
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Homeostasis of the esophageal epithelium: A quest for the stem cell

Rosekrans, S.L.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
Rosekrans, S. L. (2015). Homeostasis of the esophageal epithelium: A quest for the stem cell.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/homeostasis-of-the-esophageal-epithelium-a-quest-for-the-stem-cell(ee58aa3d-220f-4583-97ce-6b32984f56c1).html


chapter 5

ER stress induces epithelial 
differentiation in the  
mouse oesophagus
 
Sanne L. Rosekrans, Jarom Heijmans, Nikè V.J.A. Büller,  

Jessica E. Westerlund, Amy S. Lee, Vanesa Muncan,  

Gijs R. van den Brink 

Gut. 2015 Feb;64(2):195-202.



88 Chapter 5

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.
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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.


