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Glossary

BrdU  Bromodeoxyuridine 
EdU 5-ethynyl-2’-deoxyuridine 
EGFP Enhanced green fluorescent protein 
FACS Fluorescence activated cell sorter 
HSC Haematopoietic stem cell 
HF Hair follicle 
IFE Interfollicular epidermis 
iPS Induced pluripotent stem (cell) 
SG Sebaceous gland

Summary

The maintenance of stem cell-driven tissue homeostasis requires a perfect balance between the genera-
tion and loss of cell mass. Adult stem cells have a close relationship with the surrounding tissue -known 
as niche- and, thus, stem cell studies should preferentially be performed in a physiological context, 
rather than outside their natural environment. The laboratory mouse is an attractive model organism 
to study adult mammalian stem cells, as a wide variety of experimental systems and genetic tools are 
available. In this review, we describe experimental strategies commonly used to identify and function-
ally characterize adult stem cells in mice and discuss their potential, limitations and interpretations. A 
correct interpretation of physiologically relevant stem cell assays is of crucial importance to the identi-
fication of adult stem cells.

Adult stem cell definitions

All adult tissues are believed to contain low numbers of adult stem cells that compensate tissue loss with the 
generation of new cells. Two central attributes of stem cells allow regenerative capacity throughout life. First, 
stem cells divide, yet maintain themselves as a population over long periods of time, a property called self-
renewal. Self-renewal is not unique to stem cells, as fully differentiated cells such as activated B and T lympho-
cytes can also undergo self-renewal 1. Second, stem cells supply all cell types of the tissue in which they reside. 
The property to generate daughter cells that can differentiate into all specific cell types of the pertinent tissue is 
called multipotency –or unipotency when only a single cell type arises 1. Thus, self-renewal and multipotency are 
the defining characteristics of stem cells 2. The combination of both properties is often referred to as stemness, 
the minimal set of unique features that all stem cells should have in common 3.

Embryonic stem cells and iPS cells are defined by expression of the triad Oct4, Sox2 and Nanog 4. Whether a 
comparable molecular signature of stemness -such as a minimal core transcriptional program- exists in (and 
may be shared between) adult stem cells is unknown. The current absence of a defined common adult stem-
ness signature could imply that different types of adult stem cells use distinct mechanisms to achieve self-re-
newal and multipotency 5-8. Stem cells may be quiescent or actively cycling. Quiescent and proliferating stem 
cell pools can reside in adjacent compartments, perhaps even within the same tissue 9. Thus, it seems danger-
ous to extrapolate stem cell characteristics such as marker expression or cell cycle behavior from one tissue to 
another. The dual capacity of self-renewal and multipotency should be the only criteria for stemness, indepen-
dently of mechanism or signature.  

How stem cells balance self-renewal and the production of daughter cells is not known and might be unique to 
each tissue. The most prevalent view states that stem cells only divide symmetrically when their numbers need 
to be expanded, such as during embryonic development or after tissue injury. In the steady state, asymmetric 
division -if executed perfectly- would allow stem cells to maintain their numbers while sustaining the produc-
tion of transit amplifying daughter cells 10. 

Asymmetric stem cell division can be defined as one that results in daughter cells with unequal fate. This can 
be often visualized by an asymmetric distribution of cellular content. As a consequence of this intrinsic asym-
metry between the daughter cells, one obtains the molecular cues to maintain stemness, whereas the other 
daughter cell is fated to differentiate 11.  The term ‘asymmetric division’ also refers to a division that results in two 
daughter cells that are positioned in different signaling environments, for example if the mitotic spindle has a 
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Assays in adult stem cell biology 
pre-imposed perpendicular orientation to the original stem cell niche 12. Although this extrinsically governed 
asymmetry has been reported in mammals 13-16, the significance of a pre-destined outcome is not always clear. 
In a hierarchical model of tissue homeostasis, adult stem cells follow a strict pattern of invariant asymmetry in 
order to self-renew while generating progeny.

An alternative view states that cells divide initially into two intrinsically equal stem cell daughters through 
symmetric stem cell division. After division, the cell fate of the individual daughter cells is determined indepen-
dently and stochastically, such that two stem cells, two daughter cells, or one stem cell and one daughter cell 
may result. Homeostasis is maintained at the population level through regulatory mechanisms exerted by the 
microenvironment in which the stem cells reside -known as stem cell niche. The location of the daughter cells 
with respect to the stem cell niche is important, but is not predetermined 10. The niche fulfils a crucial role in 
the homeostatic maintenance of the stem cell pool by supplying essential factors and adhesion anchors 17. In a 
stochastic model of tissue homeostasis, an equipotent population of stem cells follows a pattern of population 
asymmetry in which symmetric self-renewal of stem cells compensates the loss of neighboring stem cells.

Adult stem cells come in many flavors and may use different mechanisms to ensure homeostatic self-renewal. 
As argued above, the only commonality between adult stem cell types is the capacity for both self-renewal and 
multipotency. It is therefore essential that new candidate stem cell populations be probed for these defining 
criteria, rather than for characteristics that are independent of these criteria but have proven useful to identify 
a particular type of adult stem cell -such as quiescence or the expression of certain molecules. 

Finally, cells may alter their characteristics due to experimentally induced stress 2. Therefore, actual stemness, 
or real stem cell behavior, needs to be distinguished from stemness potential, which reflects the ability of a cell 
population to obtain actual stemness. For example, transplantation could activate stem cell-behavior in cells 
that in the unperturbed situation do not behave as stem cells.

We will describe below four commonly used assays in mouse adult stem cell biology. Examples are taken from 
different tissues, in particular from the small intestine and the skin. We will emphasize the advantages and 
limitations of each assay, and discuss the interpretation of the data.

Quiescence and label retention

In addition to self-renewal and multipotency, a common feature associated with stemness is quiescence, mean-
ing that stem cells divide very infrequently to prevent stem cell “exhaustion” 18,19. Examples of slow cycling adult 
stem cells are hair follicle bulge cells, and haematopoietic stem cells (HSCs) 20-23. However, the well-defined 
germ stem cells in the fly actively divide 24. Furthermore, the best-characterized of all stem cells -mammalian 
embryonic stem cells- proliferate rapidly while being able to self-renew and maintain pluripotency 1. Indeed, 
actively proliferating stem cells have been documented in the stomach, small intestine and colon 25,26. There-
fore, quiescence is clearly not a prerequisite of stemness.

The incorporation of DNA analogs -such as BrdU, tritiated thymidine or EdU-  during S-phase is often used to 
study cell cycle kinetics. Actively dividing stem cells can be efficiently labeled with a short pulse of such DNA 
labels 26, while labeling of quiescent stem cells requires prolonged exposure to the DNA label, or the temporary 
activation of quiescent stem cells by tissue injury for example 27. During the subsequent chase, quiescent cells 
will slowly dilute out the label compared to other cells that go through successive rounds of cell division. As 
a result, quiescence can be visualized as DNA label-retention after long chase periods 20. Unfortunately, the 
chemical DNA labels can only be visualized in fixed and permeabilized cells. The mere demonstration of DNA 
label retention does not identify stem cells. In many tissues, fully differentiated cells have long lifetimes and do 
not undergo cell division 23,28; such cells will efficiently retain DNA labels.

As an alternative strategy, chromatin can be labeled in vivo with a pulse of transgenically expressed EGFP-
tagged histone 2B (H2B-EGFP) 21. This approach enables cell fractionation by FACS, in addition to label retention 
and cell visualization, and has been used in several tissues 21-23. As H2B-EGFP-retaining cells can be visualized 
and isolated alive, additional experimental strategies can be used to prove that indeed stem cells were la-
beled. 

Another possibility that would lead to the retention of DNA labels involves the asymmetric segregation of DNA 
strands -the so-called immortal strand hypothesis 29. Dividing stem cells would retain the template DNA strands 
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while the newly synthesized chromatids would be passed on to the daughter cells, presumably to maintain ge-
nome integrity. Potten postulated that an intestinal stem cell (ISC) resides on average at position +4 relative to 
the crypt bottom and divides every 24 hours, yet retains DNA labels, possibly through this mechanism 30. There 
are other examples of well-described adult stem cells -such as muscle satellite cells- that do asymmetrically 
segregate their DNA strands 31, whereas other adult stem cells -such as HSCs and hair follicle stem cells- have 
been shown to not be subject to this mechanism 28,32. 

In all, it is clear that cell cycle properties differ between the various stem cell types and should not be used as 
principle determinants of stemness.

In vitro cultures

The study of isolated adult stem cells in culture has practical advantages with respect to their study in situ, for 
example to obtain a detailed description of stem cell behavior or growth factor requirement 33,34. However, 
the major downside of studying stem cells in culture is the obvious changes that might be induced in cells 
when disconnected from their physiological surroundings. Despite this caveat, the development of cell culture 
methods for adult stem cells has made major contributions to the stem cell field. For example, heterogeneity 
between epidermal cells was observed -after extensive culture periods- when different types of clonal behavior 
became apparent, which led to the definition of epidermal stem cells 35. Furthermore, innovations of in vitro 
keratinocyte cultures improved long-term regeneration of human epidermis through autologous cultured skin 
engraftments 36,37. More recently, the successful transplantation of clones derived from single epidermal hair 
follicle cells, was used to demonstrate the multipotency of the original cell 38,39. 

Growing individual clones of cells derived from various types of progenitor populations became a widely used 
method to define the identity and behavior of the pertinent stem cells. Such cultures were named after the 
tissues they were derived from, for example neurospheres 40, pancreatospheres 41, mammospheres 42,43, prosta-
spheres 44 and tracheospheres 45. In the case of muscle, single myofibers could be cultured in vitro, allowing the 
analysis of satellite cell behavior 15,31.

In addition to spheres, three dimensional asymmetric cell culture conditions have been developed for small 
intestine that allow the generation of long-lived organoids starting from adult crypts, and even from single 
ISCs. The resulting ‘mini-guts’ display all the hallmarks of normal gut epithelium 46.  The intestinal organoids do 
not contain mesenchymal niche elements; rather, specialized daughters of the stem cells -the Paneth cells- are 
interspersed between the stem cells and provide essential niche signals such as Wnt, EGF and Notch 47. With 
small adaptations, the protocol allows the robust outgrowth of stomach organoids from single stomach epi-
thelial stem cells 25. Alternatively, three dimensional intestinal organ cultures have been initiated using parts 
of neonatal tissue; in this case, both the mesenchymal niche architecture and the multilineage epithelial lining 
could be preserved during long-term culture 48. 

It is an interesting discrepancy that certain tissues give rise to sphere formation in culture, whereas intestine 
and stomach cultures establish an asymmetry in which proliferative and differentiated cell types are positioned 
conforming to their natural locations in the epithelial lining. It is tempting to speculate that the presence of 
niche cells in intestinal cultures -either mesenchymal structures and/or specialized daughter cells such as Pa-
neth cells 47,48- create local morphogen gradients, thereby generating progenitor zones that are separate from 
areas with differentiated cells. The capacity of single stem cells to grow into structures in vitro will facilitate the 
analysis of the influence of growth factors on multipotency and self-renewal, and constitutes a simple and 
unambiguous in vitro test for stemness potential.  

Transplantation

One of the most commonly applied assays in stem cell biology is the transplantation of putative stem cells into 
recipient mice. Historically, this assay has been the ‘gold standard’, because it functionally scores the two criteria 
of stemness: it can be directly assessed if a candidate stem cell persists for long periods of time (self-renewal) 
and can produce all cell types of the tissue in which it resides (multipotency).

The study of bone marrow stem cells has the longest history. The first attempt to transplant bone marrow in 
a clinical setting dates back to 1957 49. Through the enrichment of progenitor populations and sophisticated 
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limiting dilution experiments, the hierarchical characteristics of the hematopoietic system were subsequently 
revealed 50,51. Ultimately, a single transplanted hematopoietic stem cell was successfully used to repopulate the 
entire hematopoietic system 52.

Other adult stem cell fields have adopted the transplantation assay to identify a subset of candidate stem cells. 
For example, it has long been known that injured muscle can initiate a strong regenerative response through 
the activation of satellite cells 53. However, the self-renewal capacity and multipotency of satellite cells was only 
shown after transplantation of either single intact myofibers 54 or directly purified satellite cells 55. The most 
stringent proof of stemness was provided when single transplanted satellite cells repopulated new muscle 
fibers 56. Despite this success, it remains controversial whether all satellite cells display equal stemness 15. In the 
mammary gland, the development of the “cleared fat pad”-transplantation essay allowed the definitive demon-
stration of stemness, after single, transplanted cells could grow into complete mammary glands 42,43.

Although repopulation capacity by a single cell provides a dramatic example of the developmental potential of 
that cell, it is still questionable whether the same potential could have been observed if the cell had been stud-
ied in its endogenous environment, before its isolation and transplantation. Transplantation assays in the field 
of cutaneous stem cell biology illustrate this point. Label-retaining stem cells were first identified as potential 
stem cells in the bulge region of hair follicles (HFs) 20. Once these bulge cells were isolated from adult mice and 
transplanted, they gave rise to all three major structures of the skin -that is, all cell lineages of the HF, sebaceous 
gland (SG) and interfollicular epidermis (IFE) 57. However, when the same bulge cells were observed in normal 
homeostasis, the overwhelming majority generated HFs, and only occasionally SG or IFE 57. These counterintui-
tive results were confirmed when neighboring cell populations of the HF bulge were isolated using Lrig1, Lgr5 
or Lgr6 expression. Under normal homeostasis, Lgr5+ cells exclusively give rise to HFs 58. Lrig1 and Lgr6+ cells 
predominantly give rise to SGs and IFE, while Lgr6 HF potential diminishes with age 59,60. Yet, after transplanta-
tion all readily generated all three major compartments of the skin 58-60 (Figure 1). One may argue that stemness 
potential, as revealed upon transplantation, may be fulfilled under conditions of injury. Indeed, HF bulge cells 
demonstrate the same complete stemness potential after transplantation assays as these cells can heal full-
thickness wounds in the dorsal skin of mice by efficiently generating progeny for all three skin-lineages 38,57-59, 
although their contribution to wound healing is only of transient nature 61. Long-term healing of full thickness 
wounds requires cells from above the HF bulge, in particular Lgr6+ cells, which can heal wounds efficiently by 
generating permanent residents for all three skin-lineages 60-62. 

Similar discrepancies were observed in the testis, in which normal spermatogenesis is maintained by a small 
subset of undifferentiated Nanos2+ spermatogonia cells that self-renew. However, during normal spermato-
genesis and in regenerating tissue, a second Ngn3+ subpopulation that normally tends to differentiate, is ca-
pable of self-renewal and is therefore a likely population with stemness potential 63-66.

These studies illustrate a potentially more general principle inherent to transplantation strategies. The different 
stem cell populations in the skin display full competence in the generation of all skin lineages after transplan-
tation -“stemness potential”-, yet during normal homeostasis these stem cell populations are much more re-
stricted in their “actual stemness” 67. In a recent, dramatic example of such plasticity, thymic epithelial cells were 
shown to adopt adult HF stem cell fate after transplantation into the skin microenvironment 68.

In vivo lineage tracings

In vivo lineage tracing has evolved in recent years into a powerful technique for the experimental testing of ac-
tual stemness. Central to lineage tracing strategies is the genetic marking of stem cells, which allows the tracing 
of daughter populations. In table 2, we summarize inducible genetic tracing studies performed in adult mice 
that have elucidated either stem cell identity or their mechanism of self-renewal.

In mouse intestine, such genetic marking was obtained by exploiting the Dlb-1 locus. Its inactivation by ran-
dom mutagenesis resulted in stem cell-derived clones that lost the ability to be stained by the lectin Dolichos 
biflorus agglutin 69. By inverting the original strategy, the Dlb-1 locus could be exploited to draw a lineage hier-
archy of intestinal progenitor compartments 70.

These strategies do not usually allow the tracking of the exact cell from which the mutant clone originates. 
However, this limitation was circumvented in the haematopoietic system by combining clonal marking with 
single cell transplantation: the stem cell population was isolated prior to genetic marking and the contribu-
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Advantages Limitations

Lineage tracing Reveals in vivo stem cell behavior in its physiological context actual stem-
ness

Actual stem cells might be limited to subset of marked population

Bicistronic knock-in with fluorescent marker allows isolation of cell popu-
lation

Only accurate interpretation in solid tissues
Knowledge is required to find stem cell specific marker genes

Reproducible experimentation/readout

Transplantation Documents stem cell behavior in vivo Documents stemness potential, rather than actual stemness
Limited physiological context
Knowledge is required for isolating rare cell populations

In vitro culture Enables manipulation of stemness potential in controlled setting Documents stemness potential, rather than actual stemness
Ideal for high-throughput studies No physiological context
Ideal for live-imaging studes Knowledge is required for culturing cells/ tissues

Label retention Fluorescent label allows isolation of LRCs Not a feature of all adult stem cells
Not specific for stem cells only (f.i. Memory B and T cells)
No discrimination between immortal strand hypothesis and quiescence 
when using DNA analogs

Figure 1: Actual stemness versus stemness potential - skin
Lgr5 and Lgr6 mark different stem cell populations along HFs. Stem cells (GFP), nuclei (grey) and HFs (red) are depicted in confocal pictures on the left and in the cartoon panels 
second to the left. Lineage tracing reveals the actual stemness of a population. Lgr5 stem cells generate progeny that repopulates HF (blue), while Lgr6 stem cells predomi-
nantly generate progeny for SG and IFE (blue) and to lesser extent HF (light blue). Transplantation of both stem cell populations reveals equal stemness potential towards all 
lineages (blue).

Table 1: Assays in adult stem cell biology



13

C
ha

pt
er

 1

13

Assays in adult stem cell biology 
tion of single stem cells to various blood lineages was subsequently scored over time after transplantation 71. 
In another approach, HSC mixtures from different genetic backgrounds were transplanted to determine the 
contribution of single HSCs to different lineages 72.

In order to minimize interference in normal physiology, Cotsarelis and colleagues introduced inducible genetic 
marking of a defined putative stem cell population 57. A hormone-inducible version of the Cre-enzyme was 
expressed in the putative stem cell population of the HF. The Cre-enzyme remained inactive in the cytoplasm, 
but entered the nucleus upon activation with a progesterone-antagonist. When crossed with the uniform Cre-
reporter mouse R26R-lacZ 73, the active Cre-enzyme could excise a transcriptional roadblock in front of the LacZ 
gene, leading to irreversible genetic marking of the Cre-expressing cell and its offspring. This could be easily 
visualized by an enzymatic (blue) staining reaction. Examination of individual blue clones over time readily 
revealed growth kinetics, longevity and multipotentiality of the originally marked cell (Figure 2). Intriguingly, 
as discussed above, marked bulge stem cells were developmentally more restricted in situ as scored by lineage 
tracing, than analyzed after transplantation (Figure 1) 57. 

A recent refinement of in vivo lineage tracing involves a bicistronic message, knocked into the genomic locus 
of a candidate gut stem cell gene, Lgr5 26. This allows the expression of two different proteins from the same 
locus in the cell of interest, such as an inducible version of Cre to start lineage tracings and a fluorescent protein 
for visualization of the potential stem cell (Figure 2). The ISC marker gene Lgr5 turned out to be expressed in 
rare cells in various organs. With the use of the Lgr5 knockin mouse, actual stemness has been proven for Lgr5+ 
cells in the stomach, small intestine, colon and the HF 25,26,58. The same in vivo lineage tracing strategy was used 
to document actual stemness for Lgr6+ cells, which marks cells above the bulge region where HF stem cells 
reside 60. Intriguingly, while the Lgr6 and Lrig1 stem cell populations located high up in the hair follicle clearly 
generate IFE 59,60, uninjured IFE has been reported to self- maintain without the need of hair follicles 74-76. This 
indicates that the Lgr6 and Lrig1 stem cells are not essential in normal epidermis maintenance, yet both stem 
cell populations do generate progenitors that migrate into the IFE 59,60. 

Although most genetic lineage tracings are initiated in defined populations, it remains difficult to rule out the 
possibility that actual stemness in fact resides in an even smaller subpopulation. It is therefore essential that the 
cell-of-origin of traced clones be carefully mapped, as well as to quantitatively measure the tracing efficiencies 
over time, as this can indirectly score the self-renewal capacity of a population. For example, the first reported 
genetic fate mappings in the small intestine were initiated in Lgr5+ CBC cells at the base of intestinal crypts. The 
traced lineages were long-lived and included all intestinal cell types, providing the first definitive identification 
of intestinal stem cells 26. However, Bmi1 was subsequently reported to mark cells just above the Lgr5+ CBC 
population. These so-called “+4 cells” were capable of initiating lineage tracings with the same kinetics as Lgr5+ 
CBC cells, thereby re-fuelling the ISC identity debate 77. These tracing studies appear contradictory with respect 
to their cell-of-origin. We have since studied gene expression in crypts in greater detail and have found that 
Bmi1 expression levels are highest in Lgr5+ CBC cells 78. Thus, both tracings probably derive from overlapping -
or even identical- cells at the crypt base. Another example to illustrate the need for quantitative measurements 
involves Prom1/CD133, which was postulated to mark mouse ISCs. Lineage tracings initiated in Prom1+ cells 
indicated the presence of long-lived, multilineage clones 79. However, in a comparable approach, the number 
of clones traced from Prom1+ cells was shown to drop almost ten times after the first week, due to the fact that 
Prom1/CD133 marks not only intestinal stem cells but also the more abundant early progenitor cells 80.

A further refinement of lineage tracing has been made possible by the construction of multicolor Cre-reporters 
by Jeff Lichtman and colleagues. The original Brainbow mice were designed to allow color-coding of neurons 
with up to 90 distinguishable color codes 81. Driven by a strong, ubiquitous promoter and inserted into the Rosa 
locus, this cassette yielded the R26R-Confetti allele, a general multicolor Cre-reporter 82. Using the R26R-Confetti 
allele, the individual behavior of multiple stem cells in the same niche can be recorded (Figure 2). Such a study 
revealed that stem cell fate in the intestine is stochastically determined: the observed stem cell dynamics were 
consistent with a model in which the Lgr5+ stem cells double their numbers each day by symmetric divisions, 
after which all daughters undergo a neutral competition for residency in the niche 82. We recently documented 
that Paneth cells constitute the niche for neighboring Lgr5+ ISCs 47. Thus, it is likely that equal stem cell daugh-
ters compete for available Paneth cell surface and that loss of direct Paneth cell contact -which happens to half 
of the stem cells each day- drives differentiation. A similar pattern of neutral drift in the intestine was deduced 
by quantitative analysis of size and number of clonal tracing events on villi over time 83. 
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Direct analysis

Organ Promoter Expression pattern Downstream lineages Longevity References

Adipose tissue PPARγ adipose vasculature adipocytes 30 days Tang et al, 2008

Blood Foxp3 Foxp3+ Tregs only Foxp3+ Tregs 8 months Rubtsov et al., 2010

Brain Gli1 SVZ and DG neurons, oligodendrocytes, astrocytes 1 year Ahn and Joyner, 2005

Nestin SVZ and DG neurons, astrocytes 2 months Lagace et al., 2007

Colon Lgr5 base of colonic crypts complete colonic epithelium 14 months Barker et al., 2007

Incisor Gli1 proximal ameloblasts ameloblasts, str. intermedium, stel. reticulum 15 months Seidel et al., 2010

Intestine Lgr5 CBCs complete intestinal epithelium 14 months Barker et al., 2007

Bmi1 “+4” cells complete intestinal epithelium 9 months Sangiorgi et al., 2008

Prom1 CBCs presence of complete epithelium 2 months Zhu et al., 2009

Prom1 CBCs and early progenitors occasional complete epithelium >2 months Snippert et al., 2009

Sox9 CBCs, Paneth cells and early prog. presence of complete epithelium 12 months Furuyama et al., 2010

Liver Sox9 Sox9+ prog. in biliary duct biliary ducts and hepatocytes 12 months Furuyama et al., 2010

Lung/ trachea Scgb1a1 Clara cells, putative BASCs bronchiole; Clara cells, BASCs and ciliated cells 1 year Rawlins et al., 2009

Krt5 basal cells basal cells, Clara cells and ciliated cells 15 weeks Rock et al., 2009

Muscle Pax7 satellite cells Myofibers + satellite cells, incl 2x injury 23 days Lepper et al., 2009

Pancreas Insulin (RIP) β-cells only β-cell lineage 1 year Dor et al., 2004

Elastase acinar cells only acinar cell lineage 6 weeks Desai et al., 2007

CAII ductal cells ducts and acinar cells 3 weeks Inada et al., 2008

Bmi1 acinar cells only acinar cells 1 year Sangiorgi et al., 2009

Hnf1β Hnf1β+ duct/ centroaninar cells ducts and centroacinar cells 6 months Solar et al., 2009

Sox9 Sox9+ duct/ centroacinar cells ducts, centroacinar and acinar cells 12 months Furuyama et al., 2010

Prostate Nkx3-1 luminal (CARNs) luminal, occasionally basal after injury 10 months Wang et al., 2009

Skin K15 HF bulge predominantly HF, occasionally SG and IFE 1 month Morris et al., 2004

Lgr5 HF germ, lower bulge HF 14 months Jaks et al., 2008

Lgr6 HF central isthmus predominantly SG and IFE, occasional HF 12 months Snippert et al., 2010a

Stomach Lgr5 base of pyloric glands complete stomach epithelium 20 months Barker et al., 2010

Testis Ngn3 undif. spermatogonia Aal differentiated spermatogonia 14 months Nakagawa et al., 2007

Nanos2 undif. spermatogonia As and Apr differentiated spermatogonia 5 months Sada et al., 2009

Indirect analysis

Organ Promoter Expression pattern Downstream lineages/implications Longevity References

Intestine CYP1A1 epithelial cells, except Paneth cells neutral drift dynamics in intestinal self-renewal 12 months Lopez-Garcia et al., 2010

CYP1A1 epithelial cells, except Paneth cells neutral drift dynamics in intestinal self-renewal 7 months Snippert et al., 2010b

Lgr5 CBCs at entire crypt base ISCs divide symmetrically 2 weeks Snippert et al., 2010b

Skin/ tail CYP1A1 basal cells tail epidermis homeostasis involves one progenitor cell type 12 months Clayton et al., 2007

Skin/ back K14 epithelial cells HF upper isthmus clones, including SG and IFE nd Jensen et al., 2009

Skin/ ear CYP1A1 basal cells ear epidermis homeostasis involves one progenitor cell type 12 months Doupe et al., 2010

Testis Ngn3/Nanos2 undif. Spermatogonia As, Apr and Aal stochastic turnover germ line stem cells 14 months Klein et al., 2010

Table 2: Inducible genetic fate mapping experiments in mice with implication to adult stem cell biology
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Other studies performed in unipotent stem cell systems similarly propose that homeostasis can be governed 
through a stochastic rather than a hierarchical mechanism. Lineage tracing in tail and ear epidermis revealed 
that basal progenitor cells are equal, yet their fates are balanced such that equal number of progenitors and 
differentiated cells are produced in a population, thereby ensuring tissue homeostasis 76,84. Similar stochastic 
patterns of extinction and expansion of stem cell clones were found in the mouse testis 66. We speculate that 
simultaneous tracing of multiple individual stem cells in other tissues might reveal similar unexpected insights 
into mechanisms of self-renewal.

Actual stemness versus stemness potential

The defining characteristics of adult stem cells -the ability to generate all the cell types of the pertinent tissue 
and to do so for the lifetime of an organism- are fundamental principles in biology. Recent technical develop-
ments, especially pertaining in vivo lineage tracing strategies, have revealed discrepancies with the previously 
considered “gold standards” of ex vivo culture and transplantation. The approaches score different aspects of 
stem cell biology, that is, lineage tracing measures actual stemness of cells in their physiological context while 
culture/transplantation strategies document stemness potential (Figure 1).

A clear discrimination between actual stemness and stemness potential is not always straightforward. For ex-
ample, stem cell identity and function is still debated in the endocrine pancreas despite the fact that many 
lineage tracing studies have been performed. Using a rat insulin promoter to initiate genetic lineage tracing 
in differentiated islet β-cells, these cells were found to maintain their population by self-duplication during 
homeostasis and during regeneration after partial pancreatectomy 85. More recently, it was reported that new 
Ngn3+ progenitor cells arise near the ducts to give rise to new β-cells after another type of injury -pancreatic 
duct ligation 86. Although embryonic duct progenitors have the plasticity to generate exocrine as well as endo-
crine lineages, genetic lineage tracing with adult duct structures showed that adult duct progenitors generate 
acinar cells but no new β-cells 87,88. Thus, although the formation of new endocrine cells occurs in the proximity 
of ductal structures, they appear not of ductal origin.

In the case of lung tissue, there is also controversy regarding stem cell identity. Brochioalveolar stem cells have 
been identified to have self-renewal and multipotent capacity in vitro 89, but genetic labeling of bronchioalveo-
lar stem cells and columnar Clara cells revealed no contribution to alveoli lineages during normal homeostasis 
and regeneration 90. This case further illustrates the potential differences between actual stemness —of Clara 
and bronchioalveolar cells— and stemness potential in vitro. Similar discrepancies have also been reported in 
the mammary gland (Shackelton et al, 2006; Stingl et al, 2006; Bai & Rohrschneider, 2010) and prostate (Gold-
stein et al, 2008; Wang et al 2009).

As explained above, the line between actual stemness and stemness potential is not always clear and it is pos-
sible that, in some tissues, cell populations with both types of properties coexist to perhaps serve different 
functions. The physiological role of cells with stemness potential is unknown; they could be, for example, the 
cells that can acquire actual stemness in situ during tissue repair or regeneration. Future research should ad-
dress the nature of the plasticity between the states of actual stemness and stemness potential. In vitro culture 
systems in which single stem cells can grow into three-dimensional tissues are likely to provide the experimen-
tal platform to obtain such molecular insights. 

Many types of adult stem cells exist and each experimental assay reveals different aspects of stem cell behavior. 
A combinatorial approach is obviously required to paint a complete picture of adult stem cell biology. Never-
theless, as adult stem cells are functionally defined by only two criteria: self-renewal and multipotency, testing 
these two criteria should always be the primary focus when investigating new stem cell populations. To date, 
genetic lineage tracing approaches provide the most definitive in vivo demonstrations of stem cells in action.
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Figure 2: In vivo lineage tracing - small intestine. 
A) Stem cells exclusively express GFP and the inactive version of Cre. B) Upon activation of Cre, LacZ can be transcribed. C) Once cells differentiate, the GFP and inducible Cre are 
no longer produced. LacZ expression will be maintained. D) In vivo small intestinal crypt of Lgr5-EGFP-Ires-CreERT2 mouse harboring all 3 above described scenarios. E) Cartoon 
of small intestine in which lineage tracings (blue) are visualized at different stages originating from Lgr5+ ISCs (green) 26. Over time, true stem cells will generate clones that are 
long-lived (self-renewal) and contain different cell types (multipotency). The crypt to the right shows lineage tracing with R26R-Confetti in which stem cells –and subsequently their 
progeny –are marked with different colors 82.
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Assays in adult stem cell biology 

Sidebar - In need of answers

I Self-renewal and multipotency are two functionally defined criteria of stemness. Are there more 
characteristics common to all types of adult stem cells?

II What is the relationship between the states of actual stemness and stemness potential? Are these 
cellular states interchangeable? 

III What is the role of cell populations with stemness potential in vivo, both during steady-state homeo-
stasis as well as after injury?
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Outline of this thesis

In Chapter 2, we describe a protocol that we have set up in the lab to visualize and characterize adult stem cell 
populations in mice. The protocol explains the sectioning of near-native tissue in order to study all types of cell 
populations in their three-dimensional environment. Near-native tissue sectioning preserves enzymatic and 
fluorescent activity of proteins and is optimal for the analysis of fluorescent transgenic mice.

In Chapter 3, we describe the expression pattern of Prominin-1/CD133 in the mouse small intestine. CD133 
is one of the most used cell surface markers for the isolation of cancer stem cells and was reported to mark 
mouse intestinal stem cells. Using a knock-in mouse model, we confirm Prominin-1/CD133 expression on Lgr5 
intestinal stem cells. However, we also detected expression on the earliest transit-amplifying progenitors. Thus, 
Prominin-1/CD133 is not a specific marker for Lgr5+ intestinal stem cells.

In Chapter 4, we use two flavours of knock-in mouse models to report the expression pattern of Lgr6, the clos-
est homolog of the Lgr5 stem cell gene, in mouse skin. In adult skin, Lgr6 turned out to mark an uncharacterized 
cell population above the hair follicle bulge. During development, Lgr6 cells establish all three major lineages 
of the skin, i.e. the hair follicle, sebaceous glands and interfollicular epidermis. Under normal homeostasis dur-
ing adulthood, Lgr6 stem cells continuously fuel sebaceous glands and interfollicular epidermis, while the con-
tribution toward the hair lineage diminished with age. During regenerative responses, Lgr6 stem cells generate 
persistent progeny for the long-term repair of full-thickness wounds. 

In Chapter 5, we document the generation of R26R-Confetti, a general multicolour Cre-reporter mouse. Using 
R26R-Confetti we have been able to mark multiple intestinal stem cells in the same niche with distinguishable 
fluorescent proteins. Using short-term and long-term fate mapping of each crypt stem cell, we demonstrate 
that during normal homeostasis most of the stem cell divisions are symmetric in fate. As a consequence, equal 
stem cells compete for residency at the crypt base, leading the crypt to drift towards clonality over time. The 
stochastic fate choice after initial symmetric divisions contradicts with the dogmatic hierarchical view of stem 
cell divisions with invariant asymmetry. 

In Chapter 6, we employ the R26R-Confetti system to study stem cell behaviour in relation with field canceriza-
tion. Here, we bias the neutral competition between intestinal stem cells through the activation of oncogenic 
K-ras in one stem cell per intestinal crypt. The transformed stem cell becomes a super-competitor because of 
its shortened cell cycle length and starts outcompeting the neighbouring wild-type stem cells for residency at 
the crypt base. 

In Chapter 7, the R26R-Confetti system provides us the unique opportunity to study putative stem cell popu-
lations in intestinal adenomas. Here, we analyze potential stem cell behaviour of Lgr5+ cells in intestinal ad-
enomas by tracing their fate using inducible genetic lineage tracing. Our preliminary data suggest that Lgr5+ 
cancer cells indeed behave as their wild-type intestinal stem cell counterparts.

This thesis is concluded in Chapter 8 with a summarizing discussion of the different chapters.
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Summary

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 μm) of near-native tissue with optimal tissue morphology by 
avoiding artifacts inherent with standard freezing or embedding procedures. The activity of genetically 
expressed fluorescent proteins is maintained, thereby enabling high-resolution three-dimensional re-
constructions of fluorescent structures in virtually all types of tissues. The procedure allows immuno-
fluorescence labeling of proteins to depths up to 50 μm, as well as a chemical “Click-it” reaction to detect 
DNA-intercalating analogs like EdU. Generation of near-native sections ready for imaging analysis takes 
approximately 2-3 hrs. Post-sectioning processes, such as antibody labeling or EdU detection, takes up 
to 10 hrs. 

Introduction

Fluorescent proteins have become reporter genes of choice since the initial use of GFP in C. elegans and trans-
genic mice 1,2. Many new mouse models have been developed in which fluorescent proteins are used to analyze 
promoter function, protein expression 3-5 and to isolate rare cell types based on their fluorescent activity 6-11. 
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 potential, partly based on 
the availability of a broad variety of available fluorescent Cre-reporters 12-20.

Figure 1: Graphical summary
(I – VIII) Graphical summary of the tissue embedding and sectioning procedure to generate near-native tissue sections (VII). Flat tissues like intestine and skin are embedded twice 
(IV and VI) in order to obtain the most optimal position. Organs like kidney, liver or lung can be optimally positioned during their first embedding (IV). Red dashed line (VI) indicates 
sectioning plane. Near-native sections can be embedded and analyzed on a microscope slide (VIII).
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While technologies for transgenic expression of fluorescent proteins for fate mapping are continuously im-
proved, laboratory techniques for their analysis are often traditional, using standard histology techniques, and 
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 
(2D). In addition, traditional procedures for tissue embedding for microscopy analysis often introduce artifacts. 
For instance, tissues embedded in paraffin lose all enzymatic and fluorescent activity, while freezing tissues for 
cryosectioning often destructs tissue morphology. Alternatively, intravital imaging offers real-time analysis and 
is compatible with three dimensional (3D) modeling. However, this technique requires extensive expertise and 
comes at the expense of resolution and the possibility to stain for additional markers.  

Here, we provide a step-by-step description of a protocol that we have recently developed in our lab. It opens 
up a wide spectrum of possibilities for high-resolution imaging of cell populations within (adult) tissues, while 
maintaining optimal tissue morphology in 3D. Moreover, all post-sectioning processing applications can be 
combined, and are based on the same mode of tissue sectioning. The procedure is straightforward and appli-
cable to virtually all types of embryonic and adult mouse, as well as human, tissues.

In short, tissues are mildly fixed after isolation and sectioned using a microtome with a vibrating razor blade, 
yielding sections of near-native tissue of about 150 µm thick. First, mild fixation preserves activity of proteins, 
including fluorescence, that subsequently can be imaged using confocal microscopy and reconstructed in 3D. 
For instance, intestinal stem cell niches were reconstructed in 3D to allow accurate determination of the num-
ber and location of stem cells 19,21, and fluorescent lineage tracings of multiple neighboring stem cells were 
mapped in crypts of small intestine 19. Second, mild fixation maintains optimal tissue morphology, thereby 
enabling the combination of confocal imaging with the visualization of cell-type specific structural character-
istics using standard differential interference contrast (DIC). Third, this protocol has been used in combination 
with fluorescent antibody labeling that penetrated up to 50 µm in depth and demonstrated co-expression of a 
variety of markers within stem cell populations in intestine, stomach and skin 11,21-23.  

Fourth, most recently we optimized a detection reaction for the thymidine analog EdU 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 mitoses 24.

In the protocol, we emphasize the generation and processing of the near-native tissue sections. Standard imag-
ing techniques were used for confocal microscopy. Imaging data was analyzed with Image J and photoshop. 
Volocity was used for reconstruction of 3D models.

Materials

Reagents
- Antibodies (see table 1)

- BSA (Bovine Serum Albumin fraction V - Roche)

- Click-it EdU Imaging Kits (Invitrogen)

- DMSO (Dimethylsulfoxid – Merck)

- DNA labels, i.e. Dapi or Topro-3 (Invitrogen)

- Formaldehyde solution, 4% (Klinipath)

- LMA (UltraPure Low-Melting-Point Agarose - Invitrogen) 

- Mice with fluorescent (stem cell) markers (either from in-house strains or purchased from 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.

- Mounting media; i.e. Vectashield (Vector Laboratories)

- PBS (Phosphate Buffered Saline – Invitrogen)

- Triton X-100 (Sigma)
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Figure 2: Optimal tissue morphology in sections of near-native tissue
a) Comparison between paraffin embedded and near-native sections of mouse small intestine, both stained for CD44. Near-native tissue sectioning maintains tissue morphology 
and allows different combinations of fluorescent techniques, such as imaging genetically expressed fluorescent proteins (Lgr5 – green), fluorescent lineage tracing (intestinal stem 
cell (ISC) tracing – red), antibody labeling (CD44 – blue) and DNA staining (nuclei – purple). b) Comparison between cryosectioning and near-native sections of mouse dorsal skin. 
Morphological structures in epithelial, mesenchymal and fat tissue are maintained in near-native sections because the lack of embedding artifacts. 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) and d) 3D reconstructions 
of near-native tissue sections from mouse small intestine and dorsal skin respectively. Top corner insets show different orientations. Genetically expressed fluorescent proteins, 
fluorescent lineage tracing, antibody- and DNA labeling or specific autofluorescence are among a variety of post-sectioning imaging techniques that can be combined for 3D 
reconstructions of near-native sections. All scale bars represent 100 μm.
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Equipment 
- 15ml Conical tubes (Greiner bio-one)

- 50ml Conical tubes (Greiner bio-one)

- Confocal microscope (SP5, Leica)

- Coverslips 24 x 50mm (Menzel-Glazer)

- Dissection microscope (MZ7.5, Leica)

- Dissecti on tools - Scissors/ forceps

- 21G 0.8 x 40mm needles (BD Microlance)

- Light microscope (DM3000, Leica)

- 1.5ml Microcentrifuge tubes (Eppendorf )

- Microscope slides 26 x 76mm (Menzel-Glazer)

- Microwave

- Nail polish (Maybelline)

- Paper tissues (Satino)

- Plastic transferpipette (Sarstedt)

- Plastic basemolds 15 x 15 x 5mm (Klinipath)

- Razor blades (Gillette)

- Superglue (Pattex)

- Syringes 12ml (BD Plastipak)

- Vibrating blade microtome (HM650, Microm) 

- Water bath 40°C

- Water bath 65°C

- 6-Well Cell Culture plates (Greiner bio-one)

Reagent setup
PBS3B  Add 1.5gr BSA to 50ml of PBS.

PBD0.2T  Add 0.5gr BSA, 0.5ml DMSO and 1ml 10% Triton X-100 to 48.5ml of PBS.

PBD1T  Add 0.5gr BSA, 0.5ml DMSO and 5ml 10% Triton X-100 to 44.5ml of PBS.

PBS0.5T  0.5% Triton X-100 in PBS. Add 2.5ml 10% Triton X-100 to 47.5ml PBS.

4% LMA gel Add 2gr of LMA to 50ml of PBS. Mix well and boil using microwave. Cool down in 65°C wa- 
  ter bath. Once air bubbles are gone, further cooling down in 40°C water bath.

 
Equipment setup
Microtome  Add limited amount of PBS to the water bath of the microtome and turn-on the cooling  
  system (4°C).

EdU labeling Label proliferating cells in vivo with EdU according to standard Click-it EdU detection 

  protocol.

Procedure

Tissue preparation and sectioning – Timing 2 h
1.1 Isolate organs from a mouse as appropriate. Fix organs in a 50ml tube with 4% formaldehyde solution for 
30 minutes at room temperature. Larger organs can be halved. Inside of small intestine and colon have to be 
flushed twice with fixative to remove feces and improve fixation. For flushing, hold intestine with forceps and 
use syringe to flush out feces. 

1.2 Wash organs twice with PBS and put the 50ml tube on ice.
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Figure 3: A versatile technique for tissues from mouse and man
a) Antibody labeling against transcription factor Sox9 in near-native section of mouse colon. b) Antibody labeling against β4-integrin in dorsal skin of neonatal mice (P4). c) 
Antibody labeling against E-cadherin in human colon that was obtained during a colonoscopy biopsy. d) Antibody labeling against β-catenin in an APCmin adenomatous polyp in 
human colon that was obtained during a colonoscopy biopsy. All scale bars represent 50 μm.
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1.3 Remove fat and connective tissue using forceps. For skin, remove as much subcutaneous tissue as possible. 
Optional; use dissection microscope. For intestine, cut pieces of about 1cm in length. Open the parts along 
their length using a scissor to create a flat intestinal tissue of about 1cm2. Optimal tissue fragment for section-
ing is about 1 cm3, or 1 cm2 for flat tissues. 

1.4 Transfer the organ parts/tissue into a plastic mold on ice. Flat tissues like intestine and skin are stretched as 
much as possible, while intestinal villi and hairs remain upwards respectively. Remove as much PBS from the 
organs parts/tissue as possible. 

1.5 Embed organ parts/tissue by slowly dropping 4% LMA gel (40°C) on top. Prevent air bubbles. Incubate 
about 10 minutes on ice to solidify the LMA gel. Note; LMA gel that is too hot might cause flat tissue to curl up 
and to start floating in the agarose. 

1.6 Remove solid LMA block from the mold. Take a blade and trim away excess of LMA gel. Continue with 1.7 for 
flat tissues like skin and intestine. Alternatively, proceed with 1.9.

1.7 Transfer LMA block back into the mold and place it at its side. Embed LMA block with additional 4% LMA gel 
(40°C). Put the mold 15min on ice and let the new LMA gel solidify. Optional: two to three agarose blocks can 
be placed side by side before embedding with new 4% LMA gel. Note: remove all PBS from the solidified LMA 
blocks to prevent them from sliding towards each other.

1.8 Remove solid LMA block from the mold. Take a blade and trim away excess of LMA gel.

1.9 Glue LMA block on specimen stage using superglue. Note; pay attention to the orientation of the LMA block 
with respect to the angle of the vibrating razor blade. 

1.10 Place the stage carefully into the pre-cooled PBS water bath of the microtome. Submerge the LMA block 
with additional PBS. 

1.11 Use the microtome with a vibrating razor blade to produce near-native sections of about 150 µm thick. 
Note: The vibrations of the blade cause disturbances in the water bath. Try to minimize the PBS level above the 
LMA block. Facilitate the sliding of sections by pre-wetting the knife. Velocity: 1mm/ s, Knife amplitude: 0.9mm, 
Vibration frequency: 65Hrz.

1.12 A LMA tissue section will float in the water bath after its completion. Carefully drag it on a microscope slide 
and take it out of the water bath. Optional; take away excess PBS and examine the LMA tissue section under a 
normal light microscope. Use false light for better contrast. 

1.13 Transfer LMA tissue sections using a microscope slide to a 6-well plate, filled with 2 ml PBS per well. Option-
al; Use forceps to assist/ push the section into a well. Ideally, you can add up to 3 LMA tissue sections per well.

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

If no additional labeling is desired, proceed to section 5 for mounting.

Optional: Click-It EdU detection reaction – Timing 3.5 hr
Note; due to the Copper Sulfate in the Click-it EdU detection reaction, this procedure is incompatible with 
genetically expressed fluorescent proteins. However, after the Click-it reaction is completed, proteins can be 
labeled using antibody staining.

2.1 Permeabilization of the LMA tissue section. Remove PBS from a well. Add 2.5ml PBS0.5T and incubate for at 
least 1hr at room temperature.

2.2 Remove PBS0.5T and wash 2x with 2.5ml PBS3B.

2.3 Prepare Click-it EdU detection reaction according to the standard protocol. Remove PBS3B and add 1ml 
reaction cocktail per well.

2.4 Incubate for 1hr at room temperature, protected from light.

2.5 Remove reaction cocktail and wash at least 4x with 2.5ml PBD0.2T. Incubate each wash step 15 minutes at 
room temperature, protected from light.

If antibody labeling is desired, proceed with section 3. If DNA staining is desired, proceed with section 4. For 
mounting, proceed with section 5.
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Step Problem Possible reason Solution
 
1.11

 
Tissue drops out the LMA section

 
Too much PBS leftover before embedding

Excessive vibrations in water bath

 
Take away all excess PBS with a paper tissue before embed-
ding in LMA

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

Generate thicker sections

 
1.11

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

 
Connective (elastic) tissue is difficult to cut

Settings on microtome are not correct

Blunt blade

 
Remove all fatty and connective (elastic) tissue

Optimize amplitude and frequency of the razor blade

Position tissue with the potential largest cross-section to-
wards the bottom

5.4 No fluorescent antibody labeling is detect-
able after EdU staining

Residual Copper-Sulfate is still present after EdU 
detection reaction

Wash more extensively after EdU detection reaction

Figure 4

DIC DIC + EdU

Nuclei + EdU E-cadherin + Nuclei E-cadherin + EdU

a

b
3D model EdU labeling

Figure 4: EdU labeling in near-native tissue sections
a) Detection of thymidine analog EdU (red) in mouse small intestine 6 hrs after in vivo labeling. The optional 3D modeling allows to analyze the orientation of cell cycle division 
planes and to score potential (a)symmetry of the EdU distribution between both daughter cells 24. b) Detection of thymidine analog EdU (red) in mouse small intestine 26 hrs after 
in vivo labeling in combination with antibody (E-cadherin – green) and DNA labeling (grey). All scale bars represent 50 µm.

Table 1:  Troubleshooting
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Optional: Immunofluorescence labeling – Timing 1.5 hr – o/n – 4-6 hrs
3.1 If no EdU detection was performed, start permeabilization of the LMA tissue section. Remove PBS from the 
well. Add 2.5ml PBS0.2T and incubate for at least 1hr at room temperature, protected from light.

3.2 Labeling of protein-of-interest with primary antibody. Prepare labeling solution by diluting primary an-
tibody in fresh PBD0.2T. Remove permeabilization buffer and add 1ml labeling solution to a well. Incubate 
protected from light. Incubation time, temperature and concentration might need optimization due to the 
thickness of the LMA tissue section. See table 1 for details of used antibodies. 

3.3 Remove labeling solution and wash at least 4 times with 2.5ml PBD0.2T. Incubate each wash step 15 min-
utes at room temperature, protected from light.

3.4 Labeling with secondary antibody. Prepare labeling solution by diluting secondary antibody in PBD0.2T. 
Remove permeabilization buffer and add 1ml labeling solution to a well. Incubate protected from light. Incuba-
tion time, temperature and concentration might need optimization due to thickness of the LMA tissue section. 
See table 1 for details of used antibodies. 

3.5 Remove labeling solution and wash at least 4 times with 2.5ml PBD0.2T. Incubate each wash step 15 min-
utes at room temperature, protected from light.

If DNA staining is desired, proceed with section 4. For mounting, proceed with section 5.

Optional: DNA staining – Timing 0.5 – 1.5 hrs
4.1 If no EdU detection or antibody labeling was performed, start permeabilization of the LMA tissue section. 
Remove PBS from the well. Add 2.5ml PBS0.2T and incubate for at least 1hr at room temperature, protected 
from light.

4.2 Stain DNA with intercalating agents such as Dapi or Topro-3. Prepare staining solution by diluting Dapi or 
Topro-3 in PBD0.2T (1:1000 and 1:500 respectively). Remove permeabilization buffer and add 1ml staining solu-
tion to a well. Incubate 30 minutes at room temperature, protected from light.

4.3 Remove staining solution and wash once with 2.5ml PBD0.2T.

Proceed with mounting of the specimens in section 5.

Mounting – Timing 15 minutes
5.1 Transfer LMA tissue sections from well to microscope slide. Use a pre-wetted coverslip to drag a LMA tissue 
section on top in order to transfer it to microscope slide. Optional; use forceps to assist/push LMA tissue section 
on microscope slide.

5.2 Take away excess PBS. Optional; you can add up to 3 LMA tissue sections per microscope slide.

5.3 Add a few drops of mounting media (vectashield, no Dapi, hard-set). Add new coverslip while preventing 
air bubbles.

5.4 Seal the edges with nail polish. Proceed with imaging and analysis. PAUSE POINT Store at 4°C for maximum 
of few days, protected from light. 

Proceed with imaging and analysis. PAUSE POINT Store at 4°C for maximum of few days, protected from light. 
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Antibody  Company  Tissue Dilution Buffer          T (ºC)     Duration

E-cadherin  Cell signaling  Intestine 1:1000 PBD0.2T          4 overnight
B-catenin  BD transd. lab.  Intestine 1:100 PBD0.2T          4 overnight
Prominin1  eBioscience  Intestine 1:100 PBD0.2T          20 overnight
Lysozyme  Dako  Intestine 1:1500 PBD0.2T          4 overnight
EphB2  R&D systems  Intestine 1:250 PBD0.2T          20 overnight
EphB3  R&D systems  Intestine 1:50 PBD0.2T          20 overnight
Sox9  Millipore  Intestine 1:600 PBD1T          4 overnight
CD44  R&D systems  Intestine         1:200 PBS0.2T          4 overnight
a6-integrin  BD Pharmigen  Skin 1:100 PBS0.2T          4 overnight
b4-integrin  BD Pharmigen  Skin 1:100 PBD0.2T          4 overnight
Keratin6  Covance  Skin 1:1000 PBD0.2T          4 overnight
Lrig1  R&D systems  Skin 1:1000 PBD0.2T          4 overnight

Alexa’s  Invitrogen  all 1:330 PBD0.2T          20 4 hrs
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Supplementary information – Experimental procedures

Microscope settings and image analysis
Figure 2a: Image (1024 x 1024 pixel, 8 bits) was acquired using a Leica Sp5 AOBS confocal microscope 
(Mannheim, Germany) equipped with a 40x (HCX PL APO NA0.85) dry objective. Excitation: argon laser 488 
nm (EGFP) and 514 nm (EYFP). A red diode 561 nm (Alexa568 antibody) and multiphoton laser at 780 nm 
(Dapi). Fluorescence was collected at 498-551 nm (EGFP); 521-560nm (EYFP); 590-650 nm (Alexa) and 414-500 
nm (Dapi). Brightfield (DIC) was obtained using 488 nm laser, while opening transmission gate. The acquired 
images were processed with Image J. EGFP and EYFP signals were equalized for signals in villi (EYFP specific). 
Subsequently, EYFP signals were substracted from EGFP signals, resulting in pure EGFP signals. Next, pure EGFP 
was substracted from EYFP signals to obtain pure EYFP signals. 

Figure 2b: Image (1024 x 1024 pixel, 12 bits) was acquired using a Leica Sp5 AOBS confocal microscope 
(Mannheim, Germany) equipped with a 40x (HCX PL APO NA0.85) dry objective. Excitation: argon laser 458 nm 
(autofluorescence) and 488 nm (EGFP); a red diode 561 nm (Alexa555 antibody) and a far red laser line at 633 
nm (Topro-3). , for collecting autofluorescence the tissue was scanned using 458 nm laser. Fluorescence was 
collected at 498-540 nm (EGFP); 569-611 nm (Alexa); 660-67 nm (Topro-3) and 580-620 nm (autofluorescence). 
Brightfield (DIC) was obtained using 488 nm laser, while opening transmission gate. The acquired images were 
processed with Image J. EGFP and autofluorescence signals were equalized for signals in hairs (autofluores-
cence specific). Subsequently, autofluorescence signals were substracted from EGFP signals, resulting in pure 
EGFP signals. Next, pure EGFP signal was subtracted from autofluorescence to obtain pure autofluorescence.

Figure 2c and 2d: XYZ stacks are 512 x 512, 8 bits, 22 steps, 1.50μm stepsize and 1024 x 1024, 12 bits, 25 steps, 
1.50 μm respectively. Hardware and software settings are as above. 

Figure 3a: Image (512 x 512 pixel, 8 bits) was acquired using a Leica Sp5 AOBS confocal microscope (Mannheim, 
Germany) equipped with a 40x (HCX PL APO NA0.85) dry objective. Alexa antibody was excited using a red di-
ode 561 nm laser. Fluorescence was collected between 591 and 631 nm. DNA stain (Dapi) was imaged using MP 
laser at 700 nm and collected between 414-500 nm. Brightfield (DIC) was obtained using 488 nm laser, while 
opening transmission gate.

Figure 3b: Image (1024 x 1024 pixel, 8 bits) was acquired using a Leica Sp5 AOBS confocal microscope 
(Mannheim, Germany) equipped with a 40x (HCX PL APO NA0.85) dry objective. Alexa antibody was excited 
using a red diode 561 nm laser. Fluorescence was collected between 580 and 620 nm. DNA stain (Topro-3) was 
imaged using 633 nm laser and collected between 660-730 nm. Brightfield (DIC) was obtained using 488 nm 
laser, while opening transmission gate.

Figure 3c: Image (512 x 512 pixel, 8 bits) was acquired using a Leica Sp5 AOBS confocal microscope (Mannheim, 
Germany) equipped with a 40x (HCX PL APO NA0.85) dry objective. Alexa antibody was excited using an argon 
488 nm laser. Fluorescence was collected between 498 and 580 nm. DNA stain (Topro-3) was imaged using 633 
nm laser and collected between 640-710 nm. Brightfield (DIC) was obtained using 488 nm laser, while opening 
transmission gate.

Figure 3d: Image (512 x 512 pixel, 8 bits) was acquired using a Leica Sp5 AOBS confocal microscope (Mannheim, 
Germany) equipped with a 20x (HCX PL APO NA0.40) dry objective. Alexa antibody was excited using an argon 
488 nm laser. Fluorescence was collected between 498 and 560 nm. DNA stain (Topro-3) was imaged using 633 
nm laser and collected between 650-680 nm. Brightfield (DIC) was obtained using 488 nm laser, while opening 
transmission gate.

Figure 4a: Image (512 x 512 pixel, 21 steps, 1 µm stepsize, 8 bits) was acquired using a Leica Sp5 AOBS confo-
cal microscope (Mannheim, Germany) equipped with a 63x (HCX PL APO NA1.30) glycerol objective. EdU was 
detected using a red diode 561 nm laser. Fluorescence was collected between 600 and 668 nm. Brightfield (DIC) 
was obtained using 561 nm laser, while opening transmission gate.

Figure 4b: Image (512 x 512 pixel, 34 steps, 0.5 µm stepsize, 8 bits) was acquired using a Leica Sp5 AOBS confo-
cal microscope (Mannheim, Germany) equipped with a 63x (HCX PL APO NA1.30) glycerol objective. EdU was 
detected using a red diode 561 nm laser. Fluorescence was collected between 600 and 668 nm. Alexa antibody 
was excited using an argon 488 nm laser. Fluorescence was collected between 510 and 544 nm. DNA stain 
(Dapi) was imaged using MP laser at 780 nm and collected between 403-485 nm.





C
ha

pt
er

 3

Prominin-1/CD133 marks stem cells and 
early progenitors in mouse small intestine

Hugo J. Snippert, Johan H. van Es, Maaike van den Born, Harry Begthel, Daniel E. Stange, Nick 

Barker and Hans Clevers

Hubrecht Institute - KNAW & University Medical Center Utrecht, Uppsalalaan 8, 3584 CT Utrecht, The Netherlands

Adapted from Gastroenterology. 2009 Jun;136(7):2187-2194



34

Summary

Background & Aims: Prominin-1(Prom1)/CD133 is used, alone or in combination with other cell surface 
markers, to identify and isolate stem cells from various adult tissues. We recently identified Lgr5 as a 
marker of the intestinal stem cells from which all cellular lineages of the gastrointestinal epithelium 
are derived. To determine if there is a relationship between these markers, we investigated the intesti-
nal expression pattern of Prom1/CD133 and created knock-in mice to visualize and trace Prom1+ cells. 
Methods: We analyzed Prom1 mRNA and protein expression among stem cells within intestinal crypts. 
Prom1/CD133 knock-in mice (Prom1-mCherry-IRES-CreERT2 KI) were generated that express a fusion of red fluo-
rescent protein mCherry with the C-terminus of Prom1. The knock-in allele also contains the tamoxi-
fen-inducible CreERT2 recombinase, allowing for genetic tracing of progeny derived from Prom1 posi-
tive cells. Results: In the small intestine, Prom1 mRNA was detected throughout the lower half of crypts 
and was not restricted to the rare stem cells that are sandwiched between Paneth cells. Prom1 protein 
was detected at the apical membranes of Lgr5+ intestinal stem cells, but also on the transit-amplifying 
progenitors located above the Paneth cells. Analyses of the Prom1-mCherry-IRES-CreERT2 KI mice revealed that 
Prom1 is not exclusively expressed in Lgr5+ intestinal stem cells but marks a much larger stem cell/tran-
sit amplifying progenitor compartment. Conclusions: Prom-1 marks intestinal stem cells, as well as tran-
sit-amplifying progenitors, so it is not a specific marker for Lgr5+ intestinal stem cells.

Introduction

While there has been general consensus that self-renewal of intestinal epithelium depends on dedicated crypt 
stem cells, their exact identity and location have been debated for many years. The most common view has 
stated that intestinal stem cells reside directly above the Paneth cells at the so-called +4 location. This is based 
upon the assumption that stem cells are slowly cycling. DNA-labeling experiments indicated that cells at this +4 
location retain DNA labels for long periods of time. No data are available on the potential progeny of these +4 
cells either from transplantation or from lineage tracing experiments, precluding definitive conclusions to be 
drawn regarding their stemness 1,2. Bjerknes and Cheng have challenged this view by proposing that crypt base 
columnar cells, small cycling cells residing at the crypt bottom, have stem cell characteristics 3. 

With the discovery of the Wnt target gene Lgr5 4 as a unique marker gene for crypt base columnar cells 5, it 
became possible for the first time to design functional studies on the potential stemness of a defined popula-
tion of crypt cells. We generated mice in which EGFP and the tamoxifen-inducible CreERT2 recombinase were 
targeted into the Lgr5 locus, allowing the visualization of Lgr5+ cells and the genetic tracing of  progeny derived 
from Lgr5+ crypt base columnar cells 5. Lgr5+ cells fulfilled the two central criteria of stemness: 1) They represent 
a long-lived population, capable of fueling epithelial self-renewal for over 14 months. 2) From Lgr5+ cells, all 4 
different lineages of the intestinal epithelium are produced 6.

CD133 is a pentaspan transmembrane glycoprotein, first identified on human hematopoietic stem cells using 
a monoclonal antibody called AC133 (CD133) 7,8. At the same time, its murine counterpart Prominin-1 (Prom1) 
was described on embryonic neuroepithelia and found on various other epithelia in embryos 9.

In the years after its identification, Prom1/CD133 was explored as a surface marker for the isolation of stem cells 
from a variety of tissues 10-14. More recently, Prom1/CD133 has been described as a marker for colon cancer ini-
tiating cells 15,16. However, the literature contains conflicting data on the specificity of Prom1/CD133 expression, 
potentially caused by the use of different antibodies 9,17,18.

Rafii and colleagues recently generated a LacZ knock-in model for the Prom1/CD133 gene and studied Prom1 
expression in many epithelial tissues, including the colon, kidney, pancreas, liver and lung. Expression was in-
variably broad and not restricted to stem cells 19. No data were given on the small intestine. In agreement with 
these observations, Gilbertson and colleagues published a second knock-in mouse model, which displayed 
the same broad expression of Prom1 in most epithelial tissues, such as kidney, pancreas and lung. Intriguingly 
however, the authors reported that in contract to most tissues Prom1 expression is restricted to Lgr5+ stem cells 
in the small intestine 20.

Here, we report the intestinal expression pattern of Prom1/CD133 and the generation of an independent 
Prom1/CD133 knock-in mouse line which enables the visualization and genetic tracing of Prom1+ cells. 
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Material and Methods

Mice
Prom1-mCherry-IRES-CreERT2 KI mice were generated using the KI construct as depicted in Fig. 3B. The used oligonucle-
otides are given in Supplementary table 1. The targeting construct (100µg) was linearized and transfected into 
male 129/Ola-derived IB10 embryonic stem cells by electroporation (800V, 3µF). Recombinant embryonic stem 
cell clones expressing the neomycin gene were selected in medium supplemented with G418 (200µg/ml). Ap-
proximately 150 recombinant embryonic stem cell clones were screened by Southern blotting. Oligonucle-
otides used to PCR the Southern blot probe is given in Supplementary table 1. Positive clones were injected 
into C57BL/6 blastocysts using standard procedures. The neomycin selection cassette was flanked by LoxP re-
combination sites and excised in vivo by crossing the mice with the PGK-Cre mouse stain 21. Rosa26-LacZ Cre 
reporter mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Mice of >8 weeks were analyzed for 
mCherry signals or injected intraperitoneally with 200µl tamoxifen in sunflower oil at 10mg/ml. 

Isolation of Lgr5 populations
Freshly isolated small intestines were incised along their length and villi were removed by scraping. The tissue 
was then incubated in PBS/EDTA (5mM) for 5 minutes. Gently shaking removed remaining villi and intestinal tis-
sue was subsequently incubated in PBS/EDTA for 30 minutes at 4ºC. Vigorous shaking yielded free crypts which 
were incubated in PBS supplemented with Trypsine (10mg/ml) and DNAse (0.8µg/µl) for 30 minutes at 37ºC. 
After incubation, cells were spun down, resuspended in SMEM (Invitrogen, Carlsbad, CA) and filtered through a 
40µm mesh. EGFP-expressing cells were isolated using a MoFlo cell sorter (DAKO, Glostrup, Denmark).

Real-time PCR analysis
cDNA was synthesized from 0.3-1µg of total RNA of Lgr5high ,Lgr5med and Lgr5low cells derived from proximal in-
testine of Lgr5-EGFP-IRES-CreERT2 mice, using 0.5µg random primers (Promega, Madison, WI) per synthesis according 
to manufacturer’s instructions. Analysis with qPCR was performed as described previously 22. Values are shown 
as ratios of Lgr5high,med,low divided by Lgr5low after normalization to β-actin. The used primers pairs are given in 
Supplemental table 2. 

Histology, In situ hybridization, Immunofluorescence labeling and β-galactosidase assay
For in situ hybridizations tissues of mice were fixed in 4% PFA, paraffin embedded, and sectioned at 3-6µm. 
Mouse ESTs were obtained from imaGenes, Berlin, Germany. In situ probe comprising a 1 kb 3’ fragment of 
mouse Prom1 was generated from BC028286. Protocols for in vitro transcription and in situ hybridization are 
described in 22. For immunefluorescence, tissues were fixed 15 minutes in 4% PFA and embedded in 4% low-
melting agarose, sectioned at 150µm using a vibratome and imaged using a Sp5 confocal microscope (Leica, 
Wetzlar, Germany). The primary antibody for Prom1 detection was anti-mouse Prominin-1 clone 13A4 (1:100, 
eBioscience), diluted in PBS, 1% BSA, 1% DMSO and 0.1% triton X-100. Secondary antibody was Goat anti-Rat 
Alexa 555 (1:300, Invitrogen), DNA was counterstained using ToPro-3 (1:1000, Invitrogen) or DAPI. LacZ stain-
ing was described in detail in 5. In short, intestines were fixed for 2 hrs on ice in 1% PFA, 0.2% gluteraldehyde 
and 0.02% NP40 in PBS0, washed twice in PBS and subsequently stained overnight in 5mM K

3
FE(CN)

6
, 5mM 

K
4
FE(CN)

6
. 3H

2
O, 2mM MgCl

2
, 0.02% NP40, 0.1% sodium deoxycholate and 1 mg/ml X-gal in PBS0. After stain-

ing, tissues were washed twice in PBS0 and fixed overnight at 4ºC in 4% PFA. After embedding in paraffin, 4µm 
tissue sections were prepared and counterstained using neutral red. LacZ positive cells after overnight tracing 
were counted versus their relative location towards the crypt bottom. 5 stretches of proximal intestine totaling 
over 400 crypts were counted. In addition, the number of tracing events was counted at the most proximal part 
of intestines at different time points and normalized for the size of the area. At least two mice per time point 
were analyzed, the relative amount of tracings after 1 day were set at 100%.

LS174 W4 cell lines
Generation and usability of the cell lines is described in 23. Cells were polarized using 10µg/ml doxycyclin. 
Prom1-mCherry fusion construct was made using high-fidelity PCR reactions. mCherry was cloned at the 
stopcodon of EST BC028256. The used oligonucleotides are given in Supplementary table 1. Once fused, the 
product was cloned into pcDNA3.1zeo. Transient transfection of 2µg expression construct into LS174 W4 cells 
was performed using linear polyethylenimine (PEI) (Polysciences, Eppelheim, Germany). After 24 hrs, cells were 
fixed in 4% PFA for 10 minutes, washed with PBS and permeabilized using 0.5% triton X-100. Actin was stained 
using Phalloidin-FitC (1:1000, Invitrogen). Microscopy was done on a Sp5 confocal microscope (Leica).
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Figure 1: Prominin-1 is not exclusive for Lgr5+ intestinal stem cells
A) Confocal image of EGFP positive intestinal stem cells with ToPro-3 counterstained nuclei in Lgr5-EGFP-IRES-CreERT2 KI mice. Lgr5 expression is restricted to the six to eight slender cells 
between Paneth cells at the entire crypt bottom. Scale bar: 75μm. B) Facs sort diagram of isolated crypt cells from WT mice and Lgr5-EGFP-IRES-CreERT2 KI mice. Intestinal stem cells are 
sorted as Lgr5high versus early progenitors as Lgr5med versus late progenitors as Lgr5low. C) qPCR on sorted cell fractions from panel b respectively. Lgr5 expression levels confirm 
sorted EGFP levels and is dramatically enriched in intestinal stem cells (Lgr5high) versus progenitor cells. Prom1 however is not enriched in Lgr5high stem cells compared to early 
progenitors and shows about 5x higher expression in stem cells versus late progenitors. 

Results

Confocal imaging on small intestine of Lgr5-EGFP-IRES-CreERT2 knock-in mice typically reveals the presence of 6 to 8 
distinct EGFP-positive cells at the bottom of small intestinal crypts, intermingled with differentiated Paneth 
cells. The latter cells are readily recognizable by granules that are visible in bright field image (Fig. 1A). We 
recently FACS-sorted Lgr5+ cells from single cell suspensions and performed global gene expression analysis 
on Lgr5+ stem cells. While Lgr5 was among the most highly enriched genes in the stem cell fraction, Prom1 
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was not observed to be differentially expressed between Lgr5+ stem cells and their progeny in these array  
studies 22. We have recently designed an in vitro culture system which allows the outgrowth of a single Lgr5high 
cell into a long-lived, self-renewing “mini-gut” 24. As expected, the Lgr5med/ low cells are not capable of generating 
such organoids.  

In order to extend these observations, EGFP-based sorting allowed us to independently isolate Lgr5+ stem cells 
(Lgr5high), as well as their early (Lgr5med) and late (Lgr5low) transit-amplifying progenitors (Fig. 1B). Expression 
level analysis by qPCR confirmed that Lgr5 was highly enriched in the EGFPhigh stem cell fraction, being about 6x 
higher in stem cells than in the earliest progenitors (Lgr5med) (Fig. 1C). Although Prom1 expression was enriched 
in Lgr5+ stem cells compared to late progenitor cells (Lgr5low), its expression was the same between Lgr5+ stem 
cells and their early Lgr5med daughter cells (Fig. 1C). We determined the expression levels of several other crypt 
surface markers known for their graded expression levels between crypt bottom and top. CD44, EphB2 and 
EphB3 4 all showed highest expression in the Lgr5+ stem cells relative to early and late progenitors (Fig. 1C). Of 
note, these three markers were more strongly enriched in stem cells versus early progenitors than was Prom1. 
Recently, Bmi1 was reported to mark intestinal stem cells solely at the +4 location 25. Here we provide evidence 
that Bmi1 is expressed in Lgr5+ stem cells as well, indicating that Bmi1 is not limited to the +4 cell. 

Analysis of the expression pattern of Prom1 in small intestine using in situ hybridization revealed that its mRNA 
could be detected throughout the lower half of crypts and that it was not restricted to rare stemcells sand-
wiched between Paneth cells (Fig. 2A). Prom1 expression was also detected in spontaneous adenomas in APCmin 
mice (Fig. 2B). The gene was expressed in large parts of these adenomas, contrasting with observations that 
Prom1/CD133 marks rare tumor-initiating cells in human colorectal carcinomas 15,16. 

The monoclonal antibody 13A4 has been shown to detect the same patterns of Prom1 expression in kidney, 
liver, pancreas, lung and colon as has been seen in the Prom1-LacZ reporter mouse 19. We used the 13A4 antibody 
to study Prom1 expression in the small intestine. In wild-type mice as well as in Lgr5-EGFP-IRES-CreERT2 mice, Prom1 
was clearly detected at the apical membranes of Lgr5+ intestinal stem cells, but also on transit-amplifying pro-
genitors which are located above the Paneth cells (Fig. 2C, 2D). 

To visualize live Prom1+ cells we designed a knock-in mouse in which endogenous Prom1 is fused to the red flu-
orescent protein mCherry. Verifying that mCherry fusion at the C-terminus of Prom1 does not affect its cellular 
localization, we first expressed a Prom1-mCherry fusion construct in human colorectal cancer cell line LS174T 
W4. These cells become polarized upon stabilization of the LKB1-STRAD-Mo25 complex after doxycyclin ad-
ministration 23. In non-polarized cells, Prom1-mCherry was predominantly present in cytoplasmic vesicles (Fig. 
3A). When the intestinal epithelial cells were induced to polarize, Prom1-mCherry localized at the apical side of 
plasma membranes (Fig. 3A), which is the normal cellular localization of Prom1 within epithelia 26.

In order to visualize live Prom+  cells and to test their stem cell capacity we targeted an mCherry-ires-CreERT2 
cassette at the stop-codon located in the second-last exon. Since the Prom1 gene contains five alternative pro-
moters 27, using this strategy all spliced isoforms of Prom1 and its endogenous 3’-UTR were maintained (Fig. 3B). 
Southern blot analysis with a probe downstream of the targeting vector confirmed proper integration within 
the Embryonic Stem (ES) cell genome in about 1 in 10 clones (Fig. 3C). Heterozygous and homozygous mice 
were healthy and fertile. Confocal imaging allowed the visualization of Prom1+ cells by mCherry fluorescence in 
small intestine and showed again subcellular localization at the apical side of polarized intestinal epithelia (Fig. 
3D). Consistent with previous obtained results using RT-PCR, in situ hybridization and immunofluorescence 
labeling, we detected Prom1-mCherry fusion proteins at the base and lower half of intestinal crypts, underscor-
ing that Prom1 is not exclusively expressed in Lgr5+ intestinal stem cells but marks a much larger stem cell/tran-
sit amplifying progenitor compartment. 

To test stem cell capacity we then crossed the Prom1-mCherry-IRES-CreERT2 knock-in mice with the Rosa26-LacZ Cre 
reporter mice 28. Upon injection of tamoxifen, the CreERT2 fusion enzyme becomes active and will excise a 
LoxP flanked roadblock sequence in Rosa26-LacZ alleles. As a result, Prom1 expressing cells will be geneti-
cally marked by an activated LacZ reporter. Moreover, since the marking is irreversible, all eventual progeny of 
Prom1+ cells will bear the same marking, enabling us to trace its lineage over time.

Adult mice were injected once with tamoxifen after which LacZ was detected at different time-points. Us-
ing whole-mount microscopy we detected clear small spots after 1 day tracing (Suppl. Fig. 1A). Non-induced 
mice did not show any sign of LacZ expression (not shown). To visualize the exact location of Prom1+ cells in 
which tracing was started, we analyzed LacZ expression with cross-sections. In most crypts, blue LacZ sig-
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Figure 2: Prominin-1 expression pattern is restricted to Lgr5+ intestinal stem cells and progenitor cells
A) In situ hybridization shows that Prom1 expression pattern is restricted to the bottom half of wild-type intestinal crypts, encompassing Lgr5+ stem cells and the earliest progenitor 
cells. B) In situ hybridization of Prom1 on intestine of APCmin mice shows wide but not uniform expression within adenomas.  C) Immunofluorescence labeling of Prom1 in WT crypts 
counterstained with DNA dye DAPI illustrates location of Prom1 at the apical membranes of progenitors and Lgr5+ stem cells located between the Paneth cells at the bottom of 
the crypt. D) Immunofluorescence labeling of Prom1 in crypts from Lgr5-EGFP-IRES-CreERT2 knock-in mice. Overlay with DNA dye DAPI (left panel) or bright field (right panel) shows that 
Prom1 is not exclusively expressed on Lgr5+ stem cells, but is also present on early progenitors. All scale bars represent 50μm.

nals appeared directly above the Paneth -and Lgr5+ stem cells (Fig. 4A). We quantified the positions at which 
LacZ positive cells appeared relative to the crypt bottom (Fig. 4B). The majority of LacZ positive cells were de-
tected at positions 2, 4 and 5. Comparing these data with the published lineage tracing quantifications using 
Lgr5-EGFP-IRES-CreERT2 KI mice 5 (reproduced in Fig. 4B) revealed that tracing initiated in Prom1+ cells was not restrict-
ed to Lgr5+ intestinal stem cells, but actually most frequently occurred in early transit amplifying cells.

Longer tracing experiments revealed that most of the LacZ-positive cells were rapidly washed out, indicative 
that they had no long-term self-renewal capacity. However, small numbers of LacZ positive clones were ob-
served (Suppl. Fig 1B, 1C). Moreover, even after 75 days of tracing, these clonal LacZ-positive ribbons were 
observed, implying that some Prom1+ cells harbor stem cell-like properties (Fig. 4C). In addition to long-term 
self-renewal, multipotency was confirmed in short-term and long-term tracing experiments, since all major 
intestinal cell types could be generated from Prom1+ cells (Fig. 4C, 4D). When we quantified tracing frequen-
cies observed after 1 day versus 7 days, we noticed approximately a 10 fold decrease within the time-span of a 
single epithelial turn-over cycle (Fig. 4E). However, tracing frequencies at 7 days or >75 days were comparable 
implying that these irreversible markings were generated in Lgr5+ intestinal stem cells. However, it could not be 
formally ruled out that long-term tracing was induced in a Prom1+ Lgr5- cell. 
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Figure 3: Prom1-mCherry-IRES-CreERT2 KI mice faithfully recapitulate expression pattern and subcellular localization of endogenous Prom1
A) mCherry is fused to the C-terminus of a Prom1 expression construct to test its subcellular localization in colorectal carcinoma cell line LS174 W4. Upon treatment with doxycy-
cline, the LKB1-STRAD-Mo25 complex becomes stable and polarizes LS174 W4 cells. Prom1-mCherry becomes localized to the actin-rich apical sides of polarized cells. Scale bar: 
10μm. B) The mCherry-IRES-CreERT2 construct was cloned just in front of the STOP codon of the last coding exon of Prom1, thereby maintaining true endogenous expression levels 
because of the intact promoter region, intronic sequences and the endogenous 3’ UTR. C) Southern blot of targeted mouse ES cells shows heterozygous targeted alleles in lane 1 
till 3 and a homozygous wild-type allele in control lane 4. D) Confocal imaging of mCherry confirms that Prom1-mCherry fusion protein is expressed at the lower half of intestinal 
crypts and localizes to the apical side of the plasma membrane. Scale bar: 75μm.

Discussion

The epithelium of the small intestine is a unique model for the study of mammalian stem cell biology, because 
of its rapid turn-over time combined with its relative simple, highly repetitive architecture. The functional iden-
tification of intestinal stem cells by markers such as Lgr5 5 and Bmi1 25 presents an important advance to this 
field. Crucial in these studies were the creation of knock-in alleles of stem cell marker genes that allow visual-
ization of the cells by GFP fluorescence as well as genetic lineage tracing by the incorporation of Cre-recombi-
nases 5,25.

The Prom1/CD133 marker has been proposed to represent a stem cell marker in the small intestine of mice 20, 
as well as a cancer stem cell marker in human colon cancer 15,16.  In the current study, we set out to test whether 
the Prom1/CD133 gene faithfully marks stem cells by generating an allele expressing the red fluorescent Cherry 
protein and a tamoxifen-inducible version of the Cre recombinase. 
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Figure 4: Lineage tracing in the small intestine confirms that Prom1 is not exclusively restricted to Lgr5+ intestinal stem cells
A) Histological analysis of LacZ activity in small intestine 1 day after tamoxifen induction. Scale bar: 50μm. B) Frequency at which blue cells appeared at specific locations counted 
relative to the crypt bottom 1 day after induction of tracing. Results are depicted as means of 5 independent stretches of proximal small intestine totaling over 400 crypts. 
The majority of Cre+ LacZ-labelled cells occurred just above the Lgr5+ intestinal stem cells (position 0, 1’ and 2’). Quantitative data on the start position of lineage tracing using  
Lgr5-EGFP-IRES-CreERT2 knock-in mice were published recently 5. The graph shows a comparison between the initial tracing positions of both mouse models. C) Histological analysis of 
LacZ activity in small intestine 75 days after tamoxifen induction confirms that intestinal stem cells are positive for Prom1 and are able to produce LacZ positive ribbons. Scale bar: 
100μm. D) LacZ positive cells 4 days after tamoxifen induction illustrates that enterocytes, goblet cells and Paneth cells belong to progeny of Prom1+ cells. Scale bar: 12.5μm. E) 
Frequency at which blue tracing events were detected in small intestine at the most proximal part. Results are depicted as relative means, normalized for the size of the area and 
compared to the relative amount of tracing events after 1 day, which is set at 100%. Error bars represent standard deviation.
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In agreement with direct expression studies of the endogenous Prom1/CD133 mRNA in crypts and in isolat-
ed Lgr5+ stem cells and progenitors, we noted that Prom1 expression occurs in Lgr5+ stem cells as well as in 
their transit amplifying progenitors. In apparent disagreement with a previous report 20, we noted that Prom1/
CD133 was not enriched in Lgr5+ stem cells relative to their early progenitors. Using the Prom1/CD133 antibody 
13A4, we confirmed simultaneous expression in Lgr5+ stem cells and transit amplifying progenitors.  A possible 
explanation for this discrepancy may be a difference in assays and/or sensitivity with which Prom1 has been 
monitored in the two studies. By lineage tracing, we confirmed that Prom1/CD133+ cells represented stem 
cells as well as transit amplifying progenitors, since tracing in Prom1/CD133+ stem cells resulted in persistent 
clones of marked cells, visualized as clonal ribbons running from crypt bottom to villus top. Nevertheless, lin-
eage tracing most frequently started in transit-amplifying progenitors, which were subsequently lost within a 
week after induction of tracing. The lineage tracing data were again in apparent disagreement with the pre-
vious report 20. We can think of two reasons to explain these discrepancies in tracing behavior. First, the two  
Prom1-Cre knock-in mice differ in their design and may therefore display intrinsic differences in patterns of 
genetic tracing. Second, tracing initiated in transit-amplifying cells is -by definition- transient and can only be 
observed by quantitation within days after induction. Stem cell tracing is stable and therefore a much more 
obvious phenomenon. Of note, the expression pattern as documented in the current study resembles patterns 
reported in a variety of other tissues: A Prom1-LacZ reporter mouse has revealed rather widespread expres-
sion in epithelia of colon, kidney, liver, lung and pancreas 19. We have confirmed these observations on Prom1 
expression in colon in our mouse model (not shown). 

In summary, using four independent approaches we show that Prom1/CD133 is a marker of the entire prolifera-
tive crypt compartment in murine small intestine. 
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Supplemental information – Figures and legends
 
Figure S1. Whole-mount pictures of lineage tracing in small intestine

 
Supplemental information – Tables
 
Table S1. Cloning strategy knock-in construct

Table S2. qPCR primer sequences

Figure S1: Whole-mount pictures of lineage tracing in small intestine 
A) Whole-mount picture taken from the outside of a small intestine from Prom1-mCherry-IRES-CreERT2 KI mice crossed with Rosa26-LacZ reporter mice, showing lineage tracing events 
24hrs after tamoxifen induction. Scale bar: 500μm. B) Whole-mount picture of a small intestine 7 days after lineage tracing was initiated in Prom1+ cells. Note that the present 
tracing events became bigger in size, but that the overall number of events became less over time. Scale bar: 500μm. C) Whole-mount magnification of a lineage tracing 7 days 
after initiation. Scale bar: 100μm.



4343

Intestinal Prominin-1/CD133 expression

C
ha

pt
er

 3
 Forward primer   Reverse Primer

Lgr5 GACAATGCTCTCACAGAC   GGAGTGGATTCTATTATTATGG
     
Prom1 TCATCGCTGTGGTCGTCATTG   GTCCGCTGGTGTAGTGTTGTAG
     
CD44 CACATATTGCTTCAATGCCTCAG   CCATCACGGTTGACAATAGTTATG
     
EphB2 ATGCTGAAGAAGTGGATG   CTTGAAGGTTCCTGATGG
     
EphB3 AAGAGACTCTCATGGACACGAAATG  ACTTCCCGCCGCCAGATG
     
Bmi1 TATAACTGATGATGAGATAATAAGC  CTGGAAAGTATTGGGTATGTC
 
β-actin GCTTCTTTGCAGCTCCTTC   GACCAGCGCAGCGATATC

Cloning Prominin-1/cherry fusion for targeted KI 
upstream arm  1520bp
ups fwd prom1   ACA GTCGAC GCAGGACCTGTCATTTGCTT
            SalI
ups rev prom1  ACA GATATC A TCTAGA CGGGCTAGAAACAGAAACA
                             EcoRV        XbaI
mCherry 
cherry fwd   ACA TCTAGA TAC ATGGTGAGCAAGGGCGAGGAGG 
                        XbaI
cherry rev   ACA GCGGCCGC AAGCTT GATATC TTACTTGTACAGCTCGTCCATGC 
                             NotI         HindIII     EcoRV
Fuse mCherry to Prom1 using XbaI site.  
downstream arm 1925bp
down fwd prom1 ACA ACTAGT CTGGAGTTGAAGCTGCTTGAAG
                                  SpeI
down rev prom1 ACA GCGGCCGC GTTGCCACCCTGTTGTGTC
                                                           NotI
 
Cloning Prominin-1/cherry fusion expression construct 
BC028286 in pCMV-SPORT6 
fwd Prom1 clone  CCTGAATGTGAACATTGATAGC
 
rev Prom1 clone ACA AAGCTT A TCTAGA CGG GTC GTC GTA TAC ATC CTC TGA 
                                 HindIII           Xba
Fuse mCherry to Prom1 using the XbaI site. 
 
Southern probe Prom-1-mCherry fusion KI 
fwd Sbprobe Prom1 GCTCAGAGCCTGTACAGAAGA
 
rev Sbprobe Prom1 GGGTAACCAAGGACTCCTGA
 product is 714bp
 Cut probe out with XhoI and EcoRI.

Table S1: Cloning strategy knock-in construct

Table S2: qPCR primer sequences
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Summary

Mammalian epidermis consists of three self-renewing compartments: the hair follicle, sebaceous gland 
and interfollicular epidermis. We generated knock-in alleles of murine Lgr6, a close relative to the Lgr5 
stem cell gene. Lgr6 was expressed in the earliest embryonic hair placodes. In adult hair follicles, Lgr6+ 
cells resided in a previously uncharacterized region directly above the follicle bulge. They expressed 
none of the known bulge stem cell markers. Prenatal Lgr6+ cells established the hair follicle, sebaceous 
gland and interfollicular epidermis. Postnatally, Lgr6+ cells generated sebaceous gland and interfol-
licular epidermis, while contribution to hair lineages gradually diminished with age. Adult Lgr6+ cells 
executed long-term wound repair, including the formation of new hair follicles. We conclude that Lgr6 
marks the most primitive epidermal stem cell. 

Introduction, results and discussion

In the adult skin, interfollicular epidermis (IFE) and sebaceous glands (SGs) are subject to constant self-renewal, 
while hair follicles (HFs) cycle between growth, involution and resting phases (Fig. S1) 1. Under normal condi-
tions, these three skin cell populations are each believed to be maintained by their own discrete stem cells 2. 
When tissue homeostasis is disrupted however, any of the three stem cell populations is capable of producing 
all three structures 2,3. The IFE can be maintained without the recruitment of stem cells from the HF bulge 4-8, yet 
the exact identification of IFE stem cells has remained elusive. Within the SG, progenitors reportedly maintain 
this structure independent of the HF 5,9. HF stem cells reside in the bulge, express CD34 and cytokeratin 15 10-12 
and retain DNA- or histone labels 13-15. However, stem cells may reside in other areas of the HF as well 16-19.

Figure 1: Lgr6 is expressed in early hair progenitor cells and becomes restricted to a limited number of cells at the central isthmus
A) Whole-mount picture of Lgr6-LacZ embryos at E14.5. Scale bar, 500 μm. B till F) Cross-sections of dorsal skin from Lgr6-LacZ KI mice obtained at various developmental stages 
(E14.5, P1, P7, P20 and P37 resp.) reveal restricted Lgr6 expression (blue) above the bulge. Scale bars, 50 μm. Confocal microscopy reveals limited overlap with known hair follicle 
stem cell markers (in red) CD34 (G), Mts24 (H) and Lrig1 (I) in Lgr6-EGFP-Ires-CreERT2 mice analyzed at telogen stages. Scale bars, 25 μm. Bu, Bulge; Sg, Sebaceous gland; UI, Upper 
isthmus. 
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We recently identified Lgr5 (leucine-rich-repeat-containing G-protein-coupled receptor 5) as a marker of cy-
cling stem cells in the intestine 20. Subsequently, we demonstrated that Lgr5 marks HF stem cells, which over 
very long periods of time, contribute to all hair lineages, but not to the SG or IFE 21. A closely-related gene 
exists in the mammalian genome, Lgr6 22. To evaluate a potential involvement of Lgr6 in stem cell biology, we 
obtained LacZ- and EGFP-Ires-CreERT2 knock-in alleles (Fig. S1; S2). Both integrations create null alleles. Homo-
zygous mice of both strains were healthy and fertile. In adult Lgr6LacZ and EGFP-Ires-CreERT2 knock-in mice, 
we noticed prominent expression in rare cells in brain, mammary gland, lung and skin. In the latter tissue, in 
situ hybridization confirmed the pattern observed with the knock-in alleles (Fig. 1; S1-S3). Lgr6 was first ob-
served around embryonic day 14.5 (E14.5) (Fig. 1A). Expression was evident throughout the epithelial compart-
ment of placodes, while the epidermis was entirely negative (Fig. 1B). Lgr6 is thus one of the earliest placode 
markers, resembling Sonic Hedgehog 23 and Sox9 24. Lgr6 expression persisted during hair peg development  
(Fig. 1C; S2C). The resulting hair breaks through the overlying epidermis postnatally. Lgr6+ cells appeared in the 
IFE coincident with the emergence of hair (Fig. 1D; S2D), suggesting an origin in the developing follicles. Epider-
mal Lgr6 expression peaked around postnatal day 7-15 (P7- P15) and then became gradually more restricted, 
with expression persisting within adult HFs on the back and tail throughout life (Fig. 1EF; S2E-I).

Detailed analysis in the first (P20) and second (P56) resting states (telogen) revealed that Lgr6 marked a unique 
population, located directly above the CD34 and Keratin 15 positive bulge (Fig. 1G; 2A and S1). Lgr6 cells did 
not retain the DNA label BrdU (Fig. S4). MTS24 and Lrig1 (upper-isthmus markers) 17,19 and Blimp1 (SG) 9 showed 
limited overlap with the tight Lgr6 cell cluster (Fig. 1HI; 2A and S1). Analysis of LacZ staining in telogen follicles 
of Lgr4 25, Lgr5 20 and Lgr6 LacZ knock-in mice confirmed that Lgr6 marked the central isthmus directly above the 
bulge, while Lgr4 expression was present in both the Lgr5+ and the Lgr6+ domains (Fig. 2B).

In agreement with our findings, gene expression profiles of late embryonic (E17.5) HF stem cells revealed Lgr5 
and Lgr6 at the top of the enriched-gene list 26. We directly compared gene expression profiles of sorted Lgr5high 
and Lgr6high cells isolated from P20 dorsal skin. As expected, the Lgr5 population was strongly enriched for 
bulge markers such as CD34 (Fig. 2C). The only gene in the Lgr6 profile implicated in stem cell biology and HF 
development was Tnfrsf19/Troy 27,28. Another gene, Il1r2, marks cells at a corresponding position below the SGs 
in human HFs 29. Thus, Lgr6 marked a unique, previously unrecognized tight cell cluster at the central isthmus 
of the HF (Fig. 2B). Of note, while embryonic expression in nascent whiskers resembled that of other hair follicle 
types, no Lgr6+ zone was established postnatally at the equivalent location (Fig. S9).

To study lineage relationships of Lgr6+ cells, we intercrossed Lgr6-EGFP-Ires-CreERT2 with the Cre reporter 
R26R-LacZ mice. Without tamoxifen, we essentially noted no leakiness of Cre activity. Single tamoxifen injec-
tions facilitated genetic tracing of Lgr6+ cells and their offspring. We first genetically marked Lgr6+ cells at E17.5, 
when Lgr6 expression is restricted to hair pegs (Fig. S5A). Subsequent postnatal LacZ stainings were performed 
at various phases of the hair cycle. In all cases widespread labeling of all three skin compartments was observed 
(Fig. 3B; S5).

When lineage tracing was induced at P20, sporadic single LacZ-labeled cells first became visible at  
P23 (Fig. 3A). The overwhelming majority of labeled cells still appeared at the isthmus, implying limited mobil-
ity in the intervening 3-day period (Fig. 3B). When analyzed 18 days after induction, blue clones were observed 
in SGs, the IFE and -to a lesser extent- in the hair (Fig. 3CD). Even after >1 year, extensive lineage tracing was 
readily observed (Fig. 3E; S6). Tracing induced at P56, the second telogen phase, yielded identical observations, 
albeit that HF potential was further diminished (Fig. 3B; S7). Quantification of lineage tracing initiated at E17.5, 
P20 or P56, underscored that in virtually all cases, labeling was restricted to single cells in the isthmus three 
days after induction (Fig. 3B). Contribution to SG and IFE was relatively constant between E17.5, P20 and P56, 
while the contribution to the hair decreased with age (Fig. 3B). 

In order to further document the stemness potential, we transplanted Lgr6+ stem cells, isolated at first telogen, 
onto the backs of nude mice. As expected, Lgr6+ cells reconstituted fully-formed HFs. Multipotency of donor 
stem cells was confirmed by activating the R26R-LacZ locus in vivo 4 days prior to isolation. A small subset of 
Lgr6+ stem cells became LacZ-positive and contributed, once transplanted, to all skin lineages (Fig. 3F; S6F).

The contribution of Lgr6+ cells to wound repair was assessed by inducing lineage tracing at first telogen (P20), 
followed by excision of 1 cm2 of full-thickness back skin 5 days later. Lgr6 progeny was traced over >3 months 
following wounding. As observed previously when bulge stem cells were LacZ-labeled 6, convergent bands of 
blue cells emanated from the border of the wound and migrated towards its center (Fig. 4A-D). Such bands 
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Figure 2: Lgr6 marks a diff erent stem cell population than Lgr5/CD34+ HF stem cells
A) FACS analysis at fi rst telogen reveals that Lgr6+ cells are largely distinct from  CD34+ cells and MTS24+ cells. B) Expression analysis of Lgr family members illustrates that Lgr5 HF 
stem cells are located at the bulge 21, while Lgr4 has a wider expression pattern including the tight cluster of Lgr6+ stem cells at the central isthmus. Scale bar, 50 μm. SG, sebaceous 
gland; CI, central isthmus; HG, hair germ; DP, dermal papilla. C) Gene expression analysis of Lgr5+ HF stem cells and Lgr6+ stem cells further indicates that Lgr6 marks a separate 
population with no overlap of bulge HF stem cell. Color scale bar represents log2 diff erences. 

originating from HF bulge stem cells disappear by 20 days post-wounding 6. The blue clones derived from 
Lgr6+ cells involved cells in the basal layer of the wound epithelium (Fig. 4EF), whilst the clones persisted for >3 
months within the newly-formed epidermis. As reported by Cotsarelis and colleagues 30, HF growth occurred 
de novo within the wound epithelium. When scored in a 60 and a 100 days post-wounding mouse, approxi-
mately 10% of these new HFs were derived from LacZ-marked Lgr6+ stem cells (3 in 34 and 4 in 31 respectively), 
comparable to the estimated percentage of surface area comprising LacZ-marked keratinocytes in the same 
wounds (7% and 11% respectively) (Fig. 4GH; S8).

Our study identifi es Lgr6 as a marker for a distinct population of stem cells giving rise to all lineages of the 
skin. Unlike the Lgr5 gene, we found no evidence that Lgr6 is controlled by Wnt signaling. This is in agreement 
with the notion that the active hair lineage in the lower bulge requires Wnt signaling, while the sebaceous and 
epidermal lineages are Wnt-independent 2 . A picture thus emerges in which a Wnt-independent Lgr6 stem cell 
pool can renew sebaceous cells and seed the epidermis throughout life, while a Wnt-dependent Lgr5 stem cell 
pool derives from the Lgr6 pool early in life, but then becomes relatively independent.
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Figure 3

After hair follicle morphogenesis, Lgr6+ stem cells predominantly generate sebaceous glands and epidermis
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Figure 3: After hair morphogenesis, Lgr6+ stem cells predominantly generate sebaceous glands and epidermis
Scale bars histochemistry, 50 μm. A) LacZ staining in dorsal skin, first visible after 3 days tracing. B) Quantification of lineage tracing from Lgr6 stem cells initiated at E17.5, P20 
and P56 respectively. Left panel: In postnatal mice, the vast majority of lineage tracings (~90%) originate in the isthmus. Right panel: Tracing events remain constant over time 
and Lgr6 stem cells persistently generate IFE and SG, while HF potential diminishes with age of the mice. Error bars represent standard deviation. C till E) LacZ analysis of dorsal 
skin from Lgr6-EGFP-Ires-CreERT2/R26R-LacZ mice after CreERT2 induction at P20. Analysis during anagen at P38 (C and D) or after >1 year (E) with whole-mount microscopy or HC 
respectively. Lgr6+ stem cells persistently traces toward epidermal (DE, upper left panel), SG lineages (DE, lower left panel) and occasional HF (DE, right panel). F) HC analysis of 
transplanted Lgr6+ /LacZ+ stem cells onto backs of nude mice confirmed multipotency. 
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Figure 4: Lgr6+ stem cells permanently contribute to wound healing, including hair neogenesis
A) Top view of a wound in dorsal skin 2 days post-wounding (dpw). White dashed line marks edge of the wound. Incision was made at day P25, 5 days after tracing initiation. 
Right panel is magnification of white box. B) Cross-section of the wound reveals marked progeny migrating into the wound. Black arrowhead points to the edge of the wound. 
Scale bars IHC, 50 μm. C and D) As in A and B, dorsal wound 7dpw. E and F) As in A and B, 49dpw Lgr6+ stem cells made persistent contributions. Ki67+ basal layer of scar tissue is 
Lgr6-derived (black arrows). G till H) As in A and B. >100dpw, Lgr6 progeny is still present within the wound. Moreover, newly formed hairs within the wound are occasionally LacZ 
positive. Ow, open wound.
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Supplementary figure 1
Lgr6 is expressed in early hair progenitor cells and becomes restricted to a limited number 
of cells at the central isthmus

Supplemental information – Figures and legends

Figure S1. Lgr6 is expressed in early hair progenitors and becomes restricted to a limited number of cells at the 
central isthmus

Figure S2. Lgr6-EGFP expression pattern during hair follicle development resembles the pattern obtained with 
Lgr6-LacZ KI mice

Figure S3. In situ hybridization against Lgr6 mRNA confirms expression pattern observed with the two inde-
pendent knockin mouse lines

Figure S4. Lgr6+ stem cells are different from bulge cells at second telogen

Figure S5. During embryogenesis, Lgr6 marks stem cells that generate all lineages of the skin

Figure S6. After hair morphogenesis, Lgr6 marks stem cells that predominantly generate sebaceous glands 
and epidermis

Figure S7. After the first hair cycle, Lgr6 marks stem cells that maintain sebaceous glands and epidermis

Figure S8. Lgr6+ stem cells permanently contribute to wound healing, including hair neogenesis

Figure S9. Lgr6-LacZ expression pattern in whiskers

Figure S1: Lgr6 is expressed in early hair progenitors and becomes restricted to a limited number of cells at the central isthmus
 A) Schematic representation of Lgr6 expression (in blue) during hair follicle development. B) Targeting strategy for the Lgr6-LacZ KI mouse, where the LacZ-neo cassette replaces 
the endogenous exon 2. C) Whole-mount picture of Lgr6-LacZ embryos at E15.5. Scale bar, 500 μm. D till F) Immuno histochemistry (IHC) reveals no overlap with known hair follicle 
stem cell markers. Lgr6-EGFP (D), Keratin-15 (E) and Blimp1 (F) in Lgr6-EGFP-Ires-CreERT2 mice analyzed at telogen stages. Scale bars, 25 μm. Bu, Bulge. * Denotes non-specific 
staining (S2).
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Figure S2: Lgr6-EGFP expression pattern during hair follicle development resembles the pattern obtained with Lgr6-LacZ KI mice
A) Targeting strategy for the Lgr6-EGFP-Ires-CreERT2 KI mouse at the transcriptional start site. B) Whole-mount microscopy of an E17.5 old embryo. Scale bar, 500 μm. C) Cross-sec-
tion of Lgr6+ hair pegs. Scale bar, 20 μm. D till I) Confocal microscopy of Lgr6-EGFP-Ires-CreERT2 KI mice at various stages of postnatal development. Autofluorescence is derived from 
hair shafts. Scale bars, 50 μm. D) Lgr6 + cells migrate into the epidermis around P4, once developing hairs start penetrating the skin. E) At the end of morphogenesis, Lgr6+ cells are 
restricted at the top of the bulge. F and G) At the start of the first hair cycle, Lgr6+ cells are located on top of the bulge, at the central isthmus. H and I) Lgr6+ stem cells maintain their 
position at the central isthmus during all stages of the hair follicle cycle.
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Figure S2: Lgr6-EGFP expression pattern during hair follicle development resembles the pattern obtained with Lgr6-LacZ KI mice
A) Targeting strategy for the Lgr6-EGFP-Ires-CreERT2 KI mouse at the transcriptional start site. B) Whole-mount microscopy of an E17.5 old embryo. Scale bar, 500 μm. C) Cross-sec-
tion of Lgr6+ hair pegs. Scale bar, 20 μm. D till I) Confocal microscopy of Lgr6-EGFP-Ires-CreERT2 KI mice at various stages of postnatal development. Autofluorescence is derived from 
hair shafts. Scale bars, 50 μm. D) Lgr6 + cells migrate into the epidermis around P4, once developing hairs start penetrating the skin. E) At the end of morphogenesis, Lgr6+ cells are 
restricted at the top of the bulge. F and G) At the start of the first hair cycle, Lgr6+ cells are located on top of the bulge, at the central isthmus. H and I) Lgr6+ stem cells maintain their 
position at the central isthmus during all stages of the hair follicle cycle.
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Figure S3: In situ hybridization against Lgr6 mRNA confirms expression pattern observed with the two independent knockin mouse lines
During embryogenesis, Lgr6 expression at the dorsal skin is first observed in hair placodes and remains restricted to developing hair follicles. In adult mice, Lgr6 is expressed in a 
small region above the bulge.
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Lgr6+ stem cells are different from bulge cells at second telogen

Lgr6+ cells do not express bulge marker CD34 at 2nd telogen
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Figure S4: Lgr6+ stem cells are different from bulge cells at second telogen
Label-retaining cells are often reported to localize in the bulge region. Lgr6+ stem cells are located above the bulge and are not label-retaining at second telogen. In addition, CD34, 
a commonly used marker for these bulge cells is not expressed in the Lgr6 stem cell population as determined by FACS. Microarray analysis comparing Lgr5+ HF stem cells with 
Lgr6+ stem cells confirmed that Lgr6 marks a separate population from the bulge cells. EGFP-high populations were sorted as Lgr5 – and Lgr6 stem cell populations.
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Figure S5: During embryogenesis, Lgr6 marks stem cells that generate all lineages of the skin
A) Using confocal microscopy, Lgr6-EGFP is specifically detected within developing hair pegs at embryonic stage E17.5. Scale bar, 20 μm. B till I) LacZ analysis of dorsal skin with 
whole-mount microscopy or HC from Lgr6-EGFP-Ires-CreERT2/R26R-LacZ mice at several time-points after CreERT2 induction at embryonic stage E17.5. Scale bars HC, 50 μm. B and 
C) Analysis of dorsal skin after hair follicle morphogenesis (P20) reveals contribution to all three lineages of the skin, including HFs (C, left panel), IFE (C, upper right panel) and 
SGs (C, lower right panel). D till I) As in B and C. At embryonic stage E17.5, Lgr6 marks multipotent stem cells that contribute persistently to all three lineages of the skin (HF, SG 
and IFE).
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Figure S6: After hair morphogenesis, Lgr6 marks stem cells that predominantly generate sebaceous glands and epidermis
A till D) LacZ analysis of dorsal skin with whole-mount microscopy or HC from Lgr6- EGFP-Ires-CreERT2/R26R-LacZ mice after CreERT2 induction at P20. Scale bars HC, 50 μm. A and B) 
LacZ analysis of dorsal skin during second telogen at p52. Lgr6+ stem cells trace predominantly toward IFE (B, upper panel) and SG lineages (B, lower panel). C till E) As in A and B. At 
first telogen, Lgr6 marks stem cells at the central isthmus that predominantly generates epidermal and sebaceous gland lineages. Moreover, traced lineages remain constant over 
time, as illustrated with wholemount pictures and with quantitative data in Fig. 3B. F) HC analysis of transplanted Lgr6+ stem cells onto backs of nude mice. Small subset of donor 
stem cells were LacZ-positive prior to isolation and their contribution to all lineages (SG, HF and IFE) confirmed multipotent potential of donor Lgr6+ stem cells.
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Figure S7: After the first hair cycle, Lgr6 marks stem cells that maintain sebaceous glands and epidermis
A till J) LacZ analysis of dorsal skin with whole-mount microscopy or HC from Lgr6- EGFP-Ires-CreERT2/R26R-LacZ mice after CreERT2 induction at P56. Scale bars HC, 50 μm.  A and 
B) LacZ staining in dorsal skin is first visible after 3 days tracing. Tracing is predominantly a clonal event in the Lgr6+ central isthmus (quantification in Fig. 3B). C and D) LacZ analysis 
of dorsal skin during anagen at P77. Lgr6+ stem cells traces toward epidermal (D, upper panel) and sebaceous gland lineages (D, lower panel). E till J) As in C and D. Lgr6+ stem cells 
in the central isthmus at second telogen persist generating epidermal and sebaceous gland lineages over very long periods of time.
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Lgr6+ stem cells permanently contribute to wound healing, including hair neogenesis 
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Figure S8: Lgr6+ stem cells permanently contribute to wound healing, including hair neogenesis
A) Top-view of a wound in the dorsal skin 13 days post wounding (dpw). The white dashed line marks the edge of the wound. Lgr6 progeny reached the center of the wound. 
Right panel is magnification of the white box. B and C) As in A. Long-term contribution of Lgr6 stem cells in wound healing. Migrating clones of Lgr6 progeny toward center of the 
wound are persistent over long periods of time. D) Contribution of Lgr6 derived progeny to “de novo” hair formation is persistent over time and contributes to all lineages of the 
HF. Scale bars IHC, 50 μm.
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Lgr6-LacZ expression pattern in whiskers

Supplementary figure 9
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Figure S9: Lgr6-LacZ expression pattern in whiskers
During embryogenesis Lgr6 expression in the whiskers resembles the expression pattern present in hair follicles of dorsal skin. However, no Lgr6+ zone was established postna-
tally at the equivalent location of the central isthmus. Black arrows point to Lgr6+ stem cells at the central isthmus of normal hair follicles in the snout. Scale bars HC, 100 μm. 
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Supplemental information - Material and methods

Mice and treatments
Mice were maintained within the animal facilities at the Hubrecht Institute and the Karolinska Institute, and 
experiments were performed according to the national rules and regulations of the Netherlands and Sweden, 
respectively. Lgr6LacZ mice were generated by homologous recombination in embryonic SC targeting a LacZ-
neo cassette replacing exon 2 (Lexicon). Lgr6-EGFP-Ires-CreERT2 mice were generated by homologous recombi-
nation in embryonic SC targeting an EGFP-Ires-CreERT2 cassette at the transcriptional start site of Lgr6. Details 
of ESC targeting are described elsewhere (Barker et al., 2007). Tissues from Lgr4LacZ mice (Van Schoore et al., 
2005) were kindly provided by Gilbert Vassart. R26R-LacZ  (Soriano, 1999)  reporter mice were obtained from 
the Jackson Laboratory. In adult mice, the Cre-recombinase was activated in Lgr6-EGFP-Ires-CreERT2/R26RLacZ 
mice by injecting 200 μl tamoxifen (10mg/ml dissolved in sunflower oil) with one single IP injection. For em-
bryonic tracing, the pregnant female was injected with 100 μl tamoxifen (5mg/ml) at stage E17.5. P25 old mice 
(that had been previously treated with tamoxifen at P20) were anesthetized with ketamine/xylazine, and a 
1 cm2 full-thickness excision of skin was made on the mid back. The wound was covered with a transparent  
semi-occlusive dressing (Tegaderm, 3M). Skin samples were collected at indicated days after wounding and 
processed for LacZ staining. To mark LRCs, 50 mg/kg BrdU was injected intraperitoneally six times, in 12h inter-
vals, at the indicated age.

Immunohistochemistry (IHC), confocal imaging and in situ hybridisation
Primary antibodies and dilutions were: CD34 (rat, 1:100, BD Biosciences), Keratin 1 (rabbit, 1:1000, Babco), Kera-
tin 15 (mouse, 1:100, Abcam), MTS24 antibody (rat, 1:50, a kind gift from Dr. R. Boyd), Blimp1 (rabbit, 1:50000, a 
kind gift from Dr. R. Tooze), α6- integrin (rat, 1:100, BD Biosciences), Lrig1 (goat, 1:1000, R&D systems). Second-
ary antibodies were α-mouse Alexa 546, α-rabbit Alexa 568, α-rat Alexa 555 (all goat, 1:300, Invitrogen) and 
α-goat Alexa 568 (donkey, 1:300, Invitrogen). Non-specific staining Keratin 15 antibody was reported previously 
(Liu et al., 2003).

For immunofluorescence fresh skin samples were cut by a vibrating microtome (HM650, Microm). For the mi-
crotome, skin samples were fixed in formalin for 30 minutes at RT and embedded in 4% low melting agarose. 
Longitudinal sections between 100 and 200 μm thick were prepared. Sections were then permeabilized in 
PBS supplemented with 0.1% TritonX and stained with the indicated primary antibody. Subsequently, sections 
were incubated with the corresponding secondary antibodies and counterstained for 30 minutes with ToPro-3 
(1:1000, Invitrogen) and embedded using Vectashield (Vector Labs).

For indirect detection with mouse monoclonal antibodies, the mouse on mouse kit (MOM kit, Vector Laborato-
ries) was used according to manufacturer’s instructions. Sections were imaged with a Sp5 confocal microscope 
(Leica) and processed using ImageJ and Photoshop CS3 software.

In situ hybridizations were performed as described elsewhere (S1). The in situ probes used in this study corre-
spond to two Lgr6 expressed sequence tags obtained from the IMAGE consortium (Geneservice Ltd; ImaGenes 
GmdB). The GenBank accession and IMAGE numbers for these probes are as follow: mouse Lgr6 5’, BI854302, 
IMAGE 5388275; and mouse Lgr6 3’, BC026896, IMAGE 3982506 (3’).

Cell sorting and flow cytometry
Mice were euthanized at indicated ages, the dorsal hair was clipped and the dorsal skin was taken and placed 
into Hank’s Balanced Salt Solution (HBSS, deficient in Ca2+ and Mg2+, Sigma). The subcutaneous tissue and 
the fat were removed by gentle scraping and the skin was cut into approximately 0.5 cm wide stripes and 
incubated for 2 hours in trypsin solution (0.25% trypsin in HBSS (Sigma)) at 32°C. Subsequently, the epidermis 
was scraped into S-MEM (Invitrogen) supplemented with 0.2% of BSA and 0.02% of soybean trypsin inhibi-
tor (Sigma). The tissue/cell suspension was transferred into a sterile plastic jar and gently stirred for 20 min at 
RT, the suspension was consecutively filtered through a 70 μm and a 40 μm cell strainer (BD Biosciences) and 
keratinocyte numbers were determined using a hemacytometer. Cell sorting was performed using a MoFlo 
(Beckman) or FACSAria cell sorter (BD Biosciences) at the Hubrecht Institute or Huddinge Hospital, Center for 
Cell Analysis.

For flow cytometry, cells were stained in a solution of 1% BSA in S-MEM for 30 minutes on ice with α-mouse 
CD34-Alexa647 antibody (rat, 1:20, BD Biosciences) or 1:1 α-mouse MTS24 supernatant (kindly provided by  
R. Boyd), subsequently stained with α-rat Alexa 647 (goat, 1:300, Invitrogen).
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Microarray analysis
For the Lgr5 and Lgr6 stem cell comparison RNA was isolated from sorted GFPhi cell fractions of dorsal skin 
from Lgr5-EGFP-ires-CreERT2 mice and Lgr6-EGFP-ires-CreERT2 respectively (3 mice per group per sort). Sort pro-
files are shown in Fig. S3. 150ng of total RNA was labeled using low RNA Input Linear Amp kit (Agilent Tech-
nologies, Palo Alto, CA, USA). Labeling, hybridization, and washing were done according to Agilent guidelines. 
Differentially labelled cRNA was hybridised on 4X44K Agilent Whole Mouse Genome dual colour Microarrays 
(G4122F). Array data were normalized and retrieved using Feature Extraction (V.9.5.3, Agilent Technologies) 
and data analyses were performed using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA). Features 
were flagged, if signal intensities for both the Cy3 and Cy5 channel did not pass the Feature Extraction Filter 
“Significant and Positive” or “Well above Background”. Genes were considered enriched either in Lgr6 or Lgr5 
stem cells if 2/2 arrays showed 1.5 fold enrichment and 2/2 ratios were significant. Array data will be available 
at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) upon publication.

Keratinocyte transplantation
Lgr6+ cells were sorted from Lgr6-EGFP-Ires-CreERT2/R26R-LacZ mice, in which LacZ was activated due to Cre-
ERT2 induction 4 days prior to isolation at day P20 (2mg tamoxifen). Lgr6+ cells were sorted into 5ml polysty-
rene tubes (Ref. No. 352054, BD Biosciences) containing 2.5 million freshly isolated neonatal dermal fibroblasts. 
To prepare primary fibroblasts newborn C57.Bl6 mouse pups (P0-P2) were sacrificed and the dorsal skin was 
trypsinized overnight at 4°C in 0.25% trypsin/HBSS. The next day the dermis and epidermis were carefully sepa-
rated. The dermal skin was minced and incubated in a 0.35% collagenase IV (Invitrogen) solution in EMEM 
for 30 min at 37°C with constant stirring. The digested dermis was strained through a 100 μm cell strainer  
(BD Biosciences), centrifuged and resuspended in EMEM (Cambrex) supplemented with 8% of fetal bovine 
serum (FBS) and 0.6 mM CaCl2. Prior to keratinocyte sorting, EMEM was replaced with DK-SFM. The suspension 
of sorted keratinocytes and neonatal fibroblasts was centrifuged, resuspended in 30 μl DK-SFM supplemented 
with gentamycin (10μg/ml) and transferred into a silicone dome (Ref. No. 30900/30901, Renner Laborbedarf 
AG) implanted onto the back of a BALB.CNu/Nu nude mouse. The chambers were removed 10 days after the 
transplantation and the wounds left to heal. Hair growth could be seen 4 weeks after the transplantation. All 
tissue culture material from Greiner Bio-one.

Detection of β-galactosidase activity
Freshly obtained skin samples were fixed for 30 min in a 2% paraformaldehyde/0.2% glutaraldehyde/PBS so-
lution at RT. Samples were then washed 2 times for 20 min with rinse buffer (2 mM MgCl2/0.1% NP40/PBS) 
and stained for 24 h in a solution consisting of 1 mg/ml X-gal, 5 mM ferrothiocyanide, 5 mM ferrithiocyanide 
in rinse buffer. The samples were embedded in paraffin, sectioned (at 4 μm) and stained with eosin. Alter-
natively when subjected to immunohistochemistry, freshly obtained skin samples were fixed for 2hrs in 4% 
paraformaldehyde/2mM MgCl2/5mM EGTA/PBS solution at 4°C. Samples were washed 2 times for 20 min with 
rinse buffer (2 mM MgCl2/0.02% NP40/0.01%Na-Deoxycholate/PBS) and stained for 24hrs in a solution consist-
ing of 1 mg/ml X-gal, 5 mM ferrothiocyanide, 5 mM ferrithiocyanide in rinse buffer. The samples were embed-
ded in paraffin, sectioned (at 4 μm), rehydrated, followed by antigen retrieval in 10mM citrate buffer (30 min at 
97°C) and incubated with indicated antibodies. As secondary step EnVision Sytem (Dako) was used.

Quantification of initial labeling location was performed 3 days after tamoxifen induction at indicated ages. 
At least 4 stretches of more than 100 pilosebaceous units were counted, in which LacZ+ cells were scored per 
pilosebaceous unit to be within one of the 4 following structures; surrounding IFE, Isthmus, SG or HF. Alterna-
tively, a pilosebaceous unit was scored to be negative. Quantification of LacZ+ lineages after long-term tracing 
was performed at P100 (E17.5), P150 (P20) and P130 (P56). Again at least 4 stretches of more than 150 pilose-
baceous units were counted, in which LacZ+ cells were scored per pilosebaceous unit to be within one of the 3 
following structures; surrounding IFE, SG or HF. Alternatively, a pilosebaceous unit was scored to be negative. 
Exclusive lineage tracing in isthmus was not scored since all cases of LacZ+ isthmi were in combination with 
other positive structures within the pilosebaceous unit.
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Summary
Intestinal stem cells, characterized by high Lgr5 expression, reside between Paneth cells at the small 
intestinal crypt base and divide every day. We have carried out fate mapping of individual stem cells by 
generating a multi-color Cre-reporter. As a population, Lgr5hi stem cells persist life-long, yet crypts drift 
towards clonality within a period of 1-6 months. We have collected short and long-term clonal tracing 
data of individual Lgr5hi cells. These reveal that most Lgr5hi cell divisions occur symmetrically, and do not 
support a model in which two daughter cells resulting from an Lgr5hi cell division adopt divergent fates 
(i.e. one Lgr5hi cell and one transit amplifying (TA) cell per division). The cellular dynamics are consistent 
with a model in which the resident stem cells double their numbers each day and stochastically adopt 
stem or TA fates. Quantitative analysis shows that stem cell turnover follows a pattern of neutral drift 
dynamics.

Introduction
While invertebrate stem cells and their niches can be studied with single-cell resolution, the size of mammalian 
tissues combined with the infrequent occurrence of stem cells have complicated the identification of individual 
stem cells in vivo 1. The small intestinal epithelium presents a unique opportunity to study mammalian adult 
stem cells. Not only is it the fastest self-renewing tissue in mammals, it also has a simple, highly stereotypical 
layout. It is essentially a 2-dimensional structure: a sheet of cells, bent in space to form the crypts and villi. Cell 
compartments are easily identified by location along the crypt-villus axis. And, importantly, all cellular prog-
eny remain associated with the stem cell compartment of origin. Stem cells reside at the crypt base and feed 
daughter cells into the TA compartment. TA cells undergo approximately 4-5 rounds of rapid cell division 2. TA 
cells move out of the crypt and terminally differentiate into enterocytes, goblet cells and enteroendocrine cells. 
These differentiated cells continue to move up the villus flanks to die upon reaching the villus tip after 2-3 more 
days. A fourth cell type, the Paneth cell, also derives from the stem cells, but migrates downwards and settles 
at the crypt base to live for 6-8 weeks 3. 

Recently we reported that small cycling cells located between the Paneth cells, previously identified as crypt 
base columnar cells 4,5, specifically express the Lgr5 gene 6. Using lineage tracing, we demonstrated that these 
Lgr5hi cells generate all cell types of the small intestinal epithelium throughout life. Similar data were obtained 
using a CD133-based lineage tracing strategy 7. The Ascl2 transcription factor sets the fate of the Lgr5hi cells 8. 
As further proof of stemness, single Lgr5hi cells can generate ever-expanding epithelial organoids with all hall-
marks of in vivo epithelial tissue 9. In the colon, stomach and hair follicle, Lgr5hi cells have also been identified as 
stem cells 6,10,11, while the Lgr6 gene marks a population of primitive skin stem cells 12.

Previously it was postulated that a cycling, yet DNA label-retaining cell at position +4 represents a stem cell 13. 
Multiple markers were published for this cell 14-16. Using one of these markers, Bmi1, long-term lineage tracing 
was observed with kinetics that are surprisingly similar to that of Lgr5hi cells 17. Since sorted Lgr5hi cells express 
the highest levels of Bmi1 as assessed by qPCR analysis 8,18, Lgr5 and Bmi1 may mark overlapping, if not identical, 
cell populations. Although a rare, quiescent, “reserve” Lgr5neg population may exist 19, the Lgr5hi cells represent 
the workhorse of lifelong self-renewal of the healthy small intestine.  

The most popular view on how stem cell populations accomplish homeostasis involves asymmetric cell divi-
sion, which -at the single stem cell level- results in two cells with unequal fates: one new stem cell and one TA 
cell. This pattern of “invariant asymmetry” in cell division can be controlled by cell-intrinsic mechanisms best 
exemplified by the first division of the C. elegans embryo 20, but also by extrinsic niche signals as shown for 
Drosophila germ stem cells 21. The asymmetric segregation of molecules coupled with strictly oriented mitotic 
spindles can herald an asymmetric fate outcome of the stem cell division, as shown for the C. elegans embryo 
and the Drosophila neuroblast 22. Only upon tissue expansion or damage will stem cells divide symmetrically in 
this model. We refer to mechanisms of stem cell maintenance that rely upon invariant asymmetry of division as 
belonging to the class of hierarchical models.

Another, less commonly considered, model for homeostatic stem cell maintenance states that the two cells 
that are generated from a stem cell division do not necessarily display intrinsically divergent fates. Such a stem 
cell division can lead to any of three fate outcomes: two stem cells, one stem cell and one TA cell, or two TA cells. 
In order to maintain stem cell number in this model, homeostatic mechanisms have to act by necessity at the 
stem cell population level, ensuring that -on average- each stem cell division results in one stem cell and one 
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TA cell. Stem cell-supported tissues that exhibit this pattern of regulatory control belong to the class of sto-
chastic models. In contrast to hierarchical models, the clonal fate of individual stem cells in stochastic models 
is unpredictable.

Unlike most other mammalian tissues, the stem cells of the intestine are strictly compartmentalized in crypts. 
Winton and Ponder reported that the marking of individual stem cells results in entirely clonal crypts after 3 
months and concluded that a single stem cell maintains each crypt 23. Griffith et al, draw comparable conclu-
sions for colonic crypts 24. In this view, crypt stem cell dynamics would represent an extreme version of the 
hierarchical model. Potten and Loeffler on the other hand proposed that crypts may harbor multiple stem cells 
that are not strictly dividing asymmetrically 25.

Results
Lgr5hi cells occur as a homogeneous population
Lgr5hi stem cells in the small intestine divide approximately once per day 6. Quyn and colleagues have dem-
onstrated that each Lgr5hi stem cell orients its mitotic spindle along its apical-basal axis 26. In order to visualize 
crypt architecture at single cell resolution, we generated an E-cadherin-mCFP fusion knock-in allele (Fig. 1A, B 
and Fig. S1) and crossed this into the Lgr5-EGFP-Ires-CreERT2 KI mouse strain. E-cadherin-mCFP mice were homo-
zygous viable. The E-cadherin fusion protein allowed visualization of 3D crypt architecture to depths of 125 µm 
(Fig 1C), which revealed an almost perfect intermingling of Lgr5hi cells and Paneth cells (Fig 1E).

FACS analysis demonstrated the existence of three different Lgr5-expressing populations based on GFP level 
(Fig. 1D), of which only the GFPhi-cells yield long-lived intestinal organoid structures in vitro 9. We next counted 
Lgr5hi intestinal stem cells in duodenal crypts of Lgr5-EGFP-Ires-CreERT2/E-cadherin-mCFP mice. In the 3D re-
construction model (Fig. 1E), essentially all non-Paneth cells at the crypt base were Lgr5-GFPhi. Conversely, no 
Lgr5-GFPhi cells were observed outside the crypt base. Crypts of the duodenum were found to contain 14±2 
Lgr5hi cells (Fig. 1F), similar to the numbers of crypt base columnar cells as originally reported 5. 

In our initial in vitro experiments, less than 5% of single sorted Lgr5 intestinal stem cells could grow out into 
gut-like organoid structures 9. Recently, we noted that sorted heterotypic doublets (consisting of one Lgr5hi 
stem cell and one Paneth cell) displayed 25% plating efficiency 27. After further optimization, we reached a plat-
ing efficiency of approximately 60% when scored as exponentially growing organoids after 7 days (Fig. 2). In 
other words, more than half of Lgr5hi cells could grow out into an intestinal organoid when sorted together with 
a neighbouring Paneth cell. We interpreted this to imply that the majority of Lgr5hi cells have stem cell proper-
ties, at least when associated with a Paneth cell. Thus, we tentatively viewed each duodenal crypt to harbour a 
homogeneous population of 14 Lgr5hi intestinal stem cells.

Multicolour lineage tracing of individual Lgr5 stem cells
To address how homeostatic self-renewal is controlled, we generated a Cre-reporter allele termed R26R-Con-
fetti. We integrated into the Rosa26 locus a construct consisting of the strong CAGG promoter, a LoxP flanked 
NeoR-cassette serving as transcriptional roadblock, and the original Brainbow-2.1 cassette 28 (Fig. 3A). After 
Cre-mediated recombination, the roadblock is removed and one of the four fluorescent marker proteins is sto-
chastically placed under control of the CAGG promoter, allowing discrimination between the clonal progeny of 
neighbouring stem cells within the same niche (Fig. 3B). We validated fluorescent expression in multiple organs 
using the ß-naphtaflavone (bNF)-inducible Ah-Cre allele 29. Cre induction in small intestinal crypts occurs at 
high efficiency, while less efficient induction of the Cre transgene occurs in a variety of other organs. The R26R-
Confetti allele behaved as a stochastic multicolour Cre-reporter generating nuclear green, cytoplasmic yellow, 
cytoplasmic red or membrane-bound blue cells (Fig. 3C). While the other three colours consistently appeared in 
near-equal ratios, nuclear GFP cells occurred at varying frequencies, yet always lower than the expected 25%.

Short-term clonal tracing analysis of individually labelled Lgr5hi cells
Crypts drift towards clonality over time 23,24, yet the kinetics of this process have not been documented at the 
single stem cell level. In the first of two tracing strategies addressing this issue, we analyzed the behaviour of 
clones developing from single Lgr5hi cells, stochastically initiated using the Lgr5-EGFP-Ires-CreERT2 allele in con-
junction with the R26R-Confetti reporter. Analysis of stem cell clones was performed at various time points after 
Cre-activation by tamoxifen in 10 week-old mice, after which the progeny of these Lgr5hi cells were mapped in 
3D-reconstructed crypts. Labelling occurred at a frequency of approximately one event per 6 crypts. All analy-
ses were performed on crypts in the proximal segment of the duodenum.
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Figure 1: Location and number of Lgr5hi cells per crypt
A) E-cadherin knock-in strategy in which the fluorescent protein monomer Cyan (mCFP) is fused to the C-terminus of Cdh1. B) Cellular localization of E-cadherin-mCFP fusion 
protein (white) in crypts of small intestine. C) E-cadherin-mCFP mice crossed with Lgr5-EGFP-Ires-CreERT2 mice. Left panel: whole-mount intestine scanned from crypt bottom to 
crypt-villus border (~125µm), right panel: lateral scan of semi-thick section (~50µm). E-cadherin-mCFP (white) allowed 3D reconstruction of tissue architecture, while Lgr5-GFP 
(green) visualizes intestinal stem cells. D) FACS analysis of intestine of Lgr5-EGFP-Ires-CreERT2 mice reveals 3 populations. GFPhi represents Lgr5 intestinal stem cells. E) Whole-mount 
intestine from E-cadherin-mCFP (white)/ Lgr5-EGFP-Ires-CreERT2 (green) mice. Lgr5-GFPhi population was visualized in red (false color), while E-cadherin-mCFP (white) marks cell 
borders. At the crypt base, all Lgr5+ cells were GFPhi. F) Counting in 3D reconstructions yielded 14±2 Lgr5hi cells per crypt in proximal small intestine. Error bars represent standard 
deviation. Scale bars; 50µm. See also Figure S1.
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Clone size was determined as the number of cells marked by a single fluorescent protein upon recombina-
tion of the R26R-Confetti allele. Cytoplasmic GFP intensity derived from the Lgr5 knock-in allele allowed the 
identification of Lgr5hi cells within a clone. Invariably, the identification of Lgr5hi cells by cytoplasmic GFP was 
confirmed by their location between Paneth cells. The first Confetti-marked stem cells were observed 24hrs 
after Cre induction (Fig. 4A). Most clones consisted of a single cell, of which 90% (34/38) could be identified as 
an Lgr5hi cell located between Paneth cells (Fig. 4B). Around 10% (5/43) of the marked stem cells had already 
undergone mitosis (Fig. 4B). 

After two days, most cells had divided at least once (Fig. 4C/D). We scored 101 two-cell clones for the presence 
of Lgr5 hi cells. Of these, 54 clones contained two Lgr5 hi cells, 10 contained a single Lgr5hi cell and 37 contained 
no Lgr5hi cell (Fig. 4D). Alongside the 101 two-cell clones, there were a further 37 larger clones with mixed Lgr5 
expression, including one 7 cell-clone containing no Lgr5hi cells, and others with four cells all of which were 
Lgr5hi. Apart from an overall expansion of clone size, this general pattern of behaviour (broad size distribution 
and divergent fates) was maintained at day 3 with the largest clone having as many as 10 cells (Fig. 4E and F). 
These results were indicative of the intestinal stem cells following seemingly divergent fates. 

At later time points (day 7 and day 14), the rapid expansion and transfer of cells through the TA cell compart-
ment to the villus made it challenging to reliably score their number. Therefore, we scored the number of Lgr5hi 
cells in each clone at days 1, 2, 3, 7 and 14, while disregarding all other cell types within the clone. Thus, a 10 
cell clone comprised of 4 Lgr5hi cells and 6 Lgr5lo cells translates to a clone of size 4, while a 10 cell clone in 
which all cells are Lgr5lo was considered “extinct”. With this definition, the size distribution of surviving clones is 
shown over the 14 day chase period (Fig. 4G). The data reveal a steady increase in the average clone size which 
compensates for the ongoing extinction of clones. Indeed, by day 14, the largest clone contained as many as 
12 Lgr5hi cells, a figure approaching the 14 Lgr5hi cell average found in duodenal crypts.

It was apparent that, even in the largest surviving clones, the labelled Lgr5hi cells were largely grouped together 
suggesting that, despite their rapid turnover, mixing of cells at the crypt base was limited (Fig. S2 and Movie S1 
and S2). Furthermore, the morphology of these clones in the Lgr5hi compartment was consistent with a lateral 
expansion around the circumference of the crypt base while few, if any, cell divisions lead to clonal expansion 
through the base to the opposite side of the crypt. 

Long-term lineage tracing 
In the second strategy, we aimed to mark all stem cells in crypts to document the drift towards clonality. The 
Lgr5 gene is expressed at low levels and, as a consequence, the Lgr5-EGFP-Ires-CreERT2 allele does not gener-
ate quantitative Cre activation upon a single tamoxifen induction. We therefore used the R26R-Confetti allele 
in conjunction with the Ah-Cre allele. The Ah-Cre transgene recombines LoxP sites efficiently in most cell types 
including the stem cells, yet is inactive in the long-lived Paneth cells 29. Nevertheless, within the Paneth cell 
compartment, old unmarked Paneth cells are replaced by marked precursor cells over time 30. Clonal analy-
sis was performed at various time points after Cre-activation in 10 week-old Ah-Cre/R26R-Confetti mice, using 
“side-view” and “bottom-view” imaging of whole-mount intestine (“xy plane” and “xz plane” resp.; Fig. 5A). Thus, 
the composition of many crypts could be captured in a single confocal image taken just above the crypt base, 
and for each crypt displayed as the biological equivalent of a “pie-chart”. Analysis of the crypts in the time 
course provided visual snapshots of individual labelled domains of cells within crypts (Fig. 5B). Using these 
“bottom-view” images, we were able to extract quantitative data from week 1 to week 30, documenting the 
drift towards clonality (Fig. 5B). 

While only a small fraction of cells acquired the nuclear GFP label, 80% of the remaining cells were induced 
in approximately equal proportions, yellow:blue:red. At the earliest time point taken at 4 days post-labelling, 
the confocal section at the crypt base showed a striking, heterogeneous pattern of labelling (Fig. 5B). At day 7, 
there was a significant expansion and coarsening of the labelled domains reflecting stem cell loss and lateral 
expansion of neighbouring clones (Fig. 5B). At later time points, we observed a continuing expansion of the 
average domain size alongside an ever-diminishing number of domains until crypts became fully labelled with 
one colour (monochromatic) or fully unlabelled (Fig. 5B). The first monochromatic crypts appeared as early as 
two weeks post-induction, while around 75% had become fully labelled at two months (Fig. 5B). Although the 
drift towards monoclonality continued, we noted the presence -albeit rare- of oligo-clonal crypts even at 18 
and 30 weeks post-labelling (Fig. 5B, circles).
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Figure 2
Lgr5hi cells constitute an equipotent stem cell population
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Figure 2: Lgr5hi cells constitute an equipotent stem cell population
A) Confocal section at the crypt base with Lgr5 cells (green) and Paneth cells, with large granules, stained for lysozyme (red). All cells at crypt bottoms are either Lgr5hi cells or Paneth 
cells. B) Plating efficiency of Lgr5hi /Lgr5hi versus Lgr5hi/Paneth doublets as scored after a 7 day culture shows outgrowth of ~60% of Lgr5hi cells when paired with a Paneth cell. Insets: 
confirmation of sorting strategy by confocal microscopy; Lgr5hi in green and Paneth cell in red. Error bars represent standard deviation. Scale bars; 50µm.

To describe quantitatively the drift towards clonality, we converted the sections from the crypt base into a 
labelled domain-size distribution (Fig. 6A). Specifically, we divided the circumference into 16 equal parts 
(“sextadecals”), reflecting the typical number of TA cells in a section near, but above, the crypt base 25. This 
assignment related proportionately to the stem cell content of a clone. For example, if we found a labelled do-
main of size 4 sextadecals -i.e. covering one quarter of the crypt circumference- this translated to one quarter 
of the crypt base stem cells being labelled in that colour. In this way, we could determine the labelled domain 
size distribution (Figure 6B) as well as the frequency of monochromatic crypts (Fig. 6C) over the 30 weeks chase 
period. 

On day 7, the domain size distribution was tilted towards smaller clone sizes with a peak around 3 to 4 
sextadecals, i.e. clones covering 3/16 to 4/16 of the circumference (Fig. 6B). At two weeks, the weight of the 
distribution was gradually shifting towards larger clone sizes (Fig. 6B), with a small fraction of crypts (ca. 5%) 
already fully labelled (Fig. 6C). At 4 weeks, the average domain covered around 8 sextadecals, the half-filled 
crypt, in partially labelled crypts (Fig. 6B), while about 45% had become monochromatic (Fig. 6C). This trend 
continued out to the latest time point at 30 weeks when almost all crypts were monochromatic. This behaviour 
was consistent with competition between neighbouring stem cells leading to ever fewer yet larger clones and a 
steady progression towards monoclonality. This phenomenon was age-independent, as we observed the same 
drift towards clonality, when lineage tracing was initiated in 40-week old mice (Fig. S3). 

Taken together, the short and long-term clonal fate data rule out a model in which all Lgr5hi cells are stem cells 
that segregate cell fate asymmetrically (Fig. 4B, D and F). Such a model would not be compatible with the pre-
vious observation -confirmed here- that crypts drift towards clonality 24,31. However, these early observations 
leave open the question of the functional homogeneity (i.e. equipotency) of the Lgr5hi population. Indeed, 
the divergence of clone fate seen in short-term lineage tracing, and the progression to monoclonality at lon-



7171

Intestinal stem cell self-renewal

C
ha

pt
er

 5

ger times could be both accommodated within two very different frameworks. In the hierarchical model (1), 
the Lgr5hi cell compartment may be functionally heterogeneous with progenitor cells of limited proliferative 
potential supported by a single “dominant” stem cell following a strict pattern of invariant asymmetry such as 
proposed previously. Alternatively, in the stochastic model (2), tissue is maintained by an equipotent Lgr5hi stem 
cell population following a pattern of population asymmetry in which stem cell loss is compensated by sym-
metric self-renewal of a neighbouring stem cell. 

At present, no marker or unique location has been identified which would distinguish a “dominant” Lgr5hi stem 
cell in the hierarchical model from its Lgr5hi progeny. Although, the validity of the model can thus not be ad-
dressed directly, several indirect conclusions can be drawn. First, for the model to be valid, the dominant stem 
cell has to be Lgr5hi, given that Lgr5-based tracing eventually leads to the marking of entire crypts. Second, the 
“dominant” stem cell has to divide in a strictly asymmetric fashion as a crypt can only harbour a single such 
cell. Third, because the kinetics of drift towards clonality differs from crypt to crypt, the dominant Lgr5hi stem 
cell should yield Lgr5hi progenitors, which can occur as relatively long-lived Lgr5hi cells (which persist for many 
months), but should also occur as short-lived Lgr5hi cells which disappear within days. Both long- and short-
lived Lgr5hi progenitors should still be multipotent, again based on our previous tracing data 6. 

In the stochastic model the situation is much less complicated. Only one type of Lgr5hi cell exists, 14 per crypt, all 
endowed with the potential for long-term stemness. Cell fate is determined after division of the Lgr5hi stem cell, 
potentially by competition for available niche space at the crypt base. Thus, homeostasis is obtained by neutral 
competition between equal stem cells and occurs at the population level. To evaluate the possibility that the 
stochastic model indeed underlies the homeostatic self-renewal in crypts, we subjected our quantitative short- 
and long-term tracing data to a theoretical analysis.

Mathematical analysis of short-term clonal evolution shows that stem cells follow neutral drift dynamics
In general, the ability to maintain tissue in long-term homeostasis places significant constraints on the proper-
ties of a stem cell population. In particular, it leaves open two patterns of stem cell fate: invariant asymmetry in 
which every stem cell division results in asymmetric fate (as exemplified by the hierarchical model), and popu-
lation asymmetry in which the balance between self-renewal and differentiation is achieved on a population 
basis (as exemplified by the stochastic model) 32. For the latter, since the size of the intestinal stem cell compart-
ment remains roughly constant over time, it follows that balance of stem cell fate in crypts must follow from 
external regulation: the tissue responds to the loss of a nearby stem cell by symmetric cell division or vice versa. 
As a result, stem cells follow a stochastic pattern of behaviour known as “neutral drift dynamics”. If, by chance, 
the last stem cell in a clone is lost, that particular clone becomes extinct. As a consequence, crypts inevitably 
drift towards clonality in the stochastic model. Evidence for population asymmetry and neutral drift dynamics 
has been reported recently for stem cells in mammalian testis 33. Two of us (AMK and BDS) have provided the 
theoretical underpinning for a study comparable to that of Klein et al. on intestinal crypt-villus dynamics 34. 
Both of these studies relied upon long-term lineage tracing from which the “trails” of differentiating spermato-
cytes, and the migration streams of intestinal cells on the villi, were used to infer indirectly the dynamics of the 
underlying stem cell compartments. 

With access to clonal fate data at single stem cell resolution, the present study allowed for a critical, direct 
analysis of the dynamics of the intestinal stem cell population. From the two studies mentioned above, several 
generic and robust features of neutral drift dynamics have emerged. First, after an initial transient evolution, 
the clone size distribution was predicted to acquire “scaling” behaviour: Formally, denoting as  the frac-
tion of surviving clones which host n (>1) Lgr5hi cells at a time t post-induction, we can define a cumulative 
size distribution, , i.e. C

n
(t) simply records the chance of finding a clone with more than n stem cells 

after a time t. For the latter, “scaling” implies that the cumulative size distribution takes the form (Supplemental 
information - theory),

where 〈n(t)〉 denotes the average number of stem cells in a surviving clone, and F is the  “scaling function”. From 
(1), it follows that, when  is plotted against , the entire family of size distributions at different 
times, t, collapses onto a single curve. The scaling function, F, is “universal”, independent of stem cell number, 
their rate of loss or division, etc., and dependent only on the coordination of stem cells in tissue (see below). In 
crypts, since clone size cannot grow indefinitely, scaling behavior will be lost when crypts become monoclonal 
(Supplemental information - theory).
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R26R-Confetti; a stochastic multi-colour Cre-reporter
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Figure 3: R26R-Confetti; a stochastic multi-colour Cre-reporter
A) R26R-Confetti knock-in strategy. Brainbow2.1 encoding 4 fluorescent proteins (Livet et al., 2007) was inserted into the Rosa26 locus. Upstream, the strong CAGG promoter, a LoxP-
site and a neomycin resistance roadblock cassette were inserted. B) Upon cre activation, the neomycin roadblock is excised, while the brainbow2.1 recombines in a random fashion 
to 4 possible outcomes. GFP is nuclear, CFP is membrane-associated and the other two are cytoplasmic. C) The R26R-Confetti knock-in line is a stochastic multi-colour Cre-reporter 
in multiple tissues. Scale bars; 50µm, except for pancreas, kidney and liver, 100µm.
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Figure 4
Short-term clonal tracing analysis of individually labelled Lgr5hi cells
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Figure 4: Short-term clonal tracing analysis of individually labelled Lgr5hi cells
A) R26R-Confetti mice were crossed with Lgr5-EGFP-Ires-CreERT2 mice. Tracing was sporadically induced in single Lgr5hi cells (~ 1 Confetti colour in 6 crypts). Cytosolic GFP marks 
the Lgr5hi stem cell population. Panels from left to right: 1) Single plane-2D image of crypt with one YFP (white, false color) -labelled Lgr5hi cell. Background is DIC image; 2) 3D 
reconstruction of the same crypt showing Lgr5hi cells (green) and the traced cell (white). 3) Same, but GFP only. 4) Same but YFP only. Arrowheads point to Lgr5hi cells within a clone, 
arrows point to TA cells within clone that lost Lgr5hi activity. B) For 43 labelled clones, the total number of cells and numbers of Lgr5hi cells were scored. The matrix indicates the 
absolute number of clones scored for each given clone size and given number of Lgr5hi cells. Red hues represent relative frequencies of all scored events for given time-point. 100% 
is red; 0% is white. C) As A, but after 48hrs of tracing. In this crypt, RFP (red) revealed a tracing event. The red clone expanded to three Lgr5hi cells. By contrast, CFP (blue) revealed 
another tracing event in the same crypt, but where the clone lost Lgr5 expression. D) As B, but after 48hrs of tracing. E) As A, but after 72hrs of tracing. One Lgr5hi cells was labelled 
with YFP (white) and grown to a clone size of 6, of which 2 cells remained Lgr5hi. F) As B, but after 72hrs of tracing. G) Expansion of Lgr5hi cell numbers over time within clones with at 
least one Lgr5hi cell. The average size of these “surviving” clones gradually increases, yet the variability between individual clone sizes increases over time as well. Red hues represent 
relative frequency of Lgr5hi cell numbers per time-point. 100% is red; 0% is white. Scale bars; 25µm. See also Figure S2, Movie S1 and S2.
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Long-term lineage tracing
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Figure 5: Long-term lineage tracing
A) R26R-Confetti mice were crossed with Ah-Cre. xy plane images are shown at 1 week and 8 weeks after cre induction. Left panels are overview images. Right panels zoom in on 
crypts. Over time, labelled cell domains expand while neighbouring domains become extinct. Note that Paneth cells are long-lived and can reveal the “clonal history” of a crypt 
when derived from a clone that is extinct at the time of analysis. Inset; schematic representation of small intestine, indicating the two sectioning planes used for the analysis. B) 
xz-plane images of small intestine after R26R-Confetti activation reveal drift towards clonality over time. Non-clonal crypts are marked with a white-dashed circle. Scale bars; 100µm. 
See also Figure S3.
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Figure 6
Progression towards monoclonality
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By contrast, if homeostasis relies upon a stem cell hierarchy, clones derived from the dominant stem cell would 
increase steadily in size, while those derived from shorter-lived Lgr5hi cells would exhibit limited growth fol-
lowed by loss. Significantly, the mixture of these two behaviors cannot lead to scaling 33. The growth, 〈n(t)〉, 
and form of F, offer further insight into the pattern of stem cell fate. If stem cells are organized into a one-di-
mensional arrangement, with cell replacement effected by neighboring stem cells, then the average size of 
surviving clones is predicted to acquire a square root time-dependence, , with λ the stem cell 
replacement rate, and the scaling function takes the form (Supplemental information - theory 35),

Referring to Figure 7A and B, we indeed found that the cumulative clone size distribution from the short-term 
clonal assay showed a rapid convergence onto scaling behavior, while the average clone size followed a square 
root growth over the same period. Such scaling behavior is consistent with equipotency of all Lgr5hi cells 
thereby arguing against the hierarchical model. Furthermore, the coincidence of the data with the universal  
(parameter-free) scaling function (2) further established that intestinal stem cells follow a pattern of neutral 
drift dynamics in which stem cell multiplication is compensated by the loss of neighboring stem cells. This leads 
to a lateral clonal expansion around the one-dimensional circumference defined by the crypt base (Figure 6A), 
and consistent with the images obtained from whole-mounts (Figure 5B). A fit of the predicted average clone 
size  (Figure 7A, solid line, Supplemental information - theory) to the experimental data over the 14 days 
chase period (Figure 7A, points) revealed a stem cell replacement rate of 0.74±0.04/day, a figure comparable 
with the cell division rate of the stem cells. As a result of this coincidence, we can conclude that, if asymmetric 
stem cell divisions take place at all, they make a minimal contribution to tissue homeostasis.

Figure 6: Progression towards monoclonality
A) Schematic representation of the translation from actual data to quantitation of labelled domain sizes. Left panel shows the crypt base with Lgr5hi cells in false colour red, Lgr5 
expression in green and E-cadherin-mCFP in white. Second panel is a schematic representation of the crypt base, in which three hypothetical labelled cell domains were visualized 
in red, yellow and blue. The red domain shows 7 labelled cells and encompasses 7/16 of the crypt base circumference. Two mitoses are shown; the first leads to the displacement 
and loss of the blue single-cell clone, and the second leads to the displacement of an unlabelled cell and the expansion of the yellow clone. The third panel illustrates the segrega-
tion of the crypt base into 16 equally spaced segments (sextadecals) corresponding approximately to the cellular composition of the crypt base stem cells. The process of Lgr5hi 
cell displacement following the symmetric duplication of a neighbouring Lgr5hi cell is shown for two clones, with the outcome shown in the final panel. B) The matrix indicates the 
absolute number of clones scored for each given domain size at each time-point post-induction. Red hues represent relative frequencies of all scored domain sizes per time-point. 
100% is red; 0% is white. C) Frequencies of monochromatic crypts after given time-points post-induction.
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Figure 7
Lgr5hi cells follow neutral drift dynamics
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Figure 7: Lgr5hi cells follow neutral drift dynamics
A) A fit of the average number of Lgr5hi cells within surviving clones as predicted by the stochastic model of neutral drift dynamics (Solid line, Supplemental information - theory) to 
the experimental data (points, see Fig. 4G) leads to a stem cell loss rate of 0.74±0.4/day. The dashed curve shows a simple square root time dependence, which provides an increas-
ing good approximation to the exact result. B) Cumulative clone size distribution, C

n
(t); i.e. the chance of finding a surviving clone with more than n stem cells, as measured by 

the Lgr5hi content within surviving clones. The lines show the size distribution as predicted by neutral drift dynamics with the stem cell loss rate fixed by the fit in A (Supplemental 
information - theory) while the points show experimental data from day 1, 2, 3, 7 and 14 (Fig. 4G). Inset; at these early times, theory predicts that, if stem cell self-renewal follows 
from population asymmetry (the stochastic model), the cumulative clone size distribution, C

n
(t), should collapse onto a universal scaling curve when plotted as a function of 

n/<n(t)>, where <n(t)> denotes the average size of the surviving clones. Such behaviour is recapitulated by the experimental data, with the dashed curve representing the universal 
scaling function (2). C) The growth curve over time of Lgr5hi stem cell number within surviving clones as predicted by neutral drift dynamics with the stem cell loss rate of 0.74/day 
(obtained from Fig. 7A) and 16 stem cells per crypt. D) The corresponding frequency of monoclonal crypts over time as a percentage of surviving clones as predicted by neutral 
drift dynamics. E) Average size of labelled cell domains following long-term fate mapping of intestinal stem cells. Once again, with 16 stem cells per crypt, and an average stem cell 
loss rate of 0.74/day, the line shows the prediction following neutral drift dynamics (Supplemental information - theory) while the points are obtained from experiment at 4, 7, 14, 
28, 61, 126 and 210 days post-induction (Fig. 6B and C). The corresponding frequency of monochromatic crypts (in which all progenitor cells are labelled with the same colour) is 
shown in the inset. F) Variability in clone size for partially labelled crypts at 4, 7, 14 and 28 days post-induction. The predictions made by neutral drift dynamics (lines, Supplemental 
information - theory) match closely with the experimental data (points, Fig. 6B). All error bars denote the standard error of the proportion. See also Figure S4.  
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From the inferred rate of stem cell loss, we can use neutral drift dynamics to predict the long-term evolu-
tion of the average clone size and survival probability (Fig. 7C and D). With this result in hand, a further com-
parison of the clone size distribution with a more detailed analysis that includes the approach to scaling  
(Supplemental information - theory) revealed an excellent agreement of theory (Fig. 7B, lines) with experiment 
at intermediate times (Fig. 7B, points).

Long term clonal evolution, coarsening, and the progression to monoclonality
The long-term lineage tracing data provided a vivid demonstration of the “coarsening” phenomenon (i.e. the 
drift towards ever fewer, yet larger clones) predicted by neutral drift dynamics. It also presented an opportunity 
to study quantitatively the progression to monoclonality. The size distribution of contiguous labelled patches 
of stem cells generated in the R26R-Confetti system provided a signature of neutral drift dynamics, which can 
be compared to theory -a straightforward generalization of the clonal dynamics considered in the previous 
section to a multicolour mosaic system. Although the clone dynamics relates to an, as yet, unsolved problem 
in non-equilibrium statistical physics -the theory of a “coalescing random walk” 36-38- the evolution could be 
generated straightforwardly by computer simulation, and the results compared with experiment (Fig. S4 and 
Supplemental information - theory). 

To extract quantitative insights from the experimental data, we required one further parameter, the number of 
stem cells in the crypt. Duodenal crypts harbor 14±2 Lgr5hi cells per crypt. In the following, we have assumed 
a figure of 16 stem cells per crypt to match the average number of TA cells in a crypt section near the base. 
However, within a relatively narrow range 14-18, a variable stem cell number would not significantly influence 
the quality of the fits discussed below. Taking the same stem cell loss rate from the short-term clonal analysis, 
Figure 7E shows a favourable agreement of neutral drift dynamics (solid line) with the measured average clone 
size (points) as well as the monochromatic crypt fraction (Fig. 7E, inset). In particular, the figure shows that, by 
two months, approximately 75% of the crypts became monoclonal (Fig. 7A, inset). 

As with the short-term clonal assay, the average size dependence represented just one facet of a rich data set 
associated with the full clone size distribution. With the same two parameters in hand, the stem cell loss rate 
and stem cell number, an analysis of the size distribution showed an equally favourable agreement (solid lines) 
with the experimental data (points) at 4, 7, 14, and 28 days post-labelling (Fig. 7F). At longer times, the data 
were fully consistent with theory, but the numbers of non-clonal crypts had become too low to reach statistical 
significance. 

Discussion

We have studied how homeostasis of intestinal stem cell compartments is accomplished by following the 
fates of clonally labelled Lgr5hi cells. While we cannot rigorously rule out the hierarchical model (as long as 
the model allows unlimited complexity in the cellular composition of individual crypts), our data favour the 
stochastic model based on the following arguments: The stochastic model is the simplest model, as it pos-
tulates the existence of only a single type of Lgr5hi cell. The model endows every Lgr5hi cell with potential 
stemness, which agrees with our observations that the majority of Lgr5hi cells can establish long-lived intes-
tinal organoids. By contrast, the hierarchical model would endow only 1 of 14 Lgr5hi cells with stemness. And 
importantly, the stochastic model is in excellent agreement with both the early-tracing data (Fig. 4) and the  
drift-towards-clonality-data (Fig. 6).  

It has recently been reported that Lgr5hi cells orient their spindle along the apico-basal axis 26. This may herald 
the generation of unequal daughter cells because, after division, the individual daughters may find themselves 
in different environments. This occurs in the Drosophila testis, where the germ stem cell divides perpendicular 
to a niche structure, termed the hub. This ensures that one cell will continue as a stem cell attached to the 
hub, while the other differentiates into a gonial blast 39. Similarly, germ stem cells and escort stem cells in the 
Drosophila ovary divide away from the niche cells of the ovary, the cap cells 40. Such an orientation ensures 
the generation of the downstream daughter (the prospective cystoblast), and the generation of a new cap  
cell-associated stem cell 21. All Lgr5hi cells span the epithelial sheet, from basal lamina to apical lumen. Their 
flanks uniformly touch Paneth cells. Thus, even though the spindle is oriented perpendicular to the epithelial 
sheet, the daughter cells do not end up in divergent locations. We propose that spindle orientation in Lgr5hi 
cells results from spatial constraints in these flattened polarized cells.
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A stochastic model involving neutral competition (for instance for niche space) between equal stem cells and 
leading to neutral drift dynamics may be operative in other mammalian tissues. Indeed, the stochastic model 
generates features of homeostatic self-renewal that, without detailed scrutiny, would appear to be exponents 
of the hierarchical model. For instance, the drift-towards-clonality intuitively implies the “predetermined” pres-
ence of a single long-lived stem cell, the central characteristic of the hierarchical model. Yet, our quantitative 
analysis shows that it is also the inevitable outcome of the stochastic model. Further, intuitively the wide di-
versity in lifespan of progenitors would be indicative of the existence of a variety of long-lived and short-lived 
progenitors, another feature of the hierarchical model. Yet, the stochastic model of equal stem cells inevitably 
generates a similar richness in lifespan. 

For at least two cases, the long-lived keratinocyte progenitor in the basal layer of the epidermis 41 and the germ 
line stem cells in mammalian testis 33, it has been shown that stochastic outcome of the division of a single type 
of potentially long-lived progenitor maintains tissue homeostasis. In both cases, only a single type of differenti-
ated cell is generated and one may therefore argue that the epidermis and testis don’t represent examples of 
multipotent stem cell-driven self-renewal. Although technically challenging, it would be of great interest to 
perform clonal tracing in “classic” stem cell models such as the bone marrow. More examples may be unveiled 
in which homeostasis is obtained at the population level by competition between equal stem cells, rather than 
at the single stem cell level by strictly asymmetric cell divisions. 
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Experimental procedures

Mice
E-cadherin-mCFP mice were generated using the construct in Figure 1A. The neomycin selection cassette was 
excised in vivo by crossing the mice with the PGK-Cre mouse strain. E-cadherin-mCFP genotyping PCR primers: 
see Table S1. E-cadherin-mCFP mice were bred with Lgr5-EGFP-Ires-CreERT2 mice. Double heterozygous mice 
of 10 weeks were used for experiments. R26R-Confetti mice were generated using the construct in Fig. 3A. The 
brainbow 2.1 construct 28. R26R-Confetti genotyping PCR primers: see Table S1. R26R-Confetti mice were crossed 
with Lgr5-EGFP-Ires-CreERT2 or with Ah-Cre mice. Cre induction:  10 Week-old mice were injected with 5mg 
tamoxifen (single injection) or ß-naphtoflavone (3x 100mg in one day), respectively. 

Tissue preparation for confocal analysis
For semi-thick sectioning of near-native tissue, organs were fixed in 4% paraformaldehyde at room tempera-
ture for 20 minutes and washed in cold PBS. 1cm2 of intestinal wall was put in a mold. 4% low melting point 
agarose (40°C) was added and allowed to cool on ice. Once solid, a vibrating microtome (HM650, Microm) was 
used to make semi-thick sections (150μm) (Velocity: 1mm/s, Frequency: 65Hz, Amplitude: 0.9mm). Sections 
were directly embedded in Vectashield (Vector Laboratories). 

FACS analysis of Lgr5 populations and in vitro culture
Lgr5+ cells were FACS analyzed as previously described 8. Crypts were dissociated with TrypLE express (Invitro-
gen) with 2000 U/ml DNase (Sigma) for 30 min at 37°C. Dissociated cells were passed through 20μm cell strain-
er (Celltrix) and washed with PBS. Cells were stained with CD24-PE antibody (eBioscience) and Epcam-APC 
antibody (eBioscience) for 15 min at 4°C, and analyzed by MoFlo (DakoCytomation). Viable epithelial single-
cells or doublets were gated by forward scatter, side scatter and pulse-width parameter, and negative staining 
for propidium iodide. Sorted cells were embedded in Matrigel. Crypt culture medium (Advanced DMEM/F12 
supplemented with Penicillin/Streptomycin, 10 mM Hepes, Glutamax, 1x N2, 1x B27 (Invitrogen), and 1 μM  
N-acetylcysteine (sigma) containing 50 ng/ml EGF, 100 ng/ml noggin, 1 μg/ml R-spondin) were overlaid. Y-
27632 (10 μM) was included for the first 2 days to avoid anoikis. Growth factors were added every other day and 
the entire medium was changed every 4 days. In three different experiments, organoid formation was analyzed 
7 days after plating. All tissue culture materials from Greiner Bio-one.

Microscope equipment
Images were acquired using a Leica Sp5 AOBS confocal microscope (Mannheim, Germany) equipped with fol-
lowing lenses; 10x (HCX PL APO CS NA0.40) dry objective; 20x (HCX PL FLUOTAR L NA0.40) dry objective; 40x 
(HCX PL APO NA0.85) dry objective and a 63x (HCX PL APO NA1.30) glycerol objective. 
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Supplemental Information

Supplemental information - Figures, movies and legends

Figure S1. Related to Figure 1 E-cadherin-mCFP KI fusion protein maintains endogenous expression  
    pattern and cellular localization

Figure S2. Related to Figure 4 Clonal evolution of labelled Lgr5hi cells at the crypt base remain  
    cohesive

Figure S3. Related to Figure 5 At old age, neutral drift dynamics remain operative

Figure S4. Related to Figure 7 Computer generated R26R-Confetti tracing according to neutral drift  
    dynamics

Movie S1. Related to Figure 4 Clonal evolution of labeled Lgr5hi cells at the crypt base remain 
    cohesive

Movie S2. Related to Figure 4 Clonal evolution of labeled Lgr5hi cells at the crypt base remain 
    cohesive

Supplemental information - Experimental procedures

Supplemental information – Theory

Supplemental information – Table

Table S1. Related to Figure 1 and 3  Cloning strategies for targeting constructs

Supplemental theory references
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E cadherin mCFP KI fusion protein maintains endogenous expression pattern 
and cellular localizationSupplemental information – Figures, movies and legends

 Figure S1 (related to Figure 1): E-cadherin-mCFP KI fusion protein maintains endogenous expression pattern and cellular localization
A) E-cadherin-mCFP KI strategy. mCFP was targeted at the endogenous STOP codon of Cdh1, thereby maintaining expression levels and pattern. B) Southern blot of targeted ES cells 
confirms proper integration into Cdh1 locus. C) Expression pattern and cellular localization of E-cadherin-mCFP recapitulated the endogenous situation. Left panel; E-cadherin-
mCFP (false colour white). Middle panel; bright field. Right panel; overlay (mCFP in false colour blue).
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Supplementary Figure 2, related to Figure 4
Clonal evolution of labelled Lgr5hi cells at the crypt base remain cohesive

Supplementary Figure 3, related to Figure 5
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At old age, neutral drift dynamics remain operative
Figure S2 (related to Figure 4): Clonal evolution of labelled Lgr5hi cells at the crypt base remain cohesive
Bottom-view image of 7 day tracing of Lgr5-EGFP-Ires-CreERT2/ R26R-Confetti confirmed that clones tend to expand laterally around the perimeter of the crypt base while very few 
clones, if any, involve cells migrating through the apex of the crypt base. Lgr5-GFP is in green, Confetti colours in corresponding colours.

Figure S3 (related to Figure 5): At old age, neutral drift dynamics remain operative
Neutral drift dynamics underlies intestinal self-renewal at all times. Even in mice of 40wks old, crypts drift towards clonality with the same broad time distribution. Scale  
bars; 100µm.
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Supplementary Figure 4, related to Figure 7
Computer generated R26R-Confetti tracing according to neutral drift dynamics

0 days

4 days

1 wk
2 wks

4 wks
8 wks

18 wks

30 wks

Figure S4 (related to Figure 7): Computer generated R26R-Confetti tracing according to neutral drift dynamics
Numerical simulation illustrating neutral drift dynamics for eight crypts where the cells have been induced with an 80% probability after which any of the three colours (red:
yellow:blue) can appear with equal probability. The on-going expansion, contraction, and loss of labelled patches results in a “coarsening” phenomenon leading to monoclonality 
of crypts at longer times.

Supplementary movies (related to Figure 4): Clonal evolution of labelled Lgr5hi cells at the crypt base remain cohesive
Movie S1) Bottom-view scanning from the crypt base towards the crypt-villus junction of Lgr5-EGFP-Ires- 
CreERT2/ R26R-Confetti 3 days after cre induction, confirmed that clones tend to expand laterally around the pe-
rimeter of the crypt base while very few clones, if any, involve cells migrating through the apex of the crypt base.  
Movie S2) Like movie 1, now after 7 days of tracing. 

The movies can be downloaded at: http://www.cell.com/abstract/S0092-8674(10)01064-0#suppinfo 
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Supplementary information – Experimental procedures

Microscope settings and image analysis
Figure 1B: (image 512 x 512 pixels, 8 bits, 63x, airy 1.5). In a semi-thick section of near native fixed intestine, 
mCFP was excited using a 458 nm laser and collected between 465-600 nm. 

Figure 1C, left panel:  (XYZ stack 512 x 512 pixels, 8 bits, 63 steps, 2 μm stepsize, 63x). In a whole-mount of near 
native fixed intestine, fluorescence was excited using a 2-photon laser at 880 nm. mCFP was collected using 
external/non-descanned detector with 480/30 nm bandwidth and 505 nm longpass filter. EGFP was collected 
using external/non-descanned detector with 530/50 nm bandwidth and the same 505 nm LP filter. 3D repre-
sentation was created using Volocity (Improvision Ltd.). 

Figure 1C, right panel: (XYZ stack 1024 x 1024 pixels, 12 bits, 32 steps, 1.5 μm stepsize, 63x). In a semi-thick 
section of near native fixed intestine, fluorescence was excited using a 2-photon laser with settings as in Fig. 
1C, left panel. 

Figure 1E: (XYZ stack 1024 x 1024, 12 bits, 37 steps, 2.5 μm stepsize, 63x). In a whole-mount of near native fixed 
intestine, fluorescence was excited using a 2-photon laser with settings as in Figure 1C left panel.

Figure 3, 6: Images of at least 1024 x 1024 pixels and 12 bits were acquired with one of the three dry lenses. 
xy-plane images were created by scanning semi-thick sections of near native fixed intestine. xz-plane images 
were created by scanning whole-mounts of near native fixed intestine. Scans were performed in series for XFP 
excitations. nuclearGFP, the argon laser 488 nm line; for EYFP 514 nm line; for RFP a red diode laser emitting 
at 561 nm, and blue mCFP was excited using a laserline at 458 nm. In general GFP fluorescence was collected 
between ~498-510 nm, airy 1; EYFP fluorescence was collected between ~521-560 nm, airy 1; RFP fluorescence 
was collected between ~590-650 nm, airy 1; mCFP fluorescence was collected between ~466-495 nm, airy 1.5. 
DIC was obtained while using 488 nm laser through transmission gate. The acquired images were processed 
with Image J and photoshop.

Figure 4: XYZ stacks, 1024 x 1024 pixels and 12 bits were acquired with in general the 63x glycerol objective. 
xy-plane images were created by scanning semi-thick sections of near native fixed intestine and used for visual 
snapshots. xz-plane images were created by scanning whole-mounts of near native fixed intestine and used for 
analysis. Scans were performed in series for XFP excitations. Lgr5 driven EGFP and nuclearGFP, the argon laser 
488 nm line; for EYFP 514 nm line; for RFP a red diode laser emitting at 561 nm, and blue mCFP was excited 
using a laserline at 458 nm. In general EGFP fluorescence was collected between ~498-510 nm, airy 1; EYFP 
fluorescence was collected between ~521-560 nm, airy 1; RFP fluorescence was collected between ~590-650 
nm, airy 1; mCFP fluorescence was collected between ~466-495 nm, airy 1.5. DIC was obtained while using 488 
nm laser through transmission gate.

Quantitative data analysis - Counting Lgr5hi cells
3D representations were created using Volocity (Improvision Ltd.). 4 separate XYZ stacks per mouse were 
scanned per part of small intestine (duodenum, jejunum and ileum). Using Image J, average Lgr5-GFPhi signals 
were calculated from at least 10 Lgr5-GFP positive cells at the entire base of crypts per XYZ stack. Threshold was 
set at 66% of this particular stack average. GFP signals above this threshold were visualized in red. RGB overlays 
showed Lgr5-GFP in green, mCFP in white and GFP signals above threshold in red. The numbers of Lgr5hi cells 
per crypt (each cell with regions above threshold) were counted in Z-stacks, and multiple counts of the same 
cell in different slices were avoided by marking cells in each plane with a custom Image J plug-in.

Average number of Lgr5hi cells per crypt was calculated over more than 75 counted crypts out of 8 different  
Z-stacks per intestinal part obtained from 2 mice at 10wks of age. Same holds true for standard deviation.

Quantitative data analysis - Short-term tracing of Lgr5hi cells
The acquired images were processed with Image J and photoshop or Volocity. Lgr5 driven EGFP was separated 
from Confetti nuclearGFP based on cellular localization. Lgr5hi threshold was defined as described above. Num-
bers of Lgr5hi cells per crypt were counted as well as number of cells belonging to one clone (all positive for one 
of the Confetti colors). In addition, of each cell within a clone its relative crypt position was scored (located at 
the entire crypt base, around +4 or >+4) and whether it belonged to the Lgr5hi population or not.

 Quantitative data analysis - Long-term tracing of intestinal stem cells
xz-plane images, obtained from wholemount intestine, were processed in Image J and photoshop. Analysis 
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of the clone and labeled domain size distributions were conducted using simulations based on Fortran codes 
and XMGRACE. Theoretical analysis of the one-dimensional neutral drift model is described in supplementary 
theory.

Supplemental information - Theory

Neutral drift model of intestinal stem cell maintenance
The quantitative analysis of the lineage tracing data relies upon a model of intestinal stem cell fate involving 
“neutral drift dynamics”, which was proposed to describe intestinal stem cell turnover in (Lopez-Garcia et al., 
2010). The aim of the following supplementary sections is to elaborate on how the model is inspired by the cur-
rent clonal fate data, and to elucidate the key elements of the theoretical and data analysis. 

Whole-mount thick sections of tissue show the crypt base to be characterised by Paneth cells intercalated by 
narrower Lgr5hi progenitor cells. From the short-term clonal labelling study several important features emerge: 
Characterising clone size by their Lgr5hi cell content, the distribution of “surviving” clones (i.e. clones that host 
at least one Lgr5hi cell) reveals an ongoing expansion of the average clone size compensated by depletion in 
surviving clone density (Fig. 4). At the same time, the increasing width of the surviving clone size distribution 
suggests that Lgr5hi cells adopt seemingly “random” divergent fates (Fig. 4G). Taken together, such behaviour is 
consistent with maintenance of the Lgr5hi cell population following a pattern of population asymmetry. 

A second and important feature of the clonal evolution is the cohesion of labelled Lgr5hi cells at the crypt base 
(Suppl. Fig. 2 and Suppl. Movie 1 and 2). Moreover, clones tend to expand laterally around the circumference of 
the crypt base while very few clones, if any, involve cells migrating through the apex of the crypt base. Finally, 
taking into account the close association of Lgr5 expression with Paneth cell contact (Fig. 1E and 2A), we are led 
to consider a “quasi one-dimensional arrangement” of Lgr5hi stem cells, which follow the perimeter of the crypt 
base (Fig. 6A). Stem cell loss following displacement from the niche Paneth cells is compensated by the multi-
plication of neighbouring stem cells, and vice versa, leading to the conservation of stem cell number (Fig. 6A).

On this background, let us now consider the clonal evolution of a single labelled stem cell. Following this pat-
tern of niche-based competition, if stem cell multiplication leads to the displacement of the labelled stem cell, 
the clone is lost. Conversely, if the labelled stem cell undergoes division, it may displace a neighbouring unla-
belled cell leading to clonal expansion (see Fig. 6A, last three panels). In subsequent generations, the clone may 
again expand or contract depending on whether labelled cells at the boundary of the clone are lost or multiply. 
However, it is important to recognize that clonal growth and contraction, following this pattern of external 
regulation, can only occur at the boundary of the labelled clone. The loss and replacement of stem cells within a 
labelled fragment leave the clone size unchanged. As a result, clonally labelled domains of cells follow a pattern 
of neutral drift in which the boundary of the clone follows a “random walk”. Clonal progression is arrested when 
the last cell in a clone is lost (leading to clonal extinction) or when the last cell in the crypt becomes labelled 
(leading to monoclonality and fixation of the clone). 

Such behaviour is encountered in a broad class of problems where it is known variously as the “stepping stone 
model” in population genetics (Kimura, 1983), a “moran process” in population dynamics (Moran, 1962) and a 
“Voter model” in physics and mathematics (Bramson and Griffeath, 1980; Liggett, 1985; Korolev et al., 2010). As 
a paradigmatic model, the general class of Voter models have been the subject of considerable attention, with 
studies in both the mathematics and physics literature (Ben-Naim et al., 1996). Indeed, for a general system 
following Voter model dynamics, it has been established that clonal evolution is characterised by long-term 
scaling behaviour in which the clone size distribution acquires the scaling form (1) discussed in the main text. In 
the one-dimensional arrangement, pertinent to the present system, the development of the long-term scaling 
behavior and the drift toward monoclonality can be developed in full from technical but straightforward math-
ematical analysis. In the following, we will reproduce the principal findings that relate to the analysis presented 
in the main text leaving a more detailed discussion to the literature (Lopez-Garcia et al., 2010).

Formally, the clone size distribution can be obtained from the Master equation,

where p
n
(t) denotes the probability of finding a clone with n labelled stem cells (including n=0) at a time t fol-

lowing induction, λ denotes the stem cell replacement rate, and N
stem

 denotes the total number of stem cells 



86

(labelled and unlabelled) in the crypt. Defining the one-dimensional lattice translation operator,                  with 
,  denotes the lattice Laplacian.   

mn
 denotes the Kronecker delta symbol taking the 

value of unity when m=n and zero otherwise, while    (t) denotes the Dirac delta function being non-zero only at 
t=0 and integrating to unity. The first term on the right hand side of the equation describes a “random walk” of 
the clone size associated with the ongoing loss and expansion of labelled stem cells at the clone boundary, the 
second term accommodates the extinction of a clone due to the loss of the last stem cell, while the third term 
is associated with the fixation of a clone when all the cells in a crypt become fully labelled. Finally, the last term 
encodes the initial condition, translating to one labelled stem cell per crypt. 

By constructing the Green function associated with the lattice Laplacian (Ben-Naim et al., 1996), and employing 
the method of images, one may show that the Master equation has the general time-dependent solution,

while the monoclonal fraction is given by,

and the extinction probability takes the form,

To make contact with the experimental data, we must now construct the surviving clone size distribution ob-
tained following the exclusion of extinct clones, i.e. Although the full time-dependent distributions 
are easily resolved numerically from the expressions above, further analytical simplification can be made at 
long times. In particular, at times , the surviving clone size distribution acquires the scaling 
form,

where  denotes the scaling function and, in the same limit,

denotes the average size of surviving clones. From the expression for P
n
(t), it follows that the cumulative clone 

size distribution acquires the scaling form,  utilised in the main text.

In the opposite limit, , the majority of crypts have become fully clonal, In this limit, the clone size 
distribution, p

n
(t), is dominated by the lowest term in the sum. Here we find that,

while  with 

The sinusoidal form of P
n
(t) of the partially labelled crypt at long times reflects the persistence of clones which 

are nearly half-filled. Clones that are close to extinction or saturation are precarious, easily arrested by loss or 
fixation. Conversely, clones that cover half of a crypt can afford to drift without risk of loss. 

Statistics of clonal evolution in the densely labelled confetti mouse system
Having described the clonal evolution of single labelled cells, in the following section, we will consider the 
more challenging problem of the multicolor Confetti mouse system. As in the main text, to develop intuition, 
it is helpful to consider a fictitious “Confetti”-mouse system in which each and every cell in a crypt is labelled 
by a different colour. Intuitively, it is easy to see that the progression to monoclonality will lead to a coarsening 
phenomenon in which the gradual extinction of labelled clones is compensated by the expansion of others 
-neutral competition. It is also clear that the statistics of the ensemble of individual clonal patches is equivalent 
to the problem described in the previous section. It is curious to note that the joint statistics of the multiple 
colour system represents a largely unsolved problem in non-equilibrium statistical physics- the problem of 
“coalescing random walkers” (Krapivsky and Ben-Naim, 1997).
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In reality, the Confetti mouse system is essentially limited to just four colours, yellow, blue, red and “unlabelled”. 
(The induction rate of the nuclear GFP in the densely labelled system is negligible and can be safely ignored). 
Therefore, on induction, the densely labelled system is characterised by an initially heterogeneous distribution 
of labelled clone sizes in which neighbouring cells of the same colour appear by chance. Moreover, distinct 
clones of the same colour can appear several times in a single clone. Nevertheless, although the evolution of 
clone sizes will differ quantitatively in its characteristics, the qualitative features are maintained: coarsening 
of the clone size distribution leading to monochromaticity of the crypt. Needless to say, the statistics of the 
coarsening process represent a yet more challenging, and unsolved theoretical problem, beyond the scope of 
the current work. However, we can infer the dynamics of the multicolor system in full straightforwardly from 
numerical simulation. 

For completeness we simply note here that, to explore the clone size evolution described in the main text, 
we followed the dynamics of randomly induced crypt segments following the pattern of neutral dynamics 
described in the previous section. More specifically, we induced cells at a labelling frequency of 4 in 5, with 
each colour, yellow, blue, and red, drawn with equal probability, matching that found in the experimental sys-
tem. Here, for the reasons outlined in the main text, we took a stem cell number of N

stem
=16. To develop the 

numerical simulation, we chose to update randomly chosen cells by exchanging their colour by one of their 
neighbours reflecting the outcome of stem cell loss following multiplication. 

With 1,000,000 crypts monitored in the simulation, the relevant clonal distributions were fully converged al-
lowing comparison with the results of the long-term lineage tracing experiment. The results of the comparison 
are described in the main text.

Supplemental information - Table

E-cadherin_mCFP fusion knock-in strategy     
Cloningprimers for E-cadherin_mCFP fusion targeting construct    
Upstream_Ecad_fwd  ACA CTCGAG GACCGTAGTTGGTGC   
    XhoI site   
Upstream_Ecad_rev  GAT AAGCTT GAT GACGTC GTCCTCACCACCGC    
    HindIII site, for cloning puposes   
    AatII site, introduces extra valine instead of stopcodon   
  product:  2015bp   
     
mCyaan_Ecad_fwd   ACA GACGTC ATGGTGAGCAAGGGCGAGGAGC    
    AatII site, in order to fuse it to Upstream arm of E-cad  
mCyaan_Ecad_rev   ACA AAGCTT GAT TTACTTGTACAGCTCGTCCATGC    
    HindIII site, for cloning puposes   
     
Downstream_Ecad_fwd  ACA TCTAGA GTGGCACCATGGGAGATGCAG   
    XbaI site   
Downstream_Ecad_rev  TCT ACTAGT ACAAAGCACAAAGAAGCTG   
    SpeI site   
  product:  2055bp   
     
Southern probe primers      
Perform genomic digest with BamHI     
SB_dstr-probe_Ecad_fwd  ACA CTCGAG ATCAGTTGTCAGATC   
    XhoI site   
     
SB_dstr-probe_Ecad_rev  ACA TCTAGA ACCCAAAGCAAGGATT   
    XbaI site   
    Cut probe with XhoI and XbaI, or in half with NcoI   
  product:  628bp  
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R26R-Confetti knock-in strategy     
Oligoprimer was cloned into MCS, consisting of: 
~ SalI - AscI - LoxP site - BglII - NheI - XhoI - HindIII - PacI - NotI ~      

Neomycin cassette was PCRed and and flanked with BamHI and NheI     
Neomycin cassette was cloned into Oligoprimer, BamHI/ BglII and NheI/NheI    
Brainbow 2.1 from Livet et al., 2007 was cloned into Oligoprimer using NheI and HindIII.   
     
Confetti construct was cloned in Rosa26 vector consisting upstream arm, CAGG promoter, EcoRI site, AsclI, 
PacI and the downstream arm respectively.     
     
Integration site Rosa26 locus:     
Last nucleotides 5’ arm:  TGATCTGCAACTCCAGTCTTT   
First nucleotides 3’ arm:  GAAGATGGGCGGGAGTCTTCT   
     
Genotyping E-cadherin_mCFP KI mice     
Ecad_KIgeno_fwd   GCCACAACATCGAGGACG (unique for knock-in allele)
    212bp in CFP   
Ecad_KIgeno_rev   TGAGGGCAAGTACACAATG   
    ~300bp downstream integration site   
  product:  ~500bp KI allele   
Ecad_WTgeno_fwd  CACTGAACTCCTCTGAGTC   
    127bp upstream integration site   
Ecad_KIgeno_rev   TGAGGGCAAGTACACAATG   
    ~300bp downstream integration site   
  product:  ~450bp WT allele   
    ~1200bp KI allele

Specific genotyping of R26R-Confetti  and other R26R reporter mice
Rosa26 WT fwd   CTCCTGGCTTCTGAGGACC   
    90bp upstream integration site   
Rosa26 WT rev   CCAGATGACTACCTATCCTC   
    180bp downstream integration site   
  product:  ~270bp WT allele   
     
Rosa26 LacZ fwd   GCAACTGATGGAAACCAGC   
    within LacZ cDNA; Soriano, 1999   
Rosa26 WT rev   CCAGATGACTACCTATCCTC   
    180bp downstream integration site   
  product:  ~650bp KI allele   
     
Rosa26 EYFP fwd   GACCACTACCAGCAGAACAC   
    within EYFP cDNA; Srinivas et al., 2001   
Rosa26 WT rev   CCAGATGACTACCTATCCTC   
    180bp downstream integration site   
  product:  ~650bp KI allele   
     
Rosa26 Confetti fwd  GAATTAATTCCGGTATAACTTCG   
    in Confetti construct, directly after mCerulean; Snippert et al.,   

    current manuscript   
Rosa26 WT rev   CCAGATGACTACCTATCCTC   
    180bp downstream integration site   
  product:  ~300bp KI allele   
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Summary

Colorectal cancer follows a mutation sequence that drives the progression from adenomas to carcino-
mas. Loss of tumor suppressor APC is required for the initial development of adenomas and is widely 
considered to be the first mutation. Activation of oncogenic K-ras accelerates tumor progression, but it 
can’t form tumors by itself. The concept of “field cancerization” proposes that mutations that don’t initi-
ate neoplasias, but are vital for tumorigenesis, can expand and spread through the epithelium, thereby 
creating a field of precancerous tissue. Here, we show preliminary data that oncogenic K-ras activation 
in intestinal stem cells provides a fitness advantage over wild-type neighboring stem cells. As a result, 
there is a natural selection for these mutated stem cells to expand and spread throughout the epithe-
lium, thereby likely increasing the risk for cancer.

Introduction

The intestinal epithelium in adult mice has become a preferred model system to study general stem cell bi-
ology. The intestine consists of an active stem cell population that continuously fuels the renewal of the  
epithelium 1. Most important; the identity of the stem cell and its niche have been revealed in recent years 
and both are easily recognized by location and morphology in the relative simple architecture of the intestinal 
epithelium 2,3. The stem cells are slender cells at the base of intestinal crypts, originally called “crypt-base-co-
lumnar” cells 4. These CBC cells are marked with specific expression of stem cell marker gene Lgr5 and have 
functionally been tested for multipotency and self-renewal using inducible genetic lineage tracing 2. Approxi-
mately fourteen active cycling Lgr5+ CBC stem cells reside at the bottom of a crypt. The generated transit-am-
plifying progenitors will differentiate into one of the four major cell lineages of the intestinal epithelium. Cells 
from three out of the four lineages migrate up to the tip of the villus, while Paneth cells migrate to the bottom. 
About ten to twelve Paneth cells optimally distribute between the Lgr5 stem cells at the crypt base and con-
stitute the niche 3. 

Each day, all the fourteen Lgr5 stem cells divide symmetrically into two equal stem cell daughters. Subsequent-
ly, the stem cells undergo a neutral competition with each other for Paneth cell interaction. In most cases, clon-
al explansion of dividing stem cells leads to niche displacement of a neighboring stem cell and subsequently 
clonal extinction. On a cellular basis, the cell fate of two stem cell daughters is a stochastic outcome along the 
pattern of neutral drift dynamics. Thus, one stem cell may yield two daughter stem cells, two progenitor cells 
or one of both 5,6. 

An important aspect for neutral competition is a homogenous stem cell population. Yet, stem cells will obtain 
somatic mutations during their lifetime. The pattern of neutral drift dynamics remains unaltered when genetic 
mutations will not provide a fitness advantage. The mutation will rather “hitchhike” to dominate the crypt (fixa-
tion), or become extinct 7. In certain scenarios a “hitchhiking” mutation might be vital for tumorigenesis and 
upon fixation in the crypt substantially increase cancer risk.

A more dramatic scenario is a somatic mutation that is vital for tumorigenesis and increases the fitness advan-
tage of the mutant stem cell. The phenomenon of expansion and spreading of oncogenic mutations fits with 
the concept of “field cancerization” that was first proposed by Danely Slaughter in 1953 8. In recent years, the 
term is often used for a field of genetically altered precancerous cells that clonally expands in proliferative epi-
thelia and that is likely to increase cancer risk 9.

Here, we hypothesize that field cancerization is the result of a biased drift to clonality. In normal homeosta-
sis, the pattern of neutral drift depends on only two parameters; the amount of stem cells in a crypt and the 
replacement rate 5. The replacement rate in the mouse intestine turned out to be almost identical to the cell 
cycle length, a feature that mathematically underscored our observation that Lgr5 stem cells indeed divide 
symmetrically 5. From that same data it can be predicted that mutations that shorten the cell cycle length will 
increase the fitness advantage of stem cells, i.e. the mutant stem cell clones grow faster and are therefore more 
likely to displace and outcompete the wild-type (WT) neighboring stem cells in order to colonize the crypt.

At a relative early stage of colorectal tumors, K-ras becomes mutated in 40-50% of all cases. On a cellular level, 
K-ras is known for its role in stimulating cellular proliferation 10. We show preliminary data that oncogenic K-ras 
activation in Lgr5 intestinal stem cells indeed increases their probability to expand and colonize a crypt. We will 
discuss this outcome, future aspects and its relation with field cancerization.
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Results

Expansion of K-rasG12D activated Lgr5 stem cells
Activation of oncogenic K-ras or N-ras from their endogenous genomic loci in mouse intestinal epithelia does 
not result in the formation of neoplasia. However, uniform expression of oncogenic K-ras did result in hyperpro-
liferation of cells in the progenitor compartments 11,12. Others report no effects of oncogenic K-ras on intestinal 
homeostasis 13. Important, nobody documented the formation of malignancies after activation of oncogenic 
K-ras, while its activation did accelerate tumorigenesis after preceding Apc loss 12,13. 

In our own experiments we confirmed that uniform activation of oncogenic K-ras (K-rasG12D) has no effect on 
small intestinal homeostasis. Yet, K-rasG12D does accelerate intestinal tumorigenesis in combination with Apc 
loss (in preparation, Johan van Es and Hans Clevers).

Instead of activating K-rasG12D throughout the intestinal epithelium, we crossed Lgr5-EGFP-Ires-CreERT2 knock-
in mice with the K-rasLSL-G12D mice in order to sporadically activate K-rasG12D in individual Lgr5 intestinal stem 
cells. In this mouse model, Lgr5 intestinal stem cells are marked with the green fluorescent protein EGFP. In 
addition, a tamoxifen inducible version of Cre is also expressed in the Lgr5 intestinal stem cells and can be 
used to activate K-rasG12D. In order to trace the stem cells that activated K-rasG12D, we also crossed the mice with 
R26R-Confetti. R26R-Confetti is a multicolor Cre-reporter. After Cre activation it expresses one out of four pos-
sible fluorescent proteins (nuclear Green, Yellow, Red and membrane tagged Blue) as a random outcome of the 
recombination process 5.

Adult mice, 10 weeks of age, were induced with tamoxifen and K-rasG12D positive clones in the intestine were 
mapped over time. After 48 hours of tracing, the fate of K-rasG12D clones showed no obvious differences in clone 
size and stem cell content as compared with WT clones (Fig. 1A). After 72 hours of tracing subtle differences 
were noticed. Although most clones seemed to behave as WT, some clones developed faster in size and in 
Lgr5 stem cell content (Fig. 1B). This effect became even more pronounced after 7 days of tracing. Successful 
K-rasG12D clones -clones that contain at least one Lgr5 stem cell- seemed to outcompete the WT neighboring 
stem cells with more ease than one might expect from neutral drift dynamics (Fig. 1C). For example, several 
clonal fixations could be scored within 7 days of tracing, a feature that was almost never observed in the WT 
scenario. 

Next, we quantified the K-rasG12D clones in more detail and compared them to the clonal fate data as previously 
reported of homeostasis in WT intestine 5. Clone size was scored as the total number of cells that make up one 
clone, while stem cell content was mapped as the number of Lgr5+ clonal cells. For example, a clone might 
consist of 8 cells in total, of which only 3 show high Lgr5-EGFP expression. The number of times a certain clone 
type was scored is depicted as absolute numbers in the matrixes in Figure 2 (please note that more clones were 
analyzed in the WT scenario). The relative occurrence of a certain clone type per time point is depicted by the 
intensity of the red hue. 

After 48 hours of tracing the average clone size is almost identical to the WT scenario, although the weight of 
the stem cell content is slightly skewed to higher numbers (Fig. 2A). The same trend is also observed after 72 
hours of tracing. Relatively more clones consist of at least one Lgr5 stem cell compared to the WT scenario. In 
other words, when K-rasG12D is activated in Lgr5 stem cells its chance upon extinction decreases (25% versus 
34%) (Fig. 2B). Moreover, the variability in clone sizes increases upon K-rasG12D activation, with the presence of 
some fast growing clones. Notably, 30% of the K-rasG12D clones were larger than 6 cells after 72hrs of tracing, 
versus 7% of the WT clones (Fig. 2B). 

After more than 1 week of tracing, many clonal cells will have migrated towards the villus compartment that 
is outside the detection range, making it almost impossible to score complete clone sizes. Nevertheless, the 
expansion of successful clones within the stem cell population could be mapped. The average stem cell content 
of successful clones with K-rasG12D activation increased much faster than their WT counterparts (Fig. 2C).

Preliminary mathematical analysis of short-term clonal evolution of the K-rasG12D clones underscores that these 
mutant stem cells indeed follow a biased drift. Normal homeostasis in intestinal crypts can be explained by 
a stochastic pattern of neutral drift dynamics. Important for neutral drift is a homogenous stem cell popula-
tion; the probability for expansion and extinction is the same for each stem cell. Due to a shortened cell cycle 
length, the K-rasG12D mutant stem cells divide more often, thereby increasing the probability to displace WT 
neighbors. We can describe the behavior of natural selection for mutant stem cells with the same model of loss 
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Figure 1
Short-term clonal tracing of K-rasG12D activated Lgr5hi cells

Figure 1: Short-term clonal tracing of K-rasG12D activated Lgr5hi cells
A) Confocal scanning at the bottoms of small intestinal crypts during WT homeostasis (left panels) and with sporadically activated K-rasG12D stem cells (right panels). Lgr5 stem cells 
are in green. 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. All clones are visualized and marked with YFP (pseudo color white), RFP (red) or mem-
brane tagged CFP (blue). K-rasG12D positive clones (right panel) grow faster than WT counterparts. Some already dominate a complete crypt within 7 days. All scale bars; 50 µm. 
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and replacement as in normal homeostasis, albeit the mutant cells have a division/replacement rate of (1+d) 
lambda, while the wild type have a rate of (1-d) lambda. Figure 3A shows the theoretical growth of the average 
clone size for a balanced process -normal homeostasis- and for the biased process in which a mutant clone 
has a fitness advantage. The raw data from K-rasG12D clones shows an almost perfect fit to the average growth 
with d=0.5 (Fig. 3B, inset). Notably, the raw K-rasG12D data is likely to under represent the growth advantage 
of the mutant clones. First, it is likely that Confetti marked clones exist that didn’t activate K-rasG12D. Second, it 
is likely K-rasG12D positive clones exist that are not marked with Confetti. Third, in a few occasions, more than 
one K-rasG12D clone might have been created in the same crypt, thereby reducing the probability per clone to 
dominate a crypt.    

It will be interesting to activate K-rasG12D together with R26R-Confetti in all the intestinal stem cell at the same 
time. As noted before, uniform expression of K-rasG12D will not result in malignancies or other effects on ho-
meostasis (personal observations; Sansom et al., 2006) 11,13. Indeed, our preliminary data also suggests that ho-
meostasis will be maintained when all intestinal stem cells shorten their cell cycle in the same manner. Yet, the 
pattern of neutral drift dynamics will be faster, thereby increasing the amount of crypt successions over time. 

Crypt fission  
Our preliminary data showed that oncogenic K-rasG12D positive intestinal stem cells have a fitness advantage 
over their WT neighbors and that such a mutation undergoes a natural selection to become fixed. It is gener-
ally well accepted that colorectal cancer tends to follow a well-characterized mutation sequence, known as the 
adenoma-carcinoma sequence. Intestinal adenomas start developing after Apc loss-of-function. Substantial 
growth is observed after K-ras activation and subsequent mutations in TP53 underlie malignant transforma-
tion at later stages 14,15. Moreover, the first mutation of the adenoma-carcinoma sequence, loss of Apc, needs to 
occur in Lgr5 stem cells, since loss of Apc in transit-amplifying progenitors only resulted in microadenomas 16. 
Currently it is not known what will happen upon Apc loss in transit-amplifying progenitors that already possess 
an oncogenic version of K-ras. In such a scenario, the risk for cancer would increase from 14 potential (Lgr5) 
cell-of-origins, to approximately all 300 cells in a crypt, an approximately 20-fold increase. 

There is another factor that might influence the spread of mutations throughout intestinal epithelia. In neo-
natal animals and humans intestinal epithelia can grow through the duplication of crypts by a process called 
crypt fission. Similarly, crypt fission is an important mechanism for regenerative responses in the intestine. It is 
believed that crypt fission in adults is a rare event 17,18, but most studies have not been able to directly visualize 
crypt ancestry. 

To determine the frequency of crypt fission in adult mouse intestine, we sporadically induced lineage tracing 
of Lgr5 stem cells with R26R-Confetti. Over time a certain amount of marked Lgr5 stem cells will dominate 
their crypt as the stochastic outcome of neutral drift dynamics. When such a marked crypt will undergo crypt 
fission, the duplicated crypt will bear the same fluorescent mark. After 8 weeks of tracing we indeed detected 
sporadically labeled crypts. More important, a low percentage of crypts seemed to be duplicated (12%, 8 out 
of 68) as the result of crypt fission, set aside a small chance that neighboring crypts were labeled with the same 
fluorescent mark (Fig. 4A). After 16 weeks, the number of crypt fissions increased about 2 fold (26%, 14 out of 
53) (Fig. 4B). However, crypt fissions did not seem to occur in a uniform fashion. Presumably as a result of local 
regenerative responses, certain patches of epithelia had significant more crypt fission events - some even du-
plicated multiple times- than could be expected by the average number of fissions (Fig. 4B top of right panel). It 
will be interesting to explore the mechanism of crypt fission. For instance, do crypts fission by intrinsic features 
such as an overload of Paneth cells and stem cells, as proposed in 1987 18? Or is it a response at tissue injury, 
possibly explaining the non-uniform spreading of crypt fission as observed in our experiments? Crypt fission 
data from humans indeed suggest that crypt duplication increases upon injury such as in colitis or dysplasia 19. 
Last, is crypt fission a monoclonal event or will a crypt literally split in half? In other words, is there one stem cell 
that pushes itself out of the crypt in order to generate its own? If that is the case, presumably complete clonal 
crypts, including relatively long-lived Paneth cells, might be detectable after two to three weeks of sporadic 
stem cell tracing, because the most likely explanation for such an observation is when one single marked stem 
cell produced all the progeny for the duplicated crypt.

Of course, it will be of outstanding interest to analyze whether K-rasG12D positive crypts have an increased rate 
of crypt fission. However, even if the rate of crypt fission is enhanced, the spread of the K-rasG12D mutation 
throughout the intestinal epithelium will never be that fast as in theory could have been in an intestine that 
contains only one continues stem cell population. As shown by the raw data and theory (Fig. 3), the initial ex-
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Figure 2: Clonal tracing analysis of individually K-rasG12 activated Lgr5hi cells
A) The matrix indicates the absolute number of clones scored for each given clone size and given number of Lgr5hi cells. Red hues represent relative frequencies of all scored events 
for given time-point, here 48hrs of tracing. 100% is red; 0% is white. Left matrix is for WT clones, right matrix is for K-rasG12D activated clones. B) Like A, but after 72hrs of tracing. 
C) Expansion of Lgr5hi cell numbers over time within successful clones that contain at least one Lgr5hi cell. The average size of these surviving clones gradually increases, yet the 
K-rasG12D activated clones grow much faster and expand faster within the stem cell compartment. Red hues represent relative frequency of Lgr5hi cell numbers per time-point. 100% 
is red; 0% is white. Left matrix is for WT clones, right matrix is for K-rasG12D activated clones. 1 day and 14 days tracings are blanked in WT matrix, since there is no K-rasG12D counterpart 
yet. Data from WT clones is reproduced from Snippert et al., 2010.
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pansions of K-rasG12D clones are almost linear. Thus an intestine with one stem cell niche containing about 14 
million stem cells would have been dominated by a mutant clone within months. Instead, the compartmental-
ization of the intestinal stem cell population into approximately 1 million crypts each harboring about 14 stem 
cells, significantly inhibits the spreading of oncogenic mutations. Interestingly, most fast-renewing tissues such 
as intestine, colon, stomach and skin indeed harbor their stem cell populations compartmentalized in many 
niches. We speculate that compartmentalization of the stem cell population in multiple small niches provides 
an evolutionary advantage to inhibit the speed with which oncogenic mutations can spread.

Discussion

The intestinal epithelium is associated with a relative high rate of cancer development, with 260,000 new can-
cer cases in the United States alone in 2006, of which colon cancer comprised the significant majority 20. 

Since most human tumors are quite advanced when detected, medium and late stages of tumor development 
are better understood than the first initial steps 21. Only recently it was reported that intestinal adenomas in the 
mouse are derived from Apc deficient stem cells, rather than from Apc loss in differentiated cell types 16.

It is widely believed that intestinal tumorigenesis follows a strict sequential order of mutations, which pro-
gresses from an early adenoma into invasiveness and malignancy 15. Instrumental for the concept of the muta-
tion sequence was a model represented by familial adenomatous polyposis (FAP), in which multiple adenomas 
develop due to germline mutations in the APC gene 22. It is thought that virtually all tumors in the intestine start 
with activating mutations of the Wnt pathway -such as APC loss- that trigger adenomatous polyp formation 23. 
Loss-of-function mutations in APC are observed in up to 80% of colonic adenomas and carcinomas 24. 

Activating mutations in K-ras represents the second step that facilitates tumor growth and progression. Ap-
proximately 50% of colorectal adenomas and carcinomas carry activating mutations of the K-ras protoonco-
gene 25. At the last stages, loss-of-heterozygosity and mutations in the tumor suppressor gene TP53 underlie 
malignant transformation 26. 

The concept of “field cancerization” was first described by Danely Slaughter in 1953. He proposed that “areas of 
epithelium has been preconditioned […] produces an irreversible change in cells and cell groups, so that change of 
the process toward cancer becomes inevitable” 8. Recently, the term is often used for fields of genetically altered 
precancerous cells that clonally expands in proliferative epithelia and that are likely to severely increase cancer 
risk 9. 

Here, we provide preliminary experimental evidence for the proof of principle that oncogenic mutations -that 
are vital for tumorigenesis, but do not cause neoplasias- can spread in an epithelium. We chose to analyze 
activating K-ras mutations for its well-understood effect on cellular proliferation and its detailed characteriza-
tion during tissue homeostasis and tumorigenesis. Currently, we do not know to what extent K-rasG12D positive 
epithelial cells have an increased chance for additional oncogenic mutations in order to progress into cancers. 
However, data from human aberrant crypt foci (ACFs) demonstrate that K-ras might indeed be an alternative 
initiating mutation towards colorectal cancer development 27. ACFs are microscopic clusters of small numbers 
of abnormal, hyperplastic crypts in the epithelium of colon and rectum of humans. ACF foci develop before 
colorectal polyps and are one of the earliest changes seen in the colon that may lead to cancer 28. In FAP pa-
tients these ACFs always harbor APC and no K-ras mutations, yet in non-FAP patients 68% of dysplastic ACFs 
showed K-ras mutations and no APC mutations 27. Interesting, all adenomas obtained from the same non-FAP 
patients showed additional APC loss-of-function, suggesting that K-ras activation on itself couldn’t transform 
epithelia towards adenoma progression, but might have been the initial hit. 

A clinically much more interesting mutation, yet experimentally likely less significant, is APC heterozygousity. 
We know from human data that if an intestinal stem cell inactivates one APC allele, that such a mutation will 
either become fixed or extinct. However, currently it is not known whether such an APC mutation undergoes 
neutral competition or natural selection 5,6,29. Some data suggest that APCmin epithelia have slight increased 
Wnt signaling 30, potentially increasing the proliferative activity of stem cells. Considering the incidence rate 
of colorectal tumors in APCmin mice and FAP patients, it will be interesting to analyze whether expansion and 
spread of APC heterozygousity within the intestinal epithelium can be demonstrated. 
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Figure 3
K-rasG12D activated Lgr5hi stem cells follow a pattern of biased drift
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Local variability of crypt fission frequency in adult intestine

A

B

WT 8wks

WT 16wks WT 16wks

Figure 3: K-rasG12D activated Lgr5hi cells follow a pattern of biased drift
A) Red line: The growth curve over time of Lgr5hi stem cell number within surviving clones as predicted by neutral drift dynamics with the stem cell loss rate of 0.74/day (obtained 
from Snippert et al. 2010) and 16 stem cells per crypt. Black line: biased drift for mutant clones with a fitness advantage in with replacement rate lambda = 1+d, d=0.5. Initially 
the theoretical analysis predicts an almost linear growth, with fixation (crypt succession) within one month. B) Cumulative clone size distribution, C

n
(t); i.e. the chance of finding a 

surviving clone with more than n stem cells, as measured by the Lgr5hi content within surviving clones. The lines show the size distribution as predicted by biased drift dynamics. 
The points show experimental data from day 2, 3 and 7. Inset; raw data (points) give an almost perfect fit with predicted average clone sizes using biased neutral drift dynamics 
with d=0.5 (line). 

Figure 4: Local variability of crypt fission frequency in adult intestine
A) Confocal scanning at the bottoms of small intestinal crypts during WT homeostasis with sporadically activated Lgr5hi stem cells (both panels). Lgr5 stem cells are in green. All 
R26R-Confetti clones are visualized and marked with YFP (pseudo color white), RFP (red) or membrane tagged CFP (blue). After 8 weeks, majority of successful clones dominate 
their crypt as the outcome of neutral drift dynamics. Upon crypt fission, duplicated clones bear the same fluorescent marking. Crypt fissions are marked with white dashed line. 
Note, frequency of crypt fissions have local variations. B) Like A, but after 16 weeks of tracing. Some crypts underwent multiple rounds of crypt fission (top of right panel). All scale 
bars; 100 µm.
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Material and methods

Mice
Lgr5-EGFP-Ires-CreERT2 mice 2 were bred with K-rasLSL-G12D (REF) and R26R-Confetti mice 5. 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.

Tissue preparation for confocal analysis
For whole-mount imaging, organs were fixed in 4% ParaFormaldehyde at room temperature for 20 minutes 
and washed in cold PBS. Intestine is prepared free from connective tissue and muscle layers and subsequently 
opened along its length. Villi are scraped off using a microscope glass. Intestine is transferred to a new micro-
scope slide with crypt bottoms oriented to the top. Intestinal parts were directly embedded with vectashield 
(Vector Laboratories) and sealed with coverslips. 
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S-.1 Derivation of the clone size distributions

Our starting point is the Master equation for the stem cell number distribution associated
with the biased drift process:

d

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

−λ [(1− ν)δn,Ns+1 + (1 + ν)δn,Ns−1 − 2δn,Ns ]PNs(t) + δn,1δ(t) , (S1)

where, defining the one-dimensional lattice translation operator, Êm = emk̂ with [k̂, n]=1,
∆̂ = ∆̂0 − ν(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 labelled clone, the second term reflects the possibility of clone extinction,
while the third term reflects the outcome of full labelling of all Ns stem cells in the crypt.
The final term imposes the initial boundary condition: the induction results in the labelling
of just one stem cell per crypt at t = 0. Eq. (S1) describes a discrete diffusion equation on
the interval 1 ≤ n ≤ Ns− 1, with absorbing boundaries at n = 0, Ns imposed by the second
and third terms of the equation.

To solve Eq. (S1), we note that for 1 ≤ n ≤ Ns − 1 it is sufficient to solve the simple
discrete diffusion equation,

d

dt
Pn(t) = λ∆̂Pn(t) , (S2)

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

PNs(t) = 0. These boundary conditions do not reflect the true behaviour of P0(t), PNs(t),
but they ensure that Eqs. (S1) and (S2) give the same results for Pn(t) with 1 ≤ n ≤ Ns− 1.
Once the solution for 1 ≤ n ≤ Ns − 1 is known, it is a simple matter to calculate P0(t) and
PNs(t) by integrating Eq. (S1) to obtain,

P0(t) = λ(1− ν)

 t

0

P1(t
)dt , and PNs(t) = λ(1 + ν)

 t

0

PNs−1(t
)dt . (S3)

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

d

dt
Gn = λ


(1− ν)vGn+1 + (1 + ν)v−1Gn−1 − 2Gn


.

Then setting

v =


1 + ν

1− ν
, µ =

√
1− ν2 ,

one obtains

d

dt
Gn = µλ


∆̂− 2


1

µ
− 1


Gn .

Then, applying the boundary conditions on Gn, and setting

fk = 2


1

µ
− 1

+ 4 sin2


πk

2Ns


,

the solutions of Eq. (S2) are of the form,

Pn(t) = vn
Ns−1
k=1

ak sin


πkn

Ns


e−µλtfk .

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

Ns

2
ak =

Ns−1
n=1

v−nPn(0) sin


πkn

Ns


=
1

v
sin


πk

Ns


,

we obtain

Pn(t) =
2

Ns

vn−1

Ns−1
k=1

sin


πk

Ns


sin


πkn

Ns


e−µλtfk .

We can now use this result to obtain the extinction and fixation probability. Making use
of Eq. (S3), we obtain

P0(t) =


1− ν

1 + ν

2

Ns

Ns−1
k=1

1

fk
sin2


πk

Ns

 
1− e−µλtfk
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transformation. Setting Pn(t) = vnGn(t), one obtains
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Lgr5 marks intestinal adenoma stem cells

Hugo J. Snippert, Johan H. van Es and Hans Clevers

Hubrecht Institute - KNAW & University Medical Center Utrecht, Uppsalalaan 8, 3584 CT Utrecht, The Netherlands



104104

Figure 1
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R26R-Confetti is able to reconvert colours after multiple Cre pulses
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Summary

The cancer stem cell hypothesis generates a significant amount of interest within the scientific com-
munity. The concept proposes that tumours, like healthy fast-renewing tissues such as blood, intestine 
and skin, are maintained by primitive stem cells. Intestinal adenomas originate from Lgr5+ intestinal 
stem cells that become deficient for the tumour suppressor gene Apc. Within an adenoma, only a sub-
population of cancer cells maintains expression of the stem cell marker Lgr5, thereby fuelling the de-
bate whether these Lgr5+ adenoma cells are actual cancer stem cells. Using the multicolour Cre-reporter 
R26R-Confetti, we have been able to genetically trace the fate of Lgr5+ adenoma cells in the small intes-
tine. Preliminary tracing data suggest that Lgr5 marks a subpopulation of adenoma cancer cells that 
indeed behaves like the wild-type intestinal stem cell population.

Figure 1: R26R-Confetti is able to reconvert colours after multiple Cre pulses
A) In mice of 40 weeks old, the same neutral drift dynamics was observed as in young mice. About 75% of the crypts were clonal after 2 months of tracing (reproduced from 4. 
B) After 2 months of tracing, Cre was re-induced. Monoclonal crypts became scattered again with cells expressing either RFP or CFP (or YFP versus black). Presumably, black cells 
contain nuclearGFP forward oriented dimers from which the roadblock could not be deleted. Scale bars; 100 µm.
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Introduction

The small intestine of the mouse serves as an excellent model system for adult stem cell biology. At the bottom 
of epithelial invaginations, so-called crypts, approximately 14 stem cells are optimally intermingled with 10 
to 12 post-mitotic Paneth cells that constitute the cellular niche 1,2. Roughly 1 million crypt compartments are 
uniformly distributed throughout the intestine and are easily accessible for a diverse set of imaging and histo-
chemistry techniques 3. Intestinal stem cells are marked with specific expression of Lgr5 and actual stemness 
for the Lgr5+ population has been documented with inducible genetic lineage tracing. Moreover, short- and 
long-term fate mapping of neighbouring Lgr5 stem cells with distinguishable fluorescent markings revealed 
symmetric stem cell divisions 4. Homeostasis is maintained through a pattern of neutral drift dynamics. In a 
random fashion, the daily overload of stem cell daughters is displaced from the niche and becomes primed for 
differentiation 4,5. 

Colorectal cancer is one of the leading causes of cancer-related death in the Western world  
(http://www.who.int/cancer/en/index.html). It is widely considered that intestinal tumorigenesis follows a 
strict sequential order of acquiring mutations in specific genes that drives progression from early adenomas to 
invasive malignancies 6. Virtually each benign adenoma in the intestine originates after activating mutations 
of the Wnt pathway, of which the majority are loss-of-function mutations in the tumour suppressor gene APC. 
Germline mutations in APC underlie the familial adenomatous polyposis (FAP) syndrome that is hallmarked 
with multiple adenoma development in the human colon 7. Genetic mutations in colonic adenomas and carci-
nomas are in 80% of the cases loss-of-function mutations in APC 8. Subsequently, activating mutations in K-ras 
significantly accelerates tumour growth and invasiveness, while the latest stages of malignancies are marked 
with loss of TP53 9.

The ApcMin mouse model had a central role in the understanding of adenoma development in the intestine. Like 
FAP patients, ApcMin mice have one heritable mutant allele of Apc and develop multiple intestinal neoplasias 
after loss-of-heterozygousity 10. In normal physiology, Apc controls the Wnt pathway via β-catenin stabiliza-
tion. Nuclear β-catenin drives a transcriptional program that is essential for stem cell and Paneth cell fate, pro-
liferation of the transit-amplifying compartment and proper cell positioning and migration 11-13. Conditional 
inactivation of Apc in the intestinal epithelium confirmed its inhibitory role of the Wnt pathway. It resulted in 
acute activation of Wnt/β-catenin target genes and recapitulated early phenotypes of adenomas such as failed 
differentiation and increased proliferation 14. 

Lgr5-EGFP-Ires-CreERT2 knock-in mice crossed with Apcfl/fl mice allowed the sporadic deletion of Apc in Lgr5+ 
intestinal stem cells. The mutant stem cells supported unimpeded growth and within 5 weeks macroscopic 
adenomas were detected in the intestine. The distribution of Lgr5+ cells within the adenoma suggested that 
a stem cell/progenitor hierarchy was maintained in the tumour, since only few adenoma cells maintain Lgr5 
expression. Notably, Apc deficiency in progenitor or differentiated cells resulted in microadenomas that didn’t 
progress 15.

The notion that tumours preserve a cellular hierarchy like healthy tissues received lots of research attention in 
recent years. The Cancer Stem Cell (CSC) concept states that only subpopulations within genetically homoge-
nous tumours are able to fuel tumour growth 16,17. Almost all existing experimental data is based on transplanta-
tion studies, in which the CSC population is isolated prior to grafting it into nude mice. After successive rounds 
of transplantation, robust repopulation capacity is positively scored as being a CSC characteristic. It is tempting 
to speculate that Lgr5+ adenoma cells represent the adenoma stem cell population, but until now nobody has 
been able to test actual stemness for putative CSC populations in their endogenous cancer environment. 

Here, we report the combination of Lgr5-EGFP-Ires-CreERT2/ Apcfl/fl mice crossed with R26R-Confetti that opened 
up new avenues to trace the in vivo fate of Lgr5+ adenoma cells. Upon Cre activation, Lgr5 stem cells delete Apc 
while activating Confetti at the same time. However, after a few weeks of tumour development we induced Cre 
for the second time, allowing the Lgr5+ cancer cells to convert their Confetti outcome to a different colour. Pre-
liminary data indeed suggests that Lgr5+ adenoma cells behave as their wild-type stem cell counterparts. 
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Figure 2: Short-term tracing of Lgr5+ adenoma cells
A) Apc deficient adenomas were allowed to develop for 25 days before lineage tracing of Lgr5+ adenoma cells was initiated with the second Cre pulse and traced for additional 3 
days. Within the RFP clone (red), a CFP ribbon (blue) appeared that originated in the Lgr5-EGFP cells (green) at the base of the crypt-like structure. Panels clockwise starting at the 
top left; confocal imaging of intestinal adenoma with differential interference contrast (DIC) in grey. Cytoplasmic green in derived from Lgr5 driven EGFP; 3D reconstruction of the 
same RFP clone with CFP+ adenoma stem cell tracing. GFP is Lgr5-EGFP and purple is auto fluorescence; 3D model as in previous panel but under different orientation; 3D model 
with dimmed RFP intensity. B) As in A but Lgr5+ adenoma cells were traced for additional 5 days. Within the RFP clone, CFP+ scattered progeny appeared that originated in the 
Lgr5-EGFP cells at the base of the crypt-like structure. Additional YFP traced cells are depicted in yellow.
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Results

Recently, we documented the generation of a stochastic multi-colour Cre-reporter termed R26R-Confetti 4. In the 
transcription-friendly Rosa26 locus a construct was integrated consisting of the strong and ubiquitous CAGG 
promoter, a LoxP-flanked NeoR-cassette serving as transcriptional roadblock, and the original Brainbow2.1 
cassette 18. More specifically, the brainbow2.1 coding region is composed of two adjacent floxed head-to-tail 
tandem dimers. After a transient Cre-pulse, the roadblock and one of the two fluorescent dimers is removed. 
The remaining dimer will be positioned in its forward or reverse orientation under the control of the CAGG 
promoter. Both orientations yield a different fluorescent outcome. We hypothesized that after a second Cre 
pulse, the remaining dimer might start to flip its orientation again, such that by chance about half of the cells 
will convert to a new colour; for instance from RFP to CFP and vice versa.

After we uniformly activated R26R-Confetti using Ah-Cre in mice of 40 weeks old, crypts became clonal over 
time -as reported before- with the same pattern of neutral drift dynamics as in mice of 10 weeks old (Fig. 1A)4. 
However, after 2 months of tracing, when about 75% of the crypts were clonal, we re-induced Ah-Cre for the 
second time. As expected, clonal stem cells randomly flipped to either the forward or reverse orientation of the 
Confetti dimer, thereby changing their colour (Fig. 1B). 

Next, we crossed the Lgr5-EGFP-Ires-CreERT2/Apcfl/fl mice with the R26R-Confetti multicolour Cre-reporter strain. 
As expected, upon Cre induction with tamoxifen, intestinal adenomas developed after deletion of Apc, while 
the R26R-Confetti allele was activated at the same time. However, only sporadically clonal adenomas were 
marked by one of the four possible fluorescent proteins. Presumably, the recombination of the floxed Apc allele 
is much more efficient than the activation of R26R-Confetti. The advantage of the low R26R-Confetti activat-
ing frequency is that the chance of having more than one Lgr5+ adenoma cell conversion per clone can be 
neglected. 

After 25 days of tumour development, we induced Cre activation for the second time. We anticipated that few 
Lgr5+ adenoma cells might revert the orientation of their remaining Confetti dimer, such that we can trace 
the progeny of Lgr5+ cancer cell with a different colour than the original fluorescent outcome present in all 
the other clonal adenoma cells. Three days after the second Cre pulse, we sacrificed one mouse and analyzed 
clonal behaviour of Lgr5+ cancer cells. As depicted in Figure 2A, the early adenomas consist of a collection of 
large crypt-like structures with cells that can’t properly differentiate. One of those clonal crypt-like structures 
was marked with RFP, but in the middle a stream of cells is marked with CFP that originates at the bottom of the 
structure where Lgr5+ cells reside. 5 days after the second Cre pulse, we noticed similar phenomena. Presum-
ably due to the high Apc deletion frequency in surrounding crypts, the adenomas resembled collections of 
multiple clonal crypt-like structures. Moreover, within RFP marked clones, CFP scattered cells were observed of 
which some overlapped with Lgr5+ GFP cells are the base of a clone.

Next, we traced Lgr5+ cancer cells for 9 days in a tumour that developed for 35 days. Over time, the overall 
morphology of the adenomas, large elongated crypt-like structures of which some obtained Confetti mark-
ing, remained approximately the same. Depicted in Figure 3A and B is a RFP clone after 44 days of growth, in 
which a blue ribbon was created 9 days before the analysis. Important, the CFP clone again emerged from the 
Lgr5-GFP+ cells at the base of the adenoma. Moreover, the Lgr5-GFP+ cell-of-origin was able to self-renew since 
multiple Lgr5+ cancer cells could be detected in the blue clone. In addition, at least two CFP+ Paneth cells could 
be observed. Thus, the Lgr5+ cancer cell was able to self-renew and to give rise to adenoma Paneth cells and 
Lgr5- cancer cells within 9 days of development.
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Figure 3: Lgr5 marks adenoma stem cells
A) Apc deficient adenomas were allowed to develop for 35 days before lineage tracing of Lgr5+ adenoma cells was initiated with the second Cre pulse and traced for additional 9 
days. Within the RFP clone (red), a CFP ribbon (blue) appeared that originated in the Lgr5-EGFP cells (green) at the base of the crypt-like structure. Nuclear staining is in grey (two 
panels at the left); DIC is in grey (bottom right panel); YFP tracing is yellow (all panels); purple is auto fluorescence (all panels). Multiple Lgr5-EGFP cells belong to the same CFP+ 
adenoma stem cell clone (arrowheads), as well as at least two adenoma Paneth cells (arrows). B) 3D reconstruction of the red adenoma clone with the blue adenoma stem cell 
tracing from A. Panels from left to right; front view, dimmed RFP intensity and different orientation of the model.
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Discussion

Here, we presented preliminary data about the genetic lineage tracing of Lgr5+ cancer cells. 

Although Lgr5 is a candidate cancer stem cell marker for quite some time, it has proven challenging to 
study Lgr5+ cancer cells in intestinal adenomas. Many antibodies have been generated against Lgr5, but 
in vivo expression levels -even in adenoma and carcinoma cells- seem too low to detect and isolate with  
immuno-fluorescence and FACS sorting (HC, unpublished). In addition, we were unable to trace the fate of 
Lgr5+ cancer cells in adenomas, since the Lgr5-EGFP-Ires-CreERT2 knockin allele isn’t transcribed in intesti-
nal adenomas that spontaneously develop in ApcMin mice (HC, unpublished). Alternatively, using the induc-
ible Cre from the Lgr5-EGFP-Ires-CreERT2 knockin mice we can delete floxed Apc alleles in order to create  
Lgr5-EGFP-Ires-CreERT2 positive intestinal adenomas 15. Unfortunately, most Cre-reporter alleles will be acti-
vated together with the first Apc deleting Cre-pulse.

R26R-Confetti proved its versatility by its ability to reconvert colours after multiple Cre pulses. The data so far 
suggest that Lgr5+ adenoma cells behave like their wild-type counterparts. They are able to self-renew and 
differentiate into Lgr5- adenoma cells -presumably transit-amplifying-like cells- and adenoma Paneth cells. Al-
though we acknowledge that the data is very preliminary, we predict that additional R26R-Confetti experiments 
will be able to shed more light on the Cancer Stem Cell concept.

Material and methods

The Lgr5-EGFP-Ires-CreERT2 1, Apcfl/fl 19 and R26R-Confetti mice 4 were previously described. Mice 10 weeks of 
age were induced with 5mg tamoxifen during the first and second pulse. Mice were sacrificed for analysis after 
indicated time-points.

Confocal and image analysis was performed as previously described 4.
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Summarizing discussion

The onset of most multicellular organisms starts with pluripotent stem cells that have the ability to generate all 
the different cell types of an organism. However, during the earliest stages of embryogenesis, the pluripotent 
stem cells will stepwise lose their developmental potential 1. The cells that can only give rise to a limited, yet 
related set of cell types, are called multipotent stem cells. 

Relatively few multipotent stem cells remain in an adult body, known as adult stem cells. Adult stem cells, al-
though limited in their developmental potential, are responsible for compensating cell loss with the generation 
of new cells. Maintaining the balance between loss and renewal is arguably the most important aspect in tissue 
homeostasis. Therefore, governing and fine-tuning adult stem cell activity is tightly controlled and the outcome 
of a complex interplay between intrinsic cues and extrinsic stimuli from the physiological environment 2. 

Considering the intimate interplay between an adult stem cell and its surrounding tissue, researchers should 
strive to study stem cell behaviour in its physiological context with minimal artificial interference.

In the experiments described in this thesis, we have tried to preserve the physiological context of adult stem 
cells by investigating their biology in mouse models. The laboratory mouse represents an attractive model 
organism to study adult mammalian stem cells, because of the availability of a wide variety of experimental 
systems and genetic tools. 

Within the mouse, the small intestine provides an excellent model system to study general aspects of stem 
cell biology. First of all, the small intestine has an extremely high rate of turn-over, which is driven by an ac-
tive stem cell population. Second, the global architecture of the intestinal epithelium is relative simple. It is 
actually a two-dimensional sheet of cells bended in space. Most cell types can easily be identified based on 
the cell positioning along the crypt-villus axes together with simple morphological signs. For instance, ap-
proximately 14 slender stem cells are positioned at the entire bottom of epithelial invaginations called crypts 
and divide once a day. They are intermingled with approximately 10 to 12 granule-rich, large post-mitotic cells 
known as Paneth cells. The stem cell daughters end up in the transit-amplifying compartment and go through 
another 5 or 6 rounds of cell cycles before terminally differentiating into a specialized intestinal cell type. The 
vast majority of differentiated cells, except the Paneth cells, migrate from the crypt compartment towards the 
finger-like protrusions in the epithelium called villi. There is a constant flow of cells from the base of the crypt 
towards the tips of the villi where cells die and are shed into the lumen. As a result, the complete epithelial in-
ner lining of the gut is almost completely renewed every 4 to 5 days 3. Third, there are about 1 million crypts 
uniformly distributed throughout the intestine that makes them easily accessible for laboratory techniques. 
Last, presumably because of the high proliferative rate of the progenitor cells in intestinal crypt, the intes-
tine is very sensitive to cancer development. In the Netherlands, in the year 2000 about 10.000 peoples were 
diagnosed with symptoms of colorectal cancer, and more than 4000 people died in 2002 due to this disease  
(http://www.rivm.nl). Malignant transformation of the intestinal epithelium is almost invariably due to activat-
ing mutations in the Wnt pathway 4-6.

During normal homeostasis, a small subset of Wnt target genes, like Lgr5 or Ascl2, are exclusively expressed in 
the intestinal stem cells at the entire base of crypts 7,8. These stem cells were originally identified and reported 
as “crypt-base-columnar cells” (CBCs) by Cheng and Leblond in the early 1970’s 9, but remained largely unchar-
acterized because the lack of suitable cell markers. The identification of Lgr5 as a specific marker gene for these 
CBC cells opened new avenues to test whether these CBC cells were the genuine stem cells of the intestine. 

As pointed out in Chapter 1, it is essential that potential stem cell population are investigated for their capacity 
of two stem cell features of which the dual capacity is often referred to as stemness. The capacity to differen-
tiate into all the cell types of a tissue -multipotency- and the capacity to maintain their own stem cell state 
-self-renewal. To discriminate between actual stem cell behaviour -actual stemness- and the potential of cell 
populations to (re)-obtain stem cell behaviour -stemness potential-, the two defining stemness characteristics 
are preferably tested in endogenous environments for observing actual stemness.

The most powerful technique for the investigation of actual stemness is inducible genetic fate mapping, also 
known as lineage tracing (see Chapter 1). Genetic fate mapping of CBC cells was performed using knock-in 
mice in which one Lgr5 allele was replaced with a bicistronic message coding for enhanced green fluorescent 
protein (GFP) and an inducible version of Cre (Lgr5-EGFP-Ires-CreERT2 KI mice). The GFP visualizes Lgr5+ CBC 
cells, while lineage tracings are initiated with the activation of Cre. In general fate mapping experiments, acti-
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vated Cre is enabled to enter the nucleus in order to delete a transcriptional roadblock in front of the Rosa26 
LacZ gene. Subsequent LacZ expression is persistent, independent of cell type and easily detected with a blue 
histochemistry staining. 

After genetic marking of single CBC cells, blue clones emerged that included all the different cell types of the 
intestinal epithelium -multipotency. In addition, the blue clones persisted over long periods of time, demon-
strating the ability of the original CBC cells to maintain their own stem cell state, the so-called self-renewal.

Through the use of Lgr5-EGFP-Ires-CreERT2 KI mice, actual stem cell populations have been identified for the 
small intestine, colon, hair follicle and stomach 7,10-12.

Taking advantage of the lineage tracing technology, we described in Chapter 3 that Prominin-1/CD133, a 
widely used marker to isolate stem cells and tumour initiating cells from various human tissues 13-15, is not an 
exclusively marker for stem cells in the mouse intestine. Rather Prominin-1/CD133 marks approximately half of 
the progenitor population in intestinal crypts, including the Lgr5+ intestinal stem cell.

In Chapter 4 we describe the same in vivo lineage tracing strategy to document actual stemness for Lgr6+ cells. 
Lgr6, the closest homolog of the Lgr5 stem cell gene, turned out to mark a previously uncharacterized cell 
population above the bulge region where hair follicle stem cells reside. Lineage tracings initiated during em-
bryogenesis, in young mice and adult mice revealed that actual stemness developed over time. First, Lgr6 cells 
equally generated all three major lineages of the skin, while in aging mice hair follicle potential was gradually 
lost. Upon injury responses, Lgr6+ stem cells generated progeny that persistently regenerated full-thickness 
wounds at the dorsal back. 

In Chapter 5 we generated a general, multicolour Cre-reporter mouse that enabled us to study kinetics of 
multiple individual stem cells in the same niche. Short-term and long-term fate mapping of neighbouring Lgr5 
stem cells in intestinal crypts revealed that the majority of stem cell divisions are symmetric in fate. Moreover, 
the cell fate decision is a stochastic outcome as a result of neutral competition between equal stem cells for 
interaction with limited amount of Paneth cells that constitute the niche 16. After each stem cell division, one 
random neighbouring stem cell is displaced from the Paneth cell niche. The loss of neighbouring clones is 
compensated by expansion of surviving clones and vice versa and this process will inevitably lead to clonality 
of the crypt. The stochastic behaviour of Lgr5 intestinal stem cells were in perfect line with the mathematic 
predictions of neutral drift dynamics and we successfully challenged the dogmatic view that intestinal stem 
cell self-renewal follows a pattern of invariant asymmetry.

During our lifetime we acquire many insults on our stem cell population. The neutral drift dynamics turns out 
to be a very robust system to overcome the loss of stem cells. On the contrary, mutations that provide a stem 
cell with a certain fitness advantage might result in the expansion and spread of that mutation. In Chapter 6 we 
explain “field cancerization”, a concept about increased cancer risk due to expansion and spread of a precancer-
ous clone of cells. We provided preliminary data for the proof of principle of field cancerization in the intestine. 
We demonstrated initial linear expansion and spread of K-rasG12D positive intestinal stem cells in a crypt and 
potentially limited spreading through crypt fission. Interesting, for a mutation like K-rasG12D, spreading through 
crypt fission is by far not that fast as by the initial biased drift. It is likely that the compartmentalization of a large 
stem cell population into many small niches has an evolutionary advantage in order to minimize the risk that 
oncogenic mutations outcompete the complete wild-type (WT) stem cell pool present in one organ.

In the last research chapter -Chapter 7- the R26R-Confetti allele allowed us to perform unique genetic lineage 
fate mapping of Lgr5+ cancer cells. The cancer stem cell concept became a very hot research topic in recent 
years and there were many speculations that Lgr5 might mark cancer stem cells in intestinal cancers as well. We 
showed preliminary data that Lgr5+ adenoma cells indeed behave like their WT counterparts. Like normal stem 
cells of fast-renewing tissues, Lgr5 adenoma stem cells were able to self-renew. Underscoring its multipotency 
within the limits of constitutive active Wnt signalling, Lgr5+ adenoma stem cells were able to generate Lgr5- 
transit-amplifying-like progenitors as well as adenoma Paneth cells.  

It will be interesting how strong we can make the case for Lgr5+ adenoma stem cells in the intestine when mul-
tiple conversions are analyzed and quantified (perhaps even fate mapping Lgr5+ cells in other cancer types). I 
have no doubt that Lgr5+ adenoma stem cells, just like their WT counter parts, will behave according to a pat-
tern of neutral drift, since in adenomas we also observe Lgr5 expression in the vicinity of Paneth cells. Consid-
ering that actual stemness resides in Lgr5 WT intestinal stem cells, it is likely to assume that the first daughter 
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cells that were displaced from the stem cell niche are primed for differentiation, but hold transient stemness 
potential. Upon injury responses, these might be the cells that are able to re-obtain actual stemness when they 
are reconnected with Paneth cells. If we extrapolate the new insights of actual stemness and stemness poten-
tial to cancer situations, we might wonder the use of generating therapeutic agents that specifically target 
cancer stem cells. In my opinion, it is very unlikely that cancers will regress once specifically depleted for cancer 
stem cells (not even taking into account the chance of finding specific, drugable markers that are not broadly 
expressed in healthy tissues), considering the possibility that early progeny of CSCs might re-obtain stemness 
as well once repositioned within the reach of adenoma Paneth cell signals. Nevertheless, the cancer stem cell 
concept did teach us that it is essential for future cancer therapies to include cancer stem cells as a part of the 
targeted cell population.
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Samenvatting

Volwassen stamcellen tijdens gezondheid en ziekte
De meeste meercellige organismen ontwikkelen zich vanuit zogeheten pluripotente stamcellen die in staat zijn 
om alle celtypen in een organisme te kunnen produceren. Tijdens de eerste stadia van de embryonale ontwik-
keling verliezen deze pluripotente stamcellen stapsgewijs delen van hun potentieel, en specialiseren ze zich tot 
de productie van alleen bepaalde type cellen. Deze stamcellen, die enkel een gelimiteerde set van gerelateerde 
celtypen kunnen produceren, worden multipotente stamcellen genoemd.

Enkele multipotente stamcellen blijven aanwezig in diverse organen van een volwassen lichaam, zogenaamde 
volwassen stamcellen. Volwassen stamcellen, weliswaar gelimiteerd in hun ontwikkelingspotentieel, zijn ver-
antwoordelijk voor de compensatie van celverlies door evenveel nieuwe cellen te produceren. Het handhaven 
van de juiste balans tussen celdood en celproductie is waarschijnlijk het belangrijkste aspect van weefsel ho-
meostase (behoud van stabiele situatie). De stamcelactiviteit wordt nauwkeurig gereguleerd met behulp van 
complexe interacties tussen interne factoren en stimuli vanuit de directe omgeving. 

Gezien de nauwe interacties tussen volwassen stamcellen en de fysiologische omgeving prefereren wij om 
stamcellen te bestuderen in hun natuurlijke omgeving met minimale verstoring van normale processen. Bij 
de experimenten beschreven in dit proefschrift hebben we getracht die fysiologische context van volwassen 
stamcellen te handhaven door ze te bestuderen in muizen. De laboratorium muis is een aantrekkelijk modelor-
ganisme gezien de anatomische gelijkenis met mensen en de aanwezigheid van verscheidene experimentele 
systemen en genetische toepassingen. 

Van alle mogelijke toepassingen van de muis binnen biomedisch onderzoek is de binnenbekleding van de 
darm, het darmepitheel, bij uitstek geschikt voor het bestuderen van de algemene aspecten van volwassen 
stamcellen. De eerste reden hiervoor is dat het darmepitheel zich elke 4 tot 5 dagen vernieuwt, een proces 
waarbij darmstamcellen dagelijks actief dienen te zijn. Een tweede reden is dat de algemene structuur en op-
bouw van de darm relatief simpel is. In principe is het darmepitheel niets anders dan een groot twee-dimen-
sionaal kleed van cellen dat gevouwen en geplooid de ribbelige binnenwand van de darm bedekt. De meeste 
celtypen kunnen gemakkelijk geïdentificeerd worden door de combinatie van simpele uiterlijke kenmerken 
en hun positie binnen het darmepitheel. Zo liggen actief delende, slanke darmstamcellen op de bodem van 
instulpingen, ook wel crypten genoemd. Iedere darmstamcel wordt aan weerszijden geflankeerd door grote, 
korrel-rijke Paneth cellen, die de stamcellen ondersteunen met diverse groeistoffen. De dochtercellen van de 
stamcellen migreren naar het hoger gelegen compartiment met snel delende cellen. Na een aantal celdelingen 
specialiseren deze cellen zich tot een specifiek type darmcel, waarna ze niet meer zullen delen. De meeste ge-
specialiseerde cellen migreren vervolgens uit de crypte om de vingerachtige uitstulpingen, zogenaamde villi, 
te bekleden. Zodoende is er een constante stroming van cellen uit de crypte naar de tippen van villi. 

De derde reden voor het gebruik van muizen is het grote aantal en de goede bereikbaarheid van de stamcellen. 
Een muizendarm bevat meer dan 1 miljoen crypten die allemaal ongeveer 14 stamcellen bevatten. Alle crypten 
zijn gelijkmatig verdeeld over de lengte en breedte van de darm, waardoor stamcellen gemakkelijk toegange-
lijk zijn voor laboratorium technieken. De laatste reden voor het gebruik van de darm als modelsysteem, is dat 
de darm erg gevoelig is voor het ontwikkelen van kanker. In het jaar 2000 zijn alleen al in Nederland 10.000 
mensen gediagnosticeerd met dikke darm kanker. Meer dan 4000 mensen stierven in 2002 als gevolg van deze 
ziekte (http://www.rivm.nl).

Kanker in het darmepitheel is bijna altijd het gevolg van activerende mutaties in de Wnt/β-catenin signale-
ringsroute. Tijdens de normale homeostase van de darm staat een klein deel van de Wnt gereguleerde genen, 
zoals Lgr5 en Ascl2, aan in de stamcellen. 

De darmstamcellen in de muis zijn oorspronkelijk geïdentificeerd en gerapporteerd als “crypt-base-columnar 
cells” (CBCs) door Cheng en Leblond in de jaren ’70. Echter, deze cellen bleven relatief onbekend doordat er 
geen duidelijke markers waren waarmee men de cellen kon kenmerken. De identificatie van Lgr5 als specifiek 
markergen van de CBC cellen creëerde nieuwe onderzoekmogelijkheden om de stamceleigenschappen van de 
CBC cellen met succes te testen.
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Zoals opgemerkt in Hoofdstuk 1 is het essentieel dat potentiële stamcelpopulaties worden onderzocht op de 
aanwezigheid van slechts twee stamceleigenschappen, waarvan de dubbele aanwezigheid vaak wordt aange-
duid als stemness. Deze eigenschappen zijn: 1) capaciteit om te specialiseren tot alle mogelijke celtypen in een 
weefsel -multipotent- en 2) het vermogen om zijn eigen stamceltoestand in stand te houden zelfvernieuwing. 
We moeten echter een belangrijk onderscheid maken tussen het werkelijke gedrag van stamcellen -werkelijke 
stemness- en het potentieel van celpopulaties om het werkelijke stemness terug te verkrijgen -stemness poten-
tieel. De twee bepalende kenmerken van stemness zullen bij voorkeur getest moeten worden in de eigenlijke 
fysiologische omgeving van stamcellen om de werkelijke stemness waar te kunnen nemen.

De meest krachtige techniek voor het onderzoeken van de werkelijke stemness is het in kaart te brengen van 
het ontwikkelingspotentieel van de stamcellen door genetische markering, ook wel lineage tracing genoemd 
(zie hoofdstuk 1). Om het ontwikkelingspotentieel van de stamcellen in kaart te brengen werd gebruik ge-
maakt van knock-in muizen. Hierin werd het Lgr5 allel vervangen door een allel coderend voor een groen fluo-
rescerend eiwit (GFP) en een activeerbare versie van het Cre enzym (Lgr5-EGFP-Ires-CreERT2 KI muizen). Het GFP 
kleurt de Lgr5+ CBC cellen groen, terwijl lineage tracings gestart kunnen worden met het activeren van Cre. Bij 
een activatie van het Cre enzym wordt een transcriptie versperring aan de voorkant van de Rosa26 LacZ-gen 
verwijderd, waardoor LacZ productie geactiveerd wordt. LacZ is gemakkelijk te herkennen met een blauwe 
kleurstof. Belangrijk; alle toekomstige dochtercellen van een LacZ geactiveerde stamcel, ongeacht welk celtype 
ze in de toekomst zullen worden, zullen lacZ blijven produceren.

Na genetische markering van de CBC cellen verschenen er klonen –groepen cellen die allemaal uit 1 cel ont-
staan zijn- van blauwe cellen met daarin alle verschillende celtypen van het darmepitheel. Hieruit blijkt dat de 
oorspronkelijk geactiveerde cel multipotent was. Bovendien bleven de blauwe celklonen gedurende lange 
perioden aanwezig, waarmee aangetoond werd dat de oorspronkelijke CBC cel in staat is om zichzelf te ver-
nieuwen. Deze cellen bezitten dus beide bepalende kenmerken van stemness. Door gebruik te maken van deze 
methode in de Lgr5-EGFP-Ires-CreERT2 KI muizen, zijn de werkelijke stamcelpopulaties inmiddels geïdentifi-
ceerd in de dunne darm, dikke darm, haarfollikels en de maag. 

Prominin-1/CD133 is een veel gebruikt markereiwit voor het isoleren van stamcellen en tumor-initiërende cel-
len vanuit verschillende menselijke weefsels. Echter, met gebruik van de krachtige lineage tracing technologie, 
hebben we in Hoofdstuk 3 aangetoond dat Prominin-1/CD133 geen exclusieve marker is voor Lgr5+ darm-
stamcellen. 

In Hoofdstuk 4 gebruiken we dezelfde lineage tracing technologie om stamcellen te identificeren in de huid, 
door hier de werkelijke stemness te documenteren voor Lgr6+ cellen in de huid. Lgr6, het gen dat het meest 
lijkt op stamcelmarker Lgr5, bleek een nog niet eerder gekarakteriseerde celpopulatie te markeren boven de 
“bulge” regio van haarzakjes. We hebben het ontwikkelingspotentieel van deze Lgr6+ cellen in de huid in kaart 
gebracht tijdens embryogenese, en in jonge en volwassen muizen. Werkelijke stemness bleek te veranderen 
tijdens de ontwikkeling. In het begin produceren Lgr6+ cellen celtypen die behoren tot alle drie de grote struc-
turen van de huid: de opperhuid, de talgklier en de haar. Lgr6+ cellen in verouderde muizen verloren geleidelijk 
de potentie om celtypen te maken voor de haren. Verder vonden we dat Lgr6+ cellen nakomelingen produce-
ren die huidwonden helen.

In Hoofdstuk 5 hebben we een algemene, meerkleurige Cre-reporter muis ontwikkeld (de Confetti muis) die 
ons in staat stelt om het gedrag te bestuderen van verschillende individuele darmstamcellen die naast elkaar 
leven. We brachten het ontwikkelingspotentieel van deze verschillende cellen tijdens korte en lange tijdsperi-
oden in kaart. Dit toonde aan dat de meerderheid van alle darmstamcellen symmetrisch delen. Dat wil zeggen, 
beide dochtercellen zijn inwendig gelijk aan elkaar en hebben daardoor hetzelfde ontwikkelingspotentieel. 
Echter, het uiteindelijke lot dat elke cel ondergaat hangt af van de interactie met het beperkte aantal omrin-
gende Paneth cellen. Beide gelijkwaardige dochterstamcellen voeren onderling competitie om met Paneth cel-
len in contact te blijven. Na elke stamceldeling zit de bodem van de crypte overvol en wordt een willekeurige 
naburige stamcel uit de Paneth cel niche gedrukt. Het verlies van naburige stamcelklonen wordt gecompen-
seerd door uitbreiding van de overlevende klonen. Dit proces zal onvermijdelijk leiden tot klonaliteit, waarbij 
een oorspronkelijke stamcel alle andere heeft weggeduwd met haar dochtercellen, en daarmee overwint. Dit 
competitie gedrag van Lgr5+ darmstamcellen klopt precies met wiskundige voorspellingen vanuit de neutrale 
competitie dynamica. We hebben met deze methode met succes bezwaar aangetekend tegen de dogmatische 
opvatting dat darmstamcellen uitsluitend zelf-vernieuwen door asymmetrische celdeling.
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Gedurende een leven moeten stamcellen veel schade zien te overleven en te repareren. De neutrale competitie 
dynamiek blijkt een zeer robuust systeem te zijn om het verlies van naburige stamcellen te overleven. Echter, 
mutaties die een competitievoordeel opleveren kunnen resulteren in de uitbreiding en verspreiding van die 
ene mutatie. In Hoofdstuk 6 leggen we de term veld kankerisatie uit; een concept over verhoogd risico op kan-
ker als gevolg van uitbreiding en verspreiding van een kloon cellen die in een kankervoorstadium zitten. Wij 
demonstreerden hier voor het eerst symptomen van veld kankerisatie in de dunne darm van de muis. Een mu-
tatie, in dit geval K-rasG12D, zorgt ervoor dat stamcellen sneller delen, met als gevolg een zeer snelle uitbreiding 
en verspreiding van de mutatie binnen de stamcelpopulatie van een crypte. 

In het laatste onderzoekshoofdstuk -Hoofdstuk 7- stelde de Confetti muis ons in staat om het ontwikkelings-
potentieel te testen van Lgr5+ kanker cellen in de dunne darm. Het kankerstamcel concept –waarbij wordt aan-
genomen dat een tumor net als gewone weefsels in stand wordt gehouden door primitieve (kanker)stamcellen 
- is momenteel zeer populair bij onderzoekers. Er zijn veel speculaties dat Lgr5 naast vele gewone volwassen 
stamcelpopulaties ook kankerstamcellen zou markeren. Met voorlopige data toonden we aan de Lgr5+ cellen 
in adenomen -goedaardige darmepitheel tumoren- zich inderdaad gedragen als hun normale tegenhangers. 
Net als de stamcellen in gezonde weefsels bleken Lgr5+ kankerstamcellen in staat zichzelf te vernieuwen. De-
zelfde Lgr5+ kankerstamcellen bleken ook in staat om Paneth cellen te genereren alsmede Lgr5- kanker cellen, 
wat hun multipotente karakter onderstreept.

Het zal interessant zijn om te zien hoe sterk we in de toekomst de bewijzen kunnen maken dat Lgr5 kanker-
stamcellen markeert. Ik heb geen twijfel dat Lgr5+ stamcellen in tumoren, net als hun tegenhangers in gezonde 
weefsels, zich zullen gedragen volgens de neutrale competitie dynamica. Ook in adenomen zien we dat Lgr5+ 
kankercellen zich positioneren in de nabijheid van Paneth cellen. Gezien het feit dat werkelijke stemness zich 
ophoudt in Lgr5+ darmstamcellen, is het aannemelijk dat de eerste dochtercellen die zijn verdreven uit de 
stamcelniche zich in principe zullen gaan specialiseren, maar dat ze waarschijnlijk nog een korte periode de 
potentie behouden om werkelijke stemness terug te verkrijgen. Bij verwondingen kunnen deze zojuist verdre-
ven stamcellen waarschijnlijk weer in contact komen met Paneth cellen en zullen ze daardoor weer werkelijke 
darmstamcellen kunnen worden. 

Als we deze inzichten tussen werkelijke stemness en stemness potentieel extrapoleren naar situaties zoals kanker, 
kunnen we ons afvragen of het verstandig is om therapeutische middelen te genereren die specifiek gericht 
zijn tegen kankerstamcellen. Naar mijn mening is het zeer onwaarschijnlijk dat een kankergezwel zal verdwij-
nen zodra de kankerstamcellen specifiek verwijderd zijn -laat staan dat een specifieke, therapeutisch geschikte 
marker gevonden zal worden die niet in brede mate tot expressie komt in gezonde weefsels. In zo’n situatie 
acht ik het waarschijnlijk dat de zojuist geproduceerde dochtercellen, net zoals in gezonde situaties, de wer-
kelijke kankerstemness terug kunnen verkrijgen zodra ze weer gepositioneerd zijn binnen de invloed van de 
adenoma Paneth cell niche. Desalniettemin heeft het kankerstamcel concept ons geleerd dat het van essenti-
eel belang is om bij toekomstige anti-kankertherapieën de kankerstamcellen deel te laten uitmaken van de te 
vernietigen celpopulatie. 
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