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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. 
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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. 
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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  
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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. 



124 Chapter 6

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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