
1

Defining and Mining the Intestinal Stem Cell Signature

Daniel E. Stange



2  

Cover: Mining the intestinal crypt. 

Layout: www.revorm.com

ISBN: 978-94-6182-175-1

Printing: Offpage, Amsterdam

The research described in this thesis was accomplished at the Hubrecht Institute of the 

Royal Netherlands Academy of Arts and Sciences (KNAW) in Utrecht, The Netherlands.

Financial support by the Hubrecht Institute and the J.E. Jurriaanse stichting for the publi-

cation of this thesis is gratefully acknowledged.

Copyright © by D.E. Stange. All rights reserved. No part of this book may be reproduced, 

stored in a retrieval system or transmitted in any form or by any means, without prior 

permission of the author.



3

Defining and Mining the Intestinal Stem Cell Signature

Bestimmung und Erforschung der intestinalen Stammzellsignatur

(mit einer Zusammenfassung in deutscher Sprache)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht

op gezag van de rector magnificus, prof. dr. G.J. van der Zwaan,

ingevolge het besluit van het college voor promoties in het openbaar te verdedigen op 

donderdag 18 oktober 2012 des middags te 4.15 uur

door

Daniel Eduard Stange

geboren op 24 januari 1980 te Ulm, Duitsland



4  

Promotor: Prof. dr. H.C. Clevers



5

Für Annika



6  



7

ContEntS

Introduction: The yin & yang of intestinal  

(cancer) stem cells and progenitors

Invited Review, in preparation

Outline of the thesis

The Lgr5 intestinal stem cell signature: robust 

expression of markers of quiescent ‘+4’ cells

EMBO J. 2012 Jun 12;31(14):3079-91.

Controlled gene expression in primary Lgr5 

organoid cultures

Nature Methods. 2011 Dec 4;9(1):81-3.

Lrig1 controls intestinal stem cell homeostasis by 

negative regulation of ErbB signaling

Nature Cell Biology. 2012 Mar 4;14(4):401-8.

Troy marks a quiescent stem cell located at the 

base of gastric corpus glands

Submitted

Summarizing discussion

Zusammenfassung 

Acknowledgements 

Curriculum vitae 

List of publications

9

28

31

63

77

97

113

121 

130 

133 

134

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Addendum



8  



9

Chapter 1

the yin & yang of intestinal  
(cancer) stem cells and progenitors

Daniel E. Stange and Hans Clevers

Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences and University Medical Center Utrecht, 

Uppsalalaan 8, 3584 CT, Utrecht, The Netherlands. 

Invited review, in preparation



10 — The yin & yang of intestinal (cancer) stem cells and progenitors 

IntroDuCtIon

The intestinal epithelium is among the fastest self renewing tissues 1. Constant damage 

inflicted on the gut by passing bowel content and the local microenvironment necessitates 

the nearly complete renewal of the epithelium every 4-5 days 2. The gut is subdivided 

anatomically into two parts, the small intestine and the colon. While the small intes-

tine’s main duty is the absorption of nutrients and production of anti-microbial proteins, 

the colon mainly absorbs water back into the body while producing large amounts of 

mucus. These two diverging functions are mirrored on the cellular level by a different 

anatomical set up. The small intestine’s surface has been maximized by an uncountable 

number of protrusions of the epithelium, called villi, as well as invaginations into the 

submucosa, called crypts. Specialized absorptive cells (enterocytes), as well as mucus 

secreting goblet and hormone secreting enteroendocrine cells are the main cell types of 

villi. The origin of these differentiated cell types can be found in the crypts. Stem cells 

at the base produce offspring which turn into rigorously proliferating transit-amplifying 

(TA) cells. While proliferating, TA cells move upwards and reach after 4-5 cell divisions 

the crypt-villus junction, from where on they fulfil their specific function as specialized 

cells 3. To compensate the continuous, conveyor-belt-like flow of cells along the crypt-

villus axis, cells at the villus tip undergo apoptosis and are shed into the gut lumen. Only 

one cell type, the Paneth cell, escapes the upward movement. Pushed downwards by the 

repulsive forces of ephrins on their receptors, Paneth cells settle at the very base of crypts 
4. This cell type specializes in providing niche signals to stem cells as well as in the produc-

tion of antimicrobial proteins, which keep the small intestine largely free of bacteria. 

Paneth cells have an average live span of 6-8 weeks, being the only cell type escaping 

the rapid self renewal 5. While having an overall similar set up, the colon differs from the 

small intestine by the absence of villi, resulting in a flat surface epithelium. While typical 

Paneth cells are missing in the colon, deep-crypt-secretory cells might represent their 

colonic counterpart, as they are similarly situated next to stem cells at the crypt bottom 6. 

Colonic TA cells in large part differentiate towards the goblet and absorbtive cell lineages. 
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1
IDEntIfICatIon of 
IntEStInal StEM CEllS

As proliferation in the intestine is restricted to the crypts, it has long been envisioned 

that stem cells reside at the bottom of these epithelial invaginations 7, 8. Two schools of 

thought have dominated the literature for decades: the ‘+4’ stem cell model, proposed 

by Potten and colleagues 9 and the stem cell zone model by Cheng and Leblond 10, 11. The 

‘+4’ cell was mainly put forward as a potential stem cell due to its specific characteristics: 

the ‘+4’ cell was reported to be unusually radiation sensitive, a property thought to be 

beneficial to stem cells as it clears damaged stem cells from the stem cell pool 12. The ‘+4’ 

cell was found to be dividing every 24h, while at the same time being label retaining by 

asymmetrically segregating its DNA 13, 14. It is important to stress that the ‘+4’ stem cell 

as defined by Potten is not quiescent. On the other hand, the stem cell zone model puts 

forward crypt base columnar cells (CBCs) as the intestinal stem cells, a cell type that is 

squeezed in-between Paneth cells. These slender cells fulfil several requirements believed 

to be linked to stem cells: they are small, undifferentiated and cycling cells with a high 

nucleus-to-cytoplasm ratio 1. In addition to morphological considerations, clonal marking 

by either radioactive phagosomes or chemical mutagenesis pinpointed CBC cells as the 

stem cells of the small intestine 15, 16.

Adult stem cells can be defined by just two characteristics: self-renewal or longevity, i.e. 

stem cells can renew themselves and persist livelong, and multipotency, i.e. all differ-

entiated cell types of a specific tissue originate from this stem cell 9. As quiescent and 

actively cycling stem cell pools coexist, even in the same tissue, defining stem cells based 

on cell cycle properties alone can be misleading 17. Also, the mere expression of a stem 

cell marker in a given tissue that had been identified in a differnet tissue is falling short, 

as a common signature of adult stem cells could not be defined up to today. In our view, 

definite proof of stemness can be achieved by two experimental approaches only: lineage 

tracing or transplantation of single cells 18, 19. 
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ExPErIMEntal aPProaCHES to 
aSSESS StEMnESS
lineage tracing

Lineage tracing allows for fate mapping of stem cell progeny in-vivo. Importantly, this 

technique does not impact on the normal physiological behaviour of the tissue under 

investigation. Originally introduced by Cotsarelis and colleagues 20, the technique relies 

on the identification of a marker gene for a specific stem cell pool. A hormone-inducible 

version of the Cre enzyme is then expressed from the marker gene’s promoter. The Cre 

enzyme can excise DNA fragments that are flanked by a specific DNA sequence named 

LoxP sites. While in the inactive state, the inducible version of the Cre enzyme resides 

in the cytoplasm, but shuttles to the nucleus upon activation. When crossed with a Cre-

reporter line, e.g. the R26R-LacZ mouse 21 or the multi-colour R26R-confetti mouse 22, 

nuclear Cre can excise the LoxP flanked transcriptional roadblock in front of the reporter, 

leading to expression of the reporter and irreversible marking of Cre expressing cells. 

Upon cell division, the roadblock deleted DNA is carried over to the daughter cells, leading 

to reporter expression also in all offspring. A refinement of this technique has been intro-

duced by expressing both the Cre enzyme as well as a fluorescent protein from the same 

promotor using a bi-cistronic message 23. Just like the Cre enzyme the fluorescent maker 

is only expressed in the cell originally labeled by the maker gene. This allows to perform 

lineage tracing, while at the same time visualizing the cell of origin of the trace. 

transplantation

Transplantation is the historical gold standard of assessing stemness. If performed with 

a single cell, it can reveal self-renewal as well as multipotency capacity 24-27. Prerequisite 

of the method is the possibility to isolate single stem cells. In addition, a suitable assay 

system needs to be established, e.g. irradiation for haematopoietic or muscle stem cells 

or the “cleared fat pad” method for mammary gland stem cells. One has to bear in mind 

that these assay systems in many cases substantially alter the receiving tissue and the 

transplanted cell gets situated in a different microenvironment. A transplanted cell often 

elicits a wider contribution towards the different lineages of its origin when compared to 

its behaviour in normal homeostasis. Good examples for this are different skin stem cell 
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1populations, each normally contributing to only a part of the hair follicle, but after trans-

plantation generating all components 20, 28-30. The “actual” stemness behavior in normal 

homeostasis therefore has to be distinguished from the stemness potential 18, 31. Trans-

forming thymic epithelial cells into hair follicle stem cells upon transplantation intrigu-

ingly has shown this difference 32. Transplantation assays therefore can complement 

lineage tracing to document both the actual and potential stemness potential.

IDEntIfICatIon of 
IntEStInal StEM CEllS

As discussed, the prerequisite to prove stemness of a certain cell is the identification of 

a specific marker. In the case of the CBC cell, this has been accomplished step by step. 

At the basis lies the insight, that the Wnt pathway is the major driving forth of prolif-

eration and tissue maintenance in the intestinal crypt. Removal of Tcf4 (Tcf7l2), one of 

the downstream effectors of the Wnt pathway, leads to an abrogation of proliferation 

and depletes the intestinal stem cell compartment 33. Subsequent studies have identified 

the core transcriptional Wnt pathway program in the intestine 34, 35. Genes within this 

pathway can be grouped by their expression pattern within the intestinal crypt: genes 

that are expressed throughout the proliferative compartment including the TA compart-

ment, genes expressed in Paneth cells, and a small group of genes with a restricted non-

Paneth cell expression at the bottom of the crypt. Members of the latter group are Ascl2 

and Lgr5. To confirm the expression and to generate a tool to perform in vivo lineage 

tracing, a Lgr5-EGFP-ires-CreERT2 (Lgr5-ki) mouse was established 23. EGFP expression 

in this mouse model was confined to CBC cells, faithfully recapitulating the endogenous 

expression pattern. Upon induction of Cre activity in a cross with R26R-LacZ mice, single 

blue CBC cells could be detected. These cells over time produced offspring which formed 

ribbons alongside the crypt-villus axis, including all differentiated cell types of the intes-

tine. Tracings persisted over the lifetime of mice. CBC cells of the intestine therefore fulfil 

the above discussed requirements for stem cells: multipotency and longevity. 

The first lineage tracing from the ‘+4’ cell position was reported using Bmi1 as a Cre 

driver 36. Bmi1 is a member of a polycomp transcriptional repressor complex, found to 

be involved in self-renewal of neuronal and hematopoietic stem cells 37, 38. Bmi1 driven 



14 — The yin & yang of intestinal (cancer) stem cells and progenitors 

lineage tracing resulted in the labeling of complete crypts in some cases already after 

one week, tracing persisted for at least 12 month and all differentiated cell types were 

contained within the Bmi1 progeny, thus proving that Bmi1 is expressed in pluripo-

tent and self-renewing stem cells. By mRNA in-situ expression Bmi1 was found to be 

expressed only at the bottom of crypts, mostly above Paneth cells, but occasionally 

also in-between. When the first marked cells were analysed, 95% (86/91) were located 

approximately at position +4/+5, the rest was intermingled among Paneth cells. A follow 

up study found the first Bmi1 marked cells approximately at the +4 position, ranging from 

+1 to +6 39. Tian et al. described an even wider distribution of the first Bmi1 cells ranging 

from +1 to +15 40. This group also for the first time analysed not only the overlap in cell 

positions between Lgr5 and Bmi1, but also demonstrated that approximately 50% of the 

cells between position +1 to+ 5 actually co-express both markers. A similar observation 

was found on the mRNA level, when single molecule mRNA in situ hybridizations was 

performed for Bmi1 and Lgr5 41. In addition, sorted Lgr5+ cells consistently express Bmi1 

mRNA 42-44 and Bmi1 protein expression was detected throughout the crypt 45, 46. Finally, 

in a repeat of the original experiment, lineage tracing was found not to initiate specifically 

at the +4 position, but in a wide range throughout the crypt including the CBC stem cells 

and occasionally also on villi, Paneth cells and the TA cell compartment 45. Lineage tracing 

from the Bmi1 locus therefore reports a mixture of tracing events from Lgr5 positive CBC 

stem cells, TA cells, but also differentiated cells such as goblet and Paneth cells, which 

might be mistaken as quiescent stem cells. 

Three additional markers have been proposed to mark a Lgr5 independent (quiescent) 

stem cell population based on lineage tracing experiments. Expression of telomerase 

reverse transcriptase (Tert) has been reported to occur in a rare cell population (1 cell in 

157 crypts) 47. Of these, 17% retain BrdU after irradiation and an eight day chase and are 

classified by the authors to be long term label retaining cells (LTR). In a follow up paper, 

Tert positive cells were found predominantly at cell position +5/+6, but were also present 

in the Lgr5 stem cell compartment at positions +1-4 (20%) and the TA cell compartment 

at positions +7-10 (40%) 44. None out of 25 Tert positive cells showed evidence for apop-

totic induction after a 10 Gy irradiation and these cells were thus described as radiation 

resistant, which makes this cell population distinct from the radiation sensitive, yet label 

retaining +4 cell as defined by Potten. Of note, 18% of the Tert positive cells co-express 

Dcamkl1 (Dclk1), a marker of differentiated Tuft cells 48. Co-expression analyses with 

other markers of differentiated crypt cells. e.g. goblet or Paneth cell markers, has not 
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1been reported. These marker analyses together with expression array studies on sorted 

Tert positive cells should better resolve their identity in the future. Nevertheless, the 

Tert transgenic reporter mouse seems to mark only a subset of Tert positive cells, as Tert 

mRNA expression was found consistently in every cell throughout the whole crypt 41, 45. 

This was confirmed by the analysis of telomerase activity, which was found at significant 

levels in Lgr5 progeny, while being highest in Lgr5 stem cells 49. The endogenous level of 

Tert is therefore either not reported faithfully by the transgenic mouse, or very rare high 

Tert expressers exist (<1% of crypts posses one) that are missed by the FACS or FISH 

approaches cited here. The significance of such a rare quiescent stem cell every 150 crypts 

remains to be determined. 

Hopx is an atypical homeodomain-containing protein, which is based on whole mount 

LacZ stainings strongly expressed in intestinal crypts. When lineage tracing was 

performed driven by Hopx, the first induced cells (18h after induction) were located 

between cell position +2 and +7 at the crypt bottom 46, while Lgr5 positive cells were 

found between cell position +0 to +4. Whole crypt bottom labeling was achieved in 80% 

of crypts after two month in Lgr5 and in three month in Hopx driven lineage tracing. 

The authors conclude from this data that Hopx positive cells are a slow cycling stem cell 

population distinct from Lgr5 stem cells. Expression analyses of sorted Lgr5 stem cells 

have nevertheless resulted in the robust detection of Hopx mRNA and protein, indicating 

at least a partial overlap 45. This was complemented by single molecule in situ hybridiza-

tion and immunohistochemistry, both demonstrating a broad expression domain of Hopx 

including the CBC stem cell zone. Hopx therefore seems to overlap in large part with Lgr5 

stem cells and lineage tracing from this locus therefore reports to an unknown extend 

tracing events from Lgr5 positive cells. Interestingly, Hopx lineage tracing results in 50% 

of the cases in labeling of single Paneth cells after a two month trace. The single Paneth 

cell containing crypts disappear mostly after 8 weeks of tracing 46, fitting well with the 

average lifespan of Paneth cells of 6-8 weeks 5. This finding indicates that Hopx marks, 

amongst other cells, progenitors of Paneth cells. 

The pan-ErbB inhibitor Lrig1 is the fourth gene proposed to mark a Lgr5 independent stem 

cell population in the intestine 50. Lrig1 driven lineage tracing was initiated throughout 

the crypt (cell position 0-14) in the small intestine with a peak around cell position +3 

to +5. In the colon, tracing also initiated throughout the crypt (cell position 0-20) with 

the highest frequency in the lower third. After 90 days, the number of tracing units was 
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reduced to 1/3 both in small intestine and colon. As tracings in the Lrig1 reporter are 

initiated also in the transit amplifying (TA) domain, this is most likely due to labeling of 

committed progenitors, which give rise to only a limited number of progeny and are then 

washed out of the crypt. Direct comparison of Lgr5 and Lrig1 lineage tracing results in an 

enormous difference in the rate of long term labeled crypt-villus units in favour of Lrig1, 

indicating that Lrig1 very efficiently labels most stem cells per crypt, which are then not 

out-competed by non-labeled stem cells 22. Using a newly generated antibody, a complete 

overlap by cell position was found for Lrig1 protein expression and Lgr5-EGFP+ cells in 

the colon of Lgr5-ki mice. Surprisingly, co-localization rarely occurred in the same cell and 

the antibody showed varied expression between crypts. In an independent study using 

a commercially available and previously validated antibody 28, a completely different 

staining pattern could be observed 51. Lrig1 staining was observed consistently in every 

crypt, and a gradient of expression was observed throughout the crypt with highest 

expression at the bottom both in small intestine as well as in colon. The same pattern of 

expression was found on the RNA level by in situ hybridizations. Stainings on Lgr5-ki 

mice revealed an overlapping expression domain. This was confirmed by flow cytometry, 

which revealed that every Lgr5 cell was also positive for Lrig1. In addition, protein and 

mRNA levels of Lrig1 were found to be highest in the Lgr5 stem cell population 45. The 

initial study by Powell et al also included an expression profile of Lrig1 and Lgr5 cells, 

which curiously resulted in higher Lrig1 levels in Lgr5+/Lrig1- cells compared to the Lrig1+ 

cells (3-fold). This fits very well to the observation of the other cited studies, that Lgr5 

cells express the highest level of Lrig1. Thus, analyses on the mRNA and protein level 

together with the high efficiency of Lrig1 initiated lineage tracing therefore indicate that 

all Lgr5 positive cells are Lrig1 positive.

Taken together, compelling data exists that all proposed markers of quiescent ‘+4’ intes-

tinal stem cells are robustly expressed by Lgr5 stem cells 45. Lineage tracing using these 

markers will inevitably also report tracing from Lgr5 stem cells, which due to their high 

proliferation rate will obscure any tracing from a potential quiescent stem cell population. 

Any overlap between two cell populations also precludes studies on their interconversion. 
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1
PrIMary IntEStInal CulturES froM 
IntEStInal StEM CEllS

The establishment of and in vitro culture for intestine has been pursued for a long time. 

The main issue has been the survival of the cultures, with most not being sustainable 

for more then a few days 52. In vitro cultures would offer many advantages over in vivo 

models, including ease of experimental manipulation or long term live imaging. Two inde-

pendent approaches have recently overcome this obstacle: both systems rely on a 3D 

forming collagen/laminin rich gel, but one includes a mesenchymal niche, while the other 

is purely epithelial. The first was established by Ootani et al. using intestinal tissue frag-

ments to establish a 3D culture system within a collagen gel with an air-liquid interface 
53. Intestine from neonatal mice could be cultured as spheres including crypt- and villus-

like structures for prolonged time periods, all of them for 30 days while some survived 

>350 days. Multi-lineage differentiation from a proliferating compartment including 

Lgr5 stem cells could be maintained. The cultures were propagated without the addition 

of growth factors to the culture medium, indicating that the co-cultured mesenchymal 

niche provides all necessary factors. This fact was substantiated by the fact that long 

term cultures were only viable when associated with a robust underlying stroma. For 

the growth of intestine from adult mice the underlying mesenchyme seemed to produce 

insufficient amounts of Wnt pathway activators. With the addition of Rspondin, a known 

potentiator of Wnt signals, adult cultures could be maintained up to 28d, while their 

growth was otherwise restricted to 7-10 days. Taken together, this culture method reca-

pitulates the complex nature of epithelial-mesenchymal interaction in the intestine and 

allows for the multi lineage growth of intestinal epithelium. As cultures regularly survive 

up to 30 days, in vitro manipulation of the system is possible and can recapitulate accu-

rately the in vivo situation, as demonstrated by Ootani et al. by the interference with the 

Notch and Wnt pathway. A welcome addition to the system in the future would be the 

possibility to split and expand the cultures. 

The second system was established by Sato et al. using isolated intestinal crypts grown 

in a 3D laminin rich gel 54. No mesenchyme is included, while Egf to stimulate the Egfr 

pathway, Noggin to block Bmp signalling and Rspondin1 to enhance Wnt activity are 

essential components of the culture medium. Under these conditions, isolated single 
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crypts quickly form cystic structures, which form crypt-like protrusions within a few 

days. The crypt domains contain Lgr5 positive stem cells interspersed in between Paneth 

cells as well as rapidly proliferating TA cells, which produce offspring that move into the 

cystic body of the organoid. All differentiated cell types of the intestine can be found in 

this villus domain. Apoptotic cells are shed into the central lumen, which corresponds to 

the lumen of the gut. Of note, organoids can be established from single Lrg5 positive cells, 

while the culture efficiency of Lgr5 negative cells is negligible. The organoids continu-

ously and indefinitely expand and need to be split regularly, which in effect yields an 

ever-expanding culture that produces enough cells to enable regenerative approaches. 

In fact, similarly grown colonic organoids have been successfully transplanted back into 

damaged colon of mice 55. Engrafted cells fully integrated into the epithelium, while no 

signs of metaplastic change became obvious. Further optimization of the culture condi-

tions allows the growth of human intestinal organoids, opening up new areas of research 

on human intestinal diseases 56, 57. Several conclusions can be drawn from this mesen-

chyme free culture system: first, a mesenchymal niche seems to be dispensable to estab-

lish a well orientated crypt-villus axis, with stem cells and Paneth cells located at the 

bottom fueling the TA compartment and subsequently the villus domain. Secondly, the 

cells surrounding the crypts in vivo seem to provide essential factors to the epithelium, 

as these factors have to be provided to the purely epithelial cultures in the form of Egf, 

Noggin and Rspondin in vitro. 

tHE IntEStInal StEM CEll nICHE

One could suspect that providing these essential niche factors ubiquitously in the culture 

medium would lead to a more or less pure stem cell culture, as all the cells are in contact 

with these factors. As demonstrated by Sato et al., the structural organization of the crypts 

is nevertheless set up by the epithelial cells themselves. What are these intrinsic factors 

that allow for this self-organization without any help from the surrounding? Following 

growing organoids from Lgr5-ki by live microscopy, it was noted that whenever a new 

bud was formed from the cystic main body, a Lgr5-GFP positive stem cell was located at 

the tip of the bud 58. Interestingly, this stem cell was always associated with a Paneth cell 

next to it. Upon further growth, with every stem cell also a Paneth cell was generated. 

The nearly geometrical distribution of the two cell types can also be observed in vivo, 
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1where stem cells and Paneth cells try to maximize their heterotypic contact area. Close 

to 90% of the cell membrane area at the bottom of crypts is occupied by direct contact 

of Paneth and stem cells. Plating either single sorted stem cells alone or a mixture of 

stem and Paneth cells demonstrated that stem cells indeed need this intimate contact. By 

plating the mixture, the organoid forming capability increased ten fold from 7% to 78%. 

Transcriptional profiling of Paneth cells revealed that they express Wnt signals (Wnt3, 

Wnt11), Egf and Notch signals (Dll1 and Dll4). Paneth cells therefore provide these essen-

tial signals to stem cells. If WNT3A is ubiquitously available by adding it to the culture 

medium, organoids turn into round cyst of undifferentiated cells. Thus, the local Wnt 

source, further amplified by Rspondin, is responsible for the development of a correct 

crypt axis. 

The dependence of Lgr5 stem cells on Paneth cells could also be observed in three different 

models of (transient) Paneth cell reduction. Two models, Gfi1-/- and CR2-tox176 mice 

(which express diphtheria toxin A under the Paneth cell specific cryptdin 2 promotor) 

show a large reduction of Paneth cell numbers 59, 60. Nevertheless, 90% of crypts contain 

at least one Paneth cell. Stem cells are also reduced, but are explicitly present wherever 

Paneth cells can be found. In the third model, Sox9 was conditionally deleted in adult 

mice in all intestinal cells except Paneth cells using Ah-cre mice 61. Already generated 

Paneth cells therefore were unaffected. As Sox9 is essential for Paneth cell development 
62, 63 and Paneth cells have a half live of about 8 weeks 5, a successive loss of Paneth cell 

numbers was observed, which cumulated in a virtually complete absence at 7-8 weeks. 

Concomitantly, stem cells also disappeared. A few crypts escaping the Sox9 deletion and 

containing normal numbers of Paneth and stem cells were able to rapidly repopulate the 

intestine via crypt-fission. Of note, these three models do not show a complete loss of 

Paneth cells. If all Paneth cells are deleted abruptly via deletion of Atoh1, a basic helix–

loop–helix transcription factor important for determining the secretory cell fate in the 

intestine, stem cells survive and show no major phenotype 64, 65. The loss of Paneth cells 

eliminates Notch signalling to stem cells, as Notch signalling requires membrane bound 

ligand-receptor interactions between neighbouring cells. If Notch signalling is blocked 

by the gamma-secretase inhibitor dibenzazepine (DBZ), all intestinal stem cells are lost 

and converted to secretory cells 66. Similarly, simultaneous deletion of the Notch-receptor 

ligands Dll1 and Dll4 results in stem cell loss 67. Deletion of Atoh1 and then blocking 

Notch signalling via DBZ nevertheless protects intestinal stem cells from death. As Atoh1 

deletion in the discussed studies 64, 65 was accomplished via a Villin-driven Cre enzyme, 
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which results in the deletion of the gene in all epithelial gut cells, including the Lgr5 stem 

cell, a similar protection of stem cells might occur in this model. Constructing a model 

in which Paneth cells are completely missing without affecting stem cells might solve 

this question in the future. Paneth cells also produce Egf as well as Wnts. An additional 

source for these factors, possibly the crypt surrounding mesenchyme, might substitute 

this Paneth cell function. Indeed, Atoh1 deleted crypts can not survive in vitro in mesen-

chyme free organoid cultures, unless Wnt and Egf are added to the culture medium 65. 

tHE PlaStICIty of IntEStInal StEM 
CEllS anD ProgEnItorS

How is the stem cell zone kept in homeostasis? Two recent studies have shed light on 

this topic 22, 68. Both studies used lineage tracing to show that intestinal stem cells divide 

symmetrically and that the fate of the two equipotent daughter cells is entirely niche 

dependent. Both daughter cells can find a place in the restricted stem cell niche, under 

normal conditions defined by contact to Paneth cells, leading to the generation of two 

new stem cells. If space restriction does not allow both cells to stay in the niche, one 

or both lose contact to the zone, migrate upwards and become early progenitors of the 

different gut lineages. This model of “neutral competition” between stem cells implies 

that the stem cell population and not individual stem cells keep the homeostasis over 

time. What happens if this homeostasis is perturbed, e.g. in the case of stem cell loss? 

In an elegant study Tian et al. killed Lgr5 stem cells by injecting diphteria toxin to a 

mouse expressing the diphteria toxin receptor from the Lgr5 locus 40. In this mouse, Lgr5 

stem cells could be depleted for only ten days, nevertheless, within this time frame the 

intestinal architecture stayed intact. As the upward migration of cells still continued, 

this experiment clearly indicated that the small intestine continued to renew. Lgr5 cells 

quickly reappear within 48h after cessation of toxin injection. Using lineage tracing from 

the Bmi1 locus, the authors could show that reappearing Lgr5 stem cells derive from 

Bmi1 positive cells. As discussed above, compelling data exists that Bmi1 is expressed 

throughout the crypt 45. Which cells can therefore regenerate these new Lgr5 stem cells? 

Recently, Dll1 was shown to be expressed highest in early progenitors of Lgr5 stem cells 
69. These cells appear around cell position +5, the first cell position from the bottom of the 

crypt that has no contact with Paneth cells. Using lineage tracing from this more defined 
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1cell population after depleting Lgr5 stem cells by irradiation, it could be shown that the 

Dll1 positive progenitor cells revert to Lgr5 positive stem cells. We propose that probably 

all progenitors that come into contact with Paneth cells for whatever reason, will inevi-

tably become Lgr5 positive stem cells. In this model, intestinal stem cells and progenitors 

behave like yin and yang. They are inseparably interconnected, complementary and form 

a dynamic system around the Paneth cell.

StEM CEllS anD tHEIr nICHE In 
IntEStInal tuMourS

Research in cancer stem cells has revived in recent years 70. The “gold standard” to test if 

certain tumour cells posses cancer stem cell properties is xenotransplantation of subpopu-

lations of tumour cells into immune-compromised mice 71. These assays have the inherent 

problem that human cancer cells are transplanted into hosts without immune defence and 

mostly into heterotopic sides. The transplanted cells thus end up in a completely different 

environment. Three recent papers have circumvented these problems by following the 

fate of individual cancer cells, two of them by genetic lineage tracing 72-74. Earlier, it 

could be shown that Lgr5 positive stem cells are very efficient in generating intestinal 

adenomas, while non-stem cells were not 75. Additionally, Cd133 (Prom1) positive cells 

also very efficiently transformed into tumours 76. As discussed above, Cd133 is expressed 

in a gradient throughout the crypt, but has its highest expression (and thus highest Cre 

activity in transgenic mice) in Lgr5 CBC stem cells. Thus, it could be established that the 

intestinal stem cell is the cell of origin of intestinal adenomas. Interestingly, both Lgr5 

and Cd133 are not expressed in all adenoma cells, but only in a small fraction (7% for 

both Cd133 and Lgr5). This prompted further research in the hierarchy of adenoma cells 

as this rare Lgr5/Cd133 positive cell population could again function as a stem cell popu-

lation, but this time in tumours. Taking advantage of a recently generated Cre multico-

lour reporter line (R26R-confetti)22, which has the unique ability to be double inducible, 

this could indeed  be established. When tracing in this line is initiated the induced cell 

and all progeny are labelled with one of four possible colours. A second tamoxifen pulse 

can change this colour into a different one, making it possible to re-trace an already 

traced clone. If adenomas are now initiated in Lgr5 stem cells by deletion of the Apc 

tumor-suppressor gene in Lgr5-ki/Apcfl/fl/R26R-confetti compound mice, the resulting 
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adenomas are expressing one colour. Included in this coloured clone are Lgr5 positive 

adenoma cells. Induction of re-tracing in Lgr5 adenoma cells resulted in growing clones 

with a new colour within the initially traced adenoma. Within these re-traced clones 

differentiated cells such as transit-amplifying cells and Paneth cell-like cells could be 

detected. This experiment established that Lgr5 adenoma cells are again behaving as stem 

cells within the adenoma. 

Two interesting points remain to be established: firstly, that Lgr5 negative cells can not 

re-trace. At least in-vitro, Lgr5 positive cells have a substantially higher capability to 

grow and form colonies then Lgr5 negative cells 56, 74. Secondly, adenomas are only the 

first step in the development of colorectal cancer 77. It needs to be established whether 

the same hierarchy exists in fully developed colorectal cancers, ideally by the methods 

applied by the studies cited here. Nevertheless, analyses of single cells isolated from 

human colorectal cancers established that a subset of cells within a certain tumour 

expressed a signature similar to the Lgr5 stem cells signature 78. Interestingly, other cells 

within the same tumour could be detected that express a signature similar to each of the 

differentiated cell types present in the normal colon. This is in agreement with a second 

study that found two complementary expression domains within colorectal cancers: one 

expressing markers of intestinal stem cells, and another one expressing markers of differ-

entiated cells 79. This heterogeneity within the tumour can be generated from a single 

sorted colorectal cancer cell, indicating that the heterogeneity within a certain tumour 

originates from the differentiation of a cancer stem cell and not from the existence of 

multiple divergent clones 80. Cancer cells positive for intestinal stem cell markers also had 

the highest tumour-initiating potential in xenograft transplantation assays 79, 81. Thus, 

also not genetically tested yet, these studies suggest a hierarchy within colorectal cancers 

consisting of cancer stem cells and more differentiated progeny. What induced this hier-

archy within the cancer? It has been shown that myofibroblasts can restore high Wnt 

activity and thus a stem cell phenotype in more differentiated colorectal cancer cells 81. 

Similar to the situation in the normal crypt, the stem cell niche in tumours seems to be 

not only comprised by surrounding mesenchymal cells, but also by a subset of tumour 

cells. Lineage tracing within adenomas has unveiled the presence of Paneth cell-like cells 

next to Lgr5 positive adenoma cells 74. These Paneth-cell like cells can indeed act as niche 

cells. Deletion of the E3 ubiquitin ligases of frizzled receptors renders stem cells hyper-

sensitive to Wnt signals, resulting in an expansion of the stem cell compartment and 

ultimately leading to adenoma formation 82. Adenomas induced in this way consist mainly 

of stem cells and Paneth cells. Inhibiting the secretion of Wnt by these Paneth cell-like 
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1cells in vitro resulted in the rapid death of adenoma cells. Thus, growth of these adenomas 

depends on the paracrine secretion of Wnts by adenoma Paneth cells. Although Apc 

mutant adenomas are independent of an exogenous source of Wnts, the close proximity 

of Lgr5 adenoma stem cells to Paneth cell-like cells is pointing to an important role of 

these cells also for Apc mutant adenomas and potentially carcinoma growth. This notion, 

that cancer stem cells depend on niche cells, has important consequences for new cancer 

treatment strategies. If the cancer stem cell phenotype is not inherent, but similar to the 

normal crypt stem cells imposed, treatments targeting the cancer stem cell are condemned 

to fail. Rather, targets on niche cells could be the new “holy grail”. 
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outlInE of tHE tHESIS

The work in this thesis adds to our knowledge of intestinal stem cell physiology. After 

identification of Lgr5 as a specific marker for intestinal stem cells by Barker et al, we now 

set out to characterize them in depth (Chapter 2). Taking advantage of the possibility to 

sort pure fractions of Lgr5+ stem cells based on EGFP expression from the Lgr5-ki mouse 

model, we performed both transcriptional profiling as well as quantitative proteomics to 

achieve a comprehensive overview over both the mRNA and the protein content of Lgr5+ 

stem cells. A signature comprising 510 genes and proteins could be established: The intes-

tinal stem cell signature was defined. 

Among the 510 genes and proteins defining the intestinal stem cell signature were a 

multitude of interesting candidates for further functional tests. Three genes, Lrig1, Troy 

and Cdca7, were chosen to be interesting enough to directly generate mouse models to 

explore their biological relevance. For all the other genes, a functional screening system 

needed to be established that recapitulated faithfully the in vivo situation while at the 

same time being easy to manipulate. The basis for this system was laid earlier by the 

development of the intestinal organoid culture system by Sato et al. Building on this, 

we established a retrovirus mediated approach that allowed us to conditionally manipu-

late the expression of any gene of interest in the organoid culture systems (Chapter 3). 

Large scale mining of the intestinal stem cell signature for further candidates became now 

possible. 

In the meanwhile, the mouse models were becoming ready for analysis. The first involved 

Lrig1, a negative feedback inhibitor of EGFR signaling. The EGFR signaling pathway is 

one of the most important pathways for the proliferative capacity of the intestine. Never-

theless, deregulation of this pathway is one of the most frequently found alterations in 

colorectal cancer. It therefore needs be tightly regulated. Using a Lrig1 knock-out mouse 

model (Chapter 4), we could indeed demonstrate that Lrig1 is essential in regulating EGFR 

signaling in intestinal stem cells, thereby balancing the need for tissue regeneration and 

suppression of malignant hyper-proliferation. 
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1The second mouse model concerned the gene Troy, a Tnf receptor family member. Troy 

came to our attention due to its very specific expression in some Lgr5 stem cell popu-

lations and its complete absence in others. We reasoned that Troy might mark in part 

overlapping, but also Lgr5 independent stem cell populations. To explore this possibility, 

a Troy-EGFR-ires-CreERT2 knock-in mouse was generated, that allows for the detection 

and isolation of Troy expressing cell populations and at the same time for lineage tracing 

when crossed with a Cre reporter line (Chapter 5). Indeed, lineage tracing experiments 

revealed that Troy marks in part overlapping stem cell populations with Lgr5, e.g. in the 

small intestine. Besides this, lineage tracing was detected in brain, lung, liver, prostate 

and the corpus region of the stomach. We first focused on the latter, and surprisingly 

found that Troy+ cells are a sub-population of chief cells, one of the terminally differ-

entiated cell types in the stomach. Nevertheless, we could show that Troy+ cells are able 

to contribute to the normal homeostasis of the stomach by infrequently proliferating. 

Lineage tracing from the Troy locus resulted in the labeling of all differentiated cell types 

of the gastric corpus. Upon tissue damage, these cells can be activated. Troy+ chief cells 

therefore represent a quiescent pool of cells with multi-lineage stem cell potential both in 

homeostasis as well as in challenged situations.
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aBStraCt

Two types of stem cells are currently defined in small intestinal crypts: cycling Crypt Base 

Columnar (CBC) cells and quiescent ‘+4’ cells. Here, we combine transcriptomics with 

proteomics to define a definitive molecular signature for Lgr5+ CBC cells. Transcriptional 

profiling of FACS-sorted Lgr5+ stem cells and their daughters using two microarray plat-

forms revealed an mRNA stem cell signature of 384 unique genes. Quantitative mass spec-

trometry on the same cell populations identified 278 proteins enriched in intestinal stem 

cells. The mRNA and protein datasets showed a high level of correlation and a combined 

signature of 510 stem cell-enriched genes was defined. Spatial expression patterns were 

further characterized by mRNA in-situ hybridization, revealing that approximately half 

of the genes were expressed in a gradient with highest levels at the crypt bottom, while 

the other half was expressed uniquely in Lgr5+ stem cells. Lineage tracing using a newly 

established knock-in mouse for one of the signature genes, Smoc2, confirmed its stem cell 

specificity. Using this resource, we find –and confirm by independent approaches- that 

the proposed quiescent/‘+4’ stem cell markers Bmi1, Tert, Hopx and Lrig1 are robustly 

expressed in CBC cells. 

IntroDuCtIon 

The epithelium of the small intestine represents a prototypic example of a mammalian 

stem cell-driven self-renewing tissue. The epithelium consists of luminal protrusions 

called villi, and pit-like recessions called crypts. A small number of stem cells reside at 

crypt bottoms. Daughter cells exit the stem cell compartment into the transit amplifying 

(TA) compartment. TA cells go through 4-5 divisions of unusually short duration, i.e. 

12 hours1. During this process, the TA cells move towards the crypt-villus junction and 

differentiate into enterocytes, goblet cells and enteroendocrine cells. These differentiated 

cells continue to move upwards towards the tip of the villus. Upon reaching the villus tip 

after 2-3 more days, the differentiated cells undergo apoptosis and are shed into the gut 

lumen. A fourth cell type, the Paneth cell, also derives from the stem cells, but migrates 

towards the crypt bottom where it resides for 6-8 weeks2.
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Supplementary figure S1. Experimental design. 

A) Lgr5-GFPhigh (stem cells) and Lgr5-GFPlow cells (daughter cells) were FACS sorted from small intestine of Lgr5-

EGFP-ires-CreERT2 mice. B) Two independent platforms, i.e. Affymetrix and Agilent, were used for gene expression 

profiling of the two cell populations C) Using the same cell populations, peptides were differentially labeled, pre-

fractionated by using strong cation exchange (SCX) and analyzed by LC-MS/MS. A second biological replica was 

performed where labels were swapped. D) By combining both approaches, a comprehensive list of genes specifically 

enriched in the stem cells was obtained. Spatial expression of candidates found by all three methods was examined 

by RNA in situ hybridization. For one gene found to be specifically expressed in stem cells, Smoc2, a knock-in mouse 

for lineage tracing was generated. 
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Recently, we have described that small cycling cells located between the Paneth cells, 

previously termed crypt base columnar cells3, specifically express the Lgr5 gene4. By 

lineage tracing, we demonstrated that these Lgr5+ cells generate all cell lineages of the 

small intestinal epithelium over the lifetime of the animal. Similar data were published 

utilizing a Prom1/Cd133-based lineage tracing strategy5. Deletion of adenomatous polyp-

osis coli (Apc), the first hit in colorectal cancer initiation, leads to adenoma formation 

specifically in Lgr5+ stem cells and thus these cells can be regarded as the cell-of-origin 

for intestinal cancer6. As further proof of their stem cell identity, we demonstrated that 

single Lgr5+ cells can be cultured into ever-growing epithelial organoids which possess 

all characteristics of the epithelial tissue in the living animal7. In the colon, hair follicle 

and stomach, Lgr5 also marks stem cells4,8,9. Clonal Lgr5 derived colon organoids can be 

grafted into recipient mice to yield functionally normal epithelium that persists for >6 

months10. The related Lgr6 gene is expressed by a population of multipotent skin stem 

cells11.

Potten and colleagues have previously postulated that a cycling, yet DNA label-retaining 

cell residing at position +4 relative to the crypt bottom represents a stem cell popula-

tion12. Sangiorgi et al. have employed lineage tracing based on Bmi1 expression, which 

reportedly occurred specifically in +4 cells13. Long-term lineage tracing was observed with 

kinetics that were similar to the kinetics obtained in the Lgr5-based tracing experiments. 

Contrasting with the previous report, we observed that Lgr5+ cells express the highest 

levels of Bmi1 as determined by cell sorting and qPCR analysis14. Furthermore, single 

molecule mRNA in situ hybridization revealed that the Bmi1 transcripts are expressed 

throughout the entire crypt15. This broad expression pattern of Bmi1 was also observed 

in a recent publication analyzing in detail the starting position of lineage tracing from the 

Bmi1 locus16. Three other markers are proposed more recently for the quiescent/‘+4’ cell, 

Hopx17, Tert13,17,18 and Lrig119. In an independent study, Lrig1 was found to be expressed 

highest in CBC cells20. Together, these studies suggest that Lgr5+ cells appear to be the 

‘workhorse stem cells’ fueling the daily self-renewal of the small intestine, while a 

pool of quiescent “reserve” Lgr5 negative (Lgr5-) stem cells may exist above the crypt 

base21. However, based on the discrepant studies on marker gene expression, it appears 

of paramount importance to obtain detailed molecular signatures for the two stem cell 

types before definitive conclusions can be drawn. The availability of a knock-in mouse 

expressing GFP from the Lgr5 locus allows the isolation of CBC stem cells from the intes-

tine4, providing a unique entry to understand “stemness”22 and the in vivo differentiation 
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process of this tissue23. Therefore, we have characterized transcriptomic and proteomic 

differences between Lgr5+ stem cells and their daughter cells enabling us to define a 

definitive Lgr5 intestinal stem cell signature. 

rESultS

transcriptomic profile of lgr5+ stem cells

Transcriptional differences between intestinal stem cells and their daughter cells can be 

explored by use of the Lgr5-EGFP-ires-CreERT2 knock-in (Lgr5-ki) mouse (Supplemen-

tary Figure S1A)4. In this mouse model, GFP expression is driven from the Lgr5 locus, 

leading to highest GFP levels in Lgr5+ cells (GFPhigh). Yet, due to the stability of the GFP 

protein, it is distributed upon cell division to the daughter cells, which form a clearly distin-

guishable daughter cell population (GFPlow). Previously, we performed a gene expression 

analysis of intestinal Lgr5+ stem cells, which led to the identification of the transcription 

factor Ascl2 as a regulator of intestinal stem cell fate 14. Since then, we have systematically 

optimized the workflow for Lgr5+ cell sorting, resulting in a better separation of different 

GFP cell fractions and shorter isolation time, minimizing sample manipulation and, ulti-

mately, leading to better RNA quality for transcriptional profiling. Here, two independent 

microarray platforms (Affymetrix and Agilent) were used to compare intestinal stem cells 

and their daughters (Supplementary Figure S1B). These two expression array platforms 

were chosen for their distinct configurations (two colors vs. one color) and their ability 

to complement each other 24. A comparison to our previously published Agilent data set 

revealed that the average intensity of established stem cell genes (e.g. Lgr5, Ascl2, Olfm4 

and Tnfrsf19) in the GFPhigh fraction increased by 7-fold upon using the improved FACS 

sorting procedure, resulting in a 5-fold increase (56 to 274) in the number of identifiable 

stem cell-enriched genes. 

For the Affymetrix platform, ratios for all 20,819 unique genes represented on the arrays 

were calculated (Figure 1A). Using a combination of statistical significance and fold-

change (see Material and Methods), a set of 379 stem cell-enriched genes was defined 

(Figure 1A and Supplementary Table S1). For Agilent arrays, 13,967 unique genes were 

consistently expressed above background (Figure 1B) from which 291 genes were found 

to be expressed significantly higher in the stem cells (Figure 1B and Supplementary Table 
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figure 1. the mrna stem cell signature

A) Expression levels for 20,819 unique genes were detected with Affymetrix, from which 379 were found to be statisti-

cally significant and >2-fold enriched in the stem cells. B) Likewise, 291 out of 13,697 genes were found significantly 

enriched in stem cells with Agilent. C) Correlation plot of both transcriptomic data sets. Well-known intestinal stem 

cell markers are annotated. D) Overlap between the significant genes found by each platform.
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S2). Comparing the two platforms, we found an overall good correlation of r=0.85 (Figure 

1C). Nevertheless, a strikingly low overlap (161 genes) was observed when the stem cell 

signatures of the two platforms were compared (Figure 1D). The subsequent inspection of 

the non-overlapping genes revealed that a substantial fraction (59 and 164 genes, respec-

tively) was enriched more than 1.5-fold, although not significantly, in the other platform 

(Figure 1D). Combining the genes that were significant in both platforms with the genes 

significant in one and enriched >1.5-fold in the other platform, we could define a high-

confidence list of 384 stem cell-enriched transcripts (referred to as the “mRNA stem cell 

signature”, Supplementary Table S3). From the genes that remained to be defined by 

only one of the two microarray platforms, 72% (51/71) and 57% (31/54) showed a low 

enrichment (log2 of >0.2 and <0.58) on the other platform (Supplementary Tables S4 and 

S5). Thus, although the two platforms show a high level of concordance, the necessity 

to define thresholds for the definition of significantly changed genes is the reason for 

missing a substantial number of stem cell-enriched genes. Our results demonstrate that 

Agilent and Affymetrix platforms complement each other and may be used in parallel if 

a high level of comprehensiveness is desired. 

Proteomic profile of lgr5+ stem cells

mRNA levels do not always reflect the abundance of the translated protein25. Therefore, 

examination of the actual protein content might give further insight into the molecular 

stem cell signature. We applied a mass spectrometry (MS)-based proteomics approach to 

study the protein content of Lgr5+ cells and their daughter cells (Supplementary Figure 

S1C), confidently identifying 7,967 unique protein groups (Supplementary Figure S2 and 

Tables S6 and S7). Amongst them, we obtained an excellent representation of proteins 

that are known to be expressed at a low-copy number in mammalian cells including 648 

transcription factors, 276 protein kinases, 248 signaling molecules. Of note, Lgr5 itself 

was not identified. The identification of plasma membrane proteins by MS is challenging 

due to insolubility in standard proteomic sample preparations. Nevertheless, our data 

set contains 1,278 proteins with predicted trans-membrane domains 26, which indicates 

almost no bias in the detection of such proteins (plasma membrane; p>0.05). However, 

Lgr5 encodes a 7-transmembrane (7-TM) receptor expressed at low levels 27. Both the high 

hydrophobicity and low expression probably contributed to its absence in our MS survey. 

Indeed, Gene Ontology analyses showed a clear under-representation of 7-TM proteins in 

our data set (G-protein coupled receptors; p=8.4E-54). For 92% of the identified proteins, 
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figure 2a. Proteomic analyses of lgr5+ cells and the intestinal stem cell signature

The protein stem cell signature. 4,817 proteins were quantified in two independent experiments (Supplementary 

Table S7). The average ratios (log2) are plotted against protein abundance (log10). The number of peptides used for 

the quantification as well as the variability (calculated as the relative standard deviation of the peptide ratios) are 

represented in the plot by the spot size and color scale, respectively. The histogram of frequencies shows the protein 

densities per bin (size of 0.5). Using a cut-off of > 1.5-fold (±0.58 in log2) in both biological replicas, 278 proteins 

were found to be more abundant in the stem cells.
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mRNA expression was confirmed in the transcriptomic profiling, demonstrating the confi-

dence of our proteomic data set. Most importantly, 4,817 unique proteins were quantified 

in common in two biological replicates (6,075 in total) (Figure 2A and Supplementary 

Figures S3, S4 and Table S8). 278 were found to be enriched >1.5-fold (consistently in 

both replicates) in stem cells (referred to as the “protein stem cell signature”, Supplemen-

tary Table S9). Our proteomic data confirmed several proteins previously described to be 

specific for the Lgr5+ stem cells, such as Ascl214, Olfm427, Sox928 and Msi129,30 (Figure 2A). 

Complementary transcriptomic and proteomic profiling define the 
intestinal stem cell signature

Having established both the mRNA and protein signatures of intestinal stem cells, we next 

asked if post-transcriptional regulation might play an important role in regulating specific 

protein levels. The overall correlation between the mRNA and protein data was high 

(r=0.78 for Agilent and r=0.80 for Affymetrix) (Supplementary Figure S5). This result, 

besides authenticating both the mRNA and the proteomic measurements, suggests that 

the intestinal stem cell phenotype as well as the early differentiation process is strongly 

regulated at the transcriptional level. Of the 278 proteins in the “protein stem cell signa-

ture”, 72 were found in the “mRNA stem cell signature” (Figure 2B). Additionally, 147 

proteins were >1.5-fold enriched in either both or one array platform and were added to 

the combined signature (Figure 2B). Nevertheless, some genes were found enriched at 

the mRNA level, but not at the protein level and vice versa. For 27 genes of the “mRNA 

stem cell signature”, no enrichment was found in the Lgr5+ stem cells although the protein 

product was detected by MS (Supplementary Table S10). As proteins are the main media-

tors of biological functions, these genes are unlikely to play a specific biological role 

in stem cells and were therefore subtracted from the signature. Conversely, no array 

platform could detect a significant enrichment on the mRNA level for 59 proteins within 

the “protein stem cell signature” (Figure 2B). Nevertheless, 78% (46/59) of these proteins 

were enriched (yet below the significance level) in at least one of the array platforms. 

For only 5 proteins no enrichment on mRNA level was found (Supplementary Table S11). 

Therefore, post-transcriptional regulation did not appear to represent a major mechanism 

regulating protein levels of intestinal stem cell related genes. Nevertheless, the MS data 

allowed us to define a set of 147 proteins, which could be added to the signature due to 

their consistent enrichment in Lgr5+ cells on both protein and mRNA levels. As a result 

of the combined proteomic and transcriptomic profiling, we were able to define a set of 
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figure 2B. Proteomic analyses of lgr5+ cells and the intestinal stem cell signature

The intestinal stem cell signature. For each method, a list of significantly changed genes (mRNAs or proteins) was 

established. Genes significant in one method, but not detected or not found enriched in any other method are 

highlighted in green. Genes that were found significant in one method and could be confirmed by one or both other 

methods are highlighted in blue and together constitute the intestinal stem cell signature.
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510 genes with stem cell-enriched expression, which we termed the “intestinal stem cell 

signature” (Figure 2B and Supplementary Table S12).

Expression pattern of novel lgr5 stem cell-enriched genes within 
the intestinal crypt

Subsequently, we investigated the spatial expression pattern of genes enriched in the 

intestinal crypt. Enriched genes may exhibit different expression patterns, i.e. they 

may be entirely CBC restricted or display a more extensive gradient within the crypt 

(Supplementary Figure S1D). We attempted to perform RNA in-situ hybridization for the 

33 genes found in all three data sets (Figure 2B). Of these, no or non-specific staining 

was obtained for 11 genes, most likely reflecting low-level expression of the pertinent 

gene. The expression pattern of five genes was already known (Ascl2, Cd44, Msi1, Olfm4 

and Sox9). From the remaining 17 genes, nine showed a gradient within the crypt with 

highest expression at the crypt bottom (Afap1l1, Agr3, Cnn3, Dach1, Slc12a2, Slco3a1, 

Sorbs2, Tns3 and Vdr) (Supplementary Figure S6). Finally, for eight genes an expression 

pattern restricted to the very bottom of the crypt in the stem cell zone was observed 

(Aqp4, Cdca7, Cdk6, Clca4, Kcnq1, Nav1, Smoc2 and Soat1) (Figure 3). Thus, these results 

confirmed the findings derived from the transcriptomic and proteomic screenings and 

provided additional information on the specificity for Lgr5 stem cells. 

Smoc2 is expressed specifically in intestinal stem cells in vivo 

To validate the list, we studied one of the novel CBC marker genes, Smoc2, in more 

detail. The Xenopus laevis orthologue of Smoc1/2 has been described as a BMP signaling 

inhibitor31. BMP signaling is active in the intestinal villus compartment where it inhibits 

de novo crypt formation32, and its inhibition by noggin is essential to maintain intes-

tinal organoid cultures7. As noggin is not expressed in the intestine, Smoc2 expression 

by intestinal stem cells might be a physiological way to block BMP signaling in the 

stem cell niche. To confirm the stem cell-specific expression of Smoc2, we generated a 

Smoc2-EGFP-ires-CreERT2 knock-in (Smoc2-ki) mouse model in analogy to the Lgr5-ki 

(Figure 4A). Homozygous Smoc2-ki mice, constituting functional Smoc2 null mice, did 

not show any intestinal nor gross non-intestinal phenotype. As expected, GFP expres-

sion was detected in CBC cells (Figure 4B). Similar to the Lgr5-ki, variegated expression 

of the transgene was detected throughout the small intestine. Lineage tracing performed 



42 — The Lgr5 intestinal stem cell signature: robust expression of markers of quiescent ‘+4’ cells

figure 3. rna in situ hybridization screen 

An mRNA in situ hybridization screen was performed for the 33 signature genes in the central overlap (Figure 2B) to 

explore their spatial expression pattern. A specific expression signal at the very bottom of intestinal crypts in the stem 

cell zone was detected for eight genes. 
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figure 4. Smoc2 marks intestinal stem cells in vivo 

A) An EGFP-ires-CreERT2 cassette was inserted at the translational start site of Smoc2 by homologous recombination, 

followed by excision of the Neo cassette by Cre mediated recombination. B) Endogenous GFP expression was readily 

detectable in crypt base columnar cells, the Lgr5+ stem cells of the small intestine. Of note, the expression of GFP was 

patchy as in the Lgr5-ki mouse, indicating a silencing in the majority of crypts. C) Lineage tracing in Smoc2-EGFP-

ires-CreERT2/R26RLacZ mice showed long term labeling (>6 month) of intestinal stem cells and revealsed typical 

intestinal stem cell tracing events. 
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in Smoc2-ki mice crossed with the R26R-LacZ Cre reporter strain resulted in typical stem 

cell tracings events: long-lived ”ribbons” spanning the entire crypt-villus axis (Figure 4C, 

4D). This new stem cell-specific mouse model validated the usefulness of the Lgr5 signa-

ture for defining stem cell-related genes in vivo. 

Expression pattern of proposed quiescent/’+4’ marker genes in the 
intestinal crypt

We then interrogated the Lgr5 stem cell signature for the expression behavior of the 

quiescent/’+4’ stem cell markers mentioned above, i.e. Bmi1, Tert, Hopx and Lrig1. Of 

note, all these markers were validated in the initial studies by genetic lineage tracing 
13,17–19. Both array platforms detected a slight enrichment of Bmi1 (1.4-fold in Affymetrix 

and 1.6-fold in Agilent), Tert (1.4-fold and 1.3-fold) as well as of Hopx (1.6-fold and 

1.7-fold) in Lgr5+ stem cells. Lrig1 showed a >2-fold enrichment in Lgr5+ stem cells  (3.2 

-fold 2.3-fold). Proteomics did not detect protein expression of Bmi1 and Tert, probably 

due to their low expression levels. The highly expressed Hopx and Lrig1 were detected by 

proteomics in Lgr5+ stem cells as well as their daughter cells, with Hopx showing a slight 

(1.3-fold) and Lrig1 a clear enrichment (2.5-fold) in Lgr5+ stem cells. 

We then documented the expression of these four genes in an independent sorting exper-

iment in which we arbitrarily subdivided all Lgr5-GFP positive cells into five fractions 

(Figure 5A). The four lower fractions were individually hybridized against the highest 

(5+) GFP fraction on Agilent arrays, allowing us to draw detailed gradient plots along 

the crypt axis. In addition, we performed qPCR for the four genes on cDNA obtained 

in an independent sorting experiment. As expected, the CBC stem cell markers Lgr5 

and Olfm4 were strongly enriched in Lgr5+ stem cells (Figure 5B). Of the four proposed 

quiescent/’+4’ markers, Hopx and Lrig1 were most highly expressed in the 5+ fraction 

(Figure 5C, 5D). Bmi1 showed no difference between the highest four fractions and only 

then dropped in expression (Figure 5E), while Tert was expressed at rather similar levels 

throughout the fractions (Figure 5F).

To further validate these expression data on unmanipulated crypts, we performed single 

molecule mRNA hybridizations for all marker genes, as published before15 (Figure  6). 

Lgr5 was most exclusively expressed in cells intermingled with Paneth cells. Olfm4, Lrig1 

and Hopx were enriched at the bottom of crypts, but the expression gradient extended to 
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figure 5. Expression profiling along the intestinal crypt axis

A) GFP positive cells derived from the small intestine of Lgr5-EGFP-ires-CreERT2 knock-in mice were sorted arbitrarily 

in five different fractions, ranging from lowest (1+) to highest (5+) GFP expression. B-F) A gradient plot of the expres-

sion along the crypt was generated by plotting the log2 ratio of the 5+ fraction vs. the four lower fractions. B) Gradient 

plots of the known CBC stem cell markers Lgr5 and Olfm4. C-F) Gradient plots of the proposed quiescent/+4 marker 

genes Hopx, Lrig1, Bmi1 and Tert. Dotted lines are based on ratios from the arrays, continuous lines are based on ratios 

calculated from qPCR analyses. The ratios of Lgr5 are plotted in gray for comparison in C-F.
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2varying degrees above the Paneth cell compartment. Tert and Bmi1 appeared expressed 

at similar low levels throughout the crypt with the inclusion of the Paneth cell zone. 

Neither did we detect specific enrichment of mRNA molecules of any marker at the ‘+4’ 

position, nor did we detect heterogeneity between the crypts, making an enrichment at 

this position in only a low fraction of crypts unlikely. 

We next addressed the expression pattern of the encoded proteins. A recent study docu-

mented that Lrig1 protein expression is highest in Lgr5+ stem cells and forms an extended 

expression gradient along the crypt axis in perfect accordance to its mRNA expres-

sion pattern20. Tert enzymatic activity has been shown to be highest in CBC stem cells 

(Schepers et al, EMBO, 2011). Immunohistochemistry for Hopx, Bmi1 (including Bmi1-

mutant crypts as negative control) and Olfm4 revealed the expected extended expression 

domains as observed at the mRNA level (Figure 7). 

Since these data are in direct disagreement with previous studies, we focused on the 

prototypic quiescent/’+4’ marker Bmi1. We next asked, if the reported tracing initiation 

percentage of 95% (86/91 crypts) at the ‘+4/+5’ position might be a specific feature of 

the Bmi1-ires-CreER knock-in mouse13. To revisit this model, we crossed the single color 

R26R-LacZ reporter or the multi-color R26R-confetti reporter into this strain. Cre activity 

was induced by a single injection of tamoxifen in adult offspring and the first 10cm of 

the small intestine were analyzed, exactly as performed previously13. In both models, 

the reporters became visible at 20 hours after tamoxifen induced Cre activation (p.i.), 

as reported13 (Figure 8). Tracing events at this time point typically presented as single 

cells. In contrast to the original report, we noted that these single marked cells appeared 

at any position along the crypt-villus axis, e.g. at the CBC location between Paneth cells 

(Figure  8A, E, I), at the +4 position directly above the Paneth cells (Figure 8B, F, J), 

higher up in crypts (Figure 8C, G) and even on the villus flanks (Figure 8D, H). When 

the number of marked cells at each cell position along the crypt axis was quantified, a 

substantial number of tracing events was found to occur within the CBC compartment 

figure 6. Single molecule transcript counting of intestinal stem cell markers

A-F) The top images are representative crypts, the bottom figures show average expression profiles (patches are 

standard error of the means). At least 30 crypts were analyzed. Numbers on the y-axis denote the average number of 

transcripts per crypt cell. 
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figure 7. Protein expression pattern of Bmi1 and Hopx 

Immunohistochemistry was performed on small intestine of wild-type mice. Bmi1 stained cells at equal levels through-

out the crypt. Control staining (insert i) was performed on small intestine of Bmi1-knockdown mice. A representative 

crypt is shown in insert ii. Hopx showed nuclear staining in the bottom half of the crypt. A representative crypt is 

shown in the insert. Olfm4 expression was restricted to the crypt bottom. 
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figure 8. Bmi1 marks individual cells irrespective of position along the crypt villus axis

A-D) LacZ staining of Bmi1-CreER/R26R-LacZ mice 20hrs after induction (p.i.). Positive cells were present at vari-

ous positions along the crypt-villus axis. E-H) Confocal imaging of Bmi1-CreER/R26R-Confetti mice 20hrs p.i. Crypt 

outline is shown by a white dotted line. Bmi1-tracing cells are shown in yellow or red, bright field image is shown in 

grey. I-J) 3D representations of E and F. Bmi1+ cells are marked by Confetti-YFP (yellow), Paneth cells are visualized by 

lysozyme staining (purple). Crypt outline is shown by a white dotted line. K) Quantification of the number of marked 

cells at each position along the crypt axis. 
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(position 1-4), and that almost 70% of tracing events occurred in TA cells (position +5 and 

higher). We even noted rare tracing events at 20 hrs p.i. in fully differentiated Goblet cells 

(Supplementary Figure S7A, B), as well as Paneth cells at crypt bottoms (Supplementary 

Figure S7C, D). No tracings were seen in uninduced mice. As predicted from these obser-

vations, most tracing events evolved into ‘signature’ tracings from TA cells at two and 

three days p.i.: small trains of differentiated cells that move upwards within the crypt 

(Supplementary Figure S7F, G, J) or already reached the flanks of the villi, to be ‘washed’ 

out within the next 24-48 hours by apoptosis at villus tips (Supplementary Figure S7H, 

K, L). More rarely, we observed extended tracing within crypts, typically initiating in the 

Lgr5 stem cell compartment (e.g. Supplementary Figure S7E, I). 

DISCuSSIon

In this study, we have attempted to generate a definite Lgr5 stem cell signature by using 

two different array platforms, thus measuring both mRNA and protein levels in FACS-

sorted, highly pure cell populations. The double transcriptomic approach indeed resulted 

in an increase (>6-fold) in the number of identified stem cell-enriched genes compared 

to our previous report fate14. As a poor correlation between mRNA and protein levels has 

been documented before in several biological systems including mouse embryonic stem 

cells33, analyses at both levels appears to be of importance. The proteomic analysis of a 

limited number of FACS-sorted stem cells necessitates a strategy that balances compre-

hensive proteome coverage and quantitative precision with sensitive sample prepara-

tion. The use of metabolically labeled rodents has been reported34,35. Although precision 

and sensitivity of the procedure is excellent, it is a high-cost technology considering the 

large number of animals required to obtain sufficient material. Alternatively, label-free 

approaches can be used, though multiple replicas are necessary to control technical vari-

ability36. Often, such an approach precludes the use of multiple separations, reducing 

protein identifications and limiting comprehensiveness. Here, we combined a highly 

sensitive chemical labeling method with a refined SCX fractionation to quantify proteome 

changes37. The analysis of 300,000 cells (~30 µg of total protein) resulted in the quanti-

fication of 4,817 unique proteins from which 278 showed enrichment in the stem cells.
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figure 9. functional classification of genes from the intestinal stem cell signature

Genes comprising the intestinal stem cell signature were functionally classified with PANTHER (www.pantherdb.org) 

by molecular function. Annotations were manually checked and, when applicable, re-assigned to a different category 

based on literature. The figure represents 279 genes for some of the most functionally relevant categories. The fully 

annotated list containing all 510 genes enriched in stem cells can be found in Supplementary Table S12.
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Comparison of the proteomic data with the mRNA data revealed an overall good corre-

lation. Even the most differentially expressed genes such as Olfm4, Nav1 and Hmgsc2 

exhibited an excellent agreement between mRNA and protein levels. The combination 

of the proteomic data with the transcriptomic data further refined the stem cell signa-

ture. Genes only enriched at the mRNA level (n=27) could be removed from the list, 

whereas a substantial number of genes (n=147) could be added to the signature, as a 

clear enrichment at both mRNA and protein levels was detected. The applied “minimum 

2 out of 3” strategy outperformed the use of absolute cut-off values or statistical tests 

and resulted in the definition of a comprehensive intestinal stem cell signature comprised 

of 510 genes. An overview of the GO categories in which the Lgr5 signature genes fall is 

given in Figure 9. 

One of the immediate uses of this resource is the definition or validation of stem cell 

markers. For the alternative stem cell of the small intestinal crypt, the quiescent/’+4’ cell, 

the molecular markers Bmi1, Tert, Hopx and Lrig1 have been reported13,17–19. We readily 

detect expression of all four genes in Lgr5+ CBC cells and find no evidence for specific 

enrichment of any of these markers outside the Paneth cell/Lgr5 stem cell zone. Our 

observations confirm that Bmi1 is expressed at relatively low, yet equal levels in all crypt 

cells15. Furthermore, our reassessment of the Bmi1-ires-CreER knock-in mouse does not 

agree with the originally published observation that this mouse marks a unique popula-

tion of Lgr5 negative quiescent/’+4’ cells13. Bmi1 tracing can initiate in any cell type in the 

crypt, as predicted by our expression array, single-molecule marker analysis and immu-

nohistochemistry. Of note, the same observation concerning the initiation of Bmi1-based 

lineage tracing was reported in Tian et al.16 and the broad protein expression pattern of 

Bmi1 has been independently documented in Takeda et al. (Supporting Figure 7 in17). 

Lrig1 and Hopx expression is highest in Lgr5high cells and tapers off further up in the crypt. 

Finally, Tert is expressed at very low levels throughout the crypt, as we published previ-

ously38. From these data we conclude that lineage tracing or organoid-culturing experi-

ments using these mouse models will report characteristics of Lgr5+ stem cells. While the 

existence of a quiescent reserve stem cell population should not be excluded21, our data 

imply that Bmi1, Hopx, Tert and Lrig1 cannot be used as a marker for such cells. Finally, 

de Sauvage and colleagues have shown in an elegant genetic model that selectively killed 

Lgr5 cells can be replenished from Lgr5-/Bmi1+ cells elsewhere in the crypt16. Both Potten1 

and Cheng and Leblond, the discoverers of the CBC cell3, have postulated that TA cells 

above the stem cell zone may display plasticity upon damage, and revert to stem cells. 
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Given our observation that all cells in the crypt express Bmi1, it appears attractive to 

revive this concept of TA cell plasticity and postulate that they serve as reserve cells upon 

damage to the stem cell compartment. 

In conclusion, the Lgr5+ intestinal stem cell signature reported in this study represents a 

rich resource for functional studies of Lgr5 stem cells in the intestine and for comparative 

studies on other candidate intestinal stem cell populations.
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MatErIalS anD MEtHoDS

Cell Sorting 

Freshly isolated small intestines of Lgr5-ki mice 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 tissue was subsequently 

incubated in PBS/EDTA for 30 minutes at 4ºC. Vigorous shaking yielded free crypts 

which were incubated in PBS supplemented with Trypsin (10 mg/ml) and DNAse (0.8 µg/

µl) for 30 minutes at 37ºC. Subsequently, cells were spun down, re-suspended in SMEM 

(Invitrogen) and filtered through a 40µm mesh. GFP-expressing cells were isolated using 

a MoFlo cell sorter (DAKO). Approximately 300,000 cells were sorted per population for 

each experiment.

transcriptomic analysis 

The Affymetrix analysis was performed on a genome-wide mRNA expression platform 

(Affymetrix HT MG-430 PM Array Plate). Labeled material from clearly distinguishable 

GFPhigh and GFPlow populations (Lgr5 stem cell and daughter cell populations, respectively) 

were hybridized individually on single color arrays. Three independent experiments were 

performed, resulting in six arrays (three for GFPhigh and three for GFPlow). The expres-

sion data extracted from the raw files were normalized with the RMA-sketch algorithm 

from Affymetrix Power Tools. Data was analyzed using the R2 web application, which 

is freely available at http://r2.amc.nl. In total 20,819 unique genes are represented on 

the array. If a gene was represented with multiple probes, we selected the one with the 

highest average expression level across the six arrays. Expression levels were averaged for 

the three GFPhigh and GFPlow arrays, respectively, and ratios calculated. Anova with false 

discovery rate (FDR) correction for multiple testing was applied to all 20,819 genes. A 

false discovery rate (FDR) corrected p-value (Anova) of <0.1 together with an expression 

difference of >2-fold (log
2
 of 1) as well as an average expression level in the GFPhigh arrays 

above 20 was defined as a threshold for significantly changed genes.  

For Agilent arrays, 4X44K Agilent Whole Mouse Genome dual color Microarrays (G4122F) 

were used. Two independent experiments were performed. In the first, GFPhigh and GFPlow 
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populations (Lgr5 stem cell and daughter cell populations, respectively) were hybrid-

ized directly against each other on two-color arrays. Two replicates were performed in 

dye-swaps to compensate for dye bias, resulting in four individual arrays. For the second 

experiment, GFP positive cells were arbitrarily sorted in five fractions ranging from 

highest GFP levels (fraction 5+) to the lowest GFP fraction (1+). The lower GFP fractions 

1+ to 4+ were hybridized each against the highest GFP fraction 5+. The experiment was 

performed with dye swaps, resulting in eight individual arrays. Array data was normal-

ized using Feature Extraction (V.9.5.3, Agilent) and data analyses were performed using 

Excel (Microsoft). Features were flagged and not further analyzed, if signal intensities 

for both the Cy3 and Cy5 channel did not pass the Feature Extraction Filter “Significant 

and Positive” or “Well above Background”. For the first experiment (GFPhigh vs. GFPlow), 

21,720 features passed this filter and were additionally found in all four arrays. Some 

genes are contained multiple times within these 21,720 features. To remove redundancy, 

we selected for each gene the feature with the highest expression level (average of Cy3 

and Cy5 channel over all four arrays). This resulted in a list of 13,967 unique genes. The 

average of all four arrays was used to compare mRNA expression ratios to Affymetrix 

arrays or protein expression ratios. SAM (Statistical Analysis of Microarrays) analysis 

was used to calculate q-values (false discovery rate (FDR) adjusted p-values) for all 

13,967 genes 39. A q-value of <0.05% together with an average expression difference of 

>2-fold (log
2
 of 1) was defined as a threshold for significantly changed genes. Microarray 

data for the GFPhigh and GFPlow Agilent and Affymetrix arrays are publicly available in 

the GEO repository (http://www.ncbi.nlm.nih.gov/geo) under the super-series record 

GSE33949. The Agilent arrays containing the five fraction data can be found under the 

record GSE36497.

Proteomic analysis 

Lgr5+ stem cells and daughter cells (Supplementary Table S6) were pelleted by centrifu-

gation at 2,500 g for 10 min at 4 °C. Cell lysis was performed in a buffer containing 8 

M urea in a solution of 50 mM ammonium bicarbonate pH 8.2 with protease and phos-

phatase inhibitors (Roche). Proteins (~30 µg) were first reduced/alkylated and digested 

for 4 h with Lys-C. The mixture was then diluted 4-fold and digested overnight with 

trypsin. Resulting peptides were chemically labeled with stable isotope dimethyl labeling 

as described previously 40. Briefly, Lgr5+ stem cells peptides were labeled with a mixture 

of formaldehyde-H2 and sodium cyanoborohydride (“light” reagent). For daughter 



56 — The Lgr5 intestinal stem cell signature: robust expression of markers of quiescent ‘+4’ cells

cells peptides, formaldehyde-D2 with cyanoborohydride (“heavy” reagent) was used. 

A second biological replica experiment was performed where labels were swapped. The 

“light” and “heavy” dimethyl-labeled samples were mixed in 1:1 ratio based on total 

peptide amount, which was determined by running an aliquot of the labeled samples on 

a regular LC-MS/MS run and comparing overall peptide signal intensities. Prior to the 

mass spectrometric analysis, samples were fractionated to reduce the complexity using 

a strong cation exchange (SCX) system as described earlier 41. The SCX system consisted 

of an Agilent 1100 HPLC system (Agilent Technologies) using a C
18

 Opti-Lynx (Optimized 

Technologies, Oregon OR) trapping cartridge and a Zorbax BioSCX-Series II column (0.8 

mm i.d. × 50 mm length, 3.5 µm). The labeled peptides were dissolved in 10% FA and 

loaded onto the trap column at 100 µL/min and subsequently eluted onto the SCX column 

with 80% acetonitrile and 0.05% FA. SCX Solvent A consists of 0.05% formic acid in 20% 

acetonitrile while solvent B was 0.05% formic acid, 0.5 M NaCl in 20% acetonitrile.  The 

SCX salt gradient is as follows: 0-0.01 min (0-2% B); 0.01-8.01 min (2-3% B); 8.01-18.01 

min (3-8% B); 18.01-28 min (8-20% B); 28-38 min (20-40% B); 38-44 min (40-90% B); 

44-48 min (90% B); 44-74 min (0% B). A total of 50 SCX fractions (1 min each, i.e. 50-µl 

elution volume) were collected and dried in a vacuum centrifuge.

Nanoflow LC-MS/MS was carried out by coupling an Agilent 1200 HPLC system (Agilent 

Technologies, Waldbronn, Germany) to an LTQ-Orbitrap Velos mass spectrometer 

(Thermo Electron, Bremen, Germany) as described previously 42. Collected SCX fractions 

were dried, reconstituted in 10% formic acid and delivered to a trap column (AquaTM C
18

, 5 

µm (Phenomenex, Torrance, CA); 20 mm x 100-µm inner diameter, packed in house) at 5 

µl/min in 100% solvent A (0.1 M acetic acid in water). Next, peptides eluted from the trap 

column onto an analytical column (ReproSil-Pur C
18

-AQ, 3µm (Dr. Maisch GmbH, Ammer-

buch, Germany); 40 cm x 50-µm inner diameter, packed in house) at 
˜
100 nl/min in a 90 

min or 3 h gradient from 0 to 40% solvent B (0.1 M acetic acid in 8:2 (v/v) acetonitrile/

water) depending on sample amount and complexity. Eluted peptides were introduced by 

ESI into the mass spectrometer that was operated in a data dependent acquisition mode. 

After the survey scan (30,000 FHMW), the 10 most intense precursor ions were selected 

for subsequent fragmentation in a data dependent decision tree as described before 42 

using HCD (essentially beam type CID), ETD-IT and ETD-FT activation techniques. In 

brief, doubly charged peptides were subjected to HCD fragmentation and higher charged 

peptides were fragmented using ETD. The normalized collision energy for HCD was set to 

35%. ETD was enabled with supplemental activation and the reaction time was set to 50 

ms for doubly charged precursors.
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Raw files were processed with Proteome Discoverer (Beta version 1.3, Thermo). Peptide 

identification was carried out with Mascot 2.3 (Matrix Science) against a concatenated 

forward-decoy SwissProt mouse database (version 56.2, 31,862 entries). The following 

parameters were used: 50 ppm precursor mass tolerance, 0.6 Da fragment ion tolerance 

for ETD-IT, and 0.02 Da for HCD and ETD-FT modes. Up to 3 missed cleavages were 

accepted, carbamidomethylation of cysteines was set up as fixed modification whereas 

methionine oxidation and “light” and “intermediate” dimethyl labels as variable modifi-

cations. Mascot results were filtered afterwards with 10 ppm precursor mass tolerance, 

Mascot Ion Score > 20 and a minimum of 7 residues per peptide. Using these criteria, FDRs 

were calculated: 1.26% for biological replica 1 (1,577 decoy PSMs and 242,439 forward 

PSMs) and 1.46% for biological replica 2 (1,806 decoy PSMs and 247,070 forward PSMs). 

Panther was used to classify proteins by GO terms. The official gene symbols (HUGO) 

were used to compare the transcriptomic and proteomic data sets.

mrna in situ hybridization

RNA in-situ hybridization was performed as described before 43. The in situ hybridization 

probes utilized in this study correspond to Mammalian Gene Collection (MGC) clones 

obtained through Source BioScience. 

generation of the Smoc2 knock-in mouse

Smoc2-EGFP-ires-CreERT2 knock-in (Smoc2-ki) mice were generated by homologous 

recombination in embryonic stem cells targeting an EGFP-ires-CreERT2 cassette at the 

translational start site of Smoc2 (Figure 5A). Details of embryonic stem cell targeting are 

described elsewhere 4. In adult mice, Cre-recombinase was activated in Smoc2+/ki;RosaLacZ 

reporter+/Rep mice by IP injection of tamoxifen (Sigma, T5648). Mice were maintained 

within the animal facilities at the Hubrecht Institute, and experiments were performed 

according to the national rules and regulations of the Netherlands.

qPCr analyses

qPCR analyses were performed as described before 14. cDNA was synthesized from 0.5 

µg of total RNA of five (1+ to 5+) GFP positive cell fractions (see Transcriptomic Analysis 

above) from an independent sorting experiment as for the arrays from Lgr5-EGFP-ires-
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CreERT2 mice using random primers, according to manufacturer’s instructions (Promega). 

Primer sequences are given in Supplementary Table S14.

Single molecule mrna in situ hybridization

Single molecule mRNA in-situ hybridization was performed as described before 44. Probe 

libraries consisted of typically 48 probes 20bp of length complementary to the coding 

sequence. Probe libraries for Lgr5, Olfm4, Tert and Bmi1 can be found elsewhere 15. Probe 

libraries for Hopx and Lrig1 can be found in Supplementary Table S13. Each crypt was 

analyzed based on 12 z-stacks spaced 0.3 micronmeter apart and multiple crypts (Lgr5: 

337 crypts, Bmi1: 168 crypts, mTert: 30 crypts, Olfm4: 30 crypts, Hopx: 30 crypts, Lrig1: 

30 crypts).

Immunohistochemistry

Bmi1 (Abcam, #ab14389) was diluted 1:100 in TBST/10% goat serum. Control staining 

was performed on small intestine of Bmi1-knockdown mice (Maarten van Lohuizen, NKI, 

The Netherlands; to be described elsewhere). Hopx (Santa Cruz, #sc-30216) was diluted 

1:500 in PBS.  Antigen retrieval was performed using citrate buffer. Olfm4 (Abcam, 

#ab85046) was diluted 1:200 in TBST/5% goat serum.

Bmi1-ires-CreEr lineage tracing

Bmi1-ires-CreER 13, R26R-LacZ 45 and R26R-Confetti 46 mice were described previously. 

Tamoxifen induction was performed according to Sangiorgi et al. 13. In brief, Bmi1-CreER/

R26R-LacZ and Bmi1-CreER/R26R-Confetti mice, 5-9 weeks of age, were injected with 

9mg tamoxifen (20mg/ml) per 40g body weight. Standard techniques were applied for 

immunohistochemistry. Sectioning and staining of Bmi1-CreER/R26R-Confetti was 

performed according to Snippert et al. 47. Lysozyme antibody: Polyclonal Rabbit Anti-

Human (Dako A0099). Secondary antibody: Alexa 647, Goat anti-Rabbit (Invitrogen 

56834A). Confocal images were acquired using a Leica Sp5 AOBS microscope. Images 

were processed using ImageJ, Photoshop and Volocity (PerkinElmer).
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aBStraCt

The study of gene function in endodermal epithelia such as of stomach, small intes-

tine and colon relies heavily on transgenic approaches. Establishing such animal models 

is laborious, expensive and time consuming. We present here a method based on Cre-

inducible retrovirus vectors that allows the conditional manipulation of gene expression 

in primary organoid culture systems.

IntroDuCtIon

Transgenic approaches have become the method of choice to study gene function in 

primary mammalian tissues. The laboratory mouse is the most widely used vertebrate 

model due to the ease of genetic manipulation and the fact that approximately 99% of 

their genes have a homologue in the human genome1. Drawbacks of transgenic mouse 

models include the generation time (1-2 years), low-throughput and high cost. There 

is therefore a need for fast, cost-effective, high-throughput methods to functionally 

evaluate candidate genes generated by whole genome approaches. Viral delivery of trans-

genes, either for overexpression or knock-down, is an established method for ex vivo and 

in vivo experiments and constitutes an excellent method for genetic manipulation2. 

We have recently established a culture system based on defined growth factors and 

matrigel, which faithfully recapitulates in 3D the crypt-villus architecture of the intes-

tinal epithelium3. The epithelial organoids retain critical characteristics such as lineage 

composition and self-renewal kinetics. The organoids contain normal numbers of Lgr5+ve 

stem cells, Paneth cells and transit-amplifying cells in the crypt domain as well as the 

three differentiated cell lineages (enterocytes, goblet and enteroendocrine cells) of the 

villus domain. Organoids can be established from mice of any age and can be expanded 

for many months without genetic alterations. Small changes in the growth factor compo-

sition of the medium have allowed us to subsequently define culture conditions for colon4 

and stomach5. To make these organoid cultures accessible for genetic manipulation, we 

have now developed a retroviral transduction system. In analogy to conditional mouse 
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models6, we have designed the system in such a way, that gene knockdown or overex-

pression can be controlled. 

rESultS

We first explored methods to efficiently infect organoids from small intestine with an 

MSCV-based, GFP-expressing, puromycin-selectable retrovirus (Supplementary Figure 

1a,b). As in the in vivo situation7, organoids are continuously renewed from their stem 

cells. Only the stable infection of stem cells, which will pass the transgene on to their 

progeny, will therefore maintain gene expression in the longer term. We choose to 

first test the method using retroviruses, as they are relatively safe in use, can infect 

cycling stem cells, are stably integrated into the genome and are therefore passed on 

to the progeny resulting in uniformly transduced organoids. We found that organoids 

growing in Matrigel are inaccessible to retroviral infection. Therefore, organoids were 

mechanically separated from Matrigel by careful pipetting, and were briefly trypsinized 

to generate smaller particles with exposed luminal (apical) domains. Next, organoid frag-

ments were subjected to spinoculation8. We have previously shown that treatment of 

organoids with Wnt3a results in a strong proliferative response9. Part of this phenotypic 

change constitutes an increase in the number of Lgr5+ve stem cells. Treatment of organ-

oids with Wnt3a for 2-3 days before and after the spinoculation (total 5 days) indeed 

resulted in a further increase in long term GFP infected organoids. Two days after infec-

tion, puromycin selection is started. Not doing so results in the progressive loss of GFP-

expressing organoids, probably due to a growth advantage of non-infected stem cells. 

Infected organoids recover through a period of cystic growth, and within a time frame of 

1-2 weeks start to form the characteristic crypt-villus domains of mature organoids. One 

week after infection flow-cytometry analysis showed that > 90% of the organoid cells 

are GFP positive (Supplementary Figure 1c). We followed the infected organoids over a 

course of 5 weeks with no signs of loss of GFP expression. The general applicability of this 

protocol was explored by us in a recent study where we rescued simultaneous deletion 

of Lgr4 and Lgr5 in intestinal organoids by retroviral mediated overexpression of Wnt3 

using a plain MSCV vector10. 
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Supplementary figure 1. retroviral transduction of intestinal organoids. 

a) General outline. b) Transduction of intestinal organoids with a GFP expressing retrovirus. Expression was followed 

over a course of five weeks and organoids split every week 1:3. The dotted line outlines the central luman with au-

tofluorescense. c) Flow-cytometry analysis revealed that more than 90% of cells were GFP positive one week after 

infection. BF: bright field. 
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Next, we further validated the system by reproducing the loss-of-function phenotype of 

Notch signaling pathway, i.e. the rapid conversion of proliferative transit-amplifying and 

stem cells into postmitotic goblet cells11. Due to the deleterious effects of this interference, 

we were with constitutive expression unable to propagate the organoids long enough to 

analyze the phenotype. We therefore modified the retroviral backbone in such a way that 

gene knock-down or overexpression can be activated by a Tamoxifen (4-OHT) inducible 

Cre enzyme (CreERT2) (Figure 1). CreERT2 can be either delivered to the organoids by 

retroviral infection or by the use of organoids derived from transgenic mice expressing 

CreERT2. The intestinal organoids used in this paper are from Villin-CreERT2 transgenic 

mice. For the conditional overexpression vector, a floxed dsRed expression cassette was 

inserted upstream of the GFP coding sequence. This effectively blocks translation of GFP, 

while the infected organoids can be readily visualized by their red fluorescence. Deletion 

of dsRed by Cre results in the rapid loss of dsRed and the simultaneous activation of GFP 

expression. 

For gene knock-down, we chose to use a Pol II-driven expression system of artificially 

modified miRNAs12. In this system, expression of the miRNA of interest can be easily 

followed by the co-cistronic expression of GFP. Unfortunately, to achieve an inducible 

activation of the miRNA, we could not use the same system as for the overexpression, 

because RNA interference is independent of translation; the translational stop signal of 

dsRed would not prevent expression of the miRNA. Therefore, an irreversible Cre-driven 

flipping system using two different types of LoxP sides was applied13. CreERT2 induction 

results in the flipping of the Puromycin-dsRed cassette and/or the GFP-miRNA cassette, 

followed by the excision of the Puromycin-dsRed cassette. In effect, a switch from dsRed 

to GFP-miRNA expression is achieved. The biggest challenge for knock-down experi-

ments is finding a good miRNA (s. details in Methods). We usually test knock-down effi-

ciencies in HEK293T cells before infecting organoids. On average, five different miRNAs 

need to be tested in order to find at least two that work (Supplementary Figure 2a,b). On 

average, we found a good correlation between knock-down efficiencies in HEK293T and 

in organoids (Supplementary Figure 2c). Nevertheless, maximal knock-down efficiencies 

in organoids varied between target genes. For instance, we achieved a maximum knock-

down of 50-60% for Hes1, but of 70 and 80% for Cdk6 and Bmp1 (Supplementary Figure 

2d). For both systems, overexpression and knock-down, the time span from infection to 

transgene activation in mautre organoids is about 2-3 weeks.  
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figure 1. Construction and validation of an inducible transduction system. 

a) General outline. b) Vector scheme for inducible overexpression and knock-down cassettes. c) Transduction of in-

testinal organoids with initial expression of dsRed. Induction with Tamoxifen (4-OHT) resulted in the deletion of 

dsRed followed by the expression of GFP. No leakiness of GFP or dsRed was visible before or after the recombination, 

respectively. The dotted line outlines the central lumen with autofluorescence. BF: bright field; LTR: long terminal 

repeat; Puro: puromycin.
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Supplementary figure 2. Evaluation of knock-down efficiencies. 

a) Co-transfection of control GFP retrovirus and five GFP-Hes1-mirRNA retroviruses with deleted dsRED casettes 

together with a Hes1 containing overexpression vector. miR1,2 and 4 can efficiently knock-down Hes1, as visualized 

by the loss of dsRED. b) Cartoon describing the mechanism of dsRED knock-down by miRNA. c) qPCR analysis of the 

knock-down efficiency of Hes1 by miRNAs 1,2 and 4. d) qPCR analysis of the knock-down efficiencies in organoids 

of miRNAs against Cdk6 and Bmp1. e) Western blot of uninduced and induced organoids transfected with a Math1 

containing overexpressino vector.
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The Notch pathway controls goblet cell differentiation through a simple circuit in which 

Notch1 activates expression of the transcription factor Hes1 which in turn represses the 

transcription factor Math1 (Atoh1). Expression of Math1 drives proliferative cells into the 

postmitotic goblet cell fate14. Having established an inducible retroviral expression system, 

we modified the Notch signaling pathway in three ways. Suppression of Notch signaling 

was effected by overexpression of a dominant-negative form of the transcriptional co-acti-

vator Mastermind-like 1 (DN-MAML1)15. Secondly, we bypassed Notch-Hes1-mediated 

repression by direct overexpression of Math114. As a third approach, knock-down of the 

transcription factor Hes1 was accomplished by a miRNA. All three approaches resulted 

in the same phenotype: after induction the organoids rapidly lost their budding struc-

tures and rounded up (Figure 2a). Proliferation ceased as evidenced by Ki67 staining, and 

cells differentiated towards the goblet cell lineage as visualized by PAS staining.  Expres-

sion analysis of markers for the goblet (Gob5) and Paneth (Lyz2) cell lineages showed an 

upregulation upon Notch pathway interference (Figure 2b). Loss of Ki67 and increase of 

goblet cell numbers very closely resembles the phenotype of Notch pathway suppres-

sion in mice11. Importantly, non-induced organoids did not show any phenotype when 

compared to non-infected or GFP infected controls and transgene expression can only be 

detected upon Tamoxifen induction (Supplementary Figure 2e).

Next, the transduction system was applied to two additional organoid culture systems: 

i.e. for mouse stomach and colon epithelium4,5. We established stomach and colon organ-

oids from a Rosa26-CreERT2 knock-in mouse (Supplementary Figure 3). Successful trans-

duction of these organoid systems was essentially achieved using the same approach 

as for the small intestine. Of note, Wnt3a is a constitutive component of the culture 

medium of stomach and colon cultures and it is therefore not necessary to add it specifi-

cally around the infection day. A rapid switch from dsRed to GFP with no leakiness of 

either fluorochrome was rapidly achievable upon tamoxifen treatment both in stomach 

and colon organoids. 
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figure 2. notch pathway inhibition in intestinal organoids.

a) Math1 and DN-MAML1 overexpression as well as Hes1 knock-down resulted in the immediate loss of budding 

structures (BF, 1st row), cessation of proliferation (loss of Ki67 staining, 2nd row) and a conversion of cells towards 

the goblet cell lineage (increase in PAS staining, 3rd row). The control sample was an induced organoid transduced 

with the dsRed-Gfp overexpression vector b) qPCR analysis of the secretory cell lineages using Gob5 for goblet cells 

and Lyz2 for Paneth cells. BF: bright field, scale bar: 20 mm.
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DISCuSSIon

Taken together, we present here an effective screening tool to study gene function ex 

vivo. The inducible manner, the possibility to both overexpress as well as to knock-down, 

the broad applicability to different organotypic culture systems and the short time period 

required are the key features of our system. Furthermore, the protocol can also be used 

in conjunction with other virus types such as lentiviruses (Supplementary Figure 4). In 

conclusion, the presented combination of organoid culture with an inducible transduc-

tion system offers to be a broadly applicable tool with the potential to become a serious 

complement to classical conditional mouse models. 

MatErIalS anD MEtHoDS

organoid culture

Organoids of small intestine, colon and stomach were established from freshly isolated 

glands from each organ. Incubation in PBS containing 2 (for small intestine) or 5 (for 

stomach and colon) mM EDTA was used for the isolation of glands. The culture condition 

of mouse small intestine, colon and stomach organoids are described elsewhere3-5.  

Vector construction

Inducible overexpression vector: A dsRed cassette from dsRed-express2 (Clontech) 

was introduced into the BglII site of MSCV-puro (Clontech) with a loxP site on each 

side. Three consecutive HA peptides (3xHA) or eGFP from pEGFP-N1 (Clonetech) were 

inserted into the EcoRI site of MSCV-puro. The WPRE (woodchuck hepatitis post-tran-

scriptional regulatory element) sequence was cloned into the ClaI site of MSCV-puro. 

Genes of interest can be cloned into the HpaI site of these vectors in frame with either an 

eGFP or a triple HA (3xHA) tag. The two different versions are available through Addgene 

(pMSCV-loxp-dsRed-loxp-eGFP-Puro-WPRE (No. 32702) and pMSCV-loxp-dsRed-loxp-

3xHA-Puro-WPRE (No. 32703)). Inducible knock-down vector: The knock-down vector 

was generated based on the MSCV FLIPi P2G_Thy1.1 p53 plasmid (Addgene, #19748)13. 
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First, we changed GFP into dsRed from dsRed-express2 (Clontech) using ApaI and NsiI. 

Next, we replaced the Thy1.1-p53-miR cassette to emGFP-miR from the pcDNA™6.2-GW 

vector (Invitrogen) using PmeI and AgeI. Different miRNAs can be cloned into the vector 

by first cloning them into pcDNA™6.2-GW (Invitrogen) according to the manufacturers 

protocol and then moving the cassette into the knock-down vector using PmeI and AgeI. 

miRNAs can be designed on the Invitrogen homepage (http://rnaidesigner.invitrogen.

com/rnaiexpress). The vector is available through Addgene (pMSCV-FLIP-puro-dsRed-

GFP-miRNA (No. 32704). Math1 and DN-MAML1 vectors: Mouse Atoh1 (Math1) and 

human MAML1 (13-74 aa) were cloned into the HpaI site of the inducible overexpression 

vector using the In-Fusion™ Advantage PCR Cloning Kit (Clontech). Hes1 knockdown 

vector: Five DNA sequences (s. Supplementary Table 1) were annealed and ligated into 

linearized pcDNA™6.2-GW/EmGFP-miR (Invitrogen). The whole emGFP-miR cassette 

was amplified by PCR and moved into the inducible knockdown vector using PmeI and 

AgeI. Testing knock-down efficiencies: In order to test the knock-down efficiencies of 

different miRNAs, we test their efficiency using co-transfections with the inducible over-

expression vectors containing the gene to target. The miRNAs are flipped into their active 

form by transfecting the plamid into Cre expressing E. coli. 1 mg of miRNA vector plus 

0.3 mg of target vector are mixed with 8 ml of PEI (1 mg/ml) and added to HEK293T cells 

grown to 60% confluency in 12-well tissue culture plates. Two days later the expression 

of dsRed is checked under a fluorescence microscope and the dsRed fluorescence level 

evaluated. Alternatively, cells can also be analyzed using flow-cytometry. 

retroviral infection

Before infection: Grow intestinal organoids in a 24 well culture plate with standard ENR 

medium (50 ng/ml Egf, 100 ng/ml Noggin and 500 ng/ml Rspondin)3. One well per infec-

tion is sufficient. Two days before the infection change the medium to ENR medium plus 

50% Wnt3a conditioned medium and 10 mM Nicotinamide. For organoids of colon and 

stomach no change of the medium is necessary, as their standard medium already contains 

Wnt3a conditioned medium4,5. Virus production: Grow Platinum E cells (Cell Biolabs) in 

a 150 cm dish under selection with puromycin (1 mg/ml) and blasticidin (10 mg/ml) to 

a confluence of 80%. Transfect 30 mg of plasmid using 240 mg of PEI (Polysciences) and 

puromycin and blasticidin free medium. Change medium once on the next day to remove 

PEI. After two more days, collect the medium, pass through a 0.45 nm filter and centri-

fuge at 8,000 g over night at 4°C. Discard the medium and resuspend the pellet in 250 ml 
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of infection medium (= ENR medium + 50% Wnt3a conditioned medium + 10 mM Nico-

tinamide + 10 mM Y27632 (p160ROCK inhibitor, Sigma) + 8 mg/ml Polybrene (Sigma). 

Preparing organoids for infection: Transfer organoids to a 15 ml Falcon tube. Dissociate 

with a fire polished glass pipette. The glass pipette should have an opening of about 0.5-1 

mm after fire polishing. Organoids are pipetted about 10 times up and down. The size of 

the organoids after this procedure is shown in Supplementary Figure 5. Incubate organoid 

fragments with TripLE (Invitrogen) for 5 min at 37°C. This will brake down the fragments 

to small cell clusters. Add medium containing 5% serum. Spin down cells at 1,000 g for 

5 min, discard supernatant and resuspend cell clusters in a small volume of infection 

medium. Spinoculation and plating: Combine cell clusters with 250 ml of viral suspension 

and transfer into a 48 well culture plate. Centrifuge the plate with 600 g at 32°C for 60 

min (spinoculation)8. Place the plate for another 6h in an incubator at 37°C. After this 

time, collect cells, transfer into 1.5 ml Eppendorf tube and spin down 1,000 g for 5 min. 

Discard supernatant, resuspend in 100 ml Matrigel (BD Biosciences) and split into 2 wells 

of a 24 well culture plate. Add 500 ml of infection medium without polybrene. After 

infection: Two days after infection change medium to ENR + Puromycin (2 mg/ml). Split 

organoids 1:3 when necessary. After removal of Wnt3a (contained in infection medium), 

spheres will change into budding organoids within 1-2 weeks. Once the organoids have 

regained their crypt-villus architecture, expression of the cDNA or miRNA can be induced 

with 4-OH Tamoxifen (Sigma, #H7904, working concentration 1 mM). 

Immunohistochemistry

Organoids were fixed with 4% paraformaldehyde (PFA) for 1h at room temperature. 

Next, samples were passed through an ethanol series and embedded in paraffin. Immu-

nohistochemistry was performed using standard techniques. 
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aBStraCt

Maintenance of adult tissues is carried out by stem cells and is sustained throughout life in 

a highly ordered manner1,2. Homeostasis within the stem cell compartment is governed by 

positive and negative feedback regulation of instructive extrinsic and intrinsic signals3,4. 

ErbB signalling is a prerequisite for maintenance of the intestinal epithelium following 

injury and tumour formation5,6. As ErbB family ligands and receptors are highly expressed 

within the stem cell niche7, we hypothesise that strong endogenous regulators must 

control the pathway in the stem cell compartment. Here we show that Lrig1, a negative 

feedback regulator of the ErbB receptor family8-10, is highly expressed by intestinal stem 

cells and controls the size of the intestinal stem cell niche by regulating the amplitude of 

growth factor signalling. Intestinal stem cell maintenance has so far been attributed to 

a combination of Wnt and Notch activation and Bmpr inhibition11-13. Our findings reveal 

ErbB activation as a strong inductive signal for stem cell proliferation. This has implica-

tions for our understanding of ErbB signalling in tissue development, maintenance and 

the progression of malignant disease.

IntroDuCtIon 

The intestine constitutes an excellent system for studying stem cell function. Intestinal 

stem cells (ISC) reside at the bottom of crypts, where they are maintained in a multi-

potent and self-renewing state14. The ISC niche in the small intestine is composed of 

stem cells above and interspersed between Paneth cells and surrounded by mesenchymal 

cells7,15. This provides a unique microenvironment that enables constant contribution 

figure 1. Characterisation of lrig1 expression in the intestine. 

a) In situ hybridisation for Lrig1 in adult mouse small intestine. Insert shows highest expression in the stem cell niche. 

b) Indirect immunofluorescence analysis for Lrig1 (magenta) and Lgr5-eGFP (green) in adult intestine of Lgr5-eGFP-

IRES-CreERT2 mice. Of note Paneth cells do not express Lrig1, the visible membrane staining of ISCs originates from 

only one cell membrane, whereas in the progenitor compartment the staining is a composite of two neighbouring cell 

membranes. c) Analysis of Lrig1 expression in Lgr5-GFPhigh/mid/low and GFPneg populations from Lgr5-eGFP-

IRES-CreERT2 mice. d) Lrig1 is expressed by approximately 30% of all crypt cells as determined by flow cytometry. 
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from stem cells to sustain the high cell turnover of the differentiated compartment16,17. 

Lgr5 expressing crypt based columnar cells at the bottom of crypts are together with cells 

located immediately above this region responsible for the life long steady state mainte-

nance of the epithelium14,15,18,19. It is well established how ISCs are maintained and which 

inductive signals are required for tissue maintenance, however, very little is known with 

regard to the regulation of these pathways in vivo.

rESultS

We recently demonstrated that Lrig1 controls stem cell proliferation in the epidermis20. In 

situ hybridisation now reveals that Lrig1 is highly expressed in the stem cell niche of the 

small intestine and colon (Figure 1a; Supplementary Figure 1). Lgr5 expressing stem cells 

can be identified by their high levels of GFP in the Lgr5-eGFP-ires-CreERT2 knock-in mouse14. 

GFP is subsequently diluted during successive cell divisions of stem cells (GFPhigh) and 

their early daughter cells (GFPmid and GFPlow). Expression analysis of these different 

populations demonstrates that Lrig1 levels are highest within the ISCs (GFPhigh vs. GFPmid: 

1.6x; GFPhigh vs. GFPlow: 2.2x). Immunofluorescence staining and flow cytometric analysis 

confirm the overlap of Lrig1 and Lgr5 expression at the protein level and that Lrig1 is 

expressed in a gradient with highest levels in ISCs and that it is absent from Paneth cells 

(Figure 1b-c; Supplementary Figure 2a-c). Overall, approximately 1/3 of all cells within 

the intestinal crypt express Lrig1 (Figure 1d). This comprises the entire CD24low/mid stem 

cell and progenitor compartment and includes all of the Lgr5+ve ISCs21 (Figure 1e-g). The 

percentage of Lgr5-GFP+ve cells within the Lrig1 expressing population can unfortunately 

not be determined due to the mosaic nature of the Lgr5-eGFP-ires-CreERT2 knock-in mouse, 

where a large fraction of Lgr5 expressing ISCs are GFP negative (http://jaxmice.jax.org/

strain/008875.html; Supplementary Figure 1). Characterisation of Lrig1+ve cells isolated 

by flow cytometry demonstrates that markers, which define ISCs such as Lgr5, Ascl2 and 

Msi1, are all enriched in this population (Fig. 1h)19,22. We also observe differential expres-

sion of multiple transcripts for Lrig1 interaction partners, in particular Egfr (6.2x, Fig. 

1h). Expression of Lrig1 is associated with reduced proliferation in other tissues20. There-

fore, we test whether Lrig1 expressing cells are mainly quiescent or proliferative. Pulse-

chase studies show that 15-20% of the Lrig1 expressing cells incorporate BrdU within 1 

hour following one injection and 60% are labelled after a three-day pulse with 7 injec-

tions (Figure 1i). The BrdU label is subsequently lost or significantly reduced following a 
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1-week chase (Supplementary Figure 2d-e). We conclude that Lrig1 is highly expressed 

by all ISCs, that the majority of Lrig1 expressing cells are proliferating and that especially 

the expression of Egfr is enriched within the Lrig1+ve population.

Work with Lrig1 knock out (KO) mice has until now been carried out on an outbred 

genetic mouse background20,23. To eliminate the contribution of genetic variability in the 

interpretation of the effects of Lrig1, we backcrossed Lrig1 KO mice to an Fvb/N back-

ground for more than 7 generations. On this background, no differences are observed 

between heterozygous and wildtype littermates. Yet, Lrig1 KO animals are smaller than 
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figure 2. loss of lrig1 causes crypt expansion. 

a-b) Grossly enlarged abdomen in postnatal day 10 Lrig1 KO animals. c-d) Lrig1 KO animals are smaller than control 

littermates but the length of the gut is not affected. Length of the gut and weight of neonates collected from P4 to 

P10. (P4:WT/Het n=7, KO n=3; P6:WT/Het n=15; KO:n=7; P8:WT/Het n=9, KO n=5; P10:WT/Het n=16, KO n=7). 

Error bars represent s.d. and asterisks significant changes (P6: p=0.0028; P8: p=0.011; P10: p=5.5x10-5). e-f) Loss 

of Lrig1 causes crypt expansion. H&E staining of proximal jejunum from Lrig1 WT and KO littermates. White lines 

demarcate crypt structures. g-h) The crypts from Lrig1 KO animals contain more proliferating cells. Phosphorylated 

histone H3(Ser10) (green) in intestinal samples from Lrig1 WT and KO littermates counterstained with dapi (blue). 

Scale bars 100µm (e-f), 50µm (f-g).
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their littermates from postnatal day 8 onwards and have to be sacrificed around post-

natal day 10 due to the severity of the phenotype. Whilst the sizes of most organs are in 

relative proportion to the reduced body weight, the relative size of the intestine is grossly 

enlarged in Lrig1 KO mice (Figure 2a-d; circumference: 7.3±0.5mm for WT/Het (n=5) and 

11.0±1.0mm for KO (n=4); p=0.01). 

Histological examination of the intestine reveals that loss of Lrig1 causes a dramatic 

increase in crypt size along the entire length of the small intestine (Figure 2e-f; Supple-

mentary Figure 3a). This is associated with an increased number of proliferating cells as 

measured by expression of phospho-histone H3 (Figure 2g-h, pHistoneH3/crypt: 3.9±0.9 

fold KO/ctrl, p=0.05). Phenotypically, crypts from KO mice and littermate controls are 

indistinguishable until postnatal day 6 (Supplementary Figure 3b). This coincides with 

stem cell specification in the neonatal intestinal epithelium24. Crypt hyperplasia can be 

observed from this time-point onwards in Lrig1 KO animals. Gene expression profiling 

reflects the phenotypic change associated with loss of Lrig1 as gene set enrichment 

analysis (GSEA) shows overrepresentation of crypt signature genes within the up-regu-

lated genes (p=1.5x10-177)25.

The enlarged crypt morphology can be explained by a specific increase in the transit-

amplifying compartment, by a disproportionate increase in individual crypt cell lineages, 

or by increased numbers of ISCs with a proportionate increase in transit-amplifying 

and Paneth cells. The major intestinal cell lineages can be identified by their differential 

expression of CD24 and binding of Ulex Europaeus Agluttinin (UEA-I) by secretory cells 

(Supplementary Figure 4). Loss of Lrig1 causes a profound increase in the proportion of 

the CD24low/mid/UEA-Ineg stem cell and progenitor compartment (D) and CD24high/UEA-Ipos 

figure 3. loss of lrig1 causes crypt and stem cell expansion. 

a) Dissection of epithelial lineages by flow cytometry based on the relative levels of CD24 and binding of UEA-I. 

The five identifiable population are enriched in A: Goblet cells (CD24neg/UEA-Ipos), B: Paneth cells (CD24pos/

UEA-Ipos); C: transit-amplifying cells/enterocytes (CD24neg/UEA-Ineg); D: stem cells and progenitors (CD24low/

mid/UEA-Ineg); E: enteroendocrine cells (CD24high/UEA-Ineg). b) Loss of Lrig1 leads to a disproportionate increase 

in CD24pos/UEA-Ipos Paneth cells and CD24low/mid/UEA-Ineg stem cells and progenitors. Error bars represent 

s.d. from 4 control and 3 Lrig1 KO samples (CD24neg/UEA-Ineg transit-amplifying cells/enterocytes: p=4.1x10-3; 

CD24low/mid/UEA-Ineg stem cells and progenitors: p=5.3x10-4; CD24pos/UEA-Ipos Paneth cells: p=4.7x10-4). c) 

Enrichment of stem cell markers in the CD24low/mid/UEA-Ineg stem cells and progenitors upon loss of Lrig1. Error 

bars represent the s.e.m. from 3 Lrig1 KO and 4 control samples (Lgr5: p=2x10-4; Olfm4: p=0.02; Msi1: p=0.001). d) 

Loss of Lrig1 causes a progressive expansion of the stem cell niche from postnatal day 6 as detected by in situ hybridi-

sation for Olfm4 and Cryptdin6, respectively. Scale bars 50µm.
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Paneth cells (B), whereas the population comprising mature enterocytes is proportionally 

decreased (C) (Figure 3a-b). Goblet  (A) and enteroendocrine  (E) cell populations show no 

significant change. In addition to their increased numbers, we observe increased expres-

sion of ISC markers within the CD24low/mid/UEA-Ineg population supporting an expansion 

of the stem cell compartment upon loss of Lrig1 (Figure 3c). To confirm this finding, we 

perform in situ hybridisation for Olfm4, a marker of ISCs22, and Cryptdin6, a marker of 

Paneth cells26. Starting from postnatal day 6 we observe an increased number of Olfm4 

positive cells in Lrig1 KO samples and from postnatal day 10 an increased proportion 

of Cryptdin6 positive Paneth cells (Figure 3d). The dynamic expansion of the stem cell 

compartment is supported by flow cytometric analysis of dissociated cells from the intes-

tinal epithelium (Supplementary Figure 5a-e). The expression domain of the independent 

stem cell marker Msi1 is also expanded upon loss of Lrig1 (Supplementary Figure 5f-g). 

Taken together, this supports a direct effect of Lrig1 on ISCs, which subsequently affects 

the size of ISC compartment and the crypt.

figure 4. lrig1 controls endogenous signalling via the ErbB pathway. 

a) Loss of Lrig1 causes increased protein levels and activation of the ErbB pathway. pEgfr, Egfr, pErbB2, ErbB2, 

pErbB3, ErbB3, cMet were detected by Western blotting in samples enriched for intestinal epithelium. β-actin is used 

a loading control. b) Relative expression analysis of the receptors by qPCR at P10 shows minor differences. Expression 

levels are shown relative to control samples (KO/Ctrl). Asterisks indicate significant changes (ErbB2: p=0.004; ErbB3: 

p=0.04; KO n=4, Ctrl n=3). c-f) Increased activation of MAPK signalling and cMyc signalling upon loss of Lrig1. Immu-

nohistochemical analysis for p-MEK1-2 (c-d) and cMyc (e-f). g-i) Altered Egfr activation dynamics upon loss of Lrig1 

KO. i) Average normalised membrane intensity of pEgfr in intestinal samples from KO (n=6) and control animals (n=10) 

for 6-18 individual crypts per sample. Error bars represent the s.e.m. (positions 1-4: p<0.05). j) Increased Myc activ-

ity in progenitors lacking Lrig1. Relative expression of Myc and Myc target genes in CD24low/mid/UEA-Ineg stem 

cells and progenitors versus CD24neg/UEA-Ineg transit-amplifying cells/enterocytes from control (n=4) and Lrig1 KO 

(n=3) tissues. Error bar represent the s.e.m. (Myc: p=0.001; NSun2: p=0.001; Ncl: p=0.002). k) Lrig1 KO organoids 

mature in the absence of exogenous ErbB ligands. Maximum intensity projection of confocal images of WT and KO or-

ganoids shows incorporation of BrdU (green) and β-catenin as counterstain (magenta). l) EGF signalling is required for 

organoid maturation. The branching coefficient was determined for varying concentrations of EGF for independently 

derived samples (n=3 for all except for 50ng/mL and no EGF: n between 6 and 9). Error bars represent the s.e.m. and 

asterisk significant change (p=0.009). m) Loss of Lrig1 does not affect ErbB ligand expression. The relative levels of 

ErbB ligands were determined by qPCR on material from organoids grown for 2 and 6 days with or without EGF. Red 

and green colours reflect increased and decreased deviation from the mean, respectively. The dendogram indicates 

that ctrl samples grown for 6 days in normal conditions cluster with Lrig1 KO samples grown with and without EGF. 

Scale bars 50µm (c-h) and 100µm (a-d).
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Lrig1 interacts with the ErbB family, cRet and cMet in vitro and reduces signalling 

strength by negatively regulating both protein levels and the activity of the growth factor 

receptors8-10,27,28. Epithelial cells in the intestine express detectable levels of Egfr, ErbB2, 

ErbB3 and cMet (Figure 1h and 4a). ErbB signalling is mediated via ligand stimulation of 

Egfr and ErbB3, which upon homo- and heterodimerisation with each other or with the 

orphan receptor ErbB2 activates downstream signalling cascades29. cMet on the other 

hand is activated upon HGF stimulation. Loss of Lrig1 causes a pronounced increase in the 

protein levels of all of these interaction partners irrespective of transcript levels (Figure 

4a-b). This is associated with a concomitant increase in the activity of the ErbB family, but 

with no detectable effect on the activation of cMet (Figure 4a and data not shown). The 

increased ErbB activation is reflected by strong up-regulation of MAPK signalling and 

increased levels and activity of the mitogen-induced transcription factor cMyc (Figure 

4c-f; GSEA of the Myc dependent gene network30: p=3.0x10-18). In order to address 

whether the increased levels of ErbB signalling reflects merely the expansion of the 

crypt or if loss of Lrig1 alters signalling dynamics we utilise two independent approaches. 

Firstly, phosphorylation of Egfr (pEgfr) is a direct measure for receptor activation in 

vivo. At postnatal day 10 phosphorylation can be observed on UEA-1pos secretory cells 

and progenitor cells (Supplementary Figure 6). In control animals, pEgfr levels are low 

at the crypt bottom and peak around cell position 8 (Figure 4g,i). Of note, this is the 

reverse expression pattern of Lrig1. In the Lrig1 KO, Egfr activation is uniform within the 

crypt (Figure 4h,i). Secondly, expression analysis of isolated cell populations signifies the 

increased activation of Myc within ISCs and progenitors upon loss of Lrig1 (Figure 4j). We 

conclude that loss of Lrig1 affects ErbB signalling within the ISC compartment.

figure 5. lrig1 controls ErbB activation in vivo. 

a-d) Pharmacological inhibition of ErbB activation restores proliferation in the intestinal epithelium and the crypt 

size to normal in Lrig1 KO animals. Crypt size and proliferation is visualised by the expression of Ki67. e-l) Treatment 

with Gefitinib rescues the observed effect on the stem cell niche in Lrig1 KO animals. Paneth cells and stem cells are 

detected by in situ hybridisation for Cryptdin6 and Olfm4, respectively. m-p) pEgfr levels are reduced upon treatment 

with the ErbB inhibitor Gefitinib. Detection of activated Egfr (pEgfr) in tissues from Lrig1 WT and KO animals at P10 

either untreated (m and n) and treated with Gefitinib (o and p). q-t) A loss of function Egfr mutant rescues the Lrig1 

KO phenotype. Morphologically proliferation has been restored to normal levels in the rescued animals as detected by 

expression of Ki67 by immunohistochemistry. All Lrig1 KO mice on an Egfrwt/wt background have the expected phe-

notype (r,15 out of 15), however, a large proportion of Lrig1 KO animals heterozygous for the hypomorphic Egfr allele 

(Egfrwt/wa-2) have normal intestinal morphology (t, 15 out of 37; p=0.0095) although some still display hyperplasia 

(s). u) Model of the role of Lrig1 in stem cell homeostasis as a regulator of ErbB signalling. Scale bars: 50µm (a-t).
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Next, we functionally test in a defined 3D intestinal culture system whether ErbB inhibi-

tion is the main function of Lrig1. ISC self-renewal and proliferation require stimulation 

of the Egfr and the Wnt pathways, and inhibition of the Bmpr pathway31. In wild type 

samples, stimulation of ErbB signalling with exogenous ligands is a prerequisite for the 

maturation from spheres into budding organoids. Interestingly, Lrig1 KO spheres mature 

into budding organoids in the absence of exogenous ErbB ligands (Figure 4k-l). Neverthe-

less, ErbB signalling, like stimulation of the Wnt pathway and inhibition of BMPR signal-

ling, is an obligate requirement for growth of both WT and KO organoids, as inhibition 

of ErbB signalling with a number of ErbB inhibitors rapidly affects cell survival (data not 

shown). Importantly, loss of Lrig1 does not cause increased expression of ErbB ligands 

(Figure 4m). We conclude that upon loss of Lrig1, endogenous ErbB ligands are suffi-

cient to support organoid growth due to reduced ErbB inhibition in ISC. Moreover, as the 

phenotype observed in vivo can be recapitulated in vitro in a purely epithelial culture, the 

function of Lrig1 is likely to be crypt autonomous.

To address in vivo whether activation of the ErbB family is responsible for the observed 

phenotype, neonatal mice were treated daily with the ErbB inhibitor Gefitinib. Following 

administration of inhibitor in vivo, crypt proliferation as well as ISC and Paneth cell numbers 

is restored to normal levels in the Lrig1 KO animals (Figure 5a-l). Moreover, treatment 

with Gefitinib reduces pEgfr levels (Figure m-p). Gefitinib-treated KO animals are still 

significantly smaller than control animals, and we hypothesise that Lrig1 has important 

non-reversible functions in other tissues such as the stomach, where Lrig1 is expressed 

by a small sub-population of cells within the pyloric glands (M.P. and K.B.J. Unpublished 

observations). The proposed mechanism of Lrig1 as an inhibitor of ErbB function in vivo 

is further substantiated by genetic rescue of the phenotype by crossing Lrig1 KO animals 

to hypomorphic Egfrwa-2 mice (Figure 5q-t). The Egfrwa-2 mouse strain harbours a missense 

mutation in the kinase domain of Egfr, which compromises the activity of the receptor 

upon ligand stimulation32. Homozygosity for Egfrwa-2, when crossed with Lrig1 KO mice, 

is associated with perinatal lethality irrespective of Lrig1 status. Analysis of the Egfrwa-2 

heterozygous animals at postnatal day 10 demonstrates that the phenotypical changes 

associated with loss of Lrig1 are rescued in approximately 40% of the mice (n=15 out 

of 37, p=0.0095). Thus, the phenotypical changes observed upon loss of Lrig1 can be 

rescued by both pharmacological and genetic modulation of endogenous ErbB activity, 

hereby demonstrating ErbB activity as the main target of Lrig1 in vivo.
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DISCuSSIon

Our data support a model whereby Lrig1 regulates proliferation within the ISC niche by 

inhibiting ErbB signalling. Expression of Lrig1 enables stem cells and progenitors to fine-

tune their cellular response upon ligand stimulation and ensures that tissue homeostasis 

is maintained (Figure 5u). Proliferation and maintenance of the ISC compartment have 

until now been attributed to Wnt and Notch activation in combination with BMPR inhibi-

tion11-13. We show that ErbB signalling is a strong mitotic signal for ISCs, and when unin-

hibited leads to a rapid expansion of the stem cell compartment. The prominent role of 

ErbB signalling in the ISC compartment is supported by recent evidence from Drosophila, 

where signalling via Egfr, the only ErbB receptor in Drosophila, is required for intestinal 

maintenance33,34. Moreover, the natural response to injury and tumour initiation in the 

mouse intestine, which includes stem cell activation, is severely compromised upon loss 

of Egfr and ErbB35,6. Analogous to our observations, eliminating one functional copy of 

the Egfr significantly alters the injury response to sub-lethal doses of radiation35. In the 

case of injury models it remains to be shown whether Egfr and ErbB3 function is required 

for expansion of the stem cell compartment or as a general mitotic stimuli.

Due to the reported anti-proliferative effect of Lrig1 in human and murine epidermis9,20, 

we have assessed the proliferation status of Lrig1 expressing cells. As predicted from the 

overlap in Lrig1 and Lgr5 expression, we observe that the majority of Lrig1 expressing 

cells like Lgr5+ve cells are highly proliferative. We cannot rule out that mitotic hetero-

geneity exists within the Lrig1+ve population; however, it is evident that Lrig1 does not 

define a population of quiescent cells in the intestine. The prominent effect on the stem 

cell compartment upon loss of Lrig1 does however highlight that ISCs are exposed to 

multiple signals that promote proliferation and that distinct inhibitory factors like Lrig1 

are required to control stem cells.

We unambiguously demonstrate that Lrig1 is a key regulator of tissue homeostasis in the 

intestinal epithelium. As multiple tissue-specific stem cells rely on Lrig1 to regulate their 

behaviour, we propose that Lrig1 provides a general mechanism to control tissue homeo-

stasis. Based on the study described here, and the non-overlapping expression pattern 

of Lrig1 and Lgr5 in stem cells of the epidermis20,36, we anticipate that distinct cellular 

microenvironments, which can either converge as in the intestine or diverge as in the 

epidermis, specify stem cell behaviour in vivo. 
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MatErIalS anD MEtHoDS

Mice

FVB/N mice were obtained from Charles River. Lrig1 KO mice23, Egfrwa-2 and Lgr5-EGFP-IRES-

CreERT2 knock in mice14 have been described. EgfrWa-2 mice crossed to Fvb/N for 1 gener-

ation were bred with Lrig1 KO. The offspring was subsequently intercrossed in order 

to obtain Lrig1 KO mice on the hypermorphic Egfrwa-2 background. For DNA labelling 

experiments mice received single or repeated intraperitoneal injections of 100µL 10mg/

mL BrdU (10mg/mL) every 12-hour. For experiments with Gefitinib (Cambridge Biosci-

ence, Cambridge, UK), neonatal mice received daily intraperitoneal injections of 20µg/g 

bodyweight of Gefitinib. All in vivo experiments were performed under the terms of a UK 

Home Office license. 

tissue preparation

Intestinal samples were fixed and embedded in paraffin using standard protocols. Analysis 

of Lgr5-GFP/Lrig1 and UEA-1/pEgfr was carried out as recently described22. 

antibodies

The following antibodies were used rabbit anti-b-catenin (Santa Cruz, sc-7199, 1:250), 

rabbit anti-Phospho-histone H3 (ser10) (Cell Signaling #9701, 1:400), rabbit anti-

phospho-MEK1/2 (Ser221) (Cell signalling, #2338, 1:500), mouse anti-BrdU (Cell 

signaling, Bu20a, 1:250), goat anti-Lrig1(R and D Systems, AF3688, 1:100), rabbit 

anti-Myc (Millipore, 06-340, 1:100), mouse anti-Ki67 (Monosan, Clone MM1, 1:1000), 

PE-conjugated anti-Lrig1 (R and D systems, FAB3688P, 10µL/106 cells), Pacific blue and 

Alexa647 conjugated Rat anti-CD24 (Biolegend, M1/69, 5µL/106 cells), rat anti-Msi1 

(MBL, D270-6, 1:10000), rabbit anti-phospho Egfr (Y1068) (Abcam, EP7774Y, 1:250), 

rabbit anti-Egfr (Cell Signaling, #4267 clone D38B1, 1:250), rabbit anti-phospho ErbB2 

(Y1248) (Abcam, ab47755), mouse anti-ErbB2 (Millipore, 05-1130, Clone N3D10, 1:500), 

rabbit anti-phospho ErbB3 (Y1289) (Cell Signaling, #4791, Clone 21D3, 1:250), mouse 

anti-ErbB3 (Millipore, 05-390, Clone 2F12, 1:500), rabbit anti-cMet (Santa Cruz, sc-162, 

1:500), mouse anti-b-actin, (Sigma A5316, clone AC-74, 1:5000) and Atto-488 conju-
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gated UEA-1 (Sigma, 10µL/106 cells for flow cytometry, 1:1000 for near-native sections) 

according to manufacturer’s instructions. For confocal microscopy samples were imaged 

using a LSM700 confocal microscope or Leica SP5 TCS. Z-stacks were acquired at optimal 

stack distance and at 1024x1024 dpi resolution. Maximum intensity projections of 

Z-stacks were generated in Image J.

rna extraction and qPCr

One cm pieces of the jejunum from postnatal day 10 Lrig1 KO and control littermates were 

rinsed with ice cold PBS and snap frozen on dry ice. RNA was isolated from homogenised 

intestine or flow-sorted cells and either used directly for microarray experiments or for 

qPCR as described20. Gene specific expression assays (Applied Biosystems) or Sybr green 

analysis (Invitrogen) with optimised primer-pairs were used for qPCR on an Applied 

Biosystems 7500HT RealTime PCR System (Applied Biosystems, Foster,USA). Samples 

were normalised using the ΔCt method. For clustering analysis average expression 

levels from at least three independent biological replicates were converted to z-scores 

(z=(value-average value)/stdev) and plotted using heatmap.2› function from the Biocon-

ductor ‹gplots› library.

Microarray analysis 

RNA was quality controlled for concentration, purity and integrity using spectroStar 

omega (BMG labtech) and Bioanalyser (Agilent). The amplification was performed using 

the TotalPrep 96-RNA Amplification kit (Ambion). Total RNA (~300ng) was reverse 

transcribed into cDNA and amplified by in vitro transcription to generate biotin-labelled 

cRNA. cRNA (1500 ng) was hybridised to whole genome bead arrays (MouseWG-6 v2.0 

Expression BeadChip) according to the direct hybridisation assay from Illumina and 

scanned using an Illumina BeadArray scanner. Bead level data from all hybridizations was 

background corrected, using default parameters of the RMA algorithm37, and summarised 

using the beadarray package for the Bioconductor suite (http://www.bioconductor.org) 

for the R statistical programming environment (http://www.r-project.org). Processed 

sample expression profiles were quantile normalised using the limma package for 

Bioconductor prior to analysis of differential regulation between sample groups with 

the moderated t-statistic of the same package38. In order to reduce errors associated 

with multiple hypothesis testing, the significance p-values obtained were converted to 
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corrected q-values using the false discovery rate (FDR) method39, as implemented in the 

qvalue package for Bioconductor. Differential regulation between two sample groups was 

deemed significant at a threshold of q < 0.01 (FDR 1%, Supplementary Table 1). In order 

to generate a reference gene universe for gene set enrichment analysis we defined the 

intestinal transcriptome as genes detected in three replicates from KO and control samples 

(13,298 unique genes, 2,575 up-regulated genes, 2,553 down-regulated genes; Supple-

mentary Table 2). For GSEA using Fisher’s exact test we obtained a crypt gene signature25 

(1,692 genes in reference list, 802 genes up-regulated; Supplementary Table 3) and a Myc 

dependent gene network30 (374 genes in reference list, 144 genes up-regulated; Supple-

mentary Table 4).

Western blot analysis and in situ hybridisation

For protein isolation, intestinal epithelium was extracted as for organoid cultures and 

lysed in RIPA buffer. DIG in situ hybridisation was carried out essentially as described 

before using IMAGE clones40.

flow cytometry

Intestinal epithelial cells were isolated as described22. To generate a single cell suspen-

sion, cells were incubated with trypsin22 or with 0.25mg/mL Thermolysin for 1 minute 

at 37°C in PBS supplemented with 1%BSA for trypsin sensitive antigens such as Lrig1. 

Cell sorting was carried out using a FACSAria (BD Biosciences) for isolation of cells based 

on CD24 and UEA-1, and a MoFlo (Dako Cytomation) for isolation of Lrig1 and Lgr5-

eGFP expressing cells. Flow cytometric analysis was carried out on a CyAn ADP analyzer 

(Dako Cytomation), and data was processed in FlowJo. The BrdU labelling analysis was 

performed with the APC-BrdU flow cytometry kit (BD biosciences).

organoid cultures

Primary crypts were cultured according to Sato et al.31 using reduced concentrations of 

murine recombinant R-spondin1 (500ng/mL – R&D Systems) and varying concentrations 

of EGF (Peprotech). Organoid structures were imaged at day 6. Cell proliferation was 

measured by BrdU incorporation by incubation with 20µM BrdU (Roche) for 1 hour at 

37°C before fixation.
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Image analysis 

Confocal images of intestinal samples stained for pEgfr were analysed in ImageJ to deter-

mine the levels of membrane-localised pEgfr. Intra-crypt intensities were normalised to 

the average intensity of position 6-10. This corresponds to the peak in control samples.

Organoids in matrigel were observed under phase contrast using an Axiovert 200M micro-

scope (Zeiss) equipped with an AxioCam MRc (Zeiss). Images were interactively analyzed 

using ImageJ to determine perimeter and area of individual organoids and calculate the 

branching coefficient (1-4p(Area/perimeter2)) of the formed structures. Images were 

acquired from a minimum of 8 organoids per condition derived from independent KO and 

control samples,

Statistical analysis

Statistical significance of quantitative data was determined by applying a two-tailed 

Student’s t-test to raw values or to the average values obtained from analysis of inde-

pendent organoid experiments. A two-tailed Fisher’s exact test was used to analyse the 

significance of the genetic rescue of the Lrig1 KO phenotype, and to determine the signif-

icant overlap between different gene lists.
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aBStraCt

The self-renewing gastric corpus epithelium is organized in units that consist of three 

parts, the luminal pit, the isthmus and the basal gland. Proliferation occurs almost exclu-

sively in the isthmus, from where cells migrate bidirectionally towards pit and gland to 

generate the different cell types. The isthmus is therefore viewed as the stem cell zone. 

Lineage tracing using Troy-eGFP-ires-CreERT2 knock-in mice marks single Troy+ cells 

located at the gland base. Over months, these marked cells generate increasing numbers 

of entirely labeled gastric units, a phenomenon that accelerates upon tissue damage. 

Small Troy+ cells can be cultured to generate long-lived gastric organoids. We conclude 

that Troy marks a quiescent ‘reserve’ stem cell, capable of replenishing the proliferative 

isthmus.

IntroDuCtIon 

The gastric epithelium constitutes a constantly self-renewing tissue. Multiple markers 

have been proposed for gastric stem and progenitor cells (1, 2). Lineage-tracing studies 

using chemical mutagenesis (3) or genetic tracing from the Sox2 locus (4) have elegantly 

demonstrated the existence of multipotent stem cells in the adult stomach. We have 

recently shown that Lgr5 marks adult stem cells exclusively in the pyloric region of the 

stomach (5). Lgr5-positive (Lgr5+) stem cells are located at the bottom of pyloric glands 

and are responsible for the long-term renewal of the pyloric epithelium. A second pyloric 

stem cell has been revealed in a linage tracing experiment using a Villin-driven Cre trans-

gene. This quiescent stem cell is located higher up in the glands and becomes apparent 

upon IFN gamma stimulation (6). These stem cells as well as the Lgr5+ stem cells are 

absent in the much larger gastric corpus. Based on the predominant location of prolifera-

tive cells in the isthmus of corpus units, it is generally believed that the isthmus repre-

sents the stem cell zone of the corpus epithelium (7).
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rESultS

Following the identification of Lgr5 as a marker of multiple adult stem cell populations 

in small intestine, colon, pylorus and skin, we subsequently established transcriptional 

profiles of Lgr5+ stem cells (5, 8, 9). One of the genes that most closely followed the 

expression pattern of Lgr5 in intestinal crypts was Troy (encoded by Tnfrsf19) (9). Troy is 

a member of the Tnf-receptor superfamily (Tnfrsf) and potentially functions as a receptor 

for lymphotoxin A (10). Troy is highly homologous to two other Tnfrsf members, Xedar 

and Edar. Troy knock-out mice show no obvious phenotype (11). Interestingly, Troy was 

not detected in the other Lgr5+ stem cell populations, indicating differential transcrip-

tional regulation of Tnfrsf19 compared to Lgr5. As Troy may mark novel sets of adult 

stem cells, we generated a Troy-eGFP-ires-CreERT2 knock-in mouse line (Troy-ki), in 

which eGFP and CreERT2 are under the control of endogenous Troy regulatory sequences 

(Supplementary Figure 1A) (12). As predicted, eGFP expression was detected in the crypt 

base columnar cells of the small intestine (Supplementary Figure 1B). Indeed, in vivo 

lineage tracing performed in Troy-eGFP-ires-CreERT2 mice crossed with the RosaLacZ 

Cre reporter strain resulted in typical intestinal stem cell tracing events (Supplementary 

Figure 1C). As expected, lineage tracing was not observed in Lgr5+ stem cell compart-

ments that were Troy negative (Troy-), i.e. in the colon, gastric pylorus and hair follicle. 

However, we detected tracing events in the gastric corpus, pancreas, kidney, liver, lung 

and brain. For the current study, we focused on the gastric corpus. 

Troy-eGFP expression was readily detectable at the base of each gastric unit throughout 

the corpus (Figure 1A). Despite the fact that the isthmus appears to be the principle zone 

of proliferation, previous 3H-Thymidine infusion experiments have detected dividing cells 

with chief cell characteristics at gland bottoms (13). One day post-induction (PI) of tracing 

of 8 week-old mice, single LacZ+ cells were observed at the bottom of corpus glands 

(Figure 1B, arrow). A slow clonal expansion over time was apparent, which eventually 

generated ribbons of LacZ+ cells spanning the entire length of a gastric unit. Whole gland 

tracings were more readily detectable 6 months PI. Of note, no tracing was detected in 

the pyloric region, consistent with the absence of Troy-eGFP+ cells in that region (Figure 

1C). Besides the expanding clones, a fraction of cells remained as single LacZ+ cells at the 

bottom of glands over the entire six-month time frame (Figure 1D, arrows). The position 
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figure 1. troy+ cells at the base of glands generate all lineages of the adult gastric corpus. 

(A) Confocal image showing Troy-eGFP expression at the base of the corpus glands in an adult Troy-ki. (B) Expression 

of the Rosa-LacZ reporter gene in Troy+ cells one day post induction (PI) and subsequent production of LacZ positive 

progeny at 1, 3 and 6 month PI. (C) Whole-mount LacZ staining of Troy-ki stomach 6 month PI. Lineage tracing is 

only evident in the corpus region of the stomach, while the pylorus never shows any LacZ+ cells/tracings. (D) At 6 

month PI, single LacZ+ cells (arrows) were still present besides tracings encompassing the whole gastric unit. (E) The 

position of LacZ+ cells in the gastric unit for 100 tracings was quantified at one day, 1 month and 3 month PI. (F) The 

number of LacZ+ cells per clone was counted at 1 day, 1 month and 3 month PI. (G) Clonal LacZ+ positive gastric units 

contain H-K-ATPase positive parietal cells, intrinsic factor positive chief cells, PAS positive mucus pit and neck cells 

and chromogranin A positive enteroendocrine cells. P < 0.01 (**) and P<0.001 (***).
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Figure S1. Stange et al.

Supplementary figure 1. Construction and validation of the troy-egfP-ires-CreErt2 knock-in mouse

A) Targeting strategy to insert the eGFP-ires-CreERT2 cassette into the translational start site of Tnfrsf19. B) Endog-

enous expression of the eGFP reporter in crypt base columnar cells, the fast cycling Lgr5+ intestinal stem cells of the 

small intestine. C) Lineage tracing in Troy-eGFP-ires-CreERT2+/ki;RosaLacZ reporter+/Rep mice reveals long term 

labeling of intestinal stem cells. 
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of LacZ+ cells was quantified for 100 tracing glands at one day, one month and three 

month PI (Figure 1E). At day one PI, we never detected a LacZ+ cell above position 10 

from the bottom (this position is still >10 cell positions below the lower isthmus region). 

After one month, 30% of labeled glands contained at least two LacZ+ cells. Approximately 

50% of initially labeled cells showed an expansion three month PI. Quantification of the 

LacZ+ clone size confirmed an increase over time (Figure 1F). The speed of expansion was 

relatively slow, with an average doubling time of about 50 days. Within the LacZ-positive 

ribbons, all differentiated cell types of the gastric corpus were detected, i.e. parietal cells, 

chief cells, mucus-secreting pit cells, and enteroendocrine cells (Figure 1G). We concluded 

that Troy marks bona fide multipotent stem cells of the adult gastric corpus. Unlike the 

Lgr5+ stem cells of the pylorus and the small intestine, Troy+ cells showed characteristics 

of quiescence.

We have previously established a long-term culture system that allows unlimited expan-

sion of pyloric epithelium from single Lgr5+ pyloric stem cells (5) .To test if Troy+ corpus 

stem cells are also capable of generating organoid cultures, we isolated gastric units from 

the corpus and sorted single eGFP+ cells. Two populations of Troy+ cells, different in cell 

size, were detected (Figure 2A,B). Cells from the smaller cell population consistently grew 

out into organoids (Figure 2C-E). In contrast, the larger Troy+ cells did not divide and 

died within one or two days of culture (Figure 2D,E). We followed a single sorted small 

cell over a period of 6 month, which was expanded weekly in a 1:5 ratio (Figure 2C). 

No change in growth behavior was apparent over time. After an initial phase of cystic 

growth, organoids formed gland-like protrusions. Troy-eGFP+ cells were readily detect-

able in the budding structures of organoids (Figure 2F). Lineage tracing initiated in estab-

lished organoids resulted in the initial labeling of a small number of cells (Figure 2G). Over 

time, the number of LacZ+ cells increased until almost all cells within an organoid were 

positive, implying that Troy+ cells behave like the stem cells of stomach organoids. These 

organoids mainly consist of cells marked by pepsinogen (chief cells) and PAS (mucin-

secreting cells).

figure 2. Single troy+ cells are able to generate gastric organoids in vitro.

(A) Two different populations of Troy-eGFP+ cells can be distinguished by FACS: Troy+ small and large cells. (B) Single 

sorted Troy+ small and large cells are clearly different in size. (C) Representative example of a single Troy+ small cell 

growing out to a gastric organoid. Organoids where dissociated and split on a weekly basis and grown for >6 months. 

(D) Colony formation efficiency of Troy+ small and large cells as well as Troy negative cells. The number of organoids 

was counted at day 7 after seeding. Data are expressed as mean ± SEM of >180 seeded wells. (E) Representative im-

age of wells seeded with 1000cells/well in a 24 well plate for Troy+ small and large cells as well as Troy negative cells.
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(F) Fluorescent image of Troy-eGFP expressing cells in Troy-ki derived gastric organoid. Note that Troy+ cells are situ-

ated predominantly at small budding structure. (G) One month old Troy-ki+/ki;Rosa-LacZ reporter+/Rep mouse de-

rived gastric organoids were treated with tamoxifen (4µM) for 16h to induce lineage tracing in vitro. One day PI single 

LacZ positive cells were observed. Four days later, these cells had generated small clones of LacZ positive offspring
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figure 3. troy is expressed in parietal and chief cells at the base of glands. 

(A-C) Confocal microscopy reveals that Troy-eGFP+ cells are expressing either the parietal cell marker HK-ATPase 

(A) or the chief cell marker intrinsic factor (B). Basal enteroendocrine cells marked by chromogranin A are Troy-eGFP 

negative (C). (D) Single LacZ positive cell (arrowhead) at the base of glands after 6 month tracing is positive for the 

parietal cell marker HK-ATPase. (E) An expanding clone in 1 month after induction of tracing contains intrinsic factor 

positive chief cells (arrows) and negative cell (arrowhead).
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In order to further characterize the two Troy+ positive populations, we performed marker 

analysis on Troy-eGFP-ires-CreERT2 corpus epithelium using near-native tissue sections 

(14). Troy-eGFP+ cells co-labeled either with HK-ATPase, a marker for parietal cells, or 

with intrinsic factor, a marker for chief cells (Figure 3A,B), whereas the third cell type 

present at the bottom of corpus glands, enteroendocrine cells, were Troy negative (Figure 

3C). Staining for the parietal cell marker on tissue sections from six-month tracing experi-

ments revealed that non-expanding single LacZ+ cells were parietal cells (Figure 3D). At 

one month, most of tracing events involved small cells, positive for the chief cell marker 

(Figure 3E). We concluded that the small Troy+ cells represent the stem cells as they 

generate the stem cell lineage tracings in vivo, and can grow out to form organoids in vitro.

Compared to the rate of tracing from Lgr5+ cells in the pylorus, tracing from the Troy+ cells 

followed different kinetics. Although some complete tracings spanning the whole gastric 

unit could be found within one month PI, most tracings progressed slowly, first filling 

up the lower part of the glands (Figure 1B). As stated earlier, proliferating cells were 

infrequently observed in the bottom part of glands where Troy is expressed, whereas the 

isthmus region was constantly cycling (Figure 4A,B). Apoptosis occurred most frequently 

in the pit region of gastric units (Figure 4C). Troy+ stem cells therefore appeared largely 

dispensable for the daily renewal of the corpus epithelium and rather acted like a separate 

‘reserve’ stem cell population. To test this hypothesis, we selectively killed the prolifera-

tive cells in the gastric corpus units using 5-Fluoruracil (5-FU). This approach has been 

successfully employed to prove the existence of quiescent stem cells in the bone marrow 

(15). We injected 5-FU three days after induction of tracing and followed the tracing 

over a time period of 4 weeks. A single dose of 150mg/kg was enough to completely 

abolish proliferation in the corpus epithelium (Figure 4D), whereas Troy+ cells, consis-

tent with their quiescent nature, were not affected (Figure 4E). Apoptosis was mainly 

observed in the isthmus region (Figure 4F). Four weeks after 5-FU treatment, accelerated 

expansion of LacZ+ clones was evident (Figure 4G-K). The number of tracing events that 

reached to the lumen increased 6-fold after 5-FU treatment (Figure 4Hiii,I). In parallel, 

the overall number of tracing events was also more than doubled (Figure 4J). Often, 

tracings appeared in patches, implying that gland fission might have occurred (Figure 

4Hiv). Overall clone size in 5-FU treated mice also increased significantly (Figure 4K). 

Depletion of the rapidly cycling isthmus compartment therefore resulted in activation of 

the normally quiescent Troy+ stem cells at the gland bottom. 
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(A-F) 5-FU treatment specifically ablates proliferating cells in the isthmus. Control (A, B, C) and 5-FU treated (D, E, 

F) mice were analyzed by Ki-67 (A, D, for proliferating cells), GFP (B, E, for Troy+ cells), and cleaved caspase3 (C, F, 

for apoptotic cells). Note that 5-FU treatment results in apoptosis of cycling isthmus cells while it does not affect 

Troy+ cells.(G-H) An accelerated expansion of Troy-labeled clone upon tissue damage. Control (G) and 5-FU treated 

(H) mice were analyzed 1 month PI. Representative examples of Troy tracing (i, ii) and whole mount pictures from 

the luminal side (iii) and the outside (iv). Circles indicate LacZ+ glands reached to the luminal side. Outlines showed 

patched LacZ+ glands, suggesting lateral expansion. (I) The number of tracings that reach to the lumen was counted 

one month PI in 5-FU treated vs. untreated mice. A 6 fold increase is detected. (J) The overall number of tracings in 

nine consecutive sections one month PI was counted, revealing a 2.5 fold increase. (K) The number of LacZ+ cells per 

clone was counted at 3 days and 1 month after 5-FU treatment. Statistical testing for I-K was performed using a t-test. 

P<0.001 (***) and P<0.0001 (****). (L) Time scheme of 5-FU experiment. 

DISCuSSIon

In this study, we identify Troy as a novel adult stem cell marker. Troy+ cells reside at gland 

bottoms, a location in the gastric corpus that was previously thought to contain only 

differentiated cells. Troy+ cells produce all epithelial lineages present in the corpus in vivo 

and can generate organoid cultures in vitro. Their slowly cycling nature as well as their 

potential to be activated upon selective removal of proliferative isthmus cells mark them 

as a population of quiescent, ‘reserve’ stem cells. How do these Troy+ stem cells compare 

to previously proposed gastric stem cells in the corpus? Different from Troy+ cells, Sox2+ 

stem cells reside near the isthmus and do not express known differentiation markers 

(4). Within the isthmus, Tff2+ cells have been demonstrated to represent progenitors of 

mature chief cells and parietal cells, but not of mucus-secreting pit cells and enteroen-

docrine cells (16). The pre-neoplastic lesion termed ‘spasmolytic polypeptide-expressing 

metaplasia’ (SPEM) orginates from cryptic cells within the Mist1+ chief cell compartment, 

which occupies the bottom half of corpus glands, below the isthmus (17). The fact that 

Troy+ stem cells also express a chief cell marker suggests a connection between SPEM and 

Troy+ stem cells. Taken together, Troy+ cells represent a novel quiescent stem cell type in 

the epithelium of the gastric corpus. As has been proposed in other self-renewing tissues 

(18), the gastric corpus contains two stem cell populations: an actively dividing popula-

tion located in the isthmus and a small population of ‘reserve’ stem cells, marked by Troy, 

at the gland base.
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MatErIalS anD MEtHoDS

Mice and treatments 

Mice were maintained within the animal facilities at the Hubrecht Institute, and experi-

ments were performed according to the national rules and regulations of the Nether-

lands. Troy-eGFP-ires-CreERT2 mice were generated by homologous recombination in 

embryonic stem cells targeting an eGFP-ires-CreERT2 cassette at the translational start 

site of Tnfrsf19 (Supplementary Figure S1). Details of embryonic stem cell targeting are 

described elsewhere (19). In adult mice, the Cre-recombinase was activated in Troy-eGFP-

ires-CreERT2+/ki;RosaLacZ reporter+/Rep mice by injecting tamoxifen (Sigma, T5648) by IP 

injection. For 5-FU treatment, mice were injected with 150mg/kg of 5FU (Sigma, F6627) 

by IP injection.

Detection of beta-galactosidase activity

Freshly obtained stomach samples were fixed for 2h in a 2% paraformaldehyde/0.2% 

glutaraldehyde/PBS solution at 4°C. Samples were then washed 3 times for 10 min with 

rinse buffer (2 mM MgCl2/0.1% NP40/PBS) and stained for 16h in a solution consisting 

of 1 mg/ml X-gal, 5 mM ferrothiocyanide, 5 mM ferrithiocyanide in rinse buffer. The 

samples washed, fixed with 4% paraformaldehyde for 16h and embedded in paraffin, 

sectioned (at 4 mm) and stained with Nuclear Fast Red (Sigma, N8002). Localization of 

labeled cells was performed 1 day, 1 and 3 month after tamoxifen induction in 8 week old 

mice. One hundred gastric units were counted, and the position of LacZ+ cells from the 

bottom of glands noted. Quantification of LacZ+ clone size was performed in 100 gastric 

units at 1 day, 1 and 3 month post tamoxifen induction. For the overall number of induced 

tracings or the number of tracings that reached the lumen, LacZ+ clones in ten adjacent 

sections were counted. The total length of sections was matched between 5-FU treated 

and untreated conditions.

Immunohistochemistry (IHC) and confocal imaging

Primary antibodies and dilutions were: mouse anti-KI67 (1:250; Monosan), rabbit 
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anti-GFP (1:250, Molecular Probe), mouse anti-Muc5AC (1:500; Novocastra), goat anti-

Chromogranin A (1:500; SantaCruz), and mouse anti-H-K-ATPase (1:1000; MBL), anti-

intrinsic-factor (IF 1:5000, IHC 1:24000, kind gift of D. Alpers). The immunostaining 

procedure used for paraffin sections was described earlier (20). The peroxidase conjugated 

secondary antibodies used were Mouse or Rabbit EnVision+ (DAKO). For immunofluo-

rescence (IF) fresh stomach samples were fixed overnight at 4°C in 4% paraformalde-

hyde, embedded in 4% low melting agarose and cut by a vibrating microtome (HM650, 

Microm). Longitudinal sections of 150 mm thickness were prepared (14). Sections were 

blocked with 2% normal donkey serum (Jackson ImunoResearch) for 1h at RT, permea-

bilized in PBS supplemented with 0.3% TritonX100 overnight and stained with the indi-

cated primary antibody. Subsequently, sections were incubated with the corresponding 

secondary antibodies in blocking buffer containing DAPI (1:1000, Invitrogen) for 2h at 

RT, and embedded using Vectashield (Vector Labs). Sections were imaged with a Sp5 

confocal microscope (Leica) and processed using Photoshop CS3 software.

gastric unit isolation and faCS

Gastric glands units were isolated from mouse corpus stomach essentially as described 

by Bjerknes and Cheng (3). Briefly, the stomach was opened along the greater curvature 

and washed with saline solution. The muscular layer of the stomach was removed and 

the remaining epithelia was divided into 5 mm pieces and incubated for 2h at 4°C in a 

buffered saline solution containing 10 mM EDTA. Gastric units were released by vigorous 

pipetting using a 10 ml pipette. For FACS analysis, isolated gastric units were collected 

and resuspended in TrypLE Select (Invitrogen), supplemented with 0.8 Units/µl DNAse. 

After incubation at 37°C for 15-25 minutes, cells were spun down, and filtered through a 

40 µM mesh. EGFP+ and negative cells were sorted by flow cytometry (MoFlo, Beckman 

Coulter). Viable cells were gated for negative staining with propidium iodide. Singlets 

were gated by forward scatter and pulse-width parameter. Troy-eGFP+ large and small 

cells could be readily differentiated by gating on FL3 and GFP (Figure 2A). 

gastric corpus organoid culture

Single Troy-eGFP+ large and small cells isolated by FACS were embedded in Matrigel (BD 

Bioscience) and plated in 24-well plates. After polymerization of Matrigel, gastric culture 

medium (Advanced DMEM/F12 supplemented with B27, N2, nAcetylcysteine (Invit-
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rogen), Gastrin (10 nM [Sigma-Aldrich]) and growth factors (50 ng/ml EGF [Peprotech], 

1 mg/ml R-spondin1, 100 ng/ml Noggin [Peprotech], 100 ng/ml FGF10 [Preprotech] and 

Wnt3A conditioned media) was overlaid. For the first 2 days after seeding, the media was 

supplemented with 10 mM ROCK inhibitor Y-27632 (Sigma Aldrich) to avoid anoikis. For 

passage (once per week), gastric organoids were removed from Matrigel, mechanically 

dissociated, split in a 1:5 ratio and transferred to fresh Matrigel. In vitro tracing experi-

ments and immunohistochemistry was performed as described before (5). 
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Chapter 6

Summarizing discussion

Daniel E. Stange

In the past the small intestine has not been considered the prime organ to study stem 

cell biology. Stem cell researchers prefer to study simple organs / organisms with a low 

complexity in their anatomy. This helps to reduce the factors that have to be taken into 

account when influences on stem cells are studied. Nevertheless, looking closer at the 

architecture of the intestine reveals a remarkable feature: even though the whole intes-

tine is one of the largest organs, its composition is quite straightforward. Intestinal cells 

are lined up in a single layer of cells (epithelium). The epithelium can be imagined as a 

thin carpet, which is bent round to form the gut tube. The interior of the carpet is the gut 

lumen and on the outside is a supporting layer of cells (the mesenchyme). As the epithe-

lium has only one layer of cells, this means that an intestinal cell is surrounded by other 

intestinal cells only in one plane. Interactions with other intestinal cells therefore happen 

only in two dimensions and not in three, which makes the system easier to understand. 

The carpet of epithelial cells is flexible enough to form round hills (villi) surrounded by 

valleys (crypts). New cells are generated at the bottom of crypts and move up to the top 

of the villi. The region from where they originate contains the adult stem cells of the 

intestine. These stem cells produce offspring throughout the lifetime of an animal (or 

man). 

The offspring differentiates into one of the four main cell types of the intestine: entero-

cytes, goblet cells, Paneth cells and enteroendocrine cells. Enterocytes are the only 

absorptive cell type. These cells take up nutrients from the gut lumen and digest them. The 

other cell types are secretory cells. Goblet cells produce mucus, a lubricant that protects 

the epithelium from mechanical stress. It also contains antiseptic proteins, which helps to 

fight bacteria, fungi and viruses. Paneth cells produce these antiseptic proteins that help 

to keep the microbiome in check. Enteroendocrine cells manufacture different kind of 
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hormones that regulate the team play of the digestive organs. Once a stem cell divides at 

the bottom of crypts and the offspring moves out of the region where stem cells reside, it 

starts to differentiate into one of the four cell types described above. While moving out 

of the crypts differentiation progresses and the offspring is fully matured once it reaches 

the villus. One can envision the upward movement of the cells like a conveyor belt on 

which the offspring steps at the bottom of the crypt and gets moved up to the top of the 

villus, where it drops into the gut lumen. The relatively simple architecture (2 dimensions 

of epithelial cells) and the relatively simple mechanism of upward movement of offspring 

make the intestine an ideal system to study stem cell biology. 

The work of this thesis is based on the seminal work of Hans Clever´s laboratory, which 

for the first time found a marker for the intestinal stem cell, the gene Lgr5, and developed 

a tool to prove that the identified cell indeed is a stem cell. Stem cells need to be able 

to perform two tasks: firstly, they need to self renew. If the stem cell upon cell division 

would produce two daughter cells which both differentiate, the organ would soon loose 

all its stem cells and thus its capability to renew. Secondly, the stem cell needs to be able 

to produce all the differentiated cells present in the organ where it resides. To test if the 

cell marked by the expression of the gene Lgr5 is indeed a stem cell, a genetically modified 

mouse was generated, from now on called the Lgr5-ki mouse. This mouse expresses a 

green fluorescent protein (GFP) instead of the gene Lgr5. In the Lgr5-ki mouse, all cells 

that normally express Lgr5 are now green. Thus, all cells normally expressing Lgr5 can be 

easily identified by the help of a microscope. On top, the mouse also expresses a second 

protein besides GFP called CreERT2. This protein is an enzyme that cuts out small pieces 

of DNA upon activation. As the CreERT2 protein is only present in cells that express Lgr5, 

it can also function only in these cells. Let’s suppose the CreERT2 enzyme gets activated 

and cuts out a piece of DNA, which stops the expression of a blue protein. Once the piece 

of DNA is cut out, the Lgr5 cell starts to express the blue protein. Now the cell is both 

green (from the GFP protein) and blue. Once this cell divides, the daughter cells inherit 

the DNA without the piece of DNA that stopped the expression of the blue protein. Thus, 

they are also blue. As the daughter cells do not express the gene Lgr5, they loose the 

capability to express GFP. Therefore, daughter cells are only blue. All cells that derive 

from a Lgr5 cell which has the small DNA piece deleted will be blue. This method is called 

lineage tracing. If one now carefully looks at the blue cells in the intestine of a Lgr5-ki 

mouse, one can find all the differentiated cell types described above. This means, that 

the Lgr5 cell can produce all these cell types. Therefore, the Lgr5 cell is a true stem cell. 
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The starting point of this PhD thesis was the question: what makes the Lgr5 cell a stem 

cell? As a first step, we wanted to identify the genes expressed in the Lgr5 cells (Chapter 

2). This can be done by a method called microarray profiling. Microarrays can measure 

the expression level of all known genes. Besides the expression of genes, we also wanted 

to know which proteins were specifically expressed in the Lgr5 stem cells. This can be 

done with the help of a mass spectrometer, a machine that can identify the proteins 

contained within a certain sample. The ability to identify the Lgr5 stem cell based on its 

green color in the Lgr5-ki mouse allowed us to isolate these cells with the help of a cell 

sorter. This sorter can differentiate colored cells from non-colored cells and can thus be 

used to segregate specifically the green Lgr5 cell. We isolated cells from the intestines of 

Lgr5-ki mice and sorted enough green Lgr5 cells to perform both the microarray as well 

as the mass spectrometry experiments. Combining the results of the two methods gave 

us a list of 510 molecules specifically expressed in the Lgr5 stem cell. This list was termed 

the intestinal stem cell signature. We now have a first idea of what makes this stem cell so 

special. For example, some of the identified genes are part of certain signaling pathways, 

e.g. the Wnt signaling pathway. This pathway is known to be important in controlling 

tissue maintenance. Activity of this pathway in the intestinal stem cell therefore makes a 

lot of sense. Thus, some of the genes from the intestinal stem cell signature can be placed 

into known biological processes. On the other hand, many of the remaining genes have 

either not been well studied yet or their role in stem cells was not known. To test the role 

of these genes in intestinal stem cells was the next focus of this thesis. 

To do this, two approaches were taken: in vitro, meaning in cell culture, and in vivo, 

meaning in living animals. In cell culture, more genes can be tested within a shorter time 

frame. The disadvantage of classical cell culture is that a relatively uniform mass of cells is 

grown. Cell lines are often derived from a tumor and the different cell types of the intes-

tine are not present. The observed effects of gene manipulation in this unnatural envi-

ronment do not always recapitulate what happens in vivo. To improve this situation, the 

Clevers laboratory recently developed a cell culture system that recapitulates more closely 

the natural situation. In this system, cells are not grown flat on the bottom of a dish, but 

are grown in a gel, which allows them to grow in three dimensions and form crypts and 

villi. If the “right” growth factors are added to the culture medium, the growing struc-

tures, called organoids, behave very similar to normal intestine. Stem cells and Paneth 

cells reside at the bottom of crypt structures, while the differentiating cells are moving 

into a so-called villus domain, where they fully differentiate towards all the cell lineages 
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present in the normal intestine. In order to test the function of genes in this system, a 

method needed to be developed, which allowed us to deliver a gene of interest into the 

cells of the organoid (Chapter 3). The delivery is usually done via a virus. The difficulties 

in developing such a system are first to reach a high rate of gene delivery and secondly 

to not harm the organoid cells too early. To reach a high rate of gene delivery, established 

infection protocols for classical cell culture needed to be optimized. To make the organoid 

cells accessible to the virus, they needed to be first taken out of the gel and then brought 

into contact with the virus. This was achieved by first disrupting the organoids into small 

pieces, thereby getting rid of the gel and then spinning the organoids together with the 

virus in a centrifuge. This step substantially increased the infection rate. In contrast to 

classical cell culture, organoids contain stem cells and fully differentiated cells. As differ-

entiated cells just like in the normal intestine are living only for 4-5 days, only infected 

stem cells can maintain the expression of the gene of interest on the long run. As with 

the blue color in the lineage tracing described above, the infected stem cell will transmit 

the gene of interest to its daughter cell. A drug can kill non-infected stem cells, while a 

resistance gene, which is delivered together with the gene of interest, protects infected 

stem cells. Thus, after a while, all cells in an organoid contain the gene of interest. The 

next difficulty was to develop a system, which allows modulating the expression of the 

gene of interest. As mentioned above, the organoids needed to be split to small pieces 

before the infection. Before the gene of interest can be tested, the organoids need time to 

reestablish their structure. During this time the gene of interest could already influence 

the normal function of the organoid in such a way, that it is impossible to re-establish a 

mature organoid. This case is illustrated by interfering with the Notch signaling pathway. 

Blocking this pathway results in the differentiation of stem cells into goblet cells. If the 

Notch pathway is blocked by infecting the organoid with either the gene Math1 or a small 

interfering RNA against the gene Hes1, all stem cells differentiate and the organoid dies, 

as no stem cells survive. We therefore developed a system in which the expression of 

the gene of interest can be induced at any time point, e.g. when the organoids are fully 

matured again after the infection. Similarly to the approach taken in mouse genetics, we 

designed the virus in such a way, that the expression of the gene of interest is blocked 

by a small piece of DNA, which can be cut out by the enzyme CreERT2. Expression of 

CreERT2 as discussed above is inducible. In this way, organoids can grow out again after 

the infection until they are fully matured again. Upon induction of CreERT2, the gene of 

interest is expressed and the influence of its expression of the different cell types can be 

studied. The development of this system now allows us to test the function of genes in an 
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environment much closer to the natural in vivo situation than in classical cell cultures. As 

the protocol is relatively straight forward, it becomes possible to test in high throughput 

the genes contained in the intestinal stem cell signature.

Several genes in the intestinal stem cell signature immediately caught our attention. Their 

known function in other tissues or the specific expression pattern in intestinal stem cells 

were so interesting, that we decided to test their function directly in mouse models. The 

first gene was Lrig1. This gene inhibits a very important pathway in intestinal stem cells, 

the epidermal growth factor (EGF) pathway. This pathway is amongst other functions 

important for proliferation of cells. It was curious for us to see that Lrig1 is expressed 

specifically in stem cells, as these cells are known to rapidly proliferate. What would 

happen if Lrig1 would cease to be expressed? This question is explored in Chapter 4. We 

used a mouse that was engineered in such a way, that Lrig1 expression was deleted (Lrig1-

ko). During the first weeks of their life, these mice develop a grossly enlarged intestine. 

Looking closer at histological sections, it became obvious that the reason for the enlarge-

ment were the intestinal crypts. Stainings with markers for stem cells showed that the 

Lrig1-ko mouse first increases the number of stem cells. Subsequently, this enlarged pool 

of stem cells produce more offspring, which results in more progenitor cells, but also more 

Paneth cells. Focusing on the EGF pathway, we demonstrated that Lrig1 normally inhibits 

part of the EGF signaling specifically in stem cells. Upon deletion of Lrig1, this inhibition 

is turned off and stem cells show more EGF pathway activity. Thus, we could show that 

the expression of Lrig1 in intestinal stem cells is an important gene to reduce the prolif-

eration rate of this cell. The intestinal stem cell therefore does not only express genes 

promoting EGF pathway activity, but also needs to balance this pathway by expressing 

inhibitors. Another group has shown that deleting Lrig1 in the intestine on the long run 

results in intestinal tumor formation. The negative regulation to dampen EGF signaling 

therefore is critical to prevent malignant transformation. The presence of both activating 

as well as inhibiting signals within the intestinal stem cell is not specific for the EGF 

pathway. We have recently shown that two other genes contained in the intestinal stem 

cell signature, Rnf43 and Znrf3, have a similar function as Lrig1. Both genes inhibit the 

activity of the Wnt pathway in intestinal stem cells. Again, deletion of these genes results 

in tumor formation. The identification of the stem cell signature therefore has allowed us 

to unravel the importance of fine-tuning pathway inhibitors in the intestinal stem cell. 
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The second gene present in the intestinal stem cell signature for which a mouse model was 

developed was Troy. This gene shows a very specific expression in stem cells of the small 

intestine, while it is completely absent from the colon stem cell. We reasoned, that Troy 

might therefore be marking partly overlapping, but maybe also new stem cell populations 

in other organs. Following the design of the Lgr5-ki mouse, we generated a similar mouse 

for Troy. Again, both GFP as well as CreERT2 are expressed instead of Troy in this mouse, 

from now on called Troy-ki. As a proof of the correct functioning of this mouse, we first 

performed lineage tracing in the small intestine. As expected, Troy positive cells are over-

lapping completely with Lgr5 positive cells and produce all differentiated cell lineages of 

the intestine. Next, we looked in which other tissues Troy is expressed. We could find 

green Troy positive cells in the lung, liver, stomach, kidney, prostate and brain. Lineage 

tracing was readily detected in the stomach and brain. The fact, that not all tissues where 

we found green Troy positive cells also showed lineage tracing may be explained by two 

possibilities: either some Troy positive cells are not stem cells, i.e. they do not produce 

offspring and thus cannot trace. Alternatively, not all Troy positive cells are active stem 

cells. Those non-active, or quiescent stem cells might behave as stem cells in the case of 

disturbance of tissue homeostasis, e.g. in the case of damage. We started out focusing on 

one of the tissues that traced in the normal, unaltered situation, the stomach (Chapter 5). 

Troy positive cells in the stomach reside at the bottom of glands, the lowest compartment 

in gastric units, just like the Lgr5 cells reside at the bottom of intestinal crypts. Of note, 

Lgr5 is not expressed in Troy positive gastric cells. Upon induction of lineage tracing, 

these cells produce all the known differentiated cells of the stomach. Troy positive cells 

therefore are true stem cells of the stomach. However, there is a major difference to Lgr5 

stem cells in the intestine: while Lgr5 cells are rapidly proliferating, undifferentiated cells, 

Troy cells are a subpopulation of a well known differentiated cell type of the stomach, i.e. 

chief cells. This cell population has until know been considered to be one of the end points 

of stem cell differentiation in the stomach. Nevertheless, earlier studies have documented 

that chief cells at the very bottom of stomach glands infrequently divide. The result of 

these divisions has not been elucidated. We can now show that these dividing chief cells 

produce offspring that slowly moves upwards towards the lumen of the stomach. This is 

in sharp contrast to earlier studies, which have shown a bi-directional movement of cells 

from the isthmus down to the gland bottom and up to the lumen. We now documented 

very clearly an anti-movement of cells from the bottom of glands towards the isthmus. 

In the small intestine, the offspring of stem cells passes through a zone of rapid prolifera-

tion, called transit amplifying (TA) compartment right above the stem cell zone. During its 



119

6

passage through the TA zone, the offspring is subjected to several rounds of cell division, 

resulting in the production of many cells. These cells then balance the death of old cells 

at the villus top. Although the stomach renews slower than the intestine, the slow rate of 

cell renewal originating from the Troy stem cell is not fast enough to maintain the stomach 

tissue. This function is fulfilled by the rapidly dividing cells in the isthmus. 

In contrast to the small intestine, a physical distance exists between the Troy stem cell 

at the bottom and the TA compartment. How is this distance overcome by the offspring 

of Troy stem cells? Two scenarios can be imagined: the first supposes that a second, 

rapidly dividing stem cell is present in the isthmus intermingled with the fast dividing 

cells located there. In this scenario, Troy cells might constitute a kind of reservoir stem 

cell, which only infrequently divides and moves up to the isthmus to renew the faster 

dividing isthmus stem cell. Nevertheless, we have never documented single lineage traced 

cells moving upwards. Rather, offspring of Troy cells move upward in a cohesive way, 

forming stretches of lineage traced cells. This finding better fits to a second scenario, 

which gets along without a rapidly dividing isthmus stem cell. In this case, the upward 

moving Troy descendants trans-differentiate into fast dividing cells once they reach the 

micro-environment of the isthmus zone. Which of the two scenarios is true demands 

further research, i.e. the identification of the potential isthmus stem cell. Nevertheless, 

one important question can already be addressed: Do the two zones, the isthmus and 

the Troy cells at the bottom, interact? In both scenarios, a feedback loop must exist that 

signals to the Troy cells if the isthmus is in need of new cells. To test this, we depleted the 

proliferating cell compartment of the isthmus by the use of a chemotherapeutic drug that 

kills dividing cells and followed the rate of tissue renewal. Indeed, Troy cells in this situ-

ation increased their rate of tissue renewal as documented by more traced gastric units 

than in the undamaged situation. Troy positive chief cells therefore constitute an impor-

tant part of the machinery that keeps the self-renewal of the stomach in homeostasis. 
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ZuSaMMEnfaSSung

Bestimmung und Erforschung der intestinalen Stammzellsignatur

Daniel E. Stange

Der Dünndarm wurde in der Vergangenheit nicht als optimales Organ angesehen, um 

die Biologie von Stammzellen zu untersuchen. Stammzellforscher bemühen sich, einfache 

Organe bzw. Organismen mit unkomplizierter Anatomie zu studieren. Dies reduziert 

die Anzahl der Faktoren, die bei der Untersuchung von Einflüssen auf die Stammzellen 

berücksichtigt werden müssen. Bei näherer Betrachtung der Dünndarmarchitektur zeigt 

sich jedoch eine außergewöhnliche Eigenschaft: obwohl der Darm eines der größten 

Organe darstellt, ist er vergleichsweise einfach aufgebaut. Darmzellen sind nebenein-

ander in einer einzelnen Zellschicht angeordnet, dem Epithel. Dieses kann mit einem 

dünnen Teppich verglichen werden, der aufgerollt das Darmrohr bildet. An der Innen-

seite befindet sich das Darmlumen, in Richtung des Bodens befinden sich unterstützende 

Zellen, das Mesenchym. Da das Epithel aus nur einer Zellschicht besteht, bedeutet dies, 

dass eine Darmzelle nur in einer Ebene von anderen Darmzellen umgeben ist. Die Wechsel-

wirkung mit anderen Zellen findet daher zwei- und nicht dreidimensional statt, wodurch 

das System einfacher zu verstehen ist. Der Teppich der Epithelzellen ist flexibel genug, um 

runde Hügel (Villi) und umgebende Täler (Krypten) auszubilden. Neue Zellen werden am 

Boden der Krypten hergestellt und wandern zur Spitze der Villi. Der Boden der Krypten 

enthält die Stammzellen des Darms. Diese Stammzellen produzieren während des ganzen 

Lebens eines Tieres (oder Menschen) neue Zellen. Die Tochterzellen entwickeln sich zu 

einer der vier differenzierten Zelllinien des Darmes: Enterozyten, Becherzellen, Paneth 

Zellen und Enteroendokrine Zellen. Enterozyten sind die einzigen resorbierenden Zellen. 

Sie nehmen Nahrungsstoffe aus dem Darmlumen auf und verdauen sie. Die anderen 

Zelltypen sind sekretorische Zellen. Becherzellen produzieren Mukus, Schleim, der das 

Epithel vor mechanischem Stress schützt. Er enthält außerdem antiseptische Proteine, 

die der Bekämpfung von Bakterien, Pilzen und Viren dienen. Diese Proteine werden von 

den Paneth Zellen hergestellt und helfen, die im Darm lebenden Mikroben in Schach 

zu halten. Enteroendokrine Zellen produzieren verschiedene Hormone, die das Zusam-

menspiel der Verdauungsorgane regulieren. Sobald sich eine Stammzelle am Krypten-

boden teilt und die Tochterzellen die Stammzellregion in Richtung Villus verlassen, 
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beginnt der Differenzierungsprozess in eine der genannten vier Zelllinien. Dieser Prozess 

ist mit Erreichen des Villus abgeschlossen. Die Aufwärtsbewegung der Zellen kann man 

sich als eine Art Fließband vorstellen, welches die Tochterzellen vom Kryptenboden zur 

Villusspitze transportiert. Am Ende fallen sie ins Darmlumen. Die relativ einfache Archi-

tektur (zwei Dimensionen epithelialer Zellen) und der vergleichsweise einfache Prozess 

der sich aufwärts bewegenden Tochterzellen machen den Darm zu einem idealen System 

zur Erforschung der Biologie der Stammzelle.

Der Inhalt dieser Doktorarbeit beruht auf den wegweisenden Erkenntnissen des Labors 

von Hans Clevers. Dieses fand erstmalig einen Marker für die intestinale Stammzellen, das 

Gen Lgr5, und entwickelte eine Methode, um zu beweisen, dass die identifizierten Zellen 

tatsächlich Stammzellen sind. Stammzellen müssen in der Lage sein, zwei Aufgaben zu 

erfüllen. Zum einen müssen sie sich selbst erneuern. Sollten bei der Zellteilung der Stam-

mzelle allein zwei differenzierende Tochterzellen entstehen, würde das Organ schnell alle 

Stammzellen und damit die Fähigkeit, sich selbst zu erneuern, verlieren. Zum anderen 

müssen Stammzellen alle differenzierten Zelltypen ihres Ursprungsorgans herstellen 

können. Um zu untersuchen, ob die durch Expression des Gens Lgr5 markierten Zellen 

tatsächlich Stammzellen sind, wurde eine genetisch veränderte Maus hergestellt, von nun 

an als Lgr5-ki-Maus bezeichnet. Diese Maus exprimiert anstelle des Lgr5-Gens ein grün 

fluoreszierendes Protein (GFP). In der Lgr5-ki-Maus sind daher alle Zellen, die normaler-

weise Lgr5 exprimieren, grün und können auf einfachem Weg mit Hilfe eines Mikros-

kops identifiziert werden. Darüberhinaus exprimiert die Maus ein zweites Protein namens 

CreERT2. Dieses Protein ist ein Enzym, dass nach Aktivierung kleine DNA-Stücke auss-

chneiden kann. Da das CreERT2-Protein nur in Lgr5-exprimierenden Zellen vorhanden 

ist, kann es auch nur in diesen Zellen wirken. Nehmen wir an, dass das CreERT2-Protein 

aktiviert wird und ein DNA-Stück herausschneidet, welches normalerweise die Expression 

eines blauen Proteins stoppt. Sobald dieses DNA-Stück entfernt ist, exprimieren die Lgr5-

Zellen nun das blaue Protein und sind damit sowohl grün (vom GFP) als auch blau. Bei der 

Zellteilung erben die Tochterzellen die DNA ohne das die Blaufärbung hemmende DNA-

Stück und sind daher ebenfalls blau. Da sie allerdings Lgr5 nicht exprimieren, verlieren 

sie die Fähigkeit, GFP herzustellen. Alle von der Lgr5-Zelle abstammenden Zellen werden 

also blau. Diese Methode wird „lineage tracing“ genannt. Bei sorgfältiger Betrachtung der 

blauen Zellen im Darm der Lgr5-ki-Maus findet man alle oben beschriebenen differenzi-

erten Zelltypen. Das bedeutet, dass die Lgr5-Zelle alle diese Zelltypen herstellt und damit 

tatsächlich eine Stammzelle ist.
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Der Ausgangspunkt dieser Doktorarbeit war die Frage, was die Lgr5-Zelle zur Stammzelle 

macht. Als ersten Schritt wollten wir die von den Lgr5-Zellen exprimierten Gene identi-

fizieren (Kapitel 2). Dies ist mit einer Methode namens „microarray profiling“ möglich. 

Microarrays können die Expressionsstärke aller bekannten Gene messen, also wie hoch 

oder niedrig das jeweilige Gen exprimiert ist. Neben der Expression von Genen wollten 

wir außerdem wissen, welche spezifischen Proteine in den Lgr5-Stammzellen exprimiert 

werden. Dieses untersuchten wir mit Hilfe eines Massenspektrometers, einer Maschine, 

welche die in einer bestimmten Probe enthaltenen Proteine identifizieren kann. Aufgrund 

der Grünfärbung der Lgr5-Stammzellen in der Lgr5-ki-Maus konnten wir diese Zellen 

mittels eines Zellsortierers isolieren. Diese Maschine unterscheidet farbige von nicht 

gefärbten Zellen und kann daher spezifisch die grünen Lgr5-Zellen separieren. Wir 

isolierten Darmzellen aus der Lgr5-ki-Maus und erhielten genug grüne Lgr5-Zellen, um 

sowohl die Microarrays als auch die Massenspektrometer-Versuche durchzuführen. Die 

Schnittmenge beider Verfahren ergab eine Liste mit 510 Molekülen, die spezifisch in der 

Lgr5-Zelle exprimiert werden. Diese Liste nannten wir die intestinale Stammzellsignatur. 

Diese Signatur vermittelt uns einen ersten Eindruck der speziellen Eigenschaften dieser 

Stammzelle. Einige der identifizierten Gene sind Bestandteil bestimmter Signaltransduk-

tionswege, wie beispielsweise des Wnt-Signalwegs. Dieser spielt eine wichtige Rolle bei 

der Kontrolle des Gewebserhalts. Die Aktivierung dieses Signalwegs in der Darmstam-

mzelle ergibt daher Sinn. Einige Gene der intestinalen Stammzellsignatur fügen sich 

somit in bekannte biologische Prozesse ein. Viele der übrigen Gene sind allerdings bisher 

entweder noch nicht gut untersucht oder ihre Bedeutung in Stammzellen war bisher nicht 

bekannt. Der nächste Schwerpunkt dieser Doktorarbeit war daher, die Rolle dieser Gene 

in Darmstammzellen genauer zu untersuchen.

Hierfür wurden zwei Vorgehensweisen gewählt: in vitro, d.h. mittels Zellkultur, und in 

vivo, d.h. im Tierversuch. Der Vorteil der Zellkultur ist, dass mehr Gene in kürzerer Zeit 

untersucht werden können. Der Nachteil der klassischen Zellkultur ist jedoch, dass in dieser 

eine vergleichsweise einheitliche Zellmasse wächst. Die Zelllinien wurden oft aus Tumor-

gewebe gewonnen und die verschiedenen Zelltypen des Darms sind nicht vorhanden. 

Die beobachtbaren Effekte einer Genmanipulation spiegeln unter diesen unnatürlichen 

Umständen nicht immer wider, was in vivo geschieht. Um dies zu verbessern, hat das 

Clevers Labor kürzlich eine Zellkultur-Methode entwickelt, welche die natürlichen Gege-

benheiten besser wiedergibt. Hierbei wachsen die Zellen nicht flach auf dem Boden 

einer Gewebskulturschale, sondern in einem Gel, was ein dreidimensionales Wachstum 
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und damit auch die Ausbildung von Krypten und Villi erlaubt. Sofern die „richtigen“ 

Wachstumsfaktoren zugefügt werden, verhalten sich die entstehenden Formationen, 

Organoide genannt, sehr ähnlich wie normales Darmgewebe. Stammzellen und Paneth 

Zellen bleiben am Boden der Krypten, während sich die differenzierenden Zellen in eine 

sogenannte Villus-Domäne bewegen, wo sie zu allen Zelltypen, die auch im normalen 

Darm vorkommen, ausdifferenzieren. Um die Funktion einzelner Gene zu erforschen, 

musste eine Methode entwickelt werden, die den Transfer der zu untersuchenden Gene 

in die Zellen des Organoids gestattet (Kapitel 3). Hierzu wird klassischerweise ein Virus 

benutzt. Die Schwierigkeit besteht dabei darin, zum einen eine hohe Rate an Gentransfer 

zu erreichen und zum anderen die Organoide nicht zu früh zu schädigen. Dazu mussten 

die etablierten Protokolle zur Infektion klassischer Zellkulturen optimiert werden. Um 

die Organoid-Zellen für das Virus zugänglich zu machen, mussten sie zunächst aus dem 

Gel genommen und mit dem Virus in Kontakt gebracht werden. Dies wurde erreicht, 

indem das Organoid zunächst in kleine Stücke zerteilt und vom Gel befreit wurde, um 

anschließend gemeinsam mit dem Virus zentrifugiert zu werden. Dieser Schritt konnte 

die Infektionsrate wesentlich erhöhen. Im Gegensatz zur klassischen Zellkultur enthalten 

Organoide Stammzellen und differenzierte Zellen. Da letztere wie im normalen Darm nur 

vier bis fünf Tage überleben, kann nur die Infektion der Stammzellen die Expression des 

zu untersuchenden Gens in der Kultur längerfristig aufrechterhalten. Ähnlich der Blaufär-

bung im oben beschriebenen lineage tracing geben die infizierten Stammzellen das zu 

erforschende Gen an die Tochterzellen weiter. Nicht-infizierte Stammzellen können dabei 

medikamentös abgetötet werden, während infizierte Stammzellen durch ein gleichzeitig 

mit dem zu untersuchenden Gen eingebrachtes Resistenzgen geschützt werden. Auf diese 

Weise enthalten nach einer Weile alle Zellen des Organoids das zu erforschende Gen. Die 

nächste Schwierigkeit war, eine Methode zur Modulation des zu untersuchenden Gens 

zu entwickeln. Wie oben beschrieben, müssen die Organoide vor der Infektion in kleine 

Stücke zerteilt werden. Bevor das relevante Gen untersucht werden kann, benötigen die 

Organoide Zeit, um ihre typische Struktur wieder zu erlangen. In dieser Periode könnte 

die Expression des zu untersuchenden Gens die normale Funktion des Organoids bereits 

beeinflussen und die Ausbildung der reifen Organoidstruktur hemmen. Dies wird durch 

einen Versuch zur Inhibierung des Notch-Signalwegs veranschaulicht. Die Blockade 

dieses Signalwegs führt zur Differenzierung von Stammzellen in Becherzellen. Wird der 

Notch-Signalweg durch Infektion des Organoids mit entweder dem Gen Math1 oder 

siRNA gegen das Gen Hes1 blockiert, differenzieren alle Stammzellen und das Organoid 

stirbt, da keine Stammzellen überleben. Wir haben daher eine Methode entwickelt, die 
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es erlaubt, die Expression des zu untersuchenden Gens zu jedem beliebigem Zeitpunkt 

zu aktivieren, beispielsweise wenn das Organoid nach der Infektion in seiner Struktur 

wieder vollständig ausgereift ist. Ähnlich der oben beschriebenen Vorgehensweise bei 

der genetisch veränderten Maus, entwarfen wir das Virus so, dass die Expression der 

zu erforschenden Gene durch ein kleines DNA-Stück blockiert wird, welches durch das 

Enzym CreERT2 herausgeschnitten werden kann. Die CreERT2-Expression wiederum ist 

wie bereits diskutiert induzierbar. Auf diese Weise können die Organoide nach der Infek-

tion bis zur Ausreifung wachsen. Nach CreERT2-Induktion wird das zu untersuchende 

Gen exprimiert und ermöglicht somit, seinen Einfluss auf die verschiedenen Zelltypen 

zu studieren. Die Entwicklung dieser Methode erlaubt uns, die Funktion einzelner Gene 

unter Umständen zu untersuchen, die der natürlichen in vivo-Situation sehr viel näher 

kommen als die klassische Zellkultur. Da das Protokoll vergleichsweise unkompliziert ist, 

können die Gene der intestinalen Stammzellsignatur nun mit hohem Durchsatz unter-

sucht werden. 

Verschiedene Gene der intestinalen Stammzellsignatur erregten sofort unsere 

Aufmerksamkeit. Ihre bekannte Funktion in anderen Geweben oder das spezifische 

Expressionsmuster in den Darmstammzellen waren so interessant, dass wir entschieden, 

ihre Funktion direkt im Mausmodell zu untersuchen. Das erste Gen war Lrig1. Dieses Gen 

hemmt einen sehr wichtigen Signalweg in Darmstammzellen, den epithelialen Wachs-

tumsfaktor (EGF)-Signalweg. Dieser ist neben anderen Aufgaben wichtig für die Zellp-

roliferation. Die Entdeckung, dass Lrig1 spezifisch in Stammzellen exprimiert wird, war 

für uns eigenartig, da diese bekanntermaßen schnell proliferieren. Was würde passieren, 

wenn Lrig1 nicht mehr exprimiert würde? Dieser Fragestellung widmet sich Kapitel 4. Wir 

benutzen eine Maus, bei der die Lrig1-Expression entfernt wurde (Lrig1-ko). Während der 

ersten Lebenswochen entwickeln diese Mäuse einen stark vergrößerten Darm. Bei genau-

erer Betrachtung der Gewebsschnitte zeigte sich, dass der Grund für diese Vergrößerung 

die Krypten waren. Färbungen mit Stammzellmarkern zeigten, dass die Lrig1-ko-Maus 

zunächst die Zahl der Stammzellen erhöht. Im Folgenden produzieren diese vermeh-

rten Stammzellen mehr Tochterzellen, was in mehr Vorläuferzellen, aber auch in mehr 

Paneth Zellen resultiert. Das Resultat sind stark vergrößerte Krypten. Mit Blick auf den 

EGF-Signalweg konnten wir zeigen, dass Lrig1 in Stammzellen normalerweise spezifisch 

einen Teil der EGF-Signaltransduktion hemmt. Nach Entfernung von Lrig1 entfällt diese 

Hemmung und die Stammzellen zeigen folglich mehr Aktivität im EGF-Signalweg. Wir 

konnten also zeigen, dass die Expression von Lrig1 in Darm-Stammzellen ein wichtiger 
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Mechanismus ist, um die Proliferationsrate dieser Zellen zu reduzieren. Die Darmstam-

mzelle exprimiert also nicht nur Gene, die wichtig für die Aktivität des EGF-Signalwegs 

sind, sondern muss diesen durch Expression hemmender Gene auch regulieren können. 

Eine andere Forschergruppe hat gezeigt, dass die Entfernung von Lrig1 im Darm länger-

fristig zur Entstehung von Darmtumoren führt. Die negative Regulation zur Reduktion 

der EGF-Aktivität ist daher entscheidend, um bösartiger Entartung vorzubeugen. Die 

Anwesenheit von sowohl aktivierenden als auch hemmenden Signalen in der Stammzelle 

ist keine besondere Eigenschaft des EGF-Signalwegs. Wir haben kürzlich gezeigt, dass 

zwei andere in der intestinalen Stammzellsignatur enthaltene Gene, Rnf43 und Znrf3, 

eine ähnliche Funktion wie Lrig1 haben. Beide Gene hemmen die Aktivität des Wnt-

Signalweges in Darmstammzellen. Auch hier führt Entfernung der Gene zur Entstehung 

von Tumoren. Die Identifizierung der intestinalen Stammzellsignatur ermöglichte es uns 

also, die Wichtigkeit von Inhibitoren zur Feinabstimmung von Signalwegen zu entschlüs-

seln.

Das zweite Gen der intestinalen Stammzellsignatur, für das wir ein Mausmodell entwick-

elten, war Troy. Dieses Gen wird sehr spezifisch in Stammzellen des Dünndarms exprim-

iert, wohingegen es im Dickdarm komplett fehlt. Wir schlussfolgerten daher, dass Troy 

zum Teil überlappende, aber möglicherweise auch neue Stammzellpopulationen in 

anderen Organen markieren könnte. Dem Design der Lgr5-ki-Maus folgend, entwick-

elten wir eine ähnliche Maus für Troy. In dieser Maus, genannt Troy-ki, waren anstelle 

von Troy erneut sowohl GFP als auch CreERT2 exprimiert. Zum Beweis der korrekten 

Funktion der Maus führten wir zunächst ein lineage tracing im Dünndarm durch. Wie 

erwartet stimmten die Troy-positiven Zellen mit den Lgr5-positiven Zellen überein und 

produzierten alle differenzierten Zelltypen des Darms. Als nächstes untersuchten wir, 

in welchen anderen Geweben Troy exprimiert wird. Wir fanden Troy-positive Zellen in 

Lunge, Leber, Magen, Niere, Prostata und Gehirn. Lineage tracing konnte für Magen und 

Gehirn nachgewiesen werden. Die Tatsache, dass sich nicht in allen Gewebe, in denen wir 

grüne Troy-positive Zellen fanden, lineage tracing nachweisen ließ, könnte zwei Dinge 

bedeuten: entweder sind einige Troy-positive Zellen keine Stammzellen, d.h. sie produz-

ieren keine nachweisbaren Tochterzellen. Oder nicht alle Troy-positiven Zellen sind aktive 

Stammzellen. Diese nicht-aktiven oder quieszenten Stammzellen können sich bei einer 

Störung der Homöostase in einem Gewebe in aktive Stammzellen verwandeln, beispiels-

weise im Falle eines Organschadens. Wir konzentrierten uns zunächst auf den Magen, 

ein Gewebe das im normalen Zustand, also ohne zuvor geschädigt zu werden, lineage 
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tracing zeigte (Kapitel 5). Troy-positive Zellen befinden sich im Magen am Boden der 

Drüsen so wie sich die Lgr5-Zellen am Boden der Krypten nachweisen lassen. Lgr5 ist 

wohlgemerkt in Troy-positiven Magenzellen nicht exprimiert. Nach Induktion des lineage 

tracing werden alle bekannten differenzierten Zelltypen des Magens hergestellt. Troy-

positive Zellen sind daher echte Stammzellen des Magens. Es gibt allerdings einen großen 

Unterschied zu den Lgr5-Stammzellen des Darms: während Lgr5-Zellen schnell proliferi-

erende, undifferenzierte Zellen sind, stellen die Troy-Zellen eine Subpopulation eines 

bekannten, gut differenzierten Zelltyps des Magens dar, der Hauptzelle. Diese Zellpopu-

lation wurde bisher als einer der Endpunkte der Differenzierung von Magen-Stammzellen 

angesehen. Nichtsdestotrotz konnte bereits eher gezeigt werden, dass sich am tiefsten 

Teil des Bodens der Magendrüsen gelegene Hauptzellen gelegentlich teilen. Die Folgen 

dieser Zellteilungen wurden bisher nicht geklärt. Wir konnten nachweisen, dass diese sich 

teilenden Hauptzellen Tochterzellen produzieren, die langsam in Richtung des Magenlu-

mens wandern. Dies steht im auffallenden Kontrast zu früheren Studien, welche gezeigt 

haben, dass sich Zellen vom Isthmus sowohl nach unten in Richtung des Drüsenbodens 

als auch nach oben in Richtung des Lumens bewegen. Wir haben die Gegenbewegung der 

Zellen vom Drüsenboden in Richtung Isthmus nun sehr deutlich belegt. 

Im Dünndarm bewegen sich Tochterzellen durch einen Bereich mit hoher Proliferation-

srate, die sogenannte transit-amplifying-Zone, die direkt oberhalb der Stammzellre-

gion liegt. Während der Passage dieses Bereichs finden zahlreiche Zellteilungen statt, 

welche zur Herstellung vieler Zellen führen, die wiederum den Tod älterer Zellen an 

der Villusspitze ausgleichen. Obwohl sich die Magenschleimhaut langsamer als die des 

Dünndarms erneuert, ist die langsame Erneuerungsrate der Troy-Stammzellen nicht 

ausreichend, um das Magengewebe zu erhalten. Diese Funktion wird von sich schnell 

teilenden Zellen erfüllt, die sich im Isthmus befinden. Im Gegensatz zum Dünndarm, 

liegen die Troy-Stammzellen am Drüsenboden des Magens nicht direkt neben der transit-

amplifying-Zone. Wie wird nun dieser Abstand von den Tochterzellen überwunden? Zwei 

Szenarien sind vorstellbar: im ersten wird angenommen, dass eine zweite, sich schnell 

teilende Stammzelle im Isthmus zwischen den sich dort schnell teilenden Zellen lokalisiert 

ist. In diesem Szenario könnte die Troy-Zelle eine Art Reservoir-Stammzelle darstellen, 

die sich nur gelegentlich teilt und zum Isthmus wandert, um dort die sich schneller 

teilenden Isthmus-Stammzellen zu erneuern. Wir  konnten jedoch keine einzeln nach 

oben wandernden Zellen nachweisen. Die Troy-Tochterzellen bewegen sich vielmehr als 

geschlossene Einheit Richtung Isthmus und bilden dabei eine zusammenhängende Reihe 
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an markierten Zellen. Diese Erkenntnis ist besser mit einem zweiten Szenario vereinbar, 

welches ohne eine sich schnell teilende Isthmus-Stammzelle auskommt. In diesem Fall 

trans-differenzieren die sich aufwärts bewegenden Troy-Tochterzellen in sich schnell 

teilende Zellen sobald sie das Umfeld der Isthmus-Zone erreichen. Welches der beiden 

Szenarien der Wahrheit entspricht, muss durch weitere Forschung gezeigt werden, wie 

beispielsweise die Entdeckung der potentiellen Isthmus-Stammzelle. Nichtsdestotrotz 

kann eine weitere wichtige Frage schon gestellt werden: interagieren die Isthmus-Region 

und die Troy-Zellen am Drüsenboden? Beide Szenarien erfordern einen Rückkopplungs-

mechanismus, der den Troy-Zellen signalisiert, dass am Isthmus neuen Zellen benötigt 

werden. Um dies zu untersuchen dezimierten wir die schnell proliferierenden Zellen 

der Isthmus-Zone medikamentös und beobachteten die Gewebeerneuerung. Tatsächlich 

erhöhten die Troy-Zellen in dieser Situation ihre Erneuerungsrate, nachgewiesen durch 

mehr lineage tracing als in der unversehrten Situation. Die Troy-positiven Hauptzellen 

stellen daher einen wichtigen Teil des Systems dar, welches die Selbsterneuerung des 

Magens im Gleichgewicht hält.
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prototypic Dutch. Don’t make too much mess about stuff, just solve it. And don’t hesitate 

to help when you can. If it is borrowing your car because someone needed German license 

plates. Or if it is whatever you can think of. Great guy, but as I learned it in the Nether-

lands, don’t make a stir about it, just take it as it is. Jurian, the same holds true for you. If 

there is an apartment to paint, you are there. If there is a house to move, you are there. 

And if there is need for a discussion in the lab, you are there. Wouter, I am not sure if 

the dinner I prepared for you in return for your help in getting Annika a job was ample. 

Therefore: Thanks again! Laurens and Pantelis, thanks for a nice welcome in the lab and 

chaperoning my first steps in molecular science.

Dieser Ausflug nach Holland wäre nicht möglich gewesen ohne die Hilfe von mehreren 

Menschen aus Heidelberg. Jürgen, danke für Deine uneingeschränkte Unterstützung. 

Dadurch hatte ich immer die Gewissheit, dass dieser (längere) Ausflug aus der Klinik 

richtig ist. Bernhard, ohne Dich als Mentor in Sachen Leben und Wissenschaft, wäre ich 

erstens sicherlich ein anderer Mensch geworden. Und zweitens hätte ich dann keinen 

Vortrag über zwei Cell Paper aus dem Clevers Lab halten müssen. Danke! Peter, danke 

dass Du mir immer das Gefühl gegeben hast, das alles ganz ordentlich zu machen. Das 

hat mir sehr geholfen das nötige Selbstbewusstsein zu bekommen, auch mal eine Pipette 

selber zu halten.

Robert, ich will nicht wissen, wie dieses Buch ohne Deine Hilfe aussehen würde. Danke! 

Martina und Reinhold, danke dass Ihr Annikas Umzug nach Utrecht so vorbehaltlos 

unterstützt habt. Es hätte viele Gründe gegeben, an diesem Schritt zu zweifeln. Aber Ihr 

habt einfach Annika vertraut. Dieses Urvertrauen hat mich sehr beeindruckt. Ich hoffe, 

ich kann meiner Tochter und Eurer Enkelin mal ein ähnlich guter Vater sein.

Danke Edi, dass Du mir wie immer zur Seite standst. Je unabhängiger ich geworden bin, 

desto mehr hast Du mich machen lassen. Dieses Gefühl, groß werden zu können, aber 

immer jemanden zum Rückversichern zu haben, ist unersetzlich. Geli, danke dass Du mal 

wieder wie immer alles gegeben hast, damit es in Holland an nichts fehlt. Mit Rat und 
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Tat zur Seite stehen was das Leben angeht. Grenzenlos (im wahrsten Sinne des Wortes) 

unterstützend, mit Nachdruck Deine Meinung vorbringend, aber nicht bevormundend, 

so bist Du. Ich bin stolz auf Dich und froh, Dich zu haben. Michelle, wir haben es mal 

wieder hinbekommen wir beide, ob Doktorarbeit oder Hausanstrich, ganz egal, worum es 

geht. Danke!

Annika, ob Umzug, gebrochenes Bein, missglückte Experimente, Meander-Räumung, 

VTS-Nottelefon oder hochschwanger ohne Mann. Zusammen, Kopf an Kopf, ist es gut 

geworden. Frühstück im Garten in der Dalsumlaan oder Hochzeit im Domtoren. Und ab 

jetzt zu dritt mit Emilia. Was für ein Glück. Unendlich gutes Gefühl.
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