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The Hedgehog pathway is activated in
squamous progenitors from the foregut in
a model of chronic reflux-induced
columnar metaplasia. Activation of the
Hedgehog pathway turns a subset of
esophageal progenitors into columnar
cells in a Sox9-dependent manner. This
transcommitment involves a step of
dedifferentiation into embryonic-like
esophageal progenitors.
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SUMMARY

Columnar metaplasia of the esophagus is the main risk factor for esophageal adenocarcinoma. There is alack
of evidence to demonstrate that esophageal progenitors can be the source of columnar metaplasia. In this
study, using transgenic mouse models, lineage tracing, single-cell RNA sequencing, and transcriptomic
and epigenetic profiling, we found that the activation of the Hedgehog pathway in esophageal cells modifies
their differentiation status in vivo. This process involves an initial step of dedifferentiation into embryonic-like
esophageal progenitors. Moreover, a subset of these cells undergoes full squamous-to-columnar conversion
and expresses selected intestinal markers. These modifications of cell fate are associated with remodeling of
the chromatin and the appearance of Sox9. Using a conditional knockout mouse, we show that Sox9 is
required for columnar conversion but not for the step of dedifferentiation. These results provide insight

into the mechanisms by which esophageal cells might initiate columnar metaplasia.

INTRODUCTION

Metaplasia is defined as the replacement of a fully differentiated
cell type by another. There are several classical examples of
metaplasia, such as intestinal metaplasia of the stomach, squa-
mous metaplasia of the lung, and columnar metaplasia of the
esophagus, also called Barrett’s esophagus (BE) (Giroux and
Rustgi, 2017). BE is considered a precancerous lesion at the
origin of esophageal adenocarcinoma that increases by about
50 times the risk for this cancer (Reid et al., 2010). Nonetheless,
the cellular origin of this metaplasia is complex.

Columnar metaplasia of the esophagus has been described
as an adaptation to chronic gastro-esophageal reflux disease
(GERD) (Souza, 2016). This chronic assault on the tissue would
trigger the replacement of the distal esophageal epithelium by a
columnar epithelium to protect the esophagus from the acidic
content of the stomach. It has been demonstrated that Lgr5+
columnar progenitors (Quante et al., 2012) and embryonic-like
Krt7+ columnar cells (Wang et al., 2011) at the squamo-
columnar junction (SCJ) could contribute to BE-like metaplasia
in the mouse. Recently, lineage tracing of p63+ squamous cells
in a surgical model of GERD demonstrated that keratinocytes
can also give rise to BE-like metaplasia (Jiang et al., 2017), sug-
gesting that several cell populations are involved in the devel-
opment of BE. Nonetheless, the role of esophageal progenitors

in the development of columnar metaplasia in vivo is still
uncertain.

During its development, the esophagus is first lined with a sim-
ple columnar epithelium. Around embryonic day (E) 13, the tran-
scription factor p63 triggers a wave of squamous differentiation
in the mouse Krt8+ esophagus epithelium (Wang et al., 2011).
This columnar-to-squamous conversion is orchestrated by
many different signaling pathways, such as Hedgehog (HH) (Li-
tingtung et al., 1998; Motoyama et al., 1998), BMP (Rodriguez
et al., 2010) and Wnt/b-catenin (Woo et al., 2011). Interestingly,
activation of the same pathways in esophageal keratinocytes
in vitro alters the process of squamous differentiation, suggest-
ing that some may promote transdifferentiation (Kong et al.,
2011a; Milano et al., 2007; Wang et al., 2010). However, it is un-
clear to what extent reactivation of such pathways in adult
esophagus in vivo would turn squamous cells into embryonic-
like columnar cells and whether development of metaplasia
actually requires a step of dedifferentiation. In this study, we
show that the HH pathway is activated at the SCJ under physio-
logical conditions and more broadly in squamous epithelial cells
upon chronic acid reflux. We found that the activation of this
pathway alters the squamous differentiation program in the ma-
jority of esophageal cells and induces a full squamous-to-
columnar conversion in a subset of progenitors. Interestingly,
an embryonic-like epigenetic and transcriptomic program
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precedes the columnar conversion, suggesting that keratino-
cytes need to be dedifferentiated before activating another dif-
ferentiation program. Conditional knockout in vivo demonstrates
that Sox9 plays a pivotal role in the process of columnar differen-
tiation but not in the embryonic-like epigenetic and transcrip-
tomic programs. Hence, our data highlight the mechanisms
modulating cellular plasticity in a subset of progenitors that
may constitute the very first step of transdifferentiation and
metaplasia development from esophageal cells.

RESULTS

The HH pathway is activated in some squamous cells
under physiological and pathological conditions
Co-immunostaining shows that the Krt7 transition epithelium
from the SCJ is composed of two populations: Krt8+/Krt14—
columnar cells and Krt8—/Krt14+ squamous cells. Both Krt7+
populations express EpCam (Figures 1A and S1). In the Krt8-
YFP knockin mouse model (K8-YFP), columnar transition
epithelium co-expresses YFP and EpCam, while the squamous
transition epithelium expresses EpCam only (Figure 1A). We
used flow cytometry to sort these two populations (EpHI/YFP+
and EpHI/YFP—) and profile them using RNA sequencing
(RNA-seq) (Figure 1B). RNA-seq data confirmed that both popu-
lations express Krt7, but columnar markers (Krt8, Krt18, and
Cldn18) are enriched in EpHI/YFP+ cells, and squamous markers
(Krt14, Krt5, and Trp63) are enriched in EpHI/YFP— cells (Fig-
ure 1C). Several transcripts suggest that the Wnt and BMP
signaling pathways are activated in both populations compared
with control esophageal cells (Figure 1D). Interestingly, the HH
pathway target genes Gli1 and Gli2 are upregulated in the squa-
mous Krt7+ epithelium, while Shh and /hh are among the most
upregulated ligands in the neighboring columnar transition
epithelium. These data show that the Krt7+ squamous cells
that are prone to generate columnar metaplasia in vivo (Jiang
et al., 2017) are localized in a HH stimulating niche constituted
by the columnar transition epithelium.

Analysis of microarray data from human BE and normal
esophagus samples shows that classical BE markers (KRTS,
AGR2, VIL1, KRT7, and KRT20) are upregulated together with
HH-related genes (IHH, PTCH1, and GLI1), suggesting that this
pathway is activated in metaplasia (Figures 1E and S1). To deter-
mine whether the HH pathway may be associated with the devel-
opment of columnar metaplasia in vivo, we investigated the
expression of the HH target genes Gli7 and Shh in a model of
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surgically induced chronic acid reflux (Figures 1F-11 and S1). In
situ hybridization shows the overexpression of both transcripts
in the columnar tissue and the adjacent hyperplastic squamous
tissue compared with the normal squamous epithelium. These
data show that the HH pathway is activated in squamous cells
during metaplasia development.

Activation of the HH pathway in esophageal progenitors
modifies cell fate in vivo
To determine the consequences of HH pathway activation in
esophageal keratinocytes, we used the Krt5-CreER™%:R26S-
moM2/EYFP mice (K5:Smo) model to induce the expression of
the constitutively active form of Smoothened (SmoM2) in basal
progenitors (Figure 2A). SmoM2 stimulates expression of clas-
sical HH targets Ptch1 and Gli1, as measured by in situ hybridi-
zation (Figure S2). Immunostaining shows that SmoM2+ esoph-
ageal cells express a high level of EpCam, just like the Krt7+
transition epithelium (Figure 2B), and this upregulation (EpHI in
opposition to EpLO) is confirmed by flow cytometry (Figure S2).
Using gPCR, we found that SmoM2, Ptch1, and Gli1 transcripts
are enriched in EpHlI cells compared with EpLO cells (Figure 2C).
As the YFP fused to SmoM2 is undetectable by fluorescence-
activated cell sorting (FACS), EpCam can thus be used as a sur-
rogate of SmoM2 expression. Analysis of several microarray da-
tasets shows that EPCAM is also upregulated in human
columnar metaplasia of the esophagus (Figure S2).
Comparison of EpHI cells with EpLO and control esophageal
cells using RNA-seq 3, 8, and 12 weeks after tamoxifen (TAM)
administration shows a progressive modification of gene expres-
sion (Figures 2D and S2). Gene set enrichment analysis (GSEA)
of significantly modified transcripts at these time points suggests
a repression of the squamous differentiation program that starts
after 3 weeks and an enrichment of genes related to tissue
morphogenesis after 12 weeks (Figure S2). Notably, squamous
markers (Krt14, Krt4, and Krt13) are downregulated, and Krt20
appears in esophageal cells 3 weeks after SmoM2 expression
(Figure 2E). Several Wnt and BMP target genes are strongly up-
regulated in EpHI cells compared with control cells, suggesting
that both pathways are activated (Figure S2). After 12 weeks,
columnar markers (Krt7, Krt8), several mucins (Mucbac, Muc2,
Muc6), and some BE markers (Agr2, Vil1) are significantly upre-
gulated at the mRNA level (Figures 2E and S2). At this time point,
9% of the transcripts stimulated by the HH pathway in esopha-
geal cells are also enriched in squamous SCJ cells. Surprisingly,
even more transcripts (24%) are shared with columnar SCJ cells,

Figure 1. The Hedgehog pathway is activated in some squamous cells under physiological and pathological conditions
A) Co-immunostaining for Krt8-YFP, Krt7, and EpCam at the gastric SCJ from K8-YFP mouse.
B) Scheme of the SCJ and representative FACS plot for Krt8-YFP and EpCam in SCJ cells from K8-YFP mice.

D) Expression of markers of the HH, Wnt, and BMP pathways in EpHI/YFP+ and EpHI/YFP— measured by RNA-seq.

¢
(
(C) Expression of transition, columnar, and squamous markers in EpHI/YFP+, EpHI/YFP—, and control esophageal cells measured by RNA-seq.
(
(

E) Expression of BE markers (KRT8, AGR2, and VIL1), transition epithelium (KRT7 and KRT20), and HH pathway (PTCH1, GLI1 and IHH) in human BE (BE; n = 40)

and esophagus samples (NE; n = 40) (GEO: GSE39491).

(F) Scheme of esophago-gastro-jejunostomy (EGJ).

(G) H&E staining in EGJ samples.

(H) Fluorescence in situ hybridization (FISH) for Gli1 in EGJ samples.

(I) Quantification of Gli1 expression measured using FISH in normal squamous epithelium (n = 100 cells/sample), hyperplastic epithelium (n = 200), and columnar
metaplastic epithelium (n = 200). Data are represented as the sum of eight samples.
Scale bars, 20 um. Col, columnar; Sq, squamous; SCJ, squamo-columnar junction; lum, lumen; LP, lamina propria. p values were calculated using the Mann-

Whitney test.
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Figure 2. Activation of the Hedgehog pathway in esophageal pro-
genitors modifies cell fate

(A) Genetic strategy.

(B) Co-immunostaining for SmoM2 and EpCam in K5:Smo esophagus
6 weeks after TAM.

(C) SmoM2, Ptch1, and Gli1 expression measured using gPCR in EpHI and
paired EpLO sorted cells (n = 5). Data are represented as the logo fold
change over control esophagus epithelium.

(D) Heatmap of the 500 most variable genes between CTRL and K5:Smo
EpHI cells 12 weeks after TAM, for CTRL and K5:Smo EpHlI cells (3, 8, and
12 weeks after TAM) samples.

(E) Expression of squamous and columnar markers measured using RNA-
seq in FACS-sorted EpHlI cells 3, 8, and 12 weeks after TAM.

(F) Co-immunostaining for SmoM2 and Krt14 in K5:Smo esophagus
12 weeks after TAM.

(G) Same as in (F) with Krt8.

(H) Quantification of the number of Krt14+ clones and the number of clones
containing at least one Krt8+ cell at 0, 3, 8, and 12 weeks after TAM (n = 8/
condition, n = 3 for CTRL).

Scale bars, 20 um. lum, lumen; LP, lamina propria; TAM, tamoxifen. p
values were calculated using the Mann-Whitney test.
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including transcription regulators (Runx2, Hmga2, Foxa2, and
Ascl1) (Figure S2).

We followed the fate of SmoM2+ individual clones over time.
All SmoM2+ clones are Krt20+, while some still express Krt14
(Figure S2). Between 3 and 12 weeks after TAM administration,
the squamous marker Krt14 is progressively lost (Figures 2F
and 2H), while the columnar marker Krt8 appears in some clones
only after 12 weeks (Figures 2G and 2H). These data suggest that
the fate of SmoM2+ cells is heterogeneous and that a subset of
esophageal progenitors might be competent to undergo a squa-
mous-to-columnar conversion.

The HH pathway modifies the squamous differentiation
program

To identify the different cell phenotypes induced by the HH
pathway, we used single-cell RNA-seq (scRNA-seq) on FACS-
sorted esophageal cells from K5:Smo mice 12 weeks after
induction (Figure 3A). Clustering on 12,242 epithelial cells high-
lighted nine different cell groups. Three clusters (1, 5, and 6)
are enriched for Ptch1 and EpCam, suggesting an activation of
the HH pathway (Figures 3B, 3C, 3E, and S3). We investigated
the expression of markers of proliferation (Mki67, Cenpa), basal
epithelial cells (Krt14), suprabasal differentiated cells (Krt713), and
terminal differentiation (Sprr1b) to identify and annotate cell clus-
ters (Figures 3B, 3E, and S3).

Pseudo-time analysis highlights two hypothetical paths both
starting from Ptch1-negative basal proliferating cells and finishing
in Sprr1b+ terminally differentiated cells (Figures 3D and 3E). One
path links cell clusters with low Ptch1 expression (Smo—/path 1),
and the second one connects clusters in which the HH pathway is
activated, as shown by Ptch1 expression (Smo+/path 2). We
analyzed the genes that are significantly modified along
pseudo-time for these two paths (Figures 3F-3I and S3). In path
1, Smo— cells seem to undergo a classical process of squamous
differentiation. They first exit the cell cycle (downregulation of
Mki67, upregulation of Cdkn1a), repress their basal fate (downre-
gulation of ltgb4), and start expressing markers of early (Krt4) and
terminal (Sprr1b) differentiation. Although the process is quite
similar in Smo+ cells along path 2 (Figures 3F and 3G), some
markers of differentiation, such as Krt4 and Ovol1, do not appear,
and others, such as Sprr1b, seem to be expressed in a smaller
proportion of cells (Figures 3E, 3H, 3l, and S3), suggesting that
the HH pathway impairs the process of squamous differentiation.

Activation of the HH pathway in esophageal progenitors
leads to two distinct fates

To increase the resolution of our analysis, we then analyzed
14,763 FACS-sorted EpHI cells from K5:Smo mice and a subset

Cell Stem Cell

of 2,706 cells on the basis of YFP mRNA expression. Consistent
with our clonal analysis data, scRNA-seq highlights a cluster of
Krt8+ cells (cluster 7) (Figures 4A, 4B, and S4). These cells are
enriched in Krt8, Krt18, and Krt19 and characterized by a down-
regulation of the squamous differentiation master regulator
Trp63 (Figures 4B, 4C, and S4). To determine the connection be-
tween the cluster 7 and the others, we aggregated total epithelial
cells and FACS-sorted EpHI cells from K5:Smo mice. We anno-
tated the clusters from these 26,495 epithelial cells and per-
formed pseudo-time analysis. Using two different methods, we
could identify two paths starting from basal cells and finishing
in either Smo+ differentiated cells (path 1/curve 1) or in Smo+/
Krt8+ columnar-like cells (path 2/curve 2) (Figures 4E and 4F).
Characterization of the differentially expressed transcripts along
these two paths suggests that in path 1, cells seem to undergo a
program of squamous differentiation (repression of /tga6é and
Itgb4 and upregulation of Abca12 and Sprr1b); in path 2, esoph-
ageal cells turn on a different program that leads to Krt8 expres-
sion (Figures 4G-4J and S4) and that is associated with the
appearance of Sox9 (Figures 4|-4K). However, the phenotype
of these de novo Krt8+ cells is unclear.

The HH pathway activates an embryonic-like program
and the appearance of intestinal transcripts in
esophageal progenitors

We used the K8-YFP knockin mouse model to isolate and profile
the de novo Krt8+ cells in the K5:Smo esophagus by RNA-seq
(Figures 5A and 5B). About 60% of the upregulated genes found
in Krt8neg (EpHI/K8neg) cells are also upregulated in Krt8+ cells
(EpHI/K8+) (Figure 5C). GSEA shows that genes related to
“brush border” and “digestion” are enriched in EpHI/K8+ cells
but not in EpHI/K8neg (Figure 5D). Comparison of HH-induced
EpHI/K8+ with EpHI/K8neg cells shows no modifications of
HH, BMP, or Wnt target genes but highlights the upregulation
of several markers of columnar cells (Krt7, Muc5ac, Tff1) and
the downregulation of squamous markers (Krt5, Krt14, Trp63)
in EpHI/K8+ cells (Figures 5E and S5). These features suggest
a squamous-to-columnar conversion, but the type of columnar
epithelium generated is unclear.

To determine whether de novo Krt8+ cells would be similar to
the fetal esophagus columnar epithelium, we first compared
FACS-sorted embryonic esophageal cells at E13.5 with adult
esophageal epithelial cells by RNA-seq (Figure S5). Embryonic
cells express high levels of Krt8, Krt7, and Krt20, and of HH,
Wnt, and BMP target genes, but low levels of the differentiation
marker Krt13 (Figure S5). Embryonic esophageal cells thus
share similarities with HH-induced cells. However, de novo
Krt8+ cells may be more similar to differentiated columnar

Figure 3. The Hedgehog pathway modifies the squamous differentiation program

(A) Experimental design.

(B) Annotated UMAP of epithelial cells isolated from K5:Smo mice showing the segregation between SmoM2— and SmoM2+ cells.
(C) Heatmap of the 50 most differentially regulated genes between SmoM2+ and SmoM2— clusters (the mixed cluster 3 has been removed from the differential

analysis) (false discovery rate [FDR] < 0.05).
(D) Pseudo-time analysis on all epithelial cells from K5:Smo mice.
(E) Feature plots of transcripts differentially enriched in the UMAP.

(F) Plot of the genes whose expression changes along path 1. Switched-on genes are plotted above the line, while switched-off genes are below.

(G) Same as in (F) along path 2.

(H) Plot of the distinct switching genes of the two paths (quality fitting threshold = 0.1).
(I) Feature plots and violin plots for two transcripts differently expressed between the two paths.
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epithelia. Indeed, three types of columnar metaplasia have
been described in the esophagus: cardia-like (transition epithe-
lium), oxyntic (gastric), and intestinal (Spechler, 2012). We
therefore profiled EpCam+/YFP+ sorted epithelial cells from
these tissues in K8-YFP mice and listed all the significantly up-
regulated genes compared with adult esophagus. We defined
four signatures using RNA-seq: embryonic, transitional, gastric,
and intestinal (Figures 5F and S5). We then listed the transcripts
that are specific of each signature (embryo only, junction only,
stomach only, and intestine only), as well as the transcripts that
are common to these four columnar epithelia (columnar) (Fig-
ure 5F). Upregulated genes in EpHI/K8neg are preferentially
found in the “embryo only” signature, while upregulated genes
in EpHI/K8+ cells are also found in “columnar” and “intestine
only” signatures (Figures 5G and S5). GSEA confirms a signif-
icant enrichment of the “embryonic only” signature in EpHI/
K8neg and EpHI/K8+ cells, while the “intestine only” signature
is enriched in EpHI/K8+ cells only (Figure 5H). Comparison of
EpHI RNA-seq data at 3, 8, and 12 weeks with the same signa-
tures shows that the embryonic markers decrease between 3
and 12 weeks after induction, while the intestinal markers in-
crease, suggesting that the acquisition of embryonic features
precedes the appearance of intestinal transcripts (Figure S5).
Hence, upon activation of the HH pathway, adult esophageal
cells turn on a transcriptional program that resembles the one
from columnar embryonic esophagus. Then, some progenitors
start expressing columnar and intestinal markers, although
there is no sign of specialized glandular epithelium.

Activation of the HH pathway induces opening of
embryonic esophagus-specific chromatin regions to
facilitate transcommitment

It has been suggested that epigenetic regulators may fuel chro-
matin remodeling to allow the binding of transcription factors,
thus creating a framework for metaplasia (Kaz et al., 2011,
2015). We have therefore used assay for transposase-accessible
chromatin using sequencing (ATAC-seq) to profile the open
chromatin regions of esophageal cells in control condition and
following activation of the HH pathway (Figure 6A). We found
89,407 peaks in CTRL cells and 98,160 peaks in EpHI cells,
12 weeks after induction (Figure 6B). Following activation of
the HH pathway, about 20% of open chromatin regions get
closed, and about 25,000 new regions are opened. One-fifth
(22%) of the transcripts upregulated by the HH pathway are
associated with significant chromatin opening compared with
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control, including genes coding for markers such as Krt7 and
Lgr5 (Figures 6C, 6D, and S6).

The de novo motif discovery in the chromatin regions signifi-
cantly more opened in EpHI cells than in control condition re-
vealed that the two most frequent motifs match the best with
sex-determining region Y (SRY)-related high-mobility group
(HMG) box (Sox) and Forkhead box (Fox) transcription factor
families (Figure 6E). The known motifs enrichment analysis high-
lighted putative binding sequences for several transcription fac-
tors involved in esophageal cell physiology (AP-1, Sox2, KIf4) but
also some that have been reported to be expressed in columnar
metaplasia, such as Sox9 and Foxa2 (Figure S6).

To determine whether the embryonic-like transcription pro-
gram found in EpHlI cells could be due to the reopening of chro-
matin regions that are specifically opened in fetal esophagus
epithelium, we profiled FACS-sorted embryonic esophageal
cells at E13.5 using ATAC-seq (Figure 6F). These data highlight
26,763 chromatin regions that are significantly more opened in
embryonic epithelial cells than in adult epithelium. Strikingly,
54% of the chromatin regions that are more opened following
activation of the HH pathway belong to this embryonic epige-
netic signature (Figure 6G). The de novo motif discovery in the
common open chromatin regions indicates that Sox15, FoxP2,
and Gli2 are the three most significant motifs (Figure 6H). These
data suggest that the HH pathway induces epigenetic modifica-
tions that may facilitate activation of new transcriptional
programs.

As the Sox transcription factor family-related motif is the most
represented in HH-induced open chromatin regions, we investi-
gated the expression of these transcription factors in EpHI cells
using RNA-seq. We found that Sox4, Sox21, Sox6, and Sox9 are
the four most abundant Sox family members (Figure 6l). Pseudo-
time analysis of our scRNA-seq data shows that Sox9 is upregu-
lated in esophageal cells along squamous-to-columnar conver-
sion (Figures 41-4K). Moreover, Sox9 is the most expressed in
epithelial cells from the gastrointestinal (Gl) tract but not in em-
bryonic esophagus (Figure 6J). Immunostaining shows that un-
der control conditions, Sox9 is restricted to some epithelial cells
in the Gl tract but is virtually absent from the squamous epithe-
lium in the foregut and from embryonic esophageal cells at
E13.5 (Figures S5 and S6). Our ATAC-seq data show that almost
15% of the chromatin regions that are opened following activa-
tion of the HH pathway contain binding motifs for Sox9, while
CTRL-specific chromatin regions do not (Figure S6). Interest-
ingly, the majority of the genes from the columnar signature

Figure 4. Activation of the Hedgehog pathway in esophageal progenitors leads to two distinct fates

(A) UMAP of EpHI cells from K5:Smo mice.

(B) Heatmap showing the ten most expressed transcripts in each of the eight groups compared with the others. The transcripts enriched in group 7 are listed.
(C) Violin plots of transcripts upregulated and downregulated in group 7 compared with remaining ones. p value is calculated using the Wilcoxon test.

(D) Annotated UMAP of cells coming from the fusion of all epithelial cells (Figure 3B) and EpHI cells from K5:Smo mice (A).

(E) Pseudo-time analysis of this UMAP using Slingshot. Starting point is in the proliferative basal SmoM2— cells. Curves 1, 2, and 3 end respectively in the terminal
differentiated Smo+ cluster, the columnar-like SmoM2+ cluster, and the suprabasal Smo— cluster.

(F) Pseudo-time analysis of the UMAP using monocle. Starting point is in the proliferative basal SmoM2— cells. End 1 and end 2 are respectively in terminal

differentiated and columnar SmoM2+ cells.
(G) Feature plots of transcripts differentially enriched in the UMAP.

(H) Plot of the genes whose expression changes along path 1. Switched-on genes are plotted above the line, and those switching off are below.

() Same as in (F) but along path 2.

(J) Plot of the distinct switching genes of the two paths (quality fitting threshold = 0.05).

(K) Plots depicting transcripts expression along path 2.
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locus does not contain Gli motifs but contain a Smad1/5 motif
(Figure S6), suggesting that it may be a BMP target gene indi-
rectly regulated by HH. HH-induced chromatin modifications
may thus facilitate the binding of newly expressed transcription
factors such as Sox9, which would in turn drive squamous-to-
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(Krt8, Krt7, Foxa2, GATAG, Lef1) (Figures 7D-7F). Representa-
tion of the transcriptome from K5:Smo:Sox9cKO EpHI cells,
control esophageal cells, embryonic esophageal cells, EpHI/
Krt8+, and EpHI/Krt8neg cells on a multidimensional plot shows
that the Sox9cKO cells are very similar to the EpHI/Krt8neg cells
(Figure 7G). These data suggest that Sox9 regulates the acquisi-
tion of the columnar markers and not the dedifferentiation pro-
gram. Indeed, the upregulated RNA in Sox9cKO cells belong
preferentially to the embryonic signature (Figures 7H and S7).
In the same line, ATAC-seq shows that 51% of the chromatin re-
gions that are more opened in K5:Smo:Sox9cKO EpHlI cells than
in control esophageal cells are common with fetal esophagus
epithelium (Figures 71 and 7J). These results suggest that Sox9
is not fully required for the acquisition of an embryonic epigenetic
program. However, Sox9 is required for the process of squa-
mous-to-columnar conversion that follows the step of dediffer-
entiation in HH-stimulated esophageal cells in vivo (Figure 7K).

DISCUSSION

A growing body of evidence has established that cell identity is
not completely fixed (Smith et al., 2016). First, transcription fac-
tors capable of generating specific cell types such as cardio-
myocytes or neurons have been identified (leda et al., 2010; Ta-
kahashi and Yamanaka, 2006; Vierbuchen et al., 2010). Also, a
combination of transcriptomic and epigenetic studies have eluci-
dated the mechanisms driving cell reprogramming (Buganim
et al.,, 2012; Liu et al., 2017; Treutlein et al., 2016). Together,
these studies paved the way for understanding basis of lineage
conversion and cell plasticity.

Multiple cell populations at the origin of columnar
metaplasia

Metaplasia seems to occur in tissues exposed to environmental
agents, such as air in the lungs and trachea, and food in the Gl
tract, which can be injurious. As a consequence, the epithelial
structure of the resident tissue adapts through metaplasia and
therefore constitutes an interesting pathological model of cell
plasticity. In the esophagus, a mixture of acid and bile would
induce mucosal injury, inflammation, and oxidative stress,
thereby creating an environment permissive for columnar meta-
plasia (Chen et al., 2000; Feng et al., 2017; Jenkins et al., 2007;
Song et al., 2007). These columnar metaplasia can have three

¢? CellPress

forms: cardiac, oxyntic, and intestinal. Although all types of
columnar metaplasia are considered BE in some countries, in
the United States at least, only intestinal metaplasia with goblet
cells is called BE because it has the highest probability to prog-
ress toward dysplasia and adenocarcinoma (Spechler, 2012).
There is compelling evidence that columnar cells at the SCJ
are competent to initiate BE-like metaplasia in vivo (Quante
et al., 2012). Because BE samples share similarities with embry-
onic esophageal cells, it has been reported that BE may arise
from embryonic-like cells localized at the SCJ (Wang et al,
2011). A recent study even demonstrated that a subset of
Krt7+ squamous cells at the SCJ are capable of transdifferentia-
tion to generate BE-like metaplasia upon overexpression of
Cdx2 (Jiang et al., 2017). Nonetheless, there is a lack of evi-
dence, at least in genetic mouse models, to demonstrate that
esophageal progenitors can also be the source of columnar
metaplasia (Giroux and Rustgi, 2017). Our data show that
some esophageal progenitors keep the plasticity allowing a con-
version into a columnar epithelium in vivo. This plasticity may at
least partially explain how columnar metaplasia can develop in
the mid-esophagus, far from the SCJ (Rolim et al., 2017) or
even when the cardia has been surgically removed (Franchimont
et al., 2003).

Dedifferentiation and cell reprogramming

Our results show that the HH pathway is activated in the epithe-
lium of the embryonic esophagus and in a subpopulation of
Krt7+ squamous cells at the SCJ under physiological conditions.
Upon chronic gastro-esophageal reflux, the HH pathway is acti-
vated in a broad area of hyperplastic squamous epithelium.
Sonic Hedgehog (Shh) expression has been reported to be stim-
ulated by acidic pH in esophageal cells in vitro (Wang et al.,
2010). Our data show that the sole activation of the HH pathway
in the esophagus triggers transdifferentiation of a subset of ker-
atinocytes in vivo. Expression of SmoM2 in some progenitors
indeed inhibits squamous differentiation and stimulates expres-
sion of several classical columnar metaplasia markers. Our data
show that the majority of SmoM2+ cells keep expressing squa-
mous markers and express only few markers of metaplasia,
such as Krt20. Interestingly, an intermediate phenotype called
multilayered epithelium has also been reported within foci in Bar-
rett’s metaplasia, where cells co-express squamous markers
(Boch et al., 1997). Such an intermediate phenotype suggests

Figure 6. Activation of the Hedgehog pathway induces opening of embryonic esophagus-specific chromatin regions to facilitate transcom-

mitment
(A) Scheme representing ATAC-seq.

(
(
(
(
(
(

B) Venn diagram between open chromatin regions in normal adult esophageal cells (CTRL) and EpHI esophageal cells from K5:Smo mice.

C) Venn diagram between the genes in which the chromatin is significantly more open and the genes upregulated in EpHI cells compared with CTRL.

D) lllustration of open chromatin regions in Krt7 and Lgr5 loci from CTRL and EpHI cells.

E) De novo motif enriched in the chromatin regions significantly more open in EpHI cells compared with CTRL.

F) lllustration of open chromatin regions in CTRL, EpHI, and embryonic esophageal cells at E13.5.

G) Venn diagram between the chromatin regions significantly more open in EpHlI cells from K5:Smo compared with CTRL and the chromatin regions significantly

more open in embryonic esophageal cells compared with CTRL (log fold change [LFC] > 1; FDR < 0.05).

(H) De novo motif enriched in the 10,375 common peaks between EpHI cells and embryonic esophageal cells illustrated in (G).

(I) Expression of the most frequent Sox transcription factors in EpHI cells measured using RNA-seq.

(J) Expression of four Sox transcription factors measured using RNA-seq in embryonic esophageal cells, columnar transitional, gastric, and intestinal epithe-

lial cells.

(K) Co-immunostaining for Krt14, EpCam, and Sox9 in CTRL and K5:Smo esophagus.
Scale bars, 20 pm. lum, lumen; LP, lamina propria. All data from K5:Smo esophagus were measured 12 weeks after TAM administration.
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that most of the keratinocytes are unable to turn off squamous
differentiation, which is orchestrated by p63 (Wang et al.,
2011). Our data thus suggest that Krt5+ basal esophageal pro-
genitors are functionally heterogeneous, as only a fraction of
them are able to achieve a complete squamous-to-columnar
conversion. Along the same line, there is compelling evidence
that esophageal basal progenitors are heterogeneous (DeWard
etal., 2014), although it is probably not due to a cellular hierarchy
(Doupe et al., 2012). Tackling the question of this functional het-
erogeneity will require the development of new mouse models to
characterize esophageal cells subpopulations and their compe-
tence to transdifferentiate. This will be important to determine
whether resistance to reprogramming is an intrinsic mechanism,
whether it requires a specific microenvironment, or both.

Cell plasticity, dedifferentiation, and transdifferentiation in vivo
have been a matter of intense debate for the past few years
(Gupta et al., 2019; Merrell and Stanger, 2016). Our work pro-
vides an illustration of a physiopathological condition in which
a pathway induces dedifferentiation to then allow the priming
of another differentiation program. It has been reported that
columnar-lined esophagus develops through wound repair in a
surgical model of reflux esophagitis (Agoston et al., 2018). This
process is associated with the upregulation of transcription fac-
tors involved in the epithelial-to-mesenchymal transition (EMT).
The EMT is a well-known process involved in stemness and
cell plasticity (Gupta et al., 2019). Our data show that key EMT-
related transcription regulators, such as Twist1 and Zeb2,
are upregulated in the embryonic esophagus and upon activa-
tion of the HH pathway in adult esophagus. Hence, it will be
important to determine whether some of these transcription
factors are involved in the process of dedifferentiation and/or
transdifferentiation.

Our data show similarities at transcriptional and epigenetic
levels between esophageal cells in which the HH pathway is
activated and embryonic cells. A process of dedifferentiation
has been reported in case of injury and regeneration in other tis-
sues, such as heart in zebrafish (Jopling et al., 2010; Kikuchi
et al., 2010), limbs in urodele amphibians (Kragl et al., 2009),
Schwann cells in mammalian nerves (Mirsky et al., 2008; Wood-
hoo et al., 2009), and intestine in mouse (Nusse et al., 2018; Yui
et al.,, 2018). Along the same line, activation of the HH
pathway in epidermal keratinocytes induces reprogramming
into embryonic hair follicle placode (Youssef et al., 2012). More-
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over, BE shares similarities with the transition epithelium at the
SCJ and embryonic esophageal cells (Wang et al., 2011). Inter-
estingly, an initial step of dedifferentiation into embryonic-like
progenitors could be the explanation for the three types of
columnar metaplasia found in the esophagus: cardiac, oxyntic,
and intestinal. As metaplasia is considered an adaptation to
chronic stress, cues from the environment, such as inflamma-
tion or the content of the gastro-esophageal reflux, could
stimulate differentiation of embryonic-like cells into one of
these fates.

Synergy of signaling pathways to drive
transdifferentiation

A previous study already reported that overexpression of Gli1,
which is a major transcription factor downstream of the HH
pathway, in esophageal cells for 2 weeks impairs squamous dif-
ferentiation (van Dop et al., 2013). In addition, Shh signaling has
also been reported to induce expression of columnar markers
(Krt8 and Sox9) in a three-dimensional esophageal tissue recon-
stitution model (Wang et al., 2010). Our data show that SmoM2
expression in the esophagus in vivo leads to the activation of
the HH pathway and subsequently to other pathways, such as
Wnt and BMP pathways, that may synergize to modulate cell
fate. Interestingly, activation of the b-catenin pathway in
esophageal cells has been reported to promote expression of
CyclinD1, Sox9, and Krt8 in vivo (Moyes et al., 2012). Our data
also highlight an upregulation of Bmp6 and Bmpr1b in esopha-
geal cells following activation of the HH pathway. Knockout of
the BMP inhibitor Noggin during development leads to the
formation of mucin-producing columnar cells in the esophagus.
In addition, overexpression of a constitutive form of the BMP
receptor BMPR1a in the embryonic esophageal epithelium in-
hibits squamous differentiation (Rodriguez et al., 2010). Reacti-
vation of this pathway in esophageal cells might therefore partic-
ipate in the HH-induced dedifferentiation process and the
acquisition of columnar features in vivo. Consistent with this
notion, GSEA of de novo Krt8+ cell RNA-seq data highlights sig-
nificant enrichment for genes related to “Smad binding” and
“BMP regulation.” Furthermore, Smad motifs are found up-
stream of Sox9. However, it is unclear whether all the esophageal
progenitors are equally sensitive to the HH, Wnt, or BMP path-
ways and what is the impact of each of these pathways on cell
fate determination in vivo.

Figure 7. Sox9 expression is required for the squamous-to-columnar conversion of esophageal progenitors in vivo

A) Genetic strategy.

B) Immunostaining for Sox9 in CTRL, K5:Smo, and K5:Smo:Sox9cKO esophagus.
C) Co-immunostaining for SmoM2, Krt8, and Krt20 in K5:Smo and K5:Smo:Sox9cKO esophagus.

E) Venn diagrams between the transcripts that are upregulated in K5:Smo and downregulated in K5:Smo:Sox9cKO.
F) Expression of columnar differentiation-related genes in K5:Smo:Sox9cKO compared with K5:Smo.
G) MDS plot representing mRNA sequencing data from CTRL adult esophageal cells, embryonic esophageal cells, EpHI/K8neg, and paired EpHI/K8+ from

K5:Smo:K8-YFP mice, as well as EpHI from K5:Smo:Sox9cKO esophagus.

¢
(
(
(D) Volcano plots representing results of RNA-seq in K5:Smo:Sox9cKO compared with K5:Smo esophagus.
(
(
(

(H) Radar plot showing the number of transcripts from the “embryo only,” “junction only,” “stomach only,” “intestine only,” or “columnar” signatures upregulated
in EpHI from K5:Smo:Sox9cKO compared with control adult esophagus. p value was calculated using Fisher’s exact test.

() Nustrations of chromatin regions in normal adult esophageal cells (CTRL) and EpHI cells from K5:Smo and K5:Smo:Sox9cKO.

(J) Venn diagram between the chromatin regions significantly more open in EpHlI cells from K5:Smo, in embryonic esophageal cells and in EpHI cells from

K5:Smo:Sox9cKO compared with control esophagus (LFC > 1, FDR < 0.05).
(K) Scheme depicting our model.

Scale bars, 20 pm. lum, lumen; LP, lamina propria. All data were measured 12 weeks after TAM administration.
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Intestinalization of columnar metaplasia

Our data confirm that the vast majority of esophageal cells are
unable to undergo a process of squamous-to-columnar conver-
sion in vivo, as previously suggested by the lack of transdifferen-
tiation in K14-Cdx2 and p63CreER:Rosa-rtTA:TetO-Cdx2
models (Jiang et al., 2017; Kong et al., 2011b). In our model,
only a subset of progenitor can undergo squamous-to-columnar
conversion. These columnar cells express Sox9 but not Cdx2.
Moreover, Sox9 is required for squamous-to-columnar conver-
sion and the expression of Gl tract differentiation markers.
Sox9 expression is stimulated by the activation of the HH
pathway in a BMP4-dependent manner in esophageal keratino-
cytes (Wang et al., 2010). In a model of tissue reconstruction
in vivo, Sox9 overexpression in esophageal progenitors is
sufficient to induce K8 and A33 columnar/intestinal marker
expression (Clemons et al., 2012). In the same study, the authors
reported that Cdx2 overexpression alone fails to induce
columnar differentiation in esophageal cells and does not pro-
mote intestinalization of Sox9-induced columnar epithelium
when grown on rat devitalized trachea. Here, we show that the
activation of the HH pathway induces chromatin remodeling
that uncovers enhancers containing putative binding motifs for
Sox9 and Foxa2. Sox9 deletion prevents the upregulation of
Foxa2 in epithelial cells, showing that FoxaZ2 is downstream of
Sox9 in our model. Foxa2 has been reported to be a HH pathway
target gene, which is upregulated in human BE samples and reg-
ulates Agr2 and Muc?2 expression (Wang et al., 2014). As Sox9
protein upregulation in esophageal progenitors does not require
a modification of its chromatin landscape or a strong increase in
its mMRNA synthesis, this is compatible with an early appearance
of Sox9 along the transdifferentiation process. Sox9 may there-
fore act as a pioneer factor that appears quickly following activa-
tion of the HH pathway to start modifying the chromatin land-
scape and turn on a specific transcriptional program.
Consistent with this notion, activation of the HH pathway in
esophageal cells leads to the opening of thousands of chromatin
regions. Almost a third of these regions are no longer significantly
more opened in the absence of Sox9. Still, chromatin immuno-
precipitation would be required to demonstrate whether Sox9
binds specific chromatin regions and directly regulates gene
expression. The HH pathway on its own does not lead to the
appearance of specialized intestinal cells such as goblet cells.
As Cdx2 is the master regulator of goblet cell differentiation, it
might be the switch that induces a complete intestinal differenti-
ation program in the de novo Krt8+ columnar cells in the esoph-
agus. It will be important to determine what may induce Cdx2
expression and what would be the consequences of its expres-
sion in transcommitted cells.

In conclusion, our work demonstrates that some esophageal
progenitors can undergo a full squamous-to-columnar conver-
sion in vivo. These results provide mechanistic insights into the
understanding of the multistep process involved in squamous-
to-columnar conversion and the mechanisms by which keratino-
cyte may participate to columnar metaplasia.

Limitations of study

This work was performed in transgenic mice to investigate
the plasticity of esophageal cells in vivo. The specific condi-
tions of chronic acid reflux are not recapitulated in this model
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(low pH, bile acids, inflammation). The priming of intestinal
transcripts described in our study does not lead to the devel-
opment of intestinal metaplasia. Finally, although the markers
we used, such as EpCam, Krt8, and Sox9, are expressed
in human columnar metaplasia of the esophagus, the rele-
vance of our observations for human pathology should be
tested.
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Antibodies

Chicken polyclonal anti-Krt14 1/10000 BioLegend 906004

Rabbit monoclonal anti-Cldn18 1/2000 abcam ab203563

Rabbit polyclonal anti-EpCam 1/500 abcam ab71916; RRID: AB_1603782
Rat monoclonal anti-EpCam 1/500 BioLegend 118 202; RRID:AB_1089027
Goat polyclonal anti-GFP 1/1000 abcam ab6673; RRID AB_305643
Rabbit polyclonal anti-GFP 1/2000 abcam ab6556; RRID:AB_305564
Chicken polyclonal anti-GFP 1/500 Invitrogen A10262; RRID:AB_2534023
Rabbit monoclonal anti-Krt7 1/1000 abcam ab181598

Rat monoclonal anti-Krt8 1/250 DSHB TROMA-I; RRID:AB_531826
Rabbit polyclonal anti-Krt20 1/1000 LabNed LN2020180

Rabbit monoclonal anti-p63 1/1000 abcam ab124762; RRID:AB_10971840
Rabbit polyclonal anti-Sox9 1/10000 Merck AB5535; RRID:AB_2239761
Rabbit polyclonal anti-Krt5 1/4000 LabNed LN0316197

Alexa Fluor 488 donkey anti-chicken
Alexa Fluor 488 donkey anti-rabbit
Alexa Fluor 488 donkey anti-goat
Rhodamine Red X donkey anti-chicken
Rhodamine Red X donkey anti-rabbit

Alexa Fluor 647 donkey anti-chicken
Alexa Fluor 647 donkey anti-rat

Rat anti-CD45 PE

Rat anti-CD140a PE

Rat anti-CD31 PE

Rat anti-CD326(EpCam) APC-Cy7

Jackson Immunoresearch
Jackson Immunoresearch
Jackson Immunoresearch
Jackson Immunoresearch

Jackson Immunoresearch

Jackson Immunoresearch
Jackson Immunoresearch
BioLegend
BioLegend
BioLegend
BioLegend

703-545-155; RRID:AB_2340375
711-545-152; RRID:AB_2313584
705-545-147; RRID:AB_2336933
703-295-155; RRID:AB_2340371
711-295-152; RRID:AB_2340613
711-297-003; RRID:AB_2340615
703-605-155; RRID:AB_2340379
712-605-153; RRID:AB_2340694
103106; RRID:AB_312971
135906; RRID:AB_1953269
102508; RRID:AB_312915
118218; RRID:AB_2098648

Chemicals, peptides, and recombinant proteins

Bovin Serum Albumin

Triton X-100

Glycergel
1,4-Diazabicyclo[2,2,8]octane (Dabco)
Hoechst 33258 (10mg/mL solution)
Tamoxifen

Sunflower

Formaldehyde 4%

Collagenase |

O.C.T.

Horse Serum

Foetal Bovine Serum

AccuMax Cell Detachment Solution
Y-27632 dihydrochloride (Rock inhibitor)
Trypsin solution 2.5%

Dispase |

Igepal 0.1%

TDE1 transposase

Capricorn scientific
Sigma-Aldrich
Dako
Sigma-Aldrich
Molecular probes
A&E Scientific
Sigma-Aldrich
VWR

A.G. Scientific
Tissue-Tek
Capricorn scientific
GIBCO

Capricorn Scientific
Sigma-Aldrich

A&E Scientific
Sigma-Aldrich
Sigma-Aldrich
lllumina
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BSA-IT Lot CP14-1028
T8787

C0563

D27802

Cat # H3569
10540-29-1
S5007

116 994 55
C-2823
Cat#4583
HOS-1b

Cat# 10270-106
ACM-1G

Y0503
TRY-2B10
D4818

18896

15027865
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TDE buffer lllumina 15027866

Critical commercial assays

E.Z.N.A Total RNA Kit

Omega BIO-TEK

SKU: R6834-01

(2100 Bioanalyzer Agilent G293BA)
MinElute purification kit QIAGEN Cat # 28004
Ovation SoLo RNA-Seq System NuGEN Part # 0501-32
NEBNext High-Fidelity 2x PCR Master Mix New England BioLabs MO0541S
AmpureXP magnetic beads Beckman Coulter AB63881
RNAscope H202 & Protease plus reagents Advanced Cell Diagnostics 322 330
RNAscope Retrieval reagents Advanced Cell Diagnostics 322 000
RNAscope Protease Ill & IV Advanced Cell Diagnostics 322340
RNAscope Fluorescent multiplex detection Advanced Cell Diagnostics 320851
reagents

Deposited data

SuperSeries composed of three SubSeries This manuscript GSE148876
Single cell mMRNA sequencing This manuscript GSE148875
mRNA sequencing This manuscript GSE148874
ATAC sequencing This manuscript GSE148872

Experimental models: organisms/strains

K5-CreER™ knock-in B6N.129S6(Cg)-
Krt5 < tm1.1(cre/ERT2) Blh > /J

R26SmoM2 Gt(ROSA)26Sor < tm1(Smo/
EYFP) Amc > /J

Krt8-YFP knock-in

Sox9
B6.129S7-Sox9'™m2Crm/y

The Jackson Laboratory

The Jackson Laboratory

Rudolf E. Leube lab
The Jackson Laboratory

Stock# 029155; RRID:IMSR_JAX:029155

Stock# 005130; RRID:IMSR_JAX:005130

N/A
Stock# 013106; RRID:IMSR_JAX:013106

Oligonucleotides

Primers for gPCR see Table S1 This manuscript N/A
Software and algorithms

Zen Blue Zeiss N/A
FACSDiva BD Biosciences N/A

STAR version 2.5.3a

HTseq

Degust 4.1.1: interactive RNA-seq analysis
R version 3.6.3

Bioconductor

HOMER

GraphPad Prism 8

Trimmomatic

Bowtie2 (version 2.2.6)

Picard tools
Macs2 (version 2.1.1.20160309)
Galaxy server

Alexander Dobin (2009-2019)

Anders et al., 2015

David R. Powell
GNU project

Heinz et al., 2010

GraphPad Software

Bolger et al., 2014

Langmead and Salzberg, 2012

Afgan et al., 2016

https://github.com/alexdobin/STAR;
PMID:23104886; https://doi.org/10.1093/
bioinformatics/bts635

https://htseq.readthedocs.io/en/release_0.
11.1/install.html#install

https://degust.erc.monash.edu/
https://cran.r-project.org/
https://www.bioconductor.org/install/

http://homer.ucsd.edu/homer/download.
html; RRID:SCR_010881

https://www.graphpad.com/scientific-
software/prism/

http://www.usadellab.org/cms/?
page=trimmomatic

https://sourceforge.net/projects/bowtie-
bio/files/bowtie2/2.4.1/

http://broadinstitute.github.io/picard/

https://usegalaxy.org/
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BED tool Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/
content/installation.html

PAVIS2 Huang et al., 2013 https://manticore.niehs.nih.gov/pavis2/

Integrative Genomics Viewer (IGV)

Cell Ranger (version 3.1.0)

Robinson et al., 2011

http://software.broadinstitute.org/
software/igv/

https://support.10xgenomics.com/single-

cell-gene-expression/software/pipelines/
latest/installation

Other

Mouse reference genome GRCm38/mm10 Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/mouse

C5 collection MSigDB for mouse Walter+Eliza Hall Bioinformatic Resources http://bioinf.wehi.edu.au/software/

MSigDB/
Human mircroarray data on Barrett samples GEO: Ostrowski et al. GSE36223
and normal squamous samples
Human mircroarray data on Barrett samples GEO: di Pietro et al. GSE34619
and normal squamous samples
Human mircroarray data on Barrett samples GEO: Hyland et al. GSE39491
and normal squamous samples
Human mircroarray data on Barrett samples GEO: Stairs et al. GSE13083

and normal squamous samples

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Benjamin
Beck (benjamin.beck@ulb.be).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The datasets generated during this study are available under GEO accession SuperSeries GSE148876 composed of the following
SubSeries GSE148872, GSE148875, GSE148875.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The Krt5-CreER™ knock-in mice (The Jackson Laboratory, Stock#029155, RRID:IMSR_JAX:029155) were combined with the
R26SmoM2 mice (The Jackson Laboratory, Stock#005130, RRID:IMSR_JAX:005130) in order to generate K5-CreER"2:R26SmoM2,
a tamoxifen-inducible mouse model. The Krt8-YFP knock-in mice (Schwarz et al., 2015) were crossed with this model to generate the
K5-CreER™:R26SmoM2:Krt8-YFP. The Sox9"°* (The Jackson Laboratory, Stock#013106, RRID:IMSR_JAX:013106) mice were
crossed with the K5-CreER™:R26SmoM2 in order to generate K5-CreER™2:R26SmoM2:Sox9"*/ X mice. All mice used in this study
were composed of males and females with mixed genetic background. Tamoxifen (TAM) was diluted at 25 mg/mL in sunflower oil
(Sigma). 2.5 mg TAM was administered intraperitoneally (IP) to K5-CreER™2:R26SmoM2 mice and K5-CreER™2:R26SmoM2:Krt8-
YFP at P28 and followed over up to 15 weeks. K5-CreERT2:R26SmoM2:Sox9"°1°X mice and their control (K5-CreERT2:R26SmoM2)
were injected with 10 mg IP. Littermates of the same sex were randomly assigned to experimental groups. Mouse colonies were
maintained in a certified animal facility in accordance with the European guidelines. All the experiments were approved by the ethical
committee from the university and conform with regulatory standards (LA1230406 — project 666N).

METHOD DETAILS

For all experiments presented in this study, sample size was large enough to measure the effect size. No randomization and no
blinding were performed in this study.

e3 Cell Stem Cell 28, 1-17.e1-e7, August 5, 2021


mailto:benjamin.beck@ulb.be
https://bedtools.readthedocs.io/en/latest/content/installation.html
https://bedtools.readthedocs.io/en/latest/content/installation.html
https://manticore.niehs.nih.gov/pavis2/
http://software.broadinstitute.org/software/igv/
http://software.broadinstitute.org/software/igv/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation
https://www.ncbi.nlm.nih.gov/grc/mouse
http://bioinf.wehi.edu.au/software/MSigDB/
http://bioinf.wehi.edu.au/software/MSigDB/

Please cite this article in press as: Vercauteren Drubbel et al., Reactivation of the Hedgehog pathway in esophageal progenitors turns on an embry-
onic-like program to initiate columnar metaplasia, Cell Stem Cell (2021), https://doi.org/10.1016/j.stem.2021.03.019

Cell Stem Cell ¢ CelPress

Histology and immunostaining

For the staining on frozen sections, tissues were harvested, directly embedded in O.C.T. (Tissue Tek) and flash frozen for cryopres-
ervation. For the following staining: EpCam (Rt), Krt7, Sox9, Krt8-YFP, tissues were pre-fixed in 4% formaldehyde during 2 h at RT,
washed in PBS, incubated overnight in 30% sucrose in PBS at 4°C, embedded in O.C.T. (Tissue Tek) and flash frozen for cryopres-
ervation. Samples were sectioned at 6 um sections using a M1860 cryostat (Leica Microsystems GmbH). Nonspecific antibody bind-
ing was blocked with 5% horse serum (HS), 1% Bovine Serum Albumin (BSA), and 0.2% Triton X-100 during 1 h at room temperature.
Primary antibodies were incubated overnight at 4°C in blocking buffer. Sections were rinsed three times in PBS and incubated with
secondary antibodies during 1 h at room temperature. Nuclei were stained with Hoechst (4 mM). Slides were mounted using Glyc-
ergel (Dako) supplemented with 2.5% DABCO (Sigma-Aldrich).

In situ hybridization

In situ hybridization has been realized on OCT embedded, flash frozen samples using RNAscope kits (RNAscope Protease Il &1V and
RNAscope Fluorescent multiplex detection reagents, Advanced Cell Diagnostics) following manufacturer’s recommendations. The
following probes were used: Gli1 (cat 311001) and Ptch1 (cat 402811).

Paraffin slides of esophagojejunostomy have been kindly provided by the lab of Sachiyo Nomura (Terabe et al., 2017) and in situ
hybridization has been realized in the laboratory using RNAscope kits (RNAscope H202 & Protease plus reagents, RNAscope
Retrieval reagents and RNAscope Fluorescent multiplex detection reagents). The following probes were used: Gli1 (cat 311001)
and Shh (cat 314361).

Antibodies
The following primary antibodies were used: anti-Krt14 (polyclonal chicken, 1:10000, Biolegend), anti-GFP (polyclonal rabbit, 1:1000,
Abcam, RRID:AB_305564), anti-Krt5 (polyclonal rabbit, 1:4000, LabNed), anti-GFP (polyclonal goat, 1:1000, Abcam, RRID
AB_305643), anti-GFP (polyclonal chicken, 1:500, Invitrogen, RRID:AB_2534023) anti-p63 (rabbit monoclonal, 1:1000, Abcam, RRI-
D:AB_10971840), anti-EpCam (rabbit polyclonal, 1:500, Abcam, RRID: AB_1603782), anti-EpCam (rat polyclonal, 1:500, Biolegend,
RRID:AB_1089027), anti-Krt7 (rabbit monoclonal, 1:1000, Abcam), anti-Krt20 (rabbit polyclonal, 1:1000, LabNed), anti-Krt8 (rat
monoclonal, 1:250, DSHB, RRID:AB_531826), anti-Sox9 (rabbit polyclonal, 1:10000, Merck, RRID:AB_2239761), anti-Cldn18 (rabbit
monoclonal, 1:2000, abcam).

The following secondary antibodies were used: anti-rabbit, anti-rat, anti-chicken, conjugated to AlexaFluor488 (1:500, Jackson
ImmunoResearch), to rhodamine Red-X (1:500, Jackson ImmunoResearch) or to Cy5 (1:1000, Jackson ImmunoResearch).

Clonal analysis

For clonal analysis, co-immunostaining for YFP and Krt14 or Krt8 were used. A minimum of 42 clones from 8 different animals for each
time point were counted (3, 8 and 12 weeks following TAM administration). Baseline has been measured in 3 control animals. Krt14
downregulation was assessed by comparison to the cells surrounding the clones. Clones with at least 1 positive Krt8 cell were
considered as positive.

Image acquisition

Imaging was performed on a Zeiss Axio Imager M2 fluorescence microscope with a Zeiss Axiocam 503 mono camera and a Zeiss
macroscope axiozoom V16 with axiocam MRN camera for immunofluorescence microscopy using Zen Blue (Zeiss) software. Bright-
ness, contrast, and picture size were adjusted using Zen Blue (Zeiss). Anastomosis was imaged using a NanoZoomer-SQ Digital slide
scanner (Hamamatsu).

Tissue digestion

Esophagi and squamous part of the squamocolumnar junction were dissected, minced and digested in collagenase | 2 mg/mL (A&E
scientific) during 1 h 30. Collagenase | activity was blocked by the addition of EDTA (5 mM), incubated for 30 min. Trypsin (0.125%)
was then added for 15 min. All incubations have been done on a rocking plate at 37°C.

Embryonic esophagi were dissected and digested in collagenase | 2mg/mL (A&E scientific) during 45 min. Collagenase | activity
was blocked by the addition of EDTA (5 mM), incubated for 5 min. Trypsin (0.125%) was then added for 5 min and then the cells were
rinsed in PBS supplemented with 2% FBS. All incubations have been done on a rocking plate at 37°C.

Columnar part of the squamocolumnar junctions were dissected, minced and washed 2 times in PBS supplemented with 10 mM
HEPES by centrifugation 5 min at 50 x g. Tissues were then digested for 1 h 30 in Accumax (Capricorn Scientific) supplemented with
20 mM HEPES, 10 nM ROCK inhibitor (Y-27632 dihydrochloride, Sigma-Aldrich), 0.2% BSA at room temperature on a rocking plate.
To improve digestion, EDTA (5mM) was added for 15 min at 37°C on a rocking plate.

The corpus was separated from the rest of the stomach, and the muscular layer was eliminated with micro scissors. Tissues were
then minced and washed 2 times in PBS by centrifugation 2 min at 100 x g at 4°C. Tissues were then digested in PBS supplemented
with EDTA 10mM, HEPES 10mM during 1h at 37°C on a rocking plate. Cells were then washed in PBS twice and filtered through a
70 um cell strainers (BD). The glands were then digested by adding PBS supplemented with Trypsin (0.125%) and HEPES 10 mM for
15 min at 37°C on a rocking plate.
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Guts were dissected and digested 1h30 in HBSS supplemented with 0.6 unit (30 png/mL) dispase | (sigma D4818). Guts were then
minced and digested in collagenase | (A&E scientific) 2 mg/mL for 15 min. Collagenase | activity was blocked by the addition of EDTA
(5 mM) for 15 min. Finally, trypsin (0.125%) was added for 5 min. Each incubation was done on a rocking plate at 37°C.

For all the tissues, cells were then rinsed in PBS supplemented with 2% FBS and filtered through a 70 um cell strainers (BD) to
ensure the elimination of cell debris and clumps of cells.

FACS isolation

Immunostaining was performed on single cell suspension using PE-conjugated anti-CD45 (1:500, BioLegend), PE-conjugated anti
CD31 (1:500, BioLegend), PE-conjugated anti-CD140a (1:500, BioLegend) and APC-Cy7-conjugated anti-EpCam (clone G8.8,
1:250, Biolegend), during 45 min at 4°C on a rocking plate. Living epithelial cells were selected by forward scatter, side scatter, dou-
blets discrimination and by Hoechst dye exclusion. EpCam+/Lin— cells were selected based on the expression of EpCam and the
exclusion of CD45, CD31, CD140a (Lin—). Fluorescence-activated cell sorting analysis was performed using FACSAria lll and FACS-
Diva software (BD Biosciences).

RNA extraction and quantitative real-time PCR

Sorted cells were collected into TRK lysis buffer (Omega bio-tek) and RNA was extracted using E.Z.N.A Total RNA Kit (Omega bio-
tek) according to the manufacturer’s recommendations with DNase | digestion protocol on column (Omega bio-tek). After nanodrop
RNA quantification, the first strand cDNA was synthesized, using Superscript Il (Invitrogen) and random hexamers (Roche) in 50 pl
final volume. Control of genomic contaminations was measured for each sample by performing the same procedure with or without
reverse transcriptase. Quantitative PCR assays were performed using 1 ng of cDNA as template, PowerUP SYBRGreen master mix
(Life Technologies Limited) and a Quantstudio 3 real-time PCR system (Applied Biosystems). Actin beta housekeeping gene was
used for normalization. Primers were designed using the NCBI primer designing tool — Primer-blast (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/) and are presented in Table S1. Quantitative PCR Analysis was performed using QuantStudio 3 software
and the DDCt method with Actin beta as a reference. The entire procedure was repeated in at least three biologically independent
samples and always with technical replicates.

RNA-seq and analysis of bulk samples

RNA quality was checked using a Bioanalyzer 2100 (Agilent technologies). Indexed cDNA libraries were obtained using the Ovation
Solo RNA-Seq System (NuGen) following manufacturer’s recommendations. The multiplexed libraries were loaded on a NovaSeq
6000 (lllumina) using a S2 flow cell and sequences were produced using a 200 Cycle Kit. Paired-end reads were mapped against
the mouse reference genome GRCm38 using STAR software (version 2.5.3a) to generate read alignments for each sample. Annota-
tions Mus_musculus.GRCm38.90.gtf were obtained from ftp.Ensembl.org. After transcripts assembling, gene level counts were ob-
tained using HTSeq (Anders et al., 2015). Total raw counts were loaded on degust 4.1.1 (Powell, 2019). All analyses were performed
using EdgeR, TMM normalization and “Min gene read count” set at 10. Control condition (CTRL) is defined by 6 control FACS sorted
adult esophagus epithelium samples, these 6 biological samples were used as reference all along the paper to calculate the fold
change of gene expressions. Through all the analysis we tried to keep the same order of magnitude for the number of differentially
regulated genes in the different tissues. Therefore we defined 3 different thresholds: abs(LFC) > 2 and FDR < 0.05 for K5:Smo 3 weeks
(n=4), 8 weeks (n = 4) and 12 weeks (n = 6) after TAM induction, for EpHI/YFP— from the transition epithelium of K8-YFP mice (n = 3),
for Ep+/YFP+ cells from gastric and intestinal epithelium from K8-YFP mice (n = 2); abs(LFC) > 2 and FDR < 0.01 for EpHI/K8+ and
EpHI/K8— from K5:Smo:K8-YFP mice (n = 3); abs(LFC) > 2.5 and FDR < 1e-4 for EpHI/YFP+ from the transition epithelium of K8-YFP
mice (n = 4) and for Ep+/YFP+ cells from embryonic esophagus (n = 2 pools of 6 esophagus). For the K5:Smo:Sox9cKO EpHI (n = 4),
cells were compared to K5:Smo EpHI cells (n = 6) and a threshold of abs(LFC) > 0.5 and FDR < 0.05 was chosen. All volcanos plots
represent results of RNA-seq as the statistical significance versus the magnitude of fold of change (FC) and were generated using the
package “EnhancedVolcano” (Blighe et al., 2020) from Bioconductor in R version 3.6.3. Data are available under GEO accession
number GSE148874. MDS plots have been generated using degust 4.1.1 (Powell, 2019). Heatmap was generated using “heatmap.2”
function and represent values in logCPM scaled by row for the 500 most variable genes between CTRL and EpHI cells 12 weeks after
TAM induction.

GSEA analysis

GSEA analysis was performed using preranked gene set enrichment analysis from the fgsea package (Korotkevich et al., 2016) in R
version 3.6.3, with “nperm=1000" and “maxSize=500.” The values of LFC were used as the ranking metric. For this purpose, thresh-
olds were enlarged to include more genes in the analysis and therefore increase the strength of the analysis. For K5:Smo 3, 8 and 12
weeks after TAM, ranked fold change values correspond to EpHI cells from K5:Smo over CTRL cells (abs(LFC) > 1, FDR < 0.05). For
K5:Smo:K8-YFP analysis, ranked fold change values correspond to EpHI/K8+ and EpHI/K8neg over CTRL cells (abs(LFC) > 1, FDR <
0.05). Gene sets were generated by taking the most upregulated genes compared to CTRL, only present in each ensemble (see
Figure 5F “Junction only,” “Stomach only,” “Embryo only,” “Intestine only”). Finally, to perform unbiased gene ontology
analyzes, the C5 collection adapted for mouse which contains gene sets annotated by GO terms have been downloaded (http://
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bioinf.wehi.edu.au/software/MSigDB/) and the function “fgseaMultilevel” has been used. To remove redundant pathways, the
function “reduce_pathways” from “GeneSwitches” package (Cao et al., 2020) was used with rate fixed at 0.8. Pathways with
adjusted p value < 0.05 were considered as significant.

ATAC-sequencing and analysis

Assay for transposase accessible chromatin (ATAC) followed by sequencing was performed as following: between 50,000 and
100,000 sorted cells were collected in 1 mL of PBS + 3% FBS at 4°C. Cells were centrifuged, then cell pellets were resuspended
in 100 pL of lysis buffer (Tris HClI 10 mM, NaCl 10 mM, MgCI2 3 mM, Igepal 0.1%) and centrifuged (500 X g) for 25 min at 4°C
with break set on 4. Supernatant was discarded and nuclei were resuspended in 50 pL of reaction buffer (TDE1 transposase 2.5
uL (llumina), TDE buffer 25 pL (lllumina)). The reaction was performed for 30 min at 37°C and then blocked by addition of 5 uL of
stop buffer (NaCl 900 mM, EDTA 300 mM). DNA was purified using the MinElute purification kit (QIAGEN) according to the manufac-
turer’s recommendations. For embryonic esophagi E13.5, 60 embryos have been dissected to sort 10,000 cells in duplicate by flow
cytometry. To compensate the low number of cells harvested, the tagmentation reaction was carried out in 4 times less volume. The
reaction was blocked by freezing and no DNA purification was done to avoid loss of material. DNA libraries were PCR amplified (NEB-
Next High-Fidelity 2x PCR Master Mix, New England Biolabs), indexed using the primers described previously (Buenrostro et al.,
2013), and double size selected from 150 to 1200 base pairs (bp) using the AmpureXP magnetic beads (Beckman) following the man-
ufacturer’s recommendations. The multiplexed libraries were loaded on a NovaSeq 6000 (lllumina) using a S2 flow cell and paired-
end sequences were produced using a 200 Cycle Kit.

Three samples of CTRL, K5:Smo, K5:Smo:Sox9cKO esophagi and 2 samples of fetal esophagi were sequenced. ATAC-seq
paired-end reads of 50 bp were trimmed for adaptor sequences using Trimmomatic. ATAC-seq paired-end reads were then aligned
to the mouse GRCm38 genome using Bowtie2 (version 2.2.6) using options “-X 2000-fr-very- sensitive-no-discordant-no-unal-no-
mixed-non-deterministic..” Approximately 34 million reads paired-end were mapped to mouse genomic DNA in each condition.
Mitochondrial reads and reads aligned to scaffolds and undefined chromosomes were excluded from downstream analysis. Dupli-
cated reads were removed by Picard tools (http://broadinstitute.github.io/picard/). Read start sites were adjusted to represent the
center of the transposon binding event as described in Li et al. (2009). Peak calling was performed on each individual sample using
Macs2 (version 2.1.1.20160309) with parameters set on “callpeak -f BAMPE -g mm -g 0.05 —-nomodel —call-summits -B — SPMR.”
The data were loaded to the public Galaxy server at usegalaxy.org (Afgan et al., 2016). Coordinates from all ATAC-sequencing peaks
were merged using BED tool (Quinlan and Hall, 2010) with default options. The merged coordinates were reattributed to each sample
using HTseq count (Anders et al., 2015) with the options: “feature type= exon” and “mode= union.” Identification of differentially
opened chromatin regions between K5:Smo samples and CTRL samples were performed using EdgeR on degust 4.1.1 (Powell,
2019). Peaks coordinates were annotated using PAVIS2 (Huang et al., 2013) with default options (upstream region length of Tran-
script Start Site (TSS): 5000 bp and downstream regions length of Transcription Termination Site (TTS): 1000 bp). Integrative Geno-
mics Viewer (IGV) (Robinson et al., 2011) allowed the visualization of differentially opened chromatin regions.

The peaks obtained following peak calling and the peak coordinates considered as differentially regulated compared to control
following degust analysis, were both analyzed. To identify de novo and known motif enrichment in the coordinates of K5:Smo
EpHI cells and embryonic esophageal cells analyzed with degust, we used findMotifsGenome.pl from HOMER software (Heinz
et al., 2010) with background set to Control cells and options set to “-size 200 -len 8.” To look for known motif enrichments in com-
mon and differential opened peaks in K5:Smo and CTRL we used the peak files obtained following peak calling and findMotifsGe-
nome.pl from HOMER software with options “-size 200 and -len 8.” Files with common and differential opened peaks in K5:Smo and
CTRL cells were generated using the function mergePeaks from HOMER software with option “-d given -prefix -venn” after we have
fused the peaks coordinates by condition. The function annotatepeaks.pl from HOMER software was used to find and annotate the
opened chromatin regions in K5:Smo EpHI cells where Sox9 motif was present with option “-size 500.” Smad1/5 motif was not in
Homer database and was directly taken from a publication (Morikawa et al., 2011) and used in IGV software. Heatmaps were gener-
ated using bedTools (Ramirez et al., 2014). First, bigwig files were generated using “bamCoverage” with option “~normalizeUsing
RPGC.” Then matrices were generated using “computeMatrix scale-regions -m 10000 -b 3000 -a 3000” andUCSC mouse ncbiR-
efSeq mm10 (https://genome.ucsc.edu/cgi-bin/hgTables) as regions to plot. Finally, plotHeatmap was used with default parameters.
Data are available under GEO accession number GSE148872.

Human data analysis

Human gene expression datasets from normal and Barrett’s esophagus of 4 different studies available on the Database Gene
Expression Omnibus (GEO) were downloaded and analyzed using GEO2R and R software. Dataset #1 (Database: GEO:
GSE39491; n = 80; Hyland et al., 2014), Dataset #2 (Database: GEO: GSE13083; n = 14; Stairs et al., 2008), #3 (Database: GEO:
GSE34619; n = 18 (di Pietro et al., 2012)) and #4 (Database: GEO: GSE36223; n = 46; Ostrowski et al., 2007).

Single cell-RNA sequencing and analysis

Single cell sequencing preparation was carried out as following: for K5:Smo epithelial cells analysis, 50,000 and 100,000 living cells
were sorted from 4 mice and charged on two different chips. For K5:Smo EpHlI cells analysis 34,000 and 100,000 EpHlI cells were
sorted also from 4 mice and charged on two different chips. Cells were collected in 1mL of PBS + 0.04% BSA at 4°C. Samples
were loaded on a chromium chip targeting a recovery between 2500 and 7000 cells. Samples were then processed using the Chro-
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mium Single Cell 3' Reagent kits v3 (10x Genomics) following manufacturer’s recommendations. The multiplexed libraries were
loaded on a NovaSeq 6000 (lllumina) using a S1 flow cell and paired-end sequences were produced using a 100 Cycle Kit (Read1
28 cycles, i7 Index 8 cycles, i5 Index 0 cycles, Read2 87 cycles). Cell Ranger version 3.1.0 pipeline with the RNA-seq aligner
STAR were used to generate output files aligned on mm10 reference genome with EYFP custom reference added (Clontech (TaKaRa)
https://www.snapgene.com/resources/plasmid-files/?set=fluorescent_protein_genes_and_plasmids&plasmid=EYFP). Package
Seurat v3 from Bioconductor (Stuart et al., 2019) was used in R to perform all the analyzes. The analyzes followed recommendations
from Satijalab (https://satijalab.org). The datasets were converted into Seurat objects. Potential empty or low-quality droplets and
multiplets were removed. The data were normalized using “SCTransform” that outperforms traditional global scaling normalization
methods derived from bulk-RNA-seq (Vallejos et al., 2017). To avoid the influence of mitochondrial reads in the analyses, we filtered
them using “vars.to.regress=percent.mt” with “percent.mt” calculated using “PercentageFeaturesSet.” The features for datasets
were selected for downstream integration with “SelectintegrationFeatures” set to 1500. To work with datasets in the same space,
and minimize batch effect from the 2 different sequencings, anchors were defined with “FindintegrationAnchors” prior to integration
of the data with “IntegrateData.” The data were then linear transformed prior to PCA (npcs set to 20) and UMAP analyzes (dims set to
1:20). Distances between cells were defined using “FindNeighbors” with dims set to 1:20. The cells were grouped using “FindClus-
ters” with a resolution set to 0.45. Clusters enriched in mitochondrial and/or ribosomial genes have been removed to clean the
analysis. For all living cells analysis, epithelial cells have been subset based on clustering to keep only clusters devoid of immune,
fibroblastic and endothelial markers, prior to analysis and integration with EpHI cells. After integration of all the datasets, one cluster
very far from all other clusters in the clustering space and very enriched in Vimentin was removed. To visualize data and proceed to
differential expression analysis, the unnormalized RNA assay was normalized and scaled using “NormalizeData” and “ScaleData.”
Positive markers for each group comparing to remaining ones were then identified with Wilcoxon test using “FindMarkers” and
“p-value < 0.05.” Average expression for the 10 most upregulated markers were illustrated with “DoHeatmap” for each group. Violin
plots were done with “VInPlot” function. To perform pseudo-time analysis, Seurat objects were manually converted to be compatible
with Monocle3 and/or Slingshot (Street et al., 2018) with UMAP projection used for trajectory inference (Trapnell et al., 2014). Starting
points were chosen based on biology. Slingshot allowed us to plot the pseudotime values for each lineage. Following Monocle3
analysis, pseudo-times were subsetted using choose_graph_segments(), expression plots were generated using plot_cells().
Analysis of the genes switching on and off along the pseudo-time was performed using GeneSwitches package (Cao et al.,
2020). Data are available under GEO accession number GSE148875.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical and graphical data analyses were performed using Prism 8 (Graphpad) and R softwares. All experiments shown were repli-
cated at least twice. All data in histograms represent mean. Statistical significance was calculated by Mann-Whitney or Fisher exact
test using the Graphpad Prism and R softwares, considering p < 0.05 as statistically significant. All tests are two-sided. One sided
Fisher exact test was used to calculate the significance of genesets overlap, setting the total number of transcripts as 52,637 and the
parameter “alternative” as greater. For human data, normality of samples distribution was evaluated using Shapiro-Wilk test, then the
appropriated test was performed (t test for normal distribution, Mann-Whitney for non-normal distribution).
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