after	which	the	half	of	the	group	was	retreated	again.	The	arrows	indicate	the	time	point	of	treat-
ment.	b	Tumors	were	removed	48	h	after	the	last	treatment,	embedded	in	paraffin	and	cut	 into	slides.	
H&E,	Ki67	and	cytodeath	M30	staining	showed	 that	 cell	 death	occurs	 in	 the	 treated	 tumors,	but	 still,	
living	proliferating	cells	are	present.	c,	d	FACS	analysis	of	 these	 tumors	show	 that	 treatment	 reduces	
both	 the	GFP+	and	Epcam+	and	CD133+	fraction	of	 the	 tumors	cells,	although	Epcam+CD133+	cells	
are	still	present,	both	in	tumors	that	were	treated	once	(c)	or	twice	(d).	e	Spheroid	cells	transduced	with	
pMX-iCasp9-IRES-GFP	were	injected	subcutaneously	in	nude	mice	and	treated	either	directly	after	cell	
injection	or	after	the	tumors	reached	200	mm3	for	5	days	with	1	mg/kg	dimerizer.	The	arrows	indicate	
the	start	time	point	of	treatment.	f	FACS	analysis	of	tumors	after	outgrowth,	analyzing	GFP,	Epcam	and	
CD133	expression

◄◄
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Bax/Bak are not required for apoptosis induction by dimerization of iCasp9 and this 
is not surprising as caspase-9 acts downstream of the mitochondria. Although several 
feed-forward amplification loops have been described between the intrinsic and 
extrinsic apoptosis pathway 28-30, the induction by iCasp9 is not dependent on this. 
So, loss of pro-apoptotic proteins can not block the effect of dimerization of iCasp9, 
making a very efficient tool for inducing apoptosis in chemotherapy-resistant cells.
Also, the dimerization of iCasp9 in vivo is able to target tumor cells and reduce tumor 
growth. The amount and frequency of treatment with the dimerizer does influence 
the effect, probably because the efficacy of the delivery is determined by this. A poten-
tial problem is that the construct can be inactivated or lost by the cells when they 
are pressure by treatment with the dimerizer. On the other hand, multiple dimerizer 
treatments in mice having a growing xenograft severely affected tumor growth at the 
long term. Additionally, intervention treatment showed that outgrowth of the tumor 
was almost completely abolished by dimerizer treatment, indicating that CSCs can be 
efficiently targeted by this treatment in vivo.
As mentioned previously, CSCs are resistant to conventional chemotherapy like 5-FU 
and oxaliplatin 3,5. In agreement, recent findings confirm the selective resistance of 
CSC using the ABC transporter ABCB5. Here, we use this knowledge and confirm that 
that CSCs, marked by high CD133 expression, are resistant to 5-FU, whereas they are 
not to dimerization of iCasp9. This suggests that CSCs are probably not completely 
resistant to all drugs and this resistance can be overcome by efficient induction of cell 
death downstream in the apoptosis pathway. As the dimerization of iCasp9 efficiently 
targets CSCs, their resistance mechanism is probably more upstream in the apoptosis 
pathway. Potentially, CSCs have blocked the apoptosis induction at the level of the 
mitochondria. Interestingly, in vitro treatment of breast CSCs with compounds that 
target the mitochondria induces efficient killing of these cells 31. It would be inter-
esting to determine whether the resistance to upstream stimulation of the apoptotic 
pathways and the here described sensitivity to downstream pathway activation is also 
observed in primary samples derived from patients with cancer. In the past we have 
shown that also in freshly isolated tumor cells selective resistance to chemotherapy is 
apparent. However, whether these cells are sensitive to casp-9 dimerization remains to 
be established. Alternatively, additional experiments using drugs that activate down-
stream molecules in the apoptosis pathway could therefore be very informative for 
studying resistance in CSCs.
Because CSCs do not display any resistance to dimerization of iCasp9, this construct 
is a potential valuable tool for studying the role of CSCs in a growing tumor. It has 
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been suggested that CSCs drive tumor growth and metastasis, but this has not been 
convincingly proven in in vivo experiments. Current experiments show that selec-
tion for expression of specific markers can identify the human tumor fraction that 
is able to xenograft in immunodeficient mice. These experiments mainly show that 
CSCs can initiate tumor growth upon transfer, which could reflect enhanced adher-
ence, survival or growth in a foreign environment, but the necessity of CSCs to main-
tain tumor growth is unclear. Previously, circumstantial evidence for the role of CSCs 
in a growing tumor has been acquired by performing in vivo experiments to target 
CSCs in xenografts. For instance, when CRC xenografts were treated with an antibody 
against delta-like 4 ligand (DLL4), a ligand for the Notch signalling pathway, the tumor 
growth slowed down. In addition, this antibody treatment reduced stem cell frequen-
cies, although only by two-fold, indicating that not all CSCs were targeted 32. A similar 
approach was used in a melanoma xenograft model, in which CSCs can be identified 
by ABCB5 expression. Melanoma xenografts, treated with an antibody against ABCB5, 
which can induce antibody-dependent cell-mediated toxicity, showed a clear reduction 
in tumor growth 33. Although this provides support for the idea that CSC are required 
for tumor growth, it is not clear whether the cytotoxic effect of the antibody treatment 
is unique to the CSCs or results in bystander kill. In the current in vivo experiments 
using dimerization of iCasp9 we observe a highly effective induction of apoptosis. 
This is observed in all tumor cells, but not in the stromal compartment. This there-
fore proves our hypothesis that selective ablation is possible. Future experiments will 
therefore have to be directed to CSC-specific expression of the iCasp9 construct, which 
would allow a timed and selective ablation of the CSC within a tumor and would 
provide valuable information on the role of these cells in growing tumors as compared 
to their role in xenograft initiation.
In conclusion, dimerization of iCasp9 induces rapid and efficient cell death, even in 
cancer cells that are normally resistant to conventional therapy due to overexpression 
of anti-apoptotic molecules or loss of pro-apoptotic molecules. Therefore, this construct 
is an interesting tool to study the effect of apoptosis of CSCs in a tumor model.
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Abstract 
Tumor heterogeneity is in part determined by the existence of cancer stem cells (CSCs) 
and more differentiated tumor cells. CSCs are considered to be the tumorigenic root 
of cancers and suggested to be chemotherapy resistant. Here we exploited an assay 
that allowed us to measure chemotherapy-induced cell death in CSCs and differenti-
ated tumor cells simultaneously. This confirmed that CSCs are selectively resistant to 
conventional chemotherapy, which we revealed is determined by decreased mitochon-
drial priming. In agreement, lowering the anti-apoptotic threshold using ABT-737 and 
WEHI-539 was sufficient to enhance chemotherapy efficacy, while ABT-199 failed to 
sensitize CSCs. Our data therefore point to a crucial role of BCLXL in protecting CSCs 
from chemotherapy and suggest that BH3 mimetics, in combination with chemo-
therapy, can be an efficient way to target chemotherapy-resistant CSCs.



101

BCLXL is required for colon CSCs chemoresistance

   5

Introduction 
Colorectal cancer is the third most common cancer worldwide 1, 2. Patients with 
advanced stage colorectal cancer are routinely treated with either 5-fluorouracil (5-FU), 
leucovorin and oxaliplatin (FOLFOX), or with 5-fluorouracil, leucovorin and irinotecan 
(FOLFIRI), often in combination with targeted agents such as anti-VEGF or anti-EGFR 
at metastatic disease 3-6. Despite this intensive treatment, therapy is still insufficiently 
effective and chemotherapy resistance occurs frequently. Although still speculative, 
it has been suggested that unequal sensitivity to chemotherapy is due to an intra-
tumoral heterogeneity that is orchestrated by cancer stem cells (CSCs) that can self 
renew and give rise to more differentiated progeny 7, 8. When isolated from patients, 
CSCs efficiently form tumors upon xenotransplantation into mice which resemble the 
primary tumor from which they originated 9-11. Additionally, many xenotransplanta-
tion studies have emphasized the importance of CSCs for tumor growth 9-12. Colon 
CSCs were originally isolated from primary human colorectal tumor specimens using 
CD133 as cell surface marker and shown to be highly tumorigenic when compared to 
the non-CSCs population within a tumor 9, 10. Later, other cell surface markers as well 
as the activity of the Wnt pathway have been used to isolate colon CSCs from tumors 
12, 13. Spheroid cultures have been established from human primary colorectal tumors 
that selectively enrich for the growth of colon CSCs 11, 12, although it is important to 
realize that these spheres also contain more differentiated tumor cells 12. In agreement, 
we have shown that the Wnt activity reporter that directs the expression of enhanced 
green fluorescent protein (TOP-GFP) allows for the separation of CSCs from more 
differentiated progeny in the spheroid cultures 12. 
CSCs are suggested to be responsible for tumor recurrence after initial therapy, as they 
are considered to be selectively resistant to therapy 11, 14. Conventional chemotherapy 
induces, among others, DNA damage and subsequent activation of the mitochondrial 
cell death pathway, which is regulated by a balance between pro-and anti-apoptotic 
BCL2 family members 15. Upon activation of apoptosis, pro-apoptotic BH3 molecules 
are activated and these may perturb the balance in favor of apoptosis initiated by 
mitochondrial outer membrane polarization (MOMP), release of cytochrome c and 
subsequent activation of a caspase cascade. 
The apoptotic balance of cancer cells can be measured with the use of a functional assay 
called BH3 profiling 16. BH3 profiling is a method to determine the apoptotic “priming” 
level of a cell by exposing mitochondria to standardized amounts of roughly 20-mer 
peptides derived from the alpha-helical BH3 domains of BH3-only proteins and deter-
mining the rate of mitochondrial depolarization. Using this approach, priming was meas-
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ured in various cancers and compared to normal tissues 17, 18. In all cancer types tested, 
the mitochondrial priming correlated well with the observed clinical response to chemo-
therapy. That is, cancers that are highly primed are more chemosensitive, while chem-
oresistant tumor cells as well as normal tissues are poorly primed 17, 18. This suggests that 
increasing mitochondrial priming can potentially increase chemosensitivity, which can 
be achieved by directly inhibiting the anti-apoptotic BCL2 family members 18. To this end 
small molecule inhibitors, so called BH3 mimetics, have been developed. ABT-737 and 
the highly related ABT-263 both inhibit BCL2, BCLXL and BCLW 19-21 and were shown 
to be effective in killing cancer cells in vitro and in vivo 21 with a preference for BCL2 19, 

22. As BCL2 protein expression is often upregulated In hematopoietic cancers, it repre-
sents a promising target, which was supported by high efficacy of these BH3 mimetics 
in animal experiments 21. However, in vivo efficacy is limited due to thrombocytopenia, 
which relates to a dependence of platelets on BCLXL for survival 23, 24. To overcome this 
toxicity, a BCL2-specific compound, ABT-199, was developed 25. Souers et al. showed 
that inhibition of BCL2 using ABT-199 blocks tumor growth of acute lymphoblastic 
leukemia cells in xenografts 25. In addition to the single compound effects of ABT-199, 
combination with rituximab inhibited growth of non-Hodgkin’s lymphoma, mantle cell 
lymphoma, and acute lymphoblastic leukemia tumor cells growth in vivo 25. In addition, 
highly effective tumor lysis was observed in all three patients with chronic lymphocytic 
leukemia that were treated with ABT-199 25. More recently, a BCLXL specific-compound, 
WEHI-539, was discovered using high-throughput chemical screening 26.  
As the apoptotic balance appears a useful target for the treatment of cancers and CSCs 
have been suggested to resist therapy selectively, we set out to analyze whether specif-
ically colon CSCs are resistant to therapy and whether this is due to an enhanced 
anti-apoptotic threshold, specific to CSCs. To study chemosensitivity, we developed 
a robust single cell-based analysis in which we can measure apoptosis simultane-
ously in CSCs and their differentiated progeny. Utilizing this system we showed that 
colon CSCs and not their differentiated progeny are resistant to chemotherapeutic 
compounds and that this was due to the fact that these cells are less primed to mito-
chondrial death. Furthermore, inhibition of anti-apoptotic BCLXL molecule with 
either ABT-737 or WEHI-539, but not ABT-199, breaks this resistance and sensitizes 
the CSCs to chemotherapy.  
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Results
Colon cancer stem cells are resistant to various drugs. 
Previously, cell death in colon CSCs and differentiated tumor cells has been compared 
by utilizing spheroid cultures enriched for CSCs in comparison with such cultures 
that were forced to undergo differentiation in vitro 11, 27. In this approach differentiated 
tumor cells, also called sphere-derived adherent cultures (SDAC), were generated by 
placing spheroids in adherent cultures using medium containing Foetal Calf Serum. 
Chemotherapy-induced cell death was subsequently compared between spheroids and 
SDAC cultures. This approach therefore compares mixtures of cells maintained under 
different conditions and observed difference may not necessarily relate to intrinsic 
resistance of CSCs. Here we developed a robust assay, which allows treatment and cell 
death measurement of colon CSCs and their differentiated progeny under the exact 
same conditions.  As we have shown that Wnt activity discriminates between CSCs 
and differentiated progeny within one sphere 12, we used this segregation to measure 
cell death in spheroid cultures after chemotherapy treatment with CaspGlow, a FACS-
based assay that measures caspase-3 activity at the single cell level (Figure 1a).
This assay revealed that CSCs were more resistant to conventional chemotherapeutic 
compounds, including oxaliplatin (Figure 1a and b), cisplatin, 5-FU, etoposide, the 
chemotherapy regimens FOLFIRI and FOLFOX and also to the death receptor ligand 
TRAIL (Figure 1b). In addition to caspase-3 activity, other apoptotic features were 
measured at the single cell level using a similar FACS-based set-up. Phosphatidylserine 
exposure (Figure 2a) as well as loss of mitochondrial potential (Figure 2b) confirmed 
that colon CSCs were more resistant to chemotherapy when compared to their differ-
entiated progeny. To show that resistance of colon CSCs towards chemotherapy is 
a common phenomenon, various spheroid cultures derived from different patients 
with colorectal cancer (Co108 and Co123) were transduced with TOP-GFP.  As shown 
before 12, also in these spheroid cultures, WNT reporter activity correlated with CD133 
expression and clonogenic potential (Supplementary Figure 1), pointing to the pres-
ence of CSCs in the CD133+ and TOP-GFPhigh fraction. Treatment of these distinct 
colorectal spheroid cultures with oxaliplatin also revealed a differential resistance to 
oxaliplatin, in which CSCs (TOP-GFPhigh) are more resistant when compared to differ-
entiated tumor cells (TOP-GFPlow) (Figure 2c).
 
Colon CSCs are less primed to death.
Several distinct mechanisms have been described that can lead to resistance towards 
chemotherapy. One of these involves a block in apoptosis induction, which can be 
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Figure 1: Colon cancer stem cells are resistant towards chemotherapy. A)	Spheroid	primary	cultures	
were	derived	from	primary	human	colorectal	tumors	and	transduced	with	TOP-GFP	construct.	In	these	
cultures	Wnt	pathway	activity	drives	 the	expression	of	GFP	(TOP-GFP).	These	spheroid	cultures	with	
TOP-GFP	 (Co100)	were	 treated	with	 chemotherapy	 e.g.	 oxaliplatin	 for	 24	 hr.	Subsequently,	 spheroid	
cultures	were	stained	with	CaspGlow	to	measure	caspase-3	activity.	Cells	are	first	gated	on	TOP-GFPlow 
(Blue	 bar)	 and	TOP-GFPhigh	 (Red	 bar),	 differentiated	 tumor	 cells	 and	 cancer	 stem	 cells,	 respectively.	
Caspase-3	activity	is	then	separately	analyzed	for	the	differentiated	tumor	cells	and	cancer	stem	cells.	B)	
This	method	was	used	to	test	various	chemotherapeutic	therapies.	Spheroid	cultures	treated	for	24	hr	with	
oxaliplatin,	cisplatin,	5-FU,	etoposide,	FOLFIRI,	and	FOLFOX	or	4	hr	with	TRAIL	are	shown.	Caspase-3	
activity	shows	more	cell	death	in	differentiated	cells	compared	to	CSCs.		Significance	comparing	differen-
tiated	versus	CSCs	is	indicated	(*	p<0,05,	**	p<0,01,	***	p<0,001).	



105

BCLXL is required for colon CSCs chemoresistance

   5

Figure 2: Colon cancer stem cell resistance can be observed with multiple techniques in various 
patient derived spheroid cultures.  A)	Spheroid	cultures	were	 treated	with	oxaliplatin	 for	24	hr	and	
(A)	Phosphatidylserine	(PS)	exposure	or	(B)	loss	of	mitochondrial	activity	were	measured.	C)	Different	
spheroid	cultures	derived	from	different	patients	(Co108	and	Co123),	were	treated	with	oxaliplatin	and	
PS	 exposure	 was	measured	 in	 differentiated	 tumor	 cells	 (TOP-GFPlow)	 and	 CSCs	 (TOP-GFPhigh).	All	
spheroid	cultures	showed	cell-death	in	the	differentiated	tumor	cells	and	not	in	the	CSCs	cells.	 	
Significance	comparing	differentiated	versus	CSCs	is	indicated	(*	p<0,05,	**	p<0,01).
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caused by a shift in the apoptotic balance, where a deregulation of anti- and pro-apop-
totic signals is tilted in favour of anti-apoptotic proteins 28. In agreement, colon cancer 
spheroids over-expressing the anti-apoptotic BCL2 members BCL2, BCLW and BCLXL 
(Figure 3a and Supplementary Figure 2a and c) were completely resistant to oxalipl-
atin when analysed in the CaspGlow assay (Figure 3b and Supplementary Figure 2c). 
Ectopic overexpression of the other BCL2 proteins BFL1, BCLB and MCL1 was not 
sufficient to overcome oxaliplatin-induced cell death in spheroid cultures (Supplemen-
tary Figure 2), suggesting that changing the apoptotic balance using the previously 
reported stable anti-apoptotic BCL2 family members 19 is indeed a possible means to 
escape from chemotherapy. 
To directly evaluate whether the resistance of CSCs is due to a difference in this 
apoptotic balance, BH3 profiling experiments were used to measure the level of 
mitochondrial priming in colon CSCs and differentiated tumor cells (Figure 3c and 
d). Spheroid cultures were treated with BH3 peptides and mitochondrial depo-
larization was measured. Importantly, we have shown before that these BH3 
peptides have differential binding to anti-apoptotic BCL2 family proteins 29. For 
instance, HRK peptide has a much greater affinity for BCLXL than BCL2 or BCLW 
(Figure 3c). For all BH3 peptides, less depolarization was measured in CSCs when 
compared to differentiated cells (Figure 3d and Supplementary Figure 3). This 
profiling indicates that colon CSCs display decreased mitochondrial priming in 
comparison to differentiated tumor cells and thereby can resist chemotherapy.   

BCLXL specific inhibitor WEHI-539 sensitizes colon cancer CSCs 
towards chemotherapy.
In some cancers expression of anti-apoptotic molecules is highly enhanced when 
compared to the untransformed cells from the same patient 30-32. As overexpression 
of BCL2, BCLXL or BCLW could enhance chemotherapy resistance (Supplementary 
Figure 2c), we analyzed whether the small molecule inhibitor ABT-737, which binds to 
all these anti-apoptotic family members 21, could target CSCs. In addition, we utilized 
the more selective compounds ABT-199, which solely targets BCL2, and WEHI-539, 
which solely targets BCLXL. First we tested whether the mitochondrial pathway 
regulates clonogenic potential of CSCs.  Limiting dilution analysis with CSCs that 
were pre-treated with ABT-737, ABT-199 or WEHI-539 revealed that ABT-737 and 
WEHI-539 both were sufficient to decrease clonogenic capacity, whereas ABT-199 
did not affect clonogenic growth (Figure 4a). As WEHI-539 is selective for BCLXL, 
this points to a dependency of CSCs on BCLXL for survival. Importantly, ABT-737 or 



107

BCLXL is required for colon CSCs chemoresistance

   5

Figure 3: Colon CSCs and differentiated cells are differentially mitochondrial primed.  
A)	Spheroid	culture	(Co100)	ectopically	overexpressing	BCLXL	protein	were	generated,	as	shown	by	
western	blot	BCLXL	(upper	panel).	Lower	panel	shows	a	control	western	for	ERK1/2.	B)	After	oxaliplatin	
treatment,	differentiated	tumor	cells	(TOP-GFPlow)	overexpressing	BCLXL	cells	are	no	longer	sensitive	
and	show	significantly	 reduced	cell	death,	by	caspase-3	measurement.	C)	Figure	showing	specificity	
of	BH3	peptides	for	binding	to	anti-apoptotic	BCL2	family	protein	members.	Red	indicates	high	affinity	
and	green	low	affinity.	D)	Spheroid	cultures	(Co100)	were	subjected	to	BH3	profiling	using	various	BH3	
peptides.	Cells	were	stained	for	CD133,	treated	with	 indicated	BH3	peptides	and	mitochondrial	depo-
larization	was	measured	with	JC1.	Mitochondrial	depolarization	in	differentiated	tumor	cells	(CD133low)	
and	CSCs	(CD133high)	 is	shown	relative	 to	complete	depolarization	obtained	with	CCCP.	Significance	
comparing	oxaliplatin-treated	control	versus	BCLXL	overexpressing	differentiated	tumor	cells	is	indicated	
in	Figure	3b	and	comparing	differentiated	versus	CSCs	in	Figure	3D	(*	p<0,05,	**	p<0,01,	***	p<0,001).
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WEHI-539-induced loss of clonogenicity could be restored when BCLXL was ectopi-
cally overexpressed (Figure 4b). To confirm that CSCs are dependent on BCLXL and 
not BCL2, western blot analysis were performed for BCL2, BCLXL and BCLW proteins 
and indeed all spheroid cultures expressed BCLXL and small amounts of BCLW, but 
no BCL2 protein levels could be detected (Figure 4c). Next, we evaluated whether 
decreased mitochondrial priming was responsible for chemotherapy resistance of 
CSCs. We therefore set out to perturb the apoptotic balance with sub-lethal amounts 
of ABT-737, ABT-199 or WEHI-539 to determine whether this would be a means to 
sensitize colon CSCs towards chemotherapy. As expected, colon CSCs were resistant 
to single treatments with low levels of BH3 mimetics and also against oxaliplatin. 
However when spheroid cultures were treated with ABT-737 or WEHI-539 compounds, 
CSCs were effectively sensitized towards oxaliplatin (Figure 4d) and other chemo-
therapeutic agents (Supplementary Figure 4). Similar to our observations on clono-
genicity, the BCL2 specific inhibitor ABT-199 did not sensitize CSCs toward chemo-
therapy (Figure 4d). Finally, to determine whether combination treatment affected 
clonogenicity of CSCs, we used low doses of oxaliplatin that slightly reduced CSC 
clonogenicity (Figure 4e). However, combination of oxaliplatin with sub-lethal doses 
of ABT-737, but not ABT-199, resulted in further loss of clonogenicity of CSCs (Figure 
4e). In agreement, when spheroid cultures were treated with ABT-737, ABT-199 or 
WEHI-539 in combination with oxaliplatin and growth of the cultures was measured 
over time (Figure 4f), we observed a strong initial decrease in cell viability in the first 
4 days. However, spheroid cultures treated with oxaliplatin alone or in combination  

Figure 4:  ABT-737 and WEHI-539 sensitize colon CSCs towards chemotherapy.	A)	Untransduced	
or	B)	BCLXL-transduced	spheroid	cultures	were	treated	with	1	µM	of	ABT-737,	ABT-199	or	WEHI-539	
for	24	hr	and	limiting	dilution	assay	was	performed	on	CSCs	(TOP-GFPhigh).	ABT-737	and	WEHI-539	
decreased	clonogenic	 capacity	 in	CSCs	 (A),	 but	 not	when	BCLXL	 is	overexpressed	 (B).	Significance	
is	 indicated	 (***	p<0,001)	and	 is	 related	 to	vehicle	 (DMSO)	alone	 treatment.	C)	Western	blot	analysis	
on	the	different	spheroid	cultures	for	BCL2	(upper	panel)	and	BCLXL	(middle	panel)	and	BCLW	(lower	
panel)	proteins.	Control	westerns	for	the	kinase	ERK1/2,	which	is	stably	expressed	in	the	spheroids,	are	
shown.	D)	Spheroid	cultures	were	treated	with	100	nM	ABT-737	or	WEHI-539	in	combination	with	50	µM	
oxaliplatin	for	24	hr	and	subsequently	analyzed	for	caspase-3	activity	or	E)	Clonogenic	capacity	using	
limiting	dilution	on	CSCs	(TOP-GFPhigh).	Significance	is	indicated	(**	p<0,01	and		***	p<0,001)	and	is	
related	to	oxaliplatin	alone	treatments.		F)	Spheroid	cultures	were	treated	with	100	nM	ABT-737,	ABT-199	
or	WEHI-539	in	combination	with	0.5	µM	oxaliplatin	for	24	hr	and	cell	numbers	were	measured	at	various	
time	points	using	cell	titer	blue.	

►►
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with ABT-199 regained proliferative potential in the days after, while combination 
treatment with ABT-737 or WEHI-539 strongly inhibited this revival (Figure 4f). This 
indicates that decreased mitochondrial priming of CSCs is an important aspect of 
CSCs that directs enhanced chemotherapy resistance of these cells and should thus be 
targeted to optimize chemotherapy.

 
Discussion 
In the last decade it has become increasingly clear that many tumors are heteroge-
neous, consisting of CSCs and more differentiated tumor cells. Like other CSCs, colon 
CSCs are highly tumorigenic and therefore targeting these cells is suggested to enhance 
the success of cancer therapy. However, colon CSCs are resistant to chemotherapy and 
the molecular mechanisms that orchestrate this are still poorly understood. Here we 
demonstrate that colon CSCs are less mitochondrial primed and increasing mitochon-
drial priming by ABT-737 sensitizes colon CSCs towards therapy. 
In a non-cancerous cell there is a balance between anti-apoptotic molecules and pro-
apoptotic BH3 molecules. This balance determines the activation of BAX and BAK 
proteins and thereby mitochondrial integrity in a cell. There are two main models for 
activation of BAX and BAK molecules. In the first model, called the direct activation 
model, BH3 proteins are divided in activators (e.g. BIM and BID) and sensitizers (e.g 
BAD and HRK)33, 34. In this model sensitizers can bind to anti-apoptotic molecules 
(e.g. BCL2, MCL1) and can inhibit them. This inhibition of anti-apoptotic molecules 
results in an indirect activation of BAX and BAK molecules, while the activators are 
able to activate BAX and BAK molecules directly, resulting in MOMP.
In the second model, called the neutralization model, BAX and BAK activation is a 
spontaneous event, which is prevented by the anti-apoptotic molecules. Anti-apop-
totic BCL2 proteins need to be neutralized by BH3-only proteins to allow BAX and 
BAK oligomerization and MOMP 34, 35. Recently, a unified model has been proposed 
that incorporates both models suggesting the existence of two modes of inhibition in 
which the BCL2 family prevents apoptosis 34.
Similar to earlier studies 16-18, 28, we used BH3 profiling to determine the level of mito-
chondrial priming in CSCs and differentiated cells (Figure 3d). In this assay BH3 
peptides were used that mimic the function of BH3 molecules. Using the differential 
specificities of the various BH3 molecules, it is possible to probe the mitochondrial 
resistance of a cell.  As described before, BID and BIM are very potent in inducing 
mitochondrial depolarization 17. However, lower concentrations of BIM revealed lower 
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sensitivity also towards this peptide in CSCs (Supplementary Figure 3). In both models, 
BIM and BID proteins can be described as potent apoptosis activators either as they 
represent direct inducers or because they are promiscuous in inhibiting a wide-range of 
anti-apoptotic BCL2 members. Interestingly, CSCs were selectively more resistant to 
all other BH3 peptides that were tested. This can be due to the higher affinity of these 
peptides or may be explained by a loss of activators (like BID and BIM) 28 in CSCs. 
Alternatively, it may point to the expression of higher levels of anti-apoptotic BCL2 
proteins. The latter possibility is supported by the observation that simple overexpres-
sion of BCLXL, BCL2 or BCLW is sufficient to prevent chemotherapy-induced apop-
tosis in the differentiated tumor cells, while the BH3 mimetic ABT-737 and WEHI-
539 sensitizes both CSCs and the more differentiated cells. Further work is needed to 
determine the mechanism behind the decreased mitochondrial priming, but our find-
ings strongly argue for a BCLXL-dependent anti-apoptotic threshold in colon CSCs.
In various tumors it has been shown that the apoptotic balance is disturbed in favor of 
anti-apoptotic molecules. In many lymphomas, BCL2 protein expression is increased 
36, 37. Moreover, also in solid tumors various anti-apoptotic proteins are shown to be 
highly expressed. In line with this, colorectal cancers have been reported to express 
enhanced levels of BCL2 and BCLXL and this correlates with clinical outcome of the 
patient 38. Similarly, microsatellite instable colorectal cancers frequently display loss 
of BAX due to a frameshift mutation 39 and this correlates with decreased 5-FU sensi-
tivity. Previously, we have shown that colon CSCs express IL-4 and this can signal in 
an autocrine fashion. In line with our current findings, we showed that treatment of 
colon CSCs with neutralizing antibody against IL-4, decreased protein levels of the 
anti-apoptotic proteins c-FLIP, BCLXL and PED and sensitized colon CSCs to oxalipl-
atin treatment 11. 
Although our data strongly argue for a role of decreased mitochondrial priming 
of CSCs in chemotherapy resistance, it is important to note that therapy resist-
ance of CSCs may have other underlying reasons. For instance, Kranenburg and 
colleagues have shown that colon CSCs highly express BIRC6 and knock-down of 
BIRC6 sensitized colon CSCs towards oxaliplatin 27. Similarly slow cell cycling 
and high drug transporters activity have been connected to resistance 40. In agree-
ment, ABCB5 was shown to be expressed in CSCs and render them drug resistant 
41. The latter two mechanisms are less likely to be responsible for therapy resistance 
in our model as we have previously shown that cell cycle activity is not different 
between CSCs and differentiated tumor cells 42. In addition, CSCs were also resistant 
to TRAIL, which is not dependent on either cell cycle or drug efflux. Moreover, 
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experiments performed with doxorubicin showed no difference in uptake of the 
drug (not shown), indicating that drug efflux is not different in colon CSCs.   
Here we show that chemoresistance of CSCs is instead due to differential mitochon-
drial priming. Previously, we have used an inducible caspase-9 to target colon CSCs. 
Upon activation of caspase-9, colon CSCs were killed efficiently in vitro and in vivo 43. In 
line with this study this indicates that the apoptotic block in colon CSCs is upstream 
of MOMP.  
For many years, there is an effort to target the anti-apoptotic molecules in cancer. 
ABT-737, and its orally bioavailable variant ABT-263, target BCL2, BCLXL and BCLW 21, 
while ABT-199 and WEHI-539 specifically target BCL2 and BCLXL respectively 25, 44, 45, 26.  
Here, these three inhibitors were tested in combination with chemotherapy. Inter-
estingly, only ABT-737 and WEHI-539 were effective in sensitizing colon CSCs 
towards chemotherapy, while ABT-199 failed to kill or sensitize CSCs. In agreement, 
BCL2 protein expression was hardly detected in the CSCs analysed in contrast to 
BCLXL. Importantly, also the more differentiated tumor cells can be sensitized by 
BH3 mimetics, which indicates that a BCLXL-dependent anti-apoptotic threshold is 
present in differentiated cancer cells as well, but that this threshold is simply elevated 
in the CSCs and sufficient to block chemotherapy-induced death.  As relatively low 
doses of BH3 mimetics are sufficient to sensitize CSCs, it may be feasible to design 
combination therapies that spare thrombocytes while effectively targeting colorectal 
cancer.  Whether such combination therapies pose a threat to normal intestinal stem 
cells remains to be established. We have previously shown that hematopoietic stem 
cells are relatively unprimed 18, but whether these normal stem cells or intestinal stem 
cells are also sensitized by BCLXL-targeting BH3 mimetics remains to be determined.
Taken together, we have shown that colon CSCs are resistant to various drugs due to a 
decreased mitochondrial priming and that exogenous priming of CSCs with ABT-737 
or WEHI-539 is sufficient to sensitize colon CSCs towards chemotherapy. 

Materials and Methods
Cell culture 
Colon spheroid cultures were derived from different patients with colorectal 
cancer in accordance with the rules of the medical ethical committee of the 
AMC. Briefly, primary resected human colon carcinomas were digested enzy-
matically for 1 hr with collagenase II (1.5 mg/ml; C6885 Sigma-Aldrich, Zwijn-
drecht, The Netherlands) at 37°C. The dissociated samples were strained 
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(70 μm pore size) and washed in CSC medium and subsequently cultured.  
Spheroid cultures were cultured in stem cell medium (advanced DMEM/F12 (Gibco, 
Bleiswijk, The Netherlands)) supplemented with 6 mg/ml Glucose, 5 mM HEPES, 
2 mM L-Glutamine, 4 μg/ml Heparin, epidermal growth factor (EGF; 50 ng/ml) 
and basic fibroblast growth factor (bFGF; 10 ng/ml). Spheroid cultures were main-
tained in ultra low adherent flasks (Corning, Amsterdam, The Netherlands).  
The vector for the TCF/LEF reporter driving expression of GFP (TOP-GFP) was a gift 
from Laurie Ailles and was described previously 46.  Spheroid cultures were transduced 
lentivirally with TCF/LEF reporter and single cell cloned by single-cell plating in 96-well 
ultralow adhesion plates (Corning) with FACSaria (BD Biosciences, Breda, The Neth-
erlands). To generate spheroid cultures that ectopically overexpress BCLXL, spheroid 
cultures were transduced with pHEFTIR-BCLXL. The lentiviral construct pHEFTIG 
was a kind gift from Arjen Bakker and Dr. Bianca Blom (AMC, Amsterdam). First GFP 
within pHEFTIG was replaced by RFP to generate pHEFTIR. Next, BCLXL was cloned 
into pHEFTIR to generate a pHEFTIR-BCLXL. Spheroid cultures were transduced 
with pHEFTIR (Control) or pHEFTIR-BCLXL (BCLXL). To generate spheroid culture 
expressing BCL2, BCLW, BCLXL, BFL1, BCL proteins, spheroid cultures were retro-
viral transduced with pMX-IRES-Blasticidin with the cDNA of the particular BCL2 
protein and selected for at least two weeks. These constructs were kind gift from prof. 
Jannie Borst (The Netherlands Cancer Institute, Amsterdam) and were described previ-
ously 19. Spheroid culture ectopically expressing MCL1-3a mutant, was generated using 
LZRS-MCL1-3A, which was a gift from Dr. Mien-Chie Hung (The University of Texas 
M.D. Anderson Cancer Center, Texas).This MCL1-3A mutant construct was previ-
ously described and is was shown that it can not be degraded by the E3 ligase β-TrCP 47.
 
Reagents
The following chemotherapeutic compounds were tested; 50 μM Oxaliplatin, 10 μg/
ml etoposide, 200 μg/ml 5-FU (all from Sigma-Aldrich), 50 μM Cisplatin (Platosin, 
Pharmachemie, Haarlem, The Netherlands) all for 24 hr, and 100 ng/ml rhTRAIL 
(Enzo Life Sciences, Raamsdonkveer, The Netherlands) in combination with 1.5 μg/
ml anti-FLAG antibody (Sigma-Aldrich) for 4 hr. FOLFOX and FOLFIRI treatments 
consisted of 1.25 μM Oxaliplatin (FOLFOX) or 1 μM Irinotecan (Sigma-Aldrich) treat-
ment followed after 90 min by 50 μM 5-FU, cells were analyzed after 24 hr. Spheroid 
cultures were treated for 24 hr with ABT-199, ABT-737 (Selleck Chemicals, Huissen, 
The Netherland) or WEHI-539 (ChemScene, NJ, USA) in combination with a chemo-
therapeutic compound or only vehicle.  
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Immunoblotting and antibodies 
Cells were lysed in 1x RIPA lysis and extraction buffer (Thermo Fisher Scientific, Etten-
Leur, The Netherlands) containing complete protease inhibitor (Roche, Woerden, The 
Netherlands). After clearing the lysate by high speed centrifugation (14.000 rpm, 
10 min, 4°C), The protein concentration was determined using BCA protein assay 
(Thermo Scientific, Breda, The Netherlands). 20 μg extracted proteins were separated 
by 12 % precast gels (Biorad, Veenendaal, The Netherlands) and transferred to on 
Hybond-P (Amersham, Upsalla, Sweden). Membranes were blocked with 5 % milk 
in Phosphate Buffered Saline solution containing 0.2 % TWEEN (PBS-T) for 1 hr. The 
membrane was incubated with the appropriate amount of antibody. Primary antibody 
incubations were carried out in 2.5 % milk/PBS-T overnight at 4°C and subsequently 
washed 3 times with PBS-T. Membranes were then incubated with anti-mouse IgG 
horseradish peroxidase conjugates for 1 hr, washed 3 times and detection of bound 
antibody was performed with ECLplus reagents (Amersham). Western blots were 
analysed by LAS4000. The antibodies used were anti-BCLXL (Santa-Cruz, clone S18, 
1:500, Heidelberg, Germany), anti-BCL2 (Santa-Cruz, clone N19 1:500), anti-BCLW 
(Abcam, clone 31H4, 1:500, Cambridge, UK), anti-BFL1 ( Santa-Cruz, 1:250), anti-
MCL1 (Cell Signaling, clone 4572, 1:1000, Leiden , The Netherlands) and anti-ERK1/2 
(Cell Signaling, 1:10.000).  
 
RNA extraction, cDNA synthesis and RT-PCR 
RNA was extracted from cells using Trizol reagent (Invitrogen, Leek, The Netherlands) 
in accordance with the manufacturer’s protocol. RNA concentration was determined 
with NanoDrop ND-2000 (Thermo Scientific)  and 1 μg of RNA was used to synthesis 
cDNA using SuperScript III accordance with the manufacturer’s protocol (invit-
rogen). RT-PCR was performed with LC480 SYBR green (Roche) in accordance with 
the manufacturer’s instructions on a LC480. The following primers were used: 18S 
sense: AGACAACAAGCTCCGTGAAGA, 18S antisense: CAGAAGTGACGCAGCC-
CTCTA, BCLB sense: CTAAGGAGCAGGAGGGCG, and BCLB anti-sense: GTGGAAA-
GGGGGTCCTGAAG.  

Limiting-dilution assay 
Spheroid cultures were dissociated and the 10 %  TOP-GFPhigh and 10 % TOP-GFPlow 
cells were FACS deposited using FACSaria (BD Biosciences) in a limiting dilution 
fashion at 1, 2, 4, 8, 16, 32, 64, 128, and 256 cells per well in ultra-low 96 wells plates 
(Corning). Clonal frequency was evaluated with the Extreme Limiting Dilution Anal-
ysis (ELDA) ‘limdil’ function as described 48. 
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FACS staining
Various colon spheroid cultures transduced with TOP-GFP were dissociated and were 
stained with AC133/CD133 – APC antibody (1:25) (Miltenyi Biotec, Paris, France) in 
PBS containing 1% bovine serum albumin (PBS-B) for 30 min at 4°C. Subsequently, 
cells were washed with PBS-B and resuspended in PBS-B. 7-AAD (BD Biosciences) was 
used to exclude death cells. Staining was analysed on a FASCanto (BD Biosciences).

Cell death assays
Primary colon cancer spheroid cultures were dissociated with trypsin-EDTA and 
seeded as single cells on adherent cell culture 12 wells plate (Greiner, Alphen a/d Rijn, 
The Netherlands) overnight. The next day, adherent cells were treated with chemo-
therapeutic drugs or targeted compounds for the indicated times. After treatment, 
cells were harvested and identification of the CSCs was performed by gating on the 
TOP-GFPhigh cells in the spheroid cultures, while the differentiated cells were identi-
fied in the same cultures by gating on the TOP-GFPlow cells. To measure apoptosis 
at the single cell level in both populations three distinct FACS-based measurements 
of cell death were used. The first, Caspase 3 activity was measured with CaspGlow 
active staining kit (Red-DEVD-FMK) according to the manufacturer’s instructions 
(BioVision, California, USA). In short, after treatment, spheroid cultures were made 
single cells using trypsin-EDTA. 50.000 cells were washed with stem cell medium and 
stained with RED-DEVD-FMK for 1 hr at 37 °C. Subsequently, cells were washed 
twice with wash-buffer. The second FACS-based measurement of cell death was 
based on the exposure of phospatidylserine. Spheroid cultured cells were stained with 
Annexin V-APC (BD biosciences) and 7-AAD (BD biosciences) for 15 min at RT. The 
third assay involved mitochondrial activity, which was measured with Mitotracker 
Orange CMTMRos (Molecular Probes, Bleiswijk, The Netherlands). Spheroid cultures 
were incubated for 30 min with 25 nM Mitotracker Orange at 37 °C. All three apop-
tosis staining methods were followed by flow cytometry performed with FACSCanto 
(BD biosciences). Cell death was measured in CSCs by gating on TOP-GFPhigh cells and 
in differentiated tumor cells by gating on  TOP-GFPlow cells.  
 
Cell survival assay
Primary colon cancer spheroid cultures were dissociated and seeded as in cell death 
assays. Adherent cells were treated with oxaliplatin in combination with ABT-737, 
ABT-199, or WEHI-539. After 24 hr treatment, cells were harvested and 2000 cells 
were transferred into ultra low adherent 96 wells plates (Corning). Cell survival was 
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measure at different time points by adding 20μl/well of cell titer blue reagent (Promega, 
Leiden, The Netherlands). Subsequently, cells were incubated for 4 hr and fluorescence 
was measured on a Biotek HT synergy plate reader (BioTek, Potton, UK)

BH3 profiling 
Mitochondrial priming was measured as described before 16. Briefly, spheroid cultures 
were stained with AC133/CD133 - APC antibody (1:25) (Miltenyi Biotec). Subse-
quently cells were washed in T-EB (300 mM Trehalose, 10 mM Hepes-KOH pH 7.7, 
80 mM KCl, 1 mM EGTA, 1 mM EDTA, 0.1% BSA, 5 mM succinate) and 50.000 
cells resuspended in 100 μl T-EB were added to 100 μl of T-EB containing 20 μg/ml 
digitonin, 20 μg/ml oligomycin, and peptides. Cells were incubated for 90 min with 
various 100 μM BH3 peptides at RT. As shown before, BIM and BID peptides were 
very potent and therefore 6 μm and 12 μm of these peptide were tested, respectively.  
More concentrations of BIM peptides are tested and shown in Supplementary Figure 
4. JC-1 staining was performed for 30 min at RT (1 μM) and MOMP was measured in 
CSCs (10 % CD133high cells) and more differentiated cells (10 % CD133low cells) on a 
FACSCanto (BD Bioscience).
The following BH3 peptides (Eurogentec, Maastricht, The Netherlands) were used; 
BIM: MRPEIWIAQELRRIGDEFNA; 
BID: EDIIRNIARHLAQVGDSMDR; 
PUMA: EQWAREIGAQLRRMADDLNA; 
BIK: MEGSDALALRLACIGDEMDV; 
BNIP3: VVEGEKEVEALKKSADWVSD; 
HRK: SSAAQLTAARLKALGDELHQ; 
NOXA A: AELPPEFAAQLRKIGDKVYC; 
BMF: HQAEVQIARKLQLIADQFHR
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Supplementary figures 

Supplementary Figure 1: TOP-GFP activity correlates with CD133 and clonogenicity.	 TOP-GFP	
transduced	spheroid	cultures	were	stained	for	CD133-APC	(A)	and	the	lowest	(blue)	and	highest	(red)	
CD133	expressing	cells	were	analyzed	for	 their	TOP-GFP	activity	(B).	C).	10%	TOP-GFPhigh	and	10%	
TOP-GFPlow	cells	were	deposited	in	ultra-low	96	wells	plates	in	a	limiting	dilution	fashion.	After	two	weeks	
colonies	were	scored	and	variation	 in	clonogenic	capacity	between	differentiated	and	CSCs	is	shown.	
Significance	comparing	differentiated	versus	CSCs	is	indicated	(***	p<0,001).	
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Supplementary Figure 2: Ectopic overexpression of BCL2, BCLXL and BCLW, not BCLB, BFL1 and 
MCL1, block oxaliplatin induced cell death in spheroid cultures. A)	western	blot	analysis	showing	
overexpression	of	the	various	BCL2	family	members	in	spheroid	cultures.	B)	As	a	reliable	antibody	for	
BCLB	was	not	available,	BCLB-transduced	and	control	spheroids	were	analyzed	by	qRT-PCR	analysis	
for	BCLB.	C)	Spheroid	cultures	expressing	various	BCL2	proteins	were	treated	with	50μM	oxaliplatin	for	
24	hr	and	caspase-3	activity	was	measured	with	CaspGlow	in	differentiated	cells	(TOP-GFPlow)	and	CSCs	
(TOP-GFPhigh).	Significance	comparing	oxaliplatin-treated	control	 versus	various	BCL2	 family	member	
overexpressing	differentiated	tumor	cells	is	indicated	(**	p<0,01).
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Supplementary Figure 3: Differential mitochondrial priming measured with BIM peptide in differen-
tiated tumor cells and CSCs. Spheroid	culture	(Co100)	was	subjected	to	BH3	profiling	using	decreasing	
concentration	of	BIM	BH3	peptide.	Cells	were	stained	 for	CD133,	 treated	with	BIM	BH3	peptides	and	
mitochondrial	depolarization	was	measured	with	JC1.	Mitochondrial	depolarization	in	differentiated	tumor	
cells	(CD133low)	and	CSCs	(CD133high)	is	shown	relative	to	complete	depolarization	obtained	with	CCCP.	
Significance	comparing	differentiated	versus	CSCs	is	indicated	(*	p<0,05,	**	p<0,01,	***	p<0,001).
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Supplementary Figure 4: ABT-737 and WEHI-539 sensitizes colon CSCs towards various  
chemotherapies. Spheroid	cultures	were	treated	with	100nM	ABT-737	or	WEHI-539	in	combination	with	
(A)	10	mg/ml	etoposide,	(B)	200	mg/ml	5-FU	or	(C)	50	mM	cisplatin.  Caspase-3	activity	was	measured	
with	CaspGlow	in	CSCs	(TOP-GFPhigh).	Significance	is	indicated	(*	p<0,05,	**	p<0,01,	***	p<0,001)	and	is	
related	to	oxaliplatin	alone	treatments.	
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Abstract 
There is increasing evidence that cancers are heterogeneous and contain a hier-
archical organization consisting of cancer stem cells and their differentiated cell 
progeny.  These cancer stem cells are at the core of the tumor as they represent the 
clonogenic cells within a tumor. Moreover, these cells are considered to contain 
selective therapy resistance, which suggests a pivotal role in therapy resistance 
and tumor relapse. Here we show that differentiated cells can re-acquire stemness 
through factors secreted from fibroblasts. This induced CSC state also coincides 
with re-acquisition of resistance to chemotherapy. Resistance induced in newly 
formed CSCs is mediated by the anti-apoptotic molecule BCLXL and inhibition 
of BCLXL with the BH3 mimetic ABT-737 sensitizes these cancer cells towards 
chemotherapy. These data point to an important interplay between tumor cells 
and their microenvironment in the regulation of stemness and therapy resistance. 
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Introduction 
Over the last decade it has become increasingly clear that a variety of cancers is hier-
archically organized and cancer stem cells (CSCs) can be found at the top of this hier-
archy. CSCs are, in contrast to their differentiated daughter cells, highly tumorigenic 
and besides their self-renewal capacity CSCs can differentiate in more differentiated 
cell types.1 In colorectal cancer CSCs were identified by two independent groups that 
made use of an antibody that recognize the cell surface molecule CD133.2, 3 More recent 
data provided for evidence for other CSC markers in colon, such as LGR5 expression 
and Wnt pathway activity.4, 5 Especially the latter was surprising as this occurred even 
in tumors where all cells contained a mutated APC, indicating that not all cells have 
the same level of Wnt pathway activation, despite this mutation.5 When primary 
colon cancer spheroid lines were dissociated and transduced with a Wnt activity 
reporter that directs the expression of enhanced green fluorescent protein (TOP-
GFP), cells expressing high TOP-GFP levels (TOP-GFPhi) are shown to be the CSCs. In 
contrast, cells with low Wnt pathway activity (TOP-GFPlo) are not tumorigenic upon 
xenotransplantation and express markers of differentiated colon cells.5 Using these 
TOP-GFP spheroid cultures we have designed flow cytometer based assays in which 
cell death in CSCs and their differentiated progeny can be measured simultaneously 
and importantly under the same conditions. This assay showed that differentiated 
cells are killed by chemotherapy, while CSCs were resistant to all therapies that we 
have tested.6 Resistance was due to a disturbed apoptotic balance in CSCs in favor of 
anti-apoptotic molecules.6 This suggests that targeting this balance could be an effec-
tive therapy. However, we have recently also shown that signals emanating from the 
microenvironment are crucial in the regulation of stemness and can direct the acqui-
sition of stemness features in more differentiated tumor cells.5, 7, 8 This suggests that 
the microenvironment is a pivotal player in the hierarchy within a tumor and could 
therefore also regulate chemotherapy sensitivity. Here we show that factors derived 
from myofibroblasts can not only dedifferentiate non-CSCs into CSCs, but also direct 
a resistance towards chemotherapy. Furthermore, this fibroblast induced resistance 
can be reverted by inhibition of BCLXL with the BH3 mimetic ABT-737. 

Results
Factors secreted from fibroblasts can induce dedifferentiation of 
non-CSC
Myofibroblasts make up an important part of the microenvironment in colon cancers 
and direct CSC features.5, 11, 12 To study the effect of myofibroblast-secreted factors 
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on CSCs, myofibroblast-conditioned medium (MFCM) was derived from human 
colon 18Co fibroblasts. These fibroblasts model cancer-associated fibroblasts (CAFs) 
and similar observations can be obtained using CAFs (not shown). Spheroid cultures, 
containing CSCs and more differentiated tumor cells, were grown in the absence or 
presence of this MFCM and CSC markers CD133 and LGR5 were measured using 
flow cytometry. This revealed a clear increase in cells expressing these CSC markers 
(Figure 1a). In line with the idea that CSC numbers increased in these cultures, a 
concomitant decrease in the expression of differentiation markers Ck20 and Mucin2 
was observed  after MFCM exposure (Figure 1b). Increased stem cell marker expres-
sion in combination with decreased differentiation marker expression suggest a 
MFCM-induced increase in the stem cell fraction in our spheroid cultures. However, 
marker expression by itself is not sufficient to determine stem cell capacity, which 
in vitro can only be quantified using a limiting dilution assay. Spheroid cultures were 
therefore sorted in a limiting dilution fashion of either the CSCs (GFPhi) or the 
differentiated cells (GFPlo) cells. Confirming previous data, only CSCs were clono-
genic while differentiated cells failed to grow. However, when differentiated cells 
were sorted in plates containing MFCM, clonogenicity was restored to levels of 
CSCs (Figure 1c), confirming the idea that fibroblast secrete factors that promote 
dedifferentiation of differentiated cells into CSCs. Previously, we observed that this 
reversal even resulted in the re-acquisition of tumor-initiating potential confirming 
the idea that MFCM can re-install cancer stemness in more differentiated cells.5 
 
Conditioned medium increases BCLXL protein expression and 
induces resistance to chemotherapy
Recently, we have described an assay that allows for the study of chemotherapy sensi-
tivity in differentiated cells and CSCs simultaneously.6 Using this assay we have shown 
that a differential sensitivity exists between CSCs, which are resistant and differenti-
ated cells, which  are chemosensitive. To study if factor secreted by myofibroblasts were 
also capable of inducing therapy resistance in differentiated cells, spheroid cultures 
were grown in control or in MFCM and subsequently treated with chemotherapy. 
In control medium, differentiated cells were sensitive to oxaliplatin when compared 
with CSCs. However, when pretreated for only 24 hours with MFCM oxaliplatin-
induced cell death was significantly blocked, suggesting that, similar to the induc-
tion of clonogenicity, also therapy resistance can be restored by the microenvironment 
(Figure 2a). To further investigate the mechanism of chemotherapy resistance the anti-
apoptotic molecule BCLXL was analyzed, as we have previously shown that colorectal 
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CSCs are dependent on BCLXL for survival and therapy resistance.6 Upon MFCM 
exposure of spheroid cultures BCLXL protein expression was increased (Figure 2b and 
c), which is sufficient to block oxaliplatin-induced cell death in spheroid cultures.6 

ABT-737 reverts MFCM-induced chemotherapy resistance
Inhibition of apoptosis is one of the hallmarks of cancer. Therefore there are small 
molecule inhibitors in clinical trials that inhibit anti-apoptotic BCL2 molecules. 
ABT-737 inhibits BCLXL, BCL2 and BCLW and displays anti-tumorigenic activity.13, 14  

Figure 1: MFCM dedifferentiate differentiated cells to CSCs.	Spheroid	cultures	grown	in	control	medium	
(red)	or	MFCM	(brown)	for	24h	and	were	a)	stained	with	stem	cell	marker	Lgr5,	CD133	or	b)	qrt-pcr	was	
performed	 on	 differentiation	markers	 Ck20	 and	Mucin2	 (Muc2).	 c)	 Limiting	 dilutions	 experiments	 were	
performed	and	clonogenic	fraction	was	calculated	in	CSC	(TOP-GFPhi),	Differentiated	cell	(TOP-GFPlo),	and	
differentiated	cells	deposited	in	MFCM	(Diff	+	MFCM).		Significance	is	shown	as	***p<0.001
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To investigate if inhibition of these anti-apoptotic molecules is sufficient to sensitize 
cells that were exposed to MFCM cells were treated with ABT-737. Interestingly, differ-
entiated cells that were exposed to MFCM were resistant to oxaliplatin. However, this 
road block in chemotherapy-induced apoptosis was lifted by ABT-737 (Figure 2d). This 
suggested that anti-apoptotic BCL2 proteins are crucial in MFCM induced-resistance 
and inhibition of these proteins using small molecule inhibitors is sufficient to sensi-
tize to chemotherapy. Moreover, our data provide compelling evidence that factors 
secreted by fibroblast are able to induce CSC features in differentiated tumor cells, 
which include therapy resistance. These factors therefore are interesting candidates for 
therapeutic targeting in colorectal cancers.

Discussion
Despite the fact that only CSCs and not the more differentiated cancer cells are 
highly tumorigenic in xenotransplantation assays, differentiated cells can indi-
rectly become tumorigenic by dedifferentiation.5, 7, 8, 15, 16 Here we show that human 
colonic fibroblast secrete factors that increases the stem cell fraction in sphe-
roid cultures. In addition, increased anti-apoptotic BCLXL protein expression 
and resistance towards chemotherapy were observed. This MFCM induces resist-
ance could be overcome by the BH3 mimetic ABT-737. Inhibition of BCLXL by 
ABT-737 is therefore likely to be sufficient to revert the effects of myofibroblasts .  
There is evidence that depletion of colorectal CSCs does not block tumor growth.17 
This is analogous to normal intestinal stem cells. In the healthy intestine stem cells 
have been identified using LGR5 as marker.18 Depletion of LGR5-positive stem cells 
in the intestinal epithelium using a diphtheria toxin receptor driven by the LGR5-
promoter, does not disturb homeostasis as would be expected after killing a stem 
cell population. Distinct stem cells, namely Bmi1-expressing stem cells were able to 
compensate for the loss of Lgr5-expressing cells.19 Besides highly proliferative LGR5-
positive stem cells, there are also quiescent LGR5 expressing cells, also called label-
retaining cells, that express Paneth and enteroendocrine cell markers. These cells are 
able to repopulate intestinal epithelial cells when there is intestinal damage, suggesting 
that these label-retaining cells are reserve stem cell population in the intestine.20  
In addition, high Notch ligand expressing cells are described  in the mouse intestine, 
which represent progenitor cells derived from the LGR5-stem cells. These cells are 
already specified to a secretory lineage, but can dedifferentiate and replenish the pool 
of LGR5-positive stem cells.21 The same phenomenon of a bidirectional relationship 
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Figure 2: BCLXL is required for MFCM induced resistance towards oxaliplatin	a)	Primary	spheroid	
culture	transduced	with	TOP-GFP	construct	(Co100)	was	exposed	to	MFCM	or	control	medium	for	24h.	
Subsequently,	cells	were	treated	for	24h	with	oxaliplatin	and	Annexin	V/	7AAD	staining	was	performed.	
CSCs	and	differentiated	cells	were	defined	by	gating	on	TOP-GFPhi	and	TOP-GFPlo  expressing	cells,	
respectively.	 MFCM	 treatment	 decreases	 oxaliplatin	 induced	 cell	 death.	 b)	 Western	 blot	 analysis	 of	
BCLXL	protein	in	spheroid	cultures	grown	in	control	or	MFCM	for	24h.	Increased	BCLXL	expression	in	
spheroid	culture	treated	with	MFCM	compared	to	control	medium.	Control	western	blots	for	ERK1/2	is	
shown	in	lower	panel.	c)	Quantification	of	BCLXL	protein	intensity	relative	to	ERK1/2	protein	expression.	
Average	of	three	independent	experiment	is	shown.	D)	Co100	spheroid	culture	was	exposed	to	MFCM	
for	24h.	Cells	were	treated	with	100nM	ABT-737	in	combination	with	or	without	oxaliplatin.	Cell	death	was	
measured	with	AnnexinV/7-AAD	staining	in	TOP-GFPlo cells.	Significance	is	indicated	(*p<0.05,	**p<0.01,	
***p<0.001)
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between stem cells and differentiated progeny is observed during intestinal tumori-
genesis. APC mutations in stem cells was suggested to effectively lead to intestinal 
tumors, while more differentiated cells would not fully transform.22 However, differ-
entiated cells can be the tumor initiating cells when the NFkB pathway is co-acti-
vated, leading to enhanced nuclear β-catenin activity. In other words dedifferentia-
tion can occur under the right conditions and result in tumor-initiating capacities.7  
Tumors are surrounded by stromal cells, including myofibroblasts,  which we have 
previously shown to install a CSC-phenotype in differentiated tumor cells, restoring 
their clonogenic potential.5 The dominant factor in MFCM was shown to be hepato-
cyte growth factor (HGF). Next to HGF, osteopontin and stromal-derived factor 1a 
can revert differentiated colorectal cancer cells into metastatic CSCs.23 In addition, 
it was shown that the microenvironment can even enhance the metastatic poten-
tial of non-metastatic progenitors and as such also form metastatic CSCs.23 Similar 
observations of plasticity have been made in other tissues. For instance, in mammary 
epithelium, stochastic conversion of differentiated cells occurs at low levels during 
homeostatic conditions.8 Moreover, oncogenic mutations increase the conversion of 
differentiated cells into stem cells, which then can act as tumor-initiating cells.8 Simi-
larly, activation of the RAS signaling pathway, by NF1 deletion, and inhibition of p53 
tumor suppression in terminally differentiated neurons and astrocytes can also induce 
stem cell markers and tumorigenicity.16 Finally, in breast cancer induction of epithelial-
mesenchymal transition (EMT) by overexpression of TWIST or SNAIL or exposing 
cells to TGFβ strongly enhances the  CSCs phenotype24 while, mesenchymal stem cells 
and cancer stem cells regulate stemness by a network of CXCL6 and IL6.25 
Importantly, transitions between more differentiated cancer cells and CSCs may 
also represent a mere stochastic process as suggested by the group of Lander. When 
differentiated breast cancer cells were sorted, these cells were able to form stem cells. 
Interestingly, these differentiated are not tumorigenic in vivo, but become tumorigenic 
when injected with irradiated carrier cells, which gives them the time to revert to 
CSCs in vivo.15 In line with these observations, we have shown that differentiated 
glioblastoma cells can re-acquire stem cell traits under the influence of endothelial like 
cells (unpublished observations). 
Therefore, these lines of evidence suggest that plasticity in the form of a bidirec-
tional relationship between stem cells and their differentiated progeny is present and 
is increased in the presence of oncogenic mutations, as is the case within a tumor.  
Besides the fact that CSCs are tumorigenic it is now well accepted that CSCs are 
also resistant to tumor therapy.6, 26-29 By measuring mitochondrial priming in CSCs 
and differentiated cells we have shown that mitochondria of CSCs are less primed 
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to death, which is due to an elevated anti-apoptotic machinery. Targeting the anti-
apoptotic molecule BCLXL directly, resulted in cell death of CSCs, while sublethal 
doses of the BH3 mimetics allowed for mitochondrial priming of CSCs, which then 
sensitizes CSCs towards various chemotherapies.6 Likewise to our previous study, 
here we used sublethal doses of ABT-737 that did not induce cell death but sensi-
tized chemotherapy resistant cells towards oxaliplatin. This combination treat-
ment resulted in more than just an additional effect of ABT-737 on oxaliplatin. It 
is worth to mention that there is increasing evidence that also CSCs from other 
cancers may depend on BCLXL. In a recent study it is shown that chemotherapy 
resistant lung CSCs require BCLXL for resistance and treatment with ABT-737 
eliminated these CSCs in vitro and in vivo.30 This indicates that our findings  are not 
only restricted to colorectal cancer, but can also be important for other cancers.  
Therapy resistance of CSCs and plasticity has important implications when treating 
cancer. Therapy aimed at CSCs might not be effective, since CSC-pools will readily be 
restored by reversion of the differentiated progeny. Therefore, to kill all tumor cells and 
overcome relapses caused by remaining or reverted CSCs, more study needs to be done 
on regulation of plasticity of CSCs and their tumor therapy resistance mechanisms. 
Nevertheless, targeting microenvironmental factors or the anti-apoptotic features 
induced by the microenvironment could prove useful new avenues for therapy.

Materials and Methods 
Cell culture and reagents
Colon spheroid cultures were derived from colorectal cancer patients and maintained 
as previously described 6 in stem cell medium (advanced DMEM/F12 (Gibco) supple-
mented with N2 Supplement (Gibco), 6 mg/ml glucose, 5 mM HEPES, 2 mM l-gluta-
mine, 4 μg/ml heparin, epidermal growth factor (50 ng/ml) and basic fibroblast growth 
factor (10 ng/ml). After lentiviral transduction with TCF/LEF reporter driving expres-
sion of GFP (TOP-GFP) cells were single-cell plated in 96-well ultra-low adhesion plates 
(Corning) with FACSaria (BD Biosciences). This TOP-GFP vector was a gift from Dr. 
Laurie Ailles and was described previously.9 

Myofibroblast 18Co cells were purchased from the American Type Culture Collection 
and maintained in DMEM medium supplemented with 10% FCS and 1% glutamine. 
To obtain MFCM, 1.5 × 106 18Co cells were seeded in 75-cm2 flasks. The next day, cells 
were washed five times with PBS and incubated for 24 h with 10 ml of CSC medium 
without EGF and bFGF. MFCM was then collected, cleared by centrifugation and 
supplemented with EGF (50 ng/ml) and bFGF (10 ng/ml) prior to addition to the cells. 
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RNA extraction, cDNA synthesis and RT-PCR
Extraction of RNA from cells was performed with Trizol reagent (Invitrogen) in accord-
ance with the manufacturer’s protocol. After quantification of RNA using NanoDrop 
ND-2000 (Thermo Scientific) 2 μg of RNA was used to synthesis cDNA using Super-
Script III in accordance with the manufacturer’s protocol (Invitrogen). RT-PCR was 
performed with LC480 SYBR green (Roche) in accordance with the manufacturer’s 
instructions on a LC480. The following primers were used: 18S sense: 5′-AGACAACAA-
GCTCCGTGAAGA-3′, 18S antisense: 5′-CAGAAGTGACGCAGCCCTCTA-3′, Mucin 
2 sense: 5′-CGAAACCACGGCCACAACGT-3′, Mucin 2 anti-sense: 5′-GACCACG-
GCCCCGTTAAGCA -3′, Ck20  sense: 5′- TGTCCTGCAAATTGATAATGCT -3′, and 
Ck20 anti-sense: 5′- AGACGTATTCCTCTCTCACTCTCATA -3′.
 
Immunoblotting and antibodies
Spheroid cultures were grown in MFCM or control medium and 24 h later cultures 
were lysed in 1 × RIPA lysis and extraction buffer (Thermo Fisher Scientific) 
supplemented with complete protease inhibitor (Roche). Subsequently, lysates 
were cleared by centrifugation (14 000 rpm, 10 min, 4 °C). After quantification of 
protein concentration using BCA protein assay (Thermo Scientific),  20 μg extracted 
protein was separated on 12% precast gels (Bio-Rad) and transferred to Hybond-P 
membranes (Amersham). Membranes were blocked with 5% milk in phosphate-
buffered saline solution containing 0.2% TWEEN (PBS-T) for 1 h. The membranes 
were incubated with anti-BCLXL (clone S18, 1:500, Santa-Cruz) in 2.5% milk/PBS-T 
overnight at 4 °C and subsequently washed three times with PBS-T. Membranes 
were then incubated with anti-mouse IgG horseradish peroxidase conjugates for 
1 h, washed three times and detection of bound antibody was performed with 
ECLplus reagents (Amersham). Western blots were analyzed by LAS4000. For 
loading control, blots were incubated with anti-ERK1/2 (1 : 10 000, Cell Signaling). 

Limiting-dilution assay
Spheroid cultures were dissociated and CSCs (10% TOP-GFPhi) or differentiated 
(10%TOP-GFPlo) cells were FACS deposited using the FACSaria (BD Biosciences) in a 
limiting dilution fashion at 1, 2, 4, 8, 16, 24, 32, 40, and 64 cells per well in ultra-low 
96-well plates (Corning). CSCs were sorted in control medium, while differentiated 
cells were sorted in either control medium or MFCM.  Clonal frequency was evaluated 
after two weeks and calculated using the Extreme Limiting Dilution Analysis ‘limdil’ 
function as described.10 
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FACS staining
Colon spheroid cultures were grown in control medium or MFCM. After 24 h 
cells were dissociated and stained with AC133/CD133-APC antibody (1 : 25, 
Miltenyi Biotec) or anti-LGR5-biotin antibody (4D11F8, 1:100, BD Biosciences) 
in PBS containing 1% bovine serum albumin (PBS-B) for 30 min at 4 °C. Subse-
quently, cells were washed with PBS-B and resuspended in PBS-B. For LGR5 
staining, cells were incubated with APC conjugated streptavidin (1:500, E 
biosciences) and washed twice with PBS-B. Dead cells were excluded with 7-AAD 
(BD Biosciences). Stainings were analyzed on a FASCanto (BD Biosciences). 

Cell death assay
TOP-GFP transduced spheroid culture Co100 was seeded as single cells on an adherent 
cell culture 12-well plate (Greiner) overnight. The next day, adherent cells were 
refreshed with control medium or MFCM and 24 h later cells were left untreated or 
treated with 100 nM ABT-737 (Selleck Chemicals) and/or  50 μM oxaliplatin.  After 
24 h treatment cells were resuspended to single cells using trypsin-EDTA. 50 000 cells 
were washed with PBS and stained with Annexin V-APC (BD biosciences) and 7-AAD 
(BD biosciences) for 15 min at RT, followed by flow cytometry performed with FACS-
Canto (BD biosciences). Cell death (AnnexinV+) was measured in CSCs by gating on 
TOP-GFPhi cells and in differentiated tumor cells by gating on TOP-GFPlo cells.
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Abstract 
In many cancers only a minority of cells within a tumor is driving tumor growth. 
These cells are called Cancer Stem Cells (CSCs) and are shown to be more resistant to 
chemotherapy and radiotherapy. CSCs may thus survive therapy and cause relapse of 
the disease. Previously we have described a single cell based assay to measure cell death 
in colon-CSCs. Here we use this assay to identify compounds that sensitize colon-
CSCs towards chemotherapy. By performing a small-sized screen we identify histone 
deacetylase (HDAC) inhibitors and show that inhibition of HDACs by-pass chemo-
therapy resistance in colon-CSCs. We demonstrate that this is due to a forced differ-
entiation induced by HDAC inhibitors. In agreement, the reported BCL-XL-dependent 
resistance of colon-CSCs is reverted by HDAC inhibitors sensitizing colon-CSCs 
towards BH3 mimetics. Combined this indicates that HDAC inhibitors differentiate 
colon-CSCs and thereby lower apoptotic threshold and enhance chemosensitivity.  
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Introduction 

Many cancers, including brain, mammary and colorectal cancers, are hierarchical organ-
ized with cancer stem cells (CSCs) at the top of the hierarchy  1-4. These CSCs are highly 
tumorigenic and, like their physiological counterpart, have the capacity to self-renew and 
to generate the differentiated lineages that make up a tumor 5. Another well-accepted char-
acteristic of CSCs is their selective resistance to a wide range of therapies 6. Several studies 
have reported the isolation of CSCs and their selective expansion in vitro 5, 7, 8. CSCs derived 
from patients with colon cancer can, under the right condition, form heterogeneous sphe-
roid cultures that consist of colon-CSCs and their more differentiated tumor cell progeny9. 
In these cultures colon-CSCs can be expanded and identified based on high WNT pathway 
activity using a TOP-GFP reporter construct 9. These colon-CSCs (WNThigh cells) are 
resistant towards chemotherapy, whereas the more differentiated offspring present in the 
same culture (WNTlow cells) are sensitive to chemotherapy 10. 
Several mechanisms have been reported to underlie this chemotherapy resistance, 
including enhanced anti-apoptotic protein expression, slow-cycling and high expres-
sion of drug efflux pumps.  In colon-CSCs we have shown that IL-4 neutralizing anti-
bodies can sensitize towards oxaliplatin treatment due to a block of IL-4 mediated 
anti-apoptotic proteins expression 8. In agreement, comparison of colon-CSCs with 
their more differentiated progeny revealed that apoptotic threshold in colon-CSCs is 
higher compared to their differentiated progeny and this underlines chemotherapy 
resistance of these cells 10. Apoptosis can therefore be facilitated by targeting anti-
apoptotic molecules with BH3 inhibitors like ABT-737 sensitizing colon-CSCs 
towards chemotherapy 10. Next to an elevated apoptotic threshold, CSCs also 
appear to employ drug efflux pumps to prevent cell death induction. For instance, 
it has been reported that expression of ATP-binding cassette transporter ABCB5 is 
restricted to CSCs in melanoma 11. Also in colon cancer ABCB5 is exclusively expressed 
by CSCs and knock down of ABCB5 sensitizes these cells to chemotherapy 12.  
Selective resistance of CSCs appears to be orchestrated by a distinct wiring of these 
cells as compared to their more differentiated progeny and several signaling pathways 
have been implicated in survival and maintenance of colon-CSCs. For instance, Notch 
signaling was reported to be crucial for colon-CSCs and its inhibition with neutralizing 
antibody against DLL4 leads to in vivo differentiation and sensitization to chemothe-
rapy 13. Similarly, a recent report indicates that PI3K signaling is important for viability 
and metastatic capacity of CD44v6 expressing metastatic colon-CSCs 14. Moreover, 
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BMP4, expressed by differentiated colon cancer cells, can inhibit WNT signaling in 
colon-CSCs and induce differentiation and thereby sensitization to oxaliplatin 15.   
Using the recently designed single cell-based assay and the obtained insight into anti-
apoptotic signalling in colon-CSC, we performed a small-sized screen to identify 
compounds that are able to modulate the resistance of colon-CSCs towards oxalipl-
atin. From this screen we discovered that histone deacetylase inhibitors effectively 
sensitize chemotherapy-resistant colon-CSCs to conventional chemotherapy. Our 
results demonstrate that inhibition of HDACs differentiates colon-CSCs and thereby 
enables apoptotic signaling . 
 
Small-sized screen identifies compounds that sensitize colon-
CSCs toward oxaliplatin
Recently, we described a FACS-based assay to measure cell death in colon-CSCs, 
which revealed that colon-CSCs display a BCL-XL-dependent resistance towards 
chemotherapy 6. Here we utilized this assay to perform a small-sized screen to iden-
tify compounds that sensitize colon-CSCs towards oxaliplatin. To this end a primary 
spheroid colon cancer culture, transduced with the TOP-GFP WNT pathway reporter, 
was treated with various pathway inhibitors in combination with oxaliplatin and cell 
death was measured specifically in colon-CSCs using TOP-GFP as a selection marker. 
A variety of validated inhibitors were included and categorized into different classes 
(for detailed information see supplementary Table 1). Two concentrations of each 
inhibitor were tested and cell death induced by the combination was compared to 
oxaliplatin treatment alone (Figure 1a). Interestingly, 2 compounds, vorinostat and 
panobinostat, stood out as they elevated oxaliplatin-induced cell death close to 4-fold. 
Both compounds are known HDAC inhibitors, indicating HDACs may be promising 
targets for colon-CSCs chemotherapy sensitization (Figure 1b).  

HDAC inhibition sensitizes colon-CSCs toward chemotherapy in 
vitro and in vivo
To confirm that inhibition of HDACs sensitized colon-CSCs to chemotherapy, various 
HDAC inhibitors were tested as a single agent and in combination with oxaliplatin. 
Intriguingly, all HDAC inhibitors tested were able to sensitize colon-CSCs towards 
oxaliplatin (Figure 1c), yet did not display significant toxicity by themselves. 
To further validate the effect of HDAC inhibition on chemotherapy-efficacy, in 
vivo experiments were performed with colon-CSCs induced xenografts. Mice, in 
which patient-derived CSC-induced tumors had developed, were treated for 4 



145

HDAC inhibitors sensitize colon-CSCs towards chemotherapy 

   7

weeks with either panobinostat or oxaliplatin alone or a combination of these 
drugs. This revealed a strong survival benefit for mice treated with panobinostat 
in combination with oxaliplatin, when compared to the single treatments. In 2 out 
of 8 mice the tumor even disappeared completely (Figure 1d). These findings indi-
cate that HDAC inhibitors improve chemotherapy response in vitro and in vivo.  

Figure 1: Small-sized screening identifies compounds that enhance oxaliplatin-induced cell death 
in colon-CSCs.  a)	Colon-CSCs	were	treated	with	two	concentrations	of	various	compounds	1	h	before	
oxaliplatin	treatment	was	started.	Caspase-3	activity	was	measured	in	colon-CSCs	24	h	later	and	rela-
tive	cell	death	is	calculated	by	comparing	to	oxaliplatin	treatment	alone.	Cell	death	is	represented	in	a	
heat	map	format.	The	complete	list	of	compounds,	concentrations	and	Fold	changes	observed	is	given	
in	sup	Table	1	b)	List	of	compounds	that	most	prominently	sensitize	colon-CSCs	towards	oxaliplatin.	c)	
Caspase-3	activity	measured	in	colon-CSCs	pre-treated	for	16	h	with	various	HDAC	inhibitors	(panobi-
nostat,	vorinostat	and	MS-275)	followed	by	24	h	oxaliplatin	treatment.	d)	Survival	curves	of	xenografts	
of	colon-CSCs	treated	with	panobinostat,	oxaliplatin	or	combination	of	both	drugs.	Grey	box	shows	the	
timescale	when	mice	were	treated.	
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HDAC inhibitors forces colon-CSCs to differentiate
It is well established that HDAC inhibitors increase acetylation of histones facilitating 
chromatin accessibility. In addition, a range of transcription factors is acetylated upon 
HDAC inhibition, which often changes their activity. Combined, HDAC inhibition 
therefore leads to a change in transcription, but non-transcription dependent effects 
have been reported as well 16. To investigate if modified transcription and subsequent 
translation was required for HDAC inhibitor-induced sensitization, transcription and 
translation were chemically blocked using Actinomycin D and Cycloheximide, respec-
tively. When either transcription or translation was blocked, inhibition of HDACs 
failed to sensitize colon-CSCs to oxaliplatin (Figure 2a), confirming that transcrip-
tional modification is key to change chemotherapy sensitivity in colon-CSCs. 
To gain further insight into the mechanism underlying sensitization, we therefore 
derived gene expression profiles of panobinostat or vehicle-treated colon-CSCs and 
differentiated cells. A list of the most up and down-regulated genes in colon-CSCs 
upon panobinostat treatment is represented in Figure 2b and supplementary Table 
2. Interestingly, KRT20, which is exclusively expressed in differentiated tumor cells, 
was highly expressed in colon-CSCs upon panobinostat treatment, suggesting 
that panobinostat may drive a differentiation phenotype. To further investi-
gate this possibility, a cluster analysis was performed using a previous published 
stem cell/differentiation signature 17. This signature consists of the most differ-
entially expressed genes between colon-CSCs and their differentiated progeny. 
Intriguingly, this analysis revealed that panobinostat treated colon-CSCs more 
closely cluster with differentiated tumor cells than with colon-CSCs (Figure 2c), 
suggesting that panobinostat treatment forced differentiation in colon-CSCs.  
The capacity to induce differentiation with HDAC inhibitors was supported by 
mRNA expression analysis of a typical stem cell marker, LGR5, and differentiation 
marker, KRT20 in colon-CSCs derived from different patients (Figure 3a and supple-
mentary Figure 1) and using also other HDAC inhibitors (Supplementary Figure 2). 
In addition, a reduction of the cell surface expression of stem cell markers CD133 
and LGR5 was observed in HDAC inhibitor treated colon-CSCs (Figure 3b). More 
importantly, colon-CSCs grown in Matrigel and exposed to medium containing 
HDAC inhibitors or, as previously shown, fetal calf serum (FCS) 8 led to strongly 
polarized, differentiated, structures that express KRT20 and were characterized by 
mucin-secretion into the central lumen (Figure 3c and Supplementary Figure 1). 
Similar findings were observed when cells were treated with vorinostat or MS-275 
(Supplementary Figure 2), confirming that HDAC inhibition drives morphological 
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differentiation with a concomitant loss of stem cell factors. To ascertain that this 
phenotypic differentiation is mirrored in a functional effect on stemness the sphere-
forming potential of HDAC inhibitor treated colon-CSC was determined (Figure 
3d). This revealed a nearly complete loss of clonogenic capacity providing further 
support for the notion that HDAC inhibitors force differentiation of colon-CSCs.  

Differentiation induction by HDAC inhibitors changes apoptotic 
threshold in colon-CSCs
The balance between anti-apoptotic BCL2 family proteins and pro-apoptotic BCL2 
and BH3 only family members determines therapy resistance towards different treat-
ments in various cancers 18, 19. In colon-CSCs we reported on a BCL-XL dependent 

Figure 2: Gene expression profiling reveals loss of stemcell signature upon panobinostat treatment. 
a)	Transcription	and	translation	was	inhibited	in	colon-CSCs	by	treating	with	cycloheximide	(CHX)	and		
Actinomycin	D	 (ActD)	 prior	 to	 panobinostat	 and	 oxaliplatin	 treatment.	 Caspase-3	 activity	 was	 subse-
quently	measured	in	colon-CSCs.	b)	Gene	expression	profiling	was	performed	on	colon-CSCs	and	differ-
entiated	cells	treated	with	DMSO	or	panobinostat.	Two	tables	showing	genes	that	display	elevated	(left)	
or	decreased	(right)	expression	in	colon-CSCs	upon	panobinostat	treatment.	c)	Previous	described	stem	
cell	signature	was	used	to	cluster	colon-CSCs,	colon-CSCs	treated	with	panobinostat	and	differentiated	
tumor cells 17.
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Figure 3: Inhibition of HDACs differentiates colon-CSC. a)	 Qrt-pcr	 for	 LGR5	 (left)	 or	 KRT20 
(right)	 on	 colon-CSCs	 treated	 with	 either	 DMSO	 or	 panobinostat.	 Relative	 expression	 to	 18s	 is	
shown.	b)	FACS	analysis	of	 panobinostat	 treatment	 reduces	CD133	and	LGR5	expression.	 c)	Colon-
CSCs	 in	 matrigel	 treated	 with	 DMSO,	 FCS	 or	 panobinostat.	 Mucin	 (Alcian	 blue)	 and	 KRT20	 stain-
ings	 are	 performed	 on	 slides.	 FCS	 treatment	 was	 used	 as	 a	 positive	 control	 for	 differentiation. 
d)	Quantification	of	non-polarized	structures	in	Matrigel	(see	Figure	4c)	e)	Limiting	dilution	assay	on	colon-
CSCs	treated	with	DMSO	or	panobinostat	for	24	h	prior	sorting.		
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Figure 4: Panobinostat restores apoptotic signaling in colon-CSCs. a)	Caspase	 3	 activity	meas-
urement	of	colon-CSCs	with	ectopically	overexpressing	of	BCLXL	(BCLXL)	or	control	(EV)	treated	with	
panobinostat	 in	 combination	with	 or	without	 oxaliplatin.	 b)	Colon-CSCs	 treated	with	 panobinostat	 and	
subsequently	with	increasing	dose	of	BCL2	family	inhibitor	ABT-737.	Caspase	3	activity	was	measured	in	
differentiated	tumor	cells,	in	colon-CSCs	and	in	colon-CSCs		treated	with	panobinostat.	c)	Half-maximum	
inhibitory	concentration,	 IC50	values,	 for	ABT-737	 in	differentiated	cells,	colon-CSCs,	and	colon-CSCs	
treated	with	panobinostat.	
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anti-apoptotic threshold that prevents chemotherapy-induced apoptosis and ectopic 
over-expression of BCL-XL blocks chemotherapy efficacy in differentiated colon 
cancer cells 10. Intriguingly, HDAC inhibitor-induced chemosensitization could also 
be blocked by BCL-XL, showing the importance of the mitochondrial apoptotic 
machinery for the observed effects (Figure 4a). To analyse whether differentiation 
induced by HDAC inhibition is aligned with a reduction of this BCL-XL-dependent 
treshold, colon-CSCs were treated with HDAC inhibitor and sensitivity towards 
the BCL2 family inhibitor ABT-737 was determined (Figure 4b). As shown before, 
colon-CSCs were more resistant to ABT-737 compared to their more differentiated 
progeny. Interestingly, HDAC inhibitor treated colon-CSCs became more sensi-
tive to ABT-737, displaying a similar IC50 as differentiated tumor cells (Figure 
4c). This reveals that HDAC inhibitors differentiate colon-CSCs and thereby 
lower the apoptotic treshold in colon-CSCs and thereby facilitate chemotherapy.  

Discussion 
With the use of a small scale screening effort we identified that HDAC inhibi-
tors sensitize colon-CSCs towards chemotherapy. This sensitization is a direct 
result of colon-CSC differentiation, which is related to decreased apoptotic resist-
ance. Several HDAC inhibitors are approved for treatment of T cell lymphoma. For 
instance, vorinostat and romidepsin are approved for treatment of cutaneous T-cell 
lymphoma 20, 21, while romidepsin and belinostat are also used as second line treat-
ment of peripheral T-cell lymphoma (PTCL) patients 22, 23. Furthermore, several 
HDAC inhibitors are undergoing clinical validation both as single agent and in 
combination treatment for various cancers including colorectal cancers (CRC) 24, 25.  
There are several observations that support a role for HDAC inhibitors in  treat-
ment of patients with CRC. First, HDAC1 and HDAC2 proteins are highly 
expressed in CRC and HDAC1 and HDAC2 expression is significantly associ-
ated with reduced patient survival 26. Further support came from the observation 
that adenomas in APCmin display elevated HDAC2 expression and treatment with 
HDAC inhibitor decreased polyp numbers and polyp size 27. Vice versa, HDAC2 
deficient mice crossed with APCmin mice develop less adenomas28. Combined 
these observations show that HDAC2 is important in CRC tumorigenesis. 
The role of HDAC1 and HDAC2 in normal intestinal homeostasis is also studied. 
Deletion of either HDAC1 or HDAC2 alone had no effect on intestinal physi-
ology. However, deletion of both HDACs in the intestinal epithelium leads to loss 
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of stem cells 29. This appears due to induction of differentiation as well as loss of 
stem cell marker expression was observed in in vitro mouse intestine organoid 
culture that were treated with MS-275 29. This is in line with our observations in 
colon-CSCs where we show that HDAC inhibitors differentiate colon-CSCs.   
We recently showed that an alternative method to induce CSC differentiation is to 
induce ER-stress and subsequent activation of the unfolded protein response (UPR). 
Previously,  other means have been reported that lead to differentiation and sensi-
tization of colon-CSCs. For example, BMP4 is able to differentiate colon-CSCs and  
increase their sensitivity to chemotherapy in SMAD4 wild-type cells 15. Moreover, 
inhibition of NOTCH signaling with neutralizing antibodies against DLL4 was shown 
to decrease tumor-initiating cell frequency and sensitize colon-CSCs to chemotherapy 13. 
To gain insight into the mechanism by which HDAC inhibition results in CSC differen-
tiation, we performed motif analysis studies on the HDAC inhibitor-treated CSCs and 
identified that Forkhead box O (FOXO) motifs were significantly enriched. This suggested 
that FOXO transcription factors are involved in the transcriptional changes observed. In 
agreement, when we knock down FOXO transcription factors, HDAC inhibitor-induced 
differentiation was blocked. This indicates that HDAC inhibitor-induced differentia-
tion is FOXO transcription factor dependent (data not shown) and we are currently 
investigating the mechanism by which HDAC inhibitors regulate FOXO proteins. 
Previously we have shown that colon-CSCs have higher apoptotic threshold and inhi-
bition of anti-apoptotic molecule BCL-XL sensitizes these cells to chemotherapy 10. We 
have also shown that de-differentiation of differentiated cells restores their stemness 
and also chemotherapy resistance. Also this chemoresistance in de-differentiated cells 
can be overcome by inhibition of BCL-XL 30. These data support the finding that 
differentiation of colon-CSCs results in loss of multiple stemness features, including 
therapy resistance. We therefore conclude that regulation of stem cell fate regulates 
apoptotic threshold and thereby chemotherapy resistance in colorectal cancers.  

Materials and Methods
Colon spheroid cultures 
Spheroid cultures were derived from primary tumors or liver metastasis of colorectal 
cancer patients and maintained in ultra-low adherent flasks (Corning). Cells were 
grown in advanced DMEM/F12 (Gibco) supplemented with N2 Supplement (Gibco), 
2 mM L-glutamine, 6 mg/ml glucose, 5 mM HEPES, 4 μg/ml heparin, 50 ng/ml 
epidermal growth factor (EGF) and 10 ng/ml basic fibroblast growth factor (bFGF). To 
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generate cultures with WNT pathway reporter, cells were lentiviral transduced with 
a TOP-GFP construct and were single-cell sorted in 96-well ultra-low adhesion plates 
(Corning) with FACSaria (BD Biosciences). This TOP-GFP vector was a gift from 
Dr. Laurie Ailles and was described previously 31. Ectopically BCL-XL overexpressing 
cells were generated by transduction with pHEFTIR-BCL-XL as described before 10.  

Matrigel differentiation assay and immunohistochemistry
2000 cells were mixed with Matrigel and 50 µl was seeded as a droplet in a 12 wells plate 
(Greiner).  After allowing Matrigel to harden (10 min 37 °C) 1 ml medium was added 
to the wells to cover the Matrigel. 3 days later treatment was started by refreshing 
medium with medium containing HDAC inhibitors or DMSO. As a control, cells were 
exposed to medium deprived of EGF and bFGF and supplemented with 2 % FCS. After 
4 days of treatment cells were fixed with 4 % paraformaldehyde overnight, dehydrated 
in a standard ethanol/ xylene series and embedded in paraffin. 5 µM sections were 
stained with Alcian Blue and counter stained with Nuclear fast red or 1:200 mouse 
monoclonal antibody against KRT20 (clone GTX15205, GeneTex) and counterstained 
with haematoxylin as described before  8. 
  
Xenograft studies 
To generate in vivo tumors, 5000 colon-CSCs (TOP-GFPhigh cells) were isolated by FACS 
sorting, mixed at an 1:1 ratio with Matrigel and injected subcutaneously into nude (Hsd: 
Athymic Nude/Nude) (Harlan) mice. Treatments were started when tumors reached a 
size between 50 and 100 mm3. Mice were treated intra-peritoneal for 4 consecutive weeks 
either with daily injection (5 times/week) of 10 mg/kg panobinostat (Selleck Chemicals) 
dissolved in PBS/2% DMSO, or once a week with 1 mg/kg oxaliplatin (Sigma) dissolved 
in PBS, or with a combination of both drugs. After 4 weeks treatments were stopped 
and tumor growth was measured. Mice reaching 1000 mm3 were sacrificed.   
 
Reagents  
An overview of all compounds used in the small-sized screening can be found in supple-
mentary table 1. Oxaliplatin was used at 50 μM for 24 h (Sigma-Aldrich). The following 
HDAC inhibitors were subsequently used vorinostat (2 μM, Selleck Chemicals) panobi-
nostat (10 nM, Selleck Chemicals), MS-275 (1 μM, Selleck Chemicals). As indicated in the 
figure various concentrations of the BH3 mimetic ABT-737 (Selleck Chemicals) was tested. 
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Chemotherapy sensitization screening and cell death assays  
TOP-GFP transduced colon-CSCs were seeded on 12-wells culture plate (Greiner, 
Alphen a/d Rijn, The Netherlands) overnight. Next day cells were treated with indi-
cated compounds 1 h prior oxaliplatin treatment and 24 h later cells were collected 
and caspase-3 activity was measured in colon-CSCs according to the manufacturer’s 
instructions (BioVision, Milpitas, CA, USA) and described before 10. In short, cells were 
collected with trypsin-EDTA and washed once with medium. 50.000 cells were stained 
with RED-DEVD-FMK for 1 h at 37 °C. Subsequently, cells were washed twice with 
wash buffer and flow cytometry was performed with FACS canto (BD biosciences). 
Cell death was measured in colon-CSCs by gating on TOP-GFPhigh cells. 
 
Limiting-dilution assay  
Colon-CSCs were exposed to panobinostat or DMSO for 16 h and subsequently 
dissociated.  FACSaria (BD Biosciences) was used for FACS deposition of colon-CSCs 
(10% TOP-GFPhigh) in ultra-low adherence 96-well plates (Corning) in a limiting dilu-
tion fashion at 1, 2, 4, 8, 16, 24, 32, 64 and 128 cells per well. After two weeks clono-
genic capacity was evaluated by scoring wells with spheres and calculated using the 
Extreme Limiting Dilution Analysis ‘limdil’ function as described 32.

FACS stainings  
FACS staining for stem cell markers CD133 and LGR5 was performed in colon-CSCs 
treated with panobinostat or DMSO. After 16 h of treatment, cells were dissociated and 
stained as described before 30 with AC133/CD133-APC antibody (1 : 25, Miltenyi Biotec) 
or anti-LGR5-biotin antibody (4D11F8, 1:100, BD Biosciences). For LGR5 staining, cells 
were incubated with APC conjugated streptavidin (1:500, E-biosciences) and washed 
twice with PBS containing 1% bovine serum albumin. Dead cells were excluded with 
7-AAD (BD Biosciences) and stainings were analyzed on a FASCanto (BD Biosciences).  

RNA extraction, cDNA synthesis, qRT-PCR, gene expression 
profiling and cluster analysis  
RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer’s 
instructions. cDNA synthesis was performed with 1 μg of total RNA using SuperScript 
III  in accordance with the manufacturer’s protocol. On a LC480 (Roche) qrt-PCR was 
performed using LC480 SYBR green in accordance with the manufacturer’s instructions. 
The following primers were used: 18S sense: 5′-AGACAACAAGCTCCGTGAAGA-3′, 
18S antisense: 5′-CAGAAGTGACGCAGCCCTCTA-3′, LGR5 sense: 5′- AATCCCCT-
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GCCCAGTCTC-3′, LGR5 anti-sense: 5′- CCCTTGGGAATGTATGTCAGA-3′, KRT20 
sense: 5′- TGTCCTGCAAATTGATAATGCT-3′, and KRT20 anti-sense: 5′- AGACG-
TATTCCTCTCTCACTCTCATA -3′. For micro-array RNA quality was determined 
using the RNA 6000 Nano assay on the Agilent 2100 Bioanalyzer (Agilent Technolo-
gies). Gene expression profiling was performed by Micro-Array Department (MAD) 
(Amsterdam) using Human Genome U133 Plus 2.0 microarrays in accordance with 
the manufacturer’s protocol (Affymetrix). For clustering analysis a stem cell signature 
was used that was published before 17. First expression of these genes in differentiated 
tumor cells and panobinostat treated colon-CSCs relative to colon-CSCs treated with 
DMSO was calculated. Next Pearson correlation, average linkage in the Multi experi-
ment Viewer package 4.5 was used to cluster the samples 33.  

Acknowledgements
We would like to thank Berend Hooibrink and Tony van Capel for assis-
tance with fluorescence-activated cell sorting experiments.  

Conflict of Interest 
The authors declare no conflict of interest.



155

HDAC inhibitors sensitize colon-CSCs towards chemotherapy 

   7

References
  1. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, et al. Identification of human brain tumour 

initiating cells. Nature 2004 Nov 18; 432(7015): 396-401.

  2. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF. Prospective identification of tumo-
rigenic breast cancer cells. Proceedings of the National Academy of Sciences of the United States of 
America 2003 Apr 1; 100(7): 3983-3988.

  3. Ricci-Vitiani L, Lombardi DG, Pilozzi E, Biffoni M, Todaro M, Peschle C, et al. Identification and expan-
sion of human colon-cancer-initiating cells. Nature 2007 Jan 4; 445(7123): 111-115.

  4. O’Brien CA, Pollett A, Gallinger S, Dick JE. A human colon cancer cell capable of initiating tumour 
growth in immunodeficient mice. Nature 2007 Jan 4; 445(7123): 106-110.

  5. Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH, Jones DL, et al. Cancer stem cells--perspectives on 
current status and future directions: AACR Workshop on cancer stem cells. Cancer research 2006 Oct 1; 
66(19): 9339-9344.

  6. Colak S, Medema JP. Cancer stem cells--important players in tumor therapy resistance. The FEBS 
journal 2014 Nov; 281(21): 4779-4791.

  7. Cammareri P, Lombardo Y, Francipane MG, Bonventre S, Todaro M, Stassi G. Isolation and culture of 
colon cancer stem cells. Methods in cell biology 2008; 86: 311-324.

  8. Todaro M, Alea MP, Di Stefano AB, Cammareri P, Vermeulen L, Iovino F, et al. Colon cancer stem cells 
dictate tumor growth and resist cell death by production of interleukin-4. Cell stem cell 2007 Oct 11; 
1(4): 389-402.

  9. Vermeulen L, De Sousa EMF, van der Heijden M, Cameron K, de Jong JH, Borovski T, et al. Wnt activity 
defines colon cancer stem cells and is regulated by the microenvironment. Nature cell biology 2010 May; 
12(5): 468-476.

10. Colak S, Zimberlin CD, Fessler E, Hogdal L, Prasetyanti PR, Grandela CM, et al. Decreased mitochon-
drial priming determines chemoresistance of colon cancer stem cells. Cell death and differentiation 2014 
Mar 28.

11. Schatton T, Murphy GF, Frank NY, Yamaura K, Waaga-Gasser AM, Gasser M, et al. Identification of cells 
initiating human melanomas. Nature 2008 Jan 17; 451(7176): 345-349.

12. Wilson BJ, Schatton T, Zhan Q, Gasser M, Ma J, Saab KR, et al. ABCB5 identifies a therapy-refractory 
tumor cell population in colorectal cancer patients. Cancer research 2011 Aug 1; 71(15): 5307-5316.

13. Hoey T, Yen WC, Axelrod F, Basi J, Donigian L, Dylla S, et al. DLL4 blockade inhibits tumor growth and 
reduces tumor-initiating cell frequency. Cell stem cell 2009 Aug 7; 5(2): 168-177.

14. Todaro M, Gaggianesi M, Catalano V, Benfante A, Iovino F, Biffoni M, et al. CD44v6 is a marker of 
constitutive and reprogrammed cancer stem cells driving colon cancer metastasis. Cell stem cell 2014 
Mar 6; 14(3): 342-356.

15. Lombardo Y, Scopelliti A, Cammareri P, Todaro M, Iovino F, Ricci-Vitiani L, et al. Bone morphogenetic 
protein 4 induces differentiation of colorectal cancer stem cells and increases their response to chemo-
therapy in mice. Gastroenterology 2011 Jan; 140(1): 297-309.

16. Struhl K. Histone acetylation and transcriptional regulatory mechanisms. Genes & development 1998 
Mar 1; 12(5): 599-606.

17. de Sousa EMF, Colak S, Buikhuisen J, Koster J, Cameron K, de Jong JH, et al. Methylation of cancer-
stem-cell-associated Wnt target genes predicts poor prognosis in colorectal cancer patients. Cell stem 
cell 2011 Nov 4; 9(5): 476-485.



156

Chapter 7

18. Ni Chonghaile T, Sarosiek KA, Vo TT, Ryan JA, Tammareddi A, Moore Vdel G, et al. Pretreatment mito-
chondrial priming correlates with clinical response to cytotoxic chemotherapy. Science 2011 Nov 25; 
334(6059): 1129-1133.

19. Montero J, Sarosiek KA, DeAngelo JD, Maertens O, Ryan J, Ercan D, et al. Drug-induced death signaling 
strategy rapidly predicts cancer response to chemotherapy. Cell 2015 Feb 26; 160(5): 977-989.

20. Mann BS, Johnson JR, Cohen MH, Justice R, Pazdur R. FDA approval summary: vorinostat for treat-
ment of advanced primary cutaneous T-cell lymphoma. The oncologist 2007 Oct; 12(10): 1247-1252.

21. Whittaker SJ, Demierre MF, Kim EJ, Rook AH, Lerner A, Duvic M, et al. Final results from a multicenter, 
international, pivotal study of romidepsin in refractory cutaneous T-cell lymphoma. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology 2010 Oct 10; 28(29): 4485-4491.

22. Iyer SP, Foss FF. Romidepsin for the Treatment of Peripheral T-Cell Lymphoma. The oncologist 2015 Jun 22.

23. Lee HZ, Kwitkowski VE, Del Valle PL, Ricci MS, Saber H, Habtemariam BA, et al. FDA Approval: Belin-
ostat for the Treatment of Patients with Relapsed or Refractory Peripheral T-cell Lymphoma. Clinical 
cancer research : an official journal of the American Association for Cancer Research 2015 Jun 15; 21(12): 
2666-2670.

24. West AC, Johnstone RW. New and emerging HDAC inhibitors for cancer treatment. The Journal of 
clinical investigation 2014 Jan; 124(1): 30-39.

25. Slingerland M, Guchelaar HJ, Gelderblom H. Histone deacetylase inhibitors: an overview of the clinical 
studies in solid tumors. Anti-cancer drugs 2014 Feb; 25(2): 140-149.

26. Weichert W, Roske A, Niesporek S, Noske A, Buckendahl AC, Dietel M, et al. Class I histone deacetylase 
expression has independent prognostic impact in human colorectal cancer: specific role of class I histone 
deacetylases in vitro and in vivo. Clinical cancer research : an official journal of the American Associa-
tion for Cancer Research 2008 Mar 15; 14(6): 1669-1677.

27. Zhu P, Martin E, Mengwasser J, Schlag P, Janssen KP, Gottlicher M. Induction of HDAC2 expression 
upon loss of APC in colorectal tumorigenesis. Cancer cell 2004 May; 5(5): 455-463.

28. Zimmermann S, Kiefer F, Prudenziati M, Spiller C, Hansen J, Floss T, et al. Reduced body size and 
decreased intestinal tumor rates in HDAC2-mutant mice. Cancer research 2007 Oct 1; 67(19): 9047-
9054.

29. Zimberlin CD, Lancini C, Sno R, Rosekrans SL, McLean CM, Vlaming H, et al. HDAC1 and HDAC2 
collectively regulate intestinal stem cell homeostasis. FASEB journal : official publication of the Federa-
tion of American Societies for Experimental Biology 2015 May; 29(5): 2070-2080.

30. Colak S, Medema JP. Human colonic fibroblasts regulate stemness and chemotherapy resistance of colon 
cancer stem cells. Cell cycle 2014 Oct 17: 0.

31. Reya T, Duncan AW, Ailles L, Domen J, Scherer DC, Willert K, et al. A role for Wnt signalling in self-
renewal of haematopoietic stem cells. Nature 2003 May 22; 423(6938): 409-414.

32. Hu Y, Smyth GK. ELDA: extreme limiting dilution analysis for comparing depleted and enriched popula-
tions in stem cell and other assays. Journal of immunological methods 2009 Aug 15; 347(1-2): 70-78.

33. Saeed AI, Sharov V, White J, Li J, Liang W, Bhagabati N, et al. TM4: a free, open-source system for micro-
array data management and analysis. BioTechniques 2003 Feb; 34(2): 374-378.

 



157

HDAC inhibitors sensitize colon-CSCs towards chemotherapy 

   7

Supplementary tables and figures

Supplementary Table 1: Compounds used in the small-sized drug screening. Left illustration of 
Figure	1a	with	numbers	that	correspond	to	the	numbers	in	table	(right).	Fold	change	is	calculated	by	cell	
death	induced	in	colon-CSCs	by	combination	treatment	compared	to	oxaliplatin	treatment	alone	in	the	
colon-CSCs.  
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Supplementary Table 2: List of most differentially regulated genes in colon-CSCs upon panobi-
nostat treatment.  a)	At	least	2	fold	higher	(a)	expressed	genes	in	colon-CSCs	after	panobinostat	treat-
ment.	b)	genes	that	are	at	least	2	fold	lower	expressed	in	colon-CSCs	after	panobinostat	treatment.
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Supplementary Table 2: List of most differentially regulated genes in colon-CSCs upon panobi-
nostat treatment.  a)	At	least	2	fold	higher	(a)	expressed	genes	in	colon-CSCs	after	panobinostat	treat-
ment.	b)	genes	that	are	at	least	2	fold	lower	expressed	in	colon-CSCs	after	panobinostat	treatment.
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Supplementary Figure 1: Panobinostat differentiates colon-CSCs derived from primary tumours and 
liver metastasis. Qrt-PCR	for	LGR5	(left)	and	KRT20	(middle)	is	shown	for	two	different	different	sphe-
roid	cultures.	Quantification	of	matrigel	differentiation,	 loss	of	nonpolarized	growth,	 in	various	cultures	
after	panobinostat	treatment. 
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Supplementary Figure 2: Various HDAC inhibitors differentiate colon-CSCs. a)qrt-PCR	on	colon-
CSCs	treated	with	DMSO,	panobinostat,	vorinostat,	and	MS-275	for	16h.	Relative	expression	of	LGR5 
(left)	and	KRT20	mRNA	(rigth)	to	18s	is	shown.	b)	Quantification	of	matrigel	differentiation,	loss	of	nonpo-
larized	growth,	upon	treatment	with	different	HDAC	inhibitors.	





M.C.B.	Wielenga*,	S.	Colak*,	J.	Heijmans,	J.F.	van	Lidth	de	Jeude,	H.	Rodermond,	J.C.	Paton,	A.W.	
Paton,	L.	Vermeulen,	J.P.	Medema#,	and	G.R.	van	den	Brink#

*	Equal	contribution
#	Co-senior	author

Published	in	Cell Reports, 2015

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

Chapter 8



164

Chapter 8

Summary
Colon cancer stem cells (colon-CSCs) are more resistant to conventional chemo-
therapy than differentiated cancer cells. This subset of therapy refractory cells is there-
fore 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 chemo-
therapy 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. 
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Introduction
In many cancers, a small subpopulation of cells is responsible for tumor-initiation, 
growth and metastasis 1. In the colon, these so called colon cancer stem cells (colon-
CSCs) are characterized by the expression of cell surface markers such as CD133 2, 3, 
LGR5 4, 5 and CD166 6. Furthermore, these cells display high levels of ALDH1 enzyme 
activity 7 and Wnt signaling activity 8.  Importantly, colon-CSCs show increased 
resistance to conventional chemotherapies and are believed to be responsible for 
tumor regeneration after initial response to chemotherapy 9-13. 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 impor-
tant 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 situ-
ation 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 differentiation 14.

Results
Activation of the UPR 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, then 
this may be exploited to sensitize colon-CSCs to chemotherapy. To specifically inves-
tigate the effects of the UPR on colon-CSCs, we used patient-derived spheroid cultures 
of colon cancer cells with Wnt-driven GFP expression 8. 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 estab-
lished that Wnthigh cells exhibit a higher clonogenic potential and are more resistant 
to chemotherapy than Wntlow cells 8, 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 GRP78 16. Gene ontology anal-
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ysis of SubAB treated Wnthigh cells showed that the top three upregulated genesets 
were UPR (p=1.3x10-36), ER-associated catabolic process (p=3.9x10-23), and ER lumen 
(p=2.4x10-22). This confirmed the validity of using SubAB to induce ER-stress and acti-
vate 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 hr post-treatment. (Figure 1a, Figure 
S1a).  Gene set enrichment analysis (GSEA) using a previously described colon-CSC 
geneset confirmed the loss of expression of genes that define colon-CSCs 17 (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 UPR 18. 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 cells 14. 

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	hr	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-acti-
vating	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	17.	(C)	Flow	cytometry	
analysis	of	24	hr	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	hr	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	expres-
sion	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	hr	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	hr	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	PI.	Values	in	(E)	are	
mean	±	SEM,	values	in	(G)	and	(H)	are	mean	with	95%	CI,	*p<0.05,	**p	<	0.01,	***p	<	0.001

►►
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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 upreg-
ulation 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 dramati-
cally 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 differentia-
tion of colon-CSCs. 
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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	differen-
tiation	by	SubAB	treatment	as	seen	by	enhanced	polarization,	smoothening	of	the	outer	layer	and	devel-
opment	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.	qRT-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 tran-
siently treated spheroid cultures for 24 hours with subAB and performed further anal-
yses directly after the treatment or 24-48 hours 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 reports 15 . 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 differ-
entiation 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 syndrome 20. 
In line with the in vitro observations of a compensatory response elicited by transient 
UPR activation, treatment with salubrinal alone resulted  increased growth of xeno-
grafts 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.
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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	xenotrans-
planted	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.	
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Discussion
Forced differentiation of colon-CSCs is an attractive and feasible avenue in the devel-
opment of new strategies to achieve a more sustained response to chemotherapy. 
Previously, bone morphogenetic protein (BMP) signaling was shown to induce differ-
entiation of colon-CSCs by the inhibition of Wnt signaling, which increased their 
sensitivity to chemotherapy 21.  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 stemness 22, and in addition neutralizing antibodies 
against DLL4 were shown to decrease tumor-initiating cell frequency and sensitize 
colon-CSCs to chemotherapy 23.
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 guar-
antee 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 of ER-chaperone Grp78 resulted in loss of stem cells by differentia-
tion and quick repopulation of healthy stem cells that were not recombined 14. 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 cells 24. 
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. 
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Experimental procedures
Cell culture 
Spheroid cultures were isolated from different patients with colon cancer in accord-
ance 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 popu-
lation whereas the 10% lowest Wnt-GFP expressing cells represent differentiated colon 
cancer cells. Colon-CSCs were cultured under ultralow-adherent condition as described 
previously 25 in CSC-medium. All treatments were performed after overnight adher-
ence 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 
described 17.  Heatmaps were generated using TreeView software generated by the 
Eisen lab (http://www.eisenlab.org/eisen).

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-dissoci-
ated 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). 
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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 inde-
pendent 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 manu-
facturer’s instructions (BioVision, Milpitas, CA, USA). In short, after treatment, sphe-
roid 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 1°C. Subsequently, cells 
were washed twice with wash buffer.

Animal experiments
The protocol of this study was approved by the animal ethics committee of the Univer-
sity 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 
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reached 1 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 signifi-
cance 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.
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Supplemental materials and methods

Composition of CSC-medium and reagents
CSC-medium consisting of modified DMEM/F12 (Gibco, Bleiswijk, The Netherlands) 
supplemented with N-2 (Gibco), 6 mg/ml glucose, 5mM HEPES, 2mM L-glutamine, 4 
mg/ml heparin, epidermal growth factor (50 ng/ml) and basic fibroblast growth factor 
(10 ng/ml). 
SubAB and protease-dead SubA272B were produced as previously described (Paton et al., 
2006). Thapsigargin (Sigma Aldrich, T9033-1mg) and salubrinal (SantaCruz/Bioconnect, 
sc-202332A) were dissolved in DMSO and further diluted in CSC-medium. All chemo-
therapeutic regimens were purchased at Sigma Aldrich (oxaliplatin 09512, 5-FU F6627 
and irinotecan I1406) and were dissolved in DMSO and further diluted in CSC-medium.

Quantitative RT-PCR primers
The following primers against human mRNA were used for quantita-
tive RT-PCR. 
GAPDH (sense: AAGGTGAAGGTCGGAGTCAA, 
anti-sense: AATGAAGGGGTCATTGATGG).
GRP78/HSPA5 (sense: CATCACGCCGTCCTATGTCG, 
antisense: CGTCAAAGACCGTGTTCTCG) 
CHOP/DDIT3 (sense:AGCCAAAATCAGAGCTGGAA, 
anti-sense: TGGATCAGTCTGGAAAAGCA)
OLFM4 (sense: CTCCATGATGTCAATTCGGA, 
anti-sense: CAGAGTGGAACGCTTGGAAT)
LGR5 (sense: GTTTCCCGCAAGACGTAACT, 
anti-sense:CAGCGTCTTCACCTCCTACC)
CK20 (sense: GAAGTCCTCAGCAGCCAGTT, 
anti-sense TTGAAGAGCTGCGAAGTCAG)
VIL2/EZRIN (sense: CTCTGCATCCATGGTGGTAA, 
anti-sense: GATAGTCGTGTTTTCGGGGA). 
FABP2 (sense: GCTGCAAGCTTCCTTTTCAC, 
anti-sense: CTGAAATCATGGCGTTTGAC)
P21/CDKN1A (sense: AGTCAGTTCCTTGTGGAGCC, 
anti-sense:CATGGGTTCTGACGGACAT). 
SI (sense: TTTCCAGTTGTCTTTTGCAATG, 
anti-sense: CAATTTGCATGGAAGCTGAG). 
MUC2 (sense: GACACCATCTACCTCACCCG, 
anti-sense: TGTAGGCATCGCTCTTCTCA)
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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	repre-
sentative	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 oxali-
platin. 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	salu-
brinal	(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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Predicting prognosis and therapy response in CRC patients
Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in 
Europe1. Treatment decisions are currently largely based on pathological staging of 
CRC patients2, 3. As discussed in the general introduction (chapter 1) 20% of the stage 
II patients will inevitably progress upon successful surgery. They will either recur 
locally or develop distant metastases. However, the benefit of adjuvant chemotherapy 
on stage II patients is relatively limited and 80% will never develop recurrences making 
large scale application of adjuvant therapy unethical4, 5. Therefore, patients are selected 
based on high risk factors and only a subset of the stage II patients are receiving adjuvant 
chemotherapy3, 4.  However, also within the stage II CRC patients that are not classified 
as high risk, tumor relapse occurs6. Furthermore, the patients that are classified as high 
risk and receive therapy do not all respond to therapy6. Together this implicates that, 
unfortunately, we are ineffective in predicting which patients will develop a recurrence 
and also fail at predicting their response to therapy6. Stratification as well as therapy 
optimization is therefore of crucial importance to improve therapy in CRC.   
In an effort to identify poor-prognosis patients we hypothesized that the enumeration 
of cancer stem cells (CSCs) in CRC might facilitate selection. CSCs are a minority of 
cells in a tumor that are defined by their capacity to transplant the human malignancy 
to immuno-compromised mice and are suggested to fuel tumor growth and cause 
tumor recurrence and metastasis (chapter 2). There are reports that propose a direct 
relation between the number of CSCs and patient prognosis in different malignancies 
including CRC. For instance, Merlos Suarez et al. showed that EphB2 expression marks 
stem cells in mouse intestine and also in CRC7. They generated an EphB2 intestinal 
stem cell (ISC) signature by identifying genes that are highly expressed in EphB2high 
ISCs compared with more differentiated epithelial cells. This signature strongly associ-
ated with CRC disease stage and was detected in patients where the tumor recurred 
and metastasis formed. This has led to the suggestion that an increased number of 
CSCs is predictive for prognosis.
Previously, we have shown that WNT signaling pathway marks colon-CSCs in 
primary human CRC8. Primary isolated spheroid CRC cultures were transduced with 
a WNT reporter construct and colon-CSCs (cells with high WNT pathway activity) 
and differentiated progeny (cells with low WNT pathway activity) were sorted to 
perform gene expression profiling and subsequently to generate a colon-CSC gene 
expression signature. This colon-CSC signature comprised 187 genes that were most 
differentially expressed between CSCs and more differentiated cells. Importantly, also 
this signature was intimately associated with disease recurrence in a set of 90 stage II 
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CRC patients that underwent intentionally curative surgery at our institute (AMC-
AJCCII-90). Therefore, similar to the EphB2 ISC signature, this colon-CSCs gene 
signature predicts recurrence of CRC (chapter 3). There is a partial overlap between 
these stem cells signatures, as both signatures were characterized by enrichment in 
WNT target genes, consistent with the major role of WNT pathway in ISC and colon-
CSC biology. 
However, to our surprise expression of WNT target genes inversely correlates with 
prognosis. Correlating CSCs associated WNT target genes with actual CSC numbers 
revealed no correlation within our AMC-AJCCII-90 tumors, indicating that adherence 
to the CSC signature does not reflect the number of CSC in CRC. Instead we found 
that the inverse correlation with the signature pointed to two subgroups in CRC of 
which the poor prognosis group has low expression of WNT targets due to CpG island 
methylation of several WNT target genes.
In line with our observations, several WNT target genes have been reported to be 
methylated in CRC. DKK1 is one such target gene9 that binds and inhibits Lrp5/6 
receptors required for activation of WNT signaling pathway. Similar to DKK1, also 
AXIN2 is described to be methylated on CpG islands in a subset of CRC patients10. The 
promoter region of the gene coding for the secreted frizzled related protein 1 (sFRP1), 
that binds to and inhibits WNT ligands is also found to be methylated11. Intriguingly, 
all these target genes are in fact feedback12, 13 inhibitors explaining why their inactiva-
tion would be observed in CRC as they would activate the WNT signaling pathway. 
In agreement, mutations in either APC or β-catenin are found in the majority of CRC 
patients leading to high WNT pathway activity14. However, we observe a relatively 
high fraction of WNT target methylated cases that do not contain mutations in the 
APC gene, suggesting that these tumors have employed feedback inhibitor inactiva-
tion to modulate the WNT pathway activity (unpublished observations). Importantly, 
treatment of CRC cells in vitro with 5-Aza resulted in re-expression of these feedback 
regulators and inhibited WNT pathway activity (chapter 3). This suggests that epige-
netic inactivation of WNT feedback inhibitors is a mechanism to regulate WNT sign-
aling and possible induce positive regulation of growth promoting WNT target genes. 
This can explain why patients that have methylated WNT feedback inhibitors have 
poor prognosis.
Currently, we are studying the selectively re-expression of these methylated WNT target 
genes in CRC cells that display methylation and study the effects on tumor biology.  
In line with an important role for CpG methylation, we observed that treatment of 
colon-CSCs derived xenografts with a demethylating agent results in suppression of 
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tumor growth (chapter 3). Previously, it was shown that APCmin mice also develop 
fewer and smaller polyps when treated with a demethylating agent11. Together this 
implies that demethylating agents might provide an exciting therapeutic strategy that 
deserves further exploration.
In a phase I/II clinical trial metastatic CRC patients with wild-type KRAS were treated 
with a demethylating agent in combination with an antibody targeting EGFR15. Out of 
the 20 patients, 2 had a partial response and 10 patients had stable disease. The conclu-
sion of this trial was that demethylating agents are well tolerated and showed clinical 
response in metastatic CRC patients. Presently, we are conducting a proof of concept 
clinical trial where CRC patients are pre-operatively treated with the demethylating 
agent decitabine. By conducting this trial we aim to determine whether decitabine 
treatment results in demethylation of WNT target genes, re-expression of WNT target 
genes and if methylation of a set of WNT target genes can be used as a biomarker to 
predict if a CRC patient will respond to decitabine. For this study tumor specimens 
will be obtained by endoscopy prior to treatment and compared to tumor resection 
specimens post decitabine treatment and methylation will be determined.
Besides determining methylation status of a set of WNT target genes there are other 
possibilities to classify patients in clinically relevant subgroups. One popular approach 
is gene expression profiling or proteome studies that can be used to identifying signa-
tures associated with prognosis or biological traits. Many such signatures have been 
used to predict prognosis in CRC16-46.
Development of prognostic signatures is normally based on training and validation 
sets in which the first is used to identify differentially expressed genes between 
patients that relapse and patients that do not show relapse. Independent validation is 
subsequently needed to determine the quality of a predictive signature. Other studies 
rather use gene expression differences of normal mucosa compared to carcinoma. Also 
this approach has been shown to generate a signatures that can classify poor and good 
prognosis patients.
Based on such signatures several  prognostic tests, such as Oncotype DX colon 
cancer, ColDX, ColoPrint, ColoGuide Ex and ColoGuide-Pro have been developed and 
entered the diagnostic market with the aim to identify patients that are at increased 
risk for recurrence development47. Of these the most frequently used are Oncotype 
DX colon cancer and ColoPrint. Oncotype DX colon cancer is a quantitative reverse 
transcriptase-PCR (qRT-PCR) based assay that measures the expression level of 
a subset of 12 genes. Seven of these genes associated with recurrence and 5 genes 
are reference for standardization. This signature is validated in 1436 stage II CRC 
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patients from the QUASAR study48 and more recently in the NSABP C-07 study49. 
Importantly, the parallel development of a predictive diagnostic test that could predict 
response to 5FU-based chemotherapy failed at the validation stage.
Similar to Oncotype DX colon cancer, the 18-gene signature ColoPrint can also identify 
stage II CRC patients at high risk for recurrence41. Currently, a large phase II clinical 
trial to validate ColoPrint in stage II CRC (PARSC study, NCT00903565) is under way. 
This PARSC study is comparing risk assessment using the ColoPrint profile versus a 
clinical risk assessment based on investigator’s judgment and American Society of 
Clinical Oncology high-risk recommendations.
Despite the original attempts currently available tests cannot predict whether a patient 
may benefit from adjuvant chemotherapy. Our laboratory performed research to iden-
tify a gene signature that can potentially classify patients relevant for prognosis predic-
tion and therapy response prediction50. We used a set of stage II patients operated at 
our institute (AMC-AJCCII-90 patients (chapter 3)) and by unsupervised consensus-
based clustering, we identified 3 colon cancer subtypes (CCS1,2,3). In contrast to the 
clinical test like ColoPrint our approach have identified distinct biological subgroups. 
Interestingly, gene expression profiles of the CCS3 subtype are highly related to those 
observed in serrated adenomas and, therefore, this is suggested to develop from the 
serrated pathway. Patient that we classified as CCS3 express high levels of TGFβ target 
genes, appear mesenchymal and importantly have a poor prognosis. Moreover, CCS3 
are shown to be resistant to the EGFR targeting antibody cetuximab50. Many research 
groups have used similar approaches for CRC patient stratification and identified 3 
to 6 subtypes that reflects biological differences in CRC51-56. Many of these stratifica-
tions could be in the future translated to clinical use after further validation. However, 
multiple proposals of classifiers is hampering clinical utility of gene expression based 
subtyping. To resolve this issue of inconsistencies in subtyping of CRC we teamed up 
in an international consortium. Six expert groups applied their subtyping classifica-
tion algorithm to a total of 18 CRC data sets leading to 6 different subtype labels 
per sample57. Using a network-based approach, four consensus molecular subtypes 
(CMS1-4) were identified.  15% of the CRC patients are classified in CMS1. These 
turn out to be more likely right-sided, poorly differentiated, mucinous tumors with 
a bias to older female patients. Most CMS1 tumors are microsatellite instable and 
have immune infiltration and activation. Almost half (41%) of the CRC patients are 
CMS2, which are predominantly left-sided tumors. These tumors are characterized by 
high WNT and Myc target gene expression and are characterized as epithelial tumors 
that may reflect the classical Vogelgram-like cancers57, 58. The third subgroup, CMS3 
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is relatively small and contains a relatively high percentage (75%) of mutant RAS.  
Often these RAS mutations are combined with PI3KCA mutations. In contrast to CMS2, 
WNT pathway activity is not high in CMS3 patients, but a metabolic activation profile is 
evident, suggesting that these tumors are distinct from the classical Vogelgram pathway. 
Finally CMS4 cancers have a dismal prognosis and show a mesenchymal gene expression 
profile with expression of EMT genes and high TGFβ signaling activation. Similar to 
CCS3, the CMS4 patients respond relatively limited to EGFR targeting therapy50, 57.  
Although the mesenchymal subtype is identified in all subtyping studies its exist-
ence as a tumor-specific trait was challenged as it was suggested to emanate from a 
larger fraction of stromal cells present in these tumors. In agreement, the laboratory of 
Medico further explored this mesenchymal subtype59 and showed that patient-derived 
xenografts, which contain mouse stromal cells surrounding and supporting human 
cancer cells, lost the typical mesenchymal appearance, suggesting that this feature is 
derived from the high expression of cancer associated fibroblast (CAF). 
Calon et al. further substantiated this idea by isolation of the various cell types present 
in CRC samples and showed that CAFs express high levels of genes that are dictating 
the mesenchymal subtype60. If fibroblast genes were taken out of the gene signature, 
the patients could no longer be classified as mesenchymal. The authors therefore 
proposed that TGFβ activates stroma and this activated stroma including fibroblasts 
promote tumor initiation and metastasis. Both studies highlighted the importance of 
the stromal contribution to the molecular signature in comparison with the cancer 
epithelium itself and conclude that mesenchymal subtype is a reflection of the amount 
and activation of the stroma rather than a reflection of an EMT program in the tumor 
cells 59, 60.
As discussed above in several CRC patients stratification studies the TGFβ 
pathway is shown to be highly active in poor prognosis patients. This pathway 
is activated when TGFβ ligands (like TGFβ 1, 2 or 3) bind to TGFβ type 2 
receptor (TGFβR2) that subsequently dimerizes and phosphorylates TGFβ type I 
receptor (TGFβR1). Activated TGFβR1 can phosphorylate SMAD2 and SMAD3, 
which then bind to SMAD4 and this complex translocates to the nucleus and 
act as a transcription factor to stimulate transcription of TGFβ target genes61.  
Inactivating mutations in TGFβR2 and in SMAD4 are found in many CRC patients62-64. 
However, even in the presence of specific mutations in TGFβR2, this receptor can 
still be responsive to TGFβ ligands65. Furthermore, when cells lack functional 
SMAD4, TGFβ can activate so called non-canonical TGFβ signaling that involves 
activation of many signaling pathways including Pi3K, p38, and NFκβ signaling66, 67.  
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TGFβ is an EMT inducer and is implicated in therapy resistance in many cancers. 
In a shRNA screen to identify genes that can cause resistance to BRAF inhibitor in 
BRAFV600E melanoma, SOX10 was identified68. Downregulation of SOX10 was associ-
ated with increased TGFβ pathway activation and resistance to BRAF inhibitor68.  
MED12 was also picked up in a shRNA screen. Loss of this protein was associated with 
resistance to receptor tyrosine kinase (RTK) inhibitors and chemotherapy69, 70. MED12 
is a negative regulator of TGFβR2, meaning that suppression of MED12 is followed by 
TGFβ pathway activation. Inhibition of TGFβ with the inhibitor LY2157299 is suffi-
cient to restore sensitivity to RTK inhibitors in MED12 knockdown cells69. Combined 
this suggests that TGFβ can mediate resistance to therapy.  This concept was substan-
tiated by Arteaga and colleagues who analyzed RNA expression of matched pairs of 
primary breast cancer biopsies prior and post chemotherapy71. This analysis showed 
increased RNA expression of CSCs and TGFβ signaling. Treatments of triple nega-
tive breast cancer xenografts with LY2157299 blocked CSC expansion and sensitized 
tumors to paclitaxel treatment showing the importance of TGFβ signaling pathway 
in therapy resistance71. 
In conclusion, recent studies have identified that TGFβ signalling is highly active 
in mesenchymal CRC subtypes. Further study is required to understand whether 
targeting TGFβ signalling is beneficial in these poor prognosis CRC patients. More-
over, in chapter 3 we discussed that methylation of a set of WNT target genes predict 
prognosis and targeting methylation by agents inducing demethylation is clinically 
relevant. Further studies will reveal if patients with high WNT target gene methyla-
tion also show high TGFβ signaling. A link between methylation and the mesenchymal 
subgroup was substantiated by the observation that mir200 family CpG methylation 
is pivotal in CMS4 mesenchymal CRC subtype. As TGFβ signaling cross talk with 
mir200 target genes is well known, it is worth pursuing the link with methylation 
further.

Apoptotic threshold in colon-CSCs 
In this thesis, we describe our effort to predict prognosis of CRC patients using CSC 
signatures (chapter 3). In addition, we were also highly interested in studying the role 
of colon-CSCs in CRC treatment response (chapter 4-8).
Previously, to study chemotherapy response of colon-CSCs and differentiated 
cells, colon CSCs were forced to undergo differentiation in vitro by growing sphe-
roid cultures adherently in medium containing Foetal Calf Serum (FCS). Chemo-
therapy induced cell death was compared between these sphere-derived adherent 
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cultures (SDAC) and CSCs enriched cultures, i.e. spheroid cultures grown in 
suspension in medium supplemented with growth factors72, 73. This approach there-
fore compares cells maintained under different culture conditions and therefore 
observed differences may not necessarily relate to the intrinsic resistance of CSCs.   
In chapter 5 we introduced a FACS-based assay that allows treatment and cell death 
measurement of colon-CSCs and their differentiated progeny under the exact same 
conditions. We used WNT pathway activity to segregate colon-CSCs and differenti-
ated cells and measured caspase 3 activity at the single cell level after chemotherapy 
treatment. In contrast to differentiated cells, little caspase 3 activity was measured in 
colon-CSCs after chemotherapy treatment. 
A recent study describes that this low efficacy of chemotherapy could even be detri-
mental as it may drive the induction of genomic instability74. As we see only little 
caspase activity in our colon-CSCs when we expose them to chemotherapeutic insults 
it is possible that these cells are not undergoing apoptosis but are becoming more 
aggressive because of the low caspase activity-induced genomic instability. Therefore 
it is interesting to study if colon-CSCs that survive chemotherapy treatment are more 
tumorigenic and metastatic.
To undergo apoptosis a cell needs to surpass a so called apoptotic threshold. For example, 
chemotherapy can induce BH3 proteins that affect this threshold and induces apop-
tosis. When a cell is primed to undergo apoptosis it is considered to be close to this 
threshold and requires less chemotherapy to die. Using the newly developed assay we 
showed that colon-CSCs have a higher apoptotic threshold when compared to differ-
entiated progeny and therefore colon-CSCs resist chemotherapeutic insults (chapter 5). 
The underlying mechanism of the difference in apoptotic threshold between colon-
CSCs and differentiated cells is still not clear. High apoptotic threshold in colon-
CSCs can be caused by high expression of anti-apoptotic molecules (e.g. BCLXL) or 
decreased expression of pro-apoptotic molecules (e.g. BAX). However, in gene expres-
sion profiling studies and Multiplex Ligation-dependent Probe Amplification assays 
on colon-CSCs and their differentiated progeny, only little difference in expression of 
pro-and anti-apoptotic genes were observed, suggesting that expression differences are 
probably not underlying the higher apoptotic threshold in colon-CSCs.
We cannot rule out that proteins levels of apoptotic proteins, which are strongly 
regulated by post-translational modifications75-78, can be differentially expressed 
between colon-CSCs and their differentiated progeny leading to a differential 
apoptotic threshold. Other studies have shown differences in the expression of 
apoptotic molecules between colon-CSCs and differentiated cells (e.g. BIRC6)73.  
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However, as mentioned before we defined CSCs based on WNT pathway activity and 
the other studies compared colon-CSCs with SDACs73. 
Apoptotic proteins can be regulated by phosphorylation79, 80. To illustrate, the pro-
apoptotic BAD protein can be phosphorylated by AKT leading to its inactivation81. 
Phosphorylation induced inhibition of BAD can result in BCLXL activation.
In contrast to BAD, phosphorylation of BID can result in activation of this pro-
apoptotic protein82. During the cell cycle BID gets phosphorylated as a cell enters 
mitosis and BID phosphorylation is lost during metaphase to anaphase transi-
tion. This phosphorylation induced activation of BID makes a cell more dependent 
on anti-apoptotic proteins during mitosis. This suggests that a potential differ-
ence in cell cycle between colon-CSC and differentiated cells can result in differ-
ential BID activation and thereby differential apoptotic threshold between colon-
CSCs and differentiated cells. However, when we performed cell cycle analysis, we 
did not see a difference in cell cycle profiles of colon-CSCs and differentiated cells 
making this cell cycle dependent BID phosphorylation less likely to explain the 
difference in apoptotic threshold between colon-CSCs and differentiated cells.  
Exposure of cells to chemotherapy induces expression of pro-apoptotic molecules83. 
Chemotherapy induces DNA damage and DNA double strands breaks. DNA double 
strand breaks are detected by ATM (ataxia telangiectasia mutated) and ATR (ataxia 
telangiectasia and Rad3 related) proteins, which signal downstream to CHK1, CHK2 
and p5384. Activation of p53 can result in cell death. The p53 targets considered most 
important in this respect are the pro-apoptotic BAX and the BH3-only proteins NOXA 
and PUMA85-87. Chemotherapy induced DNA damage can also lead to activation of 
CHK2 that phosphorylates and activates E2F1 transcription factor. One of E2F1 target 
genes is p73. Upregulation of p73 in turns induces transcription of BAX, PUMA and 
NOXA. Combined these data indicate that chemotherapy decreases the apoptotic 
threshold by increasing expression of pro-apoptotic molecules88.  It would be inter-
esting to determine how CSCs and differentiated cells respond to chemotherapy in 
context of apoptotic proteins and whether this may explain their differential response 
to therapy. 
Although it is unclear what determines the difference in sensitivity our data indi-
cates that the resistance is dictated by BCLXL. Compounds that inhibit anti-apoptotic 
BCL2 family members can decrease the apoptotic threshold. ABT-737 and the highly 
related ABT-263 are small molecule inhibitors, so called BH3 mimetics, which both 
inhibit BCL2, BCLXL and BCLW89. More selective inhibitors have also been developed 
including ABT-199 and WEHI-53990, 91. ABT-199 is a compound that inhibits BCL2 
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only, while WEHI-539 is specifically inhibiting BCLXL. Our data reveal that inhibi-
tion of anti-apoptotic molecules with either ABT-737 or WEHI-539 by-passes chemo-
therapy resistance showing that colon-CSCs rely on BCLXL for their chemotherapy 
resistance (chapter 5).
Our data on BCLXL dependent CSC resistance (chapter 5) was recently confirmed in 
a separate study on lung-CSCs92. However, a study performed by Prehn and colleagues 
revealed an important role for BCL293. In this study the authors extracted proteins 
from 26 CRC patients and by Western blotting quantified expression of pro- and anti-
apoptotic molecules. Experimental findings were combined with systems modelling to 
develop a tool called DR_MOMP (dose response medicinal outcome model predictor). 
The authors concluded that DR_MOMP is able to predict chemotherapy response in 
CRC patients and this was dependent on BCL2 expression 93. 
Stromal cells, like immune cells express BCL2 and it is possible that BCL2 expression in 
patients is not derived from cancer cells but stromal cells, which potentially explains 
the difference between our and Prehn laboratory findings94.
Previously it was published that BCL2 expression is restricted to stem cells in normal 
healthy colon95. In a recent study, we showed that crossing APCmin mice with BCL2-
deficient mice results in decreased polyp formation, suggesting that BCL2 is important 
for CRC initiation (Van der Heijden et al. Nature Communications 2016). Further-
more, expression of BCL2 and BCLXL in adenomatous polyps and primary colorectal 
adenocarcinomas was studied by John Reed and his colleagues96. They demonstrated 
that expression of BCL2 is high in adenomas and low in carcinomas. However, in 
contrast to BCL2, BCLXL expression is high in CRC96.  This is in line with our find-
ings that colon-CSCs derived from primary CRC are dependent on BCLXL for chemo-
therapy resistance.
In summary, colon-CSCs have a high apoptotic threshold, which makes these cells 
resistant to chemotherapy. Inhibition of BCLXL decreases the apoptotic threshold and 
thereby sensitizes colon-CSCs towards chemotherapy. Therefore BCLXL is an inter-
esting candidate to target in CRC and potentially in other solid tumors.
However, inhibition of BCLXL can lead to thrombocytopenia, which relates to a depend-
ence of platelets on BCLXL for survival97-99. Further studies need to be performed to 
unravel if it may be feasible to spare thrombocytes while effectively targeting CRC.  

Differentiation therapy decreases apoptotic threshold
Next to directly targeting the threshold can also be decreased in colon-CSCs by forcing 
them to differentiate. In chapter 7 and 8 we discussed two potential means to differ-
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entiate colon-CSCs. First in chapter 7, HDAC inhibitors were used to differentiate 
colon-CSCs and thereby sensitized them to chemotherapy. Interestingly, sensitiza-
tion induced by HDAC inhibition can be blocked by ectopic overexpression of BCLXL. 
In addition, HDAC inhibition sensitized colon-CSCs to ABT-737. This suggests 
that HDAC inhibitors lower the apoptotic threshold by differentiating colon-CSCs. 
However, we cannot rule out that HDAC inhibitors, in addition to kick starting the 
differentiation program, also simultaneously regulate apoptotic protein expression 
and activity. In agreement with this idea is the observation that HDAC inhibition was 
previously shown to induce expression of pro-apoptotic molecules BMF and BIM and 
decrease expression of anti-apoptotic protein BCLXL100-102.
Gene expression profiling on colon-CSCs treated with HDAC inhibitors confirmed the 
regulation of many pro- and anti-apoptotic proteins, including upregulation of BMF 
and BAX and downregulation of Aven and BCLXL. Aven is a poorly studied apop-
totic regulator that was identified in a screen for BCLXL binding proteins103. Aven was 
reported to stabilize BCLXL and decreasing Aven expression can result in decreased 
BCLXL protein levels, thereby facilitating apoptosis104. This indicates that HDAC 
inhibitors can lower BCLXL protein levels and thereby increase sensitivity of CSCs 
toward chemotherapy. 
Acetylation is a posttranslational modification that affects histone proteins and non-
histone proteins105. In tumors where p53 is not mutated acetylation of p53 protein 
stabilizes the protein and enhance transcriptional activity106, 107. Some of the pro-
apoptotic p53 target genes are BAX, PUMA and NOXA85-87. β-catenin can also be 
acetylated, which increases its binding to TCF4 and enhances WNT signaling109, 110.  
There are various transcription factors that can be acetylated including Forkhead box 
O (FOXO) transcription factors. Acetylation of FOXO proteins has different func-
tions including triggering apoptosis by inducing expression of pro-apoptotic molecule 
BIM111-113.
As discussed in chapter 7, HDAC inhibitor induced differentiation requires FOXO 
transcription factors. It is therefore possible that HDAC inhibitors activate transcrip-
tion or induces acetylation of FOXO proteins and these proteins increase expression 
of pro-apoptotic proteins or decrease expression of anti-apoptotic proteins. In chapter 
8 we show that activation of UPR pathway by inducing ER-stress also differentiates 
colon-CSCs. Similar to HDAC inhibitor treatments, ER-stress induction can lower the 
apoptotic threshold by differentiating colon-CSCs. However, ER-stress can simulta-
neously to differentiation induction also regulate apoptotic protein expression and 
activity. In agreement with this idea is the observation that CHOP, which is one of the 
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main downstream activators upon UPR activation, induce expression of pro-apoptotic 
molecules like BIM114.
Furthermore, one of the features of ER-stress induced UPR is inhibition of transla-
tion115, 116. Some apoptotic molecules have a short half-life, including for instance 
MCL1117, allowing apoptosis to be induced. However, it is unlikely that translation 
inhibition is the mechanism of ER-stress induced sensitization because translation as 
well transcription inhibitors failed to sensitize colon-CSCs (chapter 7), suggesting that 
ER-stress sensitizes colon-CSC in a different fashion.
Both differentiation inducing agents, HDAC inhibitors and ER-stress inducing 
compounds, can decrease the apoptotic threshold by directly regulating pro- and anti-
apoptotic proteins or by differentiating colon-CSCs. We think that inducing differen-
tiation plays an important role in sensitization of colon-CSCs. First, chemotherapy 
sensitization by HDAC inhibitors and ER-stress induction is more specifically in 
colon-CSCs and much less in differentiated cells. If HDAC inhibitors and ER-stress 
inducing agents solely regulate apoptotic molecules, we would not expect this colon-
CSCs specific sensitization of these compounds. 
Second, caspase-3 activity measured in colon-CSCs treated with HDAC inhibitor 
followed by ABT-737 treatment is similar to the ABT-737 only treatment of differ-
entiated cells. This suggests as well that HDAC inhibition sensitizes colon-CSCs and 
thereby sensitizes cells to different agents to the same extent as differentiated cells. 
Although we cannot rule out a possible role of direct apoptotic protein regulation by 
HDAC inhibitors and ER-stress inducing agents, we think that differentiation induc-
tion is playing a crucial role in sensitization of colon-CSCs towards chemotherapy.   
 
Therapeutic window for differentiation inducing therapies
Current adjuvant therapies in cancer including CRC fail in part due to selective resist-
ance of CSCs (reviewed in chapter 2). We show that an effective means to circum-
vent this resistance can be achieved by pushing CSCs to undergo differentiation. Both 
inhibition of HDACs and activation of UPR will induce differentiation of colon-CSCs 
(chapter 7 and chapter 8). Although this would argue for the use of such combination 
therapies in cancer patients, one would have to consider the effects of these treatments 
on normal stem cells first as both have previously been shown to regulate intestinal 
homeostasis in mice. In our laboratory we performed knock-out studies and demon-
strated that HDAC1 and HDAC2 are required for stem cell maintenance in mouse 
intestine118. Combined removal of HDAC1 and HDAC2 or treatment with HDAC 
inhibitor leads to loss of stem cells in mice intestine118. 
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Next to a role for HDAC1 and HDAC2 in ISC differentiation, we have shown that 
ER-stress inducing agents force normal stem cells differentiation as well119. Normal 
healthy ISCs in mouse have low ER-stress response compared to their progeny, the 
transit amplifying cells and differentiated cells. More importantly, as is the case for 
colon CSCs, induction of ER-stress forces ISCs to differentiate119. This ER-stress 
induced differentiation is also observed in other tissues including the hematopoietic 
system and is suggested to serve as a mechanism that protects the integrity of the 
stem cell compartment, driving differentiation under unwanted stress conditions120. In 
conclusion, inhibition of HDACs and enhancing ER-stress differentiate healthy stem 
cells and colon-CSCs.
Increasing evidence suggests that normal stem cells and CSCs use analogues morpho-
genic pathways to regulate self-renewal and differentiation. Likewise to HDAC inhi-
bition and ER-stress induction, targeting WNT, Notch, and BMP pathways can also 
lead to loss of stemness. To illustrate, WNT signalling is crucial for maintenance of 
ISC and colon-CSCs. High pathway activity is observed in normal colon stem cells 
and in colon-CSCs8, 121, 122. Next to WNT pathway, Notch signaling is shown to be 
essential for stem cell maintenance and inhibition of this pathway results in loss of ISC 
as well as colon-CSCs123-125. In contrast to WNT and Notch signaling, not inhibition 
but activation of BMP signaling pathway results in loss of normal healthy stem cells 
and colon-CSCs126, 127. 
Interestingly, regulation of stemness by these morphogenic pathways can be used to 
target CSCs. WNT pathway can for example be inhibited with salinomycin, which 
results in differentiation of breast-CSCs128. Notch signalling pathway can be inhibited 
with a ƴ-secretase inhibitor DBZand in APCmin mice this inhibition leads to conversion 
of proliferative stem cells into non-proliferative goblet cells125. In addition, human CRC 
xenografts treated with anti-DLL4 displayed enhanced differentiation and sensitiza-
tion of colon-CSCs towards chemotherapy129. Finally, differentiation and sensitization 
of colon-CSCs can be achieved by activating BMP signalling127. Together these data 
indicate that differentiation of colon-CSC can be induced by different means utilizing 
their normal homeostatic regulation or forcing differentiation pathways. Because 
differentiated colon-CSCs lose their tumorigenic capacity and therapy resistance, such 
therapies can be an interesting tool to treat CRC patients.  However, differentiation 
inducing agents will have to regard unwanted side effects that are in fact on-target 
as they affect the normal stem cell compartment as well as the CSCs. The efficacy of 
such therapies will thus dependent on the existence of a therapeutic window. 
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Interestingly, single knock out of only HDAC1 or HDAC2 is not sufficient to induce 
mouse ISC differentiation118. This appears to be distinct in tumors where often inac-
tivation of a single HDAC is sufficient to obtain anti-tumor activity130. This suggests 
that specific targeting of HDACs can have low toxicity and may still show clinical 
benefit. In colon-CSCs MS275 treatment differentiates these cells, suggesting that 
HDAC1, HDAC2, and / or HDAC3 are important for stemness in these cells (chapter 7). 
Genome editing technologies like CRISPR/Cas9 can be used to generate knock-outs of 
a single or multiple of these HDACs. These experiments will tell us which HDAC is 
required for colon-CSCs and if it sufficient to specifically target HDACs. 
Alternatively, the colon CSCs may rely more heavily on the activity of HDACs and as 
such lowering the activity to 50% may be sufficient to drive differentiation. However, 
in mice when HDAC2 is partially deleted in combination with complete HDAC1 dele-
tion, proliferation was increased, suggesting that complete deletion of HDAC1 and 
HDAC2 is required in mouse intestinal stem cells to differentiate these cells118.  The 
increased dependency of tumors cells on HDACs may determine the width of this 
therapeutic window. In colorectal lesions, a therapeutic window may be present as 
HDAC1 and HDAC2 have been found to be up-regulated in CRC cells in patients and 
HDAC2 is increased expressed in APCmin mouse130, 131. When APCmin mice were crossed 
with HDAC2 deleted mice this resulted in decreased amount of polyp formations, 
suggesting an important role for HDAC2 in CRC132. As mentioned above, ER-stress 
differentiates normal ISCs as well as colon-CSCs119 (Chapter 8). For both, it is shown 
that there is regeneration. In normal healthy intestinal cells, Lgr5 has been identified 
as a stem cell marker133. However, depletion of Lgr5 expressing cells in the intestinal 
epithelium does not disturb homeostasis as would be expected after killing a stem cell 
population134. This suggests that there are stem cells in the intestine that do not express 
LGR5. Such back-up stem cells may be encoded by the BMI1 expressing cells which 
appear to be able to regenerate the LGR5+ population134, 135. Alternatively non-cycling 
cells, also called label retaining cells, were also shown identified in the mouse intestine 
that express LGR5 but also Paneth and enteroendocrine cell markers136. Similar to BMI 
expressing cells, there are many other stem cell populations identified in mouse intes-
tine that are able to repopulate damaged crypts.135, 136, 137, 138, 139, 140

Such stem cell plasticity as well the existence of various pools of stem cells in normal 
healthy tissue can potentially make a tissue resist differentiation induced therapies 
without causing toxicity for the patients. It is suggested that also in CRC there can 
be different stem cell populations. To illustrate, Dieter and colleagues lenti-virally 
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marked tumor cell populations in human CRC samples and revealed that there are 
distinct types of CSCs existing in CRC141. Serial transplantation experiments in mice 
showed that some clones only appeared in primary recipients while so called delayed 
contributing CSCs are only found in the secondary and tertiary recipients141. This 
suggests the existence of quiescent CSCs in CRC. Similarly, Kreso et al marked 150 
cells from 10 CRC samples and also performed serial transplantation experiments142. 
34 of the 150 marked clones were below detection limit (approximately 104 cells/
tumor) in the first recipient but could be identified in the later transplants. This 
suggest that these clones were quiescent or slow-proliferating but became activated 
in later transplants. In addition, chemotherapy treatment of xenografts enriched 
in quiescent clones indicating that these quiescent cells can survive chemotherapy 
and reinitiate tumor growth142. Hence, likewise to the normal tissue, also in CRC 
there are quiescent stem cells that can get activated.  How the existence of quies-
cent CSCs is related to therapeutic window needs to be determined. A difference in 
regeneration between normal and tumor cells will generate a therapeutic window. 
Based on the finding that HDAC inhibitors and ER-stress induction differentiate colon-
CSCs and normal healthy stem cells, would argue that it would give toxicity. However, 
in our xenograft studies we did not see any toxicity. One possible explanation for this 
is that the concentration we used was not sufficient to completely block HDACs or 
induce sufficient ER-stress and therefore to differentiate normal stem cells. Tumors did 
not disappear in our xenograft studies supporting the idea that a higher dose may be 
required to fully eradicate the tumor. On the other hand, as described above there are 
various (reserve) stem cells in the normal healthy intestine. It is possible that we do 
not differentiate all stem cells and therefore in a case of damage reserve or quiescent 
stem cells can repopulate normal tissue. To test these possible explanations we need to 
treat mice with different doses of HDAC inhibitors and ER-stress inducing compounds 
and study at different time points normal stem cells numbers and intestinal histology. 
In conclusion, differentiation therapy sensitizes tumor cells to chemotherapy in vitro 
and in vivo, without a clear sign of toxicity. We therefore believe that HDAC inhibitor 
treatment and/or induction of ER-stress can be clinically relevant for the treatment of 
patients with CRC.

Concluding remarks
Despite the fact that knowledge about cancer is continuously increasing a lot of 
research is needed still to increase understanding and to enhance cure rates for patients. 
Administration of chemotherapy is limited by its toxic side-effects, which is especially 
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relevant for stage II patients where the majority is cured by surgery alone. More impor-
tantly, current therapy does not benefit all patients. Therefore patient stratification is 
important to predict patients prognosis and therapy response. In this thesis, we put 
forward that methylation status of a small set of genes is prognostic in CRC. Ongoing 
clinical investigations will show whether demethylating agents will revert CpG island 
methylation of CRC patients and potentially affect the outcome for these patients. 
Moreover, patients that receive chemotherapy can show relapse many years after 
therapy. Here, we studied therapy resistance in CRCs. We showed that colon-CSCs 
are more resistant to conventional chemotherapy, suggesting that colon-CSCs survive 
therapy and reform a tumor in CRC patients many years after initial chemotherapy 
treatment. Therefore, elimination of colon-CSCs is required to completely cure CRC 
patients. We describe in this thesis two means to target these therapy resistance colon-
CSCs. The first is by targeting the apoptotic machinery, which shows a higher apop-
totic threshold in colon-CSCs compared to differentiated progeny. Decreasing the 
apoptotic threshold with BH3 mimetics like ABT-737 or a BCLXL specific inhibitor 
WEHI-539 is sufficient to sensitize colon-CSCs towards chemotherapy. The second 
means is to target colon-CSCs by forcing them to differentiate and thereby lose their 
stemness associated chemotherapy resistance. HDAC inhibitors and agents that induce 
ER-stress can both induce differentiation and sensitize colon-CSCs to chemotherapy. 
Currently approved HDAC inhibitors including panobinostat were extensively used in 
our studies in chapter 7. Ongoing clinical studies will show if patients with CRC will 
benefit from HDAC inhibitor treatment in combination with chemotherapy and if 
differentiation inducing therapy will help us to cure more CRC patients.  
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Summary
Colorectal cancer (CRC) is one of the most commonly diagnosed cancers worldwide 
and the second leading cause of cancer mortality in Europe. Stage of disease at initial 
presentation determines treatment strategy. Different types of treatment are available 
for patients with CRC. To illustrate, treatment for stage I CRC patients is resection 
only. CRC stage III patients receive FOLFOX or CAPOX chemotherapy regimens after 
surgery. In FOLFOX and CAPOX regimens oxaliplatin treatment is combined with 
either 5 Fluorouracil (5FU) and leucovorin or capecitabine, respectively.
For stage II the situation is more complex. The benefit of chemotherapy is limited for 
stage II CRC patients and therefore only high risk stage II CRC patients are consid-
ered for receiving adjuvant chemotherapy treatment, in which high risk is defined by 
clinicopathological characteristics, such as a poorly differentiated tumor, presence of 
bowel obstruction or perforation, less than 12 lymph nodes evaluated (in the Nether-
lands less than 10), tumor penetration into visceral peritoneum or vascular, lymphatic 
or perineural invasion of tumor cells. This stratification is far from perfect though as 
some patients diagnosed with stage I or low risk stage II can progress to more advanced 
stage of disease. In addition, adjuvant chemotherapy is only curative in part of the 
patients. It is therefore crucial to better identify patients at risk of recurrence and to 
optimize therapy for these patients before the disease progresses and will be lethal. 
This heterogeneity in tumor progression can be explained by inter-tumor heteroge-
neity (difference between patients) and possibly by intra-tumor heterogeneity (differ-
ence within a tumor). Better insight into inter-tumor heterogeneity may allow us to 
predict outcome of CRC patients and identify patients that have a poor prognosis. 
Inter-tumor heterogeneity may also provide clues to the benefit from chemotherapy 
and insight in the potential mechanisms of chemotherapy failure. Hence, better strati-
fication of patients will allow for selection of patients that need treatment and poten-
tially the assignment of more effective treatments.
Next to patient-to-patient variation it is vital to understand the intra-tumor hetero-
geneity as it will allow us to understand why tumors recur and potentially how we 
can prevent this tumor regrowth. Intra-tumor heterogeneity is in part caused by the 
existence of a small population of so called cancer stem cells (CSCs) that drive tumor 
growth and resist therapy in contrast to their more differentiated progeny that lack 
these properties. Therefore, it is suggested that therapies can kill differentiated tumor 
cells, but spare CSCs. Consequently, upon cessation of therapy, CSCs can re-initiate 
proliferation and lead to tumor regrowth. This theory provides an explanation for 
recurrence of a tumor many years after initial treatment. The current view therefore 
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proposes that successful therapy requires effective targeting of CSCs as well as the 
more differentiated progeny. Unravelling why CSCs are resistant to therapy, can assist 
in finding new therapies that target these CSCs.
Consequently, the aim of this thesis was to study inter- and intra- tumor heteroge-
neity in CRC and describe the findings related to potentially new combination thera-
pies that can improve chemotherapy efficacy. 
In chapter 1 and 2 we reviewed the current knowledge in the field of CRC develop-
ment, progression, and therapy. In addition, in chapter 2, an overview is given on the 
role of CSCs in the resistance to tumor therapy and the current efforts to target these 
therapy resistant cells.
In chapter 3 we set out to understand why some stage II CRC patients have a poorer 
prognosis compared to other CRC patients and thus a higher propensity to show 
tumor regrowth after successful surgery. We performed gene expression profiling of 
CRC stage II patients with the concept that gene expression profiles related to CSCs 
would potentially predict the likelihood of recurrence. The generation of a CSC gene 
signature, which was derived from in vitro cultured CRC stem cell cultures, revealed 
a strong dependence on WNT signalling activity in the CSCs and thus a relation 
between WNT target gene expression and stemness. However, comparison with the 
patient gene-expression profiles revealed an unexpected finding that suggested that 
patients that display an association with this CSC gene signature, i.e. expression of 
WNT targets, had a good prognosis. Previous data point to a crucial role for WNT 
signalling pathway in (cancer) stem cells, and has shown it to be the driving force in 
CRC. Our unexpected correlation therefore suggested that tumors that do not show 
expression of WNT target genes rather have a poor outcome. Further insight into this 
contradiction came from the observation that in this subgroup of stage II CRC patients 
expression of WNT target genes was repressed by CpG island methylation. Methyla-
tion is a process by which a methyl group (CH3) is attached to the DNA and this is an 
effective means to silence gene expression. In agreement, our further work shows that 
the methylation status of some WNT target genes (LGR5, DKK1, APCDD1, AXIN2, 
and ASCL2) predicts prognosis in stage II CRC. Moreover, treatment of cells in vitro or 
mice subcutaneously injected with colon cancer cells with demethylation agents leads 
to re-expression of these WNT target genes and tumor growth inhibition in vitro and in 
vivo. Thus, the data presented in chapter 3 reveal that promoter methylation of a set 
of key WNT target genes is a strong predictor for recurrence of CRC.
In cancer, the balance between proliferation and cell death is disturbed. Most cancerous 
cells resist apoptosis and this appears even more prominent in CSCs. The aim of 



211

Summary

   9

chapter 4 was to study if targeting the apoptotic machinery and thereby upsetting the 
balance is sufficient to kill colon-CSCs. Cell death-inducing signals, like chemotherapy, 
increase pro-apoptotic or decrease anti-apoptotic BCL2 signals resulting subsequently 
in mitochondrial outer membrane permeabilization. This is followed by activation 
of caspase 9 and other downstream caspases that will ultimately result in cell death. 
To directly study whether CSCs can be targeted by caspase activation me made use 
of an exogenously activatable system that allows us to induce caspase 9 activity in 
colon-CSCs by the simple addition of a small molecule. In vitro and in vivo experiments 
showed that activation of caspase 9 induces apoptosis very effectively and results in 
tumor regression in xenografts indicating that apoptotic signalling downstream of 
mitochondria is functional in colon-CSCs.  Chapter 4 therefore shows that targeting 
the apoptotic machinery in the intrinsically resistant colon-CSCs can be an interesting 
approach to kill these cells.
The study into the mechanism by which this resistance occur is described in chapter 5. 
At the time that we initiated these studies tools to measure apoptosis specifically in colon-
CSCs were not available. To satisfy this unmet need, we first developed FACS-based 
assays that allowed us to measure cell death in colon-CSCs and differentiated tumor 
cells simultaneously. These assays showed that under the same conditions colon-CSCs 
are more resistant to various chemotherapies compared to their differentiated progeny. 
The underlying reason for this resistance appeared to be a result of lowered apoptotic 
priming, which is determined by pro- and anti-apoptotic signals within a cell, and thus 
pointed to an elevated apoptotic threshold in colon CSCs. In agreement, treatment of 
colon-CSCs with various inhibitors of anti-apoptotic BCL2 molecules, revealed that 
colon-CSCs are sensitive to a BCLXL specific inhibitor. Moreover, BCLXL inhibition 
was sufficient to sensitize colon-CSCs towards chemotherapy. Surprisingly, BCL2 inhi-
bition had no effect on these cells. This suggests that colon-CSCs utilize the anti-apop-
totic molecule BCLXL, but not BCL2, for their selective chemotherapy resistance and 
treatment with compounds targeting BCLXL can improve chemotherapy response.  
In chapter 6 we aimed to extend this insight on the elevated apoptotic threshold of 
CSCs and queried the role of the microenvironment in this resistance. In CRC patients, 
tumor cells are surrounded by stromal myofibroblasts. In this so called microenviron-
ment, stromal cells can communicate with tumor cells by direct cell-cell contact as well 
as by secretion of different factors that can either repress or promote tumor growth. 
Myofibroblasts are abundantly present in the CRC microenvironment. In chapter 6 
we confirm our previous findings that these myofibroblasts secrete factors that induce 
stemness in differentiated tumor cells. More importantly, de-differentiation renders 
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these cells chemotherapy resistant. Similar to our findings in CSCs, we observe that 
resistance is dependent on an elevated apoptotic threshold and can be perturbed by 
using BCLXL inhibitors. This indicates that BCLXL is also determining chemotherapy-
resistance in fibroblast-induced de-differentiated tumor cells. 
In chapter 7 we set out to circumvent apoptotic resistance of colon-CSCs and 
screened for compounds that could sensitize these cells towards chemotherapy. Out 
of all compounds tested treatment with histone deacetylase (HDAC) inhibitors gave 
the most pronounced sensitization towards chemotherapy. HDAC inhibitors are best 
known for their effect on histones acetylation, which has a role in DNA compacting. 
This posttranslational modification of the histone tail reduces the affinity for DNA and 
increase transcription factor access to DNA. Therefore, acetylated histones are associ-
ated with transcriptionally active chromatin. So HDAC inhibition leads to increased 
acetylation and potentially increased transcription. However, histones are not the 
only targets of HDACs and it is important to mention that also other proteins, such as 
transcription factors can be acetylated, which can have a plethora of effects on these 
proteins. Our ongoing experiments to unravel the mechanism by which HDAC inhibi-
tors sensitize colon-CSCs revealed that these compounds differentiate colon-CSCs. In 
line with this, HDAC inhibition sensitizes cells towards BCLXL targeting compounds, 
while ectopic overexpression of BCLXL rescues HDAC inhibitor-induced sensitization. 
Hence HDAC inhibitor induces differentiation of colon-CSCs and thereby it lowers 
the apoptotic threshold and sensitizes resistant colon-CSCs towards chemotherapy. 
Finally, in chapter 8 we employed a method to force colon-CSCs to differentiate that 
was previously reported to drive differentiation of normal intestinal stem cells. This 
method depends on the activation of the unfolded protein response (UPR) pathway, 
which appears incompatible with stemness. This pathway gets activated when, 
for example, misfolded proteins accumulate in the endoplasmic reticulum (ER) due 
to increased protein synthesis or DNA mutations that lead to ER-stress. To induce 
ER-stress in colon-CSCs, we made use of two known ER stress-inducing compounds, 
bacterial toxin SubAb and Salubrinal. Using this approach we observed that ER-stress 
induction strongly induces colon-CSCs to differentiate. More importantly, this differ-
entiation rendered the cells sensitive to chemotherapy both in vitro and in vivo. 
In conclusion, this thesis provides novel insights into  the  role  of  inter- and  intra- 
tumor heterogeneity in CRC and shows various means to target chemotherapy 
resistant colon-CSCs.
Modulation of apoptotic signalling by using BCL2 family member inhibitors or by 
forcing colon-CSCs to differentiate are promising approaches for targeting colon-CSCs 
and improving therapy response in CRC patients. 
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Alle organen van een mens zijn opgebouwd uit cellen. Deze cellen kunnen zich delen 
maar kunnen ook doodgaan. Wanneer een cel ongecontroleerd gaat delen en niet dood-
gaat dan kan dit uiteindelijk resulteren in een gezwel. Wanneer dit in de darmen zich 
ontwikkeld, wordt dit gezwel een darmpoliep genoemd. Deze, vaak in eerste instantie, 
goedaardige tumoren kunnen zich verder ontwikkelen tot kwaadaardige tumoren. Dit 
resulteert in dikke darmkanker of wel colorectaal carcinoom (CRC) genoemd. Patiënten 
bij wie CRC wordt vastgesteld wordt de uitgebreidheid, stadium, hiervan vastgesteld. 
Hoe hoger de stadium, hoe uitgebreider de ziekte is. Patiënten met een lage stadiering 
(stadium I) hebben een lokale ziekte, waardoor operatief verwijderen (colon resectie) 
van het darmsegment met daarin het tumorweefsel voldoende zal zijn voor het bereiken 
van genezing. In het geval van een hoger stadium is er sprake van uitgebreidere ziekte in 
het omliggend weefsel of zelfs in andere organen (uitzaaiing). Wanneer bij een patiënt 
bijvoorbeeld wordt geconstateerd dat tumorcellen naar de dichtstbijzijnde lymfeklieren 
zijn verspreid dan is er sprake van een stadium III tumor. Patiënten met een stadium 
III tumor krijgen aansluitend aan een operatie ook aanvullende chemotherapie.   
Alhoewel veel stadium II patiënten kunnen genezen na een colon resectie, krijgt 20% 
van deze patiënten uiteindelijk toch de tumor terug en sterft uiteindelijk hieraan. 
Hieruit kan worden afgeleid dat relatief veel patiënten met een tumor stadium II geen 
aanvullende chemotherapie nodig heeft en daarmee de bijwerkingen hiervan ook niet 
hoeft te ondervinden. Tegelijkertijd bestaat er echter ook een groep patiënten bij wie 
na een operatie toch tumor progressie zal optreden. Deze patiënten hebben dus wel 
aanvullende chemotherapie nodig. Juist hierdoor is het belangrijk om deze kleine groep 
patiënten met een slechte prognose, oftewel de hoog-risico patiënten, te kunnen iden-
tificeren zodat zij adequaat worden behandeld met chemotherapie. Op basis van welke 
criteria een stadium II CRC patiënt als een hoog-risico patiënt wordt geïdentificeerd 
beschrijven we in hoofdstuk 1. In hoofdstuk 3 hebben we een andere methode ontwik-
keld om stadium II CRC patiënten met slechte prognose te kunnen identificeren. 
 
In verschillende tumoren is het aangetoond dat binnen een tumor niet alle cellen gelijk 
zijn. Er bestaat namelijk een hiërarchie tussen de tumorcellen, waarbij aan de top van 
deze hiërarchie zich de kankerstamcellen bevinden. Slechts een zeer klein percentage van 
de tumor bestaat uit kankerstamcellen. Deze cellen vormen de drijvende kracht achter 
een tumor. Bovendien zijn deze kankerstamcellen in staat chemotherapie te doorstaan. 
Het is dus mogelijk dat tumor cellen die niet tot de kankerstamcellen behoren wel 
afsterven tijdens een chemokuur, maar de kankerstamcellen de chemotherapie overleven.  
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Dit kan leiden tot een schijnbeeld waarbij de tumor op een scan verdwenen lijkt te 
zijn, terwijl de tumor drijvende kankerstamcellen nog aanwezig zijn. Deze cellen 
kunnen gaan delen, waardoor het voorkomt dat een tumor jaren na chemotherapie 
weer kan opduiken. Om een patiënt de kans te geven volledig te genezen is het daarom 
belangrijk deze chemotherapie-resistente cellen te doden. Dit proefschrift heeft dan 
ook als doel het onderzoeken of kankerstamcellen hergroei in CRC kan verklaren en 
het identificeren van nieuwe behandelingsopties waarmee chemotherapie-resistente 
kankerstamcellen zo efficiënt mogelijk worden vernietigd. 
Hoofdstuk 1 vormt een algemene inleiding voor deze thesis. Hierin wordt het 
ontstaan en de progressie van CRC besproken. Verder wordt de huidige therapie voor 
CRC patiënten besproken.
Hoofdstuk 2 is een samenvatting van de huidige literatuur over de rol van kanker-
stamcellen in therapie resistentie. 
In hoofdstuk 3 tonen we aan dat methylatie van een set van vijf genen prognostische 
waarde heeft in CRC. Methylatie is het toevoegen van een methylgroep op het DNA 
waardoor het afschrijven van het DNA, dit is de transcriptie, geremd kan worden. 
In dit hoofdstuk laten we zien dat de expressie van een aantal genen door middel 
van methylatie geremd is in stadium II patiënten die slechte prognose hebben. De 
methylatie van een set van genen kan dus helpen te voorspellen of de tumor terug-
keert na een succesvolle operatie in stadium II CRC patiënten. Daarnaast hebben 
we in hoofdstuk 3 ook laten zien dat methylatie remmende medicijnen tumor-
groei in muizen kunnen remmen. Dus hoofdstuk 3 laat zien dat methylatie van een 
set van genen kan voorspellen welke patiënten tumor hergroei zullen krijgen.     
In hoofdstuk 4 hebben we bestudeerd of het aanpakken van het apoptose pathway 
voldoende is voor het doden van kankerstamcellen. Signalen die celdood induc-
eren, zoals bij chemotherapie, laten celdood signalen doen toenemen of overleving-
ssignalen afnemen. Als er veel celdood signalen zijn dan kan er lekkage optreden 
vanuit de mitochondria. Hierna zal caspase-9 geactiveerd worden en uiteindelijk 
leiden tot celdood. Om direct te bestuderen of kankerstamcellen gedood kunnen 
worden door activatie van caspases hebben we gebruik gemaakt van een artificiële 
methode om caspase-9 te activeren in kankerstamcellen. Het activeren van caspase-9 
in kankerstamcellen induceert celdood en hierdoor tumorregressie in muismodellen.  
Hoofdstuk 4 laat daarom zien dat het activeren van het caspase-systeem kanker-
stamcellen kan doden en daarom een interessant middel is om verder te onderzoeken. 
Chemotherapie resistentie van kankerstamcellen hebben we in hoofdstuk 5 bestu-
deerd. Om celdood in kankerstemcellen te meten hebben we eerst een laborato-
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riumtechniek ontwikkeld waarbij we tegelijkertijd in één assay celdood in zowel 
kankerstamcellen als in niet-kankerstamcellen kunnen meten. Hierbij zagen wij dat 
kankerstamcellen veel resistenter zijn voor verschillende soorten chemotherapie in 
vergelijking met de niet-kankerstamcellen (gedifferentieerde cellen). De onderliggende 
reden van therapieresistentie blijkt een hoge apoptotische drempel te zijn, wat bepaald 
wordt door pro- en anti-apoptotische signalen. Anti-apoptotische BCL2 eiwitten zijn 
belangrijke overlevingssignalen in een cel. Na behandelen met medicijnen die anti-
apoptotische BCL2 eiwitten remmen, zagen we dat kankerstamcellen afhankelijk zijn 
van de BCLXL eiwit voor chemotherapie resistentie. Dus remming van BCLXL bleek 
voldoende te zijn om kankerstamcellen in CRC gevoelig te maken voor chemotherapie.
De rol van de micro-omgeving van CRC tumoren wordt besproken in hoofdstuk 6. 
In CRC zijn tumorcellen omgeven door stromale fibroblasten. Fibroblasten scheiden 
verschillende factoren uit waarmee niet-kankerstamcellen kunnen veranderen in kanker-
stamcellen. Deze nieuw-gevormde kankerstamcellen kunnen chemotherapie resistent 
zijn. Ook deze omgevings-geïnduceerde resistentie kan verbroken worden door BCLXL 
te remmen. Dit laat dus zien dat fibroblasten chemotherapie gevoelige niet-kanker-
stamcellen kunnen veranderen in chemotherapie ongevoelige kankerstamcellen en dat 
BCLXL ook belangrijk is voor chemotherapie resistentie in deze nieuwe kankerstamcellen.  
Hoofdstuk 7 beschrijft de zoektocht naar remmers die kankerstamcellen gevoe-
liger maken voor chemotherapie. Van alle medicijnen die we hebben getest gaven 
histon deacetylase (HDAC) remmers de meest prominente sensitisatie ten op 
zichte van behandeling met alleen chemotherapie. HDAC remming resulteert in de 
toename van acetylatie van onder andere histonen waardoor DNA compacter wordt 
gemaakt en er meer transcriptie mogelijk is. We zagen dat HDAC remmers kanker-
stamcellen veranderen in niet-kankerstamcellen en daarbij de cellen gevoelig maken 
voor chemotherapie. Remming van HDACs eiwitten zorgt door het veranderen 
van kankerstamcellen voor het verlaging van apoptotische drempel, waardoor deze 
chemotherapie resistente cellen wel doodgaan na chemotherapie behandeling.   
In hoofdstuk 8 bekijken we uiteindelijk een andere manier van sensitisatie 
en dat is het effect van inductie van stress op het endoplasmastisch reticulum, 
ofwel ER-stress, op kankerstamcellen in CRC. Het was eerder beschreven dat het 
induceren van ER-stress stamcellen van normaal darmweefsel kan doen differen-
tiëren. In onze studies hebben we twee bekende ER-stress inducerende reagentia 
gebruikt namelijk een bacteriële toxine SubAb en Salubrinal. Hiermee hebben 
we ER-stress geïnduceerd in kankerstamcellen en zagen we dat kankerstamcellen 
veranderden in niet-kankerstamcellen. Wat nog belangrijker is, is dat differentiatie 
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gepaard ging met de toename van de gevoeligheid voor chemotherapie van kanker-
stamcellen in celkweekmodellen maar ook in een tumor model in muizen.   
In hoofdstuk 9 hebben we onze bevindingen in het perspectief van andere onder-
zoeken naar prognostische testen geplaatst. Ook hebben we besproken wat het mech-
anisme van de verhoogde apoptotische drempel in kankerstamcellen zou kunnen zijn 
en wat de beperkingen kunnen zijn van een therapie die kankerstamcellen differen-
tieert. 
Samenvattend, dit proefschrift geeft nieuwe inzichten in de predictie van de prog-
nose van stadium II CRC tumoren en in de rol van CRC kankerstamcellen in chemo-
therapie resistentie. Daarnaast laat deze thesis verschillende manieren zien hoe chem-
otherapie-resistente kankerstamcellen aangepakt kunnen worden. Modulatie van de 
apoptotische pathway met BCL2-remmers of differentiëren van kankerstamcellen zijn 
interessante wijzen waarmee kankerstamcellen gevoeliger worden voor chemother-
apie en het effect van therapie in patiënten met CRC te verbeteren. 
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