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8 Chapter 1

The aim of this thesis is to further unravel the pathways and genes responsible for 
epithelial homeostasis in the mouse esophagus. Whereas a single layer of columnar 
epithelium lines most of the gastrointestinal tract, the esophagus is covered with a 
multilayered squamous epithelium. Proliferative cells reside within the basal layer from 
which they move upwards and differentiate. Upon reaching the lumen cells are shed off 
to travel in the direction of the stomach. We still have very limited insight in pathways 
and genes involved in normal homeostasis of the esophageal epithelium. Enhancing 
our knowledge of the mechanisms of proliferation and pathways driving differentiation 
is therefore crucial. It would lead to better understanding of esophageal carcinogenesis, 
development of Barrett esophagus and tissue repair. The existence of the stem cell 
in esophagus has thus far been disputed and all cells in the basal layer have been 
attributed stem cell properties. As this notion contradicts our understanding of the 
biology of almost all other epithelial tissues, further experimental evidence is needed to 
clarify the involvement of stem cells in esophageal homeostasis. This effort is especially 
worth given an implication of stem cells in oncogenic transformation and development 
of esophageal cancer. To date, a limited number of studies has been performed to 
address the pathways and genes in control of esophageal epithelial proliferation and 
differentiation. Our recent understanding of esophageal epithelial homeostasis and 
development is reviewed in chapter 2.
 In the first part of this thesis the role of Hedgehog signaling in the mouse esophagus 
and intestine is described. As reviewed Hedgehog signaling plays an important role 
in esophageal development. Namely, it is one of the major signals that specifies an 
esophageal phenotype and represses the respiratory phenotype in the foregut endoderm 
during development. In chapter 3 we examined the role of hedgehog signaling in the 
adult mouse esophagus. Our data show that Hh signaling plays an important role in 
the esophageal epithelium. Furthermore we demonstrate for the first time that in the 
esophagus increased Hh signaling stimulates precursor cell proliferation and impairs 
epithelial maturation and migration. 
 In contrast to the esophagus, Hedgehog signaling in the intestine is directed from the 
epithelium towards the mesenchyme and negatively regulates precursor cell fate. The 
major Hedgehog that is expressed in the epithelium of small intestine and colon is Indian 
Hedgehog (Ihh). In chapter 4 we address the role of Ihh in the formation of intestinal 
adenomas. Activating mutations in the Hedgehog pathway play an important role in the 
development of basal cell carcinomas, medulloblastomas and rhabdomyosarcomas. Ihh 
is upregulated in polyps and is required for polyp formation by regulating expression of 
Cox2 in myofibroblasts.
 The second part of this thesis revolves around the role of ER stress on the esophageal 
epithelium. We have recently shown that induction of ER stress and activation of the 
unfolded protein response (UPR) in the intestinal epithelium leads to specific loss of 
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Lgr5 positive stem cells. In chapter 5 we show components of the ER stress pathway 
being expressed in the esophageal basal layer in heterogeneous manner. Induction of 
ER stress causes rapid depletion of precursor cells in the mouse esophageal epithelium. 
These cells are not lost by apoptosis, but are rather forced to differentiate. 
 We further examine the effect of inducing ER stress on progenitor cells in the basal 
layer of the mouse esophagus in chapter 6. As intestinal stem cells are lost upon induction 
of ER stress and esophageal progenitors are sensitive to ER stress, we hypothesized 
that induction of ER stress might be a method of identifying potential esophageal stem 
cells. Two esophageal squamous carcinoma cell lines were subjected to ER stress. 
Using gene array analysis we identified a list of 47 genes most down-regulated in both 
cell lines. A stem cell marker would be expressed in a proportion of the basal layer. By in 
situ hybridization we show that 9 of the selected genes are expressed heterogeneously 
throughout the basal layer of the esophagus. One of these genes, Id2, was used for 
further experiments. Using lineage tracing we show that Id2 positive cells were capable 
of producing long lived clones up to six months. Thereby we have identified Id2 as a 
marker of a subset of esophageal epithelial cells with a high propensity for self-renewal.  
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12 Chapter 2

intRoduction

The word esophagus is derived from the Greek words οἰσέμεν (oisein, to carry) and φαγεiν 
(phagein, to eat). This description fits well with the functional role of the esophagus that 
mainly serves to “carry food” into the stomach. From the pharyngoesophageal junction, the 
esophagus passes through the mediastinum and diaphragm and connects to the cardia 
of the stomach at the gastroesophageal junction or Z-line. The pharyngoesophageal and 
gastroesophageal junctions anatomically overlap with the upper and lower esophageal 
sphincters. Both sphincters are closed except during swallowing to assure a unidirectional 
flow of esophageal content towards the stomach and to prevent reflux of gastric content 
into the esophagus. The relatively simple histology of the esophageal epithelium fits 
well with the fact that the esophagus has no role other than to pass food trough the 
thorax to the stomach. It does not play a known digestive, endocrine or metabolic role 
and the epithelium consists of a simple stratified squamous epithelium, which provides 
a good protective layer against the unmodified food stream on its way to the stomach. 
Despite the perhaps somewhat prosaic functional role of the esophagus compared to 
other organs in the body, we feel that it is essential to gain a better understanding of 
the mechanisms that regulate normal esophageal homeostasis. Esophageal cancer is a 
disease with a dismal prognosis as the incidence rate in the USA is 4.6/100.000 whereas 
the mortality rate is 4.4/100.000 indicating a mortality of around 95% for the disease. A 
better understanding of the pathways that maintain esophageal epithelial homeostasis 
and the way these pathways are deregulated during oncogenesis may provide novel 
approaches to treatment of esophageal cancer. In this review we aim to give an overview 
of the current understanding of the mechanisms involved in esophageal development 
and homeostasis.

deveLoPment of tHe eSoPHaguS

normal esophageal morphogenesis and endodermal differentiation
The esophagus develops from the foregut. A critical phase of esophageal morphogenesis 
is when the respiratory appendage starts to form from the foregut tube at mouse 
embryonic day (E)9.5 and human E26 (Figure 1). The respiratory appendage consists 
of a central ventral tracheal bud and two adjacent ventrolateral lung buds.1-3 The 
airways will separate from the esophagus by a process of elongation and septation, a 
process that is completed by mouse E11.5. The esophagus and trachea show distinct 
endodermal and mesenchymal development. The trachea will develop pseudostratified 
columnar epithelium and is enveloped in cartilage rings ventrally. The esophagus will 
form multilayered squamous epithelium and the esophageal mesenchyme develops the 
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smooth muscle layer required for esophageal motility and propulsion of food. The exact 
mechanism of foregut separation into esophagus and trachea has not been examined by 
in vivo imaging and remains a matter of debate.4

 When the mouse esophagus has been clearly established by E11.5 the epithelium 
consists of a single keratin (K)8 positive cuboidal epithelial layer.5 In the following days 
(E13.5-E17.5) the epithelium gradually becomes more layered until there are around 
four layers of epithelial cells.5,6 During development there is a gradual conversion of a 
K8 positive cuboidal epithelium to a K14 positive squamous epithelium. This process 
begins at the basal layer around day E17.5 and the basal layer is mostly K14 positive at 
birth.5 The suprabasal layers will subsequently gradually lose K8 expression postnatally.5 
The onset of squamous cell differentiation can also be observed at the suprabasal 
layers which start to express the squamous cell differentiation marker involucrin around 
E15.5. Expression of the late differentiation marker K10 starts at postnatal day (P)1.5 
During development the epithelium contains numerous ciliated cells, which have almost 
completely disappeared by P4.6, 7 In the adult mouse the epithelium will undergo a 
process of keratinization, this does not occur in humans (Figure 2).
 Recently, Wang et al. proposed a model in which the embryonic cuboidal epithelium 
is displaced by an undermining population of p63 positive squamous cell precursors 
that migrates under the cuboidal epithelial cells from the proximal to distal esophagus.8 
Wang et al. propose that the squamous cell progenitors thus outcompete cuboidal 
progenitors by displacing them from access to the basement membrane. This is an 
interesting hypothesis but so far the evidence is circumstantial. Wang et al. used terms 
such as tracing and tracking for their study of the behavior of the squamous versus 
cuboidal cells it should be stressed that no actual lineage tracing was performed of either 
population. In lineage tracing experiments a defined population of cells is genetically 
irreversibly marked so that the fate of the cells can be traced irrespective of changes 
in the phenotype. In the experiments of Wang et al. squamous cells and cuboidal cells 
were examined with cell lineage markers by immunofluorescence at different time points 
of development only. Such experiments do not demonstrate that a cell that expresses a 
cuboidal cell marker at one point in development was not at the basal layer expressing 
a squamous cell marker the day before. The experiments therefore by no means 
excluded a scenario that cuboidal cells actually transdifferentiate to a squamous cell 
fate in a proximal-to-distal wave. By comparison, such a wave of differentiation is known 
to transform the intestinal epithelium from a cuboidal to a columnar epithelium along 
the proximodistal axis.9 Actual lineage tracing experiments are thus required to further 
examine the interesting hypothesis by Wang et al.
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figure 1 | Esophageal and airway development from the endoderm. (a-c) The esophagus 
will develop from the dorsal part and the respiratory tract from the counterpart localized at the 
ventral side. (d-H) Common types of esophageal atresia and/or tracheoesophageal fistula. 
(d) Esophageal atresia. (e) Tracheoesophageal fistula. (f) Esophageal atresia with distal 
tracheoesophageal fistula. (g) Esophageal atresia with proximal tracheoesophageal fistula. 
(H) Esophageal atresia with double tracheoesophageal fistula.

E11.5 E13.5-15.5

P1-P5

E15.5-17.5

P5-adult

figure 2 | Development of the esophageal epithelium. By embryonic day (E)11.5 the 
epithelium consists of a single cuboidal epithelial layer. All cells are positive for K8 (depicted 
in pink) Around E17.5 cells start to lose expression of K8 (orange reflects K8 negative cells). 
Gradually basal cells start to express K14 (purple). Based on the model described in Yu et al.5
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Signaling pathways involved in esophageal morphogenesis
Patterning of cellular fate during development is dependent on positional information that 
couples the position of a cell to its function. Spatial information is laid down in a tissue 
by the formation of gradients of extracellular signals or so called morphogens. Receptive 
cells will respond to the morphogen in a concentration dependent manner, resulting in 
the expression and activation of different transcription factors. The combined activity 
of these transcriptional regulators is one of the most important determinants of cellular 
phenotype. Thus a cellular function will depend on a cells position in the concentration 
gradient. In each tissue multiple gradients exist of different morphogens and their 
antagonists, allowing formation of intricately patterned tissues. 
 A limited number of morphogenetic signaling families are used in different 
constellations throughout development, this has been aptly termed the morphogenetic 
code.10 Four families of morphogenetic pathways can roughly be distinguished: Wnt, 
Hedgehog (Hh), Tgf-β families and a large group of receptor tyrosine kinases such 
as fibroblast growth factor, platelet-derived growth factor and epidermal growth factor, 
which share similar intracellular signaling pathways. The incredible level of variation in 
tissue patterning stems from the sheer infinite variation in which these pathways are 
modified by gradients of various agonists and antagonists, differences in the expression 
of intracellular downstream regulators of signaling output and for example differences in 
autocrine versus paracrine signaling. For example, the Hedgehog signaling pathway is a 
mitogenic pathway that is involved in oncogenesis of the skin and brain where it acts in 
an autocrine fashion on the affected cells. Similarly, in the adult esophagus a hedgehog 
ligand is expressed in the basal layer and signaling acts in a autocrine fashion on basal 
cells and stimulates their proliferation (see below).11 In contrast, in the intestine signaling 
is uniquely from the differentiated epithelial cells to the underlying mesenchyme. Here 
hedgehog signaling regulates survival and expansion of the mesenchyme and in fact 
negatively regulates epithelial precursor cell proliferation.12 
 As will be seen below these morphogenetic pathways are critical regulators of 
esophageal development. The function of the different regulators of esophageal 
development identified to date has been revealed by foregut abnormalities observed in 
mouse mutants and in humans with congenital abnormalities. Three different important 
gross structural abnormalities can be observed in the various mutants. One is the 
improper separation of the esophagus and trachea, leading to the development of 
tracheoesophageal fistula. Another is defective outgrowth of the airways resulting in a 
hypoplastic respiratory system. Finally some mutants fail to maintain the esopheageal 
tube resulting in hypoplasia or atresia of the esophagus (Figure 1). 
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Sox2 and Nkx2.1 are tissue specific transcriptional regulators of gut-airway 
separation
Two tissue specific transcriptional regulators have been identified that are specific 
markers of esophageal versus airway endoderm. Sox2 marks the endodermal cells that 
will form the esophagus and is expressed throughout the esophageal epithelium in the 
adult.13 Nkx2.1 identifies the endodermal cells from which the respiratory tract will form 
and is expressed in alveolar epithelial cells in the adult.14 These transcription factors are 
not only useful markers to identify esophageal versus respiratory differentiation, but also 
play a key role in the establishment of the respective organs.
 Nkx2.1 expression marks a population of cells in the anterior foregut at E9.0 just 
before the formation of the respiratory primordium.14,15 Hereafter Nkx2.1 will be expressed 
only in the respiratory primordium and in the developing airways and is excluded from 
the endoderm of the dorsal foregut tube. This dorsal foregut region is now marked by 
exclusive expression of Sox2 and will develop into the esophagus.13 Mice that lack 
Nkx2.1 have an undivided foregut tube that connects the pharynx to the stomach.15 The 
most proximal part of this Nkx2.1 knockout foregut is enclosed by a few poorly developed 
cartilage rings but the remainder of the mesenchyme is characterized by smooth muscle 
development as typical for the esophagus. In accordance, the endoderm expresses 
markers of esophageal differentiation such as Sox2 and p63.13 The lung buds form but 
fail to undergo branching morphogenesis and form cystic structures that fail to express 
markers of lung differentiation.15 Thus Nkx2.1 marks the endodermal cells that will form 
the respiratory primordium. Furthermore Nkx2.1 is required for the proper elongation 
and separation of the trachea, for branching organogenesis and differentiation of lung 
endoderm.
 Sox2 marks the prospective esophageal foregut cells. As an alternative for Sox2-/- 
mice, which are embryonic lethal at the blastocyst stage,16 Que et al. used a hypomorphic 
Sox2 mutant mice to study the role of Sox2 in esophageal development.13 They reported 
that a large proportion of Sox2 hypomorphic mice display fusion of the esophageal lumen 
with the tracheal lumen (tracheoesophageal fistula) combined with loss of the proximal 
esophagus (atresia). In Sox2 hypomorphic animals with an intact esophagus the 
esophageal diameter was diminished. At E18.5 the remaining esophagus was covered 
with columnar epithelium and lacked expression of esophageal maturation markers, 
such as p63 and keratin 14. In contrast, the epithelium is strongly positive for Nkx2.1 
and expresses markers of airway differentiation. The importance of Sox2 in esophageal 
development is underscored by the fact that Sox2 mutations cause tracheoesophageal 
fistula and esophageal atresia in humans.17,18 This phenotype indicates that Sox2 is 
required to maintain the esophageal endoderm during development and represses 
Nkx2.1 mediated airway-type maturation. 



2

17Esophageal development and epithelial homeostasis

Thus, Sox2 and Nkx2.1 are critical regulators of esophageal versus airway specification, 
that are expressed in non-overlapping patterns and repress each other’s expression and 
activity. 

p63 is a critical regulator of esophageal squamous epithelial differentiation
The p53 homologue p63 is a critical transcriptional regulator of squamous epithelial cell 
fate.19,20 p63 plays a critical role in maintaining homeostatic proliferation of basal cells as 
p63 expression specifically marks the basal layer of squamous tissues21 and p63-/- mice 
completely lack stratified squamous epithelial tissues at birth.20 The esophagus in p63 
mutant mice has a pseudostratified columnar epithelium that shows signs of respiratory 
maturation, such as presence of ciliated and goblet cells.22,23 Since the columnar 
epithelium observed in Sox2 hypomorphic mice was devoid of p63 expression. This 
most likely indicates that Sox2 functions upstream of p63 in the induction of a squamous 
phenotype in the esophageal endoderm. 

the morphogenetic signaling network responsible for gut-airway separation
As mentioned above, a limited number of morphogenetic signaling pathways is used in 
patterning the tissues of our body. The major known morphogenetic pathways are all 
involved in endodermal-mesenchymal interactions during esophageal development. As 
we will review below there is a noticeable difference in the role of the various signaling 
pathways between the developing esophagus and airways and many signaling defects in 
the pathways discussed below lead either to a preferential esophageal or a predominant 
airway phenotype. For clarity we will discuss the pathway separately but try to indicate 
interactions between the different pathways where these are known. 

Sonic Hedgehog signaling. The first morphogen identified as a critical regulator 
of gut-airway separation was Sonic Hedgehog. Sonic Hedgehog (Shh) is initially 
expressed throughout the anterior endoderm, but is restricted to the distal esophagus 
at later stages.24,25 Gli transcription factors, which mediate Hedgehog signaling, are 
selectively expressed in the mesoderm indicating that Hedgehog signals exclusively in 
a paracrine manner from endoderm to mesoderm.26 The critical role of Shh signaling in 
foregut development was revealed in Shh mutant mice. The phenotype of Shh-/- mice 
is remarkably similar to Sox2 mutant mice. At E17.5 the proximal Shh-/- esophagus is 
hypoplastic and the developing trachea and lungs fail to separate correctly from the gut. 
More distally (where Shh expression is highest in normal mice) there is no discernible 
remaining esophagus in Shh-/- mice at this point in development.24,27 This suggests that 
paracrine Shh signaling to the mesenchyme is required to allow the proper elongation 
and survival of esophageal tissue and to maintain a mesenchymal barrier between the 
developing tubes of the esophagus and airway.
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This important role of Hedgehog signaling in normal esophageal development was 
confirmed in mice with mutations in the Gli transcription factors. In Gli2-/- mice, the 
esophagus has a very small lumen surrounded by a poorly developed mesenchymal 
layer that fails to develop an αSma positive smooth muscle layer. In Gli2-/- Gli3+/- mutant 
mice, the foregut is hypoplastic and fails to form the appendages for the trachea and 
lungs at E9.5.28 In Gli2-/- Gli3+/- mice that survive until later stages of development only 
a very small proximal esophageal remnant can be observed and the mice lack both 
trachea and lungs. 
 The striking similarity between Shh and Sox2 mutant mice suggests that these factors 
are functionally related. It is unlikely that Sox2 acts directly downstream of Shh as Shh 
signaling is uniquely to the mesenchyme. There are two alternative options that are not 
mutually exclusive. First endodermally expressed Sox2 could act upstream of Shh as a 
critical transcription factor required for Shh expression. Alternatively, endodermal Sox2 
expression could depend on mesenchymally expressed factors that are controlled by 
Shh signaling. 
 The transcription factor Foxf1 is probably the key mesenchymal target of Shh 
signaling. Mahlapuu and colleagues have demonstrated that mesenchymal expression 
of Foxf1 can be induced by ectopic expression of Shh and that Shh mutant mice lack 
mesenchymal Foxf1 expression in the foregut.29  The Foxf1 homozygous mutation leads 
to early embryonal lethality and cannot be evaluated for a foregut phenotype. However, 
Foxf1+/- mutant mice have a clear foregut phenotype that is very similar to Shh and Gli 
mutant mice. In Foxf1+/- mice the esophagus is poorly developed and fails to separate 
properly from the trachea, the lungs are hypoplastic and branching morphogenesis is 
reduced.29 Thus Sox2/Shh signaling induces mesenchymal Foxf1 expression which is 
required to allow the mesenchymal cells to support esophageal elongation and survival 
and the appropriate separation of the esophagus and airways.

Bone morphogenetic Protein signaling. Members of the Bone Morphogenetic 
Protein (Bmp) signaling pathway play a critical role in foregut development. Bmp4 and 
Bmp7 are the major Bmp ligands expressed during foregut development.30,31 These 
Bmps display a non-overlapping expression pattern, with expression of Bmp4 being 
restricted to the mesenchyme ventral to the developing trachea and Bmp7 expression in 
the epithelium of the developing esophagus and its surrounding posterior mesenchyme. 
Given the strong similarity between Bmp4 mutant and Bmp receptor mutant mice (see 
below) it seems that the mesenchymally expressed Bmp4 is the key Bmp ligand during 
gut-airway development. Signaling by the Bmp pathway seems to occur mainly in the 
posterior foregut endoderm and mesenchyme. This was assessed by LacZ staining in 
a BRE-LacZ Bmp signaling reporter mouse31 and immunohistochemical localization of 
the phosphorylated form of Smads1,5 and 8,30 the Smads that mediate Bmp signaling.
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Consistent with expression of Bmp4 in the ventral mesoderm surrounding the developing 
trachea, Bmp4 plays a critical role in tracheal development. At E11.5 Bmp4 conditional 
knockout animals in which Bmp4 is deleted from the foregut endoderm and mesoderm 
show a clear failure of foregut separation with a single tube connecting the pharynx to 
the stomach and hypoplastic lungs.30 This tube shows esophageal type differentiation 
as it is positive for esophageal endodermal marker Pax9, negative for the tracheal 
endoderm marker Nkx2.1 and negative for the tracheal mesenchyme marker Col2a. The 
authors of this study found that Bmp4 signaling is not required for specification of the 
tracheal primordium which formed normally at E9.25. However, the tracheal primordium 
was reduced in size compared to wild type mice at E9.5. Thus, Bmp4 is required for 
proper airway development after the initial specification of the tracheal primordium. 
The importance of Bmp4 in airway development may explain why the airways fail to 
develop properly in Shh mutant mice as Bmp4 is one of the key mesenchymal targets of 
Hedgehog-Foxf1/Foxf2 signaling in the esophagus24 and the intestine.12 
 Mice in which both Bmp receptor 1a and 1b were specifically deleted from the 
endoderm using a ShhCre showed a similar phenotype as the Bmp4 conditional mutant 
mice. The Bmpr1a/b double mutant mice developed a single foregut tube that was positive 
for esophageal endodermal marker Sox2 and negative for the airway endodermal marker 
Nkx2.1. Thus again showing that Bmp signaling is required to induce and/or maintain a 
specific airway endodermal phenotype. 
 Conversely, actively antagonizing Bmp signaling has also been shown to play a role 
in protecting the esophageal endoderm against the airway phenotype inducing influence 
of the Bmp signaling pathway. Several Bmp antagonists are expressed in the developing 
foregut.31 Of those, Noggin is likely the most relevant Bmp antagonist during foregut 
development, as Noggin mutant mice have a clear foregut phenotype.32,33 Noggin is 
expressed in the dorsal foregut endoderm and lung mesenchyme from E10.5-11.5 and 
at later stages (E14.5) is confined to the developing esophageal smooth muscle layer. 
Loss of Noggin expression in Nog-/- mutant mice showed an opposite phenotype of the 
Bmp4 and Bmpr1a/b mutant mice with intact airway differentiation in a single foregut 
tube connecting the airways to the stomach.33 This suggests that Bmp signaling is not 
only required for proper airway differentiation but that suppression of Bmp signaling in 
the posterior foregut is equally important to allow proper esophageal development. The 
reciprocal nature of Noggin and Bmp4 signaling was clearly demonstrated by the fact 
that the phenotype of the Nog-/- mice could be rescued by reducing the gene dose of 
Bmp4 in Nog-/-Bmp4+/- mutant mice.33 The importance of the reciprocal regulation of Bmp 
signaling between airway and esophagus was explained with an elegant experiment by 
Domyan et al. 34 as these authors showed that the Bmpr1a/b airway phenotype can be 
rescued by deletion of Sox2 in Bmpr1a/b Sox2 double mutant animals. Domyan and 
colleagues found that Bmp signaling directly represses the Sox2 promoter.34 Thus, Bmp 
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signaling in the airway endoderm is required to repress Sox2 expression, thus allowing 
the airway endodermal phenotype to be expressed. Conversely, Noggin mediated 
repression of Bmp signaling allows the proper development of the esophageal endoderm 
by protecting Sox2 expression against the repressive influence of the Bmp pathway. 
In conclusion, an endodermal-mesenchymal signaling network has been discovered in 
which endodermally expressed Shh induces Bmp4 in the mesenchyme via the Foxf1 
transcription factor. This Bmp4 signals reciprocally to the endoderm of the developing 
airways to repress endodermal Sox2 expression and allow proper airway differentiation. 
The esophageal endoderm is protected from this mesenchymal Bmp4 signal by secreting 
the Bmp antagonist Noggin. 
 
fibroblast growth factor signaling. The Fibroblast Growth Factors (Fgfs) are a large 
group of morphogens with an important role in endodermal development. During gut-
airway development this pathway provides a critical signal from the mesenchyme to 
the overlying endoderm. Fibroblast growth factors (Fgfs) act through tyrosine kinase 
transmembrane receptors. Thus far, four Fgf receptors have been identified. The tissue-
specific alternative splicing of the FGF receptors I-III is the main mechanism by which 
FGF-FGFR binding specificity is regulated.35 This splicing event gives rise to epithelial “b” 
isoforms (FGFRIb to FGFRIIIb) and mesenchymal “c” isoforms (FGFRIc to FGFRIIIc), 
which differ in the binding specificity profiles for the many different Fgfs. The key Fgf 
with an established role in foregut development is Fgf10. At E10.5 Fgf10 is expressed 
in the anterior mesenchyme surrounding the prospective trachea. The importance of 
this mesenchymal Fgf10 expression is underscored by the fact that Fgf10 mutant mice 
develop a trachea, but completely lack further development of the lung buds.36,37 Fgf10 
in the mesenchyme signals to a specific IIIb isoform of the Fgfr2 (the main receptor for 
Fgf10) expressed in the epithelium. Indeed, mice that specifically lack the Fgfr2 IIIb 
isoform display lung agenesis similar to Fgf10 mutant mice.38 The role of mesenchymal-
to-epithelial Fgf10-Fgfr2 IIIb signaling seems to lie in the reciprocal regulation of Nkx2.1/
Sox2 expression. Fgf10 promotes an airway phenotype by positively regulating Nkx2.1 
expression and repression of the expression of Sox2.13 It has not been examined how 
the mesenchymal-endodermal Fgf10-Fgfr2 IIIb signaling axis relates to the Shh-Bmp4 
signaling interactions in the foregut that have been mentioned above. 

Wnt signaling. Similar to the Bmps and Fgfs, Wnts play a key role in airway 
development. Wnt2 and Wnt2b are expressed in the ventral mesoderm that surrounds 
the endoderm of the prospective airways around E9.0-10.5.39 Wnt7b is expressed in the 
ventral endoderm at the same time in development.40 Wnt2/2b double mutant mice fail 
to induce expression of Nkx2.1 and display complete lung and tracheal agenesis with 
intact esophageal development.39 Wnt7b mutant embryos show a much less dramatic 
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phenotype with modest lung hypoplasia. Airway development requires canonical Wnt 
signaling as Shh-Cre-Ctnnb1fl/fl mutant mice in which b-catenin is specifically deleted 
from the early endoderm are a phenocopy of Wnt2/2b mutant mice.39 The esophagus 
develops normally in Shh-Cre-Ctnnb1fl/fl mutants indicating that canonical Wnt signaling 
is not involved in normal esophageal development.39 In Shh-Cre-Ctnnb1(ex3)fl/wt mice, in 
which β-catenin is constitutively activated in the early endoderm, an induction of Nkx2.1 
positive cells is observed in the developing esophagus with concomitant loss of p63 
expression. This firmly establishes the important role of canonical Wnt signaling in airway 
epithelial specification. One of the transcription factors that is required to repress Wnt 
signaling in the developing esophagus in order to allow normal esophageal development 
is Barx1.41 Barx1 is expressed in the mesoderm in between the developing esophagus 
and trachea and it has been suggested that Barx1 negatively regulates Wnt signaling 
through the regulation of secreted frizzled related proteins.41 As Wnt2/2b mutant mice 
showed complete loss of Fgf10 expression it seems that canonical Wnt acts upstream of 
Fgf10 and Nkx2.1 as one of the key drivers of airway epithelial specification. 
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figure 3 | Schematic overview of genes expressed during development in the esophageal 
and respiratory endoderm and mesoderm.
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table | Knock-out mice

mouse model foregut phenotype Reference 
Nkx2.1-/- undivided foregut tube connecting the pharynx to the stomach, impaired 

lung bud development
15

Sox2EGFP/COND majority develops TEF/EA 13, 18

p63-/- esophagus with pseudostratified columnar epithelium that shows signs of 
respiratory maturation

22, 23

Shh-/- hypoplastic proximal esophagus and septation defects 24, 27

Gli2-/- small esophageal lumen with poorly developed mesenchyme 28

Gli2-/-/Gli3+/- hypoplastic foregut and absent trachea and lung appendages 28

Foxf1+/- TEF, narrow esophagus and lung hypoplasia 29

Noggin-/- TEF/EA, with intact airway differentiation 32, 33

Bmp4-/- single tube connecting the pharynx to the stomach and hypoplastic lungs 30

Bmp4+/- Nog-/- 
Bmp7-/- Nog-/-

no TEF/EA was seen 32, 33

Fgf10-/-

Fgfr2 IIIb-/-
Lung agenesis 38

Wnt2/2b-/- 
Ctnnb1-/-

lung agenesis, with complete loss of trachea and lungs 39

Wnt7blacZ–/– lung hypoplasia 40

Barx1-/- septation defects 41

TEF: tracheoesophageal fistula
EA: esophageal atresia

In conclusion, the tissue specific transcription factors and morphogenetic pathways that 
regulate esophagus-airway separation and differentiation have partially been resolved. 
Sox2 and Nkx2.1 are the key endodermal transcriptional regulators of esophageal and 
airway fate, respectively. Development of the esophagus critically depends on Hedgehog 
signaling and actively suppressing BMP-signaling. In contrast, the Fgf, Bmp and Wnt 
signaling pathways are key regulators of airway development.

eSoPHageaL ePitHeLiaL HomeoStaSiS in tHe aduLt

murine esophageal epithelium
In contrast to the rest of the gastrointestinal tract, which is covered with a single layer of 
columnar epithelium, the esophagus is lined with a multilayered squamous epithelium 
(Figure 4). This epithelial phenotype is reflective of its role to transport rather than modify 
and absorb luminal content. The esophageal epithelium in the mouse is constantly 
renewed from a population of cells that are neatly organized with their nuclei perpendicular 
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to the basement membrane, the so called basal layer.42,43 As differentiating cells leave 
the basal layer, they change their shape and orientation to become larger, flattened and 
aligned parallel to the basement membrane. These cells have a large cytoplasm, causing 
the enlarged nuclei to be spread further apart from each other, compared to the nuclei 
in the basal layer. Advancing upwards, towards the lumen, nuclei are degraded and 
cells develop keratohyalin granules, which can be identified as basophilic small round 
structures. The surface layer of the murine esophagus is keratinized, possibly to form a 
strong protective layer against abrasive food components. The rate of proliferation of the 
cells in the basal layer is tightly coupled to the rate at which differentiating cells are lost 
in the esophageal lumen. The mechanisms that regulate homeostasis in this dynamic 
equilibrium have not been described. 

Keratins as markers of esophageal epithelial differentiation
Keratins are the building blocks of intermediate filaments that form part of the cells 
cytoskeleton.44 Keratins are expressed in a highly cell type and maturation state specific 
manner and several keratins are useful markers of the differentiation state of esophageal 
epithelial cells. In esophageal basal cells three keratins are present. Keratin 14 is paired 
with keratin 545 and both are expressed in all basal layer cells in the adult squamous 
epithelium. Keratin 15 is the third keratin member expressed specifically in the basal 
layer.46 As esophageal epithelial cells leave the basal layer and start to differentiate they 
shut down expression of keratins 5, 14 and 15 and induce the expression of keratin 
4 and its partner keratin 13.47 Differentiating cells start to degrade their nucleus and 
other organelles and make keratohyalin granules which contain profillagrin.48,49 This is 
the precursor to fillagrin50 which will aggregate keratins into tight bundles resulting in the 
typical flattened shape of differentiated esophageal epithelial cells. In addition cells will 
start to synthesize specialized proteins such as involucrin51 and loricrin52 which form the 
cornified cell envelope just beneath the plasma membrane, a structure with a key role in 
epithelial barrier formation in keratinized epithelia. 

Human versus murine esophagus
Most studies on dynamics of epithelial homeostasis are performed in rodents. It is 
however important to note that there are key differences between the murine and human 
esophageal epithelium. First of all, the human esophageal epithelium contains more 
cell layers and it is folded along papillae (Figure 4). Proliferation and mitosis in the 
mouse is limited to basal cells.42,43 In humans this is extended to the 5th-6th suprabasal 
layers.53 Unlike the murine esophageal epithelium, the human esophageal epithelium 
is non-keratinized and cells retain their nucleus.54 Therefore, keratohyalin granules are 
rare. In rodents keratinization of the esophageal epithelium may serve to protect against 
abrasive dietary components. The human esophageal epithelium is exposed to harmful 
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dietary substances as well. The main mechanisms by which the esophageal epithelium 
copes with this is high turn-over of epithelial cells. Esophageal submucosal glands55 are 
present in human but not in mice and may play an important protective role in humans. 

Mouse Human

Basal cell
Suprabasal cell

Cornified cell
Differentiated cell containing keratohyalin granules  
Differentiated cell

figure 4 | Adult murine esophageal epithelium versus adult human esophageal epithelium. 

Regulators of esophageal epithelial proliferation and differentiation
The mechanisms by which esophageal epithelial homeostasis is regulated are relatively 
poorly characterized. It is becoming clear that many of the same pathways that regulate 
morphogenesis of an epithelium during development are often also critical to regulate 
epithelial homeostasis in the adult epithelium.56  This notion seems to be valid for the 
esophageal epithelium. For example, as described above, Sox2 is the key tissue 
specific transcriptional regulator that defines the esophageal epithelial phenotype 
during development. In the adult epithelium Sox2 is expressed in virtually all cells of the 
basal layer. Lineage tracing of Sox2+ cells in the adult esophageal epithelium showed 
that Sox2+ cells can generate long lived clones of cells that persist in the esophageal 
epithelium.57 In transgenic mice that express the thymidine kinase gene under control of 
the Sox2 promoter, treatment with ganciclovir causes ablation of Sox2-expressing cells 
and this results in complete loss of basal cells.57 Reciprocally, overexpression of Sox2 
leads to an increase in epithelial progenitor cells and loss of differentiated features.58 
Together these data support the notion that the key role of Sox2 as a tissue specific 
transcription factor in development is maintained in the adult esophageal epithelium. 
 A second transcriptional regulator with a conserved role between development and 
adult epithelial homeostasis may be p63. Work in esophageal cell carcinoma (ESCC) cell 
lines suggests that p63 may be required for epithelial proliferation,59 however the role of 
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p63 in adult esophageal epithelium has not been addressed by conditional mutagenesis 
in the adult esophagus.
 Since Shh is a morphogen with a key role in esophageal morphogenesis. We and 
others have examined the role of Shh signaling in the adult esophagus.11,60 Shh is 
expressed by epithelial cells of the basal layer in the adult esophagus. In contrast to the 
exclusively paracrine Hedgehog signaling in the cuboidal epithelium during development, 
we found that Hedgehog signaling is autocrine in the adult squamous epithelium (similar 
to the skin). Using in situ hybridization we found that the cells in the basal layer expressed 
both the Hedgehog receptor Smo and transcription factor Gli-1 and basal cells were 
marked by LacZ expression in Gli1-LacZ reporter mice.11 We examined the role of Shh 
by activating the Hedgehog (Hh) pathway using two mouse models: one in which the 
inhibitory receptor Ptch1 can be conditionally deleted and another in which Hh pathway 
transcription factor Gli1 can be conditionally overexpressed. In these mouse models, 
which both lead to increased Hh signaling, we observed an expansion of the proliferating 
cell compartment accompanied with impaired maturation and migration of epithelial 
cells. This is consistent with an autocrine role for Shh signaling in the epithelial cells 
of the basal layer of the adult esophagus and indicates that Hh signaling regulates the 
phenotype of basal cells in the esophageal epithelium and promotes their proliferation.11 
 In addition to the factors shown to be important in development, several other 
signaling molecules and mechanisms have been described to regulate adult esophageal 
homeostasis:
 Two transcription factors of the Krüppel-like factor (Kfl) family also play a role in 
homeostasis of the esophageal epithelium in the adult animal. Expression of Klf5 is 
restricted to the basal layer and seems to regulate proliferative capacity. Transgenic 
overexpression of Klf5 in the esophageal epithelium results in a two-fold increase in 
proliferation rate, without further abnormalities in esophageal epithelial homeostasis.61 
In contrast to Klf5, Klf4 is expressed in the suprabasal layer. Klf4 plays a critical role 
in normal esophageal epithelial differentiation. Klf4-deficient mice show impaired 
differentiation and hyperproliferation, resulting in epithelial dysplasia.62

 One of the major cell-to-cell signaling pathways with a role in esophageal homeostasis 
is the Notch signaling pathway. Ohashi et al. have shown that Notch signaling through 
the transcription factor CSL is required for human esophageal epithelial differentiation 
in organotypic cultures in vitro and in the mouse esophageal epithelium in vivo.63 Their 
work suggested a key role for the expression and activation of NOTCH1 and NOTCH3. 
The key role for Notch signaling in esophageal homeostasis is underscored by the 
finding that Notch pathway genes are frequently mutated in esophageal squamous cell 
carcinomas.64

 Interestingly, we found upregulation of Notch pathway components (Dll3, Jag2 and 
Hes5) in a mouse model that leads to esophageal precursor cell differentiation.65 In 
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this model we chemically induced endoplasmic reticulum (ER) stress and subsequent 
unfolded protein response (UPR) activation via thapsigargin treatment. This lead to 
reduced proliferation and increased progenitor differentiation in esophageal epithelium 
and correlated with increased expression of several Notch signaling components. 
More evidence for the involvement of the UPR in esophageal epithelial homeostasis 
came from experiments with a genetic ER-stress model; Ah1Cre-Rosa26-LacZ-Grp78-/- 
mice.65 UPR activation in response to conditional deletion of a major ER chaperone 
Grp78 in esophageal epithelium of these mice resulted in rapid differentiation followed 
by repopulation of the epithelium from the non-recombined wild type cells, as was found 
in intestinal epithelium.66 This suggests that also in the esophageal epithelium the UPR 
may serve as a quality control mechanism which forces progenitor cells with accumulated 
unfolded proteins to initiate differentiation.

eSoPHageaL Stem ceLLS

In concordance with both the skin epidermis and the GI-tract, the esophageal epithelium 
is constantly renewed. This suggests the presence of an actively proliferating stem cell 
population to fuel this renewal. However, despite the fact that in the last decade stem cells 
have been identified in the mouse skin and the other tissues of the murine gastrointestinal 
tract,67-70 to date no esophageal stem cell has been conclusively demonstrated. 
 Currently, there is a lack of consensus about the presence of dedicated stem cells 
in the esophagus. The mouse esophageal epithelium is devoid of clearly identifiable 
structural features such as crypts and glands that serve as stem cell niches in other 
tissues. However, the region to which proliferation is restricted has been unequivocally 
pinpointed. Pioneering work performed by Leblond and colleagues in rat esophagi 
showed with the use of 3H-thymidine pulse-chase experiments that proliferation is 
restricted to the basal layer and this led the authors to conclude that ‘if stem cells are 
defined as cells which produce cells similar to themselves as well as differentiating cells, 
the basal cells are the stem cells of the esophageal epithelium’.42,43 
 The current debate focusses on the question if indeed all basal cells have an equal 
capacity for self-renewal71 or if the basal layer is organized in a stem cell-transit amplifying 
(TA) cell hierarchy,72 as is found in for example the small intestine. In the following 
paragraphs we will try to summarize the evidence presented for the two hypotheses. 
To avoid confusion in nomenclature we will use a description to define a dedicated 
tissue stem cell as follows: A tissue-specific stem cell has the ability to generate new 
stem cells, i.e. have self-renewal capacity and is capable of generating all the cell types 
present in a tissue, i.e. have tissue-renewal capacity. Of note, these characteristics are, 
in our opinion, independent of the cycling time and/or label-retaining characteristics of 



2

27Esophageal development and epithelial homeostasis

these cells. It should be mentioned here that the well characterized Lgr5+ stem cells of 
the small intestine cycle once every 24 hours and can be considered fast cycling.67 In 
contrast, the term stem cell has also been used for slow-cycling, ‘label-retaining cells’ 
(LRCs) that contribute to epithelial homeostasis after damage.73 These LRCs are in 
general cycling only rarely in a homeostatic tissue and can therefore be identified by the 
prolonged retention of a DNA label after chronic infusion of such a label. 
 With an elegant in vivo Histone2B-GFP pulse chase labeling experiment, Doupe et 
al.74 showed that there are low numbers of LRCs found in the esophagus basal layer 
epithelium, as was previously described.72 Doupe et al. showed, however, that these are 
most probably not of epithelial origin and are positive for hematopoietic lineage marker 
CD45. This suggests that such a population of LRC cells indeed is absent from the 
esophageal epithelium. This finding, however, does not exclude the existence of faster-
cycling dedicated stem cells. 
 On the basis of further experimentation using a double-conditional Ah-CreERT2*LSL-
eYFP-reporter mouse in a tracing experiment and mathematical modeling of the results 
Doupe et al. propose that 65% of the basal layer consists of esophageal progenitors 
(EPs) which on average divide ~2x /week and for every division “esophageal progenitors 
are functionally equivalent”. As was suggested by Leblond and collegues.43

 In contrast, other studies suggest that the mouse basal layer is functionally 
heterogeneous and provide evidence for a stem cell/TA hierarchy in the esophageal 
epithelium. Kalabis et al. isolated a ‘side population’ (SP) from the esophageal epithelium 
on the basis of a dye exclusion method.72 This method was used for identification of stem 
cells in several tissues and is based on the finding that stem cells have an increased 
capacity to pump out DNA binding dye. Characterization of the isolated esophageal ‘SP’ 
cells with FACSorting and in vitro experimentation provided evidence for high clonogenic 
potential within this subpopulation of cells, suggesting that they might be stem cells. 
 Using two cell surface markers, namely transferrin receptor (CD71) and the integrin 
isoform a6, another study75 identified three phenotypically and functionally distinct 
subpopulations from the murine esophageal epithelium. The authors concluded that 
these corresponded to a stem cell, a TA and a differentiated cell compartment.
Limited studies have been performed on human esophageal material. As described 
above, the arrangement of the human esophageal epithelium differs from the mouse. 
The human esophageal basal epithelium is divided into two distinct areas by regular 
invaginations of the basal layer, termed papillae. The papillary basal layer (PBL) lines 
the papillae and the flat interpapillary basal layer (IBL) lies in between these structures.
 Two studies suggest that proliferation is asymmetrically compartmentalized between 
the IBL and the PBL,53,76 with the IBL containing more proliferative cells. Interestingly, on 
the basis of further experimentation these studies reach contrasting conclusions. 
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On the one hand, isolation of PBL and IBL cells using their differential integrin beta1 
(Itgb1) hi (PBL) and lo (IBL) staining, showed higher clonal capacity in Itgb1 hi fractions. 
This led Seery et al. to conclude that the basal layer is heterogeneous and the IBL might 
harbor a stem cell population.76 In line with this, ex vitro studies, combined with some in 
vitro experiments, have suggested Neurotrophin receptor p75NTR, and, alternatively, a a6 
bright/CD71 dim as potential human esophageal stem cell markers.77,78 
 On the other hand Barbera et al. used CD34 and Epcam to isolate three subpopulations 
from human esophagus, with the CD34 hi EpCam lo population representing the IBL 
cells. Surprisingly, all three subpopulations showed the same clonogenic potential. The 
authors explain this result, as being due to plasticity of esophageal cells to injury. In vitro 
cells are no longer attached to the basement membrane which would result in an injury 
signal, making all cells equally capable of forming colonies.53 
 Using 5-iodo-2’-deoxyuridine (IdU) labeling in patients undergoing esophagectomy, 
another paper described the presence of cytokeratin-expressing LRCs in human PBL,79 
adding yet another layer of complexity the story. 
 In summary, to date, very few studies have been performed to directly tackle the 
question of the existence of dedicated stem cells in the esophagus. In our view, due 
to differences in methodology/markers used and the extent of the functional assays 
performed, both in vitro and in vivo, in the different studies, this question is still open. 

concluding remarks
Clearly we still have very limited insight in pathways and genes involved in normal 
homeostasis of the esophageal epithelium. Enhancing our knowledge about the 
mechanism of proliferation and pathways driving differentiation is therefore crucial. It would 
lead to better understanding of carcinogenesis, development of Barrett esophagus and 
tissue repair. The involvement of stem cells/progenitor cells in esophageal homeostasis 
needs further experimental evidence, especially given an implication of stem cells in 
oncogenic transformation and development of esophageal cancer.
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aBStRact

objective: In the intestine Hedgehog (Hh) signalling is directed from epithelium to 
mesenchyme and negatively regulates epithelial precursor cell fate. The role of Hh 
signalling in the oesophagus has not been studied in vivo. Here we examined the role of 
Hh signalling in epithelial homeostasis of oesophagus.
design: We used transgenic mice in which the Hh receptor Patched1 (Ptch1) could be 
conditionally inactivated in a body wide manner and mice in which Gli1 could be induced 
specifically in the epithelium of the skin and oesophagus. Effects on epithelial homeostasis 
of the oesophagus were examined using immunohistochemistry, in situ hybridization, 
transmission electron microscopy, and real-time polymerase chain reaction. Hedgehog 
signalling was examined in patients with oesophageal squamous cell carcinoma (SSC) 
by qRT-PCR.
Results: Sonic Hedgehog signalled in an autocrine manner in the basal layer of the 
oesophagus. Activation of Hh signalling resulted in an expansion of the epithelial 
precursor cell compartment and failure of epithelial maturation and migration. Levels of 
Hh targets GLI1, HHIP and PTCH1 were increased in SSC compared to normal tissue 
from the same patients. 
conclusion: Here we find that Hedgehog signalling positively regulates the precursor 
cell compartment in the oesophageal epithelium in an autocrine manner. Since 
Hedgehog signalling targets precursor cells in the oesophageal epithelium and signalling 
is increased in squamous cell carcinomas, Hedgehog signalling may be involved in 
oesophageal squamous cell carcinoma formation.
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What is already known about this subject?
 • Hedgehog signalling plays a key role in epithelial homeostasis in the intestine
 • In the intestine Hedgehog signalling is exclusively to the mesenchyme 
 • Signalling by Sonic Hedgehog plays a key role in the development of the oesophagus 
 • The oesophagus shows remarkable similarity to the skin and Hedgehog signalling 

plays an important role in the development of basal cell carcinoma in the skin

What are the new findings?
 • Sonic Hedgehog is the only Hedgehog homologue produced in the adult oesophagus 
 • The epithelial precursor cells in the basal layer are the target of Sonic Hedgehog 

signalling
 • Increased Hedgehog signalling in the mouse oesophagus leads to an expansion 

of the epithelial precursor cell compartment and failure of epithelial maturation and 
migration

 • In conclusion, we describe a novel pathway that promotes basal cell fate in the 
oesophageal epithelium

How might it impact on clinical practice in the foreseeable future?
 • Our data provide genetic evidence that Hh signalling positively regulates precursor 

cell fate in the oesophageal epithelium of the adult mouse and impairs epithelial 
maturation and migration. Our data suggest that the Hh pathway may act as an 
oncogenic pathway in oesophageal carcinogenesis and therefore be a novel target 
for therapy
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intRoduction

The oesophagus is lined by a stratified squamous epithelium, which is composed of 
several cell layers. The proliferating cells of the basal layer align the basal membrane and 
differentiate as they move towards the lumen. In mice the epithelial layer keratinizes at 
the luminal surface whereas the human epithelium is non-keratinized. The oesophageal 
epithelium is rapidly renewed from the precursor cells at the basal layer. Proliferating 
epithelial cells are shed from the epithelium in less than 48 hours (see results). 
 The mechanisms that are in place to regulate epithelial homeostasis in the oesophagus 
are relatively poorly characterized. It is becoming increasingly clear that morphogens not 
only act to lay down patterns of cellular differentiation during organogenesis but play a 
critical role in the maintenance of homeostatic equilibria of rapidly renewing epithelial 
tissues such as those of the gastrointestinal tract. For example the Wnt, Hedgehog (Hh) 
and Bone Morphogenetic Protein (Bmp) pathways play an important role in epithelial 
homeostasis in the intestine but their role in the adult oesophagus is much less well 
established. 
 Three Hh homologues are present in mammals, Sonic Hedgehog (Shh), Indian 
Hedgehog (Ihh) and Desert Hedgehog (Dhh). These Hhs bind to a common receptor 
Patched (Ptch) which subsequently loses its repressive activity towards the Hh signalling 
receptor Smoothened (Smo). Smo signals through the Gli family (Gli1-3) of transcription 
factors. Many of the transcriptional targets are components of the pathway such as 
Ptch1, Hedgehog interacting protein (Hhip) and Gli1. Hh signalling plays a critical role 
in the development of the normal oesophagus.1 Signalling is directed from endoderm to 
mesoderm during development. Sonic Hedgehog (Shh) is produced by the endoderm2,3 
whereas Gli1-3, the transcription factors that mediate Hh signalling, are expressed in the 
mesoderm.4 Mice with mutations in either Shh or a combination of Gli2 and Gli3 display 
a growth defect of the foregut mesenchyme. This mesenchymal growth defect results 
in incomplete tracheo-oesophageal separation and the development of a single tube 
that connects both the airways and the stomach a pathology that is thought to resemble 
tracheo-oesophageal fistula in human patients.5 Conflicting data have been published on 
the possible expression of Hh pathway components in the adult oesophagus. Isohata et 
al.6 demonstrated expression of both SHH and multiple components of the Hh pathway in 
the basal layer using immunohistochemistry and RT-PCR and found evidence for a role 
for Hh signalling in oesophageal epithelial differentiation in vitro. 
 Autocrine Hh signalling in the basal layer of the oesophagus would be an important 
difference with Hh signalling in the columnar epithelium of the intestine and stomach 
where signalling is paracrine, from epithelium to the underlying mesenchyme.7,8 In 
the intestine the Hh pathway does not act as a pro-proliferative pathway as in many 
other tissues but controls an as yet unidentified mesenchymal factor which negatively 
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regulates intestinal epithelial precursor cells.8 However, using a different antibody Wang 
et al.9 found no expression of Shh in the normal oesophagus or LacZ expression in a 
Ptch1-LacZ reporter mouse and concluded that there was no Hh signalling in the normal 
adult oesophagus. 
 Several studies have suggested that Hh signalling may play a role in oesophageal 
squamous cell carcinoma (SCC). In a study using immunohistochemistry, high GLI1 
expression was detected in 50% of patients with oesophageal SCC and correlated 
with poor prognosis and lymph node metastasis.10 Isohata et al. examined tissue from 
patients with oesophageal SCC by RT-PCR and found GLI1 or GLI2 to be expressed in 
41 out of 42 patients but no quantitative comparison was made with normal oesophageal 
tissue.6 In a smaller study which included material from 15 patients it was suggested that 
Hedgehog pathway components were upregulated in human SCC compared to normal 
tissue but most data are not shown.11

 No functional experiments have been performed to address the potential role of 
Hh signalling in the adult oesophagus in vivo. It is important to carefully evaluate a 
possible role for Hh signalling in the epithelium of the oesophagus. The oesophagus 
shows remarkable similarity to the skin and Hh signalling plays an important role in the 
development of basal cell carcinoma in the skin where the first promising results have 
now been obtained in a clinical trial using an Hh antagonist.12 If Hh signalling plays a role 
in the precursor cells of the basal layer of the oesophagus, the Hh pathway may act as 
an oncogenic pathway in oesophageal carcinogenesis and be a target for therapy. 
 Here we use in situ hybridization, an inducible reporter mouse and two distinct mouse 
models in which activation of the Hh pathway can be induced to examine the role of Hh 
signalling in the adult mouse oesophagus. Additionally we examine resection material 
from patients with oesophageal SCC by qRT-PCR.

metHodS

ethics approval 
mice. All mouse experimental protocols were either approved by the Institutional Animal 
Care and Use Committee of the University of Göttingen or approved by the Institutional 
Animal Care and Use Committee of the Karolinska Institute.

Ptch1 mutant mice. We used previously generated Ptch1flox/flox 13 and Rosa26CreERT214 
mouse lines. The Ptch1flox/flox mice had a loxP site inserted into intron 7 and intron 9 of 
the Ptch1 gene. The Rosa26CreERT2 mutant mouse strain expressed a fusion gene 
encoding Cre recombinase and a modified ligand-binding domain for the oestrogen 
receptor under control of the endogenous Rosa26 promoter. The two mouse lines 
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were crossed to obtain Ptch1flox/floxCreERT2+/- mice. Eight-week-old mice were injected 
intra-peritoneally with 1 mg tamoxifen on 5 consecutive days to induce the Ptch1del 
mutation to get Ptch1 mutant mice (n=19). Both Ptch1flox/floxCreERT2-/- mice treated with 
tamoxifen and vehicle treated Ptch1flox/floxCreERT2+/- mice were used as controls (n=19). 
Three weeks after recombination mice were sacrificed and oesophagi were collected for 
examination. Recombination efficiency was determined by real-time PCR on genomic 
DNA (supplementary methods). The study was approved by the Institutional Animal Care 
and Use Committee of the University of Göttingen.

gli1-inducible mice. For induction of Gli1 mice with a Tet-Off transactivator placed after 
the keratin 5 promoter (K5-tTA mice)15 were crossed with Tre-Gli1 mice.16 Doxycycline 
was delivered by addition of 2 mg/ml of doxycycline to the drinking water. Gli1 was induced 
by withdrawal of doxycycline and mice were examined two weeks after withdrawal of 
doxycycline. Tre-Gli1 mice and wild-type mice treated with doxycycline were used as 
controls. The study was approved by the Institutional Animal Care and Use Committee 
of the Karolinska Institute.

gli1-reporter mice. Six Gli1-CreERT217 were crossed with Rosa26-Stopfl/fl-LacZ18 mice 
in which LacZ is separated from the ubiquitously expressed Rosa26 locus by a floxed 
stop codon. The mice were induced with an oral dose of 10 mg tamoxifen per mouse 
for two days in a row. An X-gal staining was performed on oesophageal tissue following 
standard procedures. See supplementary methods.

Immunohistochemistry, immunofluorescence and Transmission Electron 
microscopy. Immunohistochemistry, immunofluorescence and Transmission Electron 
Microscopy were performed using standard protocols. For a detailed description of the 
protocols and antibodies used see supplementary methods. 

Probe generation and in Situ Hybridization
Generation of probes and in situ hybridization were performed as previously described.19 
A detailed protocol of the procedure is available in the supplementary methods.

Patient material
Twenty patients with oesophageal squamous cell carcinoma (SCC) were selected 
from a tissue biobank of the Leiden University Medical Center (LUMC). Tissue stored 
in the biobank has been collected from excess material from patients operated for 
gastrointestinal cancer. The study on human material was performed according to the 
instructions and guidelines of the LUMC Medical Ethics Committee and in compliance 
with the Helsinki Declaration. All tumours were examined by the pathology department 
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of the LUMC and were confirmed as oesophageal SCC. Both normal and tumour tissue 
from patients was used for experiments. 

Rna isolation, complementary dna synthesis and Quantitative Rt-PcR
For isolation of RNA a piece of oesophageal tissue was collected from either control 
and mutant mice or resection material from patients with oesophageal squamous cell 
carcinoma. A detailed description of RNA isolation, complementary DNA synthesis and 
the Quantitative RT-PCR protocol as well as primer information can all be found in 
the supplementary methods. Concentrations were divided by the amount of Gapdh or 
GAPDH in each sample. Gapdh or GAPDH was used as housekeeping gene and its 
expression was equally distributed between the samples. For a detailed protocol see 
supplementary methods.

Statistics
Statistical analysis was performed with Prism 5.0 (GraphPad Software). All values were 
represented as the mean ± standard error of the mean (SEM). Samples were analyzed 
using a student’s t-test. Statistical analysis on human oesophageal SSC material was 
performed using a paired t-test. Differences were considered statistically significant at 
P<0.05.

ReSuLtS

Localization of Hh pathway components in the adult mouse oesophagus 
and effective recombination of Ptch1
In the developing mouse oesophagus Shh is expressed by the endoderm. It is crucial for 
the separation of the developing trachea from the developing oesophagus.2 Signalling is 
paracrine, from endoderm to mesoderm, as Hh targets Ptch and Gli1-3 are expressed in 
the mesenchyme.2,4 We examined expression levels of the three Hh homologues Shh, 
Ihh, and Dhh in the mouse oesophagus by quantitative RT-PCR. We previously found 
that Ihh is the main Hh homologue expressed in the intestine.8 In contrast, Shh is the 
only Hh expressed at detectable levels in the oesophagus. The colon was used as a 
negative control for Shh (Figure 1A, n=5 for both groups, P=0.0005), and the colon and 
testis were used as a positive control for Ihh and Dhh respectively (Figure 1A, n=5 for 
the oesophagus, n=5 for colon and n=2 for testis, P=0.0002 and P=0.0096 for Ihh and 
Dhh respectively). To determine the expression of the different Hh homologues in human 
oesophagus we performed qRT-PCR on oesophageal samples and compared them to 
ileum and testis. SHH was found to be equally expressed in the human oesophagus and 
the ileum (Figure 1B, n=6 for oesophagus and n=3 for ileum, P=0.9). The detectable 
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levels of SHH in human but not mouse intestine correlate well with the fact that we 
have previously been able to detect SHH in human20 but not mouse intestine8 by in situ 
hybridization.
 Both IHH and DHH were found to be absent in the human oesophagus compared 
to their positive controls (Figure 1B, n=6 for the oesophagus, n=3 for ileum and n=2 for 
testis, P=0.0001 and P=<0.0001 for IHH and DHH respectively). By in situ hybridization 
(ISH) we localized the mRNA for Shh to be present in the basal layer of the epithelium 
of the oesophagus (Figure 1C). To identify the Hh target cells we investigated the 
oesophageal expression pattern of Smo, Hhip and Gli1 in the adult mouse by ISH (Figure 
1C). We found that Smo, Hhip and Gli1 were all expressed by the basal cells of the 
oesophageal epithelium. Expression of Gli1 by the epithelial cells of the oesophagus was 
further confirmed by crossing Gli1CreERT2 mice with Rosa26-LacZ reporter mice. In these 
mice Cre is expressed under the Gli1 promoter. Upon induction with tamoxifen Cre+ cells 
stain blue. Analysis of the oesophageal tissue demonstrated that Gli1 expression was 
confined to the basal epithelial cells (Figure 1D), though in a less extensive manner than 
the Gli1 ISH. Since Hh target expression is very different from what has been described 
during development of the oesophagus we used the same ISH probes and protocol to 
examine expression in the developing oesophagus. The results showed the expected4 
endodermal expression of Shh and a mesodermal expression pattern for Gli1 and Hhip 
(Supplementary Figure 1), confirming the specificity of the probes and ISH protocol.
 Successful Cre-mediated recombination of Ptch1flox/floxCreERT2+/- mice was confirmed 
by real-time PCR on genomic DNA (Figure 2A). Recombination efficiency at the Ptch1flox 
locus in the oesophagus was 95% ± 4.3%. Induction of Hh target genes Gli1, Hhip and 
Ptch1 was studied by quantitative RT-PCR. Although in the Ptch1 mutant mice exons 8 
and 9 were deleted upon injections with tamoxifen, the mutant mRNA was still expressed 
and could still be induced by increased Hh signalling as we have previously shown in 
the colon.8 Conditional deletion of exons 8 and 9 of Ptch1 resulted in up-regulation of Hh 
target genes (Figure 2B, n=5 for the control group, n≥3 for the mutant group, P=0.0012, 
P=0.0025, P=0.005 for Gli1, Hhip and Ptch1 respectively). ISH for Gli1 on control mice 
and mutant mice (Figure 2C) demonstrated up-regulation of Gli1 in the basal layer of the 
mutant mice. The specific upregulation of Gli1 in the basal layer of Ptch1 mutant mice is 
further confirmation of the activity of the Hh pathway in these cells. These results show 
that tamoxifen induced deletion of exons 8 and 9 of Ptch1 was successful and resulted 
in increased Hh signalling in the epithelium of Ptch1 mutant mice. The Ptch1 mutant 
mice can be examined until three weeks after recombination as the mice then develop 
systemic signs of illness.13
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figure 1 | Localization of Hh pathway components in the adult oesophagus. (a) Quantitative 
RT-PCR for the different Hh homologues Shh, Ihh and Dhh on mouse tissue and (B) human 
tissue. (c) In situ hybridization for Shh, Smo, Gli1and Hhip on wild type mouse tissue. The 
dashed red line indicates the border between mesenchyme and epithelium. (d) X-gal staining 
of the oesophagus of Gli1-CreERT2 x Rosa26-Stopfl/fl-LacZ mice induced with tamoxifen. 
Arrows in the right panel indicate cells that express LacZ. Original Magnifications: 400x.
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figure 2 | Effective recombination of Ptch1 upon injections with tamoxifen. (a) Recombination 
efficiency of exons 8 and 9 of Ptch1 and (B) quantitative RT-PCRs for Hh targets Gli1, Hhip 
and Ptch1 on control and mutant mice. (c) In situ hybridization for Hh target Gli1 in control 
mice (left panel) and mutant mice (right panel). Original magnification: 400x.

Loss of polarization and impaired epithelial maturation in Ptch1 and K5tTA-
TreGli1 mutant mice 
The normal wild-type oesophagus in mice is lined with stratified keratinizing 
squamous epithelium. H&E stainings of both the K5tTA-TreGli1 mutant mice and 
the Ptch1flox/floxCreERT2+/- mutant mice showed several changes in the epithelium of 
the oesophagus. The basal cells, which are normally positioned in a well organized 
single layer of round-shaped cells, as was seen in the control mice (Figure 3A,B, left 
panel), formed multiple disorganized layers in the mutant mice. They were positioned 
in an irregular pattern and their shape had changed. The basal cells had become 
oval-shaped and were palisading (Figure 3A, middle panel), a situation where the 
basal cells have a longitudinal orientation, a feature also often seen in basal cell  
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figure 3 | Loss of polarity and impaired maturation upon increased Hh signalling. (a) H&E 
stainings of Ptch1flox/floxCreERT2+/- mice (lower panel in A are magnifications of indicated area 
in upper row) and (B) K5tTA- TreGli1 mice, both with a control shown in the left panel. Closed 
arrows in the left panel indicate the keratohyalin granules, which are lost in the mutant mice. 
Open arrows in the middle panels indicate parakeratosis. (c,d) Electron microscopy of a 
Ptch1flox/floxCreERT2+/- control and mutant mouse. The left two panels show the basal layer (c), 
the right two panels show the superficial layers (d) of the oesophageal epithelium. Original 
magnifications (a): 400x upper row and 800x for lower row. (B): 400x. 

carcinomas (BCC).21 In addition, there were places where the epithelium was protruding 
into the underlying mesenchyme, forming small buds (Figure 3A, right panel). The 
disorganized cell layers, palisading of basal cells and budding are all signs of loss of 
polarity. The keratin layer, which lines the oesophageal epithelium, was clearly visible in 
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the control mice, whereas in the mutant mice this layer became very thin (Figure 3A,B). 
The keratohyalin granules (Figure 3A,B closed arrow in left panel), which play a role 
in the keratinization of the differentiating epithelial cells, were strongly reduced in the 
mutant mice. Another sign of impaired maturation was the presence of parakeratosis in 
the mutant mice, where the nuclei of the keratinocytes persisted as they migrated into 
the upper most layers of the epithelium (open arrow Figure 3A, middle panel). In addition 
to the H&E stainings, transmission electron microscopy on oesophageal epithelium was 
performed to examine changes in cell orientation and morphology at the ultra-structural 
level (Figure 3C,D). Electron microscopy clearly showed the palisading of the basal cells 
(Figure 3C closed arrow in second panel). In the superficial layer of the epithelium (Figure 
3D) we observed more nucleated cells with high nuclear to cytoplasmic ratios. This 
indicates an incomplete differentiation. Both loss of polarization and impaired maturation 
are features found during development of dysplasia.

increased epithelial proliferation and impaired migration in Ptch1 mutant 
mice
We examined proliferation by performing immunohistochemistry for proliferating cell 
nuclear antigen (Pcna) (Figure 4A). In control mice Pcna staining was positive in the 
majority of basal cells and only few cells in the suprabasal layers. In the mutant mice 
Pcna staining was also positive in the majority of basal cells, but an increased amount 
of proliferating cells could be observed in the suprabasal layers (Figure 4B, P=0.0025 
for the first suprabasal layer, P=0.0012 for the second suprabasal layer and P=0.0445 
for the layers above that, n=8 for both control and mutant group). To examine whether 
impaired maturation resulted in retention of differentiating cells in the epithelium mice 
were pulse-labeled with BrdU 48 hours before sacrifice. BrdU positive cells were stained 
by immunohistochemistry (Figure 4C). In control mice only a few cells in the basal layer 
had retained BrdU 48 hours after injection, indicating that the normal rate of turnover 
of the proliferating cells is less than 2 days in the mouse oesophagus. In the mutant 
mice an increased amount of BrdU positive cells was observed, mostly located in the 
suprabasal layers demonstrating that impaired maturation results in retention of cells 
in the epithelial layer. Figure 4D shows the increased amount of BrdU positive cells per 
transverse section (n=3 and n=4 for the control group and the mutant group respectively, 
P=0.0176). We performed an immunofluorescent double staining for BrdU and Ki67 to 
test whether the BrdU positive cells that were retained in the epithelial layer were still 
proliferating 48 hours after pulse-labeling (Figure 4E). We found that the BrdU positive 
cells that had migrated upwards, out of the basal layer, were all Ki67 negative. Apparently 
these cells had undergone cell cycle exit and were differentiating cells in which migration 
towards the lumen is impaired.
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figure 4 | Increased proliferation of precursor cells and retention of differentiating cells in the 
epithelial layer. (a) Immunohistochemistry for Pcna in control mice (left panel) and mutant 
mice (right panel). (B) Counting of Pcna positive cells per 500 mm in the basal epithelial 
layer and each layer above. (c) Immunohistochemical staining for BrdU positive cells 48 
hours after a BrdU pulse. (d) Counting of BrdU positive cells per transverse section. (E) 
Immunofluorescent double staining of Ki67 (red) and BrdU (green) in the BrdU pulsed mutant 
mice. Original magnifications: 400x (a,e), 200x (c). 

expansion of the precursor cell compartment and diminished epithelial 
differentiation in Ptch1 and K5tTA-TreGli1 mutant mice 
To examine the apparent defect in epithelial maturation that was observed at histological 
examination of in the mutant mice in more detail, we performed immunohistochemistry 
for basal cell markers p63 and keratin 14. The p63 staining showed an increased number 
of positive cells in the mutant mice (Figure 5A,6A). Immunohistochemistry for keratin 
14 confirmed this expansion of the precursor cell compartment of the basal layer in the 
mutant mice. 
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figure 5 | Increased expression of basal cell markers and decreased expression of 
differentiation markers of the oesophageal epithelium in Ptch1 mutant mice. (a) Immuno-
histochemical staining for P63, a basal cell marker (left). (B) Immunohistochemical staining 
for keratin 14, another basal cell marker. (c-d) Immunohistochemical staining for the 
differentiation markers loricrin (c), keratin 13 (d). Original magnifications: 400x (a-d).
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figure 6 | Increased expression of basal cell markers and decreased expression of 
differentiation markers of the oesophageal epithelium in K5tTA-TreGli1 mutant mice. (a) 
Immunohistochemical staining for P63, a basal cell marker (left). (B) Immunohistochemical 
staining for keratin 14, another basal cell marker. (c,d) Immunohistochemical staining for the 
differentiation markers loricrin (c) and keratin 13 (d). Original magnifications: 400x (a-d).
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Furthermore, cells retained keratin 14 expression as they moved out of the expanded 
basal layer upwards towards the lumen (Figure 5B,6B) indicating a defect in epithelial 
maturation. Loricrin and keratin 13 were used as markers of differentiation. These 
markers are expressed by the differentiated epithelium between the basal layer 
and the stratum corneum. By means of these markers we observed a clear thinning 
of the layer of differentiated cells (Figure 5C-D,6C-D) which showed evident signs of 
parakeratosis. Together these findings suggest that activation of Hh signalling in the 
oesophageal epithelium expands the precursor cell compartment and diminishes 
epithelial differentiation.

upregulation of targets of the Heghehog pathway in patients with squamous 
cell carcinoma
Previously it has been shown that several components of the Hedgehog pathway are 
expressed in oesophageal SCC.6,10,11 To compare quantitative levels of Hh signalling 
targets between normal tissue and SCC derived from the same patient we examined 
the respective resection material from twenty patients with oesophageal SCC. By qRT-
PCR we determined relative expression levels of three different targets of the Hedgehog 
pathway GLI1 (Figure 7A p=0.0238), HHIP (Figure 7B p=0.027) and PTCH (Figure 7C 
p=0.015). All three are significantly upregulated in tumour tissue compared to normal 
tissue of the same patients. This suggests that Hh signalling is increased in SCC 
compared to normal oesophagus.

figure 7 | Hedgehog targets are increased in squamous cell carcinoma compared to normal 
tissue of the same patients. Quantitative RT-PCRs for Hh targets Gli1 (a), Hhip (B) and Ptch1 
(c) on resection material of patients with oesophageal SCC.
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diScuSSion 

Here we show that Shh is the only Hh homologue present in the oesophagus and is 
expressed by the cells in the basal layer. Hh signalling is active in the epithelium where 
Hh receptor Smo and Hh signalling targets Gli1 and Hhip are expressed. Conditional 
body wide deletion of Ptch1 and inducible epithelial activation of Gli1 lead to a similar 
histological phenotype with features that are also seen in epithelial dysplasia in humans. 
Careful examination of the Ptch1 mutant and Gli1 induced mice shows expansion of the 
precursor cell compartment of the basal layer and impaired maturation and migration of 
the oesophageal cells. 
 Using immunohistochemistry different groups have obtained different results 
regarding the possible expression of Hhs in the oesophagus. Isohata et al. described 
SHH expression in the basal layer of the human oesophagus, in contrast Wang et 
al.9 failed to detect any SHH using a different antibody. In our hands SHH is the only 
detectable Hh in the human and mouse oesophagus and in situ hybridization shows Shh 
expression in the basal layer of the oesophageal epithelium in mice. Levels of Shh in the 
normal oesophagus seem to be low, especially compared to the embryonal oesophageal 
specimens we used as a positive control for the in situ hybridization. Isohata et al. also 
detected DHH in the differentiated epithelial cells by immunohistochemistry.6 However, 
there are no Hh signalling receptors or targets that are expressed in the superficial 
epithelium and we fail to detect appreciable levels of DHH expression in either human 
or mouse oesophagus by qRT-PCR. We therefore tentatively conclude that the staining 
observed with the anti-DHH antibody in the study by Isohata et al. may be the result of 
non specific staining. Thus, in contrast to the small intestine and colon where Ihh is the 
major Hh that is expressed, Shh is the major Hh expressed in the adult oesophagus.
 Several independent lines of evidence from our experiments indicate that Hh 
signalling occurs primarily in the basal layer of the epithelium in the oesophagus and 
signals in an autocrine manner. First, ISH showed that Hh homologue Shh, Hh signalling 
receptor Smo, transcription factor Gli1 and transcriptional targets Gli1 and Hhip all 
localize to the basal layer. Second, the specificity of this staining was further established 
by the finding that Gli1 was specifically upregulated in the basal layer in the Ptch1 mutant 
mice. Finally a functional experiment in which Gli1 expressing cells can be conditionally 
marked upon an injection with tamoxifen in Gli1CreERT2-Rosa26-Stopfl/fl-LacZ reporter 
mice showed exclusive marking of cells in the basal layer of the epithelium. Multiple 
independent experiments by both Isohata and ourselves indicate that there is active 
Hedgehog signalling in the basal layer of the normal oesophagus albeit at low levels. We 
therefore conclude that the Ptch-LacZ mouse that was used by Wang et al may not be 
able to detect low levels of Hedgehog signalling. 
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The mouse oesophageal epithelium has many similarities with the skin epidermis both at 
the histological and at the molecular level. For example the precursor cells of the basal 
layer of both oesophagus and skin are marked by expression of keratin 5, keratin 14 and 
p63. Upon differentiating cells of both tissues lose the expression of basal cell markers 
and express loricrin and keratin 13, markers of early terminal differentiation. Further 
maturation is characterized by the formation of granular layer with the keratohyalin 
granules, and by fragmentation of nuclei and development of the cornified layer.22,23 
Histological examination of the oesophagus of Ptch1 mutant mouse showed an expansion 
of the basal layer and altered organization of the cells, which showed so called nuclear 
palisading and budding into the mesenchyme. The increased number of precursor cells 
was confirmed by the finding that the normally single layer of Pcna and p63 positive 
cells of the basal layer was extended to several cell layers in the Ptch1 mutant and 
Gli1 induced mice. The expression of basal cell marker keratin 14 was maintained in 
the differentiating cells suggesting that epithelial differentiation was incomplete in the 
both mice. Indeed, inspection of the H&E staining showed a decrease in keratohyalin 
granules, presence of parakeratosis and a thin cornified layer in the mutant mice, all signs 
of defective epithelial maturation. This was further confirmed using keratin 13 and loricrin 
as markers of oesophageal epithelial differentiation. The accumulation and palisading 
of precursor cells and impaired terminal differentiation with marked parakeratosis are 
aspects of epithelial dysplasia. Even though these features are present in our Ptch1 
mutant and Gli1 induced mice, we did not have a chance to follow the mice in time to see 
whether more marked dysplasia or cancer would develop due to the fact that Hh pathway 
activation is not oesophagus specific and the mice develop systemic signs of disease at 
six (Gli1 inducible) and three (Ptch1 mutant) weeks after induction. 
 In summary, we show that in contrast to the rest of the gastrointestinal tract the 
epithelial precursor cells of the squamous epithelium of the oesophagus are direct 
targets of Hh signalling produced in the epithelium. Our data provide genetic evidence 
that Hh signalling positively regulates the precursor cell compartment in the oesophageal 
epithelium in an autocrine manner. Furthermore we see an upregulation of Hegdehog 
targets in human oesophageal squamous cell carcinoma. Taken together Hedgehog 
signalling may be involved in oesophageal squamous cell carcinoma formation.
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Supplementary figure 1 | Expression of Shh and Hh targets Gli1 and Hhip in the mouse 
embryo (E13.5) examined by in situ hybridization. During development Gli1 and Hhip 
are expressed by the mesenchyme. The dashed red line indicates the border between 
epithelium and mesenchyme in the esophagus. Original magnifications: 200x.
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aBStRact

objective: Indian hedgehog (IHH) is an epithelial derived no-danger signal in the 
intestinal stroma, inducing factors that restrict epithelial proliferation and suppress 
activation of the immune system. In addition to these rapid effects of IHH signaling, 
IHH is required to maintain a stromal phenotype in which myofibroblasts and smooth 
muscle cells predominate. We investigated the role of IHH signaling during development 
of intestinal neoplasia in mice. 
design: Gli1-CreERT2 and Ptch-lacZ reporter mice were crossed with ApcMin mice to 
generate Gli1CreERT2-Rosa26-ZSGreen-ApcMin and Ptch-lacZ-ApcMin mice, which were 
used to identify hedgehog responsive cells. Intestinal epithelium specific conditional 
Cyp1a1Cre-Apc (ApcHET) mice were treated with β-naphthoflavone to induce adenoma 
development in the presence or absence of a Ihhfl/fl mutation. ApcMin mice were crossed 
with mice in which sonic hedgehog (SHH) was overexpressed specifically in the 
intestinal epithelium. Intestinal tissues were collected and analyzed histologically and 
by immunohistochemistry and quantitative reverse-transcription PCR. We also analyzed 
levels of IHH and its transcriptional targets in intestinal tissues from patients with familial 
adenomatous polyposis (n=18) or sessile serrated adenomas (n=15) and normal colonic 
tissue from control patients (n=12).
Results: Expression of IHH and its targets were increased in intestinal adenomas 
from patients and mice, compared with control colon tissue. In mice, IHH signaling was 
exclusively paracrine, from the epithelium to the stroma. Loss of IHH from ApcHET mice 
almost completely blocked adenoma development, whereas overexpression of SHH 
increased the number and size of adenomas that developed. Loss of IHH from ApcHET 
mice changed the composition of the adenoma stroma; cells that expressed α-smooth 
muscle actin or desmin were lost along with expression of cyclooxygenase-2, whereas 
the number of vimentin-positive cells increased. 
conclusion: Apc mutant epithelial cells secrete IHH to maintain an intestinal stromal 
phenotype that is required for adenoma development in mice. 
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intRoduction

Activating mutations in the Hedgehog pathway can be sufficient to initiate cancer 
development. Such mutations are found in both familial and sporadically occurring basal 
cell carcinomas and medulloblastomas.1,2 The role of Hedgehog signaling as a causative 
factor in these cancers is further supported by several mouse models with activating 
mutations in the Hedgehog pathway. Similar to humans such mice develop basal cell 
carcinomas and medulloblastomas.3 The role of Hedgehog signaling in tumorigenesis in 
other organs is less well defined. In the gastrointestinal tract, mutations in the Hedgehog 
signaling pathway are insufficient to initiate tumor formation since patients and mice with 
activating mutations in the pathway develop gastroinestinal stromal tumors4 but do not 
develop gastrointestinal carcinomas. 
 Indian Hedgehog (Ihh) is expressed by differentiated enterocytes in the epithelium 
of small intestine and colon5,6 and signals in a paracrine manner from the epithelium 
to the mesenchyme.7 In the normal intestine Ihh negatively regulates Wnt signaling, 
epithelial precursor cell proliferation and crypt expansion through the control of 
mesenchymal factors such as Bone Morphogenetic Proteins (Bmps)8,9 and Activins.6 
Furthermore, prolonged loss of Ihh signaling results in the loss of smooth muscle cells 
and myofibroblasts leading to the loss of villi and development of chronic intestinal 
inflammation.6,10 
 Colon cancer develops in a well recognized sequence of events termed the adenoma 
to carcinoma sequence. Adenomas are non malignant neoplastic lesions that carry a risk 
to progress to cancer. The best studied mutation that can lead to adenoma development 
in mice and men is the Wnt pathway activating mutations in the APC gene.11,12 Little is 
known about the role of Hedgehog signaling in adenoma formation, and therefore in the 
earliest stages of colorectal cancer development. For example it has not been examined 
whether Hedgehog signaling is restricted to the mesenchyme at the adenoma stage 
and what the role of Hedgehog signaling is in adenoma incidence and progression. 
Arimura et al. studied the role of the Hedgehog receptor Smoothened (Smo) in intestinal 
adenoma formation by crossing mice that were heterozygous for Smo to Apc mutant 
mice.13 The authors found that heterozygosity for Smo protected against adenoma 
formation suggesting that Hedgehog signaling may promote adenoma formation. 
However, heterzygosity for Smo did not affect the expression of Hedgehog targets Gli1 
or Hhip in the adenomas and the authors detected expression of Smo predominantly in 
adenoma epithelium. Arimura et al. therefore suggested that the effects could depend on 
non-canonical Hedgehog signaling through Smo. 
 Here we use two different mouse models that allow the identification of Hedgehog 
target cells in vivo to study autocrine versus paracrine Hedgehog signaling during 
adenoma development. Additionally, we first examine the role of Hedgehog signaling 
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by inducible deletion of Ihh, the major Hedgehog expressed in the intestinal epithelium 
in Apc mutant mice. Secondly, by creating Apc mutant mice in which the Hedgehog 
pathway is activated by overexpression of Shh. Our data show that Ihh signaling to the 
adenoma mesenchyme is required to allow the initiation of adenoma development. 

metHodS

mice
The generation of the β-naphthoflavone inducible cytochrome p450-1a1Cre 
(Cyp1a1Cre)-Ihhfl/fl mice has been described previously.6 These mice were crossed 
with conditional mutant Apc15lox mice14 to generate conditional Cyp1a1Cre-Ihhfl/fl-Apcfl/+ 

mice, after injections with β-naphthoflavone these mice will have an intestinal epithelial 
specific homozygous deletion of Ihh and heterozygous deletion of Apc and be termed 
Cyp1a1Cre-IhhKO-ApcHET mice. β-naphthoflavone injected Cyp1a1Cre-Ihhwt/wt-Apcfl/+ 
littermates, termed Cyp1a1Cre-IhhWT-ApcHET mice, served as controls. VillinCre-Rosa26-
Stopfl/fl-hShh-IRES-Venus (ShhOE) were generated as described15 and crossed with 
ApcMin mice to generate double mutant mice. Gli1CreERT2, Rosa26-ZSGreen and 
ApcMin mice were obtained from the Jackson Laboratory and crossed to generate 
Gli1CreERT2-Rosa26-ZSGreen-ApcMin mice. All mice were on a pure C57BL/6 
background. Animals were housed in the Leiden University Medical Center experimental 
animal center or in the Academic Medical Center animal research institute and were 
handled in accordance with guidelines and with permission of the local experimental 
animal committees. For details of the mouse experiments and the human adenomas see 
Supplementary Materials and Methods.

tissue staining
Immunohistochemistry, lacZ staining, generation of probes, and in situ hybridization 
(ISH) were performed using standard protocols. See the Supplementary Materials and 
Methods for more detail.

Rna isolation, complementary dna Synthesis, and Quantitative Reverse-
transcription Polymerase chain Reaction
See Supplementary Materials and Methods for details. 

Statistics
Statistical analysis was performed with Prism 5.0 (GraphPad Software). All values were 
represented as the mean ± standard error of the mean (SEM). Samples were analyzed 
using the Student’s t-test. For multiple comparisons, a one-way analysis of variance was 
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used followed by a Bonferroni post-hoc test. Differences were considered statistically 
significant at a P value of less than 0.05.

ReSuLtS

Prolonged loss of ihh in Cyp1a1Cre-IhhKO mice results in hyperplasia, not 
dysplasia
In our previous work we found that specific and inducible deletion of Ihh in the adult 
small intestine epithelium using the Cyp1a1-Cre promoter resulted in a proliferative 
response of the intestinal epithelium with accumulation of proliferating cells, stem cells 
and crypt fissioning. Prolonged loss of Ihh resulted in chronic inflammation, infiltration of 
leukocytes and macrophages, blunting and loss of villi and the development of intestinal 
fibrosis. This was accompanied by increased Wnt signaling as evidenced by nuclear 
accumulation of β-catenin and increased expression of Wnt target genes.6 We reasoned 
that the combination of activated Wnt signaling and chronic inflammation could potentially 
create a pro-tumorigenic environment. To determine the effects of prolonged loss of Ihh 
in the intestinal epithelium we injected adult Cyp1a1Cre-Ihhfl/fl (Cyp1a1Cre-IhhKO) mice 
and Cyp1a1Cre-Ihhwt/wt (Cyp1a1Cre-IhhWT) controls with 80 mg/kg β-naphthoflavone on 
5 consecutive days and subsequently with a monthly injection of 80 mg/kg to maintain 
recombination. We sacrificed the Cyp1a1Cre-IhhKO mice at 9 (n=7) and 12 (n=7) months 
after recombination. Cyp1a1Cre-IhhKO mice displayed hyperplastic and elongated 
crypts, loss of villi and thickening of the lamina propria with infiltrating immune cells as 
observed at earlier time points (Figure 1A). We observed features of extensive epithelial 
regeneration with an expansion of the compartment of proliferating cells as marked by 
Ki-67 positive cells (Figure 1B). In addition, we observed extensive nuclear accumulation 
of β-catenin (Figure 1C) and overexpression of CD44, both surrogate markers for Wnt 
activation (Figure 1D). These findings are characteristics of hyperproliferation as seen in 
a strong regenerative response. Despite the extensive regeneration and presence of a 
chronic inflammatory infiltrate in Cyp1a1Cre-IhhKO mice, careful histological examination 
by an experienced gastrointestinal pathologist (GJO) did not reveal any features of 
epithelial dysplasia in the proximal, middle or distal small intestine of any of the fourteen 
Cyp1a1Cre-IhhKO mice. These results show that despite the fact that loss of Ihh results 
in an extensive epithelial regenerative response, this is insufficient to lead to neoplasia 
even one year after recombination. These results argue against an important role of 
Ihh as a tumor suppressor. We therefore set out to examine the role of Ihh signaling in 
intestinal tumorigenesis in more detail using an Apc mutant mouse model of adenoma 
formation.
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expression of Ihh is upregulated in intestinal adenomas
Expression of Ihh has not been examined in intestinal adenomas and it is not known if 
Hedgehog signaling is exclusively paracrine in intestinal adenomas similar to the normal 
intestinal mucosa.7 We therefore determined expression of Ihh in normal appearing 
mucosa and adenomas of Cyp1a1Cre-IhhWT-ApcHET mice 4 months after recombination 
of the conditional Apc allele. Expression of Ihh was increased in adenomas compared to 
normal mucosa as assessed by ISH (Figure 2A). Upregulation of Ihh was also confirmed 
with quantitative RT-PCR in adenomas from mice and in human tubular adenomas from 
patients with familial adenomatous polyposis and human sessile serrated adenomas 
(Figure 2B). Consistent with the increased expression of Ihh we found that Hedgehog 
target Gli1 was significantly upregulated in intestinal adenomas of both mice and 
humans, while Hhip was also upregulated in the human adenomas.

ihh signals exclusively to the mesenchyme in adenomas
To study the mode of Ihh signaling in tumors we used Gli1CreERT2 mice, which express 
a tamoxifen inducible Cre that is controlled by regulatory elements of Hedgehog target 
Gli1.16 We crossed these mice to Rosa26-ZSGreen reporter mice in which a Cre excisable 
roadblock sequence sits between the ubiquitously expressed Rosa26 promoter and 
a gene encoding the green fluorescent ZSGreen protein. The resulting Gli1CreERT2-
Rosa26-ZSGreen reporter mice were then further crossed to ApcMin mice, these mice 
are heterozygous for an Apc mutation and develop multiple small intestinal adenomas. 
In these mice, green fluorescent Hedgehog responsive cells can be identified in normal 
appearing mucosa and adenomas upon an injection with tamoxifen. As shown in Figure 
2C, we found that Gli1 expressing cells are exclusively found in the mesenchyme 
underlying the epithelium, similar to the adjacent non-adenomatous tissue. There are 
no epithelial cells that express Gli1 in either normal tissue or in intestinal adenomas in 
ApcMin mice. Immunostaining with epithelial marker Epcam showed no co-localization 
of Epcam and Gli1 expression in adenomas or normal tissue (Supplementary Figure 
1A). To further confirm this we performed a triple immunofluorescent staining with 

figure 1 | Prolonged loss of Ihh leads to extensive epithelial regeneration but not dysplasia. 
(a) Routine H&E staining of proximal small intestine of Cyp1a1Cre-IhhWT and Cyp1a1Cre-
IhhKO mice 12 months after injections with β-naphthoflavone. Ihh mutant mice show blunting 
of villi and hyperproliferative crypts as previously described. (B) Immuno-histochemistry for 
Ki-67 in wild type and Ihh mutant mice shows extensive epithelial proliferation in the Ihh 
mutant mice with Ki-67 positive cells in the superficial epithelium (arrows in right panel in B). 
(c) Immunohistochemistry for β-catenin in wild type and Ihh mutant mice shows increased 
cytoplasmic and nuclear accumulation of β-catenin in the Ihh mutant mice, including in the 
superficial epithelium. (d) Immunohistochemistry for CD44 in wild type and Ihh mutant mice 
show that expression of precursor cell marker CD44 is restricted to the crypt base in wild type 
mice but expressed in the surface epithelium in Ihh mutants. Original magnifications (a-d): 
100x.
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figure 2 | Ihh signaling is upregulated in intestinal adenomas and paracrine from the 
epithelium to the underlying stroma. (a) ISH shows that Ihh expression was increased in 
adenomas (arrows indicate adenomas) of Cyp1a1Cre-IhhWT-ApcHET mice compared to normal 
epithelium. (B) Quantitative RT-PCR for Ihh, and Hedgehog targets Gli1 and Hhip in normal 
mucosa of mouse (n=7) and murine adenomas (n=7) and in normal human colonic mucosa 
(n=12) compared to human adenomas (n=33, 18 tubular adenomas, 15 sessile serrated 
adenomas). (c) Gli1CreERT2-Rosa26-ZSGreen reporter mice crossed to ApcMin mice 
counterstained with DAPI (blue stain) for nuclear staining showed that Hedgehog responsive 
cells (green staining) were restricted to the stroma. The dotted line indicates the borders of 
the adenoma. (d) Triple staining of sections from Gli1CreERT2-Rosa26-ZSGreen reporter 
mice crossed to ApcMin mice (Hedgehog responsive cells stain green) with a-Sma (red) and 
desmin (blue) antibodies. The dotted line indicates the borders of the adenoma. Most of 
Gli1 expressing cells co-localize with either a-Sma or desmin or both. *P<0.05, **P<0.01, 
***P<0.001, SSA: sessile serrated adenoma, TA: tubular adenoma. Original magnifications: 
(a) left panel 40x (c) left panel 40x (d) 100x. 

antibodies against known stromal cell markers a-smooth muscle actin (α-Sma) and 
desmin (Figure 2D). We found that many of the Hedgehog responsive cells co-localize 
with α-Sma and desmin. This shows that most of the stromal Hedgehog responsive cells 
in adenomas are myofibroblasts and smooth muscle cells similar to the normal mucosa. 
In addition to the Gli1 reporter mouse we also examined Ptch-lacZ reporter mice crossed 
to ApcMin mice. In Ptch-lacZ mice thelLacZ gene is knocked into the locus of the gene 
that encodes Hedgehog receptor and target Ptch. In heterozygous mice Hedgehog 
responsive cells can be identified by their blue color upon β-galactosidase staining.17 
As in the Gli1 reporter mice, we found that lacZ positive, Hedgehog responsive cells 
localize exclusively to the adenoma stromal cells (Supplementary Figure 1B). These 
experiments show that the canonical Hedgehog signaling pathway is active in the stroma 
and not in epithelial cells, proving that there is no evidence for autocrine Hedgehog 
signaling in intestinal adenomas and that signaling is exclusively paracrine from the 
adenoma epithelium to the adenoma stroma. 

Ihh is required for Apc mutant intestinal adenoma formation
In order to study the effect of loss of Ihh signaling in Apc mutation driven tumorigenesis 
we crossed Cyp1a1Cre-Ihhfl/fl mice with conditional Apc wt/15lox mice and injected 4-7 week 
old mice with 80 mg/kg β-naphthoflavone on 5 consecutive days generating Cyp1a1Cre-
IhhKO-ApcHET mice. Tumors in ApcHET mice resemble human sporadic adenomas both 
histologically and molecularly and therefore can serve as a mouse model for intestinal 
tumor formation.11 As controls we used Cyp1a1Cre-Ihhwt/wt-Apcwt/15lox littermates and 
injected the mice with 80 mg/kg β-naphthoflavone on 5 consecutive days generating 
Cyp1a1Cre-IhhWT-ApcHET mice. Four months after recombination, we sacrificed and 
analyzed the mice. Quantitative RT-PCR using primers specific for the floxed exon 
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of Ihh showed efficient recombination of Ihh mRNA in the normal appearing intestinal 
epithelium of Cyp1a1Cre-IhhKO-ApcHET mice (n=3) compared to Cyp1a1Cre-IhhWT-ApcHET 
controls (n=5, 97% reduction P=0.03, Figure 3A). Loss of Ihh correlated with loss of 
Hedgehog targets Gli1 (85% reduction, P=0.01, Figure 3B) and Hhip (78% reduction, 
P=0.02, Figure 3C). Loss of Hhip expression in the intestinal stroma was confirmed 
by ISH (Figure 3D). These results show that Cre recombination of Ihh is efficient in the 
small intestinal epithelium and maintained over a period of 4 months as we previously 
described.6

 Four months after recombination of the Cyp1a1Cre-IhhKO-ApcHET mice, adenomas 
were counted and measured. Cyp1a1Cre-IhhWT-ApcHET mice (n=6) developed an 
average of 17.2 ± 6.1 tumors per mouse. In contrast, we found only 1.7 ± 0.5 adenomas 
per mouse in Cyp1a1Cre-IhhKO-ApcHET mice (n=9, P=0.004, Figure 4A), a reduction in 
adenoma incidence by 90.3%. Interestingly, when we assessed recombination in the 
adenomas that did develop in Cyp1a1Cre-IhhKO-ApcHET mice loss of Ihh expression in 
Ihh mutant versus wild type adenomas was only 58% (Figure 4B) compared to the 97% 
reduction observed in normal mucosa (Figure 3A). Also, ISH for Ihh in Cyp1a1Cre-IhhKO-
ApcHET mice showed Ihh expressing cells that had escaped recombination at the border 
of some of the adenomas in Ihh mutant animals (Figure 4B). This suggests that some 
non-recombined epithelial cells may contribute to those adenomas that do develop in 
Cyp1a1Cre-IhhKO-ApcHET animals. Although, the average size of the adenomas was 
somewhat reduced in the Cyp1a1Cre-IhhKO-ApcHET mice (37% reduced, Figure 4A), this 
did not reach statistical significance (P=0.15). These experiments suggest that Ihh is 
required for Apc mutant adenoma formation but is not absolutely required for subsequent 
adenoma growth. To investigate if Hedgehog signaling affects proliferation or apoptosis 
in the intestinal adenomas, we measured the number of cells that had incorporated 
BrdU and the number of cells positive for active caspase-3 in wild type and Ihh mutant 
adenomas. Quantification of BrdU and active caspase-3 positive cells showed that 
there was no significant difference in either BrdU incorporation or caspase-3 activity 
in intestinal adenomas (Figure 4D). This is consistent with the absence of a clear size 
difference between wild type and Ihh mutant adenomas. 
 To confirm the role of Hedgehog signaling in Apc mutant intestinal adenoma 
formation, we generated mice in which Shh was specifically overexpressed in the 
intestinal epithelium. To achieve this, we used the VillinCre mouse, a mouse in which 
Cre is specifically expressed in the intestinal epithelium, and crossed it to Rosa26-Stopfl/

fl-hShh-IRES-Venus (ShhOE) mice. As all Hedgehogs act through the same receptor, the 
mice can be used to increase the level of Hedgehog signaling in the intestinal tract. 
ShhOE mice were crossed to ApcMin mice and at the age of 16 weeks mice adenomas 
were counted and measured. We found that overexpression of Hedgehog in intestinal 
adenoma increased both the incidence and size of the adenomas (Figure 4E). However 
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when we treated a small number of 16 week old ShhOEApcMin mice with established 
adenomas with an Hedgehog antagonist18 for three weeks we found no indication that 
Hedgehog signaling is required for adenoma growth, consistent with the data in the Ihh 
mutant mice (Supplementary Figure 2).
 Together these data show that Ihh is required for the initiation of intestinal adenoma 
formation but is not required for subsequent adenoma growth. 
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ApcHET mice developed 1.7 ± 0.5 adenomas per mouse (n=9). Adenomas of wild type and 
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of Ihh expression in adenomas Cyp1a1Cre-IhhKO-ApcHET. (c) ISH for Ihh in adenoma from 
Cyp1a1Cre-IhhKO-ApcHET shows peripheral staining of Ihh mRNA in epithelial cells that have 
escaped recombination. (d) Percentage of BrdU labeled cells and number of active caspase-3 
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Loss of tumor suppressive Hedgehog targets in Ihh mutant adenomas
Ihh regulates the expression of several genes that are family members of important 
tumor suppressor pathways. For example, we have previously shown that Ihh 
regulates Bmp4 and different Activin subunits in the intestinal mucosa.6 Additionally, 
the transcription factor Foxf2 which is a mesenchymal Hedgehog target and regulates 
expression of Bmp419 has been established as an important tumor suppressor during 
Apc mutant adenoma initiation and growth.20 Given our surprising finding that Ihh 
signaling is required for adenoma initiation rather than acting as a tumor suppressor 
gene we examined the expression of these factors in adenomas of Cyp1a1Cre-IhhWT-
ApcHET mice and Cyp1a1Cre-IhhKO-ApcHET mice by quantitative RT-PCR. Consistent with 
their dependence on Hedgehog signaling, we found that expression of Foxf2 and its 
target Bmp4 were increased in adenomas compared to normal mucosa and that their 
expression was substantially reduced in Ihh mutant adenomas as expected (Figure 5A 
and B). Activin subunits Inha, Inhβc, Inhβe and Activin target goosecoid were reduced 
in adenomas compared to normal mucosa and not regulated by Ihh signaling in the 
adenomas (Supplementary Figure 3). Inhβb was unchanged between normal mucosa 
and adenomas and also not affected by Ihh signaling. In contrast, Inhβa expression was 
increased in adenomas and reduced in Ihh mutant adenomas (Figure 5C), suggesting 
that it is directly or indirectly downstream of Hedgehog signaling. Together these data 
show that despite the fact that Ihh does not act as a tumor suppressor during Apc mutant 
adenoma formation, some of its established targets which do act themselves as tumor 
suppressors are regulated in the expected manner. 
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Loss of ihh results in gross changes in the composition of the adenoma 
stroma
Given the importance of Ihh signaling for the maintenance of α-Sma and desmin positive 
cells in the normal intestinal mucosa,6,7 we reasoned that prolonged loss of Ihh may 
not only result in altered expression of Ihh target genes in Hedgehog responsive cells 
such as Foxf2 but in fact result in more structural changes to the stroma composition. 
Such changes in the adenoma stroma may then contribute to decreased adenoma 
development as observed in Cyp1a1Cre-IhhKO-ApcHET mice. We therefore examined the 
adenomas of wild type and Cyp1a1Cre-IhhKO-ApcHET mice for expression of stromal cell 
markers α-Sma and desmin. These experiments showed a clear loss of α-Sma and 
desmin positive cells from the stroma of Ihh mutant adenomas compared to wild type 
adenomas (Figure 6A,B). α-Sma and desmin mark myofibroblasts (α-Sma+ desmin-), 
smooth muscle precursor cells (α-Sma- desmin+) and differentiated smooth muscle 
cells (α-Sma+ desmin+). To examine if any of these lineages was affected specifically 
we performed double staining for both markers (Figure 6C,D). This experiment showed 
that all three lineages were lost from the adenoma stroma similar to the loss of these 
lineages in normal mucosa upon prolonged loss of Ihh signaling.6,7 However, when we 
quantified the total amount of stroma in adenomas from wild type mice compared to Ihh 
mutant mice we found no significant difference (Figure 6E). Also, immunohistochemistry 
for macrophage marker F4-80 and T cell marker CD3 showed that the number of these 
cells present in the adenoma stroma were unchanged (Supplementary Figure 4). This 
suggests that the stroma is altered in its composition rather than lost. We previously 
observed that α-Sma/desmin positive cells were slowly replaced by vimentin positive 
stromal cells in the mucosa of Ihh mutant mice. Similarly, we found that the number of 
vimentin positive cells was substantially increased in Ihh mutant adenomas (Figure 6F). 
These experiments suggest that Ihh signaling is required to maintain adenoma stroma 
differentiation and that the stroma undergoes gross phenotypic changes upon loss of 
Ihh.

figure 6 | Ihh signaling is required for maintenance of adenoma stroma differentiation. 
(a) Immunohistochemistry for α-Sma. α-Sma+ cells are lost from the stroma of Ihh mutant 
adenomas compared to wild type adenomas. (B) Immunohistochemistry for desmin. Desmin+ 
cells are lost from the stroma of Ihh mutant adenomas compared to wild type adenomas. 
(c,d) Immunofluorescent double staining for α-Sma (green) and desmin (red), showing that 
myofibroblasts, smooth muscle cells and smooth muscle precursor cells are lost from the 
stroma of Cyp1a1Cre-IhhKO-ApcHET mice. Inserts show magnifications of α-Sma and desmin 
expressing cells. (e) Quantification of the total amount of stromal per adenoma surface 
as quantified by ImageJ shows no significant difference between wild type and Ihh mutant 
adenomas. (f) Immunohistochemistry for vimentin. Vimentin expressing cells were markedly 
increased in Ihh mutant adenomas. Original magnifications 100x for all images. **P<0.01, 
***P<0.001.
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figure 7 | Decreased Cox2 expression in adenomas from Ihh mutant mice. (a) Quantitative 
RT-PCR for Cox2 shows significant increase of Cox2 expression in adenomas of Cyp1a1Cre-
IhhWT-ApcHET mice (17 fold upregulated). Cox2 expression in the adenomas of Cyp1a1Cre-
IhhKO-ApcHET mice was not significantly upregulated. (B) Immunofluorescent staining for 
a-Sma (green) and Cox2 (red) showing Cox2 expression mainly in α-Sma positive cells. 
(c) Immunohistochemistry for Cox2 shows decreased Cox2 expressing cells in Ihh mutant 
adenomas. (d) Quantification of Cox2 expressing cells in adenomas shows a significant 
decrease of Cox2 expression in Ihh mutant adenomas (47% reduced, P=0.03). (e) A schematic 
representation of our findings. In normal intestinal epithelium Ihh signals to the stroma and 
acts to suppress epithelial proliferation and activation of the lamina propria immune response. 
Despite its anti-proliferative effects Ihh signaling to the stroma is increased and required 
during the initiation stages of Apc mutant adenomagenesis, possibly to allow the expression 
of Cox2 and other unidentified factors required for adenoma formation. *P<0.05, **P<0.01.
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cox2 expression is lost in Ihh mutant adenomas
We found that Ihh expression is required for the maintenance of the phenotype of α-Sma 
and desmin positive cells in Apc mutant adenomas and that Ihh mutant animals develop 
fewer adenomas. These data therefore suggest that α-Sma and desmin positive cells or 
the factors they produce are necessary for adenoma formation. 
 COX2 is normally not found in normal colonic epithelium, but it is overexpressed 
in early adenoma to carcinoma transition and plays an important role in adenoma 
formation.21 Furthermore, deletion of Ptgs2, the gene that encodes Cox2 was shown 
to give a highly significant reduction of adenoma number in mice with mutations in the 
Apc gene.22 At the adenoma stage Cox2 is expressed by stromal cells.23 Therefore, we 
examined Cox2 expression in our mice by quantitative RT-PCR and immunostaining. 
As shown in Figure 7A, Cox2 expression was upregulated as expected in adenomas 
compared to normal intestinal epithelium (17 fold upregulated, P<0.01), where it 
localized mainly to α-Sma positive cells in our hands (Figure 7B). Cox2 expression in the 
adenomas of Ihh mutant mice was reduced at the mRNA level. Loss of Cox2 expression 
was further confirmed at the protein level using immunohistochemistry (47% reduced, 
P=0.03, Figure 7C and D). We extensively examined if Cox2 is a direct Hedgehog 
target in stromal cells and found no evidence for direct regulation of Cox2 expression by 
Hedgehog signaling in either cultures of primary intestinal stromal cells or stromal cell 
lines (data not shown). This suggests that the loss of Cox2 expression is the indirect 
result of the changes in the adenoma stromal composition that occur in the absence 
of Ihh. Thus adenoma development may depend on a tumor promoting stromal cell 
composition that is maintained by Ihh signaling rather than on the expression of actual 
individual Hedgehog targets.

diScuSSion

Ihh is a critical epithelial-to-stromal signal that acts to maintain mucosal homeostasis 
in the adult small intestine and colon.24 Here we find that Ihh signaling is increased 
during adenoma development in both mice and humans. We find that Ihh signaling in 
adenomas remains purely paracrine from the epithelium to the underlying stromal cells 
as in the normal intestine. Despite the important anti-proliferative role of Ihh in the normal 
intestine we observed that loss of Ihh almost completely abrogates intestinal adenoma 
development. Our data suggest that Ihh is vital to maintain a stromal phenotype of 
α-Sma and desmin positive cells that are the source of important signals in adenoma 
development such as Cox2 (Figure 7E). 
 In the Ihh mutant mice we find that adenoma incidence is greatly decreased but their 
size distribution is similar to controls. This suggests that the stromal phenotype that is 
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imposed by Ihh signaling is required for initial adenoma formation but not for subsequent 
adenoma progression. Although very small adenomas may have been missed in 
the gross morphological adenoma scoring that was performed, we did not observe 
accumulation of small adenomas in Ihh mutant mice when we studied their intestines 
under the microscope for the various analyses. Although we found that adenomas in 
ShhOEApcMin mice were larger than in controls this may in fact be due to accelerated 
adenoma initiation in these mice as the Shh transgene is actually expressed from before 
birth. This interpretation would also be consistent with the experiment in which we treated 
ShhOEApcMin mice with established adenomas with a Hedgehog antagonist and found no 
influence on adenoma size. 
 In the normal intestinal epithelium differentiated epithelial cells secrete Ihh5,25 which 
signals to the underlying stromal cells.7,25 Signaling to the stroma seems to have a dual 
function on the short term. On the one hand Ihh regulates the expression of molecules 
that restrict stem cell expansion and crypt growth6,25,26 thus acting as a negative feedback 
signal from the differentiated cells to the proliferative cell compartment.27 Important 
candidates for this negative regulation are the Bmps which are critical negative regulators 
of the epithelial stem cell compartment.28,29 On the other hand, Ihh signaling is required to 
suppress a spontaneous activation of the immune response in the lamina propria.10 Thus, 
in the short term Ihh seems to act as a ‘no-danger’ signal from the surface epithelium 
to the underlying lamina propria that acts to suppress a potential reparative epithelial 
response and activation of the immune system. In the longer term however, Ihh signaling 
has a major impact on the more structural phenotype of the stromal cells. We and others 
have observed a gradual loss of α-Sma and desmin expression from stromal cells upon 
inducible deletion of Ihh or expression of the Hedgehog antagonist Hhip. On the other 
hand, overexpression of Ihh in the intestinal epithelium results in an accumulation of 
α-Sma and desmin positive cells.6,26

 The results obtained in our experiments to determine the role of Ihh signaling 
during adenoma development suggest that the long term effects of Ihh signaling that 
determine stromal phenotype predominate over short term signaling functions that could 
conceivably reduce epithelial proliferation in adenoma development. This may explain 
the opposing effects of Foxf2 and Ihh during adenoma development. Foxf2 is a key 
mesenchymal Hedgehog target and during normal development there is a striking 
similarity between the phenotypes of loss of Hedgehog signaling and Foxf2 signaling.9,19 
However, in contrast to the role of Hedgehog signaling observed in our experiments it 
has been shown that Foxf2 dose dependently reduces adenoma development.20 This is 
despite the fact that Foxf2 behaves as a Hedgehog target in our hands as expected with 
upregulation of Foxf2 expression in the adenomas, loss in Ihh mutant adenomas and 
concurrent loss of Bmp4 which is a target of Foxf2.19 
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Our experiments clearly establish that Apc mutant epithelium needs to secrete Ihh in 
order to maintain an underlying stromal phenotype that is required to allow adenoma 
formation. We show that in the absence of Ihh adenomas lose expression of Cox2. 
The fact that we find no evidence of direct regulation of Cox2 by Hedgehog signaling 
supports the idea that Ihh may modulate adenoma development by affecting the stromal 
cell composition rather than by direct effects of Hedgehog targets. We hope to identify 
further stromal drivers of adenoma development in future experiments in which we will 
further characterize the way Ihh signaling affects the adenoma stroma. 
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SuPPLementaRy metHodS

mice
The generation of the b-naphthoflavone inducible cytochrome p450-1a1Cre 
(Cyp1a1Cre)-Ihhfl/fl mice has been described previously.5 These mice were crossed with 
conditional mutant Apc15lox mice13 to generate conditional Cyp1a1Cre-Ihhfl/fl-Apcfl/+ mice. 
Mice received injections with 80 mg/kg β-naphthoflavone (Sigma-Aldrich) dissolved 
in sunflower oil once daily for 5 consecutive days at 4-7 weeks of age. These mice 
will have an intestinal epithelial specific homozygous deletion of Ihh and heterozygous 
deletion of Apc and be termed Cyp1a1Cre-IhhKO-ApcHET mice. β-naphthoflavone injected 
Cyp1a1Cre-Ihhwt/wt-Apcfl/+ littermates, termed Cyp1a1Cre-IhhKO-ApcHET mice, served as 
controls. Mice were sacrificed four months after recombination. Two hours before death 
mice were injected intraperitoneally with 100 mg/kg bromodeoxyrudine (BrdU, Sigma-
Aldrich). Intestines were cut open longitudinally and fixed in 10% ice-cold formalin and 
dehydrated to 70% ethanol. Adenomas were counted and measured macroscopically. 
Subsequently, intestines were rolled up and embedded in paraffin. 
 Gli1CreERT2, Rosa26-ZSGreen and ApcMin mice were obtained from the Jackson 
Laboratory and crossed to generate Gli1CreERT2-Rosa26-ZSGreen-ApcMin mice. These 
mice were injected with 1 mg tamoxifen (Sigma-Aldrich) per 20 gram body weight for 
five consecutive days. One week later mice were sacrificed. Animals were housed in the 
Leiden University Medical Center experimental animal center or in the Academic Medical 
Center animal research institute and were handled in accordance with guidelines and 
with permission of the local experimental animal committees. 
 The generation of Rosa26-Stopfl/fl-hShh-IRES-Venus mice has been described 
before.14 Cre-mediated induction of hShh and Venus (GFP) expression was validated 
using cre-expressing adenovirus, prior to crossing animals to the VillinCre strain.
 For the generation of ShhOEApcMin mice, Rosa26-Stopfl/fl-hShh-IRES-Venus-VillinCre 
mice were crossed to ApcMin mice. 16-week-old male offspring were treated with 100 
mg/kg Hedgehog Antagonist18 in 0.5% methylcellulose/0.2% Tween 80 (MCT), twice 
daily by oral gavage for 3 weeks. Control mice were treated with MCT alone, according 
to the same dosing regimen. After three weeks adenomas were counted and measured 
and macroscopically, (n=3 in both groups). 

Human adenomas
Frozen tissues were collected from the Pathology department (AMC), following 
appropriate patient consent according to the institute’s guidelines (Medical Ethical 
Committee, AMC, Amsterdam). Tubular adenomas (TA) were obtained from familial 
adenomatous polyposis (FAP) patients carrying an APC mutation. Sessile serrated 
adenomas (SSA) were collected from serrated polyposis syndrome patients. The 
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histology of each adenoma was confirmed by H&E staining. RNA was extracted using 
the miRNAeasy micro kit (Qiagen) from 18 tubular adenomas and 15 sessile serrated 
adenomas. As controls biopsies from normal colon mucosa from patients undergoing 
endoscopy were used (n=12). RNA was extracted using the AllPrep DNA/RNA Mini kit 
(Qiagen).

immunohistochemistry
Sections of 4 mm were deparaffinized in xylene and rehydrated. For immunohistochemistry 
endogenous peroxidase was blocked using 0.3% H2O2 in methanol for 30 minutes. We 
used different methods of antigen retrieval (see antibody table). 
Sodium citrate (Soci): Slides were cooked at 100°C for 20 minutes in 0.01 mol/L 
sodium citrate (pH 6). 
tris/ethylenediaminetetraacetic acid (edta): Slides were cooked at 100°C for 20 
minutes in EDTA buffer (10 mmol/L Tris, 1mmol/L EDTA, pH 9). 
trypsin: Slides were incubated for 20 minutes at 37°C in a humidified chamber with 
0.05% trypsin and 0.1% calciumchloride pH 7.8 and then left at room temperature for 
10 minutes. 

After antigen retrieval slides were blocked with in PBS with 0.1% Triton X-100 and 1% 
bovine serum albumin for 30 minutes, followed by incubation overnight at 4°C with 
the primary antibody in PBS with 0.1% Triton X-100 and 1% bovine serum albumin. 
Antibody binding was visualized with Powervision HRP labeled secondary antibodies 
from Immunologic and diaminobenzidine for substrate development. All sections were 
counterstained with Mayer’s haematoxylin.

Immunofluorescent staining
For immunofluorescent double staining slides were pretreated as for immunohistochemistry, 
see above. Immunofluorescent stainings on sections from Gli1CreERT2-Rosa26-
ZSGreen no antigen retrieval was performed. Antibodies were diluted in PBS with 0.1% 
Triton X-100 and 1% bovine serum albumin and slides were incubated for one hour on 
room temperature. Afterwards, slides were washed in PBS and incubated for 1 hour 
with secondary antibodies labeled with fluorescent dyes (all AlexaFluor secondary 
antibodies from Invitrogen), diluted 1:200 in PBS with 0.1% Triton X-100 and 1% bovine 
serum albumin at room temperature. Slides were washed and mounted with Slowfade 
Gold Antifade reagent (Invitrogen, s36938). Confocal images were obtained on a Leica 
TCS SP2 system equipped with 405-nm UV, 488-nm argon, and 543-HeNe lasers. For 
analysis of immunohistochemistry the software program ImageJ (freely available at: 
rsbweb.nih.gov/ij/) was used. 
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antibody concentration company catalogue 
number

antigen 
retrieval

Secondary 
antibody

α-Sma 1:500 Abcam Ab5694 SoCi Immunologic

α-Sma 1:750 Lifespan B3933 SoCi Fluorescent

Active Caspase-3 1:200 Cell Signaling 9661L SoCi Immunologic

β-catenin 1:1000 BD biosciences 610154 Tris/EDTA Immunologic

CD3 1:1000 Dako A0452 SoCi Immunologic

CD44 1:500 Serotec MCA1967 SoCi Immunologic

Cox2 1:200 Cayman Chemicals 160126 SoCi Immunologic or 
fluorescent

Desmin 1:750 Abcam Ab15200 SoCi Immunologic or 
Fluorescent

Epcam 1:200 Biolegend 118211 No retrieval Fluorescent 

F4-80a 1:50 BMA biomedicals T-2006 SoCi Immunologic

Ki-67 1:200 Monosan MNX10283 SoCi Immunologic

Vimentin 1:100 Cell Signaling 3932 Tris/EDTA Immunologic

Vimentin 1:200 Sigma-Aldrich V4630 Tris/EDTA Fluorescent
a For this staining an additional amplification step was performed. On day 2, after incubation with the primary antibody, 
we added rabbit anti-rat F(ab’)2 fragments (Southern Biotech, 6130-01) 1:3000 in PBS with 0.1% Triton X-100 and 
1% bovine serum albumin.

In situ hybridization
For in situ hybridizations (ISH), sections were deparaffinized and rehydrated. 
Subsequently, sections were incubated in 1 M HCl for 10 minutes, treated with proteinase 
K in PBS for 20 minutes, and refixed with 4% paraformaldehyde for 10 minutes. Sections 
were acetylated with acetic anhydride, and incubated with a digoxigenin (DIG)-labeled 
probe over three nights at 68oC. After three stringency washes with 50% formamide in 
SSC buffer (pH 4.5) at 65oC, sections were incubated with alkaline phosphatase-labeled 
anti-DIG Fab fragments (Roche). Probe binding was visualized using the NBT-BciP 
substrate (Sigma-Aldrich).

Rna isolation, complementary dna Synthesis, and Quantitative Reverse-
transcription Polymerase chain Reaction
For isolation of RNA adenomas and scrapes of epithelium of the small intestine was 
collected. Tissue was homogenized in 1 ml Trizol (Invitrogen) and RNA extraction was 
performed according to the manufacturer’s instructions. For cDNA synthesis, 1 μg of 
RNA was transcribed using Revertaid (Fermentas). Quantitative RT-PCR was performed 
using SybrGreen (Qiagen) according to the manufacturer’s protocol on a BioRad 
iCycler and primers from mouse qPrimerdepot (mouseprimerdepot.nci.nih.gov/), human 
qPrimer depot (http://primerdepot.nci.nih.gov/) or pre-optimized primers from Qiagen. 
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh), cyclophilin or actin was used as 
household gene. 
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SuPPLementaRy figuReS

GliCreERT2-ZSGreen
Epcam

Ptch-LacZ-ApcMin
β-galactosidase

A

B

Supplementary figure 1 | Hedgehog signaling exclusively signals from the epithelium to 
the stroma in adenomas. (a) Immunostaining for epithelial marker Epcam in Gli1CreERT2-
Rosa26-ZSGreen reporter mice shows no co-localization of Epcam and ZSGreen expression 
in adenomas and normal tissue. Adenoma is highlighted with dotted line. Insert shows 
magnification of white square (B) Immunohistochemistry for b-galactosidase in Ptch-lacZ 
reporter mice crossed to ApcMin mice showed that Hedgehog responsive cells in intestinal 
adenomas localized exclusively to the adenoma stroma. Insert shows magnification of black 
square. Arrows show β-galactosidase staining in elongated cells in the stroma. 
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Supplementary figure 2 | Treatment with Hedgehog antagonist in established tumors does 
not reduce adenoma number in ShhOEApcMin mice. (a) Treatment of 16-week-old ShhOEApcMin 
mice (n=3) with an Hedgehog antagonist for three weeks does not reduce the number of 
adenomas compared to vehicle treated animals (n=3, P=0.75). (B) A modest increase in 
adenoma size was observed in mice treated with Hedgehog antagonist compared to vehicle 
treated mice (P=0.046). Every dot represents a single adenoma. (c) Quantitative RT-PCR 
on normal appearing ileum of ShhOEApcMin mice treated with the Hedgehog antagonist for 
Hedgehog targets Ptch1, Gli1 and Hhip shows effective downregulation of the Hedgehog 
pathway upon treatment with Hedgehog antagonist. *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure 3 | Inhibins and goosecoid expression are downregulated in 
adenomas. Quantitative RT-PCR for activin subunits Inha, Inhβb, Inhβc, Inhβe and Activin 
target goosecoid showing downregulation of their expression in adenomas compared to 
normal mucosa, except for Inhbb which is unchanged. Loss of Ihh signaling in adenomas 
does not affect mRNA levels of these genes.
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Supplementary figure 4 | Macrophage and T cell infiltration is unchanged in Ihh mutant 
adenomas. Immunostaining for macrophage marker F4-80 and T cell marker CD3 shows 
no significant increase of immune cells in adenomas from Ihh mutant mice compared to 
adenomas from Ihh wildtype mice.
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aBStRact

objective: Stress in the endoplasmic reticulum (ER) leads to activation of the unfolded 
protein response (UPR). Xbp1, a key component of the UPR has recently been linked to 
the risk of developing oesophageal squamous cell carcinoma, suggesting an important 
role for the UPR in the oesophageal epithelium. Here we examined the role of ER stress 
and the UPR in oesophageal epithelial homeostasis.
design: We examined the expression of components of the UPR in the oesophageal 
epithelium. We used both a pharmacological and a genetic approach to examine the 
effects of ER stress in vivo in the mouse oesophagus. The oesophagus of these mice 
was examined using immunohistochemistry and real-time RT-PCR.
Results: Components of the URP were heterogeneously expressed in the basal 
layer of the epithelium. Induction of ER stress by 24 hour treatment with thapsigargin 
resulted in depletion of proliferating cells in the basal layer of the oesophagus and 
induced differentiation. We next activated the UPR by inducible deletion of the major 
ER chaperone Grp78 in Ah1Cre-Rosa26-LacZ-Grp78-/- mice in which mutant cells could 
be traced by expression of LacZ. In these mice LacZ-positive mutant cells in the basal 
layer lost their proliferative capacity, migrated towards the oesophageal lumen and were 
replaced by LacZ-negative non-mutant cells. We observed no apoptosis in mutant cells.
conclusion: These results show that ER stress induces epithelial differentiation 
in precursor cells in the oesophageal epithelium. This UPR induced differentiation 
may serve as a quality control mechanism that protects against oesophageal cancer 
development.
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What is already known about this subject?
 • Xbp1 lies in a susceptibility locus associated with the risk of developing oesophageal 

squamous cell carcinoma.
 • In the intestine induction of ER stress, and thereby initiation of the unfolded protein 

response, leads to loss of intestinal epithelial stem cells due to differentiation.
 • Xbp1 deletion in the small and large intestine promotes tumorigenesis via ER stress

What are the new findings?
 • Components of the UPR are expressed in a heterogeneous manner in the basal 

layer.
 • Induction of ER stress causes rapid depletion of oesophageal precursor cells, which 

are replaced by non-stressed cells.
 • Oesophageal epithelial cells with high levels of ER stress do not undergo apoptosis 

but are forced to differentiate.

How might it impact on clinical practice in the foreseeable future?
 • Understanding oesophageal epithelial homeostasis can unravel mechanisms that 

drive oesophageal squamous cell carcinoma, a cancer with a very poor prognosis.
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intRoduction

The squamous epithelium of the oesophagus is a rapidly renewing tissue. The epithelium 
is hierarchically organized with proliferating cells in the basal layer, which maintain 
cellular renewal. As these cells differentiate, they move upwards, loose their nucleus 
and are eventually shed off into the lumen. Although there has been a lot of focus on the 
stem cell compartment, programmed cell divisions, differentiation and cell death in other 
parts of gastrointestinal tract, comparatively little is known about these processes in the 
oesophagus. More insight into oesophageal epithelial homeostasis may shed important 
new light on mechanisms that drive oesophageal squamous cell carcinoma, a cancer 
with a devastating prognosis.
 Recently, using a genome-wide association study, the locus of transcription factor 
X-box-binding protein 1 (XBP1) was identified as susceptibility locus associated with 
oesophageal squamous cell carcinoma.1 Xbp1 is part of the unfolded protein response 
(UPR), a signalling pathway associated with the endoplasmic reticulum (ER). The ER 
is the major site for folding and modification of transmembrane and secreted proteins. 
Under homeostatic conditions, the ER associated chaperone 78 kDa glucose-regulated 
protein (Grp78) is in a dynamic equilibrium between folding proteins and three ER 
transmembrane receptors, Ire1α, Perk and Atf6. When folding proteins accumulate Grp78 
is shifted away from the receptors resulting in the activation of the UPR.2 Ire1α will splice 
the mRNA of Xbp1, resulting in a frame shift which generates a longer transcriptionally 
active form of Xbp1 (Xbp1s). Perk will phosphorylate eIF2α and Atf6 is cleaved to 
generate a fragment that can translocate to the nucleus.3 Activation of the UPR results 
the induction of canonical targets such as Chop and Atf4 and in upregulation of Grp78 
transcription thus contributing to the re-establishment of homeostasis in the ER.4,5

 We have recently found that components of the UPR are differentially expressed 
between stem cells and transit amplifying (TA) cells in the crypts of the small intestinal 
epithelium. Activation of ER stress and the UPR in intestinal epithelial stem cells resulted 
in rapid loss of stem cells due to an induction of stem cell to TA cell differentiation.6 
 Here we set out to investigate the distribution of components of the UPR in the 
oesophageal epithelium and the role of ER stress in oesophageal homeostasis using 
both a pharmacological and genetic approach.
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metHodS

mice
Animals were housed in the Leiden University Medical Center experimental animal 
center or in the Academic Medical Center animal research institute and were handled 
in accordance with guidelines and with permission of the local experimental animal 
committees. Wild type C57BL/6 mice, ordered from the Jackson Laboratory, were treated 
with a single intraperitoneal injection with vehicle (DMSO) or 1 mg/kg thapsigargin in 
50 μl cornoil containing 10% DMSO and sacrificed 24 hours later. The Grp78fl/fl allele,7, 

8 the Rosa26-LacZ allele,9 and the Ah1Cre allele10 have been described previously. In 
Ah1Cre-Rosa26-LacZ-Grp78+/+ and Ah1Cre-Rosa26-LacZ-Grp78-/- compound mice, Cre 
was induced by intraperitoneal injections with β-naphtoflavone in corn oil (80 mg/kg) 
three times in 12 hr. 

immunohistochemistry
Slides were deparaffinized, dehydrated and immersed in 1.5% H2O2 in methanol for 20 
minutes. Slides were cooked at 100°C for 20 minutes in 0.1 M sodium citrate (pH 6) 
and blocked with PBS with 1% bovine serum albumin and 0.1% Triton X-100 (PBT) 
for 30 minutes, followed by incubation overnight at 4oC with the primary antibody in 
PBT. The following antibodies were used: anti-Xbp1 (HPA044305, Sigma), anti-
Grp78 (3177, Cell Signaling), anti-BrdU (BMC 9318, Roche), anti-Ki67 (MONX10284, 
Monosan), anti-active caspase3 (9661L, Cell Signaling), anti-Krt13 (ab90096, Abcam), 
anti-Lor (ab24722, Abcam) and anti-Ivl (80192, Imgenex). Slides were subsequently 
incubated for 30 min with Brightvision-HRP from Immunologic. Peroxidase activity was 
detected with 3,3-diaminobenzidine (Sigma, D5637). Sections were counterstained with 
Haematoxylin, dehydrated and mounted with Pertex (Histolab 00801). 

X-gal staining
X-Gal staining was performed by fixing freshly isolated tissues for 90 min at 4°C in PBS 
containing 1% formaldehyde, 0.2% glutaraldehyde, and 0.02% NP-40. Subsequently 
tissue was washed in ice-cold PBS and stained overnight in the dark at 37°C using PBS 
containing 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2, 1 mg/ml X-Gal, and 0.02% 
NP-40. The next day tissue was fixed overnight in 4% formaldehyde. 

Rna isolation, complementary dna synthesis and Quantitative Rt-PcR
For isolation of RNA an RNeasy kit from Qiagen (74104) was used. The tissue was 
homogenized in buffer RLT using a rotor-stator homogenizer and extraction was performed 
according to manufacturer’s instructions. Complementary DNA was synthesized from 
1 μg RNA, using Revertaid (Fermentas). 
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Quantitative Rt-PcR
Quantitative RT-PCR was performed using SybrGreen (QIAGEN) according to 
manufacturers’ protocol. Concentrations were corrected for the amount of Cyclophilin 
in each sample. Primers for Krt13 were pre-optimized from Qiagen (QT00101402). The 
other primers were designed using mouse qPrimerDepot http://mouseprimerdepot.nci.
nih.gov/. Primers used are listed in the table below. A Bio-Rad iCycler IQ5 was used for 
the quantitative reverse-transcription PCR assay.

Primer name forward reverse
Mm_Cyclophilin ATGGTCAACCCCACCGTGT TTCTGCTGTCTTTGGAACTTTGTC

mm_Ddit3 CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGGT

mm_Xbp1s AGGCTTGGTGTATACATGG GGTCTGCTGAGTCCGCAGCAGG

mm_Ivl CAGGAGTCACATGAGCCAGA TATCTGTTGCTGCTGCTGCT

mm_Lor TCCCTCACTCATCTTCCCTG GGTCTTTCCACAACCCACAG

mm_Notch1 GAATGGAGGTAGGTGCGAAG CTGAGGCAAGGATTGGAGTC

mm_Notch2 TGCTGTGGCTCTGGCTGT TGTGCCGTTGTGGTAGGTAA

mm_Notch3 AAGCGTCTCCTGGATGCTG GAATCTGGAAGACACCCTGG

mm_Jag1 GCTTCGGCTCAGGGTCTAC GGCGAAACTGAAAGGCAGTA

mm_Jag2 CGTCGTCATTCCCTTTCAGT ATCAGCAGCTCCTCATCTGG

mm_Dll1 GGAGAAGATGTGCGACCCT CTCCCCTGGTTTGTCACAGT

mm_Dll3 TCCCTGTCTCCACCAGTAGC GTTCCCATCACAAGGTCCAG

mm_Hes5 AACTCCAAGCTGGAGAAGGC GTAGTCCTGGTGCAGGCTCT

mm_p21 CGGTGTCAGAGTCTAGGGGA ATCACCAGGATTGGACATGG

Statistics
Statistical analysis was performed with Prism 5.0 (GraphPad Software). All values were 
represented as the mean ± standard error of the mean (SEM). Samples were analyzed 
using a student’s t-test. Differences were considered statistically significant at P<0.05.

ReSuLtS

eR stress and uPR activity in the adult mouse oesophagus
In the intestine a set of proliferating Lgr5+ stem cells give rise to rapidly proliferating TA 
cells that have lost the capacity for self renewal. We have previously found that these 
two populations can be distinguished based on their level of ER stress and activity of 
the UPR. We found that ER stress was low in the stem cell compartment, while the UPR 
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is activated in TA cells and differentiated cells.6 To investigate presence of ER stress 
and activation status of the UPR in different layers of oesophageal epithelium during 
homeostasis, we examined the location of different components of the pathway. To that 
end, we performed immunohistochemistry (IHC) on wild type mouse oesophagus. We 
first examined Grp78, ER chaperone and target of the UPR11 which can be used as a 
read out for activity of the UPR.12 Grp78 was expressed throughout the oesophageal 
epithelium (Figure 1A). Interestingly, we found a subset of cells in the basal layer 
with strong perinuclear Grp78 expression. We observed a similar perinuclear Grp78 
expression pattern specifically in a proportion of the TA cells of the intestine.6 Xbp1 
showed a comparable expression pattern to Grp78, with strong heterogeneity of nuclear 
Xbp1 expression in the cells of the basal layer. Some basal cells showed intense nuclear 
expression of Xbp1, whereas others where entirely devoid of Xbp1 expression (Figure 
1B). Importantly, in the intestine we observed very low levels of Xbp1 in the stem cells 
and strong nuclear expression in the TA cells. Thus, these data show that expression of 
Grp78 and Xbp1 in proliferating cells of the basal layer is heterogeneous. This indicates 
that different cells in the basal layer experience different levels of ER stress. 

Xbp1Grp78 BA

K

SB

B

L

K
SB
B

L

figure 1 | Markers of ER stress and UPR activation are localised in differentiated cells and 
in a subset of cells in the basal layer. (a) Immunohistochemistry for Grp78 in wild type mice. 
Arrows indicate cells with perinuclear staining. (B) Immunohistochemical staining for Xbp1 in 
wild type mice. Original magnifications: 400x. Slides were developed with DAB (brown). In 
upper right corner magnification is shown of area within the black box. Dashed lines indicate 
different areas: basal layer (B), suprabasal layer (SB), keratin layer (K) and lumen (L).
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induction of eR stress causes rapid depletion of precursor cells in the 
mouse oesophageal epithelium in vivo
To induce ER stress in vivo we made use of thapsigargin, a chemical compound 
obtained from the Thapsia garganica plant.13 Thapsigargin is a specific inhibitor of sarco-
endoplasmic reticulum Ca2+-ATPases. Depletion of calcium from the ER lumen causes 
protein folding dysfunction and therefore accumulation of unfolded proteins. Accumulation 
of folding proteins shifts chaperones such as Grp78 away from ER transmembrane 
receptors Ire1a, Perk and Atf6. These receptors subsequently activate a signalling 
response that is collectively called the UPR. Wild type C57BL/6 mice were treated with 
a single intraperitoneal injection with vehicle or thapsigargin (1 mg/kg) and sacrificed 24 
hours later. The oesophagus from these mice was examined by H&E staining (Figure 
2A). The oesophageal epithelium exposed to ER stress showed several histological 
changes. The normally well positioned basal cells in the basal layer were positioned 
in an irregular pattern. Nuclei in the suprabasal layer appeared to be enlarged. Most 
strikingly, the terminally differentiated keratin layer became thickened upon treatment 
with thapsigargin. Although prolonged ER stress is capable of inducing apoptosis,14 we 
did not observe an increase in cells positive for the active (cleaved) form of caspase3 
by IHC after 24 hour treatment with thapsigargin (Figure 2B). During homeostasis, 
proliferative capacity is limited to the oesophageal basal layer. Since cells localized in 
the basal layer were visibly affected, we next analysed cellular proliferation after injection 
with thapsigargin. Staining for Ki67 showed a decreased number of proliferating cells 
in the basal layer of the oesophagus from mice exposed to thapsigargin (Figure 2C). 
This staining was quantified by determining the percentage of Ki67 positive cells in the 
basal layer of mice treated with thapsigargin compared to mice treated with vehicle. 
We observed a significant decrease from 45% to 13% Ki67 positive cells (P<0.001, 
Figure 2D). The total number of cells present in the basal layer did not change upon 
treatment with thapsigargin. Per circular section we observed 500 ± 1,5 in control mice 
(n=8) versus 521 ± 1.4 in thapsigargin treated mice (n=8, mean ± sem, P=0.74). This 
may indicate that the cells undergo cell cycle arrest rather than that they are excluded 
from the basal layer.

figure 2 | Induction of ER stress causes rapid depletion of precursor cells in the mouse 
oesophageal epithelium in vivo. (a) H&E staining, (B) IHC for cleaved caspase3 and 
(B) Ki67 on oesophagus from wild type C57BL/6 mice treated with vehicle (left panel) or 
thapsigargin 1 mg/kg (right panel). (d) Percentage Ki67 positive cells in the basal layer of 
control mice and mice treated with thapsigargin. All basal cells from 1 section were counted. 
(e,f) Quantitative RT-PCRs for UPR components Chop and spliced Xbp1 on control and 
mice treated with thapsigargin. n=8 for both groups. Original Magnifications: 400x. *P<0.05, 
**P<0.01, ***P<0.001. 
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To demonstrate successful induction of the ER stress pathway and therefore activation 
of the UPR upon treatment with thapsigargin, we performed quantitative RT-PCR for 
two components of the UPR pathway, Chop and the spliced form of Xbp1 (Xbp1s). 
Chop is the key transcriptional target of the Perk-eIF2a pathway whereas the Xbp1s 
detects activity of the Ire1a-Xbp1 pathway. Upon treatment with thapsigargin both Chop 
and Xbp1s were significantly upregulated confirming activation of the UPR by systemic 
treatment with thapsigargin (Figure 2E,F). Thus, systemic treatment with thapsigargin 
induces ER stress and activation of the UPR in the mouse oesophagus in vivo. This 
leads to thickening of the keratinized layer and depletion of proliferating cells in the basal 
layer.

eR stress induces differentiation in the mouse oesophageal epithelium in 
vivo
As the epithelium of the mouse oesophagus exposed to thapsigargin showed a dramatic 
thickening of the keratinized layer we performed IHC for three well described markers 
for differentiation. Keratin 13 (Krt13) is known to be expressed in the suprabasal layer 
of the oesophageal epithelium and not in the basal layer. Krt13 is therefore a marker 
of oesophageal epithelial differentiation.15 As expected Krt13 expression was excluded 
from the cells in the basal layer in mice treated with vehicle. In thapsigargin treated mice 
we observed a strongly increased intensity of Krt13 expression in the suprabasal layer. 
In addition, we observed aberrant expression of Krt13 in 13.4% ± 0.10 (mean ± sem) of 
basal cells, whereas no Krt13 positive cells were observed in the basal layer of control 
mice. This indicates early differentiation in the thapsigargin treated mice (Figure 3A). 
Increased expression of Krt13 was confirmed at the mRNA level by quantitative RT-
PCR (Figure 3D). We next analyzed expression of involucrin (Ivl) and loricrin (Lor), two 
components of the cellular envelope of squamous epithelia, such as the oesophageal 
epithelium. In addition to Krt13, we found Ivl and Lor to be clearly upregulated in the 
oesophageal epithelium of mice treated with thapsigargin (Figure 3B,C). Quantitative 
RT-PCR for Ivl showed that this upregulation occurred at the mRNA level (Figure 
3E). However, increased expression of Lor was only observed at the protein level as 
expression of Lor mRNA was not significantly changed (Figure 3F). Furthermore, terminal 

figure 3 | ER stress induces differentiation in the mouse oesophageal epithelium in vivo. 
(a-c) IHC on oesophagus from wild type C57BL/6 mice treated with vehicle (left panel) or 
thapsigargin 1 mg/kg (right panel). (a) Krt13, note the positive cells in the basal layer of 
thapsigargin treated mice, (B) Ivl and (c) Lor. (d) Quantitative RT-PCRs for Krt13, (e) Ivl, (f) 
Lor and (g) p21 on oesophagus from control and mice treated with thapsigargin. n=8 for both 
groups. Original Magnifications: 400x. *P<0.05, **P<0.01, ns: not significant.
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differentiation marker p21 was upregulated in thapsigargin treated mice at the level of 
mRNA (Figure 3G). Based on these experiments we conclude that upon induction of ER 
stress by injection of thapsigargin, proliferative capacity in the oesophagus is reduced. 
Since proliferating cells are not lost through apoptosis and since terminal differentiation 
of oesophageal cells is increased, we reasoned that proliferative cells may be lost by 
increased differentiation. The major pathway with an established role in esophageal 
differentiation is the Notch signalling pathway.16 Upon treatment with thapsigargin we 
observed a significant upregulation of the Notch ligands Jag2 and Dll3 and Notch target 
Hes5 (Supplementary Figure 1), suggesting that ER stress mediated differentiation may 
involve activation of Notch signalling.

epithelial cells with high levels of eR stress do not undergo apoptosis but 
are forced to differentiate
To further examine the possibility that basal cells exposed to ER stress were lost by 
differentiation, and exclude UPR unrelated effects of thapsigargin, we employed 
a genetic model of ER stress in which the stressed cells could be traced. In order to 
achieve recombination in oesophageal epithelium we used Ah1Cre mice. In the Ah1Cre 
mouse, intraperitoneal injections with β-naphtoflavone (three injections of 80 mg/kg each 
in 12 hours) result in a partial recombination of the basal layer of the oesophagus.10 
To trace recombined cells we made use of the Rosa26-LacZ reporter allele in which 
the Rosa26 promoter is followed by a LoxP flanked DNA stop sequence preventing 
expression of the downstream LacZ gene.9 Enzymatic digestion of X-gal by cells 
expressing LacZ results in a blue colour of Cre-recombined cells. Cells that escaped 
Cre-mediated recombination remain uncoloured. In these mice, partial recombination of 
the oesophageal epithelium results in appearance of recombined LacZ-positive clones 
that can be traced. These Ah1Cre-Rosa26-LacZ mice were further crossed to Grp78fl/fl 

mice to obtain Ah1Cre-Rosa26-LacZ-Grp78fl/fl compound mutant mice. As Grp78 is one 
of the major ER associated chaperones, loss of Grp78 expression will result in ER 
stress signalling and rapid activation of the UPR. We confirmed the specificity of our 
approach with a LacZ/Grp78 double staining which showed that LacZ negative cells 
indeed expressed Grp78 protein (supplementary figure 2). 
 In all our analyses we compared Ah1Cre-Rosa26-LacZ-Grp78+/+ control mice to 
littermate Ah1Cre-Rosa26-LacZ-Grp78-/- mutant mice. Three days post induction (p.i.) 
with β-naphtoflavone, analysis of recombined clones in the oesophagus of control mice 
showed even distribution of positive cells over all layers of the oesophageal epithelium, 
extending from the basal layer to the terminally differentiated layer at the oesophageal 
lumen (Figure 4A, supplementary Figure 3). In contrast, in Grp78 mutant mice we 
observed a clear shift of LacZ positive mutant cells away from the basal layer, with 
most recombined cells in the differentiated cell layers (Figure 4B and Supplementary 
Figure 3). We further quantified this difference by counting LacZ positive cells in different 
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cell positions of recombined clones. We divided the oesophageal epithelium in five cell 
positions, the basal layer being cell position 1 and the most luminal cell layer as cell 
position 5. Each positive clone was scored for the presence of LacZ positive cells in each 
of these five layers. This analysis showed that Grp78 mutant, LacZ positive cells were 
shifted away from cell positions 1-3 towards the uppermost layers of the oesophageal 
epithelium (Figure 4C). We did not observe thickening of the keratinzed layer in the 
Grp78 mutant mice as we observed in the thapsigargin treated mice. This can either 
indicate that thapsigargin may have effects independent of the activation of the UPR 
or that thapsigargin leads to a stronger activation of the UPR. The last scenario seems 
likely as endogenous Grp78 protein is initially still present after genetic deletion of Grp78.
 In order to exclude that the cells disappeared from the basal layers due to programmed 
cell death, an established result of prolonged ER stress, we analysed apoptosis by 
staining for cleaved caspase3. In the control mice, cleaved caspase3 was observed only 
in the most superficial cells of the oesophageal epithelium. Similar to mice in which ER 
stress was induced by injections of thapsigargin, we observed no increase of apoptotic 
cells in recombined clones depleted of Grp78, with no caspase3 positive basal cells in 
any of the mice. To exclude the possibility that apoptosis occurred prior to day 3 p.i., we 
analysed animals that had been sacrificed early (day 1) after deletion of Grp78 (Figure 
4D,E). Analogous to later time points, we detected no apoptotic cells in the basal layer 
in any of the mice. Thus, epithelial precursor cells in the oesophagus are forced into 
differentiation and migrate towards the luminal surface. 

oesophageal epithelium repopulates after deletion of grp78
Stem cell repopulation is best described in the intestine where LacZ negative (non-
recombined) cells repopulate the intestinal epithelium after deletion of a gene required 
for maintenance of intestinal epithelial stem cells.6,17,18 We have previously observed such 
repopulation of Grp78 mutant Olfm4+ stem cells in the intestinal epithelium in Ah1Cre-
Rosa26-LacZ-Grp78-/- mice. In these mice Grp78 mutant Olfm4+ intestinal stem cells were 
almost completely replaced by cells that had escaped recombination. Since no markers 
of stem cells have been described for the oesophageal epithelium we examined the rate 
of proliferation by performing IHC for BrdU in recombined (LacZ+) and non-recombined 
(LacZ-) epithelium in mutant mice and controls at day 1 p.i. All mice were pulsed with 
BrdU one hour prior to sacrifice. When we compared the rate of BrdU incorporation in 
LacZ+ recombined epithelium, proliferation was significantly reduced in Grp78-/- mutant 
mice compared to Grp78+/+ controls (2.5% versus 9.8% respectively, P<0.001, Figure 
5A-C). In contrast, in the LacZ-, non-recombined epithelium BrdU incorporation was 
significantly increased in Grp78-/- mutant mice compared to Grp78+/+ controls (16.7% 
versus 8.7% respectively, P<0.05, Figure 5D). Together these observations suggest that 
in the Grp78 mutant mice LacZ- non-recombined cells display increased proliferation 
and repopulate the basal layer of the LacZ+ recombined areas, similar to our previous 
observations in the intestinal epithelium.
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figure 4 | Epithelial cells with high levels of ER stress do not undergo apoptosis but are 
forced to differentiate. (a) X-Gal staining at 3 d.p.i. of the oesophagus of Ah1Cre-Rosa26-
LacZ-Grp78+/+ control mice and (B) littermate Ah1Cre-Rosa26-LacZ-Grp78-/- inducible 
Grp78 mutant mice. (c) Quantification of LacZ positive cells in the different cell positions. 
Oesophageal epithelium divided in five cell positions, the basal layer being cell position 1 and 
the most luminal cell layer as cell position 5. Each positive clone was scored for the presence 
of LacZ positive cells in each of these five layers. 17 clones per mouse were counted. (d) IHC 
for cleaved caspase3 (brown) on LacZ (blue) stained sections one day p.i. on control mice 
and (e) Grp78 mutant mice, no apoptotic cells were observed in the basal layer of any of the 
mice. Day 3 p.i. n=5 and n=7 for Ah1Cre-Rosa26-LacZ-Grp78+/+ control group and Ah1Cre-
Rosa26-LacZ-Grp78-/- inducible Grp78 mutant group respectively. Original Magnifications: 
400x.



5

101ER stress induces epithelial differentiation in the mouse oesophagus

0

5

10

15

20

***

0

5

10

15

20 *

A B

C D

1 days  Ah1Cre-Grp78+/+ 1 days  Ah1Cre-Grp78–/–

Ah1Cre-Rosa26-LacZ-Grp78+/+

Ah1Cre-Rosa26-LacZ-Grp78–/–

LacZ+ recombined

%
 B

rd
U

 p
os

iti
ve

 c
el

ls

LacZ– non-recombined
Ah1Cre-Rosa26-LacZ-Grp78+/+

Ah1Cre-Rosa26-LacZ-Grp78–/–

B
rd

U

figure 5 | Grp78 mutant progenitor cells are rapidly repopulated by wild type cells. (a) IHC 
for BrdU one day p.i. with β-naphtoflavone on control mice (B) and Grp78 mutant mice. (c) 
Quantification of BrdU positive cells in LacZ positive recombined cells for both control and 
Grp78 mutant mice. (d) Quantification of BrdU positive cells in LacZ negative non-recombined 
cells for both control and Grp78 mutant mice. Day 1 p.i. n=4 and n=5 for Ah1Cre-Rosa26-
LacZ-Grp78+/+ control group and Ah1Cre-Rosa26-LacZ-Grp78-/- inducible Grp78 mutant 
group respectively. 3 random fields (magnification 100x) were counted per mouse. Original 
Magnifications: 400x. *P<0.05, ***P<0.001.

diScuSSion 

Variants in the genomic region of the UPR signalling component XBP1 are linked to 
the risk of developing oesophageal squamous cell carcinoma.1 However, the role of ER 
stress and activation of the UPR in the oesophageal epithelium had not been examined. 
Here we find that Xbp1 and Grp78 are expressed in a heterogeneous manner in the 
basal layer of the oesophagus. 
 Induction of ER stress in vivo with thapsigargin reduces proliferation of basal cells 
and induces their differentiation but does not cause apoptosis. Genetic induction of ER 
stress by conditional deletion of Grp78 causes a similar phenotype. Grp78 mutant basal 
cells exit the cell cycle and leave the proliferative compartment by migrating towards the 
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oesophageal lumen. The mutant epithelium of the basal layer is subsequently rapidly 
repopulated by non-mutant cells. Of course we cannot exclude that the Grp78 mutant 
cells are displaced from the basal layer by non-mutant Grp78 proficient cells, primarily 
because of a competitive disadvantage. However, the differentiation observed in the 
thapsigargin treated mice suggests that ER stress induced cell cycle exit, differentiation 
and upward migration may be the primary driving force of the repopulation process. This 
process of repopulation of mutant cells with a deleterious mutation by wild type cells 
has previously been demonstrated in the intestinal epithelium 6,17,18 and we find that a 
similarly rapid process of epithelial repair trough replacement can be observed in the 
oesophagus.
 The expression pattern of UPR components Xbp1 and Grp78 in the oesophageal 
basal layer bears a striking resemblance with the previously observed expression pattern 
in the small intestinal crypt. In the intestine we observed very low expression of both 
Grp78 and Xbp1 in the stem cells compared to very high nuclear expression of Xbp1 
and perinuclear expression of Grp78 in the TA cells. We find that some cells in the basal 
layer of the oesophagus show complete absence of nuclear Xbp1 and low expression of 
Grp78 whereas others show strong expression of nuclear Xbp1 and perinuclear Grp78. 
This observation implies that there is a strong heterogeneity in the level of ER stress 
experienced by different cells in the basal layer. Recent elegant work using lineage 
tracing technique has suggested that all progenitor cells in the basal layer may be equal 
with respect to their capacity to self renew and that the oesophageal epithelium lacks 
a stem cell to TA cell hierarchy.19 Given the evidence we present here that ER stress 
induces differentiation, cells that experience a high level of ER stress in the basal layer 
may show an increased propensity to differentiate. 
 Together, our findings demonstrate that ER stress and activation of the UPR induce 
differentiation of progenitor cells in the oesophageal epithelium. ER stress induced 
activation of the UPR serves as a detection system of potentially deleterious changes in 
a progenitor cell, such as protein aggregation or mutations in protein encoding regions of 
DNA that often result in protein folding difficulties.20,21 Our finding that ER stress results 
in forced differentiation of such progenitor cells may therefore indicate that activation of 
the UPR could protect against tumorigenesis. However, the role of ER stress in cancer 
protection or promotion is probably highly dependent on the nature of the arms of the UPR 
that are activated. For example it was recently shown that loss of Xbp1 greatly increases 
polyposis in an animal model of adenoma development in the mouse intestine.22 The 
authors found that this effect could be rescued by deleting Ire1α, indicating that tumour 
formation was in fact stimulated by loss of negative feedback inhibition of this component 
of the UPR. 
 We previously found that ER stress induced progenitor cell differentiation in the 
intestine by initiating a stem cell to TA cell conversion.6 We cannot tell if ER stress leads 
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to a similar stem cell to TA cell conversion in the oesophagus as oesophageal stem cell 
markers have not been described and the very existence of a stem cell-TA cell hierarchy 
in the oesophagus is still a matter of debate.19 However, it is clear from our results that 
ER stress induces progenitor cell differentiation in the oesophagus. This indicates a 
protective mechanism that is shared between two completely different epithelial tissues, 
the squamous epithelium of the oesophagus and the columnar epithelium of the intestine. 
We therefore speculate that sensitivity of progenitor/stem cells to ER stress may be a 
more general phenomenon that may also be found in other tissues.
 In the oesophagus a link between loss of the capacity for differentiation and 
tumorigenesis has also been observed for the Notch signalling pathway. Notch1 plays 
a crucial role in differentiation of mouse oesophageal epithelium. Consequently, loss 
of Notch signalling in the mouse oesophagus leads to impaired differentiation and 
hyperplasia of the basal cells.16 
 This function of Notch signalling seems to be recapitulated at least in the skin, 
representing another squamous epithelium, where Notch1 pushes stem cells to 
differentiate into transit amplifying cells.23,24 Moreover, NOTCH1 expression was shown 
to be down regulated in human neoplasms of various squamous tissues, including the 
oesophagus 25,26 and mutations in NOTCH1, NOTCH2 and NOTCH3 are found in human 
oesophageal squamous cell carcinomas.26 The results of our thapsigargin experiment 
suggest that ER stress and Nocth signalling may be linked. ER stress may result in 
activation of Notch signalling by upregulation of ligands Jag2 and Dll3. 
 In conclusion, our results show that ER stress and induction of the UPR force 
differentiation of oesophageal progenitor cells. We speculate that this may be an 
important mechanism to protect the progenitor cell pool from potentially deleterious 
changes which can predispose to tumorigenesis.
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Supplementary figure 1 | Notch signalling pathway components are upregulated in 
thapsigargin treated mice. Quantitative RT-PCRs for (a) Notch1, (B) Notch2, (c) Notch3, (d) 
Hes1, (e) Hes3, (f) Hes5, (g) Jag1, (H) Jag2, (i) Dll1 and (J) Dll3 and on oesophagus from 
control and mice treated with thapsigargin. n=8 for both groups. *P<0.05, ***P<0.001, ns: not 
significant.
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Supplementary figure 2 | LacZ negative cells are Grp78 proficient. Two examples of double 
staining for LacZ (blue staining) and Grp78 protein (brown staining) in Ah1Cre-Rosa26-LacZ-
Grp78-/- inducible Grp78 mutant mice show that LacZ negative cells in the basal layer are 
Grp78 positive. Original Magnifications: 400x.
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Supplementary figure 3 | X-Gal staining of the oesophagus of a Ah1Cre-Rosa26-LacZ-
Grp78+/+ control mice and Ah1Cre-Rosa26-LacZ-Grp78-/- mutant mice at day 1 and 3 p.i. 
Images were obtained using a Leica DM6000 microscope and processed using AF6000 
software. Original Magnification: 100x.
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aBStRact

objective: The esophageal squamous epithelium is constantly renewing fueled from a 
pool of progenitor cells in the basal layer. Although recent experiments suggest that a 
well-defined stem cell pool may not exist in the esophagus, the progenitor cells may be 
hierarchically organized with some cells having a higher propensity to self-renew than 
others. We have previously shown that endoplasmic reticulum (ER) stress induces cell 
differentiation of stem cells in the small intestine1 and progenitor cells in the esophageal 
epithelium.2 Here we use an unbiased analysis of a gene signature lost in esophageal 
cells upon induction of ER stress to identify markers to distinguish progenitor cells with a 
high self-renewal capacity from more committed progenitor cells. 
methods: Two independent human esophageal squamous cell carcinoma cell lines TE7 
and OE21 were treated with SubAB, a cytotoxin that depletes the major ER chaperone 
GRP78, to induce ER-stress. Gene array analysis was then performed using Illumina 
HT12 V3 slides. Subsequently, mRNA of a set of 41 genes downregulated in both data 
sets was localized in murine esophagus by in situ hybridization (ISH). Id2, one out of nine 
markers that localized to a specific subpopulation of cells in the basal layer, was further 
analyzed. This was done by performing lineage tracing experiments in Id2-CreERT2-
CAG-ZsGreen1 mice that were traced for up to 6 months. Clones were quantified using 
confocal microscopy and quantitative analysis was used to determine if clonal cell fate 
was compatible with a long-term progenitor subset.
Results: We identified a gene signature of 47 genes that were lost in both individual cell 
lines upon induction of ER stress. By ISH we found that expression of 29 genes out of 
the 47 genes was restricted to the basal layer of the mouse esophagus. Out of these, 9 
genes show expression in only a small proportion of the basal cells. Of these genes, we 
selected Id2 for further analyses. Expression of ZsGreen protein in Id2-CreERT2-CAG-
ZsGreen1 mice matched the results obtained by ISH. We used these animals to perform 
lineage tracing experiments. Analysis of mice at various time points post induction 
(3 days – 6 months) revealed a long-term clonal ability of Id2+ cells. Furthermore, a linear 
increase in average clone sizes was detected in time, which coupled to scaling behavior 
of the clone size distributions indicates that neutral stochastic dynamics underlie the 
behavior of Id2+ cell derived lineages in the murine esophagus.
conclusion: Our in vitro screen combined with in situ hybridization identified nine genes, 
including Id2, that are specifically expressed in a subset of proliferating epithelial cells in 
the mouse esophagus. Id2 positive cells were able to create long lived clones up to six 
months of tracing, thereby potentially marking a distinct subset of progenitor cells with 
preferential long-term clonogenic ability. 
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intRoduction

In the past decade research on tissue-specific stem cells and their homeostasis have 
led to the identification of dedicated stem cells in multiple self-renewing tissues.3-5 
In contrast, the hierarchy of self-renewal and differentiation of epithelial cells in the 
esophagus still remains poorly defined. The multilayered squamous epithelium of the 
esophagus is constantly replenished from a proliferative population present in the 
basal layer.6 These progenitor cells remain in the basal layer, while the committed cells 
migrate upward and differentiate before being shed into the esophageal lumen. Although 
our recent experiments suggest that a well-defined stem cell pool may not exist in the 
esophagus,7 the progenitor cells may be hierarchically organized with some cells having 
a higher propensity to self-renew than others. Here we aim to identify markers that could 
potentially distinguish between esophageal progenitor cells with a high self-renewal 
capacity and more committed esophageal progenitors. 
 The endoplasmic reticulum (ER) is the major site for folding and modification of 
transmembrane and secreted proteins. Under homeostatic conditions, the ER-resident 
chaperone Glucose-Regulated Protein 78 (Grp78) is associated with its three ER 
transmembrane receptors: Ire1α, Perk and Atf6.8 Accumulation of unfolded proteins 
within the ER leads to dissociation of Grp78 from these receptors, which is one of the 
mechanisms of inducing their activation and subsequent initiation of the unfolded protein 
response (UPR).9 This UPR activation is critical to resolve ER-stress and re-establish 
homeostasis within the ER.10,11 
 We previously showed that in response to ER stress small intestinal stem cells1 and 
progenitor cells in the esophageal epithelium2 are specifically lost through differentiation. 
Notably, components of the ER stress pathway are differentially expressed between 
stem cells and transit amplifying (TA) cells in the crypts of the small intestinal epithelium.1 
Recently, we have shown that this heterogeneity in UPR component expression is also 
present in the proliferative basal layer of the esophageal epithelium.2 We therefore 
reasoned that analysis of the genes preferentially lost upon ER stress induction 
in esophageal squamous cell carcinoma (ESCC) cell lines could be used to identify 
potential markers for a subset of esophageal precursor cells with the highest propensity 
to self-renew. Thus, we were able to identify a set of 9 genes that are expressed in a 
discrete subpopulation within the esophageal basal layer. We focused on one of these 
genes, inhibitor of DNA binding 2 (Id2), and by means of long term lineage tracing from 
Id2 locus we have indications that Id2 marks a distinct population of efficient long term 
progenitor cells in the esophageal basal layer in vivo.
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metHodS

mice
Animals were housed in the Academic Medical Center animal research institute and were 
handled in accordance with guidelines and with permission of the local experimental 
animal committees. The Id2-eGFP allele,12 Id2-CreERT2 allele12 and the CAG-ZsGreen1 
allele13 have been described previously. In Id2-CreERT2- CAG-ZsGreen1 mice, Cre was 
induced by a single intraperitoneal injection with 4 mg or 0.2 mg tamoxifen dissolved in 
corn oil. 

Preparing Whole mount epithelium 
Whole mounts were prepared by cutting tissue into rectangular pieces of approximately 
5 by 8mm and incubating for 2-3 hours in 5mM EDTA at 37ºC. The epithelium was 
then carefully peeled away from underlying tissue with fine forceps and fixed in 4% 
paraformaldehyde (PFA) in PBS for 30 minutes and washed 3 times 5 min in PBS. 
Whole mounts were stained with DAPI and Z-stack images were acquired by confocal 
microscopy. Images were viewed in Volocity software (Improvision). DAPI staining was 
used to score the number of basal cells per unit area.7

immunohistochemistry
Slides were deparaffinized, dehydrated and immersed in 1.5% H2O2 in methanol for 20 
minutes. Slides were cooked at 100°C for 20 minutes in 0.1 M sodium citrate (pH 6) 
and blocked with PBS with 1% bovine serum albumin and 0.1% Triton X-100 (PBT) 
for 30 minutes, followed by incubation overnight at 4oC with the primary antibody in 
PBT. The following antibodies were used: anti-Id2 (#M213, CalBioreagent, 1:5000), 
anti-GFP (#600-101-215, Rockland, 1:500). Slides were subsequently incubated for 
30 min with Brightvision-HRP from Immunologic. Peroxidase activity was detected with 
3,3-diaminobenzidine (Sigma, D5637). Sections were counterstained with Haematoxylin, 
dehydrated and mounted with Pertex (Histolab 00801). 

In situ hybridization 
For in situ hybridization, DNA templates of in situ probes were made by amplification 
the mRNA of interest. Amplicons were cloned into t-easy vector (Promega), according 
to instructions. Subsequently, dig labeled probes were made using dig labeled dUTP 
(Roche) ad transcribed with T7 RNA polymerase (Promega) according to manufacturer’s 
instructions.
 For hybridization, 10 µm formalin fixed paraffin embedded sections were used. 
Sections were deparaffinized and rehydrated in H2O, incubated for 10 minutes in 1M 
HCl, digested with proteinase K for 20 minutes, refixed in 4% paraformaldehyde for 10 
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minutes and acetylated with acetic anhydride. Slides were then pre-hybridized for an 
hour in a mix of 2% Blocking Powder (Roche), 0.05% Chaps, 50% formamide, 5x SSC 
pH 4.5, 5 mM EDTA, 100μg ml-1 Heparin (Sigma) and 100μg ml-1 yeast RNA (Ambion).
 Subsequently slides were incubated for 72 hours at 68ºC with a Dig labeled antisense 
cRNA probe. After incubation, slides were washed three times for 20 minutes at 65ºC 
in a stringency wash buffer containing 50% formamide and 2x SSC pH 4.5. Slides were 
then rinsed in TBS with 0.1% Tween-20, blocked with 0.5% Blocking Powder (Roche) 
in TBS-T and incubated overnight with sheep anti-Dig alkaline phosphatase conjugated 
Fab fragments (Roche). Staining was developed with NBT/BCIP substrate (Sigma) over 
several hours to several nights.anti-DIG Fab fragments (Roche). Probe binding was 
visualized using the NBT-BciP substrate (Sigma-Aldrich).

gene # forward reverse
Acly 1 AAGCCAGCTATGCCCCAAGATTCA AAACTGGACCTCGGAGGAGAACAT

2 TGGCCAGCTTCATCTCTGGTCTAT GCATTAAGGAGGAAGTTGGCAGTG

Marcksl1 1 GAGAAGCAATGGAGACTTAACCCC CCAAATGGCTGATGGGAGAATCCA

2 CCTTCAAGAGAAATCGGAAGGAGG CCTCCTGAAGCCTAACACTTGCTT

Dnmt1 1 CTTCCTTCAGTGTGTACTGCAGTC CAAGTTAGGACACCTCCTCTTGAG

2 AGTGCGCATGGAACATCATCTGAC TCTCAAGTAGGTCTTCCCCGTACT

Ncapg 1 ACGTACGGCGCGATGGATGATAAA TGAAACGCAACCAGCCTTGGAGAA

2 TTTCTGGGCTTTTGGTCAGCAGCA ACTTTCAGAGTCTGGCCCAGCAAT

Npc2 1 AGACCCGAAATGGAATCAGTGCCA GTGAGTCCTGTGAGTCACATCTTC

2 TTCTGCATTGCTGTCAGTGTGCCT AGCAACGACCTCAGCAGGTAACTA

Pttg1 1 GCGCAGTCTTCGAGTAATCCAGAA GGCAATTCAACATCCAGAGTGGAG

Pkm2 1 AGATCACCCTGGACAACGCTTACA CTTGGCTGTTTCTCCAGACAGCAT

2 ACGGAAGGTAGTCCTCCTCAAAAG TGTAAGCGTTGTCCAGGGTGATCT

Acat2 1 GAGACCAGAGCGACAAGATGAATG AAGGTTTCAGCTTGCCCATGGCTT

Atp5j2 1 GCTCCGGCAGGGGTGCGTGCGCCC GACACTAGTTCTCAGTCAGGGTAT

Cbx2 1 ACCAGATGCGCCATCCAAATCCAA TGGGTTGGTAGCAGGAATAGCCTT

2 CCAGAAGAGAACATTTTGGACCCG TCTGGCTCATGCGGTTCATGTAGT

Foxm1 1 TCCAGAGCATCATCACAGCGCTAA GGTCACATTTCTATGGAGCTCAGG

2 AACGCGCTGTGTCTCAGAAATGCT TTGCCTCTATCGCAGCTAAGGGAT

Tsen54 1 ATGTGGTTCGTCGGTTCCAGCTAA TAACCTCCATCAGCAAGGTGTGTC

2 TGAGTCCTGGTGCCAAAAGCTGAA GGCCTCTGAAAACAAGTCCTGAGT

Snn 1 AAAGGCCAAGTTGATGACCGCCAA ATGAGGTCTCATCCTTCACAGGCT

2 AAGGGAACCAGCAACATGTCTCCA CTGACTCAAACTTGAAAGACCCCC
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gene # forward reverse
Rrm1 1 TGCTCAGTTTCCGCCCATTCAACT GTTGTAGAGATCCTCCATCACATC

2 AGCACGCGATCTCTTCTTTGCACT TCTTCTCCTTGAGAGGCTTCCAGT

Rfx5 1 AGTTAATGCTCTTGTGGCCCGACT GTCCTTCTGGTCTCCCAATGAAGT

2 TGATGCTGCAACACAGGGCAACAA TTTCCCAAGGGTGGTCCACGATGT

Id3 1 GCACTGTTTGCTGCTTTAGGTGTC CTTTTAGACTTGAGTCAGGGTGGG

2 TGGACGACATGAACCACTGCTACT CAGAAGAACAGCTCTTATGCTGCC

Galnt11 1 TGTCGCGGAAACTGAAAATGGCCT GCAGGCAGGTATCTTTGGATGTAC

2 TGTGCCCCGTGATTGACATCATCA TTGGGTCCTCTGTTGATGAGAACG

Cd44 1 ACCTTGGCCACCACTCCTAATAGT TCCTACTATTGACCGCGATGCAGA

2 CCACAGATGCAATGTGCTACTGAC CTCCTGTCCCTGATCTTCAATGAG

Gins2 1 TTGGCCGAAAAGGAGTTGGTGACT CCTTACCAGTGTTCCACACTCTTC

2 GCTTCTGACAACATCCCCAAAGCA CTTGAAGACACTTGAGCTGAGCTG

Itgb1 1 TGCAGGTGTCGTGTTTGTGAATGC CGCCTGCTACAATTGGGATGATGT

2 AGGCGTGGTTGCTGGAATTGTTCT TGATTCTGTATAACCAGCCCTGGC

Dcbld2 1 GCTGCTTTTGCCACTGATGAGCAT CTGATGCTCATCAGTGGCAAAAGC

2 TGTGTGCTTGGCACTGGAGAAACA CCCCTAACCACTTCAGTGACAGAT

Glt25d1 1 AGGCTGTAGATGGCAAAGCCATGA GACTGGAGCACATCTGAGTTCTTG

2 AAAAGCTGCTTAAAGGCGACGCGT GTTTTCGGATGGGGATATAGGCAG

Cdk2 1 GGAGGCGGCAACATTGTTTCAAGT GGTACACACTAGGTGCATTTCAGC

2 ATGCTAAGTGCTGTGGGGAACACA TTGCTTGGTTCTGAGCTGTCCCAA

Fam83d 1 TGGACCGACGGCAAATTAAACAGC AGAGGATGACCTCACACTGGAAGA

2 TGTGCCTAAGGGACTCGTTCAGAA CAAAGGCAGGGTTGCCAGAAAGAA

Arhgdia 1 ATTGTGTGGTCTGTGCAGCTTGTG TTTGGCCCCCTGCAATAAAGGTTC

2 TTATTGCCTCCATTTGGGCCAGCT AGACAGACAAGTAATCCTGCCTCC

Pfkfb3 1 AACGAGATCGATGCTGGTGTGTGT GGTCTGATCTCACCTCCTCTAGAA

2 AGCCTGGAAGCAACCAATGGGAAA CCTGGGCCTGATCTTATTCATAGG

Sulf2 1 AACGCAAGAAGAAACTGCGCAAGC GAAACTGAGCATCGGAAAGTCCAG

2 ACAAATGTAAAGGCCCCATGCGGT GTTTCTGCTCCCGCAGCAGC

Id1 1 TCCGCCTGTTCTCAGGATCATGAA AGAAACACGCGGGGTTGATTAACC

2 TTCTCAGGATCATGAAGGTCGCCA CAAAGTCTCTGGAGGCTGAAAGGT

Id2 1 GGTGAGGTCCGTTAGGAAAAACAG TTCTGGTATTCACGCTCCAC

2 CAAGATGGAAATCCTGCAGCACGT GGCCATTTCTGACCGAAGACTTCA

Lama3 1 GCTCACTCTATTGCTGCTGCTGTT TGCTGTAATAATACCGGCGCGTGA

2 TCACTCTATTGCTGCTGCTGTTGC GTCTCGCTCTGCCTTGGAAATAAG

Tyms 1 AGCGAGAACCAAGACCTTTCCCAA GTCATTGAGTGACTGTGAGG

2 ACCAAACGAGTGTTCTGGAAGGGT CTGTAGCTGAATTTTCAGCGGCTC

Ptgfrn 1 GACACAGTGCAGGTTAAAGTGCTG GTACCACGACACGGTAAGTC 

2 GGAATTCTTGCTGCAAGTGCATGG TGTGCTGGTAAACATGTCCTCGCT
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gene # forward reverse
Itgb5 1 GATGTTCAGCTACACAGAACTGCC GCAAGGCATGTACTTTCAACAGGC

2 CAGGGCTCAACATATGCACTAGTG GAGCATCTTTTCGCCATCCG

Map3k6 1 CTTCAGCATGACCAACAACGTGCT CCTTGTAGATACGACCACACATGC

2 TCCTGCTACAATCTTGCCAGCCTT AGGTGTTGATCAGAACATTG

Pold1 1 TCGCGTTCAGATGGATATGCTGCA GTGACACTCTGGGAGATCTCCAAA

2 ACGAAGCCAACGTGGACTTTGAGA CACCATGCTGATCACCTTACTGTC

Igfbp7 1 AGCACTCCAGAGAACAAGGTCCTT AAGAGAAGTGTGTCAGGCAAGAGC

2 AAGCACTCCAGAGAACAAGGTCCT AAGAGAAGTGTGTCAGGCAAGAGC

Rad54l 1 TTTGATGTCGGTCCAGCTCTGCAT GTCCACATCAATGTGATGCACTGC

2 CTCTGAGAATCAGACTTACCAGGC CTTCTTTTGACCATCACGCCAGAC

C16orf33 1 ACGCGCCTTTTGCTTATCAACCTG ATTTTCCACAATCCGAGGGTCCCA

2 AGAGGTCAACTCCCAGATTGCACT AGGACCTTTGGGCCAAGTTCAAAG

Ccdc86 1 GGCGAAACGGGCTCTTGTAGATTT GGATTTGGGCTTCCCTTTCGGAAT

2 AAAACCTTCCTGTCCCCGAAGTCT GGGAGAGGCTATAACTCGCTTCTT

Col4a1 1 AATGGGCCAAAAGGTGACAAGGGA GACAGCCAGTAAGAGTAGTCGTTC

2 TTGCCAGGGTTGCAAGGTGTCATT CCGGAAATCCAGGTTCACCTTTCT

Lmnb2 1 ATTGGAAAGGTGCAGGCTGAGCTA AGCTCATGGATGTGGTTCTCTGCA

2 GAAGGCTGCAAAGCACTCATCTGT AAGCAAGTTTCCAGGCCTTGCCAT

Dctpp1 1 CAGAACTCTTCCAGTGGAAGTCTG GCACCTCGTTTTTATGTGGAAGCC

2 TACTGTGGGACAAGAAGACTCTGC TTATGTGGAAGCCTGGTCTCTCAG

Hprt1 No mouse gene

C20orf27 Not possible

DBI Not possible

Loc440043 Not possible

Loc642590 Not possible

Rna isolation and complementary dna synthesis
For isolation of RNA an RNeasy kit from Qiagen (74104) was used. The tissue was 
homogenized in buffer RLT using a rotor-stator homogenizer and extraction was performed 
according to manufacturer’s instructions. Complementary DNA was synthesized from 1 
mg RNA, using Revertaid (Fermentas). 

Quantitative Rt-PcR
Quantitative RT-PCR was performed using SybrGreen (QIAGEN) according to 
manufacturers’ protocol. Concentrations were corrected for the amount of Cyclophilin 
in each sample. Primers for Krt13 were pre-optimized from Qiagen (QT00101402). The 
other primers were designed using mouse qPrimerDepot http://mouseprimerdepot.nci.
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nih.gov/. Primers used are listed in the table below. A Bio-Rad iCycler IQ5 was used for 
the quantitative reverse-transcription PCR assay.

Primer name forward reverse
hs_GAPDH GCACCGTCAAGGCTGAGAAC ATGGTGGTGAAGACGCCAGT

hs_DDIT3 AGCCAAAATCAGAGCTGGAA TGGATCAGTCTGGAAAAGCA

hs_MKI-67 ACCGTGGAGTAGTTTATCTGGG TGTTTCCAGTCCGCTTACTTCT

hs_ID2 GTCCTTGCAGGCTTCTGAAT TCCGTGAATTTGTTGTTGTTG

Rna microarray experiment
Cells were harvested in Trizol. RNA was extracted according to the manufacturer’s 
protocol. RNA cleanup was performed using RNeasy kit (QIAGEN). For microarray 
analysis, RNA was labeled using cRNA labeling kit for Illumina arrays (Ambion) and 
hybridized with Illumina HT12 Arrays. Differentially expressed genes were extracted 
using ANOVA test (p<0.05) and FDR post-analysis correction. 

cell-culture experiments and treatment with SubaB
Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf 
serum (FCS) and 1% penicillin/streptomycin. Cells were plated in a 6 wells plate until 
50% confluency. The next day cells were treated with either SubAB or SubBA272B in a 
concentration of 500ng/ml.14 20 hours later cells were harvested and RNA was extracted. 

crystal violet Staining
Cells in 6 wells plates were fixed with 4% paraformaldehyde and incubated at room 
temperature for 10 minutes. Next cells were washed with PBS and stained with Crystal 
Violet (5mg/ml in 2% Ethanol) for 10 minutes. Subsequently cells were washed with tap 
water and air-dried. 

Quantitative clone analysis
For analysis total clone sizes were used comprising of basal cells and supra basal 
cells. Neutral stochastic clone expansion and retraction displays defined quantitative 
characteristics a linear increase in average clone size over time and scaling behavior 
(REF Clayton Jones Winton et al nature 2007). Average clone sizes for each tracing 
period were determined by pooling all clones from the mice at the various time points 
(3 days, n=4; 10 days, n=4, 3 weeks, n=4; 6 weeks, n=4; 3 months, n=3; 6 months, n=3 
mice). A regression was performed to evaluate linearity. Scaling of clones was evaluated 
by correcting the clone size by the average clones size for each time point. 



6

117Id2 marks a subset of esophageal epithelial cells with a high propensity for self-renewal

Statistics
Statistical analysis was performed with Prism 5.0 (GraphPad Software). All values were 
represented as the mean ± standard error of the mean (SEM). Samples were analyzed 
using a student’s t-test. Differences were considered statistically significant at P<0.05.

ReSuLtS

Induction of ER stress in esophageal SCC cell lines for identification of 
potential stem cell markers
The intestinal epithelial stem cell signature has been established in a colorectal cancer 
cell line.15 We have previously shown that ER stress induces rapid loss of stemness of 
the stem cells of the intestinal epithelium in vitro and in vivo.1 We have established that 
ER stress also results in a rapid differentiation of esophageal progenitor cells in vivo. We 
therefore reasoned that exposure of esophageal squamous cell carcinoma (ESCC) cell 
lines to ER stress may lead to the preferential loss of genes associated with a subset of 
esophageal precursor cells with the highest propensity to self-renew.
 We used SubAB to induce ER stress in two ESCC cell lines (TE and OE21). SubAB is 
a bacterial toxin that specifically cleaves the ER associated chaperone GRP78, resulting 
in activation of the UPR. As a control we used SubBA272B, a point mutated catalytically 
inactive form of SubAB. After 20 hours a clear difference in cell number was observed 
between cells treated with SubAB and control SubBA272B (Figure 1A,B). To determine the 
level of ER stress pathway induction, we performed quantitative RT-PCR for CHOP, a 
key transcriptional target of the UPR and found CHOP being significantly up-regulated 
which confirmed activation of the UPR in vitro (Figure 1 C,D). Concomitantly, KI67, a 
well-known marker of proliferation, was down-regulated upon treatment with SubAB 
confirming the growth arrest observed upon SubAB treatment (Figure 1 C,D). 
 Micro array analysis showed that SubAb-treatment of these ESCC lines led to a >2 
fold significant downregulation of ~180 or ~450 for OE21 and TE7 cells, respectively, 
compared to control SubBA272B treated cells (Figure 1E). For further analysis we 
considered the overlapping set of 47 genes that was significantly downregulated in both 
cell lines in response to SubAB treatment (Figure 1E, see methods for complete list). As 
a marker that can be used to differentiate subsets of epithelial cells in the basal layer is 
expected to be specifically expressed in the basal layer in a heterogeneous pattern, we 
next set out to determine the in vivo expression pattern of these 47 genes. 



118 Chapter 6

A

C

E

SubAA272B

TE-7 esophageal SCC cell line

CHOP

0

5

10

15

20
KI67

0.0

0.5

1.0

1.5 **
*** ***

D

***

132 49347

OE-21

TE-7

Oe21 esophageal SCC cell line

BSubAB SubAA272B SubAB

0

5

10

15

0.0

0.5

1.0

1.5

Sub
Aa2

72
B

Sub
AB

Sub
Aa2

72
B

Sub
AB

Sub
Aa2

72
B

Sub
AB

Sub
Aa2

72
B

Sub
AB

CHOP KI67

figure 1 | Treatment with SubAB causes esophageal SCC cell line to lose their proliferative 
capacity. (a) Cristal violet staining on TE7 SCC cell line and (B) OE21 SCC cell line after 
20 hours of treatment with SubAA272B and SubAB. (c,d) Quantitative RT-PCRs for UPR 
component CHOP and marker of proliferation KI67. n=9 for both groups. (e) Venn diagram of 
genes significantly down-regulated upon treatment with SubAB in OE21 cells (yellow), TE7 
cells (red) and genes overlapping both cell lines (orange). **P<0.01, ***P<0.001.

majority of the esophageal eR stress down-regulated genes are expressed 
in the basal layer of the esophagus
In order to investigate the expression of our 47 identified targets within the murine 
esophageal epithelium we performed in situ hybridization analyses. For each gene we 
designed two independent in situ probes. Six of the 47 genes were not suitable for in 
situ hybridization experiments on mouse tissue (Table 1). Eleven genes were found to 
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be expressed in all the cells of the esophagus including differentiated cells, Lmnb2 is 
shown as an example (Figure 2A). One gene (Id1) was found to be expressed only in 
differentiated cells (Figure 2B). The majority of ER stress down-regulated genes (29 
out of 41 analyzed by ISH) were expressed in the basal layer of the murine esophagus 
(Figure 2C). 
 We have previously shown that there is heterogeneity within the basal layer of the 
esophagus with respect to the expression of UPR components2. In the small intestine 
this heterogeneity is also present and correlates well with the intestinal stem cell/TA cell 
hierarchy1. Therefore, we further restricted the target list to the genes that were expressed 
in a subpopulation of basal cells. Out of the 29 genes present in the basal layer, 9 genes 
are expressed in a small portion of the basal cells (Figure 2D, Supplementary Figure 
1-4): Id2, Id3, Itgb1, Itgb5, Cd44, Snn, Dcbld2, Gins2 and Pold1. 

id2 is expressed in a discrete cell population within the basal layer
From the list of 9 genes expressed in a subpopulation of basal cells we selected Id2 for 
further analysis. Id2 is a member of the Inhibitor of DNA binding (Id) family of transcriptional 
regulators. Id2 specifically was previously described to play a major role in multipotent 
progenitor cells of bronchiolar and alveolar lineages.12 Interestingly, both the esophagus 
and the airways develop from a common endodermal structure, the foregut. Id2-specific 
ISH demonstrated that Id2 mRNA was located in a small proportion of murine epithelial 
basal cells (Figure 3A, Supplementary Figure 2). This expression pattern was confirmed 
by immunohistochemistry for Id2 protein (Figure 3B). GFP staining in an Id2-eGFP 
mouse corroborated these results (Figure 3C). All three methods used therefore show 
that Id2 marks a subset of epithelial cells in the basal layer.

id2 positive cells create long lived clones 
To determine the behavior of Id2+ basal cells, we performed lineage tracing experiments 
using Id2-CreERT2-CAG-ZsGreen1 mice. Genetic lineage tracing is an established 
approach that can be used for the characterization of potential stem cell markers.16-18 In 
these Id2-CreERT2-CAG-ZsGreen1 mice an inducible Cre recombinase (CreERT2) is 
knocked into the Id2 locus and is thus expressed in all Id2-expressing (Id2+) cells. The 
ZsGreen allele encodes a fluorescent green protein, but in the un-induced situation its 
expression is prevented by a stop codon which precedes the ZsGreen coding sequence. 
Only upon tamoxifen injection, CreERT2 translocates into the nucleus where it excises 
the stop codon and enables ZsGreen transcription, thereby labeling Id2+ cells at the time 
of tamoxifen induction. As this label is a genetic mark, all progeny of the labelled cells 
will inherit the label and will also express ZsGreen, independent of the Id2 expression. 
This allows tracing of the lineage of the initially labeled progenitor cells. Adult Id2-
CreERT2-CAG-ZsGreen1 mice received a single dose of tamoxifen and were sacrificed  



120 Chapter 6

G
lt2

5d
1

G
in

s2
Id

1
Lm

nb
2

A

B

C

D



6

121Id2 marks a subset of esophageal epithelial cells with a high propensity for self-renewal

figure 2 | Examples of the expression patterns observed by in situ hybridization. (a) Lmnb2 
was expressed in all the cells of the esophageal mouse epithelium. (B) Id1, was expressed in 
differentiated suprabasal cells. (c) Glt25d1 was expressed in all the cells throughout the basal 
layer. (d) Gins was heterogeneously expressed in the basal layer of the mouse esophageal 
epithelium. Original magnifications: 200x and 400x.
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figure 3 | Id2 is expressed in the basal layer in a in a heterogeneous manner. (a) In situ 
hybridization for Id2 mRNA in control mice. (B) Immunohistochemical staining for Id2 in 
wild type mice. (c) Immunohistochemical staining for GFP in Id2-eGFP mice. Original 
magnifications: 400x and 800x.
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at 1 day (1d), 3d, 1 week and 1, 3 and 6 months post induction to determine the location 
and subsequent fate of the labeled cells. Already 1d post induction occasional single 
epithelial cells in the basal layer of the esophagus expressed ZsGreen (Figure 4A), 
thus corroborating the results of the Id2 ISH and IHC staining described above. After 3d 
and 1 week labelled clones, comprised of labelled cells in both basal and suprabasal 
layers, could be detected (Figure 4B,C). These Id2-dependent clones expanded, both 
horizontally (within the basal layer) and vertically (towards the lumen) and were traceable 
for at least 6 months (Figure 4D-F). This suggests that the Id2+ population within the 
basal layer of the esophageal epithelium has the potential to self-renew, i.e. generate 
more progenitor cells, and is also capable of tissue-renewal, fuelling the constant 
turnover of the esophageal epithelium. Both of these characteristics suggest that Id2 
expression may mark a progenitor cell subset with a high capacity for self-renewal.

3 days 1 week1 day

1 month 3 months 6 months

A B C

D E F

figure 4 | Id2 positive cells create long lived clones up to six months. Adult Id2-CreERT2-
CAG-ZsGreen1 mice received a single dose of tamoxifen (4 mg/mouse) and were culled 
at (a) 1 day (1d), (B) 3d, (c) 1 week and (d) 1, (e) 3 and (f) 6 months post induction to 
determine the location and subsequent fate of the zsGreen labeled cells (Green). DAPI 
was used to stain nuclei (Blue). Arrows in (a,B) indicate single zsGreen labelled basal 
cells.

id2+ clones display long-term progenitor cell scaling behavior 
To more accurately track the fate of the Id2+ cell lineage and enable quantification, 
we induced low-level recombination of Id2-CreERT2-CAG-zsGreen1 reporter strain 
using a low dose tamoxifen pulse for the induction. Mice were culled and esophageal 
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A

C D

B

figure 5 | Id2 positive clones display long-term progenitor cell scaling behavior. Id2-
CreERT2-CAG-ZsGreen1 mice received a single low dose tamoxifen pulse (0.2 mg/mouse) 
and were culled 3 days, 10 days, 3 weeks, 6 weeks, 3 months and 6 months post induction. 
Esophageal epithelium was processed for quantification and labeled cells were counted per 
time point (n=3-4 mice per time point). (a) Visualization of analyzed clones per time point. 
All mice per time point were pooled for this analysis. (B) Average clone size per time point. 
Solid line shows the linear regression line, the dashed lines the 95% confidence interval of the 
fit. (c) Cumulative relative probability of the clone sizes for each time point. (d) Cumulative 
relative probability of clone size scaled to the average clone size for each time point. 
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epithelium was processed for quantification at 3 days, 10 days, 3 weeks, 6 weeks, 3 
months and 6 months post induction. Subsequently, all labeled (basal and suprabasal) 
cells and corresponding clones were counted per time-point (Figure 5A). The average 
clone size of the persisting clones increased linearly with time (Figure 5A-C) and their 
size distribution displays long-term scaling behavior, i.e. clone sizes corrected for the 
average clone size at each time point display similar distribution (Figure 5D). Of note the 
scaling behavior is detected from the very early time points (3, 10 days). This suggests 
that Id2+ cell derived clones seem to rapidly conform neutral stochastic expansion 
dynamics that is characterized by random cell replacement events. This would argue 
that Id2 marks a particular population of cells that display uniform and instant long-term 
progenitor features. 

diScuSSion 

The squamous epithelial lining of the esophagus is constantly renewed by proliferating 
cells in the basal layer. In contrast to most other organs, it is not clear how the epithelial 
progenitor cells of the esophagus are hierarchically organized. It was previously 
suggested that the esophageal epithelium might contain CD34+ label retaining stem 
cells.19 However in our recent experiments we found no evidence for the presence of 
epithelial label retaining cells.20 Instead, using a lineage tracing approach that allowed 
random labeling of epithelial cells in the basal layer, we found that most cells in the 
basal layer have a high propensity for long term self-renewal. This does not exclude 
however that some level of hierarchy may still exist within the esophageal progenitor cell 
population. Here we have attempted to find a marker to distinguish such cells with an 
increased capacity for self-renewal. 
 We have previously shown that in the epithelium of the small intestine both chemical 
and genetic induction of ER-stress leads to a rapid loss of the expression of stem cells 
markers and self-renewal capacity.1 We observed that intestinal stem cells were lost by a 
process of differentiation. We found a similar loss of self-renewal capacity and progenitor 
cell differentiation in the esophageal epithelium in vivo.2 We therefore reasoned that 
induction of ER stress in esophageal epithelial cells might result in a preferential loss of a 
gene signature associated with a ‘stem cell-like’ state in the progenitors as we observed 
in the intestinal epithelium. Here, we identified 9 such potential genes. Comparison of 
the gene expression changes found in two ESCC lines yielded 47 potential candidates 
genes that were downregulated in both cell lines in response to the treatment. Validation 
with ISH of 41 of these genes on mouse esophagus, showed that while the majority 
(29 out of 41) was expressed in the basal layer, only 9 of these candidates (22%) were 
found to be expressed in a subpopulation of basal cells, potentially marking a specific 
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population of basal cells. Of these nine, Id2 was selected for further analysis as this 
is an established stem cell marker in other tissues12 and Id genes play a key role in 
several types of normal and tumor stem cells.21 Using Id2-specific IHC and an Id2-GFP 
reporter mouse we were able to confirm the presence of a discreet subpopulation of cells 
within the basal layer marked by high Id2 expression at the protein level. Lineage tracing 
experiments performed with the Id2-CreERT2-CAG-ZsGreen1 mice showed a similar 
subpopulation of basal cells labelled shortly after the label-inducing pulse. In contrast 
to the findings in the Id2 ISH, an occasional more differentiated, suprabasal cell was 
also labelled in the trace early after induction (Figure 4A). Consistent with this, IHC with 
a high concentration of Id2 antibody also showed that more differentiated (suprabasal) 
cells expressed low, but detectable levels of Id2 (data not shown). These occasionally 
labelled suprabasal cells are expected to be incapable of generating persistent clones, 
as they are differentiated cells that migrate upwards and exit the epithelium within a few 
days. Importantly, analysis of the Id2+ cell lineage trace showed that the initially labelled 
basal cells gave rise to persistent clones whose size increased for the full duration of the 
trace (up to 6 months). Additionally, quantification of a low dose Id2-dependent lineage 
trace experiments confirmed that the Id2+ clones in the esophageal epithelium conform 
neutral stochastic expansion and that their size distribution displays long-term scaling 
behavior, matching that of effective long-term progenitor cells. Intriguingly, we find that 
the scaling behaviour is detected from a very early time point and seems to precede the 
start of scaling behavior previously observed by us after tracing of randomly induced 
clones.7 These data therefore suggest that Id2 marks a population of esophageal 
progenitor cells with an increased capacity for self-renewal. 
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Summary and Perspectives 
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SummaRy

The esophageal epithelium differs from the rest of the gastrointestinal tract. The stomach 
and the intestine are lined by a single layer of columnar epithelium. In contrast, the 
esophagus is covered by a multilayered squamous epithelium. The deepest layer of the 
esophageal epithelium, underlined with the basement membrane, is called the basal 
layer. Basal cells are neatly organized with their nuclei perpendicular to the basement 
membrane. Proliferation exclusively is restricted to cells within this layer. In the layers 
above the basal layer, towards the lumen, cells are gradually differentiating. In the 
suprabasal layers cells become flattened and parallel to the basement membrane. 
These cells have large cytoplasm, causing the enlarged nuclei to be spread further apart 
compared to the basal layer. Approaching the lumen, nuclei are degraded. Eventually cells 
are shed off into the lumen. Unlike the human esophagus, the outer layer of the murine 
esophagus is keratinized, forming a strong protective layer against rough food. Under 
normal homeostasis there is a tight balance between proliferating cells in the basal layer 
and cell loss at the luminal surface. The esophageal epithelium is subjected to constant 
epithelial renewing. The capacity to regenerate cells in a tissue is generally assigned to 
stem cells residing within a tissue. Stem cells are characterized as undifferentiated cells 
with two main properties, the ability to give rise to other stem cells (self-renew) and the 
capacity to differentiate into all specialized cells in a tissue (potency). 
 In the last decade epithelial stem cells have been identified in various tissues. In 
the gastrointestinal tract stem cells have been identified in the intestine1 stomach, 
liver and pancreas.2-4 Surprisingly little research has been performed to address the 
identity of esophageal stem cells. It would be logical to assume that esophageal stem 
cells represent a subpopulation of basal cells. However, there has been a huge debate 
considering esophageal stem cell existence. To make the matter of esophageal stem 
cell more complicated, there have been reports stating that all basal cells are equal 
and no cell matches the criteria of a stem cell. In chapter 2 the current literature on 
esophageal development and epithelial homeostasis is reviewed. Evidently, we are just 
at the beginning of unraveling the complex mechanisms of proliferation, differentiation 
and stem cell biology in the esophageal epithelium. This thesis provides new findings 
that will help to better understand epithelial dynamics of the adult mouse esophagus. 
 In chapter 3 we focused on the role of Sonic Hedgehog (Shh) signaling in the adult 
mouse esophageal epithelium. Hh signaling plays an important role in the development 
of the esophagus, as is described in chapter 2. However, no functional experiments 
had been performed to address the potential role of Hh signaling in homeostasis of the 
adult esophagus in vivo. We used two different conditional mouse models to induce Hh 
signaling and described its function in the adult esophagus. Our data showed that the 
esophageal epithelium is a direct target of Hh signaling. Furthermore we demonstrated 
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for the first time that increased Hh signaling in the esophagus positively regulates 
precursor cell fate and impairs epithelial maturation and migration. Ptch1 mutant and 
Gli1 induced mice show features of esophageal dysplasia. Due to systemic induction 
of these mice, we did not have a chance to follow the mice in time. However, our data 
suggest that increased Hh signaling might be involved in the development of esophageal 
cancer. In accordance to this, in the skin Hh signaling is linked to the development of 
basal cell carcinoma.5 The Hedgehog signaling pathway plays an important role in the 
development of several other types of cancer as well, including medulloblastoma and 
rhabdomyosarcoma.6 
 The role of Hedgehog signaling in the intestinal adenoma-to-carcinoma sequence is 
described in chapter 4. Shh is the main Hh expressed in the esophageal epithelium, on 
the other hand in epithelium of the small intestine and colon Indian Hedgehog (Ihh) is 
predominantly expressed.7,8 Hedgehog in the esophagus signals in a autocrine manner, 
whereas signaling in the intestine is directed from the epithelium to the mesenchyme.9 
Loss of Ihh in a mouse intestinal adenoma model resulted in specific loss of different 
stromal cells suggesting that active Hh signaling from Apc mutant cells is essential to 
maintain the underlying stromal cells. In turn, these stromal cells are the likely supportive 
matrix adenomas need in order to progress. 
 Part two of this thesis focusses on the effect of ER stress on the adult murine esophageal 
epithelium. We have previously published that induction of ER stress in the intestinal 
epithelium causes specific loss of stem cells through a process of differentiation.10 XBP1, 
a key component of the ER stress signaling pathway has recently been linked to the risk 
of developing esophageal squamous cell carcinoma.11 However, the role of ER stress 
in esophageal homeostasis and the way it may protect against tumorigenesis remained 
completely uncharacterized. in chapter 5 we described a heterogeneous expression 
pattern of components of the ER stress pathway in progenitor cells in the basal layer of 
the esophagus and in differentiated cells. We use both a pharmacological and a genetic 
model to show that ER stress forces esophageal progenitor cells to differentiate. Our 
data suggest that sensitivity of esophageal progenitor cells to ER stress may protect 
against tumorigenesis by forcing progenitor cells with potentially deleterious changes to 
differentiate.
 In chapter 6 we combined the fact that esophageal progenitor cells differentiate 
upon induction of ER stress and that intestinal stem cell markers are specifically lost 
upon induction of ER stress. We investigated expression of genes down-regulated upon 
induction of ER stress in esophageal squamous cell carcinoma cell lines. Nine genes 
were found to be expressed in a subpopulation of the proliferating basal cells, which 
would fit with the potential stem cell position in the esophagus. We further examined 
one of these genes, Id2. Id2 is described to be expressed in progenitor cells of the 
respiratory tract.12 By immunohistochemistry for Id2 and immunohistochemistry for GFP 
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in a Id2-GFP mouse we confirmed this heterogeneous expression within the basal layer. 
Using the lineage tracing experiments with Id2Cre-ZsGreen mouse we could establish 
long lived clones up to 6 months. Mathematical analysis confirmed our suspicion that we 
were in fact looking at cells with a long term progenitor capacity. The behavior of the Id2 
derived clones seemed to conform neutral stochastic expansion opening a possibility 
that Id2 marks a cell with dynamics resembling a stem cell. 

PeRSPectiveS 

The esophagus, like the rest of the gastrointestinal tract, is derived from endoderm. 
However, it is a squamous epithelium, unlike the stomach and the intestine which are 
composed of columnar epithelium. In this aspect it resembles the ectoderm derived 
squamous epithelium of the skin. Well known markers of the basal layer of the esophagus 
are expressed as well in the basal layer of the skin, for example keratin 5, keratin 14 and 
p63.13 Moreover, loricrin, involucrin and keratin 13 mark differentiated cells in both tissues. 
Similarly to the mouse esophagus the skin forms a keratinized layer at the top. There 
are numerous publication on epithelial homeostasis in the skin and more specifically 
epidermal stem cells. The esophagus is devoid of a geographic niche for a potential stem 
cell, on the other hand the skin has the hair follicle. Different stem cell populations have 
been described in different regions of the hair follicle in the skin. Established stem cell 
markers in the hair follicle are CD34, Lgr5, Lgr6, keratin 15, Lrig1 and Blimp1. As there is 
a striking resemblance in epithelial structure, comparison between skin and esophagus 
can likely provide us with clues about esophageal stem cell. Several of the epidermal 
stem cell markers have been studied in the esophageal epithelium by us and by others. 
CD34 was tested in a label retaining model by Kalabis et al.14 They identified CD34 as a 
marker of label retaining cells and demonstrated that these cells are capable of forming 
3D organotypic culture.14 Doupé et al. approach the quest for stem cell identification in 
a similar fashion. They investigate label retaining cells by using a doxycycline inducible 
Histone-2B-GFP mouse. Doxycycline withdrawal causes dilution of GFP. After 4 weeks 
only 0.4% of basal cells were GFP positive. Careful experiments proved these label-
retaining cells to be of hematopoietic origin. Thus, the existence of quiescent stem cells 
in the esophageal epithelium is disputable as experiments of Doupé et al suggests that 
they might be hematopoietic cells. Furthermore, none of the tested stem cell markers, 
among others CD34, were observed in these label-retaining cells. 
 We have tested expression of other hair follicle stem cell markers Lgr5 and Lgr6 
in the mouse esophagus by in situ hybridization. In the skin Lgr5 is expressed in the 
bulge region of the hair follicle,15 whereas Lgr6 expression is at the base of sebaceous 
gland.16 We confirmed this expression with our Lgr5 and Lgr6 in situ hybridization probes 
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(Figure 1). Surprisingly, no Lgr5 expression was seen in the esophageal epithelium. 
However, Lgr6 is expressed in a subpopulation of epithelial cells in the basal layer. As 
we believe the esophageal stem cell needs to be expressed in a heterogeneous manner 
in the basal layer, Lgr6 is a likely candidate for a stem cell marker. Unfortunately, we did 
not perform any functional experiments confirming this potential role of Lgr6 yet. The 
in situ hybridization screen described in chapter 6 was also performed on mouse skin 
samples. We found that most of the genes tested were expressed in the hair follicle, with 
the majority being restricted the bulge of the hair follicle, Id2 confirming this (figure 2).

Es Skin

Lgr5

Lgr6

figure 1 | In situ hybridization for Lgr5 and Lgr6 in the mouse esophagus and the mouse skin
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figure 2 | In situ hybridization for Id2 in the mouse esophagus and the mouse skin

Clearly, the identity of the esophageal stem cell has not been resolved yet. Further 
functional experiments have to be done in order to shed more light into the esophageal 
stem cell existence. Currently we are working on establishing an esophageal organotypic 
culture system using FACSorted cells that are grown under special conditions. We 
could use this system to provide additional evidence of Id2 being an esophageal stem 
cell marker. We would need to investigate whether Id2 positive basal cells have a 
growth advantage compared to Id2 negative basal cells. However, it is questionable if 
esophageal cells taken out of their natural environment and put in culture system will 
retain their stem cell properties. On the other hand, non-stem cell proliferating cells might 
act like stem cells in vitro. Therefore, even better experiment would be to investigate the 
dynamic of clones derived from Id2 negative basal cells. As Id2 is downregulated upon 
induction of ER stress, components of the ER stress pathway would be likely candidate 
loci for such tracing experiment. 
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Het onderzoek beschreven in dit proefschrift heeft als doel om de genen, de eiwitten 
afkomstig van deze genen en de signaaltransductieroutes te identificeren die belangrijk 
zijn voor het in stand houden van slokdarm epitheel. Signaaltransductie is het doorgeven 
van signalen door middel van een kettingreactie van eiwitten. Darmpitheel zijn de cellen 
die de binnenkant van het darmkanaal bekleden. De maag en de darm bestaan uit een 
éénlagig cilindrisch epitheel. Daarentegen is het epitheel van de slokdarm opgebouwd 
uit meerdere lagen plaveiselepitheel. De onderste laag, tegen het onderliggende 
bindweefsel gelegen, heet de basale laag (Figuur 1). In de basale laag bevinden zich 
de delende cellen van de slokdarm. Als deze cellen zich naar boven verplaatsen, 
differentiëren ze en worden ze gespecialiseerde cellen. Deze gedifferentieerde cellen 
zijn niet meer in staat te delen. De cellen worden steeds meer naar boven verplaatst, 
waarbij ze platter worden en hun celkern verliezen. Als de afgeplatte kernloze cellen de 
bovenste laag hebben bereikt, laten ze los en worden met het eten afgevoerd door het 
maag-darmkanaal. De studies beschreven in dit proefschrift zijn voornamelijk uitgevoerd 
in muizen. De muizenslokdarm is iets anders opgebouwd dan de slokdarm van mensen. 
Het voornaamste verschil is dat de muizenslokdarm een harde keratine laag heeft aan 
de bovenkant, die te vergelijken is met onze huid. Deze harde laag is belangrijk voor de 
bescherming tegen het ruwe voedsel van de muis. 

Basale laag

figuur 1 | Schematische weergave van de opbouw van slokdarmepitheel van de muis

Een goede balans in het samenspel van genen, die de processen van celdeling en 
celdifferentiatie in een weefsel reguleren, is cruciaal. Te veel delende cellen zouden 
bijvoorbeeld kunnen leiden tot het ontstaan van kanker. In de maag en in de darm 
zijn stamcellen gevonden, die belangrijk zijn om het weefsel in stand te houden. In 
de slokdarm daarentegen zijn nog geen stamcellen geïdentificeerd. De stamcellen in 
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het slokdarmepitheel zouden in theorie in de basale laag moeten liggen, tussen de 
andere delende cellen in. Om een cel een stamcel te kunnen noemen moet het twee 
eigenschappen hebben. De stamcel moet in staat zijn om andere stamcellen voort te 
brengen (self-renewal) en de stamcel moet alle verschillende cellen van een weefsel 
kunnen maken (potency). Er zijn nog weinig studies gepubliceerd over de mechanismen 
in de slokdarm die ten grondslag liggen aan celdeling, celdifferentiatie en stamcellen. In 
hoofdstuk 2 wordt een samenvatting gegeven van de kennis op dit gebied en daarnaast 
wordt de embryonale ontwikkeling van de slokdarm besproken. 
 Het eerste gedeelte van mijn proefschrift gaat over de Hedgehog singnaal-
transductieroute. Het is bekend dat Hedgehog genen een belangrijke rol spelen in de 
embryonale ontwikkeling van de slokdarm. De slokdarm en de luchtwegen ontstaan 
uit dezelfde embryonale structuur, de voordarm. Hedgehog is zeer belangrijk voor de 
ontwikkelingsstap naar een aparte slokdarm. Zonder deze Hedgehog genen worden 
de slokdarm en de luchtwegen niet van elkaar gescheiden. In hoofdstuk 3 gaan we in 
op de rol van de Hedgehog genen in de slokdarm van de volwassen muis. Er worden 
in dit hoofdstuk twee verschillende genetisch gemodificeerde muizen gebruikt. In beide 
muismodellen is er sprake van een toegenomen activiteit van de Hedgehog genen. In 
deze muismodellen zien we dat meer Hedgehog zorgt voor meer celdeling en minder 
celdifferentiatie in de slokdarm. Dit zijn twee kenmerken van kanker. Het is goed mogelijk 
dat Hedgehog ook een belangrijke rol speelt bij het ontstaan van slokdarmkanker. 
Basaalcelcarcinomen, medulloblastomen en rhabdomyosarcomen zijn voorbeelden van 
kanker waarbij de Hedgehog signaaltransductieroute geactiveerd is. 
 De functie van Hedgehog in de ontwikkeling van darmpoliepen wordt besproken in 
hoofdstuk 4. Een poliep in de darm is een woekering van cellen. Een gedeelte van de 
darmpoliepen zal zich ontwikkelen tot darmkanker. Uit eerder onderzoek van onze groep 
is gebleken dat Hedgehog een andere werking heeft in de darm dan in de slokdarm. In 
de darm heeft Hedgehog een remmende werking op stamcellen, wat ons bracht tot de 
hypothese dat Hedgehog ook een remmend effect zou hebben op de ontwikkeling van 
darmpoliepen. We waren dan ook verbaasd om te concluderen dat Hedgehog juist nodig 
is voor de ontwikkeling van poliepen en om het bindweefsel instant te houden. Zonder 
Hedgehog missen de poliepen de stevigheid die ze nodig hebben om uit te groeien. 
 Het tweede gedeelte van mijn proefschrift gaat over endoplasmatisch reticulum 
(ER) stress. Het endoplasmatisch reticulum is de plaats in de cel waar eiwitten worden 
gevouwen, samengesteld en aangepast. Op het moment dat er teveel ongevouwen 
eiwitten worden aangeboden aan het ER ontstaat er “stress”. Hierdoor wordt een 
signaaltransductieroute in gang gezet die tot taak heeft om de cel uit de ontstane 
stress te helpen. Dit heeft tot resultaat dat er minder eiwitten worden gemaakt en dat 
het ER groter wordt om meer vouw-capaciteit te genereren. Onze groep heeft recent 
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gepubliceerd dat dit mechanisme van ER stress in de darm ervoor zorgt dat stamcellen 
verloren gaan. Specifiek de stamcellen differentiëren als reactie op ER stress. 
 Recent is een link aangetoond tussen Xbp1, een onderdeel van de ER stress 
signaaltransductieroute, en slokdarmkanker. Het belang van ER stress en de manier 
waarop dit zou kunnen beschermen tegen het ontstaan van slokdarmkanker is niet 
eerder onderzocht. In hoofdstuk 5 bekijken we het effect van ER stress op de volwassen 
muizenslokdarm. Eerst hebben we onderzocht waar in het slokdarmepitheel eiwitten van 
de ER stress singnaaltransductieroute zitten. We hebben gevonden dat die eiwitten in 
de gedifferentieerde cellen zitten, maar ook in een aantal cellen in de basale laag. Hieruit 
zouden we kunnen concluderen dat er cellen in de basale laag aanwezig zijn die al bezig 
zijn te differentiëren. We hebben door middel van twee verschillende muismodellen het 
effect van toegenomen ER stress op het slokdarmepitheel onderzocht. Beide modellen 
laten zien dat delende cellen blootgesteld aan ER stress gedwongen worden om te 
differentiëren. Dit zou mogelijk een beschermingsmechanisme kunnen zijn tegen het 
ontstaan van kanker. 
 Hoofdstuk 6 beschrijft de zoektocht naar de stamcel van de slokdarm. Om 
genen te vinden die specifiek zijn voor de stamcel van de slokdarm combineren we 
twee eerdere bevindingen. Specifieke stamcelgenen in de darm verdwijnen door ER 
stress en het delende slokdarm epitheel is gevoelig voor ER stress. We hebben in 
celkweekexperimenten gekeken naar genen die verdwijnen door ER stress, aangezien 
wij denken dat hierdoor specifiek de stamcelgenen zullen verdwijnen. We kwamen uit 
op een lijst met 47 genen. Voor al deze genen hebben we getest in welke cellen in de 
slokdarm het RNA zit. We gebruikten hiervoor een techniek (in situ hybridisatie) waarmee 
we RNA in cellen een paarse kleur kunnen geven. De slokdarmstamcel zou in de basale 
laag moeten zitten, maar waarschijnlijk zijn niet alle basale cellen stamcellen. We waren 
geïnteresseerd in genen die alleen in een klein gedeelte van de basale cellen gevonden 
werden, 9 van de 47 genen voldeden hieraan. Uit de lijst van deze 9 genen hebben wij Id2 
uitgekozen. Het is al eerder beschreven dat Id2 een belangrijke rol speelt bij stamcellen 
van de long. Om te testen of Id2 ook daadwerkelijk stamcellen markeert in de slokdarm 
hebben we “lineage tracing” experimenten uitgevoerd. Met deze techniek is het mogelijk 
om in een muis door middel van één injectie de cellen met Id2 groen te kleuren. Op deze 
wijze hebben wij enkele basale cellen groen gekleurd. Vervolgens gaan die cellen delen 
en zullen zij nieuwe cellen maken. De nieuwe cellen, “dochtercellen”, hebben geen Id2 
meer, maar wel nog de groene kleur. Als er een tijd wordt gewacht zullen alle cellen die 
voortkomen uit die eerste Id2 positieve (groene) cel groen zijn. Dit is een manier om te 
kijken welke cellen er afkomstig zijn van de Id2 positieve cel. Zo kunnen we onderzoeken 
of Id2 ook echt een stamcel markeert. Wij hebben op verschillende tijdstippen na injectie 
gekeken naar de slokdarm van deze muizen en vinden dat de populatie groene cellen 
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over de tijd steeds groter wordt. Hieruit kunnen wij concluderen dat we waarschijnlijk met 
een stamcel te maken hebben. 
 De studies beschreven in dit proefschrift dragen bij aan een beter begrip van 
processen die een rol spelen bij het instant houden van slokdarmepitheel. Wij denken dat 
Id2 de eerste stamcelmarker in de slokdarm is. Het is duidelijk dat er op dit moment nog 
te weinig kennis is op dit gebied. Meer onderzoek is nodig om te bepalen welke genen 
belangrijk zijn voor de stamcel, de celdeling en celdifferentiatie in de gezonde slokdarm. 
Als we weten hoe deze processen verlopen in de gezonde slokdarm zullen we ook 
makkelijker kunnen onderzoeken waar het mis gaat bij het ontstaan van Barrett slokdarm 
en slokdarmkanker. Daarnaast is het de afgelopen jaren mogelijk geworden om organen 
te laten groeien buiten het lichaam. Nu is dit voor de slokdarm nog niet het geval. Hopelijk 
is het in de toekomst mogelijk van gezonde slokdarmstamcellen nieuwe slokdarmen te 
laten groeien. Daarmee zouden patiënten die geopereerd zijn aan de slokdarm een 
nieuwe slokdarm terug kunnen krijgen. Dit klinkt nu nog als toekomstmuziek, maar de 
eerste stappen richting transplantatie van darmdelen gegroeid in een laboratorium zijn 
al gezet. 
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List of abbreviations 

aPc Adenomatous polyposis coli
α-sma α-smooth muscle actin
Bmp Bone morphogenetic protein
Brdu Bromodeoxyuridine
cyp1a1cre Cytochrome p450-1a1Cre
dHH Desert Hedgehog
eR Endoplasmic reticulum
eScc Esophageal squamous cell carcinoma 
fgf Fibroblast Growth Factor
gSea Gene set enrichment analyses
gfP Green fluorescent protein
gli1 Glioma-associated oncogene
gRP78 78 kDa glucose-regulated protein 
gWaS Genome wide association screens
HH Hedgehog
Hhip Hedgehog-interacting protein
iBd Inflammatory Bowel Disease
iBL Interpapillary basal layer 
id2 Inhibitor of DNA binding 2
idu 5-iodo-2’-deoxyuridine 
iHH Indian Hedgehog
iHc Immunohistochemistry 
iSH In situ hybridization 
ivL Involucrin
KLf Krüppel-like factor
KRt13 Keratin 13
LoR Loricrin
LRc Label-retaining cell
PBL Papillary basal layer 
Pcna Proliferating cell nuclear antigen
Ptch1 Patched1
Rt-PcR Reverse-transcription polymerase chain reaction
SHH Sonic Hedgehog
Smo Smoothened
SnP Single nucleotide polymorphism
ta Transit amplifying 
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tma Tissue microarray
Tgfβ Transforming growth factor-β
uPR Unfolded protein response 
XBP1 X-box-binding protein
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