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Abstract

The Wnt signalling pathway was originally uncovered as one of the prototype 
developmental signalling cascades in invertebrates as well as in vertebrates. The first 
indication that Wnt signalling also plays a role in the adult animal came from the study of 
the intestine of Tcf-4 (Tcf7L2) knockout mice. The gastrointestinal epithelium continuously 
self-renews over the lifetime of an organism and is –in fact- the most rapidly self-renewing 
tissue of the mammalian body. Recent studies indicate that Wnt signalling plays a central 
role in the biology of gastrointestinal stem cells. Furthermore, mutational activation of 
the Wnt cascade is the principle cause of colon cancer.

The stomach
The human stomach consists of the corpus and the pyloric-antrum (figure1A), segments 
with discrete functional properties 1. Hydrochloric acid and zymogens are secreted in the 
corpus, whereas cells in the pyloric-antrum mainly secrete mucus and gastric hormones. 
Like the intestine, the gastric epithelium has a glandular structure and is constantly renewed 
by progeny of stem cells. Tubular-shaped mucosal invaginations called gastric units consist 
of a pit and gland region, where the gland can be further subdivided into the isthmus, neck 
and base. Each pit branches into a number of glands. The composition of the gastric units 
differs between the corpus and the pyloric-antrum. 
The corpus has short pits and long glands (figure 1D), which contain a variety of surface 
mucous cells, parietal cells secreting acid and intrinsic factor, chief cells with zymogen 
granules, and hormone secreting endocrine cells 2. Glands of the pyloric-antrum are short and 
feed into a long pit (figure 1C). Pyloric units mainly consist of mucous cells, enteroendocrine 
cells and occasional acid secreting cells 3. In the corpus, mucus secreting cells migrate from 
the gland to the surface epithelium, where they live for about 3 days. Parietal cells live for 
about 2 months and migrate bidirectional towards the surface and the base of the gland. 
Chief cells migrate to the base of the gland and live for about 6 months 4-6. 
There is one major difference between the human and mouse stomach, i.e. the presence 
of a forestomach in the latter. The rodent forestomach epithelium resembles that of the 
oesophagus or the epidermis of the skin, i.e. it is a keratinizing stratified epithelium. 

The intestine
The intestinal wall consists of three main layers. The outer layer contains smooth muscle 
cells responsible for peristaltic movement of the stool towards the anus 7. The middle layer 
of connective tissue, the stroma, holds many nerves and lymphatic vessels whereas the inner 
layer is made up of a simple epithelium, i.e. a one-cell layer epithelial sheet. Anatomically 
and functionally, the intestinal tract consists of the small intestine (duodenum, jejunum and 
ileum) and the colon. The small intestine is mainly dedicated to nutrient absorption, while 
the colon mainly functions to resorb water. This functional difference is reflected by the 
structure and composition of the epithelium. The small intestinal epithelium is organised 
in a glandular structure with crypts and finger-like structures called villi that maximize 
the exchange surface. Villi are composed of a mixture of differentiated cells; absorptive 
enterocytes, mucus-secreting goblet cells, hormone-producing enteroendocrine cells, 
secretory tuft cells 8 and cup cells with unknown function 9. The colon contains crypts, but 
has a flat surface epithelium rather than villi. 
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Figure 1. Anatomy of the human and mouse stomach  
(A) Human stomach. (B) Mouse stomach. (C) Gastric unit of the pyloric-antrum. (D) 
Gastric unit of the corpus.
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In accordance with their function, absorptive enterocytes are most abundant in the proximal 
small intestine, whereas mucus secreting goblet cells are most abundant in the distal part 
of the small intestine and colon, reflecting the need for lubrication after water resorption 
from the stool. 
All epithelial cells derive from progenitor cells in the proliferative crypts. A mouse intestine 
contains about a million crypts, each of which generates approximately 300 new cells per 
crypt per day 10. The driving force behind this renewal are the intestinal stem cells which 
are located at the crypt base and divide on average once per day 11,12. They give rise to a 
pool of transit-amplifying cells which divide every 12-16 hrs, gradually migrate upward and 
differentiate to fuel the villi with mature functional cells. Being pushed up by the newly 
generated cells, these cells keep migrating to the tops of the villi, where they eventually 
undergo apoptosis and are shed into the lumen. Paneth cells of the small intestine do not 
follow this migration pattern. They remain at the bottom of the crypt where they reside 
for 6-8 weeks and classically are believed to regulate the local microbial environment by 
secreting antimicrobial peptides and lysozyme 13-15.

Wnt signalling constitutes the major driving force behind homeostatic self-renewal of 
the crypt
The Wnt signalling pathway was originally uncovered as one of the prototype developmental 
signalling cascades in invertebrates as well as vertebrates 16. The first indication that Wnt 
signalling also plays a role in the adult came from the study of Tcf-4 (Tcf7L2) knockout mice 
17. At birth, Tcf7L2 -/- mice lack proliferative stem cells in the prospective crypt regions 
(‘intervillus pockets’) between villi. Subsequent studies documented similar roles for Wnt 
signalling in other adult stem cell compartments, such as the skin and bone marrow 18. 
Later it was shown that loss of Wnt signalling by genetic deletion of β-catenin 19 or through 
inhibition of Wnt receptors by recombinant Dkk1 20,21 resulted in complete ablation of 
intestinal crypts in the adult mouse. A complete inventory of the expression of Wnt receptors 
and ligands in the murine intestine is given in 22.
Wnt signals affect cell fate determination in the small intestine. In addition to proliferative 
defects, Tcf7L2 -/- mice lack enteroendocrine cells 17 whereas inhibition of Wnt by Dkk1 
results in loss of secretory lineages 21. A more recent study found that Wnt is necessary for 
development of early secretory progenitors, but not required for the differentiation and 
maturation of enteroendocrine precursors 23. Paneth cells at the base of the crypt receive 
abundant Wnt signals, have high levels of nuclear β-catenin but do not proliferate. Rather, 
these post-mitotic cells utilize Wnt signals for their terminal differentiation 24,25. This is at 
least in part mediated through the Wnt target gene Sox9. Conditional knockout of this 
transcription factor resulted in a loss of Paneth cells, increased cell proliferation in the crypts 
and an increased number of cells expressing c-Myc 26,27.
Nuclear β-catenin is highest in cells at the base of the crypt 28,29, implying that a Wnt gradient 
exists along the crypt axis. Indeed, gene expression analysis of horizontally dissected human 
colon samples showed the highest expression of the Wnt target program in the base of the 
crypts and a gradual decrease towards the top 30. The Wnt gradient is believed to control 
the spatial organisation of the epithelium. For example, EphB2 and B3, well-known sorting 
receptors, are Wnt target genes. Their expression follows the Wnt gradient, i.e. they are 
highest at the crypt bottom. Their ligands, e.g. EphrinB1, are expressed in an opposite 
fashion, i.e. highest on the villi. 
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Repulsive forces between EphB receptors and Ephrin ligands position cells along the crypt-
villus axis. This is particularly evident for Paneth cells that uniquely express EphB3. In EphB3 
mutant mice, Paneth cells do not occupy the crypt bottom but are scattered along the crypt-
villus axis 31.

Activating mutations in the Wnt pathway cause intestinal cancer
Abnormal Wnt signalling has been associated with cancer in many tissues 18. In the majority 
of sporadic colorectal cancers the adenomatous polyposis coli (APC) gene is mutated 32. 
Colorectal cancers without APC mutations often have Axin2 mutations 33 or activating 
point mutations in the destruction motif of β-catenin 34. The APC gene was identified to 
be mutated in Familial Adenomatous Polyposis (FAP) patients 35,36. These patients have one 
defective APC allele and develop colon polyps by loss of heterozygosity (LOH). Polyps are 
benign but may progress into malignant adenocarcinoma over time by sustaining additional 
mutations. Loss of APC leads to inappropriate stabilization of β-catenin 37,38. Overactive Wnt 
signalling is one of the key events in polyp initiation 39, but additional mutations are required 
to progress into adenocarcinoma. Later stages of tumour progression mainly depend on 
activation of RAS or inactivation of P53, SMAD4 and PTEN 40-43. 
Several mouse models exist for FAP. Of note, mice develop polyps predominantly in the 
small intestine whereas FAP patients mainly have polyps in colon. The first mouse model 
for FAP (‘multiple intestinal neoplasia’ or min) was isolated after random mutagenesis 44. 
These mice harbour a mutation in the Apc gene; therefore the strain was called Apcmin 
45. Since then, several Apc mutations have been generated by gene targeting techniques, 
e.g. ApcΔ716, ApcΔ1638, and the hypomorphic alleles ApcneoR and ApcneoF 46-48. These mice all 
develop adenomas after LOH, but polyp numbers and the location of eventual tumours 
are different. Conditional deletion of both copies of a conditional floxed Apc allele in adult 
animals converted the entire epithelium into ‘crypt-progenitor like’ cells within days 49, a 
phenomenon dependent on an intact cMyc allele 50.  In mice with truncated Apc proteins, 
β-catenin/TCF transcriptional activity inversely correlated with Apc levels. The extent of Wnt 
activation turned out to be the major factor determining the number of polyps. 
Analysis of LOH and point mutations in adenomas from colorectal cancer patients provided 
insight in the diversity of APC mutations 51. The APC protein has seven 20-amino-acid 
repeats that are involved in the downregulation of β-catenin. The analysis showed that 
there is selection for APC genotypes that have one or two repeats left. Based on these 
findings it was proposed that there is a level of Wnt activity which is ‘just-right’ for tumour 
formation. Such a quantitative nature of Wnt signalling was also described in embryonic 
development 52.From these studies, it was suggested that benign transformation of APC-
mutant epithelial cells involves the constitutive expression of a genetic program that is 
normally involved in self-renewal of crypt (stem) cells. Initial studies pointed to cMyc and 
CyclinD1 as pivotal players in the transforming Wnt target gene program in colorectal cancer 
53,54. When microarraying became available, the ‘global’ genetic program that is controlled by 
β-catenin/TCF in colorectal cancer cells was indeed found to resemble the genetic program 
of the proliferative compartment of the intestinal crypt 29,55,56.

Intestinal stem cells
The existence of a self-renewing, multipotent stem cell population in adult crypts was first 
demonstrated by tracking randomly introduced, somatic mutations 57,58. Clones of cells marked 
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by these sporadic mutations were long-lived and contained all of the different epithelial cell 
lineages, indicating a common progenitor. Tracking of spontaneous mitochondrial mutations 
revealed the presence of multiple multipotent cells in adult crypts 59. Today, it is generally 
accepted that stem cells reside at the base of the crypt, however, there has been much 
debate about the exact location of the stem cells. Cells located at the so-called +4 position 
between the Paneth cells and the transit amplifying cells were first claimed to be the stem 
cells. Support for the +4 cell came from studies based on radiosensitivity and label retention 
of these cells 60. Several markers, including Bmi1, mTert and Hopx, have been proposed to 
mark the +4 cell 61-63. Small cycling cells intermingled between the Paneth cells, so-called 
crypt base columnar (CBC) cells, were proposed as alternative stem cells 64. Later marking 
studies also hinted at the CBC cells as being the stem cells 57,65.
By definition, a stem cell can renew itself and give rise to all the specialised progeny within 
a given tissue. Two approaches can test this: transplantation of sorted, candidate stem cells 
into recipient animals, or lineage tracing by genetic marking. The latter approach has been 
successfully used in identifying Wnt-dependent stem cells in the intestinal tract. In order 
to perform lineage tracing, a candidate gene must be identified that –on its own- marks 
a putative stem cell. By transgenesis or gene-targeting technology, mice can be generated 
that express an inducible recombinase such as the tamoxifen-inducible CreERT2 66 under the 
control of the regulatory elements of the candidate gene.
The first study addressing the existence of intestinal stem cells by lineage tracing used the 
gene encoding the leucine-rich repeat containing G-protein receptor Lgr5 (Gpr49). The 
global elucidation of the Wnt-driven genomic program was key to the identification of Lgr5 
and the subsequent confirmation of CBC cells being ISCs 11,29. Since Wnt is the driving force 
behind proliferation in the crypt, multiple individual Wnt target genes were analysed in 
order to identify potential stem cell specific genes. 
Whereas most target genes were expressed throughout the crypt, a small set of genes had 
a more restricted expression 56. One of these genes, Lgr5, was exclusively expressed in the 
small cycling CBC cells. With the first molecular marker for CBC cells in hand, several studies 
were done to test the stem cell potential of these cells. First, a LacZ (Lgr5LacZ) and a EGFP 
(Lgr5EGFP-IRES-CreERT2) knock-in were generated to confirm Lgr5 expression in the CBC cells. Then, 
Lgr5EGFP-IRES-CreERT2 mice were crossed with a CRE-activatable Rosa26LacZ reporter mouse strain 
to be able to mark Lgr5 positive cells and follow their offspring (figure 2A-C). Lgr5 positive 
cells were shown to generate all different cell types (figure 2D-E) of the intestinal epithelium 
for the lifetime of the mouse. The tracings confirmed the CBC stem cell zone model originally 
proposed by Bjerknes and Cheng 67. 
Sorting and gene expression analysis of Lgr5-EGFP cells revealed that these stem cells 
express several additional Wnt target genes such as Olfm4 and Ascl2 68,69. The transcription 
factor Ascl2 is of particular interest as it appears to function as the master regulator of 
the intestinal stem cell 69. Culture conditions were subsequently developed that allow the 
outgrowth of a single small intestinal Lgr5 stem cell to form ever-expanding, self-organizing 
‘mini-guts’, closely resembling the normal gut epithelium 70. This 3-dimensional organoid 
culture system is based on EGF and on Rspondin1, a secreted Wnt agonist previously shown 
to induce crypt hyperplasia in vivo 71. Using this organoid technology it was shown that 
Paneth cells, which are intermingled with Lgr5 stem cells at crypt bottoms, constitute at 
least part of the crypt stem cell niche: they produce the essential stem cell growth factors 
EGF and Wnt3 and carry the Notch ligands Dll1 and Dll4 72. 
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Figure 2. Lgr5 positive CBC cells give rise to all epithelial lineages 
(A) Low dose of tamoxifen activates Cre recombinase sporadically in crypt cells. (B) 
Multiple daughter cells are labelled 2 days after induction. (C) Induced Lgr5 positive cells 
generate labelled ‘ribbons’ containing all different cell types of the intestinal epithelium 
for the lifetime of the mouse. (D) Architecture of small intestinal crypt with the Wnt 
gradient depicted in red. (E) Schematic overview of the generation of different cell 
lineages from Lgr5+ve CBC stem cells.
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Recently, it was reported that hepatocyte growth factor, secreted by stromal myofibroblasts, 
can enhance β-catenin-dependent transcription and maintain stem cell properties 73.
The Lgr5 stem cells display some unexpected characteristics. Lineage tracing of stem cells 
using a multicolour reporter showed that they divide symmetrically and compete for 
essential niche signals (i.e. direct contact with Paneth cells) to maintain stemness 72,74. ISCs 
which lose contact with Paneth cells lose stemness and differentiate into transit amplifying 
cells. Paneth cell numbers remain constant under normal homeostasis, but it is currently 
unknown how this is regulated. Lgr5 stem cells are never quiescent: they have telomerase 
activity, which allows them to complete ~1000 cell divisions in the lifetime of a mouse 75. 
Many other potential stem cell markers have been reported, though most are only supported 
by positional information (reviewed in 76). 
Yet, lineage tracing studies involving CD133 77 and Sox9 78, two genes that mark broader 
populations in the crypt including CBC cells, have confirmed the Lgr5-based findings. In 
addition, Bmi1 61,79 and Hopx 62, both proposed +4 markers, have been used to trace all 
cell types in the crypt. Interestingly, Bmi1+/Lgr5- cells were shown to be able to rescue the 
intestinal epithelium after deletion of Lgr5+ stem cells 79.  Single molecule transcript counting 
has revealed that Bmi1 expression is co-expressed in CBC cells at lower crypt positions and 
is nearly constant throughout the crypt axis 80. Until now the nature of the Bmi1+/Lgr5- cells 
remains unclear.

Gastric stem cells
At birth, gastric units are polyclonal but they become monoclonal during adulthood 
81. Gastric self-renewal is driven by gastric stem cells 82 and as in the small 
intestine there is some discrepancy about the exact location of the stem cells. 
In 1948, studies using incorporation of labelled nucleotides suggested that renewal of 
gastric cells was driven by one or a few cells in the isthmus of both the corpus and the 
pyloric-antrum 83. 
The first evidence for multipotent stem cells in stomach epithelium came from ‘inverse 
tracing’ with transgenic ROSA26LacZ mice. Chemical random mutagenesis resulted in loss 
of ubiquitous transgene expression at low frequency. LacZ negative clones were found 
containing all four gastric cell lineages 57. This indicated the existence of a multipotent 
progenitor/stem cell. Clones consisting of only one lineage were still present 48 weeks 
after mutagenesis, indicating the presence of long-lived monopotent progenitors. Since the 
mutations occurred in random cells, the identity of the stem cell could not be determined. 
Study of inheritance patterns of random mitochondrial mutations revealed that each gastric 
unit contains more than one multipotent adult stem cell 84.
These findings position proliferating stem cells in the isthmus, where their direct progeny 
differentiates and migrates up and down towards the pit and the gland. While this model 
is still considered valid for the corpus, new evidence using Lgr5 lineage tracing places 
multipotent stem cells at the bottom of the gastric units of the pyloric-antrum 85. Using the 
same strategies as for the intestine, it was shown that Lgr5 marks 3-4 cells at the bottom 
of pyloric gastric units. No Lgr5 expression was found in the isthmus. Lineage tracing with 
Lgr5EGFP-IRES-CreERT2/Rosa26LacZ mice demonstrated that Lgr5 cells in the stomach are cycling and 
give rise to all the gastric cell lineages. 
Examination of the ultrastructure of Lgr5 cells by electron microscopy showed a large 
centrally located nucleus, limited basal rough ER, apical microvilli and no secretory granules. 
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Expression profile analysis comparing cells with high Lgr5 expression (Lgr5hi) with their 
assumed daughter cells (Lgr5lo) showed an enrichment of Wnt target genes. 
Culture conditions were developed under which the Lgr5 cells were able to form and maintain 
in vitro gastric organoids. The ‘mini-stomachs’ were grown under similar conditions as the 
previously described intestinal organoids 70, but had an additional dependence on Wnt3a 
for growth and required FGF10 for budding into multiunit structures. The gastric organoids 
expressed Lgr5 and several gastric epithelial markers, however no pit or enteroendocrine 
cells were observed. Differentiation towards these cell lineages did occur after reduction of 
the Wnt3a concentration 85. 
Work with a villin transgenic mouse has revealed an independent stem cell population: rare 
progenitor cells at or just below the isthmus and in the base of antral glands 86. These cells 
were shown to be quiescent under normal homeostatic conditions, but were able to divide 
upon stimulation with the cytokine interferon gamma. The reactivation subsequently gave 
rise to all lineages of antral glands. The fact that all gastric cells, including the quiescent stem 
cells in isthmus are derived from Lgr5 positive cells 85, suggests that stem cells may switch 
between a cycling Lgr5-positive state and a quiescent Lgr5-negative state. 

The cell-of-origin of intestinal cancer
Tumours are thought to originate from a single cell. Two concepts were proposed for the 
origin and migration of tumour cells in the intestine; the ‘top-down’ and the ‘bottom-up’ 
model. The initiation of cancer could be caused by reprogramming of early progenitors 
or even more differentiated cells which migrate top-down. The ‘late progenitor’ cell of 
origin of cancer was suggested based on the presence of dysplastic cells at the luminal 
surface which carried mutations in Apc while crypt cells were normal 87. Due to the rapid 
turnover of the intestine, a mutated transit amplifying or villus cell would have little time 
to form a tumour. However, positional cues like the expression of EphB2 are lost in many 
adenocarcinomas 88 and it has been shown that mutations in Apc can block progression along 
the crypt-villus axis 49. It was shown that cancer can originate from mutations in short-lived 
progenitors, but that this happens very infrequently and such adenomas develop slowly 89.  

The bottom-up model defines stem cells as the cell of origin. Apc deletion in Lgr5, CD133 or 
Bmi1 positive cells in the base of the crypt indeed resulted in efficient and fast generation 
of adenomas 61,77,89. The notion that stem cells may play a role in carcinogenesis is supported 
by the properties attributed to stem cells and cancer (initiating) cells. Both are thought to 
be able to self-renew and give rise to more differentiated daughters, have active telomerase 
and be resistant to apoptosis 90. Within established adenomas or colorectal carcinomas, 
cells may reside that display stem cell-like properties, so called cancer stem cells (CSCs). 
Several markers have been used to isolate potential cancer stem cells and test their 
tumorigenic potential in xenograft assays 91-93. Cells sorted based on CD133 or a combination 
of epithelial cell adhesion molecule (EpCAM) and CD44 were able to reproduce tumours in 
immunodeficient mice upon serial transplantation. Interestingly, CD133 and CD44 are also 
expressed in the proliferative compartment of crypts 94,95. 
Genetic profiling of Ephb2 and Lgr5 expressing cells in the crypt revealed a gene signature 
specific for ISCs 11,96. A large part of the ISC-specific program was overexpressed in colorectal 
cancer samples. Furthermore, the ISC program was enriched in aggressive, poorly 
differentiated colorectal cancers compared to more benign well-differentiated cancers. 
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Although proliferative genes were enriched in all tumour cells, ISC-specific genes marked 
only a subset of tumour cells 96. Heterogeneity in tumours is also reflected by the fact that 
not all tumour cells have high nuclear β-catenin 97. Mainly cells migrating into neighbouring 
stromal tissues and cells located at the invasive front show high nuclear β-catenin staining. 
Since the tumours were derived from Apc deficient cells with constitutively high Wnt 
signalling, Apc independent β-catenin downregulating mechanisms may be present within 
tumours. Cells with the highest Wnt activity were found to define the colon cancer stem 
cells 73. In addition, it was shown that certain CSC properties can be gained or lost depending 
on the microenvironment. High Wnt activity was preferentially found in cells close to 
myofibroblasts in xenografts and co-culture of colorectal cancers with colon myofibroblasts 
or addition of conditioned medium from these cells markedly increased clonogenicity. These 
results suggest that stemness of colorectal cancer cells is a dynamic process which can be 
influenced by external factors. Genetic instability in tumours can further modify CSCs and 
make it difficult to find markers of a targetable pool of cells with stem cell potential 98-100.
Mutations in APC, Axin and β-catenin are also present in gastric cancer 101-103. Gastric cancer 
patients show accumulation of nuclear β-catenin and abnormal methylation of Wnt pathway 
genes 104-106. ApcMin mice develop tumours in the stomach 107 and APC germline mutations 
in humans give a 10 times higher risk of gastric cancer 108. High Wnt signalling cooperates 
with inflammatory signalling pathways to contribute to gastric tumour development 109. 
For example, Helicobacter infection would lead to TNF-alpha expression in macrophages, 
which in turn stimulates surrounding cells to promote Wnt signalling 110. Apc deletion in Lgr5 
positive cells in the stomach leads to efficient tumour formation, suggesting gastric stem 
cells to be the cells-of-origin of gastric cancer 85. 

Lgr receptors mediate R-spondin signalling
The fact that Lgr5 marks stem cells in multiple tissues 76 raises interest in its function. The 
study of the role of the Lgr5 receptor has been complicated by the lack of a known natural 
ligand. Lgr5 belongs to a family of serpentine receptors that are defined by the presence of 
a large extracellular, ligand-binding domain. Lgr1, -2 and -3 represent the G-protein-coupled 
receptors for the hormones LH, FSH and TSH. Lgr7 and -8 are receptors for insulin-like 
molecules such as Relaxin (Reviewed in 111). Lgr4, -5 and -6 comprise a subfamily within this 
group of receptors. The proposed fly orthologue of this subfamily, dLgr2, is the receptor for 
Bursicon 112. Since the two cysteine-knot-containing subunits of Bursicon are orthologous to 
vertebrate bone morphogenetic protein antagonists, it was long thought that the ligand for 
the mammalian Lgr4/5/6 receptors could be found within this family of secreted molecules. 
Lgr5 null mice die within one day after birth due to defects caused by fusion of the tongue 
to the floor of the mouth 113. It has been reported that Lgr5 null neonatal mice exhibit 
premature Paneth cell differentiation 114. However, conditional deletion of Lgr5 in the 
intestine does not result in a clear crypt phenotype 115. In the intestinal crypt, Lgr5 is co-
expressed with Lgr4, which has a broader expression pattern throughout the proliferative 
compartment. Conditional deletion of Lgr4 results in loss of proliferating cells in the crypt 
and eventual disappearance of many crypts 115. Additional deletion of Lgr5 enhances this 
phenotype. Microarrying revealed the loss of a Wnt target gene program, implying that Lgr4 
and Lgr5 act agonistically in the Wnt pathway. In a separate study of a hypomorphic Lgr4 
mutant mouse, crypt proliferation was moderately affected, but intestinal organoids could 
not be grown unless the Wnt pathway was activated by the GSK3-inhibitor Lithium 116. 
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R-spondins are small secreted proteins that have been associated with β-catenin signalling 
previously. Yet, there has not been a consensus on their mechanism of action. Functionally, 
R-spondins were shown to activate β-catenin signalling 71,117,118 and transgenic overexpression 
of R-spondin1 or injection of recombinant R-spondin protein results in dramatic crypt 
expansion 71. In disease models, R-spondin1 accelerates regeneration of the intestine after 
irradiation 119,120. Reduction of R-spondin2 protein did not affect Lithium induced β-catenin 
activity in Xenopus 117, indicating that R-spondin functions upstream of the destruction 
complex. 
Two independent studies have shown that all four R-spondin proteins can bind to the 
leucine-rich domains of Lgr4, Lgr5 and Lgr6 115,121. Moreover, de Lau et al 115 found that the 
Lgr proteins reside as facultative components within Frizzled/Lrp5-6 complexes. Removal 
of endogenous Lgr4 was found to abolish the enhancing effect of R-spondin1 but did not 
inhibit the stimulating effect of Wnt3a 115,121. Furthermore, the enhancing effect could be 
rescued with an Lgr5 construct with a mutated ‘DRY’ domain 115, which is supposed to be 
essential for G protein coupling 122. Carmon et al also reported that G protein signalling was 
not activated upon Lgr5 engagement by Rspondin1 121. 
Taken together, the Lgr5-related stem cell markers act as receptors for R-spondins. Upon 
R-spondin/Lgr5 interaction, the association of Lgr5 with the Frizzled complex subsequently 
allows the activating signal to be funnelled into the canonical Wnt cascade (figure 3). The 
identification of the Lgr proteins as receptors for the R-spondin Wnt agonists fortifies the 
tight link between Wnt signalling and adult stem cell biology. The R-spondin proteins as 
well as the Lgr5 subfamily of receptors appear to be a vertebrate invention. The system 
functions to augment localised Wnt signals. Thus, these molecules allow expansion of small 
localised Wnt-driven stem cell niches into larger structures that include transit amplifying 
compartments. This vertebrate adaptation of the Wnt pathway may have allowed the 
appearance a large body sizes within the animal kingdom.

Figure 3. Schematic representation of the Wnt signalling complex 
(A) The classical complex comprised of Wnt, Frizzled and LRP. (B) New proposed model 
including the Lgr receptor and R-spondin.
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Outline of this thesis

The aim of this thesis is to gain better understanding of intestinal stem cells in normal and 
malignant conditions. In chapter 2 we take our first steps in the characterization of intestinal 
stem cells. We determine that they have telomerase activity but still suffer from telomere 
loss. In addition we pinpoint their cell cycle length and demonstrate that they randomly 
segregate their chromosomes. In order to accurately visualize the chromosome segregations 
we developed a sectioning technique that maintains optimal tissue and cellular morphology 
and allows detection of DNA-intercalating analogs and genetically expressed fluorescence. 
This technique is described in chapter 3 and is also used for imaging in the latter chapters. 

In chapter 4 we re-examine the expression of Bmi1, a proposed marker for a distinct stem 
cell population in the crypt.  We demonstrate that, in contradiction to what was originally 
published, Bmi1 is not predominantly expressed in cells at the +4 position. We show that 
Bmi1 marks cells at all positions in the crypt and villus, including CBCs, transit-amplifying 
cells and even differentiated goblet cells and Paneth cells.

In chapter 5 we investigate the presence of stem cell activity within primary intestinal 
adenomas in mice. We introduce a novel strategy of lineage re-tracing to visualize Lgr5+ 
stem cells and their progeny within adenomas.  We demonstrate that Lgr5+ adenoma cells 
self-renew and give rise to all other adenoma cell types. 

In chapter 6 we examine the potential spread of stem cells with oncogenic mutations. 
We demonstrate that activating oncogenic K-ras in stem cells gives them a competition 
advantage over their wild-type counterparts in the crypt. We further show that K-ras mutant 
cells spread through the epithelium by enhanced crypt fission.

Chapter 7 gives a summarizing discussion of the work presented in this thesis.
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Abstract

Somatic cells have been proposed to be limited in the number of cell divisions they can 
undergo. This is thought to be a mechanism by which stem cells retain their integrity 
preventing disease.  However, we have recently discovered intestinal crypt stem cells 
that persist for the lifetime of a mouse, yet divide every day. We now demonstrate 
biochemically that primary isolated Lgr5+ve stem cells contain significant telomerase  
activity. Telomerase activity rapidly decreases in the undifferentiated progeny of these 
stem cells and is entirely lost in differentiated villus cells. Asymmetric segregation 
of chromosomes has been proposed as a mechanism for stem cells to protect their 
genomes against damage. We determined the average cell cycle length of Lgr5+ve stem 
cells at 21.5 hour and find that Lgr5+ve intestinal stem cells randomly segregate newly  
synthesised DNA strands, opposing the “immortal strand” hypothesis. 

Introduction

The intestinal epithelium provides an attractive system to study adult stem cells. It is the 
fastest self-renewing tissue in mammals with a turnover time of 5 days. It has a simple, 
repetitive architecture of crypts and villi and a defined hierarchical organisation. Epithelial 
renewal is driven by stem cells located near the base of the crypts of Lieberkühn. These 
stem cells divide to fill a Transit Amplifying (TA) compartment. TA cells divide with 
a cell cycle time of 12 hours and go through 4-5 rounds of division after which they  
differentiate into one of several cell types. Enterocytes and goblet cells move up flanks of 
the villi and are eventually shed into the lumen, while Paneth cells settle at the bottom of 
the crypts to live for up to 2 months 1. 

Several stem cell markers have been proposed that either identify cells at position +4, the 
original stem cell proposed by Chris Potten 2,3, or that mark cells that are localized near 
the base of the crypt 4,5. Three years ago, our lab identified Lgr5 as a definitive marker 
of crypt stem cells. Lgr5+ve cells are located between Paneth cells, and had previously 
been named crypt base columnar cells (CBCs) 6,7. Using lineage tracing experiments, we 
have demonstrated that these cells represent genuine stem cells, giving rise to all the 
different epithelial cell types throughout life 4. With the identification of the Lgr5+ve cells 
we were able to demonstrate that the intestinal stem cells do not divide asymmetrically. 
Rather, the 14 Lgr5+ve stem cells of each crypt are maintained by neutral competition 
for Paneth cell surface after the stem cells have divided 8,9. The continuously and  
symmetrically dividing stem cells are dependent on niche signals from the adjacent Paneth 
cells 10 and have equal potential to maintain their stemness after each division. 

Our data suggests that the Lgr5+ve stem cells are not quiescent. Their cell cycle time, 
previously estimated at 1 day 4, implies that they go through 700-1000 divisions in the life-
time of a mouse. This feat is mirrored by the unimpeded expansion that can be accomplished 
in vitro with these cells 11. This unexpected behavior challenges current dogmas and requires 
many logistical adaptations, in particular regarding maintenance of the integrity of the 
genome. Telomeres, highly repeated sequences located at chromosome ends, are believed 
to shorten with each somatic cell division, effectively limiting its lifespan. 
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Telomere shortening is counteracted by telomerase, a RNA-dependent DNA polymerase 
complex. Telomerase activity has been detected in germline cells and embryonic stem 
cells, cancer cells 12 and most human fetal somatic tissues 13,14.  However, in adult tissues 
telomerase activity has only been demonstrated in stem cells of the hair follicle 15 and in 
bone marrow derived haematopoietic stem cells 16. In the intestine, expression of telomerase 
has been published for mouse and human 17,18, although the expression of telomerase as 
identified by a mTert-GFP expressing transgenic was found in only 1 cell of every 157 crypts 
19. In a follow-up paper, Breault and colleagues provide evidence that these rare Tert-GFP+ 
cells represent quiescent stem cells and that actively cycling crypt cells (that include Lgr5+ 
stem cells) do not contain telomerase activity 20. It is not directly clear why a quiescent cell 
would require telomerase activity. Conversely, antibody staining on human tissue located 
telomerase expressing cells in the bottom third of every colonic crypt, though only minor 
telomerase activity was found for whole colon extracts 21.

Another way by which stem cells protect their DNA was suggested to be the so-called 
‘immortal strand’ mechanism 22. During mitosis, stem cells are suggested to retain the “old” 
template DNA strand and transfer the newly synthesized strand to their daughter cells. Such 
label retention and selective chromosome segregation has been reported to occur post-
injury in hypothetical stem cells located at position +4 counting from the small intestinal 
crypt bottom 23. Recently, Nathke and co-workers described the occurrence of symmetric 
and asymmetric label retention in the stem cell compartment of mouse and human intestine 
24. On the other hand, double labelling experiments indicated that haematopoietic stem 
cells and hair follicle stem cells do not asymmetrically segregate their chromosomes 25, 26. 
To address aspects of the logistical challenge of the maintenance of genome integrity in 
the face of a thousand consecutive cell divisions, we have studied telomerase activity and 
asymmetric chromosome segregation in Lgr5 stem cells in small intestinal crypts. 

Results

Telomerase in Lgr5+ve stem cells
In order to study the presence and activity of telomerase in intestinal stem 
cells we isolated Lgr5+ve epithelial cells by FACS from isolated crypts of Lgr5-
EGFP knock-in mice. With our sorting procedure we distinguished three different 
GFP expressing populations (Fig 1B). Previous experiments have shown that 
the GFP-Hi cells are the real stem cells, which can generate ever-expanding  
epithelial organoids with all hallmarks of in vivo epithelial tissue 11. Micro- 
array analysis indicates that the GFP-Hi population represents the stem 
cells and the other two GFP positive populations represent their daughters  
(Muñoz et al, in preparation). The fold change between the populations is shown in Figure 
1E for a selection of genes that mark the different lineages.

The stem cells and their progeny were analysed for the expression of the catalytic component 
of Telomerase Tert by RT-PCR (Fig 2A). We find that the Lgr5+ve populations all contain 
Tert mRNA at levels significantly higher then whole crypt samples. No Tert expression was 
detected in villus cells. To test for telomerase activity, cell extracts were analysed using a 
TRAPeze telomerase detection assay (Fig 2B). 
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This shows that the activity of telomerase diminishes during differentiation. GFP-Hi 
Lgr5+ve stem cells have the highest level of activity, whereas extracts from the GFP-Lo 
population exerted telomerase activity at comparable levels to extracts from isolated crypts. 
Differentiated villus cells did not show telomerase activity anymore. The colorectal cancer 
cell line DLD1 was used as a positive control for telomerase activity 21. 

Stem cell telomeres are shorter in old mice
After showing that Lgr5+ve stem cells contain telomerase activity, we were interested to 
see if this activity is sufficient to maintain the lengths of telomeres in these cells. Previous 
publications have shown that telomeres of epithelial cells in the intestine 27 and in stem cells 
of many other organs 28 shorten over time. Both studies used Q-FISH to quantify telomere 
length, but the epithelium was only separated into crypt and villus fractions 27, or the +4/+5 
position was taken as the stem cell compartment 28. 
We analysed telomere length of sorted Lgr5+ve cells and villi of mice of 5, 30 and 70 weeks old 
by Flow Cytometry. Telomere length is presented relative to the length in DLD1 cells in Figure 3. 

Figure 1. Three different Lgr5-EGFP populations can be distinguished 
A) Isolated EGFP-Lgr5+ crypts. B) FACS isolation of three different Lgr5+ve populations. 
C) Single sorted cells are all GFP positive. D) FACS analysis of wild type intestinal cells. 
E) Gene expression analysis comparing the three sorted GFP populations. Expression of 
stem cell markers is highest in the GFP-Hi population.
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Figure 2. Telomerase activity in stem cells but not in villus cells
A) mTert expression analysed by RT-PCR. Stem cells express higher levels of mTert than 
average crypt or villus cells. Normalised for Lgr5-high stem cells, error bars represent SEM.  
B) Telomerase activity of cell extracts measured by TRAPeze reaction, normalised for the 
telomerase positive control cell line provided with the kit. Extract from the colorectal 
cancer cell line, DLD1, gives high activity. Lgr5-high cells have a higher telomerase 
activity than Lgr5-low cells, whereas villus cells possess no telomerase activity. Error bars 
represent SEM.

Figure 3. Telomeres in stem cells and daughters shorten over time.  
Telomere length is represented relative to telomere length of DLD1. Bars represent 
average values for relative telomere length. Error bars represent SEM.
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The data shows that the telomeres shorten with age also in the Lgr5+ve stem cells. However, 
at any given time point, the telomeres of differentiated villus cells were shorter than the  
telomeres in Lgr5-high stem cells and their immediate daughters. Moreover, the average 
telomere length of Lgr5-low cells was substantially lower than in Lgr5-high cells. 

Determination of the average cell cycle length
In order to determine what other measures the intestinal stem cells use to maintain 
the integrity of their genome we set out to validate the model of the immortal strand 
hypothesis. To do this, first the length of the cell cycle was determined accurately. Mice 
were injected with EdU and sacrificed at different time points after injection (Fig 4A). 
Agarose sections were stained for the mitosis marker phospho-histon H3 (PH3) and 
differential interference contrast was used to show the morphology of the tissue. Since 
there is an almost geometrical distribution of Lgr5+ve stem cells and post-mitotic Paneth 
cells in the base of the crypt 9,10, stem cells were identified as dividing cells adjacent to a 
Paneth cell. A quadruple staining for Lgr5-GFP, PH3, EdU and DAPI is given in figure 4B. 

Cells incorporate EdU label only in S-phase. Therefore, analysis at different time points after 
injection should reveal successive waves of EdU-positive mitotic nuclei. Indeed, such waves 
were observed upon counting the percentage of EdU positive stem cells in mitosis (Fig 4D). 
The lapsed time between the first two peaks was found to be 21.5 hours, representing the 
average cell cycle length of a stem cell. Sequential double labellings were performed with 
EdU and BrdU with a 21.5 hr interval to show that cells in the second wave of mitosis indeed 
re-entered the cell cycle (Fig S1).

Symmetric segregation of EdU label
After determining the cell cycle length, we analysed the stem cell divisions in the second 
round of mitosis after EdU incorporation at 26.5 hours. At this time asymmetric segregation 
of chromatin strands, as proposed by the immortal strand hypothesis, should be visible as 
asymmetric distribution of EdU label. Agarose sections were stained for incorporated EdU 
and the epithelial membrane marker E-cadherin, and counterstained with DAPI (Fig 5A). 

Three colour overlays clearly showed that dividing cells at all positions in the crypt segregate 
their chromatin in a symmetric fashion. The E-cadherin staining proved to be essential to 
ensure that the observed condensed chromosomes indeed belonged to a single dividing cell 
prior to its cytokinesis. A total of 51 mitotic stem cells were identified for which E-cadherin 
staining completely lined the contours of the dividing cell in 3-dimensional reconstruction. 
Nine of these cells are show in Figure 5A-I, and represent divisions in which DNA separation 
is orientated parallel as well as perpendicular to the basement membrane. 

In the 51 dividing cells, no asymmetric segregations of EdU-labelled chromatin and no 
preferential orientation of the plane of division were observed. Although we did not find 
asymmetric segregation of label, the possibility of asymmetric divisions in a minority of cells 
can not formally be excluded. However, based on the 51 counted events, if 1 of the 14 stem 
cells in each crypt of the small intestine would asymmetrically segregate its chromatids, the 
P-value for failing to observe such a scenario is less than 0.025.
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Discussion

Stem cells quiescence is often considered to be a central attribute of adult stem cells, since 
continuous cell divisions may challenge the genomic integrity 29,30. Limiting the number of 
cell divisions would also provide a means to minimize progressive telomere shortening 31. In 
this study, we find that Lgr5+ve stem cells divide on average every 21.5 hour. This continuous 
cycling requires a mechanism to avoid telomere erosion. Indeed, we find that intestinal stem 
cells contain significant telomerase activity and that this activity is gradually lost in their 
progeny. The level of telomerase activity is comparable to the immortal diploid colorectal 
cancer cell line DLD1. This agrees with the finding that telomerase-deficient mice develop 
atrophies in proliferative organs such as the intestinal epithelium in the third generation 32. 

Figure 4. Crypt base columnar cells cycle once every 21.5 hrs
A) Outline of experiment. B) Co-staining of Lgr5-GFP antibodies (green), PH3 antibodies 
(white), which marks cells in mitosis, and incorporated EdU (red) together with DAPI. C) 
Differential interference contrast visualisation of cells in two crypts labelled with PH3 
antibodies (green), which marks cells in mitosis, and incorporated EdU (red). CBCs in 
mitosis can be seen with (arrowhead) or without (arrow) incorporated EdU. D) Graphic 
overview of counted stem cells. Individual data points were obtained from different mice. 
The line connecting the data points (optimal polynomial, R2 = 0.958) shows two peaks, 
representing the first and second wave of mitosis. The difference between the peaks gives 
the average cell cycle length. 

Hrs after EdU injection

%
 o

f s
c’s

 in
 m

ito
sis

 w
ith

 E
dU

0
10
20
30
40
50
60
70
80
90

100

0 4 8 12 16 20 24 28 32

Average cell cycle length

EdU injection

Isolation and �xation of 
small intestine

Construction of 
‘thick’ agarose 

sectionsStaining 
EdU and pH3Imaging

A

B C

Di�erent 
timepoints

D

EdU / PH3 / GFP / DAPI EdU / PH3



34|

However, despite the presence of telomerase activity in stem cells, telomere shortening is 
not completely prevented. Interestingly, the average telomere length of Lgr5-low cells was 
substantially lower than in Lgr5-high cells at all ages. The degree of telomere shortening of 
several kb observed has occurred in only a limited number of cell divisions (4-5). It is unlikely 
that this telomere shortening is merely caused by an end-replication problem. Indeed, the 
possibility of active telomere degradation has been suggested before 28. 

Besides telomere erosion, the acquisition of mutations may pose another challenge in rapid 
cycling cells 22. Selective segregation of chromosomes has been proposed as a mechanism to 
avoid replication induced mutations. Asymmetric distribution of label in label retaining cells 
in the intestine has been suggested but is still under debate 23,24. In our study we do not find 
asymmetric segregation of chromosomes in intestinal stem cells. A possible explanation for 
this disparity could be that no membrane marking was used in previous studies, which makes 
it difficult to discriminate between two dividing neighbouring cells and a single dividing cell.

This study demonstrates that the Lgr5-high cells, which represent the “workhorse” stem 
cells of the small intestinal crypt, actively express telomerase. The Lgr5 crypt stem cells are 
likely the first described somatic cells that will complete many hundreds of cell divisions 
in the lifetime of a mouse, in essence defying the Hayflick limit 33. Against this backdrop, 
it remains mysterious why telomerase-mutant knockout mice only reach “telomere-crisis” 
in the intestinal epithelium in the third generation. It should be noted however, that 
each generation starts “afresh” with the telomere length of germline cells, which will be 
substantially longer than the telomeres of an Lgr5 stem cell after its numerous somatic 
divisions. How exactly stem cells handle the mutational challenge posed by the hundreds 
of cell divisions they go through remains to be determined. Asymmetric segregation of 
chromatids as defined by the “immortal strand” hypothesis does not appear to represent 
the mechanism by which these cells accomplish this feat.

Materials and methods

Lgr5+ve cell sorting
The generation of Lgr5-EGFP mice and isolation of intestinal crypt and villus fractions was 
described earlier 4. Freshly isolated small intestines were incised along their length and 
villi were scraped off. The intestinal tissue was washed in PBS/EDTA (5 mM) for 5 min, and 
subsequently incubated in fresh PBS/EDTA for 30min at 4°C. Vigorous shaking yielded free 
crypts which were incubated in SMEM supplemented with Trypsine (1 mg/ml) and DNase 
(0.8 u/ml) for 30 min at 37°C. After incubation, cells were spun down, resuspended in SMEM 
(Invitrogen) and filtered through a 40 mm mesh. Single GFP-expressing cells were isolated 
using a MoFlo cell sorter (Beckman Coulter). Propidium Iodide was used to exclude dead 
cells.

EdU injection
Adult mice were injected intraperitoneally with 350 μl 3mM EdU solution in PBS.

Confocal analysis
For confocal analysis, intestines were fixed in 4% formaldehyde. After washing the intestines 
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Figure 5. Random segregation of EdU label during stem cell mitosis
A) Three colour overlay of intestinal crypt showing membrane marker E-cadherin (green), 
incorporated EdU label (red) and DNA (blue). A simplified representation of the division is 
given to accentuate the cell that is dividing. B-I) Divisions at multiple positions in the crypt 
all show symmetric segregation of label.
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were embedded in 4% agarose and 175μm sections were prepared using a vibratome. After 
click-it staining for EdU (Click-iT™ EdU Invitrogen), antibody staining for phospho-histone-H3 
(Upstate) or E-cadherin (Transduction laboratories) and counterstain with DAPI (Vector 
vectashield). The sections were analysed by confocal microscopy (Leica SP2 AOBS). 

Telomerase activity 
TRAPeze: standard TRAP reaction was performed with fluorescent probes (TRAPEZE, 
Chemicon) on isolated cells from 100wks old Lgr5-EGFP mice according to manufacturer’s 
instructions. Briefly, sorted cells were lysed in CHAPS lysis buffer. Protein levels were 
measured using the Bradford method, and equal amounts of protein were evaluated. Cell 
extracts were incubated for 30 minutes, adding a varied number of telomeric repeats onto 
the substrate oligonucleotide corresponding to telomerase activity. Positive and negative 
controls were examined simultaneously. PCR amplification was then performed with 
fluorescent probes and fluorescence was measured on a Flexstation2 (Molecular Devices).

Telomere length 
Telomere length was analysed using the Telomere PNA Kit/FITC for Flow Cytometry from 
DAKO, following the manufacturer’s protocol. DLD1 colorectal cancer cells were used as a 
reference. Cells from two mice were pooled before sorting. Three pooled samples of sorted 
cells were analysed for each age group.

RT-PCR primers 
To analyse the expression of Tert mRNA by RT-PCR, the following primers were used
Tert fwd TGGCTTGCTGCTGGACACTC, rev TGAGGCTCGTCTTAATTGAGGTCTG
Actb fwd GCTTCTTTGCAGCTCCTTC, rev GACCAGCGCAGCGATATC

The authors declare that they have no conflict of interest
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Figure S1. Sequential double labelling of stem cells
A. This figure is a reproduction of figure 4D, indicating when EdU and BrdU were injected 
to double label the stem cells. B. Co-staining for Edu (red), Brdu (green) and DAPI. 
Arrows indicate stem cells that incorporated the two uridine analogs at two different 
time points and thus re-entered the cell cycle. Antibody staining for BrdU was done with 
Bu20a (Dako)
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ABSTRACT

In recent years, many mouse models have been developed to mark and trace the fate 
of adult cell populations using fluorescent proteins. High-resolution visualization of such 
fluorescent markers in their physiological setting is thus an important aspect of adult stem 
cell research. Here we describe a protocol to produce sections (150-200 mm) of near-
native tissue with optimal tissue and cellular morphology by avoiding artifacts inherent 
in standard freezing or embedding procedures. The activity of genetically expressed 
fluorescent proteins is maintained, thereby enabling high-resolution three-dimensional 
(3D) reconstructions of fluorescent structures in virtually all types of tissues. The 
procedure allows immunofluorescence labeling of proteins to depths up to 50 mm, as 
well as a chemical “Click-iT” reaction to detect DNA-intercalating analogs such as ethynyl 
deoxyuridine (EdU). Generation of near-native sections ready for imaging analysis takes 
approximately 2-3 h. Postsectioning processes, such as antibody labeling or EdU detection, 
take up to 10 h.

INTRODUCTION

Fluorescent proteins have become the reporter genes of choice since the initial use of 
GFP in Caenorhabditis elegans and transgenic mice1,2. Many new mouse models have 
been developed in which fluorescent proteins are used to analyze promoter function and 
protein expression3-5 and to isolate rare cell types based on their fluorescent activity6-11. 
Furthermore, in the field of developmental biology and stem cell research, tracing cell 
populations by inducible genetic fate mapping has become a widely used tool to analyze 
their developmental potential12, partly based on the availability of a broad variety of 
available fluorescent Cre reporters13-21.

Although technologies for transgenic expression of fluorescent proteins for fate mapping 
are continuously being improved, laboratory techniques for their analysis are often 
traditional, using standard histology techniques, and they often do not capture the full 
potential that the mouse model can offer. For instance, most techniques currently used 
to visualize genetically expressed fluorescent proteins with high resolution are limited to 
two dimensions. In addition, traditional procedures for tissue embedding for microscopy 
analysis often introduce artifacts. For instance, tissues embedded in paraffin lose enzymatic 
and fluorescent activity, whereas freezing tissues for cryosectioning often destroy cellular 
morphology22. Alternatively, intravital imaging offers real-time analysis and is compatible 
with 3D modeling. However, this technique requires extensive expertise and comes at the 
expense of resolution and the possibility to stain for additional markers. 

The two standardized techniques for immunolabeling tissues are paraffin embedding and 
cryosectioning. Paraffin-embedded tissue combined with immunohistochemistry allows 
rapid screening of multiple antibodies on many different organs with the use of a nor mal 
light microscope. Immunofluorescence, on the contrary, allows the combination of many 
different antibody stainings at the same time. With the emergence of fluorescent transgenic 
animal models, cryosectioning is the preferred technique because the fluorescent reporter 
line can be analyzed (with or without additional staining) in a direct manner. 
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Here we present near-native sections as an alter native sectioning technique that not only 
maintains genetically expressed fluorescent reporters, but also maintains optimal tissue 
and cellular morphology that can be visualized using nonconfo cal differential interference 
contrast (DIC). Using the DIC mode alone, many different cell types and structures are easily 
recognized because their specific cellular properties, such as granules, have different optical 
densities. In addition, the relatively thick sections are straightforward for confocal imaging 
at different depths. This facilitates the capture of the optimal imaging plane or the recon-
struction of 3D models.

Here, we provide a step-by-step description of a protocol that we have recently developed 
in our laboratory7,8,20,23-26. It opens up a wide spectrum of possibilities for high-resolution 
imaging of cell populations within tissues, while maintaining optimal tissue morphology 
in 3D. Moreover, applications such as immunofluorescence labeling, DNA staining or EdU 
detection reactions can be combined and are based on the same mode of tissue sectioning. 
The procedure is straightforward and applicable to virtually all tissue types from embryonic 
stages to adult, from mice and from humans.

Figure 1. Graphical summary of the tissue embedding and sectioning procedure
Isolated intestine (I, brown structure) is cut into 1-cm pieces (II) and opened to create a 
flat tissue such as skin (III). Once embedded (IV), it can be reoriented to obtain optimal 
positioning (V). Organs such as kidney, liver or lung (I, red structure) can be optimally 
positioned during their first embedding (IV, bottom). Multiple pieces can be embedded 
together to maximize sectioning productivity (VI). Red dashed line (VI) indicates sectioning 
plane. Near-native sections (VII) can be embedded and analyzed on a microscope slide 
(VIII).

VIII II III IV V VI

VIII

a
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A graphical overview of the procedure is provided in Figure 1. In brief, tissues are mildly 
fixed after isolation and sectioned using a microtome with a vibrating razor blade, yielding 
sections of near-native tissue with a thickness of ~150 μm (Fig. 1). Advantages of this 
approach include the following: 

• Unlike most other standard embedding or freezing procedures, a microtome can section 
fresh or mildly fixed material. There is no need to pretreat samples, reducing the risk 
of embedding or freezing artifacts. The activity of proteins is preserved, including 
fluorescence that can subsequently be imaged using confocal microscopy.

• The unique combination of confocal imaging and tissue sections with thicknesses of 
~150 μm allows straightforward 3D reconstructions. For instance, mouse intestinal stem 
cell niches were reconstructed in 3D to allow accurate determination of the number 
and location of stem cells20,25, and fluorescent lineage tracings of multiple neighboring 
stem cells were mapped in crypts of mouse small intestine20. Alternatively, when using 
3D models, it was determined that Lgr5 stem cells in the intestine segregate their 
chromosomes randomly during mitosis26. 

• Near-native sectioning maintains optimal tissue and cellular morphology, thereby 
enabling the unique combination of confocal imaging with the visualization of cell-type-
specific structural characteristics using standard DIC.

• This protocol can be used in combination with fluorescent antibody labeling that 
penetrates up to 50 μm in depth; this method has been used to demonstrate 
coexpression of a variety of markers within stem cell populations in intestine, stomach 
and skin8,23–25. 

• An optimized detection reaction for the thymidine analog ethynyl deoxyuridine (EdU) 
can be used in these near-native tissue sections. Combining EdU visualization with 
antibody labeling in 3D reconstructions of intestinal tissue revealed that intestinal stem 
cells randomly segregate their DNA strands during mitoses26.

There are a number of limitations of the method described here. Because of the substantial 
amount of PBS within a section, freezing the sections for storage is not advised. In addition, 
because of the relatively short fixation times, endogenously expressed fluorescent proteins 
lose their activity within a week. Therefore, it is advisable to proceed with image analysis as 
soon as possible. The overall sensitivity of immunofluorescence is comparable to stainings 
on cryosections. However, nuclear proteins, such as transcription factors, can be more 
difficult to visualize compared with other widely used marker proteins, although some 
nuclear stainings work well (see examples given in Fig. 2 and ref. 26).

Experimental design

Sample type and preparation. It is likely that virtually any type of tissue can be sectioned 
using a vibrating blade microtome. Mouse tissues that we have successfully sectioned 
include brain, stomach, small intestine, colon, liver, pancreas, skin (from snout, belly or 
back), lung, kidney, adrenal glands and mammary glands (Figs. 2–4 and data not shown)8,20,24. 
From humans, we have sectioned colon epithelium that was obtained through colonoscopy 
(Fig. 2). Notably, the optimal morphology of mesenchymal tissues, such as subcutaneous 
fat cells, is particularly well maintained and can be imaged in high resolution using DIC. 
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Best sectioning results are obtained when hollow tissue cavities are avoided; this can be 
achieved, for example, by dissecting tubular structures into flat tissues, such as the intestinal 
tube as presented in Figure 1, or by filling cavities with agarose gel. Autofluorescence can 
vary in wavelength and strength according to tissue type, which might influence the choice 
of secondary antibodies.

Fixation. Fixation times may need to be optimized for each type of organ. Larger organs may 
need additional time, and the intestine needs to be fixed as soon as possible by flushing the 
lumen directly with fixative for studying mitosis. Fixation times may influence how long the 
sections can be stored over time; the milder the fixation, the higher the risk for increased 
autofluorescence over time. Alternatively, for very large solid organs such as liver or kidney, 
it is possible to section fresh samples first and subsequently fix the sections for about 5–10 
min, depending on the section thickness.

Sectioning. The sectioning parameters for the vibrating blade microtome, such as speed, 
amplitude and frequency, can be optimized for each type of organ or tissue. For instance, 
solid organs such as liver are easier to section than soft tissues such as mammary glands, 
which might need additional optimization. However, we applied the same amplitude and 
frequency to all tissue types. In addition, the slower the sectioning speed, the higher the 
section quality. Thick sections are easier to handle in the water bath and during transfers, 
whereas thin sections maximize the productivity of a sample and are optimal for DIC imaging.

Immunofluorescence. In general, antibodies can be applied using the same conditions 
as those for immunofluorescence on cryosections. Incubation times, which we advise 
to extend because of the thickness of the tissue section, may need some optimization. 
Immunofluorescent antibodies can penetrate and be detected up to 50 μm deep within the 
sections. However, genetically expressed proteins in transgenic mice can be scanned up to 
depths of 125 μm, depending on microscope equipment20.

MATERIALS

REAGENTS

- Antibodies, user specific (see Supplementary Table 1 for details of antibodies that we have 
used successfully)
- BSA fraction V (Roche Applied Science, cat. no. 10735078001)
- Click-iT EdU imaging kits (Invitrogen, cat. no. C10338) 
- DMSO (Merck, cat. no. 317275) ! CAUTION Avoid contact with skin and eyes.
- DNA labels, i.e., DAPI or TO-PRO-3 (Invitrogen, cat. no. T3605)
- Formaldehyde solution (4% (wt/vol), Klinipath, cat. no. 1016801043) ! CAUTION 
Formaldehyde is hazardous.
- UltraPure low-melting-point agarose (LMA; Invitrogen, cat. no.16520050) 
- Mice with fluorescent (stem cell) markers (either from in-house strains or purchased from 
an outside provider). For instance Lgr5-EGFP-Ires-CreERT2 (Jackson Laboratory) ! CAUTION 
Use of animals for research purposes requires approval by institutional and national 
regulatory bodies. Do not proceed without appropriate approval.
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Figure 2. Tissue and cellular morphology is maintained across a range of tissues 
(a) Antibody labeling against transcription factor Sox9 in near-native section of mouse 
colon. Cellular morphology is maintained, allowing identification of cells on the basis 
of size and structural characteristics. (b) Antibody labeling against β4-integrin in dorsal 
skin of neonatal mice (P4). Structural signs in tissue and cells are maintained, such as 
sebaceous glands (arrowheads), fat cells (arrows) and pigment (*). (c) Antibody labeling 
against E-cadherin in human colon that was obtained during a colonoscopy biopsy. Cellular 
morphology is maintained, allowing identification of cells based on size and structural 
characteristics. (d) Antibody labeling against β-catenin in an APCmin adenomatous polyp in 
human colon that was obtained during a colonoscopy biopsy. Scale bars, 50 μm.
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- Mounting medium; i.e., Vectashield (Vector Laboratories, cat. no. H-1400)
- PBS (Invitrogen, cat. no. AM9624)
- Triton X-100 (Sigma, cat. no. T8532) ! CAUTION Triton X-100 is hazardous. Avoid contact 
with skin and eyes.

EQUIPMENT

- Conical tubes (15 ml; Greiner Bio-One)
- Conical tubes (50 ml; Greiner Bio-One)
- Confocal microscope (SP5, Leica)
- Cover slips, 24 mm × 50 mm (Menzel-Glazer)
- Dissection microscope (MZ7.5, Leica)
- Dissection tools; scissors/forceps
- Needles, 21-G (0.8 mm × 40 mm; BD Microlance)
- Light microscope (DM3000, Leica)
- Microcentrifuge tubes (1.5 ml; Eppendorf)
- Microscope slides 26 mm × 76 mm (Menzel-Glazer)
- Microwave
- Nail polish
- Paper tissues (Satino)
- Petri dish (Greiner Bio-One)
- Plastic transfer pipette (Sarstedt)
- Plastic base molds, 15 mm × 15 mm × 5 mm (Klinipath)
- Razor blades (Gillette) ! CAUTION Sharp object. Take appropriate safety precautions and 
adhere to institutional sharps disposal procedures.
- Cyanoacrylate glue (Pattex)
- Syringes (12 ml, BD Plastipak)
- Vibrating blade microtome (HM650, Microm) 
- Volocity 3D reconstruction software (PerkinElmer)
- Water bath 40 °C
- Water bath 65 °C
- Cell culture plates (six-well; Greiner Bio-One)

REAGENT SETUP

CRITICAL Always prepare buffers freshly before use.
PBS3B To prepare PBS3B, add 1.5 g BSA to 50 ml of PBS (3%, wt/vol).
PBD0.2T To prepare PBD0.2T, add 0.5 g BSA (1%, wt/vol), 0.5 ml DMSO (1%, vol/vol) and 1 
ml 10% (vol/vol) Triton X-100 (2%, vol/vol) to 48.5 ml of PBS.
PBD1T To prepare PBD1T, add 0.5 g BSA (1%, wt/vol), 0.5 ml DMSO (1%, vol/vol) and 5 ml 
10% (vol/vol) Triton X-100 (10%, vol/vol) to 44.5 ml of PBS.
PBS0.5T To prepare PBS0.5T, add 2.5 ml 10% (vol/vol) Triton X-100 to 47.5 ml PBS (5%, vol/
vol).
LMA gel (4%, wt/vol) To prepare LMA gel, add 2 g of LMA to 50 ml of PBS (4%, wt/vol). 
Mix well and boil using the microwave. Cool down in a 65 °C water bath. Once air bubbles 
disappear, cool further in a 40 °C water bath.
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EQUIPMENT SETUP

Microtome Add just enough PBS to submerge the cooling system to the water bath of the 
microtome and turn on the cooling system (4 °C).

PROCEDURE

Tissue preparation and sectioning – TIMING 2 h

1| Isolate organs from a mouse using an appropriate method. Fix organs in a 50-ml tube with 
4% (wt/vol) formaldehyde solution for 30 min at room temperature (20 °C). Larger organs 
can be halved before fixation. The inside of small intestine and colon should be flushed 
twice with fixative to remove feces and improve fixation prior to the 30-min incubation. For 
flushing, hold intestine with forceps and use a syringe to flush out feces. ! CAUTION Fixative 
is hazardous.
2| Wash organs twice with PBS and place them in the 50-ml tube on ice until ready to carry 
out the next step.
3| Transfer sample with the PBS to a Petri dish. Remove fat and connective tissue using 
forceps. For skin, remove as much subcutaneous tissue as possible—a dissection microscope 
can be used to help with this process. For intestine, cut into pieces of 1 cm in length. Open 
each piece along its length using scissors to produce a flat piece of intestinal tissue of ~1 
cm2. The optimal tissue size for sectioning is ~1 cm3 or 1 cm2 for flat tissues. CRITICAL STEP 
Ensure that all connective tissue is removed from the samples of interest, because its elastic 
properties makes it difficult to cut using the vibratome.
4| Transfer the organ parts/tissue into a plastic mold on ice. Stretch flat tissues such as 
intestine and skin as much as possible, keeping intestinal villi or skin hairs upward (see 
Supplementary Video 1, which demonstrates Steps 4–7). CRITICAL STEP Remove as much 
PBS from the organ parts/tissue as possible. Excess PBS prevents optimal attachment 
between samples and LMA.
5| Embed organ parts/tissue by slowly dropping 4% (wt/vol) LMA gel (40 °C) on top, avoiding 
air bubbles. Incubate for ~15 min on ice to solidify the LMA gel. CRITICAL STEP LMA gel that 
is too hot might cause flat tissues to curl up. LMA gel that is too cold might not spread 
perfectly between tissues.
6| Remove the solid LMA block from the mold. Take a blade and trim away excess LMA gel.
7| If processing flat tissues such as skin and intestine, transfer the LMA block containing the 
tissue back into the mold and place it on its side. Embed with additional 4% (wt/vol) LMA gel 
and trim as described in Steps 5 and 6. (See Supplementary Video 2, which demonstrates 
Steps 7–12, 14 and 15.) 
CRITICAL STEP Two to three agarose blocks can be placed side by side before embedding 
with new 4% (wt/vol) LMA gel; be careful to remove all PBS from the solidified LMA blocks 
to prevent them from sliding toward each other.
8| Glue the LMA block on the specimen stage using cyanoacrylate glue. CRITICAL STEP Pay 
attention to the orientation of the LMA block with respect to the direction of the vibrating 
razor blade. Most optimal sections are produced by sectioning longitudinally.
9| Place the stage carefully into the precooled PBS water bath of the microtome. Submerge 
the LMA block by adding more PBS.
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10| Use the microtome with a vibrating razor blade to produce near-native sections with a 
thickness of ~150 μm. Facilitate sectioning by prewetting the knife. We successfully applied 
the same settings for all tissues: velocity: 1 mm s-1, knife amplitude: 0.9 mm and vibration 
frequency: 65 Hz. CRITICAL STEP The vibrations of the blade cause disturbances in the water 
bath, which can damage delicate sections. Try to reduce vibrations by minimizing the PBS 
level above the LMA block. 

? TROUBLESHOOTING

11| Completed LMA sections will float in the water bath; carefully drag one section at a time 
onto a microscope slide and take it out of the water bath. If desired, the quality of the LMA 
tissue section can be checked under a normal light microscope. Use false light for better 
contrast.
12| Using the microscope slide, transfer LMA tissue sections to a six-well plate filled with 2 
ml PBS per well. Forceps can be used to manipulate the section into the well. You can place 
up to three LMA tissue sections per well.

PAUSE POINT Sections can be stored for only a few days in PBS at 4 °C, protected from light.

Labeling or staining

13| If no additional labeling is desired, proceed directly to Step 14 for mounting. For EdU 
labeling, antibody labeling or DNA staining, proceed with options A, B or C, respectively. 
CRITICAL STEP Because of the copper sulfate in the Click-iT EdU detection reaction, this 
procedure is incompatible with the endogenous activity of genetically expressed fluorescent 
proteins. Co-staining of these fluorescent proteins and EdU can be done by labeling the 
fluorescent proteins with primary antibody (Step 13B(i–iii)) before applying the Click-iT 
reaction (Step 13A). After the Click-iT reaction, antibody labeling can be continued (Step 
13B(iv) and (v)). All other endogenous proteins can be labeled (Step 13B) after the Click-iT 
reaction (Step 13A).

(A) Click-iT EdU detection reaction – TIMING 3.5 h

(i) Remove PBS from a well. Add 2.5 ml of PBS0.5T and incubate for at least 1 h at room 
temperature to permeabilize the tissue section. 
(ii) Remove the PBS0.5T and wash twice with 2.5 ml of PBS3B. CRITICAL STEP Harsh shaking 
may destroy the sections. 
(iii) Prepare Click-iT EdU detection reaction according to the standard manufacturer’s 
protocol. Remove PBS3B and add 1 ml of reaction cocktail per well. 
(iv) Incubate for 1 h at room temperature, protected from light. 
(v) Remove reaction cocktail and wash at least four times with 2.5 ml of PBD0.2T, for at least 
15 min at room temperature, protected from light. CRITICAL STEP Residual copper sulfate 
quenches fluorescence. Ensure that it is washed away completely. 
(vi) Proceed to Step 13B(ii) for immunofluorescence labeling of endogenous protein, 
Step 13B(iv) to resume immunofluorescence labeling of genetically expressed fluorescent 
proteins, Step 13C(ii) for DNA staining or to Step 14 for mounting.
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Figure 3. Optimal tissue morphology in sections of near-native tissue
(a) Comparison between paraffin-embedded and near-native sections of mouse small 
intestine, all stained for CD44. Near-native tissue sectioning maintains tissue and 
cellular morphology and allows different combinations of fluorescent techniques, such 
as imaging genetically expressed fluorescent proteins (Lgr5; green), fluorescent lineage 
tracing (ISC tracing; red), antibody labeling (CD44; blue) and DNA staining (nuclei; white). 
Top corner insets: higher magnifications of one single crypt. (b) Comparison between 
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(B) Immunofluorescence labeling – TIMING 1.5 h for preparation, then overnight incubation 
plus 4–6 h 

(i) If no EdU detection was performed, start by permeabilizing the LMA tissue section. 
Remove PBS from the well. Add 2.5 ml PBS0.2T and incubate for at least 1 h at room 
temperature, protected from light. 
(ii) Prepare labeling solution by diluting primary antibody in fresh PBD0.2T. Remove 
permeabilization buffer and add 1 ml labeling solution to each well. Incubate protected 
from light. Incubation time, temperature and concentration might need optimization 
according to the thickness of the LMA tissue section. See Supplementary Table 1 for details 
of antibodies and conditions that we have used successfully. 
(iii) Remove labeling solution and wash at least four times with 2.5 ml PBD0.2T for 15 min at 
room temperature, protected from light. If wishing to combine fluorescent protein labeling 
with Click-iT EdU labeling, carry out Step 13A(ii–v). Otherwise, proceed directly to Step 
13B(iv). 
(iv) Prepare labeling solution by diluting secondary antibody in PBD0.2T. Remove buffer 
from washing steps and add 1 ml labeling solution to a well. Incubate protected from 
light. Incubation time, temperature and antibody concentration might need optimization 
according to thickness of the LMA tissue section. See Supplementary Table 1 for details of 
antibodies and conditions that we have used successfully. 
(v) Remove labeling solution and wash at least four times with 2.5 ml PBD0.2T. Incubate 
each wash step for 15 min at room temperature, protected from light. 
(vi) Proceed to Step 13C for DNA staining or to Step 14 for mounting.

(C) DNAstaining - TIMING 0.5–1.5 h 

(i) If no EdU detection or antibody labeling was performed, start permeabilization of the 
LMA tissue section. Remove PBS from the well. Add 2.5 ml PBS0.2T and incubate for at least 
1 h at room temperature, protected from light. 
(ii) Stain DNA with intercalating agents such as 4,6-diamidino-2-phenylindole (DAPI) or 
TO-PRO-3. Prepare staining solution by diluting DAPI or TO-PRO-3 in PBD0.2T (1:1,000 and 
1:500, respectively). Remove permeabilization buffer and add 1 ml staining solution to a 
well. Incubate 30 min at room temperature, protected from light. 
(iii) Remove the staining solution and wash once with 2.5 ml PBD0.2T. Proceed to Step 14 
for mounting.

cryosection and near-native sections of mouse dorsal skin. Morphological structures 
in epithelial and mesenchymal tissues, such as sebaceous glands (arrowhead) and fat 
cells (arrows), are maintained in near-native sections. The hair follicle stem cell marker 
Lgr5 (green) is imaged in near-native sections, co-stained for α6-integrin (blue), nuclei 
(purple) and autofluorescence obtained from the hair shaft (red). (c,d) 3D reconstructions 
of mouse small intestine and dorsal skin. Top corner insets: with software, the same 3D 
reconstructions can be studied in different orientations. EGFP, enhanced green fluorescent 
protein. Scale bars, 100 μm.
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Mounting - TIMING 15 min

14| Transfer LMA tissue sections from the well to a microscope slide. Use another prewetted 
microscope slide to assist in the transfer. Forceps can also be used to manipulate the LMA 
tissue section onto the microscope slide. Up to three LMA tissue sections can be placed on 
each microscope slide.
15| Remove excess PBS. Add a few drops of mounting medium (e.g., Vectashield, no DAPI, 
hard-set). Add a clean cover slip, making sure to avoid air bubbles.
16| Seal the edges with nail polish.
17| For optimal results, proceed with confocal imaging and analysis immediately. Tissue 
and cellular integrity can be checked using the DIC mode on the confocal microscope. ? 
TROUBLESHOOTING
PAUSE POINT Sections can be stored at 4 °C for maximum of a few days, protected from 
light.
? TROUBLESHOOTING

Figure 4. EdU labeling in near-native tissue sections
(a) Detection of thymidine analog EdU (red) in mouse small intestine 6 h after in vivo 
labeling. The optional 3D modeling allows the orientation of cell cycle division planes 
to be analyzed and to score potential (a)symmetry of the EdU distribution between 
both daughter cells26. Inset in top left corner of third panel shows the same 3D model 
in a different orientation. The gray ‘checks’ represent a fictional ground floor. (b) EdU 
detection can be combined with antibody labeling. Detection of thymidine analog EdU 
(red) in mouse small intestine 26 h after in vivo labeling in combination with antibody 
(E-cadherin; green) and DNA labeling (gray). Scale bars, 50 μm.

DIC DIC + EdU

Nuclei + EdU E-cadherin + Nuclei E-cadherin + EdU
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? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.

TIMING

Steps 1-12, Tissue preparation and sectioning: 2 h
Step 13A, Click-iT EdU detection reaction: 3.5 h
Step 13B, Immunofluorescence labeling: 1.5 h, then overnight plus 4-6 h
Step 13C, DNA staining: 0.5-1.5 h
Steps 14-17, Mounting: 15min

ANTICIPATED RESULTS

Sectioning near-native tissue with a vibrating blade microtome provides an excellent 
opportunity to combine confocal imaging data of transgenic fluorescent proteins with the 
non-confocal DIC imaging mode. Differences in optical density, such as in granules, nuclei 
or different cell types, are easily recognized when applied to near-native tissue, whereas 
these structural characteristics are unfortunately destroyed after paraffin embedding or 
cryosectioning. 
We present examples of near-native tissue sections compared with the two standardized 
techniques, paraffin embedding and cryosectioning (Fig. 3). 

Table 1. Troubleshooting table
Step

10

17

Problem

Tissue drops out of the LMA section

Razor blade pushes the tissue out of 
the LMA block instead of generating 
sections

No �uorescent antibody labeling is 
detectable after EdU staining

High background

Possible reason

Too much PBS left over before 
embedding

Excessive vibrations in water bath

Insu�cient attachment between 
sample and LMA

Connective (elastic) tissue is di�cult 
to cut

Settings on microtome are incorrect

Blunt razor blade

Insu�cient attachment between 
sample and LMA

Antibody not working

Residual copper sulfate is still present 
after EdU detection reaction

Insu�cient washing

Mounting medium was diluted

Slides were stored for too long

Solution

Remove all excess PBS with a paper 
tissue before embedding in LMA

Reduce PBS level above the LMA block 
to reduce vibrations in the water bath

Generate thicker sections

Remove all fatty and connective (elastic) 
tissue

Optimize amplitude and frequency of 
the razor blade

Use a new razor blade

Position tissue with the largest potential 
cross-section toward the bottom

Try other antibodies

Wash more extensively after EdU 
detection reaction

Wash more extensively

Remove all PBS before mounting

Proceed directly with imaging analysis 
after mounting
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The optional DIC imaging provides additional tissue information, whereas a working distance 
of at least 50 μm in depth for each section provides flexibility to find the optimal plane for 
each image (Fig. 3a,b). Moreover, 3D reconstructions can be made from multiple scanned 
planes within the working distance of the section (Fig. 3c,d).

The technique is straightforward and versatile and is likely to be applicable to many different 
organs, of different developmental stages of multiple species. In addition to small intestine 
and skin, an example is given for colon, in which the transcription factor Sox9 is stained 
(Fig. 2a), and for dorsal skin from newborn mice (Fig. 2b). In addition, healthy human colon 
epithelium and adenomas, both obtained via standard colonoscopy, are easily processed for 
near-native tissue sectioning (Fig. 2c,d). Cells in mitosis stage can be visualized using EdU. 
Combining EdU with E-cadherin and 3D reconstruction allows the analysis of the divisional 
planes (Fig. 4).

The biggest limitation of working with near-native tissue sections is that they are difficult to 
preserve over time because of the limited fixation times and the presence of water (which 
prevents freezing). Over time, autofluorescence is likely to increase, whereas the fluorescent 
activity of genetically expressed proteins diminishes. To capture optimal fluorescent activity, 
we recommend proceeding with the imaging analysis directly after the slides are prepared. 
However, autofluorescence may vary per organ and fixation time (Fig. 5). Alternatively, as 
the sections are relatively thick, background problems might arise because of insufficient 
washing steps (Fig. 5).

Figure 5. Near-native tissue sections with elevated background levels
(a) Near-native tissue section of mouse small intestine stained for EphB2. In addition 
to a perfect membrane staining with an intensity gradient from the bottom to the top 
of a crypt (in red), there is background fluorescence in villi due to nonspecific binding 
of the antibody, or due to insufficient washing. (b) Near-native tissue section of mouse 
small intestine in which EdU is visualized using the Click-iT reaction (in red). Background 
fluorescence is visible throughout the tissue as well as throughout the section, suggesting 
insufficient washing. (c) Near-native tissue section of kidney from a newborn mouse (P2). 
Autofluorescence (in purple) is visible in the absence of any antibody labeling (excitation 
488 nm, emission 590–630 nm). Scale bars, 50 μm.

Figure 5
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Supplementary Table 1. Succesfully used antibodies
Antibody Company Cat. no. Tissue Dilution Bu�er Temp. C Duration

E-cadherin Cell signaling 5296 Intestine 1:1000 PBD0.2T 4 overnight
B-catenin BD transd. lab. 610154 Intestine 1:100 PBD0.2T 4 overnight
Prominin1 eBioscience 14-1331 Intestine 1:100 PBD0.2T 20 overnight
Lysozyme Dako A0099 Intestine 1:1500 PBD0.2T 4 overnight
EphB2 R&D systems AF467 Intestine 1:250 PBD0.2T 20 overnight
EphB3 R&D systems AF432 Intestine 1:50 PBD0.2T 20 overnight
Sox9 Millipore AB5535 Intestine 1:600 PBD1T 4 overnight
CD44 R&D systems BBA11 Intestine 1:200 PBS0.2T 4 overnight
a6-integrin BD Pharmigen 555734 Skin 1:100 PBS0.2T 4 overnight
b4-integrin BD Pharmigen 553745 Skin 1:100 PBD0.2T 4 overnight
Keratin6 Covance PRB-169P Skin 1:1000 PBD0.2T 4 overnight
Lrig1 R&D systems AF3688 Skin 1:1000 PBD0.2T 4 overnight

Alexa's Invitrogen - all 1:330 PBD0.2T RT 4 hrs

Primary antibodies

Secondary antibodies
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Abstract

Based on lineage tracing using a Bmi1-CreER knockin allele, Bmi1 reportedly marks a 
unique, quiescent stem cell located at position ‘+4’ counting from the crypt base.  Yet, 
a recent expression study performed at single mRNA molecule level implies broad 
expression of Bmi1 in crypts. We have reassessed the earliest lineage tracing events and 
find that Bmi1 marks individual cells irrespective of cell type or position along the crypt-
villus axis. 

Introduction

Two schools of thought have dominated the discussion about crypt stem cell identity over 
the past decades. The prevailing school of thought has placed the stem cells at position 
+4 relative to the crypt bottom, with the first 3 positions occupied by the terminally 
differentiated Paneth cells. Potten and colleagues have championed the +4 stem cell model 
by reporting that radiation-sensitive, label-retaining cells reside specifically at this position1. 
Of note, while the +4 cell is commonly cited as being quiescent, Potten has stated explicitly 
that these cells cycle every 24 hours, yet retain template DNA strands by asymmetric strand 
segregation2. The second school of thought has been based on the identification almost 
40 years ago by Leblond and colleagues of crypt base columnar (CBC) cells, small cycling 
cells intermingled with Paneth cells3. Based on morphologic considerations3 and on clonal 
marking by mutagens4, these CBC cells have been proposed as the true stem cells. Until 
recently, neither of these two hypotheses was supported by direct definitive evidence e.g. 
by genetic lineage tracing or transplantation. 

A lineage tracing strategy based on the CBC-specific Lgr5 gene has demonstrated that Lgr5+ 
CBC cells are multipotent, cycle every day, yet constitute a long-lived population of stem 
cells5. Similar observations have been made using CD1336. In follow-up studies, technology 
has been developed to establish long-term ‘minigut’ cultures from single Lgr5+ stem cells7. 

As independent evidence of stemness, transplanted clonal organoids functionally integrate 
into the recipient epithelium and remain functional over at least 6 months8. On the other 
hand and in support of the ‘+4’ hypothesis, Bmi1 has been reported to be specifically 
expressed in ‘+4’ cells of the proximal small intestine9. 

By lineage tracing, Bmi1-expressing cells were shown to be able to generate all types of 
epithelial cells over long periods of time, proving that Bmi1 indeed marks stem cells9. 
The reported kinetics of tracing were remarkably similar to those obtained by Lgr5-based 
tracing, with multiple daughter cells generated within days5. These kinetics argue against 
the quiescent state of Bmi1-expressing cells, yet -as stated above- the assumption that +4 
cells are quiescent may be a miss-interpretation of Potten’s work.

Results

In contrast to the original report, we have observed that Bmi1 is expressed in sorted Lgr5+ 
cells and their daughters throughout the intestinal tract10. 
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Figure 1. Bmi1 marks individual cells irrespective of position along the crypt villus axis
A-D) LacZ staining of Bmi1-CreER/R26R-LacZ mice, 20hrs after induction. Positive cells are 
present at various positions along the crypt-villus axis. E-H) Confocal imaging of Bmi1-
CreER/R26R-Confetti mice, 20hrs after induction. Crypt outline is shown by a white dotted 
line. Bmi1-tracing positive cells are shown in yellow or red, bright field image is shown in 
grey. I-J) 3D representations of E and F. Bmi1+ cells are marked by Confetti-YFP (yellow), 
Paneth cells are visualized by lysozyme staining (purple). Crypt outline is shown by a white 
dotted line. K) Quantification of the number of marked cells at each position along the 
crypt axis. 
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Very recently, a 3-colour single-molecule in situ hybridization technique was applied to 
study a comprehensive panel of intestinal stem cell markers11. This study confirmed the 
expression of Bmi1 in Lgr5+ cells, but –more importantly- revealed that essentially all cells 
along the crypt axis express comparable levels of Bmi1. 

To revisit the Bmi1-CreER model, we crossed the single color R26R-LacZ reporter or the 
multi-color R26R-confetti reporter into this strain. Cre activity was induced by a single 
shot of tamoxifen in adult offspring, exactly as performed previously9. In both models, the 
reporters became visible at 20 hours after tamoxifen-induced Cre activation, as reported9 
(Fig 1). Tracing events at this time point typically presented as a single cell. 

In contrast to the original report, we noted that these single marked cells appeared at any 
position along the crypt-villus axis, e.g. at the CBC location between Paneth cells (Fig 1A/E/I), 
at the +4 position directly above the Paneth cells (Fig 1B/F/J), higher up in crypts (Fig 1C/G) 
and even on the villus flanks (Fig 1D/G). More examples are given in Suppl Fig S1. 

Fig 1K quantifies the number of marked cells at each cell position along the crypt axis. 
This graph indicates that a substantial number of tracing events occurred within the CBC 
compartment (position 1-4), and that almost 70% of tracing events occurred in TA cells 
(position +5 and higher). We even noted rare tracing events at 20 hrs PI in fully differentiated 
Goblet cells (Fig 2A/B), as well as Paneth cells at crypt bottoms (Fig 2C/D). No tracings were 
seen in uninduced mice.

As predicted from these observations, most tracing events evolved into ‘signature’ TA 
tracings at two and three days PI: small trains of differentiated cells that have moved up the 
flanks of the villi, to be ‘washed’ out within the next 24-48 hours by apoptosis at villus tips 
(Fig 2H,K,L). More rarely, we observed extended tracing within crypts, typically involving the 
CBC compartment (e.g. Fig 2I). Using the fluorescent Cre reporter on semi-thick sections, 
we could detail the anatomy of tracing clones by 3D-reconstructions, excluding that marked 
clones on villi extended into crypts outside the plane of sectioning (Suppl Fig S1).

Thus, we observe that tracing events at early time points come in different shapes: i.e 
as single differentiated cells of any type, as small and self-limiting clusters of TA cells and 
differentiated cells, or as growing clones containing CBC cells, TA cells and differentiated 
cells. These results do not agree with the originally published observation that the Bmi1-
CreER mouse marks a unique population of Lgr5neg ‘+4’ cells at 20 hrs PI9, but agrees well 
with the notion that Bmi1 tracing can initiate at any stage in the Lgr5 stem cell-TA cell 
hierarchy, as predicted by the 3-colour single-molecule marker analysis of van Oudenaarden 
and colleagues11. 

While the existence of a quiescent reserve stem cell population12 should not be excluded, 
our data imply that Bmi1 cannot be used as a marker for such cells. Finally, de Sauvage and 
colleagues have shown in an elegant genetic model that selectively killed Lgr5 cells can be 
replenished from Bmi1+ cells at higher positions along the crypt axis13. Given that TA cells 
express Bmi1, these TA cells rather than quiescent stem cells may serve as reserve cells upon 
damage to the stem cell compartment. 
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Figure 2. Identity of short term-tracing cells
A-D) LacZ staining of Bmi1-CreER/R26R-LacZ mice, 20hrs after induction combined with: 
A) Periodic acid-Schiff staining for goblet cells. B) Magnification of A showing a LacZ-
positive goblet cell. C) Lysozyme staining for Paneth cells. D) Magnification of C showing a 
LacZ-positive Paneth cell. E-H) LacZ staining of Bmi1-CreER/R26R-LacZ mice, 2 days after 
induction. Small trains of cells are visible in the CBC compartment, the TA compartment 
and the villus compartment. I-L) LacZ staining of Bmi1-CreER/R26R-LacZ mice, 3 days after 
induction.
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Supplementary information

Materials and methods
Bmi1-CreER9, R26R-LacZ14 and R26R-Confetti15 mice were described previously. 
Tamoxifen inducting was performed according to Sangiorgi et al., 2008. In brief, 
Bmi1-CreER/ R26R-LacZ and Bmi1-CreER/ R26R-Confetti mice, 5-9 weeks of age, were 
injected with 9mg tamoxifen per 40g body weight.

Sectioning and staining
Standard techniques were applied for immunohistochemistry Sectioning and staining of 
Bmi1-CreER/R26R-Confetti was performed according to Snippert et al., 2011. Lysozyme 
antibody: Polyclonal Rabbit Anti-Human (Dako A0099). Secondary antibody: Alexa 647, Goat 
anti-Rabbit (Invitrogen 56834A). Confocal images were acquired using a Leica Sp5 AOBS 
microscope. Images were processed using ImageJ, Photoshop and Volocity (PerkinElmer).
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Supplementary Figure S1
Confocal imaging of Bmi1-CreER/R26R-Confetti mice, 20hrs after induction. Crypt outline 
is shown by a white dotted line. Bmi positive cells are shown in yellow or red, bright field 
image is shown in grey.
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Abstract

The cancer stem cell (CSC) concept proposes that tumors are maintained by dedicated 
stem cells. The ‘gold standard’ assay involves transplantation of candidate CSCs. Here, we 
directly investigate stem cell activity within primary tumors by lineage tracing. Intestinal 
adenomas originate from Lgr5+/CD133+ intestinal stem cells upon deletion of Apc. Within 
the resulting adenomas, a subpopulation of cancer cells maintains expression of Lgr5. 
These Lgr5 cells are intermingled with Paneth cells near the adenoma base, as a caricature 
of the architecture of the normal crypt niche. By “lineage re-tracing” using the multicolor 
Cre-reporter R26R-Confetti, we demonstrate that Lgr5 marks a subpopulation of adenoma 
cells that fuel the growth of established intestinal adenomas, by generating additional 
Lgr5+ cells as well as all other adenoma cell types.

Introduction

Intestinal tumorigenesis is considered to result from sequentially acquired mutations in 
specific genes, driving progression from early adenomas to invasive malignancies1. The first 
step in this process involves mutational activation of the Wnt pathway, most notably by loss 
of the tumor suppressor gene APC2. We have previously demonstrated that Lgr5 marks stem 
cells in stomach, small intestine and colon using the knock-in allele Lgr5-EGFP-Ires-CreERT2. 
This allele allows visualization of Lgr5 stem cells, as well as lineage tracing3. 

While deletion of floxed Apc in other cells of the intestinal epithelium does not lead to 
adenoma formation, Apc-mutant Lgr5+ stem cells form progressively growing adenomas 4. 
We noted that macroscopic adenomas contained low numbers of Lgr5+ cells, suggesting the 
preservation of a cellular hierarchy within the established tumors 3. Comparable adenomas 
were obtained using another Cre driver, i.e. CD133, to induce gene deletion in these stem 
cells 5, while expression of oncogenic β-catenin in a distinct crypt stem cell (marked by Bmi1) 
also led to progressively growing adenomas 6. 

Results

Recently, our lab generated a Cre-reporter termed R26R-Confetti 7, a derivative of the multi-
color Brainbow2.1 cassette 8. R26R-Confetti allows ubiquitous expression upon Cre activation 
of one of four different fluorescent proteins. In theory, two of four colors remain encoded in 
the Confetti allele (blue with red, or green with yellow) after the first Cre pulse, one active 
and one silent (Fig.1A). Thus, the remaining reporter can be used for a second tracing (‘re-
tracing’) by Cre-induced flipping of the insert to the silent color. To test this, we globally 
activated R26R-Confetti in the intestinal epithelium using the β-naphtoflavone-inducible 
Ah-Cre mouse strain 9. Crypts became clonal over time following neutral drift dynamics as 
reported previously (Fig.1B)7. 

After 8 weeks, when most of the crypts were monochromatic, we briefly re-activated Ah-
Cre. As expected, the R26R-Confetti reporter could be flipped to the silent color (Fig.1B). 
As predicted by neutral drift dynamics 7, 8 weeks after the second pulse most of the crypts 
were again clonal (Fig.1B). Spontaneous color conversions were never observed.
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We then crossed Lgr5-EGFP-Ires-CreERT2/ Apcfl/fl mice with the R26R-Confetti strain to 
generate Lgr5-EGFP-Ires-CreERT2/Apcfl/fl/R26R-Confetti mice. Upon stochastic Cre induction 
in adult mice by low-dose tamoxifen, intestinal adenomas developed from Apc-deleted 
Lgr5+ stem cells as shown previously 4. 

We consistently noted that recombination of the floxed Apc allele was more efficient than 
the activation of R26R-Confetti in the same stem cells, i.e. only a fraction of the adenomas 
expressed one of the Confetti colors. Large adenomas were observed after 4 weeks (Fig.
S1A-C). These large adenomas typically consisted of segments that were each marked 
uniformly in a single color, or were unmarked (Fig.2A). This indicated that these large 
adenomas resulted from several independent Apc-mutant stem cells, most likely located 
in adjacent crypts. Indeed, oligo-clonality of adenomas has been described previously 10,11. 

Large adenomas typically lacked mature goblet cells and enterocytes (Fig.S1D-E), but 
contained scattered Paneth cells (Fig.2B). We have recently shown that stem cells are always 
adjacent to Paneth cells in normal crypts and that these Paneth cells constitute the niche for 
the stem cells as they produce necessary signals for stem cell maintenance: Wnt, EGF and 
Notch ligands 12. We noted that Lgr5-EGFP+ adenoma cells were often located adjacent to 
adenoma Paneth cells, suggesting the existence of an “adenoma stem cell niche” (Fig.2B).  

Figure 1. Re-tracing of the R26R-Confetti Cre reporter in intestinal crypts
A) Possible outcomes of the Rosa-Confetti locus after Cre recombination (tracing) and 
color conversion (re-tracing). B) More than 75% of the crypts had become clonal after 8 
weeks of tracing (reproduced from 7). Then, re-tracing was induced by β-naphtoflavone 
injection. One week after re-tracing (8 wks + 1 wk), crypts co-expressed the linked colors 
(e.g. red and blue). By 8 weeks post-retracing (8 wks + 8 wks), crypts had become clonal 
again. Scale bars: 50 µm.
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A) Confocal imaging of 
an adenoma in Lgr5-
EGFP-Ires-CreERT2/Apcfl/

fl/R26R-Confetti mice 
after 4 weeks of tracing. 
The adenoma consists of 
multiple segments (white 
dashed lines), which 
are marked uniformly 
by a single color (or are 
unmarked). RFP and YFP 
tracing is shown in red 
and yellow respectively. 
Lgr5 stem cells (green) are 
located towards the base 
of adenoma segments. 
Colors are overlayed on a 
differential interference 
contrast (DIC) image in 
grey. 
B) Distribution of stem 
cells marked by Lgr5-EGFP 
and Paneth cells, marked 
by lysozyme (purple) 
at the base of wild-
type crypts (left panel). 
Right panel: Lgr5 stem 
cells (green) are located 
adjacent to Paneth cells 
(purple) towards the base 
of an adenoma segment 
(indicated by the red 
dashed line). 
C) Representation of the 
intermingled stem cells 
and Paneth cells in wild-
type crypts (left) and 
adenomas (right). Scale 
bars: 50 µm.

Figure 2. Large adenomas consist of individually colored segments with stem cells 
located adjacent to Paneth cells

Large adenomas consist of single colored segments with stem cells located next 
to Paneth cells
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Indeed, these clusters of Lgr5 cells and Paneth cells tended to be located towards the base of 
the wedge-shaped adenoma segments, a situation reminiscent of normal crypt architecture 
(Fig.2A/C).

In order to trace the fate of Lgr5 adenoma cells in vivo, we injected 10 week-old Lgr5-
EGFP-Ires-CreERT2/Apcfl/fl/R26R-Confetti mice with tamoxifen. After allowing adenomas to 
develop for 24 days, we induced lineage re-tracing by a second tamoxifen injection. Mice 
were sacrificed at different time points after the second Cre pulse and adenomas were 
analyzed by confocal microscopy. We noticed rare color conversions within large adenomas, 
which invariably involved switching to the silent color in that particular adenoma (e.g. 
red to blue), indicating that these represented re-tracing events within adenoma clones.  
We also noted that the second Cre pulse initiated new adenomas. These adenomas were 
typically small and monochromatic and were excluded from the analysis (not shown). No 
spontaneous color conversion was observed within large adenomas in control mice that 
were not given a second Cre pulse (not shown). Thus, cells marked with CFP were observed 
within RFP-marked adenomas two days after lineage tracing (Fig.3). Since we observed re-
tracing events in less than 15% of Confetti-marked adenomas segments and since these 
presented typically as a single cell one day after re-induction (Fig.3D/E), we considered these 
to represent clonal re-tracing events.  As expected, these CFP cells were mostly located near 
the base of the wedge-shaped adenoma segments, where the Lgr5-EGFP cells resided. 

Some of these traced cells were still Lgr5-EGFP+ (Fig.3A). Six days after color conversion, the 
number of CFP cells within RFP-labeled adenomas had increased. Moreover, the growing 
CFP clones presented as ribbon-like structures emanating from the base of the segments 
and projecting towards to the intestinal lumen (Fig.3B), thus resembling –in a crude and 
somewhat chaotic way- the much more regularly tracing events observed in healthy 
intestinal tissue 3. Nine days after color conversion, the CFP cells comprised a significant 
part of the adenoma (Fig.3C). A quantification of clone size over time is given in Fig.3D. 
Importantly, the total number of Lgr5-EGFP+ stem cells within the re-traced population 
also increased over time, indicating that Lgr5 adenoma stem cells clonally expanded within 
established adenomas (Fig.3E). 

We then studied the fate of individual cells within the clonal offspring of an adenoma 
stem cell. Depicted in Fig.4A is an RFP clone after 35 days of tracing, with a subsequent 
re-tracing for 9 days, in which an Lgr5+ adenoma cell gave rise to a blue ribbon-like clone. 
Multiple Lgr5-EGFP+ adenoma cells were observed within the clonal ribbon (arrowhead), 
demonstrating the expansion of Lgr5+ adenoma cells. In addition, at least two CFP+ Paneth 
cells (arrows) and multiple CFP+ Lgr5- cells, resembling transit-amplifying cells (asterisks), 
could be observed after 9 days of re-tracing within the clonal ribbon-like structure. 

Several labs have proposed the existence of cancer stem cells in human colorectal cancer 13-

15.  Indeed, single-cell cloning in vitro has demonstrated multi-lineage differentiation of such 
cells 16. Existing experimental data for colon CSCs is exclusively based on transplantation 
studies, in which cell populations are sorted from a tumor prior to grafting into nude mice 
17,18. The manipulations required for sorting and the transplantation setting impose inherent 
limitations to the interpretation of the outcome of this assay 19. 



72|

High Wnt activity has been demonstrated to define colon cancer stem cells 20. High-level 
expression of EphB2, a Wnt target gene 21, coincides with Lgr5 expression and marks normal 
intestinal stem cells in mouse and man 22,23. Indeed, EphB2 also marks human colon cancer 
stem cells as shown by xenografting 22. Using markers enriched in these Lgr5/EphB2 stem 
cells, a stem-like cell population was visualized in colon cancers at the base of structures 
that resemble normal crypts 22. The presence of Lgr5 stem cells and of all differentiated 
lineages within colon cancers was confirmed by single cell-PCR 24. 

Our current data provide direct, functional evidence for the existence of Lgr5+ adenoma 
stem cells. These Lgr5+ adenoma stem cells are located directly adjacent to Paneth cells 
near the base of adenoma segments, building structures that resemble normal crypt niches. 

Figure 3. Re-tracing of Lgr5+ adenoma cells
A) Apc deficient adenomas were allowed to develop for 24 days in Lgr5-EGFP-Ires-CreERT2/
Apcfl/fl/R26R-Confetti mice before re-tracing of Lgr5+ adenoma cells was induced. Two 
days after re-tracing, CFP (blue) positive cells (arrows) were observed at the bottom of 
an RFP (red)-positive adenoma segment. Lgr5-EGFP is shown in green. B) Six days after 
re-tracing, ribbons of CFP cells were present within RFP-positive adenoma segments. C) 
Nine days after re-tracing, CFP-positive cells comprised a large part of the adenoma. D-E) 
Quantification of the total amount of re-traced cells (D) and the amount of EGFP+ re-
traced cells (E) over time. Scale bars: 50 µm.
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These intestinal neoplasia thus appear to be prime examples of cancer as defined by Pierce 
and Speers 25 “.. carcinomas are caricatures of tissue renewal, in that they are composed of a 
mixture of malignant stem cells, which have a marked capacity for proliferation and a limited 
capacity for differentiation under normal homeostatic conditions, and of the differentiated, 
possibly benign, progeny of these malignant cells.”  
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Figure 4. Lgr5+ adenoma cells expand and give rise to adenoma Paneth cells
An RFP-marked adenoma segment re-traced for 9 days after 35 days of adenoma 
development in Lgr5-EGFP-Ires-CreERT2/Apcfl/fl/R26R-Confetti mice. Within the RFP clone 
(red), a CFP clone (blue) appears, originating at the Lgr5-EGFP+ base of the crypt-like 
structure. Multiple Lgr5-EGFP+ adenoma cells occur within the clonal ribbon (arrowhead), 
demonstrating the expansion of Lgr5+ adenoma cells. In addition, at least two CFP+ 
Paneth cells (arrows) and multiple CFP+ Lgr5- cells, resembling transit-amplifying cells 
(asterisks), are present. Different channels are given for each color. DIC is shown in grey. 
Scale bars: 50 µm.

35 days + 9 days re-tracing

Lgr5  adenoma cells expand and give rise to adenoma Paneth cells

*
*
*

*

DIC RFP

Lgr5-
EGFP

CFP



74|

4. Barker, N. et al. Crypt stem cells as the cells-of-origin of intestinal cancer. Nature 457, 608-11 (2009).
5. Zhu, L. et al. Prominin 1 marks intestinal stem cells that are susceptible to neoplastic transformation. 
Nature 457, 603-7 (2009).
6. Sangiorgi, E. & Capecchi, M.R. Bmi1 is expressed in vivo in intestinal stem cells. Nat Genet 40, 915-
20 (2008).
7. Snippert, H.J. et al. Intestinal crypt homeostasis results from neutral competition between 
symmetrically dividing Lgr5 stem cells. Cell 143, 134-44 (2010).
8. Livet, J. et al. Transgenic strategies for combinatorial expression of fluorescent proteins in the 
nervous system. Nature 450, 56-62 (2007).
9. Ireland, H., Houghton, C., Howard, L. & Winton, D.J. Cellular inheritance of a Cre-activated reporter 
gene to determine Paneth cell longevity in the murine small intestine. Dev Dyn 233, 1332-6 (2005).
10. Merritt, A.J., Gould, K.A. & Dove, W.F. Polyclonal structure of intestinal adenomas in ApcMin/+ 
mice with concomitant loss of Apc+ from all tumor lineages. Proc Natl Acad Sci U S A 94, 13927-31 
(1997).
11. Novelli, M.R. et al. Polyclonal origin of colonic adenomas in an XO/XY patient with FAP. Science 
272, 1187-90 (1996).
12. Sato, T. et al. Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts. Nature 469, 
415-8 (2011).
13. O’Brien, C.A., Pollett, A., Gallinger, S. & Dick, J.E. A human colon cancer cell capable of initiating 
tumour growth in immunodeficient mice. Nature 445, 106-10 (2007).
14. Ricci-Vitiani, L. et al. Identification and expansion of human colon-cancer-initiating cells. Nature 
445, 111-5 (2007).
15. Dalerba, P. et al. Phenotypic characterization of human colorectal cancer stem cells. Proc Natl Acad 
Sci U S A 104, 10158-63 (2007).
16. Vermeulen, L. et al. Single-cell cloning of colon cancer stem cells reveals a multi-lineage 
differentiation capacity. Proc Natl Acad Sci U S A 105, 13427-32 (2008).
17. Lobo, N.A., Shimono, Y., Qian, D. & Clarke, M.F. The biology of cancer stem cells. Annu Rev Cell Dev 
Biol 23, 675-99 (2007).
18. Clevers, H. Wnt/beta-catenin signaling in development and disease. Cell 127, 469-80 (2006).
19. Clevers, H. The cancer stem cell: premises, promises and challenges. Nat Med 17, 313-9 (2011).
20. Vermeulen, L. et al. Wnt activity defines colon cancer stem cells and is regulated by the 
microenvironment. Nat Cell Biol 12, 468-76 (2010).
21. Batlle, E. et al. Beta-catenin and TCF mediate cell positioning in the intestinal epithelium by 
controlling the expression of EphB/ephrinB. Cell 111, 251-63 (2002).
22. Merlos-Suarez, A. et al. The intestinal stem cell signature identifies colorectal cancer stem cells and 
predicts disease relapse. Cell Stem Cell 8, 511-24 (2011).
23. Jung, P. et al. Isolation and in vitro expansion of human colonic stem cells. Nat Med 17, 1225-7 
(2011).
24. Dalerba, P. et al. Single-cell dissection of transcriptional heterogeneity in human colon tumors. Nat 
Biotechnol 29, 1120-7 (2011).
25. Pierce, G.B. & Speers, W.C. Tumors as caricatures of the process of tissue renewal: prospects for 
therapy by directing differentiation. Cancer Res 48, 1996-2004 (1988).
26. Shibata, H. et al. Rapid colorectal adenoma formation initiated by conditional targeting of the Apc 
gene. Science 278, 120-3 (1997).
27. Snippert, H.J., Schepers, A.G., Delconte, G., Siersema, P.D. & Clevers, H. Slide preparation for single-
cell-resolution imaging of fluorescent proteins in their three-dimensional near-native environment. 
Nat Protoc 6, 1221-8 (2011).



Re-tracing of adenoma stem cells

Ch
ap

te
r 5

|75

Materials and methods

Ah-cre 9, Lgr5-EGFP-Ires-CreERT2 3, Apcfl/fl 26 and R26R-Confetti mice 7 were previously 
described. Ah-cre/R26R-Confetti (Het-Het) mice aged 40 weeks were induced with 
β-naphtoflavone, triple intraperitoneal dose of 2,5mg on one day. Lgr5-EGFP-Ires-CreERT2/
Apcfl/fl/R26R-Confetti mice (Het-Hom-Het), 10 weeks of age, were induced with a single 
intraperitoneal dose of 5mg tamoxifen during the first and second pulse. Mice were 
sacrificed for analysis after indicated time-points.
Staining was performed according to Snippert et al., 2011 27. Lysozyme antibody: Polyclonal 
Rabbit Anti-Human (Dako A0099). Secondary antibody: Alexa 647, Goat anti-Rabbit 
(Invitrogen 56834A).
Confocal and analysis was performed as previously described 7. Images were processed with 
Image J, Photoshop and Volocity (PerkinElmer).

Figure S1: Adenoma formation in Lgr5-EGFP-Ires-CreERT2/Apcfl/fl/R26R-Confetti mice
A-C) β-catenin staining showing adenoma formation 2, 3 and 4 wks after Cre recombination. 
D) Periodic Acid Schiff (PAS)-staining showing goblet cells (arrows) in a villus surrounding 
a small adenoma, but not in adenoma tissue (dotted line). E) Alkaline Phosphatase (AP) 
staining marks enterocytes in a villus surrounding a small adenoma by a thin blue line 
located at the apical domain of the cells. AP staining is absent in adenomas (D-E). Scale 
bars: 50 µm.
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Summary

Colorectal carcinogenesis follows a mutation sequence that drives the malignant 
transformation of normal tissue into carcinoma. Loss of the tumor suppressor APC is 
considered to represent the ‘gatekeeper’ mutation, leading to the formation of a benign 
adenoma. The concept of ‘field cancerization’ proposes that oncogenic mutations that 
do not initiate neoplasias on their own, can spread through the epithelium. Here, we 
demonstrate that oncogenic K-ras activation in single intestinal stem cells provides a 
competitive advantage over wild-type neighboring stem cells. At first, K-ras mutant 
stem cells quickly expand within crypts via a biased drift to clonality. Subsequently, 
mutant tissue expands by means of enhanced crypt fission. These observations provide 
experimental evidence for the existence of ‘field cancerization’ in the intestine.

Significance

Colorectal cancer (CRC) is a major public health problem with more than a million patients 
worldwide. The essential players for CRC progression are identified but there remains 
uncertainty about their relative role and order in the process of tumorigenesis. Certain 
mutations may create fields of precancerous tissue. Here, we describe a novel method 
to analyze the spread of oncogenic mutations throughout the intestinal epithelium. Our 
mouse models enable us to analyze the effect of such mutations on stem cell behavior 
within their niche (crypts) and allow visualization of crypt ancestry. We provide proof of 
principle for field cancerization in the intestine and calculate the rate of progression of 
this process. 

Introduction

The adenoma-carcinoma sequence of colorectal cancers, defined histopathologically, has 
been postulated to occur as the consequence of an ordered series of mutations in a limited 
set of cancer genes (e.g. APC, KRAS, P53, Smad4)1. Recent whole-exome sequencing has 
confirmed the dominant role of the classical oncogenes in colon cancer pathogenesis, 
yet is unveiling a broad range of additional players that are mutated in smaller subsets of 
patients2,3. There is a consensus that APC mutations initiate neoplasias; APC is considered 
to be the gatekeeper of carcinogenesis in the colon. KRAS mutations are believed to play 
an important role in progression towards adenocarcinomas1. Yet, there is no reason a priori 
that these mutations are acquired in this order4.

The small intestinal epithelium of mice provides an attractive model system to study adult 
stem cell biology and the role of stem cells in cancer development. The epithelium self-
renews every five days and is organized in highly stereotypical crypt-villus units. Stem cells 
reside at crypt bottoms and their transit-amplifying (TA) daughters fill the remainder of the 
crypt. Upon exiting the crypt, cells rapidly take on one of several differentiated phenotypes, 
move up the flanks of the villus to undergo apoptosis at villus tips five days after their birth 
in the stem cell compartment5. Small, actively cycling stem cells, called Crypt Base Columnar 
(CBC) cells, are intermingled with terminally differentiated Paneth cells at crypt bottoms. 
CBC cells have been proposed to represent the stem cells of the crypt6. 
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Using several knock-in alleles of Lgr5, we have been able to test this notion. Indeed, Lgr5-
based lineage tracing has revealed that CBC cells generate all cell types of the epithelium 
over the life-time of a mouse7. Approximately fourteen Lgr5 stem cells are present in each 
crypt, optimally distributed between ten to twelve Paneth cells that constitute the stem cell 
niche8,9. CD133-based lineage tracing has independently confirmed the CBC cells as crypt 
stem cells10. A quiescent ‘reserve’ stem cell has been proposed to reside directly above 
the Paneth cells at position ‘+4’ and is i.a. marked by Bmi111 and HopX12. The two stem cell 
populations are probably linked in a dynamic fashion12. Here, we focus on the Lgr5 stem cell 
compartment as Lgr5-based and CD133-based lineage tracing has previously been used to 
identify these cells as cells-of-origin of intestinal neoplasia10,13.

We have previously shown that individual Lgr5 stem cells do not undergo asymmetric cell 
division.  Rather, all Lgr5 stem cells divide symmetrically every day, to generate two equal 
stem cell daughters. These daughters compete neutrally for niche space provided by direct 
contact to Paneth cells8. To analyze this process of neutral competition and clonal evolution, 
we introduced a simple model that captures the fundamental aspects of the competition 
dynamics8. We represented the Lgr5 stem cells as a one-dimensional chain of cells which surround 
the base circumference of the crypt (Fig. 1). In this model, stem cell division may lead to the  
displacement of a neighbor from the niche leading to loss of that neighbor from the stem 
cell pool. As a result, clones within the niche can either expand or contract. Eventually, one 
clone will compete away all other stem cell clones, thus rendering the crypt monoclonal8,14. 
Under normal homeostatic conditions, the pattern of neutral drift depends on only two 
parameters: the number of stem cells in a crypt and the stem cell replacement rate. 
Quantitative analysis showed that the Lgr5 stem cell replacement rate in the mouse intestine 
is comparable to the duration of the cell cycle, i.e. approximately 24 hours. This confirmed 
that divisions with a symmetric fate outcome dominate the stem cell dynamics8.

An important aspect for neutral competition is a functionally homogenous (equipotent) 
stem cell population. Yet, stem cells can acquire somatic mutations during their lifetime. 
Most mutations will not alter the pattern of neutral drift dynamics. Such mutations will 
either ‘hitchhike’ to colonize an entire crypt, or become extinct15. However, if a somatic 
mutation confers a fitness advantage, it will change the competition dynamics. In our clonal 
evolution model, mutations that increase the proliferation rate will endow stem cells with 
a fitness advantage. These mutant stem cell clones will expand faster and are thus more 
likely to displace and outcompete the wild-type neighboring stem cells in the crypt. The 
potential expansion and spread of oncogenically mutated cells fits with the concept of 
‘field cancerization’. This term was first proposed by Slaughter et al. in 1953 to describe 
the preconditioning of an area of epithelium by an unknown carcinogenic agent16. In recent 
years, the term is often used for fields of genetically altered preneoplastic cells that clonally 
expand within proliferative epithelia17. In the intestine, field cancerization is believed to be 
the result of crypt colonization and crypt fission18. On a cellular level, K-ras is known for its 
role in stimulating cellular proliferation19. Multiple mouse models have demonstrated that 
activation of oncogenic K-ras in the intestine results in hyperplasia but not in the formation 
of malignancies20-22. Mutant K-ras promotes hyperproliferation of cells within the progenitor 
compartment20,21. It is believed not to expand the presumptive stem cell pool in intestinal 
and colon epithelium23. 
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Here, we demonstrate that sporadic activation of oncogenic K-ras in wild-type intestinal 
stem cells strongly increases their chance to colonize crypts as a result of a biased drift 
within the stem cell pool. Subsequently, we show that these mutant crypts spread through 
the intestinal epithelium by means of enhanced crypt fission, thereby describing the process 
of field cancerization in the intestine in terms of the changes in dynamic behavior of K-ras 
mutant stem cells.

Results

Lineage tracing strategy
In order to investigate the effect of an oncogenic K-rasG12D mutation in Lgr5 intestinal stem 
cells, we crossed Lgr5-EGFP-Ires-CreERT2/R26R-Confetti mice with K-rasLSL-G12D mice. 

Figure 1: Drift dynamics model
A) Representation of an intestinal crypt. Lgr5 stem cells are represented in green, Paneth 
cells in brown and a single R26R-Confetti labeled clone is represented in red. B) Stem cells 
in an intestinal crypt viewed from the bottom by confocal microscopy can be represented 
as a one-dimensional ring of cells which surround the base circumference of the crypt. C) 
Division of stem cells can result in expansion, contraction or loss of a labeled clone.

Expansion Contraction Extinction

Intestinal crypt Confocal plane Bottom view
A

C

B
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In this mouse model, Lgr5 cells are marked with green fluorescent protein EGFP and express a 
tamoxifen-inducible version of Cre that can be used to activate K-rasG12D and R26R-Confetti 
alleles. R26R-Confetti is a multicolor Cre-reporter based upon the Brainbow mouse24. Upon 
Cre activation, it expresses one out of four possible fluorescent proteins (nuclear Green, 
Yellow, Red or membrane tagged Blue) as a random outcome of the recombination process8. 
Conversion of Confetti to GFP is inefficient, while the three other colors appear with equal 
frequency. For K-Ras wild-type (WT) control experiments, we used Lgr5-EGFP-Ires-CreERT2/
R26R-Confetti mice. Hereafter, Lgr5-EGFP-Ires-CreERT2/K-rasLSL-G12D/R26R-Confetti mice 
are referred to as K-ras mice.

Clonal evolution: qualitative insights
Adult mice, 10 weeks of age, were induced with tamoxifen and confetti-marked clones in 
intestinal crypts were followed by sacrificing mice at various time points after induction. 
After 48 hours of tracing, there was no obvious difference in clone density (number of 
clones per area of tissue) between K-ras clones and WT clones, indicating that the induction 
efficiency was comparable (Fig. 2A). Moreover, at this timepoint, the average size of K-ras 
clones was similar to WT clones. After 72 hours of tracing, a subtle difference in clone size 
appeared. On average, clones in K-ras mice contained more cells than WT clones (Fig. 2B). 
This effect became more pronounced after 7 days of tracing. At this timepoint, a low but 
significant frequency of ‘clonal fixations’ (i.e. all stem cells belong to the same clone) was 
already observed in K-ras mice, a feature never seen in the WT scenario (Fig. 2C).

Next, we quantified the K-ras clones in more detail and compared them to the clonal fate 
data in WT intestine as previously reported8. The clone size was scored as the total number 
of cells within a given clone, while the stem cell content was determined as the number of 
Lgr5hi cells within that clone. The relative abundance of different clone types is depicted 
in Figure 3A-B. After 48 hours of tracing, the average clone size of K-ras clones was almost 
identical to the WT scenario, although the weight of the stem cell content was slightly 
skewed to higher numbers (Fig. 3A). After 72 hours of tracing, K-ras clones were significantly 
larger than WT, and consisted of more Lgr5hi stem cells. 

Clones with no Lgr5hi stem cells occurred less frequently in the K-ras mice compared to the 
WT scenario, suggesting that K-ras mutant stem cells had a survival advantage over their WT 
neighbors (Fig. 3B). Indeed, following K-ras activation in Lgr5 stem cells, the chance of stem 
cell ‘extinction’ (i.e. loss of a marked stem cell clone) decreases:  34% in WT versus 21% in 
K-RAS at 48 hours post-labeling. Moreover, the variability in clone sizes increased upon K-ras 
activation, with the presence of some fast growing clones. 

After 1 week of tracing, many of the clonal progeny had migrated into the villus compartment 
that lies outside the microscopic detection range, making it impossible to score complete 
clone sizes. Nevertheless, the expansion of clones within the stem cell population could be 
traced. To focus on a defined population, we restricted our analysis to ‘surviving’ clones 
that hosted at least one Lgr5hi stem cell. For this population, the average stem cell content 
of K-ras clones increased much faster than that of their WT counterparts (Fig. 3C), providing 
further evidence for the survival advantage of K-ras mutant cells.
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Figure 2: Short-term clonal tracing of K-ras activated Lgr5hi cells
Confocal scanning from the bottom of small intestinal crypts during WT homeostasis (left 
panels) and with sporadically activated K-rasG12D stem cells (right panels). Lgr5 stem cells 
are shown in green. A) YFP, driven from the R26R-Confetti locus (pseudo color white) 
shows clonal marking of cells derived from Lgr5 stem cells after 48hrs. Traced clones in 
right panel (white) also express K-rasG12D. B) Like A, but after 72hrs of tracing. C) Like A, 
but after 7 days of tracing. Clones are marked with YFP (pseudo color white), RFP (red) 
or membrane tagged CFP (blue). K-rasG12D positive clones (right panel) grow faster 
than their WT counterparts. Several crypts are already dominated by K-rasG12D positive 
clones. Scale bars; 50 µm. 
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Figure 3: Clonal tracing analysis of individual K-ras activated Lgr5hi cells
A) Representation of the relative abundance (%) of clones scored for total clone size 
and the number of Lgr5hi cells after 48hr. Left: WT clones, right: K-rasG12D activated 
clones. B) Like A, but after 72hrs of tracing. C) Expansion of Lgr5hi cell numbers over time 
within clones that contain at least one Lgr5hi cell. The numbers represent the percent 
of clones with a certain number of Lgr5hi cells for each timepoint. The average size of 
clones gradually increases, yet the K-rasG12D activated clones expand faster within the 
stem cell compartment. Blue hues represent the relative frequency of Lgr5hi cell numbers 
per timepoint. 50% is blue; 0% is white. Left matrix is for WT clones, right matrix is for 
K-rasG12D activated clones. Data from WT clones is reproduced from Snippert et al., 2010.
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Clonal evolution: quantitative analysis following biophysical modeling
In previous studies8, we have shown that the model of neutral drift dynamics (Fig. 1) can 
be used to develop quantitative insights into the pattern of clonal evolution in WT tissue. In 
particular, if we assume that stem cell division leads to displacement and subsequent loss 
of neighboring stem cells at the base of the crypt, clones derived from single labeled cells 
in WT tissue are predicted to follow a ‘random walk’-type process. Labeled cells in the stem 
cell compartment increase or decrease in number at a rate set by the frequency of loss and 
replacement. This process continues until clones are lost or successfully colonize the entire 
crypt (fixation). For this dynamics, it is straightforward to determine the predicted clone size 
distribution as a function of the loss/replacement rate, l, and the number of stem cells in 
the crypt, Nstem (Supplementary Theory).

The qualitative analysis of the K-ras data suggested that K-ras activation in stem cells confers 
a survival advantage over their WT neighbors. However, since the rate of clone “extinction” 
is diminished but not eradicated, the bias is limited. To accommodate this bias, we supposed 
that the stem cell duplication rate of the K-ras stem cells is set by l(1+d), while the rate 
of loss is given by l(1-d). The parameter d controls the size of the imbalance. With this 
paradigm, it was straightforward to adapt the theoretical analysis to predict the pattern of 
clonal evolution (Supplementary Theory). Thus, a number of qualitative features emerge. 
First, in WT, neutral drift dynamics will lead to a fraction 1/Nstem of labeled crypts becoming 
fixed. In the course of healthy tissue turnover, the proliferation of any one of the stem cells 
in a crypt can result in crypt colonization, with equal probability. By contrast, in K-ras, the 
higher proliferative rate leads to a rapidly increasing fraction of mutant cells within the 
crypt. The probability of crypt fixation rising approximately linearly with d from 1/Nstem and 
reaching unity when d=1.

Next, we fitted the predicted model dynamics to the measured clone size distribution (as 
assessed by Lgr5 cell content of surviving clones). Taking into account an offset of one-
day for the action of the tamoxifen to cease, we find an overall loss/replacement rate of 
l=0.67±0.05 per day, and a bias of d=0.35±0.05 (Supplementary Theory). This compares 
with the figure of l=0.74±0.04 reported for WT tissue8. With these values, it follows that 22% 
of K-ras clones should have become extinct at 48 hours post-labeling compared to 34% for 
WT (Supplementary Theory). These predicted figures are very close to the measured values. 
Theoretically, the observed K-ras data may under-estimate the actual growth advantage of 
mutant clones. Since Cre-recombination efficiency is not 100%, clones may exist that are 
marked by Confetti but do not express oncogenic K-ras and vice versa. 

Crypt fission: qualitative insights
In neonatal animals and humans, the intestinal epithelium can grow through the duplication 
of crypts by the process of crypt fission. Although the rate of crypt fission in steady state 
epithelium is low, the frequency can increase as a regenerative response to epithelial 
injury25,26. Yet, most studies have not been able to directly visualize crypt ancestry. To 
determine the impact of an oncogenic K-ras mutation on crypt fission, we induced 
sporadic lineage tracing in Lgr5 stem cells with R26R-Confetti. Over time, a certain amount 
of fluorescently marked Lgr5 stem cells will successfully colonize the entire crypt as the 
stochastic outcome of neutral (in the case of WT) or biased (for K-ras) drift dynamics. 
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When such a marked crypt undergoes crypt fission, the duplicated crypt will bear the same 
fluorescent mark. Thus, two adjacent crypts of the same color can be the result of crypt 
fission.

After 8 weeks of tracing, we scored ‘labeled’ crypts (defined as crypts in which more than 
50% of the stem cell compartment is labeled by a single color) involving any of three R26R-
Confetti colors (Fig. 5). Adjacent labeled crypts with the same fluorescent marking were 
scored as ‘XX’ (ellipse). Crypt pairs with different colors were scored as ‘XY’ (dashed ellipse). 
Note that, ‘XX’ crypt pairs can result either from crypt fission or from chance labeling of 
stem cells in neighboring crypts, whereas ‘XY’ crypt pairs can only occur by chance. The ratio 
of XX versus XY crypt pairs was significantly higher in K-ras mice compared to WTs, indicating 
more crypt fission events in K-ras mice (Fig. 5A-C). After 16 weeks of tracing, the number of 
crypt fission events in WT mice had increased slightly. Crypt fission events did not occur in 
a uniform fashion. Certain patches of epithelia had significantly more crypt fission events 
than could be expected by the average number of fissions. Some crypts probably duplicated 
multiple times (Fig. 5D, cluster of four red crypts at top of panel). In K-ras mice, large patches 
of monochromatic crypts were observed after 16 weeks of tracing (Fig. 5E). These patches 
contained up to eight crypts, implying a significantly higher rate of crypt fission. Of note, in 
WT mice, patches of more than four crypts were not observed after 16 weeks or even 30 
weeks of tracing.

Crypt fission: quantitative analysis following biophysical modeling
To address the significance of the crypt fission data and to infer the fission rate in WT and 
K-ras mice, we turned to a more quantitative analysis. Previous studies have shown that 
after 8 weeks of tracing, around 50% of surviving clones in WT tissue have resulted in crypt 
fixation8,14 (Supplementary Theory). Of the remaining 50%, a further half will have a size in 
excess of half the crypt and will in turn achieve fixation. For K-ras, the situation is even more 
clear-cut, with the vast majority of surviving clones (>98%) fixed by 8 weeks post-labeling 
(Supplementary Theory). Therefore, by focusing on the 8 and 16 week timepoints to analyze 
the fission data, we could neglect details of the internal composition of labeled crypts. In 
other words, we could treat clones with more than 50% labeled cells as fixed monoclonal 
units. 

Figure 4: K-ras activated Lgr5hi cells follow 
a pattern of biased drift
Average number of Lgr5hi stem cells in K-ras 
mutant clones over time. Red points show 
experimental data from day 2, 3, 7 and 14 
(data are represented as mean ± SEM). 
Black line: predicted clone size distribution 
for biased drift (d=0.35). The parameter 
d controls the size of the imbalance for 
biased drift; duplication rate is set by l(1+d), 
the rate of loss is given by l(1-d). Blue line: 
predicted clone size distribution for neutral 
drift dynamics (d=0).
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Figure 5: K-ras activation results in patches of mutated crypts through crypt fission
A-B) Small intestinal crypts with sporadically activated Lgr5hi stem cells. Lgr5 stem cells are 
in green. R26R-Confetti clones are visualized and marked with YFP (pseudo color white), 
RFP (red) or membrane tagged CFP (blue). A) After 8 weeks, the majority of surviving WT 
clones dominated their crypt as the outcome of neutral drift dynamics. Adjacent labeled 
crypts either had the same color ‘XX’ (ellipse), or different colors ‘XY’ (dashed ellipse). 
Crypts with the same fluorescent marking can be the result of crypt fission. B) Like A, but 
for K-ras mutant clones. The number of XX crypt pairs is significantly higher than in the 
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To examine the development of a contiguous cluster of monochromatic crypts, we have 
to account for three possibilities: 1) the cluster developed from a single crypt through 
crypt fission. 2) the cluster results from independent recombination events that provided 
the same color to neighboring crypts. 3) the cluster results from a combination of both 
effects. Fortunately, the induction frequency (the number of crypts per unit area that drift 
to monoclonality after induction (p0)) was approximately equal for the three different 
colors. Therefore the relative contribution from the three possibilities is straightforward to 
enumerate (Supplementary Theory). For a low induction frequency, p0<<1, the chance that 
two crypts of the same color develop independently is given by 3zp0

2. The factor of 3 relates 
to the number of independent colors, and z=6 is the typical number of crypts that surround 
a given crypt. Similarly, the chance that two crypts of different colors are neighbors is given 
by 2x3zp0

2. The additional factor of two is a reflection of the number of permutations of 
different colors. 
 
To estimate the contribution from crypt fission, we had to start with two presumptions. We 
assumed that fission events occur stochastically, with the time between consecutive events 
statistically uncorrelated. Further, we assumed that crypt fission occurs autonomously and 
leads to the gradual accumulation of additional crypts without loss of neighbors. For such a 
situation, the chance of a monoclonal crypt undergoing n rounds of fission can be modeled 
by a birth-type process (Supplementary Theory). By comparing the frequencies of different 
crypt clusters (Fig. 5C,F), we found the induction frequency for WT mice p0

WT=0.006±0.001 
per crypt. By fitting the scored clusters to the model, we found the crypt fission rate 
fWT=0.01±0.002 per 8 weeks per crypt. This figure denotes that crypt fission in steady state 
epithelium in adult mice is indeed rare, with few crypts undergoing even one fission event. 
For the K-ras mice, the induction frequency was comparable to WT mice at p0

Kras=0.004±0.001 
per crypt. However, the crypt fission rate fKras=0.3±0.04 per 8 weeks per crypt, was a factor 
of 30 higher. As well as providing an excellent prediction for the 16 week timepoint, these 
figures also correctly predict the fraction of 3-crypt clusters, XXX (Fig. 5G,H). In this case, 
crypt fission following K-ras activation is predicted to generate an exponential distribution 
of cluster sizes.

Discussion

Seminal studies on Familial Adenomatous Polyposis (FAP) and on progression of sporadic 
colon cancer have identified a sequential mutation sequence underlying the progression of 
adenomas to carcinomas27. Although the progressive accumulation of genetic events during 
cancer progression is generally accepted, the timing and order of acquiring mutations with 
respect to one another may vary between individual cases4. 

WT situation. C) Quantification of labeled crypt clusters for WT and K-ras mice 8 weeks 
after labeling. D-F) Like A-C, but after 16 weeks of tracing. Patches of multiple adjacent 
labeled crypts appeared. Patches were larger and more frequent in K-ras mutant crypts. 
All scale bars; 100 µm. G) Representation of the probability of obtaining two neighboring 
monoclonal crypts of the same (PXX) or different color (PXY) as a ratio of the frequency of 
isolated labeled crypts.  PXXX represents the probability to obtain a cluster of three crypts 
with the same color. H) Like G, but for K-ras mutant clones.
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Most human tumors are quite advanced when detected. As a result, medium and late 
stages of tumor development are better understood than the initial steps28. Activating K-ras 
mutations (or other mutations in the PI3K pathway) are believed to represent the second 
step of tumorigenesis that facilitates tumor growth and progression1. Yet, it is unknown 
whether K-ras mutated cells can spread through the epithelium and generate precancerous 
tissue regions. Data from human aberrant crypt foci (ACF) indicated that K-ras mutation may 
be an alternative initiating mutation towards colorectal cancer development29. ACF develop 
before colorectal polyps and are one of the earliest abnormalities seen in the colon that may 
lead to cancer30. In FAP patients, these ACF always harbor APC and no KRAS mutations. Yet 
in non-FAP patients, 68% of dysplastic ACF harbored activating KRAS mutations and no APC 
mutations29. All adenomas (the next step in cancer progression) obtained from the same 
non-FAP patients had sustained APC mutations in addition to KRAS mutations, implying that 
KRAS activation by itself cannot transform epithelia towards adenoma formation. In mice, it 
has been demonstrated that Apc2lox14/+/K-rasLSL-G12D/+ mice have increased tumor multiplicity 
compared to Apc2lox14/+mice20.  

Here, we provide the proof of principle that oncogenic mutations that do not cause neoplasia 
on their own can spread through the intestinal epithelium, thus increasing the ‘target size’ 
for subsequent oncogenic mutations in for instance APC. We demonstrate that K-ras mutant 
stem cells follow a biased drift to clonality within crypts and spread through the epithelium 
by enhanced crypt fission. We observed a higher proliferation rate within K-ras mutant 
clones. Such an increase in the cell division rate confers a survival advantage to mutant cells 
leading to a bias in the drift dynamics. However, we cannot exclude that faster proliferation 
is the only mechanism by which K-ras increases the fitness of WT stem cells. K-ras mutant 
stem cells may for example also adhere more strongly to Paneth cells, thereby making them 
harder to displace from the niche. It will be interesting to further explore the mechanism 
of crypt fission. Do crypts undergo fission due to intrinsic features such as an overload of 
stem cells and Paneth cells25, or is fission a response to tissue injury?  Hyperplasia caused 
by overactive K-ras may trigger a regenerative response within the mutant crypt, possibly 
explaining the non-uniform spreading of crypt fission as observed in our experiments. 
Analysis of human samples indeed suggests that fission is more common in crypts isolated 
from adenomas and hyperplastic polyps31. 

An evolutionary advantage of cycling stem cells that undergo a neutral drift for niche 
occupation is that mutations that lower the stem cells’ fitness are lost via clone extinction. In 
addition, stem cells that approximately divide each day in a symmetric manner can provide 
a very robust regenerative response. During homeostasis, these stem cells in fact double 
their number each day, after which half of them are displaced from the niche. In case of 
serious injury, depleted stem cell numbers are easily replenished because of this intrinsic 
symmetric cycling behavior. As a result, these stem cells do not have to adopt different 
molecular division mechanisms for injury repair. Conversely, cycling stem cells undergoing 
neutral drift also present a potential threat as shown in this study. If one stem cell increases 
its evolutionary fitness relative to its neighbors, for example due to an oncogenic mutation, 
it may spread through the tissue. Of note, the spread by means of crypt fission will never 
be as fast as theoretically possible in an intestine that would contain one continuous stem 
cell population. 
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As shown by the raw data and theory (Fig. 4 and Supplementary Theory), the initial 
expansion of K-ras clones is almost linear. Thus, an intestine with one contiguous stem cell 
niche containing about 14 million stem cells would have been dominated by a mutant clone 
within months. Instead, the compartmentalization of the intestinal stem cell population 
into approximately 1 million crypts, each harboring about 14 stem cells, significantly 
restrains the spreading of oncogenic mutations. Interestingly, most fast-renewing tissues 
with cycling stem cells such as intestine, colon, stomach and skin indeed harbor their stem 
cell populations compartmentalized in many niches. An exception to this rule is the bone 
marrow. Indeed, mutations that confer growth advantage to bone marrow stem cells (e.g. 
such as seen in Chronic Myeloid Leukemia32 or in Paroxysmal Nocturnal Hemoglobinuria33) 
can overtake the entire patient bone marrow.  We speculate that compartmentalization 
of the stem cell population in multiple small niches provides an evolutionary advantage to 
delay potential spreading of oncogenic mutations.
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Material and methods

Mice
Lgr5-EGFP-Ires-CreERT2 mice7 were bred with K-rasLSL-G12D34 and R26R-Confetti mice8. 
Triple heterozygous mice of 10 weeks of age were used for experiments. For WT experiments, 
Lgr5-EGFP-Ires-CreERT2/R26R-Confetti mice were used. Raw data from WT short-term 
clonal tracing experiments was reproduced from Snippert et al., 2010. Mice were induced 
with 5mg tamoxifen. Activation of R26R-Confetti resulted in almost no expression of nuclear 
EGFP. The frequencies of the other three colors were about the same. For each timepoint, 
at least two mice were analyzed and scored.

Tissue preparation for confocal analysis
For whole-mount imaging, intestines were opened along their length and villi were 
scraped off using a microscope glass. Subsequently intestines were cut in parts, fixed in 4% 
Paraformaldehyde at room temperature for 30 minutes and washed in cold PBS. Intestinal 
parts were prepared free from connective tissue and muscle layers and transferred to a 
new microscope slide with crypt bottoms oriented to the top. Intestinal parts were directly 
embedded with vectashield (Vector Laboratories) and sealed with coverslips. Confocal 
images were acquired using a Leica Sp5 AOBS microscope. Images were processed using 
ImageJ, Photoshop and Volocity (PerkinElmer). Threshold for Lgr5hi cells was set at 66% of 
the average signal from at least 10 GFP positive cells at the entire base of the crypt.
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Supplementary Theory

Supplementary Theory

In the main text, we discussed a biophysical model to address both clonal evolution within
crypts following K-ras activation, and the pattern of crypt fission. In the following sections,
we provide a more detailed account of the theoretical construction scheme, leaving the cen-
tral results in the main text.

1 Biased drift of the K-ras mutant stem cell population

1.1 Neutral drift in normal homeostasis

In normal homeostasis, stem cells at the base of the crypt undergo a process of neutral compe-
tition in which the loss of a stem cell through commitment to differentiation is compensated
by symmetrical self-renewal of a neighboring stem cell. As a result, single stem cell-derived
clones undergo a pattern of neutral drift in which continual clonal loss is compensated by the
expansion of neighboring clones (Fig. 1). This process continues until all of the stem cells
in a crypt become clonal.

To model clonal evolution on this background, following Refs. (Lopez-Garcia et al. 2010
and Snippert et al. 2010), we introduced a simple model in the main text that captures the
fundamental aspects of the dynamics. Further refinements of the model to incorporate more
detailed aspects of the cellular organization probably overextend the utility of this approach.
If we represent the stem cell compartment as a one-dimensional chain of cells which extend
around the circumference of the crypt near the base, the resulting clone dynamics can be
resolved analytically and depends on just two parameters – the loss/replacement rate, λ, of
stem cells from the base of the crypt, and the total number of stem cells in the crypt, N . Note
that the loss/replacement rate must be bound by, but may be less than, the cell division rate.

1

Supplementary Theory

In the main text, we discussed a biophysical model to address both clonal evolution within
crypts following K-ras activation, and the pattern of crypt fission. In the following sections,
we provide a more detailed account of the theoretical construction scheme, leaving the cen-
tral results in the main text.

1 Biased drift of the K-ras mutant stem cell population

1.1 Neutral drift in normal homeostasis

In normal homeostasis, stem cells at the base of the crypt undergo a process of neutral compe-
tition in which the loss of a stem cell through commitment to differentiation is compensated
by symmetrical self-renewal of a neighboring stem cell. As a result, single stem cell-derived
clones undergo a pattern of neutral drift in which continual clonal loss is compensated by the
expansion of neighboring clones (Fig. 1). This process continues until all of the stem cells
in a crypt become clonal.

To model clonal evolution on this background, following Refs. (Lopez-Garcia et al. 2010
and Snippert et al. 2010), we introduced a simple model in the main text that captures the
fundamental aspects of the dynamics. Further refinements of the model to incorporate more
detailed aspects of the cellular organization probably overextend the utility of this approach.
If we represent the stem cell compartment as a one-dimensional chain of cells which extend
around the circumference of the crypt near the base, the resulting clone dynamics can be
resolved analytically and depends on just two parameters – the loss/replacement rate, λ, of
stem cells from the base of the crypt, and the total number of stem cells in the crypt, N . Note
that the loss/replacement rate must be bound by, but may be less than, the cell division rate.

1

Supplementary Theory

In the main text, we discussed a biophysical model to address both clonal evolution within
crypts following K-ras activation, and the pattern of crypt fission. In the following sections,
we provide a more detailed account of the theoretical construction scheme, leaving the cen-
tral results in the main text.

1 Biased drift of the K-ras mutant stem cell population

1.1 Neutral drift in normal homeostasis

In normal homeostasis, stem cells at the base of the crypt undergo a process of neutral compe-
tition in which the loss of a stem cell through commitment to differentiation is compensated
by symmetrical self-renewal of a neighboring stem cell. As a result, single stem cell-derived
clones undergo a pattern of neutral drift in which continual clonal loss is compensated by the
expansion of neighboring clones (Fig. 1). This process continues until all of the stem cells
in a crypt become clonal.

To model clonal evolution on this background, following Refs. (Lopez-Garcia et al. 2010
and Snippert et al. 2010), we introduced a simple model in the main text that captures the
fundamental aspects of the dynamics. Further refinements of the model to incorporate more
detailed aspects of the cellular organization probably overextend the utility of this approach.
If we represent the stem cell compartment as a one-dimensional chain of cells which extend
around the circumference of the crypt near the base, the resulting clone dynamics can be
resolved analytically and depends on just two parameters – the loss/replacement rate, λ, of
stem cells from the base of the crypt, and the total number of stem cells in the crypt, N . Note
that the loss/replacement rate must be bound by, but may be less than, the cell division rate.

1

Supplementary Theory

In the main text, we discussed a biophysical model to address both clonal evolution within
crypts following K-ras activation, and the pattern of crypt fission. In the following sections,
we provide a more detailed account of the theoretical construction scheme, leaving the cen-
tral results in the main text.

1 Biased drift of the K-ras mutant stem cell population

1.1 Neutral drift in normal homeostasis

In normal homeostasis, stem cells at the base of the crypt undergo a process of neutral compe-
tition in which the loss of a stem cell through commitment to differentiation is compensated
by symmetrical self-renewal of a neighboring stem cell. As a result, single stem cell-derived
clones undergo a pattern of neutral drift in which continual clonal loss is compensated by the
expansion of neighboring clones (Fig. 1). This process continues until all of the stem cells
in a crypt become clonal.

To model clonal evolution on this background, following Refs. (Lopez-Garcia et al. 2010
and Snippert et al. 2010), we introduced a simple model in the main text that captures the
fundamental aspects of the dynamics. Further refinements of the model to incorporate more
detailed aspects of the cellular organization probably overextend the utility of this approach.
If we represent the stem cell compartment as a one-dimensional chain of cells which extend
around the circumference of the crypt near the base, the resulting clone dynamics can be
resolved analytically and depends on just two parameters – the loss/replacement rate, λ, of
stem cells from the base of the crypt, and the total number of stem cells in the crypt, N . Note
that the loss/replacement rate must be bound by, but may be less than, the cell division rate.

1



92|

The difference between the two reflects the frequency of divisions that lead to asymmetric
fate outcome and therefore leave the stem cell population unchanged.

At a time t following induction, one may show that the fraction of clones with 1 ≤ n ≤
N − 1 stem cells is given by (Lopez-Garcia et al. 2010),

Pn(t) =
2

N

N−1∑
k=1

sin

[
πk

N

]
sin

[
πkn

N

]
e−4 sin2[ πk

2N ]λt, 1 ≤ n ≤ N − 1,

while the fraction of clones that have either become extinct, P0(t), or have saturated the
crypt, PN(t), is given respectively by,

P0(t) =
2

N

N−1∑
k=1

cos2
[
πk

2N

](
1− e−4 sin2[ πk

2N ]λt
)
,

PN(t) =
2

N

N−1∑
k=1

(−1)k+1 cos2
[
πk

2N

](
1− e−4 sin2[ πk

2N ]λt
)
.

To apply these expressions, it is necessary to exclude crypts in which the number of labeled
stem cells is zero, corresponding to clones that have (or will soon) become lost. We therefore
define the ‘persisting’ clone size distribution as,

P (pers.)
n =

Pn(t)

1− P0(t)
, 1 ≤ n ≤ N.

At time scales in excess of the typical loss time 1/λ, but shorter than the time scale for crypts
to drift to monoclonality, N2/λ, these equations enter a scaling regime where (Lopez-Garcia
et al. 2010)

P (pers.)
n ≈ 1

〈n(t)〉
f(n/〈n(t)〉),

with 〈n(t)〉 =
√
πλt and f(x) = πx

2
exp(−πx2/4).

What are the advantages and shortcomings of the modeling scheme. In the analysis, we
have made a number of important assumptions which can be backed up by experiments. In
particular, we have assumed that cells can not migrate through the base of the crypt, leading
to the one-dimensionality of the clonal progression. Second, we have assumed that the stem
cell population is equipotent, i.e. although the stem cell fate outcome following division is
stochastic (unpredictable), their statistics are predictable and the same for each stem cell.

2
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Both of these statements can be established from the experimental data through the short-
time scaling behavior of the clone size distribution.

However, to keep the modeling scheme simple, we have also assumed that the stem cells
are arranged in a strictly one-dimensional array. In fact, the Lgr5+ cells are organized
in a quasi one-dimensional arrangement over multiple rows. Fortunately, this refinement
will leave the coarse-grained dynamics unaffected, save for a potential adjustment in the
loss/replacement time or effective stem cell number, and can be safely neglected. With this
background, we turn now to consider the dynamics of the K-ras activated cells in the field of
WT cells.

1.2 Biased drift following K-ras activation

Following induction, it is evident from the clonal fate data that K-ras activation results in
a strongly accelerated progression towards fixation. However, the extinction of a fraction
of K-ras mutant clones at early times suggests that K-ras activation provides only a bias,
with drift still possible. To assess whether the dynamics of the mutant clones in the WT
background can be described as a biased drift process, let us first consider the impact of such
a bias on the simple one-dimensional model of the stem cell compartment. Specifically, let
us suppose that, following the loss of a stem cell through commitment to differentiation, a
neighboring cell in which K-ras has been activated will have a higher chance of effecting its
replacement through symmetrical cell division than a WT neighboring cell.

So, to proceed, let us again define Pn(t) as the probability of finding a K-ras mutation
clone with n ≥ 0 stem cells at a time t post-labeling. Then, if we define λ(1 + δ) as the
loss/replacement rate leading to expansion of the mutant clone, and λ(1− δ) as the rate lead-
ing to contraction, we obtain the Master equation for the time evolution of the probability,

Ṗn(t) = λ∆̂Pn(t)− λ [(1− δ)δn,1 + (1 + δ)δn,−1 − 2δn,0]P0(t)

−λ [(1− δ)δn,N+1 + (1 + δ)δn,N−1 − 2δn,N ]Pn(t) + δn,1δ(t), (1)

where, defining the one-dimensional lattice translation operator, Êm = emk̂ with [k̂, n]=1,
∆̂ = ∆̂0 − δ(Ê1 − Ê−1), and ∆̂0 = (Ê1 + Ê−1) − 2 denotes the lattice Laplacian. The
first term on the right-hand side of the equation describes the biased random walk of the
boundaries of a labeled clone, the second term reflects the possibility of clone extinction,
while the third term reflects the outcome of full labeling of all N stem cells in the crypt.

3
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The final term imposes the initial boundary condition: the induction results in the labeling
of just one stem cell per crypt at t = 0. Eq. (1) describes a discrete diffusion equation on the
interval 1 ≤ n ≤ N − 1, with absorbing boundaries at n = 0, N imposed by the second and
third terms of the equation.

To solve Eq. (1), we note that for 1 ≤ n ≤ N − 1 it is sufficient to solve the discrete
diffusion equation,

Ṗn(t) = λ∆̂Pn(t) , (2)

subject to the initial condition Pn(0) = δn,1, and “artificial” boundary conditions P0(t) =

PN(t) = 0. These boundary conditions do not reflect the true behaviour of P0(t), PN(t), but
they ensure that Eqs. (1) and (2) give the same results for Pn(t) with 1 ≤ n ≤ N − 1. Once
the solution for 1 ≤ n ≤ N − 1 is known, it is a simple matter to calculate P0(t) and PN(t)

by integrating Eq. (1) to obtain,

P0(t) = λ(1− δ)

∫ t

0

P1(t
′)dt′ , and PN(t) = λ(1 + δ)

∫ t

0

PN−1(t
′)dt′. (3)

In contrast to the pure diffusion process (described by δ = 0), the operator ∆̂ is non-
Hermitian. However, we can restore the Hermitian diffusion form by effecting a similarity
transformation. Setting Pn(t) = vnGn(t), one obtains

Ġn = λ
[
(1− δ)vGn+1 + (1 + δ)v−1Gn−1 − 2Gn

]
.

Then defining v =
√

1+δ
1−δ

and µ =
√
1− δ2, one obtains

Ġn = µλ

[
∆̂− 2

(
1

µ
− 1

)]
Gn.

Finally, applying the boundary conditions on Gn, and setting fk = 2( 1
µ
− 1) + 4 sin2[ πk

2N
],

the solutions of Eq. (2) take the form,

Pn(t) = vn
N−1∑
k=1

ak sin

[
πkn

N

]
e−µλtfk .

To fix the coefficients, ak, we must make use of the boundary condition, Pn(0) = δn,1.

4
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Making use of the orthogonality condition,

N

2
ak =

N−1∑
n=1

v−nPn(0) sin

[
πkn

N

]
=

1

v
sin

[
πk

N

]
,

we obtain

Pn(t) =
2

N
vn−1

N−1∑
k=1

sin

[
πk

N

]
sin

[
πkn

N

]
e−µλtfk .

We can now use this result to obtain the extinction and fixation probability. Making use of
Eq. (3), we obtain

P0(t) =

√
1− δ

1 + δ

2

N

N−1∑
k=1

1

fk
sin2

[
πk

N

] [
1− e−µλtfk

]
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(
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1− δ

)(N−1)/2
2

N

N−1∑
k=1

(−1)k+1

fk
sin2

[
πk

N

] [
1− e−µλtfk

]
.

With this theoretical background, let us now turn to the experimental data. To apply the
model dynamics, we will assume that the Lgr5+ cells form a defined population that reflects
the stem cell content of the clone. Moreover, we must allow for a time-offset due to the
prolonged action of the Cre following tamoxifen administration. When applied to the raw
experimental data (Figs. 3, 4C), we find a good fit of the model to the K-ras clones for a bias
of δ = 0.350.05, and the average loss/replacement rate λ = 0.67± 0.05 per day. This figure
is slightly smaller than the figure of λ = 0.74± 0.04 reported for WT tissue (Snippert et al.

2010).

2 Analysis of the crypt fission data

From the quantitative analysis of the short-term clonal fate data, we found that K-ras acti-
vation confers a proliferative advantage of the mutant cells over the wild-type. However, by
itself, this result does not disclose whether the crypt fission frequency is perturbed, In the
following section, we will develop a theoretical approach to explore the long-term data and
the appearance of crypt fission events following genetic labeling of tissue.

5
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2.1 Crypt fission: theory

Let us begin by defining PX as the probability that a crypt will have more than 50% labeled
Lgr5 cells of color c after 8 weeks post-labeling. Since we find that the three colors are
approximately equally represented, we set PX = p0 for all colors. Although we are interested
in the problem of crypt fission, it is important to recognize that crypts of common color can
cluster by chance –stem cells of the same color X can, with some probability, be induced in
neighboring crypts and both drift to monoclonality. To assess the crypt fission frequency, we
must be careful to take into account this contribution to the statistics. Therefore, let us first
assume that the crypts do not undergo fission. In this case, if we suppose that the induction
frequency is low (p0 � 1), an assumption that can be tested self-consistently, the chance that
a labeled monoclonal crypt is found isolated is given by

PX � ncolor × p0 ,

where ncolor = 3 denotes the number of colors. (Here, we work with a general value so
that the color dependence can be monitored below.) The chance that two neighbors have the
same color is given by

PXX � ncolor × zp20 = zp0PX ,

where z denotes the average coordination of neighboring crypts. Empirically, this figure is
found to be similar to the “close-packing density”, 6. Similarly, the chance of finding two
neighboring monoclonal crypts is given by,

PXY � ncolor(ncolor − 1)× zp20 = (ncolor − 1)PXX = (ncolor − 1)zp0PX .

Finally, turning to three crypt clusters, we find

PXXX � ncolor ×
1

2
z(z − 1)p30 =

1

2
(z − 1)p0PXX =

1

2
z(z − 1)p20PX

PXXY � 3(ncolor − 1)PXXX

PXYZ � ncolor(ncolor − 1)(ncolor − 2)PXXX .

Let us now turn to the potential contribution from crypt fission. If we assume that crypts
fission follows a Poisson random process in which the time between consecutive fission
events is statistically uncorrelated. With a crypt fission rate, f , the chance that a labeled

6
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crypt has expanded to generate a cluster of n labeled crypts is controlled by a birth-type
process, C �→ C + C, and given by

Fn(t) = e−ft(1− e−ft)n−1, n > 0 .

The result is easy to understand: F1 = e−ft simply denotes the decay in single labeled
crypts following fission. For ft � 1 (which may translate to an unfeasibly long time for the
experimental system), the distribution approaches the exponential form,

Fn(t) =
1

〈n(t)〉
e−n/〈n(t)〉 ,

where 〈n(t)〉 = eft denotes the average cluster size.

Pieced together, these two types of contribution lead to the first few results in the hierar-
chy,

PX = ncolorp0e
−ft

PXY = ncolor(ncolor − 1)zp20e
−2ft = (ncolor − 1)zp0e

−ftPX

PXX = ncolorzp
2
0e

−2ft + ncolorp0e
−ft(1− e−ft) = (zp0e

−ft + 1− e−ft)PX .

For higher order terms, the number of permutations increases significantly. For example a
cluster XXX can be generated by chance, without any crypt fission. It could also arise from
a chance pair followed a single fission event, or a single crypt undergoing two rounds of
fission, and so on, leading to the expression,

PXXX = ncolor
1

2
z(z − 1)p30e

−3ft + ncolorzp
2
02e

−ft(1− e−ft) + ncolorp0e
−ft(1− e−ft)2

=

[
1

2
z(z − 1)p20e

−2ft + zp02(1− e−ft) + (1− e−ft)2
]
PX .

Rather than enumerating all of these terms, which is both straightforward and tedious, we
will use the data to fit the (dominant) first few terms to determine which contribution, chance
induction or fission, dominates the higher order terms.

7
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2.2 Fit of the model to the data

Following induction, we have explored monoclonal crypt accumulation after 8 and 16 weeks
of chase for both the wild-type and K-ras system. The raw data is shown in Figs. 5C and
F. By making a fit of the ratio PXX/PX and PXY/PX to the data, with z = 6, we obtain
pWT
0 � 0.006 ± 0.001 per crypt and fWT = 0.01 ± 0.002 per eight weeks (Fig. 5G). By

contrast, for K-ras we find fKras = 0.3 ± 0.04 per 8 weeks, some 30 times larger, while the
induction frequency is comparable at pKras

0 � 0.004± 0.001 per crypt (Fig. 5H). (Note that,
following induction, at the 16 weeks timepoint, only two colors were expressed. Fortunately,
from the analysis above, one may see that, while PXX, PXY, and PXXX depend explicitly on
the number of colors, ncolor, the ratios, PXX/PX, PXY/PX, and PXXX/PX are independent
allowing these values to be safely compared with theory without any adjustment.)

Intriguing, these findings shows that the rate of crypt fission is massively accelerated
through K-ras activation. As a result, the clusters become rapidly dominated from crypts
that have undergone expansion with

PmX � (1− e−ft)m−1PX .

Over time, K-ras activated crypts expand geometrically leading to an exponential distribution
of cluster sizes with the average field size also expanding exponentially as 〈n(t)〉 � eft.

8
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All cells in the human body are derived from a single fertilized egg cell. Although each cell 
contains the same genetic information, some cells are more equal than others. Embryonic 
stem cells in the developing embryo are able to self-renew and differentiate into all cell types 
of the body. As the body-plan is folded out they gradually lose developmental potential 
to give rise to more committed stem cells. These tissue specific stem cells are still able to 
self-renew, but can only give rise to cell types that are part of the tissue of residence. In 
theory this self-renewing process is everlasting, yet we do not live forever. Due to external 
and internal factors, we acquire DNA mutations somewhere in our lifetime that can lead to 
diseases that compromise or even terminate life. 

A particular focus of current research is the treatment of genetic diseases. However, in order 
to understand how to treat a disease, one first has to obtain a clear understanding of the 
processes at hand in healthy tissues. In cancer research, sequencing of healthy and malignant 
patient material has revealed a myriad of differences in gene expression. However, much 
experimentation is necessary to gain insight into the effects of misregulated genes and to 
identify which mutations actually underlie the phenotype. Unfortunately, in vitro testing on 
human material and in silico modeling is often not conclusive, making in vivo experiments 
with laboratory animals necessary. 

The research in this thesis is focused on tissue specific stem cells in the intestinal epithelium 
and is mainly built on mouse models. The mouse small intestine provides an attractive system 
to study adult stem cells, as it has a well-ordered structural arrangement of proliferating 
and differentiated cells. Proliferating progenitors are located in small pockets called crypts, 
whereas differentiated cells are found on fingerlike protrusions called villi. The intestinal 
epithelium self-renews incredibly fast. This high turnover is likely essential to protect the 
organism against the effects of direct contact with daily consumed pathogens and damaging 
waste materials. The complete renewal of the intestinal inner-surface takes about 5 days and 
is driven by stem cells that are located at the bottom of crypts. The tremendous turnover of 
the epithelium requires a tight regulation of homeostasis. This is achieved by the integration 
of several signaling pathways, of which the Wnt signaling cascade serves as the driving force 
for proliferation in the crypt. Examination of genes that are driven by Wnt eventually led 
to the identification of Lgr5 as a stem cell marker. The discovery of this marker provided an 
essential and powerful handle to study the characteristics of the intestinal stem cells.

Previous work in the laboratory indicated that intestinal crypt stem cells persist for  
the lifetime of a mouse, yet divide about every day. In Chapter 2 we investigated  
possible mechanisms that stem cells may have incorporated to maintain genome  
integrity over hundreds of cell divisions. The continuous cycling may for example lead to 
telomere erosion. In contrast to what was described in literature1, we demonstrated that 
isolated Lgr5 stem cells contain significant telomerase activity. The telomerase activity 
rapidly decreases in the stem cell daughters and is absent in differentiated cells in the 
villus. Telomerase activity in intestinal stem cells is comparable to levels in the immortal 
diploid colorectal cancer cell line DLD1. Despite this, telomere shortening is not completely 
prevented. Another challenge in long-lived cycling cells is the potential acquisition of 
mutations. A proposed mechanism to avoid replication induced mutations is the asymmetric 
segregation of chromosomes 2. 
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The “immortal strand” hypothesis suggests that, during mitosis, stem cells retain the 
“old” template DNA strand and transfer the newly synthesized strand to their daughter 
cells. By analyzing the distribution of incorporated EdU in mitotic intestinal stem cells we 
demonstrated that this selective segregation does not occur under normal homeostasis. 
Key to this finding was the labeling and high-resolution visualization of mitotic cells within 
crypts in 3 spatial dimensions. In order to achieve this we developed a technique that helps 
to visualize fluorescent markers in their physiological setting. This technique is described in 
Chapter 3 and was also used in the subsequent chapters. 

“70% of what is written is nonsense“(an anonymous but important member of the Clevers 
lab)

Although .. % of all percentages in statements are made up on the spot, this quote holds a 
valid word of warning. Scientific curiosity is usually triggered by things we do not completely 
understand. In addition, being the first to describe something may be considered more 
important than being right. Consequently, misinterpretation of data is not uncommon 
which can make it difficult to distinguish theory from ideology. We tried to get the work in 
this thesis in the ‘positive 30% of literature’ by keeping a critical eye at our own and already 
published raw data.
 
Occasionally data or conclusions from different studies are inconsistent. An example of 
this underlies the work presented in chapter 4. Bmi1 has been reported to be specifically 
expressed in slow cycling cells predominantly located at the ‘+4 position’ in crypts of the 
proximal small intestine. By means of lineage tracing with Bmi1-ires-CreER mice it was 
demonstrated that Bmi1+ cells can give rise to all the different cell types in the intestine, 
typifying the ‘+4’ cell as a stem cell 3. However, a more recent study based on a single-
molecule in situ hybridization technique revealed that essentially all cells along the crypt 
axis express comparable levels of Bmi1 4. 

To address these conflicting results, we re-assessed Bmi1 as a marker for a stem cell pool 
located at the +4 position in the crypt. We repeated the original intestinal tracing using 
the same mouse (Bmi1-ires-CreER) crossed with two different Cre reporters. We found that 
Bmi1 marks individual cells irrespective of cell type or position along the crypt-villus axis. 
After 1 day of tracing, we showed expression in crypt base columnar cells, transit-amplifying 
cells and even in differentiated goblet cells and Paneth cells. This data implies that, although 
a ‘+4’ stem cell may exist; Bmi1 is not a marker that can be used to demonstrate this. 
Nonetheless, several studies published in high impact journals have elaborated on the 
original Bmi1 paper. One of these studies shows that Bmi1-expressing cells can serve as an 
alternative stem cell pool after deletion of Lgr5+ cells 5. Since Bmi1 has a broad expression 
pattern in the intestine, the nature of these Bmi1+/Lgr5- cells remains to be elucidated. 

In the long run, the reason why we want to unravel the intestinal system is to help patients. 
A central drive to study intestinal stem cells is their potential role in colon cancer. It has been 
proposed that within established adenomas or adenocarcinomas, so-called cancer stem 
cells (CSCs) reside that self-renew and give rise to all cells in the epithelioma. The current 
standard to assess potential CSCs is to test their tumorigenic potential in xenograft assays. 
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However, this approach may select for cells that are most robust to the isolation procedure 
or for cells most competent to adapt to the new environment after transplantation. In 
chapter 5 we introduced a new approach to visualize stem cells and their progeny within the 
adenoma. Lgr5+ cells are predominantly located directly adjacent to Paneth cells near the 
base of adenoma segments, resembling the architecture of normal crypt niches suggesting 
the existence of an ‘adenoma stem cell niche’. By ‘lineage re-tracing’ using the multicolor 
Cre-reporter R26R-Confetti we showed that Lgr5 marks a subpopulation of adenoma cells 
that fuel the growth of established intestinal adenomas. These cells generated additional 
Lgr5+ cells as well as all other adenoma cell types, providing functional in vivo evidence for 
the existence of Lgr5+ adenoma stem cells.

Benign adenomas can form after deletion of Apc in intestinal stem cells. Additional K-ras 
mutations are necessary for progression into adenocarcinomas 6. However, K-ras mutations 
do not cause malignant transformation on their own. The concept of ‘field cancerization’ 
proposes that tumorigenic mutations that do not initiate neoplasias can spread through 
the epithelium, thereby creating areas of precancerous tissue. In chapter 6 we investigated 
the effect of activating K-ras mutations on stem cells in the adult mouse intestine. K-ras 
mutant stem cells rapidly expanded within the crypt, indicating a fitness advantage over 
wild-type neighboring stem cells. By modeling the size of the mutant clones over time 
we show that the dynamics of the K-ras mutant clones can be described as a biased 
drift to clonality. Furthermore, we found enhanced crypt fission of K-ras mutant crypts, 
demonstrating that fields of precancerous tissue can form in the intestine. Although the 
largest fields observed were only a quarter of a millimeter in diameter after 16 weeks, field 
cancerization in humans can carry on for multiple decades. This may have implications for 
current resective treatments. Complete surgical removal is the preferred treatment of colon 
tumors and should be done with adequate margins. Distal margins of 5 cm or more are 
currently recommended, However, given the findings here perhaps these margins should 
be reassessed.

To improve comprehension, results in the different chapters of this thesis are presented in 
a linear fashion. This may give the impression that the studies were designed from A to Z. 
However, working on the edge of what is known is a very dynamic and unpredictable process. 
One can compare it to making a puzzle with limited illumination. By careful examination one 
can shine light on a part of the puzzle and perhaps put the pieces together.

Characterizing intestinal stem cells
-an important part of the puzzle-
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Samenvatting in het Nederlands

Alle cellen in het lichaam stammen af van een enkele bevruchte eicel. Maar ondanks dat alle 
cellen dezelfde genetische code bevatten zijn er veel verschillende celtypen. Pluripotente 
stamcellen in een ontwikkelende embryo zijn in staat om zichzelf te vernieuwen en te 
differentiëren tot alle celtypen in het lichaam. Gedurende de ontwikkeling verliezen deze 
pluripotente stamcellen langzaam potentie en worden ze multipotent. Multipotente 
stamcellen, ook wel weefselspecifieke stamcellen genoemd, kunnen zichzelf nog steeds 
vernieuwen, maar kunnen alleen nog maar differentiëren tot de celtypen in het eigen 
weefsel. Theoretisch kan de vernieuwing van weefsels door stamcellen eindeloos doorgaan, 
toch is dit in het lichaam niet het geval. Door externe en interne invloeden verzamelen we 
een scala aan DNA mutaties die tot ziektes kunnen leiden die het leven kunnen verkorten 
en soms zelfs beëindigen. 

Een belangrijk doel van hedendaags onderzoek is de behandeling van genetische ziektes. 
Echter, om een ziekte te kunnen behandelen moet men eerst de processen in gezond 
weefsel begrijpen die uiteindelijk verkeerd gaan. Bij de analyse van gezond en ziek patienten 
weefsel zijn veel genetische verschillen ontdekt. Echter, er moet nog veel onderzoek gedaan 
worden naar de effecten van verkeerd gereguleerde genen en welke mutaties een ziekte 
daadwerkelijk veroorzaken. Helaas zijn in vitro experimenten met menselijke samples en in 
silico modellering vaak niet voldoende om een duidelijk inzicht te krijgen, waardoor in vivo 
experimenten met proefdieren noodzakelijk zijn. 

Het onderzoek in dit proefschrift is gericht op weefselspecifieke stamcellen in de epitheellaag 
van de darm en is hoofdzakelijk gebaseerd op muismodellen. Een muizendarm is een erg 
geschikt modelsysteem om stamcellen te bestuderen door de structurele scheiding van 
delende cellen en gedifferentieerde cellen. Delende cellen zijn gegroepeerd in crypten terwijl 
gedifferentieerde cellen vingerachtige uitstulpingen (villi) bekleden. De toplaag van de darm 
vernieuwd zichzelf ongeveer elke vijf dagen. Deze snelle vernieuwing wordt gedreven door 
stamcellen onderin de crypten en is waarschijnlijk essentieel om bescherming te bieden 
tegen de invloed van direct contact met ziekmakendende organismen en schadelijke 
afvalstoffen. De snelle vernieuwing moet strikt gereguleerd worden. Dit gebeurd door een 
combinatie van verschillende signaal transductie mechanismen; Wnt signalering stimuleert 
deling in de crypten. Het bestuderen van genen die door het Wnt signaal gereguleerd 
worden heeft geleid tot de identificatie van Lgr5 als een stamcelmarker. De ontdekking van 
deze marker gaf veel mogelijkheiden voor het bestuderen van darmstamcellen.

Eerder onderzoek in het lab heeft aangetoond dat stamcellen gedurende het hele leven blijven 
bestaan, terwijl ze elke dag delen. In hoofdstuk 2 hebben we onderzocht of er mechanismen 
zijn waarmee stamcellen hun genoom beschermen tijdens honderden celdelingen. De 
continue delingen kunnen bijvoorbeeld leiden tot het verlies van telomeren. In tegenstelling 
tot wat er in de literatuur beschreven was vonden wij een significante hoeveelheid 
telomerase activiteit in geïsoleerde Lgr5 positieve cellen. De telomerase activiteit werd snel 
minder in dochtercellen en was niet meer detecteerbaar in gedifferentieerde cellen op de 
villi. De telomerase activiteit in stamcellen was vergelijkbaar met de activiteit in de kanker 
cellijn DLD1, maar was niet voldoende om het verlies van telomeren volledig tegen te gaan. 
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Een ander probleem voor langlevende cellen die vaak delen is de mogelijke accumulatie 
van mutaties. De ‘immortal strand hypothesis’ stelt dat de accumulatie van mutaties tijdens 
replicatie tegen gegaan kan worden door asymmetrische verdeling van chromosomen 
tijdens de celdeling. Volgens deze theorie behouden stamcellen tijdens de celdeling de oude 
DNA strengen terwijl de de nieuwe strengen naar de dochtercel gaan. Door de distributie 
van DNA intercalerende labels te analyseren in mitotische stamcellen hebben we laten zien 
dat deze selectieve distributie niet plaatsvind onder normale omstandigheden. Essentieel 
voor deze vinding was de visualisatie van mitotische cellen in crypten in drie dimensies. Om 
dit te bereiken werd een techniek ontwikkeld om weefsel zo te prepareren dat fluorescente 
markers in hun oorspronkelijke setting bekeken kunnen worden. Deze techniek staat 
beschreven in hoofdstuk 3 en is ook gebruikt in de daaropvolgende hoofdstukken. 

Wetenschappelijke nieuwsgierigheid wordt meestal gestimuleerd door verschijnselen die 
we niet volledig begrijpen. Verder wordt iets als eerste beschrijven soms belangrijker geacht 
dan het bij het juiste eind hebben. Hierdoor is verkeerde interpretatie van data helaas niet 
ongebruikelijk en is het soms moeilijk om theorie van ideologie te onderscheiden. Bij het 
werk in dit proefschrift hebben we kritisch gekeken naar onze eigen en reeds gepubliceerde 
ruwe data. Soms spreken conclusies of data uit verschillende studies elkaar tegen. Een 
voorbeeld hiervan ligt ten grondslag aan het werk in hoofdstuk 4. Het is beschreven dat 
Bmi1 specifiek tot expressie komt in langzaam delende cellen op de ‘+4 positie’in de crypten 
in het proximale deel van de dunne darm. Door Bmi1 cellen genetisch te tracen in Bmi1-
ires-CreER muizen is laten zien dat Bmi1 positieve cellen alle verschillende celtypen in de 
darm kunnen genereren, waardoor de ‘+4’ cell als een stamcel is aangemerkt. Echter, een 
recent onderzoek gebaseerd op een nieuwe ‘single-molecule in situ hybridization’ techniek 
heeft laten zien dat praktisch alle cellen in de crypt vrijwel gelijke expressie hebben van 
Bmi1. Om deze onduidelijkheid weg te nemen hebben we Bmi1 opnieuw getest als marker 
voor een stamcelpopulatie op de ‘+4 positie’. We hebben het originele experiment met de 
Bmi1-ires-CreER muizen herhaald met twee verschillende reporter muizen. Wij vonden 
echter geen specifieke expressie. Na een dag tracen vonden we expressie in ‘crypt base 
columnar’ stamcellen, dochtercellen en zelfs in gedifferentieerde goblet cellen en Paneth 
cellen. Dit impliceert dat, hoewel de ‘+4’stamcel kan bestaan, Bmi1 niet geschikt is als 
marker voor deze cellen. Toch zijn er studies gepubliceerd in veel geciteerde tijdschriften 
die voortborduren op het originele Bmi1 artikel. Een van deze studies laat zien dat Bmi1 
positieve cellen als stamcel kunnen fungeren na deletie van Lgr5 positieve cellen. Omdat 
Bmi1 een breed expressiepatroon heeft is het op dit moment onduidelijk wat deze Bmi1+/
Lgr5- cellen precies zijn.

Het uiteindelijke doel van het bestuderen van de darm is het helpen van patienten. 
Stamcellen zijn een interessant aanknopingspunt door hun mogelijke betrokkenheid bij het 
ontstaan en in stand houden van darmkanker. Het is gesuggereerd dat er in adenocarcinomen 
bepaalde kanker stamcellen zitten die zichzelf vernieuwen en alle andere cellen in de tumor 
genereren. De huidige methoden om dergelijke kankerstamcellen te toetsen is door cellen 
te isoleren en hun uitgroei te testen door middel van transplantatie in immunodeficiënte 
muizen. Echter, het is goed mogelijk dat deze methode selecteert voor cellen die weinig last 
hebben van de isolatie en zich het beste aan kunnen passen aan de nieuwe omgeving na 
transplantie. 
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In hoofdstuk 5 hebben we een nieuwe methode geïntroduceerd om cellen en hun 
afstammelingen in adenomen te visualiseren. We hebben laten zien dat Lgr5 positieve cellen 
voornamelijk lokaliseren naast Paneth cellen in de basis van adenoom segmenten, net als 
in gezonde crypten. Gezien Paneth cellen in gezond weefsel stamcellen ondersteunen, is 
dit een indicatie voor het bestaan van een adenoom stamcel niche. Door re-tracing met de 
Confetti meerkleuren reporter muis hebben we aangetoond dat Lgr5 een subpopulatie van 
de adenoom cellen markeert die verantwoordelijk zijn voor de groei van het adenoom. Deze 
cellen deelden tot nieuwe Lgr5 positieve cellen en alle andere celtypen in het adenoom. 
Deze vinding levert functioneel in vivo bewijs voor het bestaan van Lgr5 positieve adenoom 
stamcellen.

Adenomen kunnen ontstaan na deletie van het Apc gen in darm stamcellen. Additionele 
K-ras mutaties zijn nodig voor de progressie naar adenocarcinomen. Echter, K-ras mutaties 
op zichzelf geven geen kwaadaardige transformatie. Volgens het ‘field cancerization’ 
concept kunnen mutaties die kwaadaardige transformatie versnellen maar niet initiëren zich 
verspreiden in het epitheel. Hierdoor kan een gebied ontstaan dat extra vatbaar is voor het 
ontstaan van kwaadaardige darmkanker. In hoofdstuk 6 hebben we het effect onderzocht 
van K-ras mutaties in darm stamcellen. Gemuteerde cellen hadden een overlevingsvoordeel 
ten opzichte van gezonde stamcellen en verspreidden zich snel in de crypten. Door het 
aantal gemuteerde cellen te modelleren hebben we laten zien dat de dynamiek van deze 
cellen beschreven kan worden door een afwijkende drift naar clonaliteit. Bovendien vonden 
we een hogere frequentie van crypt fission dan in gezond weefsel, waarmee we aantoonden 
dat gemuteerde cellen zich daadwerkelijk door het epitheel verspreiden. Hoewel de grootste 
gebieden met gemuteerde cellen slechts een kwart millimeter in diameter waren na 16 
weken kan dit toch grote gevolgen hebben. Gezien dit proces in mensen jaren plaats kan 
vinden voordat er een extra mutatie optreed die tot darmkanker leidt, moeten de marges 
bij het verwijderen van darmtumoren wellicht opnieuw geëvalueerd worden. 

Om de leesbaarheid te vergroten zijn de resultaten in de verschillende hoofdstukken lineair 
weergegeven. Dit kan de indruk wekken dat de projecten vooraf van A tot Z gepland zijn. 
Echter, onderzoek op de rand van wat bekend is is een erg dynamisch en onvoorspelbaar  
proces. Het is te vergelijken met het maken van een puzzel in het duister. Alleen door 
zorgvuldig te werk te gaan kun je inzicht krijgen in wat er op een stukje te zien is en kun je 
misschien de stukjes aan elkaar leggen. 

Karakterisatie van darm stamcellen
-Een belangrijk deel van de puzzel-
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Tot slot wil ik dit proefschrift opdragen aan mijn moeder. Zij heeft mij altijd 100% gesteund 
en zonder haar was ik nooit gekomen waar ik nu ben. Terwijl ik onderzoek deed naar de 
oorzaken van darmkanker was zij hard aan het vechten tegen de gevolgen ervan. Haar 
onverzettelijkheid en doorzettingsvermogen zijn een van mijn belangrijkste drijfveren 
geweest in de afgelopen jaren. Zij heeft mij geleerd om nooit bij de pakken neer te zitten 
en het beste uit mezelf te halen. Wat had ik graag gewild dat zij de verdediging van dit 
proefschrift nog mee had kunnen maken. Helaas heeft dat niet zo mogen zijn, maar ik weet 
dat zij trots is op het resultaat.

Arnout
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