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Lgr5 marks stem/progenitor cells
contributing to epithelial and muscle
development in the mouse esophagus
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The existence and function of Lgr5* cells within the developing esophagus

remains unknown. Here, we document multiple discrete Lgr5* populations in
the developing mouse esophagus, predominantly within nascent epithelial
and external muscle layers. Lgr5 expression initially emerges in the developing
proximal embryonic epithelium, but progressively extends distally and per-
sists within the distal epithelium of neonates. Fate mapping and ablation
analyses reveal a long-term contribution of epithelial Lgr5" cells to esophageal
organogenesis. Additionally, Lgr5-expressing cells are present in the devel-
oping external muscle layer, particularly during the development of the stri-
ated component. Fate mapping reveals a significant contribution of these
embryonic Lgr5 cells to the adult muscle layer. Embryonic Lgr5" epithelial
cells are also found to be important for regulating epithelial development,
serving as a key source of Wnt6, among other ligands, to promote epithelial
cell proliferation and formation of epithelial layers. These findings significantly
enhance our understanding of esophageal development and shed light on the
involvement of Lgr5" stem/progenitor cells during organogenesis. Impor-
tantly, this study lays the foundation for investigating esophageal diseases
related to the Lgr5* stem/progenitor cell pool.

M Check for updates

The esophagus is a part of the upper gastrointestinal (GI) tract withno  external muscle (muscularis externa). This external muscle comprises

known digestive, absorptive, or metabolic function, acting simply as a
link for transporting food between the oral cavity and the stomach.
Consistent with its basic role in the food intake process, it displays a
relatively simple tissue architecture. The lining of the adult mouse
esophagus comprises a uniform layer of squamous epithelial cells
residing above a highly proliferative basal layer'. This epithelium is
keratinized, providing an additional layer of protection against an
abrasive diet. To facilitate swallowing and food transportation to the
stomach, the epithelial layer is surrounded by a double-layered

outer (longitudinal) and inner (circular) layers of smooth muscle cells,
infiltrated by striated muscle cells during esophageal development®>.
Activation of radial muscle waves in this layer propels ingested food
towards the stomach®.

Esophageal development initiates with the separation of the
respiratory buds from the foregut tube at embryonic day 9.5 (E9.5), with
this division being completed by E11.5 in mice’. This process requires
delicate coordination between both endodermal and mesenchymal
tissues. The esophagus initially comprises a single-layered cuboidal
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epithelium surrounded by a smooth muscle layer’. After separating from
the airway, both tissues gain additional cell layers, and the epithelium
undergoes a shift in marker expression as it transitions from a cyto-
keratin 8 (Krt8) labeled cuboidal layer to a cytokeratin 14 (Krtl4)
expressing squamous layer®. Although the existence of cellular hetero-
geneity within the developing mouse esophageal epithelium and muscle
has been described’”, it is currently not clear whether any of the subsets
represents a pool of dedicated stem/progenitor cells and what their role
in the process of organ development and maintenance might be.

The intricate process of embryogenesis relies on tightly regulated
complex interactions between different signaling cascades. Wnt sig-
naling is a well-established player in this process, with key roles in the
maintenance and repair of many tissues during embryogenesis and
after birth. Lgr5 acts as a facultative component of the Wnt receptor
complex and regulates the development and maintenance of a variety
of tissues, particularly epithelia’?. Several studies have identified
Lgr5-expressing (Lgr5") cells and Wnt-related genes as essential com-
ponents for the co-ordinated development of GI tract structures”™,
However, knowledge about the distinct roles that putative esophageal
epithelial and muscle stem/progenitor cell subpopulations have in this
process is scarce. Though Lgr5* cell pools have been extensively stu-
died in the lower Gl tract epithelia, Lgr5* cell progenitors have not been
reported in esophageal tissues during development/homoeostasis.
Nevertheless, Lgr5 is robustly expressed in pathological conditions
such as Barrett’s Esophagus, esophageal squamous cell carcinoma, and
esophageal adenocarcinoma’®™.

Here, we employ high resolution expression profiling assays,
combined with Lgr5 reporter/tracing/ablation mouse models, explant
and in vitro organoid cultures to document the distribution and
dynamics of Lgr5-expressing cells in the esophagus from early
embryonic stages until birth, and to evaluate their roles during organ
development. We show that multiple Lgr5" cell populations reside
within both the developing esophageal epithelium and external mus-
cle layers. In the developing embryonic epithelium, Lgr5 is initially
restricted to the proximal esophagus, with expression subsequently
arising in the distal region as maturation of the cuboidal-squamous
epithelial layers progresses. Lineage tracing analyses identify early
embryonic epithelial Lgr5" cells as a minor, fast-cycling pool that is
rarely retained in the epithelium, while late embryonic epithelial Lgr5*
cells form long-lived clones within developing basal layers that persist
into adulthood Lgr5 expression also arises in the embryonic external
muscle, correlating with the appearance of striated muscle cells.
Importantly we demonstrate that Lgr5" cells residing in the external
muscle layer function as a major pool of embryonic stem/progenitor
cells contributing to the establishment and maintenance of external
muscle layers in adult esophagus. scRNAseq and Spatial Tran-
scriptomics analyses have revealed significant co-expression of Lgr5
and Wnt6 within the developing esophageal epithelium, indicating a
potentially key role for nascent Lgr5" epithelial cells as a primary
source of this crucial ligand during esophageal development. Func-
tional assays combining Lgr5* cell-ablation with Wnt6 supplementa-
tion and Wnt6 knockout (KO) in epithelial organoids document Wnt6
as being indispensable for esophageal epithelial growth in vitro. In
adults, a minor pool of Lgr5" cells is present within the esophageal
epithelium, predominantly within the basal layer of more distal
regions, where it makes limited contributions to epithelial main-
tenance throughout life. In contrast, Lgr5 expression in the external
muscle layer of adults was almost undetectable, with highly infrequent,
very low-level expression visible under homoeostatic conditions.

Results

Lgr5 is expressed in multiple tissue compartments during eso-
phageal development

To accurately define the lineages harboring Lgr5-expressing (Lgr5")
cells during esophageal organogenesis and the key signaling cascades

involved in this process, we performed single- cell RNA sequencing
(scRNA-seq) analysis of mouse esophagi at two embryonic timepoints,
E13.5 and E16.5, and one postnatal timepoint, PO (Fig. 1a). We micro-
dissected the embryonic/neonatal esophagi as previously described”®
and dissociated cells using the cold protease digestion method?,
enabling effective capture of in vivo gene expression patterns whilst
minimizing expression artefacts. We identified 25 distinct clusters,
which corresponded to 14 major cell types. This classification was
based on widely recognized marker genes, extensively validated for
each cell type. The markers used for validating the major esophageal
cell types are detailed in Supplementary Fig. 1a. Lgr5* cells were pre-
sent across all identified lineages at all analyzed developmental time
points, but were most frequently associated with epithelial, muscle,
and neuronal populations, where they constituted approximately 30%
and 25% of the proliferating and non-proliferating squamous epithelial
clusters respectively, together with approximately 10% of the striated
muscle and neuronal clusters (Fig. 1b-d, Supplementary Fig. 1b). The
epithelial Lgr5* subpopulations include early (cuboidal) epithelium,
distinguished by high Krt8 expression, late (squamous) epithelium
with high Krt14 expression, and mixed populations of cycling epithelial
cells expressing known proliferation markers Mki67, Diaph3 and
Cdca8, in addition to established epithelial markers Sox2, Trp63 and
Krt14?2. The epithelial cell pool size expands markedly as development
proceeds and additional suprabasal layers are formed, resulting in the
highest total number of epithelial cells captured at PO. Concurring with
this, most Lgr5* epithelial cells were detected in clusters originating
from the PO time point and were predominantly located in more
mature Krtl4* or proliferating subsets (Fig. 1d, e, Supplementary
Fig. 1b). By integrating the timepoint origin information and expres-
sion profile for each cluster, and performing pseudotime prediction
rooted to Lgr5* cells, we validated the positioning of Lgr5* cells within
cell trajectories and their correlation with distinct developmental
stages (Fig. 1f). Despite being a relatively minor cell pool in early stages,
epithelial Lgr5* were found at roots of early-stage clusters and shown
to have direct trajectories towards multiple differentiated (late) sub-
sets (Fig. 1d-f). UMAP analysis based on the timepoint origin revealed
intriguing insights into the origin of the captured striated muscle cells.
As suggested by Gopalakrishnan et al. %, striated muscle cells of cranial
origin have an active role in external muscle development and were
observed during E13.5 and E16.5 but subsequently lost by PO. The Lgr5*
cell trajectory mirrors this pattern and shows similar changes during
E13.5-16.5 and PO stages. In contrast, non-cranial striated muscle cells
emerged as a prominent muscle cell population after birth, still
encompassing Lgr5" cells (Fig. 1d). Leveraging pseudotime trajectories
of Lgr53-expressing cells throughout embryogenesis, we were able to
delineate their dynamic transformations within the muscle clusters,
transitioning from an initially restricted pool of muscle cells and
fibroblasts to fully differentiated populations of striated and smooth
muscle cells detected in postnatal tissues. This detailed analysis fur-
ther underscores the intricate dynamics of Lgr5® cells within both the
epithelial and muscle layers of the developing esophagus.

Further analysis of cellular identity using established lineage
markers revealed that as development proceeds, captured epithelial
Lgr5" cells display elevated expression of stem/progenitor markers
(Trp63, Sox2, Sox4, Sox6) whilst downregulating differentiation mar-
kers (Krt13, Ivl) (Fig. 1g) suggesting a potential stem/progenitor cell
identity. Timepoint analysis also indicated significant changes in the
expression profile of the Lgr5* epithelial cell pool during development.
Comparison of the top 100 upregulated genes in Lgr5" epithelial cells
at analyzed timepoints revealed only five genes were consistently
expressed during development (Fig. 1h). These shared genes include
Lgr5, together with well-established factors essential for organ devel-
opment or cell functioning (e.g. Plcbl, necessary for organ develop-
ment; the Histl family for chromatin structure regulation). However,
the remarkably diverse composition of the Lgr5* cell populations
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Fig. 1| Single-cell profiling reveals the dynamic changes in the expression
profile of Lgr5* cells during esophageal development. a Experimental design for
isolating esophageal single-cell suspension from E13.5, E16.5, and PO embryos/
neonates. b Percentage of Lrg5" cells detected in indicated clusters. ¢ Violin plots
representing the distribution and expression levels of Lgr5 in the identified clusters.
d UMAP representation of identified clusters showing Lgr5-expressing cells

distribution at all analyzed timepoints. e UMAP clustering depicting cell timepoint
origin for each cluster. f Pseudotime trajectory rooted in Lgr5* cells. g Heatmaps
showing expression of selected epithelial marker genes in Lgr5" and Lgr5- epithelial
single cells detected at E13.5, E16.5, and PO. h Venn diagram of the differentially
expressed genes in Lgr5" cells at analyzed timepoints.

across the different timepoints highlights the dynamic changes they
are undergoing during embryogenesis. The expression profile of Lgr5*
cells at the earliest timepoint analyzed, E13.5, was highly distinct from
that of Lgr5* cells/populations at later stages. Indeed, 88 out of 100
analyzed genes were exclusively expressed in Lgr5* epithelial cells at
E13.5, showcasing the distinct molecular landscape of this subset at
early developmental stages (Fig. 1h). Epithelial Lgr5* cells at E13.5 dis-
play expression of selected epithelial stem/progenitor markers (Krt8,
Krt18, Trp63) or genes known to be critical for gut development, such
as, Prox1, Pdx1, Gataé and Foxp2. Many of the detected genes are
associated with cell adhesion functions (Nrpl, Magi2, Tinag, Coblll),
potentially implicating early embryonic Lgr5" cells in the formation of
epithelial layers and proper structuring of the developing esophagus
(Supplementary Table 1. b). In contrast, E16.5 and PO Lgr5" cell
expression profiles demonstrated a significant overlap, sharing nearly
50% of upregulated genes. Common upregulated genes in late devel-
opmental/early neonatal Lgr5* cells were linked to cell adhesion

(Cdh13, Lamb3, Coli7al), cell cycle regulation (Top2a, Prcl, Mki67,
Diaph3), together with DNA replication and chromatin organization
(Atad2, Smc2, Dut). Uniquely expressed genes at E16.5 were associated
with different signaling cascades known to play a significant role in
organ development (Sox11, Cdh3, Sparc, Agrn) and cytoskeletal orga-
nization and adhesion (Cdh3, Coll1al, Birc5) (Supplementary Table 1b).
At PO, the uniquely expressed genes remain associated with tissue
development (Prickle2, Robol, Frasl, Ltbpl, Lrig3), regulation of dif-
ferent signaling cascades (Wnt5b, Gli3, Sox4, Sema5a) and cytoskeletal
adhesion (Dtnb, Itgb4, Ank3). This comprehensive analysis of Lgr5*
cells across developmental timepoints hints at their evolving role
during esophageal development, predominantly in the formation of
epithelial layers and tissue structuring, potentially facilitated by their
engagement in cell adhesion functions and participation in critical
signaling pathways.

Within the developing esophagus, the muscle layer harbors sig-
nificant populations of Lgr5" cells (Fig. 1b-d, Supplementary Fig. 1b).
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These muscle cells are initially categorized into distinct clusters: stri-
ated muscle cells expressing Pax7, MyoD1, and Myf5; cranial striated
muscle cells expressing Isl1, Tbxl, and Pitx2; and smooth muscle cells
expressing «SMA, Caldl, and Cnnl. The majority of Lgr5" muscle cells
primarily reside within the striated muscle clusters, with a smaller
population found within the smooth muscle subset. Notably, at E16.5,
cranial muscle cells emerge as the dominant pool of striated cells,
aligning with their active role in forming the striated external layer. By
PO, as external muscle formation nears completion, the cranial cluster
diminishes, giving way to the detection of striated muscle cell clusters
(Supplementary Fig. 1a, b) uniformly harboring Lgr5" cells.

To document transcriptional differences between the Lgr5* and
Lgr5 muscle populations, we conducted an analysis of the top upre-
gulated genes in each subset. At E13.5, Lgr5" cells represent a limited
pool within the striated and smooth muscle clusters (Supplementary
Fig. 1c). Comparative expression profiling of Lgr5" and Lgr5 smooth
muscle cells reveals that the former have predominantly upregulated
genes associated with development and signaling (Hoxc8, Tbx3osl,
Hs3st3bl). Conversely, Lgr5® cells within the striated pool display a
significant upregulation of various genes directly linked to muscle
development, including Pax3, Pax7, Msc, and Coll9al. By E16.5,
smooth muscle Lgr5* cells largely maintain an expression profile not
exclusively associated with muscle development, while striated Lgr5*
cells maintain robust expression of striated stem cell markers (Sup-
plementary Fig. 1d). Postnatally, smooth muscle Lgr5* cells express
genes known to play roles in adhesion and cell signaling, such as Fbin2,
Fndcl and Pcdh9. At PO, the divergence of the Lgr5" and Lgr5 striated
muscle expression profiles markedly diminishes, likely correlating with
completion of external muscle layer formation. At this stage, Lgr5"
cells are primarily enriched for transcripts involved in muscle con-
traction (Myh3, Myh8, Mylpf). Nevertheless, the differences are less
pronounced, signifying a potential shift in the contributions of Lgr5*
cells at this stage of postnatal development (Supplementary Fig. 1e).

In summary, the combined findings from the scRNA Seq analyses
at three developmental time points suggest that early Lgr5" popula-
tions are enriched for epithelial and muscle stem cell markers and
critical signaling cascades that are potentially associated with devel-
opment of the esophageal epithelium and the external muscle.

Dynamic expression of Lgr5 throughout embryonic develop-
ment of the esophagus

To validate scRNAseq findings and accurately document the spatial
distribution and expression of Lgr5 in the developing esophagus, we
employed Lgr5-2A-enhanced green fluorescent protein (eGFP) repor-
ter mice, which facilitate the accurate visualization of endogenous
Lgr5" populations whilst retaining physiological Lgr5 expression
levels® (Fig. 2a). To generate a more detailed expression profile for
Lgr5 during embryonic development, we expanded our analysis to
include five embryonic time-points: E11.5, 12.5, 13.5, 14.5, and 16.5. By
incorporating a broader range of embryonic stages, we aimed to
capture a more detailed picture of the evolving landscape and unravel
the intricate Lgr5* cell dynamics throughout esophageal organogen-
esis. Lgr5 expression in the developing esophagi was visualized via IHC
for endogenous GFP (Fig. 2b). The anatomical positioning of the
embryonic esophagus at each developmental stage was determined
using H&E-stained sagittal embryo sections (Supplementary Fig. 2a). At
E11.5, which corresponds to the final phase of gut/airway separation,
we observed low-level Lgr5-GFP expression within the developing
epithelium. The highest levels were consistently detected in the
proximal region, indicating a potential Lgr5 expression gradient at this
early time point (Fig. 2b; Supplementary Fig. 2b). Robust, localized GFP
expression on well-documented Lgr5* stem cell populations at crypt
bases of small intestine from Lgr5-2A-eGFP reporter mice confirmed
the accuracy of the GFP staining protocol for identifying endogenous

Lgr5 expression (Supplementary Fig. 2c). Lgr5 expression was also
detected at this stage within nascent muscle layers wrapped around
the developing esophagus (Fig. 2b). During the dynamic phase of
epithelial development and layering after separation from the
trachea* and until E13.5, Lgr5 expression was enriched in the most
proximal regions of both the epithelial and muscle layers (Fig. 2b,
Supplementary Fig. 2b).

After E13.5, Lgr5 expression in the proximal epithelium gradually
declines, and the observed proximal-distal epithelial expression gra-
dient fades as development progresses (Fig. 2b; Supplementary
Fig. 2b), resulting in almost uniformly low-level expression throughout
the epithelium at E16.5, when GFP reporter signals become almost
undetectable. In contrast, Lgr5-GFP expression within the emerging
external muscle layer becomes increasingly apparent as development
advances from E11.5 to E16.5 (Fig. 2b; Supplementary Fig. 2b). Indeed,
the level and distribution of GFP expression increases during late
embryonic stages, indicating a potential role for Lgr5* cells in the
development and maturation of the esophageal muscle layer.

To independently validate the endogenous expression pattern of
Lgr5 in the embryonic esophagus, we performed RNA in situ hybridi-
zation (ISH) using the RNAScope assay. Consistent with the observa-
tions made in reporter mouse models, we detected Lgr5 transcripts as
early as E11.5 within the proximal esophageal epithelium, as well as in
the mesenchymal cells adjacent to the basal layer (Fig. 2c; Supple-
mentary Fig. 2d). Subsequently, Lgr5 signals increased within the
proximal epithelium and external layers, including the submucosa and
developing muscle, reaching a peak around E13.5 (Fig. 2¢). After E13.5,
proximal epithelial Lgr5 expression gradually declined, mirroring
observations from Lgr5 reporter mice. In the surrounding submucosal
region, a low level of Lgr5 expression persisted throughout the
developmental period from EIL5 to 16.5. This independent confirma-
tion further reinforces the dynamic expression profile of Lgr5 in the
esophageal epithelial and muscle layers during embryonic
development.

To further characterize the Lgr5-GFP* cells in the nascent epithe-
lium and muscle layers, we conducted immunofluorescent co-labeling
(Co-IF) for GFP along with established markers for early epithelial
(Krt8), early external muscle (aSMA), and proliferating (Ki67) cells.
Starting from E11.5, we observed co-localization of GFP and Krt8, an
epithelial marker expressed throughout the early epithelium and
retained in suprabasal layers during late pregnancy/early neonatal
stages (Supplementary Fig. 3a, b). In the developing muscle layer,
starting from EI2.5 we observed clear co-localization of GFP and
smooth muscle actin (xSMA), an early marker of the external muscle
layer. Additionally, the overlap between Lgr5-GFP* cells and Ki67 in
both the nascent epithelial and muscle layers highlighted the active
proliferation of Lgr5" cells during esophageal development (Supple-
mentary Fig. 3a, b).

To further validate the scRNAseq findings, we examined the
expression pattern of Lgr5 in the neonatal esophagus immediately
after birth. The esophageal epithelium reaches maturation by P5,
while muscle development is completed by P14**"?, In neonates
derived from Lgr5-2A-eGFP reporter mice, GFP expression was now
more prominent in the distal region of the developing esophageal
epithelium (Fig. 2d). In contrast, external muscle GFP expression
was most prominent in the proximal and middle regions. To vali-
date the accuracy of the detected GFP signal in neonatal esopha-
gus, we analyzed neonatal SI sections from Lgr5-2A-GFP and wild-
type (WT) mice, as well as WT PO esophagi (Supplementary Fig. 3c).
RNAScope analyses further highlighted a new proximal-to-distal
gradient in the neonatal epithelium, with highest Lgr5 levels in the
distal esophagus, contrary to the pattern observed during
embryonic stages, and scattered Lgr5 signal in neonatal muscle
cells (Fig. 2e). We confirmed these results through qPCR analysis of
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Lgr5 in neonatal esophageal epithelium from WT mice, which
revealed a similar gradient of Lgr5 expression along the proximal-
distal axis of the tissue (Fig. 2f).

In contrast, assessment of Lgr5 expression in the adult esophagus
(8-week-old mice) using the Lgr5 reporter model showed no detect-
able GFP signal (Supplementary Fig. 3d), likely due to the low endo-
genous expression levels of Lgr5. As a positive control, adult small

k " =sssssm Lgr5 Muscle Cells

intestine (SI) from the same Lgr5 reporter line was analyzed, revealing
strong GFP expression. However, ISH analysis revealed restricted
expression of Lgr5 in the epithelium, predominantly within the basal
layer of the distal epithelium, and very low, almost undetectable levels
in the external muscle (Supplementary Fig. 3e). This finding supports
largely developmental-specific roles for Lgr5* cells in the mouse eso-
phagus, at least during homoeostasis.
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Fig. 2 | Spatial and temporal expression of Lgr5 during esophageal develop-
ment. a Schematic representation of the Lgr5-2A-eGFP mouse model and the
experimental setup for Lgr5 expression analysis. b Immunohistochemistry (IHC)
showing endogenous eGFP expression of a whole sagittal E13.5 embryo section; the
dashed line outlines the esophagus; the arrow indicates the proximal esophagus.
Scale bar: 1000 um. IHC for GFP expression in proximal epithelium and muscle
from E11.5 to E16.5. The dashed line indicates the separation between the epithe-
lium and subepithelial layers. Scale bar: epithelium 25 pm, muscle 15 pm. ¢ RNA
in situ hybridization (ISH) demonstrating Lgr5 expression in the embryonic eso-
phagus (proximal and distal). The dashed line indicates the separation between the
epithelium and subepithelial layers. Scale bar: 25 pum. d Immunohistochemistry

(IHC) showing endogenous GFP expression in proximal and distal epithelium and
muscle at PO. The dashed line indicates the separation between the epithelium and
subepithelial structures; e- epithelium, [p- lamina propria, m- muscle. Scale bar:
25 pm. e RNA in situ hybridization (ISH) showing Lgr5 expression gradient in the PO
neonatal esophagus (proximal, middle and distal); epithelium and muscle. Scale bar
25 um. f Quantitative PCR (qPCR) analysis of relative gene expression for Lgr5 at the
PO stage, normalized to the proximal region. n=35, biological replicates. Graph
represent mean + SD with two-tailed unpaired t-test. Statistical significance:
p=0.0057. g Graphic illustration of Lgr5* cell distribution in the muscle and epi-
thelium during esophageal development. Source data are provided as a Source
Data file.

Collectively, these results confirm the presence of discrete Lgr5*
populations within the epithelial and muscle compartments of the
developing esophagus. The discovery of dynamic Lgr5 expression
gradients along the esophagus indicates potential stage-specific con-
tributions of Lgr5" populations to the developing epithelial and muscle
compartments during embryogenesis. During the initial stages
(E11.5-13.5), a notable abundance of Lgr5" cells is evident in the prox-
imal epithelium, concomitant with the onset of Lgr5 expression in the
developing external muscle. At intermediate stages of development
(E14.5-16.5), a gradual redistribution of epithelial Lgr5 expression
towards the middle and distal regions occurs, whereas Lgr5" expres-
sion persists in the proximal muscle layer and expands towards the
middle regions. At later developmental stages (E16.5-P0O), character-
ized by transition of the immature cuboidal epithelium to a more dif-
ferentiated squamous-type epithelium, Lgr5 expression shifts towards
more distal regions. In parallel, robust Lgr5 expression is retained in
proximal and middle regions of the developing muscle layer, whilst
also expanding towards more distal areas coincident with the
appearance of striated components (Fig. 2g, Supplementary Fig. 3f).

Stage-specific contributions of embryonic Lgr5* cells to eso-
phageal development

To functionally evaluate the stem/progenitor potential of the newly-
identified embryonic esophageal Lgr5* cell populations, we employed
the Lgr5-2A-CreERT2;R26-tdTomato in vivo lineage tracing mouse
model, previously utilized to document the stem/progenitor potential
of Lgr5* cells in numerous tissues’'>***°, Lgr5-driven lineage tracing
was initiated at the same embryonic timepoints detailed above by
injecting pregnant females with Tamoxifen (TAM), and the fate of
labeled Lgr5* cells and their progeny within the developing epithelial
and muscle layers was subsequently traced over time (Fig. 3a). 24 h
post-tamoxifen injection, tdTomato (RFP) reporter expression was
detected in single cells and their presumptive immediate progeny
within the developing proximal epithelium and external muscle layers,
consistent with the localization and distribution of endogenous Lgr5-
GFP* cells at the same embryonic stage (Fig. 3b). The induction effi-
ciency of reporter gene expression and the specificity of the IHC stains
were confirmed by analyzing RFP expression in SI from the same
embryo, together with a non-induced control (Supplementary Fig. 4a).
The frequency of tracing initiation at each developmental stage cor-
related with the observed endogenous Lgr5 expression pattern, with
highest levels present in the proximal nascent epithelium at initial
stages E11.5-13.5 (Fig. 3b, c). Labeled epithelial cells were found in the
presumptive progenitor compartment within the basal layer, and
suprabasal layers (Fig. 3¢). To evaluate a potential stem/progenitor cell
identity for the labeled Lgr5" epithelial cells, we examined the co-
localization of RFP expression and Sox2, a reported marker of both
embryonic and adult stem/progenitor cells in the esophagus®, toge-
ther with co-localization of RFP and Ki67 (Supplementary Fig. 4b). Co-
expression of Sox2 was consistently observed in RFP* cells within the
basal and suprabasal layers of the proximal epithelium across the
different developmental stages examined (Supplementary Fig. 4c). Co-

staining with Ki67 revealed the majority of epithelial RFP* cells to be
actively proliferating from EI1L5 until E14.5. In contrast, many of RFP*
epithelial cells at E16.5 were non-proliferative, as evidenced by the
decrease in RFP/Ki67 co-labeling (Supplementary Fig. 4c), potentially
reflecting a change in Lgr5" cell identity/function during epithelial
maturation. Induction at later stages of pregnancy resulted in fewer
labeled proximal epithelial cells, with RFP* cells visible in middle and
distal regions for the first time. While RFP signals were more apparent
in the proximal epithelium initially, they were also observed in indivi-
dual cells within the external muscle layer, especially in the proximal
region where striated muscle cells infiltrate the developing smooth
muscle layer (Fig. 3b). The number of labeled muscle cells increased
with the progression of pregnancy, consistent with observations in
reporter mice (Supplementary Fig. 4d).

To evaluate the contribution of labeled Lgr5* cells and their pro-
geny to the development of the embryonic esophagus, we initiated
lineage tracing at the same developmental stages described earlier and
examined expression of RFP in the esophagi collected after 5 days
(Fig. 3d). We analyzed the distribution of RFP* cells along the proximal-
distal axis and their position within the epithelium, specifically within
the basal-suprabasal layers. During the initial stages of esophageal
development (E11.5-E13.5), epithelial cells are mainly highly pro-
liferative cuboidal lineages. Nevertheless, our analysis reveals that a
subset of these early Lgr5* cells possess a unique ability to remain in
the basal layer for extended periods and expand over time (Fig. 3e,
Supplementary Fig. 4e). Furthermore, by comparing the number of
RFP* clones detected after 24 h and 5-days of lineage tracing we
observed an increase in basal cell clones positive for RFP after 5 days
(Fig. 3c, Supplementary Fig. 4e). Although the induction rate was
relatively low in both the basal and suprabasal layers of the epithelium
at later developmental stages, the 5-day time point exhibited the
highest retention of labeled RFP* clones (Fig. 3e, Supplementary
Fig. 4e). The initially restricted pool of RFP* clones, detected 24 h after
initiation of lineage tracing, underwent significant expansion over the
5-day period. This resulted in the presence of more than 30 RFP* clones
per analyzed section in the proximal basal and suprabasal layers,
together with ~20 RFP* clones in the distal region per section (Sup-
plementary Fig. 4e). Despite the relatively low labeling frequency
documented in the developing epithelium at later stages, we con-
sistently observed more robust Lgr5* cell-driven clonal expansion at
later time points post-induction, highlighting the likely stem/pro-
genitor identity of Lgr5* cells at later embryonic stages (Fig. 3¢, Sup-
plementary Fig. 4e).

In external muscle, the frequency of tracing induction positively
correlated with progression of development, with highest levels
observed at later embryonic time-points for both the proximal and
distal esophagus. Tracing induction was markedly higher in the prox-
imal versus distal esophagus at initial stages (E11.5-E13.5) but was
comparable after E13.5 correlating with the relative endogenous
expression levels of Lgr5 in these different regions (Supplementary
Fig. 4d). After 5 days, a marked expansion of RFP* clones was selec-
tively observed within the proximal esophagus in mice induced at all
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Fig. 3 | Stage-specific contribution of embryonic Lgr5" cells to development of
the esophagus. a Schematic representation of the Lgr5-2A-CreERT2; R26-
tdTomato mouse model used in the experiment and the experimental setup for
Tamoxifen (TAM) induction and 24-hlineage tracing. b Immunohistochemistry
(IHC) showing 24-h lineage tracing of tdTomato* (RFP*) cells in the developing
esophagus, induced at E11.5-E16.5. Magnified regions within the epithelium (e) and
the muscle (m) are shown. The dashed line separates the epithelium and sub-
epithelial tissues. Scale bar: 100 pum. ¢ Quantification of RFP* cell number
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replicates. d Illustration of the experimental setup for 5-day lineage tracing. e IHC
assay showing 5-day lineage tracing of RFP* cells in the developing esophagus,
induced at E11.5-E16.5. Scale bar: 50 pm. f Co-IF labeling for RFP/MyoD1 at E11.5-
E16.5 after 5 days of lineage tracing. Scale bar: 50 pm. g Percentage of MyoD1'/RFP*
and MyoD1'/RFP" cells detected per field of view in developing muscle 5 days post-
induction at the indicated developmental timepoints. n =3, biological replicates.
Data are presented as mean values + SD. Source data are provided as a Source
Data file.

time-points. In contrast, expansion of RFP* tracing units was observed
in distal esophagus at 5 days post- induction from E13.5 embryonic
time-point (Fig. 3d, e, Supplementary Fig 4f). Due to significant
expansion of RFP* clones and technical challenges in accurately dis-
tinguishing between clones originating from distinct Lgr5" cells, we

calculated the percentage of RFP coverage per section using the Semi-
Quantitative® approach. (Supplementary Fig. 4f). Analysis of RFP* area
along the developing esophagus 5 days post-induction from
E11.5-E16.5 stages revealed a proximal-distal expansion of RFP con-
tributions to the muscle compartment during development
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(Supplementary Fig. 4f). The robust expansion of Lgr5* cell-driven
tracing units within the developing proximal muscle layer correlates
well with the known maturation pattern and regional expansion of
striated muscle components at this stage®. Co-IF for RFP and striated
muscle marker (MyoD1) at different embryonic stages, revealed fre-
quent co-expression of RFP and MyoD1" in the proximal esophagus
(Fig. 3f, g), further highlighting the contribution of Lgr5" muscle pro-
genitors to striated muscle formation in the developing esophagus. In
contrast, only a minority of Lgr5* cell-derived tracing units colocalized
with the smooth muscle marker aSMA after 5 days of tracing (Sup-
plementary Fig. 4g). Thus, we confirm that Lgr5" cells and their pro-
geny in the muscle layer predominantly participate in the development
of the striated layer component, with only a minor contribution to the
smooth muscle layer.

To assess the long-term contributions of detected Lgr5*
embryonic cells, we initiated lineage tracing at the previously descri-
bed developmental stages and examined RFP expression in adults (8-
week-old mice) (Supplementary Fig. 5a). We found that only a limited
number of epithelial RFP* clones persisted following induction. Nota-
bly, retention was most prominent in mice induced at E16.5, with
approximately 7 RFP* clones per section retained in adult tissues
(Supplementary Fig. 5b,c). This finding indicates that embryonic Lgr5*
cells are not restricted to short-term contributions to epithelial
development during embryogenesis, but also have a role in forming
the adult epithelial stem/progenitor compartments. Conversely, in the
external muscle, after 8 weeks, there was a major expansion of RFP*
clones starting from the E13.5 time point. The expansion was observed
throughout the muscle layer of the proximal and distal esophagus
(Supplementary Fig. 5b), as evidenced by the RFP coverage area
(Supplementary Fig. 5d). The detected RFP* clones predominantly
correspond to striated muscle lineages, as supported by their co-
localization with Pax7 (striated muscle marker) and limited co-
localization with aSMA (Supplementary Fig. 5e). This finding high-
lights an important contribution of embryonic Lgr5* muscle cell pro-
genitors to the development and maintenance of the muscle layer even
in the adult esophagus.

Lineage tracing experiments in adult Lgr5-2A-CreERT2;R26-tdTo-
mato mice confirmed the retention of a very limited pool of epithelial
Lgr5* cells with stem/progenitor cell activity, predominantly within the
distal basal layer (Supplementary Fig. 5f). 8-week-old Lgr5-2A-
CreERT2;R26-tdTomato mice were administered 2 doses of Tamoxifen
and the esophagi were harvested 2 and 60 days later (Supplementary
Fig. 5). After 2 days, infrequent, single RFP-labeled cells were largely
restricted to the basal layer of the epithelium, where they co-expressed
the Krt14 marker. At 60 days, rare RFP* clones which had expanded to
encompass additional basal and differentiated epithelial cell layers
were present in the distal esophagus, consistent with a stem cell/pro-
genitor identity of a subset of adult Lgr5* cells (Supplementary Fig. 5f).
No lineage tracing was observed in the adult muscle layer at any
timepoint following induction.

Technical challenges in isolating embryonic epithelium and the
low expression of Lgr5 in adult tissues poses major challenges in
functionally evaluating Lgr5" populations and understanding their role
in epithelial development and tissue maintenance in vivo. We there-
fore generated near-physiological esophageal epithelial organoids
derived from adult Lgr5 reporter mice to directly evaluate Lgr5* cell
contributions to epithelial organoid development and maintenance via
lineage tracing. The organoid system is a powerful tool that faithfully
mimics various processes detected in organ injury repair response,
development, or disease in vitro®*"*’. Organoid cultures were routinely
initiated by embedding isolated epithelial cells from adult esophagus
into Matrigel and cultured for up to 12 days, as previously described*®.

Isolated epithelial cells from adult Lgr5-2A-CreERT2;R26-tdTo-
mato mice were plated in Matrigel and treated 1 day after seeding with
4-OHT (the active metabolite of Tamoxifen®) for 18 h to selectively

activate tdTomato (RFP) expression in Lgr5" cells (Supplementary
Fig. 6a). No RFP accumulation was visible on 2-days old organoids (24 h
post-treatment) using brightfield microscopy. By day 4 post-seeding,
scattered RFP signals were observed in approximately 20% of orga-
noids, documenting the presence of limited numbers of Lgr5* cells and
any early progeny within developing organoids. By day 12 post-seed-
ing, RFP* clones had expanded significantly in more than 70% of the
organoids to cover 20-70% of the total organoid surface area (Sup-
plementary Fig. 6b—d). Immunofluorescent co-labeling confirmed that
the day-12 RFP* clones consisted of Krtl4-positive (basal layer) and
Krt13-positive (suprabasal layer) lineages (Supplementary Fig. 6e).
These lineage tracing analyses highlight the major contribution of
adult Lgr5* esophageal cells to epithelial organoid development
in vitro.

To directly evaluate the stem cell potential of adult esophageal
Lgr5* cells via their ability to initiate organoid formation in vitro, we
administered adult Lgr5-2A-CreERT2;R26-tdTomato mice with high
dose Tamoxifen and FACsorted CD104/RFP* (enriched for Lgr5* basal
cells) and CD104"/RFP" (enriched for Lgr5 basal cells) populations after
24 h (Supplementary Fig. 6f). In agreement with the low frequency of
endogenous Lgr5 expression in adult esophagus, numbers of CD104*/
RFP* cells isolated were low. Strikingly, RFP* cells consistently initiated
long-term organoid cultures, even from as few as 150 cells, that could
be passaged long-term, highlighting their remarkable stem cell
potential in vitro. In contrast, CD104"/RFP" cells seeded at the same low
density typically failed to generate organoids or did so at a greatly
reduced frequency with accompanying aberrant morphology (Sup-
plementary Fig. 6g).

Collectively, these lineage-tracing analyses document stage-
specific contributions of embryonic Lgr5" cells to the different com-
partments of the mouse esophagus. In the developing epithelium,
proliferating Lgr5* cells transiently contribute to epithelial develop-
ment at early stages, but later transition into a minor, yet significant
pool of dedicated progenitors contributing to long-term epithelial
maintenance in neonates and adults. In vitro lineage tracing and
organoid initiation assays further highlight the stem cell potential of
adult epithelial Lgr5* cells. A separate Lgr5* embryonic pool functions
as dedicated progenitors providing major contributions to external
muscle development and maintenance.

Epithelial Lgr5* cells are a source of Wnt6 during development
and organoid formation

Having established the dynamic, stage-dependent distribution of Lgr5*
cells and their diverse expression profiles during esophageal devel-
opment, we set out to accurately map the transcriptional profiles of
Lgr5" and Lgr5S populations in situ using spatial transcriptomics. To
facilitate this, we employed the 10X Visium Spatial Gene Expression
platform using frozen sections of the esophagus at E13.5, E16.5, and PO.
The distribution and relative expression levels of Lgr5 were analyzed
for each time point, which revealed similar temporal changes as
observed in the reporter and lineage tracing models (Supplementary
Fig. 7a). It is important to note that the 10X Visium platform lacks
single cell resolution, instead providing a merged expression profile of
adjacent cells (spot diameter- 55um). Nevertheless, through a com-
parative analysis of expression profiles between esophageal Lgr5* and
Lgr5™ spots at each time point, we have documented inherent tran-
scriptional heterogeneity. In addition, we have identified potential
ligands and pathways specific to Lgr5* cells, shedding light on their
potential contributions to development. We consistently observed
robust enrichment of Wnt ligand expression within Lgr5" spots, sug-
gesting a potentially crucial role for embryonic Lgr5" cells as signaling
regulators during development (Supplementary Fig. 7b). While some
ligands were found to be expressed in both Lgr5™ and Lgr5" spots
(Wnt4, Wnt5a, Wntl0a), Wnt6 exhibited a strong association with Lgr5*
spots. Similar expression dynamics were observed with Wnt5b and
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Wnt7b. However, for Wnt5b, although levels were higher in Lgr5* spots,
a notable portion of Lgr5™ spots also showed expression, indicating
that its presence was not exclusive to Lgr5* spots. Wnt7b displayed a
pattern very similar to that of Wnt6. Nevertheless, when validated
using scRNAseq profiling results, the expression in the epithelium was
not confirmed, suggesting that the detected signal from Spatial
Transcriptomics results likely originates from non-epithelial cells
(Supplementary Fig. 7c).

Integrating both our scRNAseq and spatial transcriptomics ana-
lyses, we confirmed a substantial enrichment of Wnt6 expression in
Lgr5* epithelial cells compared to their Lgr5™ counterparts within the
same cluster or spots (Fig. 4a). The distribution of Wnt6" spots closely
resembled the pattern observed for Lgr5" spots (Supplementary
Fig. 7d), and Wnt6" spots displayed enrichment for Lgr5 over Wnt6
spots (Supplementary Fig. 7e), supporting a strong correlation
between Wnt6 and Lgr5. The observed discrepancy between the Wnt6
enrichment levels detected by scRNAseq and spatial transcriptomics at
E13.5 can likely be attributed to technical challenges arising from
profiling the highly limited Lgr5" epithelial population present at this
early embryonic stage, together with the lack of single-cell resolution
using the 10X Visium platform. To validate our findings, we performed
gPCR on additional esophageal samples. Due to organ size limitations
during embryonic development (E13.5 and E16.5) and the inability to
mechanically separate the embryonic epithelium from the surround-
ing external muscle, we analyzed proximal (Lgr5-low region) and distal
(Lgr5-high region) esophageal epithelium from PO neonates. Our qPCR
results confirmed the positive correlation between Lgr5 and Wnt6
expression in these regions (Fig. 4b). To further confirm the colocali-
zation of Lgr5 and Wnté6 in the developing epithelium, we performed
duplex ISH RNAScope (Fig. 4c), which showed robust co-expression of
Lgr5 and Wnt6, particularly within the proximal embryonic epithelium.
These findings were consistent with Lgr5® cell distribution and the
observed expression patterns in reporter and lineage tracing models at
previously analyzed embryonic timepoints. Co-immunofluorescence
analysis of embryos from Lgr5-2A-eGFP reporter mice confirmed the
co-localization of GFP* cells with Wnt6-expressing cells in the epithe-
lium (Fig. 4d). To document whether the limited Lgr5* epithelial pool
present in adult esophagus also expresses Wnt6, we performed duplex
ISH RNAScope for Lgr5 and Wnt6 on 8-week adult esophagus (Sup-
plementary Fig. 7f). Wnt6 expression levels were comparable with
those of Lgr5, displaying a clear proximal-distal gradient. Moreover, a
significantly higher percentage of Lgr5* basal layer cells in both prox-
imal and distal regions co-express Wnt6 (Supplementary Fig. 7g),
demonstrating that, despite their limited frequency, adult Lgr5" cells
still serve as a source of Wnt6. These findings collectively highlight a
significant enrichment of Wnt6 in embryonic Lgr5+ cells throughout
various developmental stages, which persists into adulthood. This
identifies this cell population as a potentially crucial epithelial source
of endogenous Wnt6 ligand during esophageal development.

We next investigated potential functions of the resident Lgr5*
epithelial cells in establishing and maintaining the esophageal epi-
thelium via a targeted cell ablation approach using our Lgr5-2A-DTR
mouse model**. The Lgr5-2A-DTR model expresses an Lgr5* cell-driven
Diphtheria Toxin (DT) receptor gene (Fig. 4e) to facilitate selective
ablation of Lgr5-expressing cells via administration of DT. Ablation of
Lgr5® cells in developing embryos via DT administration to pregnant
females causes embryonic lethality/miscarriage due to body-wide loss
of essential Lgr5" populations, precluding evaluation of Lgr5" cell
contributions to esophageal development in vivo. To circumvent this
limitation, we established the explant culture model, which facilitates
the study of esophageal development ex vivo*°. Embryonic esophagi
from Lgr5-2A-DTR and WT mice at E13.5 were isolated and cultured in a
Matrigel matrix for up to 5 days, with the addition of 0.1 ug/ml DT to
the growth media from day O and DT continually refreshed every
2 days (Fig. 4e). After 2 days of culture, Lgr5" cell-ablated explants

showed marked alterations in the expression of epithelial and muscle
layer markers and elevated cell death (marked by Cp3 expression),
although proliferation levels remained unchanged (Supplementary
Fig. 7h). By day 5, a significant reduction in the size of DT-treated Lgr5-
2A- DTR explants compared to DT-treated WT explants was evident
(Fig. 4f, g). Furthermore, explants with ablated Lgr5" cells exhibited
significant changes in epithelial morphology, with nearly complete
absence of epithelial layering by day 5. This was accompanied by a
marked disorganization of the external muscle layer and increased
expression of the smooth muscle marker aSMA (Fig. 4h). Lgr5" cell
ablation also resulted in a complete loss of proliferation within the
epithelial layer, and a significant reduction within the muscle layer
(Fig. 4h). Dying cells (CP3") were detected in the lumen, epithelium and
muscle. To validate the previously observed correlation between Lgr5
and Wnt6 expression, we conducted immunofluorescence staining for
Wnt6 and Krtl4 on explants (Supplementary Fig. 7i). Lgr5-2A-DTR
explants grown in medium containing DT showed a significant
reduction in Wnt6 expression compared to control groups, further
emphasizing the strong correlation between Lgr5 and Wnt6 in devel-
oping epithelium.

We next assessed the consequences of Lgr5* cell ablation on
organoid formation and maintenance using esophageal organoid cul-
tures derived from adult Lgr5-2A-DTR mice (Fig. 4i). DT was introduced
to the culture media either on the day of seeding or at later time points,
and any resulting effect on organoid growth was evaluated for long-
term and short-term treatments (Fig. 4j, Supplementary Fig. 8a, g, j).
For long-term ablation, DT was added on day O, day 4 or day 7 and
replenished every second day (Supplementary Fig. 8a, g), while for
short-term ablation, DT was left for 24 h before harvesting organoids
on day 7 and day 12 (Supplementary Fig. 8j). To assess the ablation
efficacy, RNAScope analysis was performed on organoids harvested on
day 7 and day 12 for both short-term and long-term treatments (Sup-
plementary Fig. 8b, k). Wild-type (WT) organoids lacking the DT
receptor displayed comparable Lgr5 levels and comparable organoid
size and morphology when cultured in the presence or absence of DT,
confirming that the dose of DT used for Lgr5" cell ablation did not
cause general toxicity in these organoids. In contrast, Lgr5-2A-DTR
organoids subjected to both short-term and long- term DT exposure
demonstrated a noticeable reduction in Lgr5 signal, confirming effi-
cient ablation of the resident Lgr5* population (Supplementary
Fig. 8b, k).

To evaluate the effect of Lgr5" cell elimination on organoid for-
mation efficacy and growth, we analyzed organoids treated long-term
with DT from day O, 4 and 7. Ablation initiated at day O resulted in
significantly impaired organoid formation and growth compared to
WT cultures grown in the same conditions, visible at early (day 7) and
late (day 12) time-points (Fig. 4j, Supplementary Fig. 8c, d, ). Given the
dynamic expression pattern of Lgr5 in the developing esophagus, we
also investigated the consequences of long-term DT administration at
later time points. When DT was added either 4 or 7 days after seeding,
the impact on organoid growth was reduced and the organoid for-
mation efficacy was no longer significantly affected. Moreover, as
organoids matured, the reduction in Lgr5" cells’ impact became more
pronounced, likely because other cells capable of compensating for
Lgr5 elimination had emerged (Supplementary Fig. 8¢, h, i).

To evaluate any influence of Lgr5* cell ablation on epithelial
maturation in vitro, we performed Co-IF labeling for embryonic
cuboidal (Krt8) and squamous (Krtl4) epithelial markers. Adult-
derived organoid models have been previously found to recapitulate
embryonic markers and signaling cascades as part of an injury
response phenotype®*”. Indeed, 12 days after seeding, untreated
organoids presented bi-layered epithelial structures harboring distinct
basal Krtl4* and suprabasal Krt8* layers consistent with ongoing
maturation of the epithelial cells (Fig. 4k). In contrast, DT-treated Lgr5-
2A-DTR cultures displayed an altered epithelial marker expression
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pattern, with a markedly expanded Krt8" compartment and a con-
comitant reduction in expression of the suprabasal differentiated
marker Krtl13. These findings were confirmed by qPCR, demonstrating
robust upregulation of Krt8 in DT-treated Lgr5-2A-DTR organoids
(Supplementary Fig. 8f). qPCR analysis revealed no significant differ-
ences in the levels of squamous epithelial marker Krt14, likely because
the adult epithelial cells used here already display an established Krt14
expression pattern. Prolonged expression of Krt8 in DT-treated orga-
noids indicates a possible delay in the transition from cuboidal to
squamous epithelium upon elimination of the Lgr5* pool.

Given our profiling data indicates that Lgr5* cells may serve as an
endogenous source of Wnt6 ligands, we next considered whether
ablation of Lgr5" cells would also influence the expression of Wnt6 in
organoid culture. Similar to our observations in the esophageal epi-
thelium in vivo, Lgr5 and Wnt6 colocalized within the same cells in WT
organoids (Fig. 41). In Lgr5-2A- DTR organoids treated long-term with
DT, there was a noticeable decrease in both Lgr5 and Wnt6 expression
(Fig. 41), supporting their co-expression in the same cell compart-
ments. Wnt6 immunofluorescence on the same DT-treated Lgr5-2A-
DTR organoids confirmed the reduction of Wnt6 following Lgr5* cell
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Fig. 4 | Epithelial Lgr5 cells are a source of Wnt6 during esophageal develop-
ment and organoid formation. a Violin plots depicting Wnt6 expression in Lgr5-
and Lgr5" single cells and spots detected using scRNAseq and Spatial Tran-
scriptomics. Single set of sequencing data was generated for each analyzed time-
point. The central box shows the interquartile range (IQR), and the line within the
box denotes the median expression level. Whiskers extend to 1.5 times the IQR from
the quartiles, capturing the range of the data within this range. Data are presented
as median + IQR. b Relative gene expression in proximal and distal epithelium
isolated from the esophagus at PO. n = 3, biological replicates. Data are presented as
mean values + SD. ¢ Duplex RNA ISH assay showing Lgr5 and Wnt6 expression in
embryo sections at E13.5, E16.5, and PO. Scale bar: 25 pm. d Co-IF labeling for GFP
and Wnt6 expression in embryo sections at E13.5, E16.5, and PO. Scale bar: 50 pm.
e Schematic representation of the Lgr5-2A-DTR mouse model, the explant culture
assay and the experimental design for ex vivo cell ablation. f Statistical analysis of
explant length after 5 days of ex vivo culture. Statistical significance: p = 0.001
(WT + DT vs Lgr5-2A-DTR + DT), p = 0.0031 (WT nt vs Lgr5-2A-DTR + DT), Sample size:
n=>5 (WT nt), n=4 (WT + DT, Lgr5-2A-DTR + DT), biological replicates. Data are

presented as mean values + SD with two-tailed unpaired t-test. g Five-day-old WT
and Lgr5-2A-DTR explants. Scale bar: 1 mm. h Co-IF labeling for Krt14/Krt8, aSMA,
and Ki67/Cp3 expression in 5-day-old explants. Scale bar: 50 pm. i Schematic
representation of the experimental design for in vitro ablation assay. j Organoids
grown with and without diphtheria toxin (DT) treatment for 12 days. Data are
presented as mean values + SEM. Statistical significance: p <0.0001, n=5 (biolo-
gical replicates). Scale bar: 50 um. k Box plots showing the distribution of organoid
size grown with or without DT treatment for 12 days. Each box plot represents the
distribution of the data, with the box indicating the IQR and the line within the box
denoting the median value. Whiskers extend to the 2.5th and 97.5th percentiles,
capturing the range of the data within this interval. Outliers beyond these per-
centiles are shown as individual points. Data are presented as median + IQR. Sta-
tistical significance: p <0.0001, n =3 biological replicates. Statistical significance
was assessed using Kruskal-Wallis test. I Co-IF labeling for Krt8 and Krt14 expression
in WT and Lgr5-2A-DTR 12-day-old organoids. Scale bar: 100 um. m Duplex RNA ISH
assay showing Lgr5 and Wnt6 expression in WT and Lgr5-2A-DTR 12-day-old
organoids. Scale bar: 25 pm.

ablation, both at early (day 7) and late (day 12) stages (Supplemen-
tary Fig. 9a).

To directly evaluate the functional importance of Wnté6 for epi-
thelial organoid formation, we employed CRISPR/CAS9 gene editing to
generate Wnt6 knockout (KO) organoids. Validated KO organoids
failed to expand in culture (Supplementary Fig. 9b), highlighting a
critical dependency on endogenous Wnté expression. We then eval-
uated whether supplementation with recombinant Wnté protein can
rescue the growth of Lgr5-2A-DTR cultures following long-term Lgr5*
cell ablation, assessed at day 7 and day 12 (Supplementary Fig. 9c). This
revealed a robust reversal of the impaired organoid growth driven by
loss of the resident Lgr5* cells, further highlighting their key role as
endogenous sources of Wnt6 (Supplementary Fig. 9¢c, d). Co-IF label-
ing confirmed that supplementing Wnt6 also reversed the effects of
Lgr5 ablation on the distribution and expression of Krtl4 and Krt13
(Supplementary Fig. 9e).

Together, our findings reveal a robust correlation between
endogenous Lgr5 and Wnt6 expression within the developing eso-
phageal epithelium. This suggests that Lgr5* cells likely play a pivotal
role as a significant source of Wnté6 during the early stages of devel-
opment, representing a substantial subset of the Wnt6" cell population
within the epithelium. Significantly, in vitro and ex vivo experiments
using organoids and explants confirmed that elimination of Lgr5* cells
led to a marked decrease in Wnt6 expression. Furthermore, the
absence of Wnt6 substantially impaired organoid formation and
resulted in dysregulation of Krt8" and Krtl4* population dynamics and
distribution. ~ Remarkably,  external supplementation  of
Wnt6 successfully reverted the phenotype of organoids, restoring the
Krt13/Krt14 distribution observed in WT organoids. These findings
underscore the functional importance of Lgr5* cells in maintaining the
integrity of the developing esophageal epithelium.

Discussion

Here, we employ single-cell RNA sequencing, spatial transcriptomics
and faithful reporter mouse models to document the presence of
phenotypically heterogenous populations of Lgr5* cells predominantly
within squamous epithelial and striated muscle compartments of the
developing mouse esophagus. Lgr5 is detected soon after foregut
separation at E11.5 and subsequently displays a dynamic expression
pattern within the developing epithelium until birth. Comparative
expression profiling of Lgr5* epithelial populations during latter stages
of embryogenesis highlights the transcriptional diversity of E13.5
populations relative to that of E16.5 and PO populations. Notably, late
embryonic/early neonatal populations display elevated expression of
stem/progenitor markers such as Trp63, Sox2, and a concomitant
reduction in differentiation markers such as Krtl3, Ivl, hinting at a

potential epithelial stem/progenitor cell identity. In accordance with
this, in vivo lineage tracing assays using our well-validated Lgr5-2A-
CreERT2;R26-tdTomato mouse model establish a transient contribu-
tion of proliferating E11.5-13.5 Lgr5" cells to early epithelial develop-
ment, whilst late embryonic/early neonatal Lgr5* populations function
as a pool of dedicated progenitors contributing to the establishment
and maintenance of the adult epithelium (Fig. 5a, b).

A highly dynamic Lgr5* expression pattern is also observed within
the developing external muscle layer, with expression becoming
increasingly apparent as development advances from E11.5 to E16.5,
predominantly within striated muscle lineages enriched for stem cell
markers such as Pax7. The observed pattern correlates well with known
developmental dynamics of the embryonic muscle layer. Early in
development, external muscle primarily comprises smooth muscle
cells, but after the gut/airway separation the muscle layer undergoes
proximal to distal replacement by cranial mesoderm-derived migra-
tory striated muscle cells”, which infiltrate the proximal region of
developing external muscle and initiate the formation of the striated
muscle layer*’. Importantly, our in vivo lineage tracing assays identify
these embryonic Lgr5* populations as a major pool of stem/progeni-
tors contributing to external muscle development and maintenance in
the mouse esophagus (Fig. 5a, b).

Comparative profiling of late embryonic/early neonatal epithelial
populations reveals a marked enrichment of several Wnts, including
the canonical ligand Wnt6. Wnt signaling is a critical regulator of
epithelial development and maintenance in many organs, where it
forms a key component of the local niche for resident stem/pro-
genitor cells*. In the embryonic mouse esophagus, Wnt6 is known to
be selectively expressed in the developing esophageal epithelium, but
its specific source and function are poorly defined*’. Here, we
demonstrate that CRISPR-mediated KO of Wnté6 in adult epithelial
organoids prevents organoid growth, highlighting a critical depen-
dence on endogenous Wnt6. We further identify nascent Lgr5*
populations within the developing epithelium as a key source of
endogenous Wnt6 required for the formation and maintenance of
esophageal organoids in vitro. It remains to be established whether
the Wnt6 ligands supplied by the nascent Lgr5* epithelial populations
serve an autocrine function to regulate endogenous Lgr5* stem/pro-
genitor cell activity, or instead act in a paracrine fashion to influence
proliferation/cell fate decisions of neighboring populations during
esophageal development (Fig. 5a).

Essential contributions of the newly documented Lgr5* popula-
tions to the nascent esophagus are further highlighted by the severe
impairment to ex vivo embryonic explant development following tar-
geted ablation of resident Lgr5" populations. The elimination of resi-
dent Lgr5* cells from cultured epithelial esophageal organoids induces
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a substantial delay in maturation. This delay is marked by prolonged
expression of the embryonic basal layer marker Krt8, reduced
expression of suprabasal marker Krt13, and a decrease in organoid size.
Our study underscores the crucial role of Lgr5* cells as both embryonic
stem/progenitors and as a major source of endogenous Wnt6, which
plays a significant role in regulating epithelial patterning. While Wnté6 is
a key contributor to epithelial organoid formation in vitro and likely
also during epithelial development, it is unlikely to be the sole critical
player. Lgr5* cells within the developing external muscle express var-
ious key ligands and growth factors, such as Notch, Shh, and BMPs,
which could potentially influence epithelial development through
short-range signaling interactions. Further studies are needed to elu-
cidate potential crosstalk between the Lgr5® pool in the muscle layer
and epithelial development.

In the adult esophagus, minor epithelial pools of Lgr5* cells are
found predominantly within basal compartments of more distal
regions, where they make limited, yet significant, contributions to
epithelial maintenance throughout life. Strikingly, isolated adult
Lgr5* epithelial cells display potent stem cell potential in organoid
initiation assays modeling epithelial injury responses, potentially
reflecting an important role for adult Lgr5+ role in driving epithelial
repair in vivo.

Taken together, the findings presented in this study provide
insights into the role of Lgr5" stem/progenitor cells in the devel-
opment of the different esophageal tissue compartments during
embryogenesis. This discovery significantly advances our under-
standing of esophageal development by revealing the presence of
previously unrecognized populations of epithelial Lgr5* cells with
stem/progenitor properties, and Lgr5* external muscle cells that
critically contribute to striated muscle formation. In addition to

their stem/progenitor functions, these Lgr5* populations likely
supply key ligands to modulate local signaling pathways necessary
for orchestrating proper organogenesis and tissue maturation in
the mouse esophagus. Reactivation of key developmental pro-
grams is associated with tissue regeneration and cancer develop-
ment in adults. It will therefore be interesting to explore potential
contributions of Lgr5" populations to tissue regeneration and dis-
ease in the esophagus. The comprehensive findings presented here
establish a foundation for future studies aimed at deciphering the
functional significance and therapeutic potential of Lgr5* cells in
esophageal development and disease.

Methods

Mouse models

Wild-type C57Bl6 and Lgr5-2A-EGFP, Lgr5-2A-DTR and Lgr5-2A-
CreERT2 mice were used in the study. Lgr5-2A-EGFP, Lgr5-2A-DTR
and Lgr5-2A-CreERT2 were described previously”*®. The Rosa26
tdTomato mice were purchased from Jackson Labs. The mice were
housed under a 12 h light-12 h dark regime at ~21-23 °C and approxi-
mately 50% humidity. For embryonic analyses embryos were harvested
at E11.5, 12.5, 13.5, 14.5 and 16.5 timepoint; for neonatal analyses PO
neonates were used. Harvested embryos/neonates were not geno-
typed and sex was not determined. For adult analyses and organoid
culture 8-week old mice were used, sex was not considered. Geno-
typing primers are provided in Supplementary Table 2. All animal
experiments were approved by the Institutional Animal Care and Use
Committee of Singapore, Agency for Science, Technology and
Research (A*STAR), under the IACUC protocol #231775. The experi-
ments were not randomized, and there was no blinded allocation
during experiments and outcome assessment.
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Animal experiments

For induction of lineage tracing from embryonic stages, 0.2 mg/g body
weight of tamoxifen (Sigma, T5648) was injected intraperitoneally to
the pregnant female mice at E11.5-E16.5. Timed pregnancies were
staged relative to a vaginal plug detection representing embryonic day
0.5 (E0.5). Progesterone (Sigma, PHR1142) was dissolved in sesame oil
(Sigma, S3547) and injected s.c. at 50 pg/g body weight to pregnant
females at the same time points.

Cell dissociation and in vitro/ex vivo culture

For epithelial cell dissociation and organoid culturing. Esophagi
were harvested from adult mice in cold phosphate-buffered saline
(PBS) with 1% penicillin/streptomycin (Gibco, 15140122), 5 ml/esopha-
gus. To isolate epithelial cells, muscle and epithelial layer were
mechanically separated as previously described". Epithelium sepa-
rated from external muscle layer was finely chopped using scalpel
blades and collected in a 15 ml Falcon tube with 0.25% Trypsin-EDTA
(Gibco, 25200056)/2000 U/ml DNAse | (Qiagen, #79256), digestion
solution at 37 °C for 45 min with vigorous vortexing every 15 min (-3 ml
digestion solution per sample). After digestion, Trypsin was inacti-
vated with a 3x volume of 10% FBS + growth medium (growth medium
details indicated below), followed by vigorous pipetting. The cell
suspension was passed through a 70-pm sterile strainer attached to a
50 ml Falcon tube. Subsequently, the suspension was filtered through a
40-um sterile strainer attached to a 50 ml Falcon tube to obtain a
single-cell suspension. Obtained single cell suspension was cen-
trifuged at 430 g for 3min at 4 °C. After centrifugation, the super-
natant was discarded, and the pellet was resuspended in growth factor-
reduced Matrigel mixed with growth medium at a 1:1 ratio. Isolated
primary esophageal cells were suspended in a 15-50 pl Matrigel/
Growth Medium mix, with the volume adjusted according to the spe-
cific experiment and plate used. Cell counts ranged from 150 to 5000
cells per well, with adjustments made depending on the experiment
and well volume. The cells were then cultured in growth medium.

Organoid growth medium. 50% WRNF/Advanced DMEM/F-12 media
(Gibco, 12634010) supplemented with 1X Glutamax (Thermo Fisher,
35050061), 1% Penicillin/Streptomycin (Gibco, 15140122), 1X B27
(Invitrogen, 17504044), 10 mM Nicotinamide (Sigma, N0636), 10 uM
p38 MAPK inhibitor- SB202190 (StemCell Technologies, SB202190),
50 ng/ml EGF (Invitrogen, PHGO311), 2puM A83-01 (Tocris, 2939).
10 pM Rock-inhibitor -Y27632 (Sigma, YO0503) was added to single- cell
cultures for the first three days of culture.

Culture medium was changed every second day. Organoids were
analyzed on day 1, 4, 7, 11 or 12 of culture. For ablation assays DT
(Sigma, D0564) was added at a concentration of 0.05-0.075 pg/ml to
the culture medium to induce Lgr5+ cell ablation at the indicated time
points. For Wnt6 supplementation assays recombinant Wnt6 protein
0.1pg/ml (Novus, HO0007475-P01) was added to growth medium
containing 0.075pug/ml DT. The treatment was replenished every
second day.

For esophageal explant culture. All dissection steps were performed
on ice. Embryos were harvested from Lgr5-2A-DTR and C57BL/6) mice
at E13.5. Embryonic esophagi were dissected under a dissection
microscope using needles and microdissection scissors. Embryos were
placed in a petri dish on ice, and the ventral side of each embryo was
opened to expose the heart, lung, and gut. Using a fine needle, the
esophagus was carefully separated from the surrounding organs.
Together with the stomach, it was transferred to a 1.5 ml Eppendorf
tube containing ice-cold 1x PBS/1% PenStrep (1 ml per esophagus). The
stomach and pharyngeal muscles were left attached. Matrigel matrix
was prepared as previously described*® with slight modifications.
Matrigel was mixed with explant culture medium in a 1:1 ratio. Explant
culture medium composition: Opti-MEM (Gibco, 14025), 20% WRNF,

1% Penicillin/Streptomycin (Gibco, 15140122),10% FBS, and 1 ng/ml FGF
(StemCell Technologies, 78003.1). The prepared Matrigel/culture
medium mix was placed on the dish bottom (-50 ul/well), allowing it to
set for 15-30 min at 37 °C. Dissected embryonic esophagi were trans-
ferred directly from ice onto the Matrigel dome and overlaid with
additional Matrigel prepared in the same manner as the bottom layer,
then left to set for an additional 30 minutes. Embedded explants were
covered with growth medium. The medium was refreshed every
2 days. For the DT-treated groups, 0.1 pug/ml DT was added to the
growth medium from day O onwards.

Generation of Wnt6 knockout in mouse epithelial organoids
WT mouse organoids were cultured in Matrigel (Corning, #356231)
domes in standard esophageal organoid growth medium. After 5
passages organoids were dissociated using 0.25%Trypsin (Gibco,
#25200056) to obtain single cell suspension, and viability determined
using 0.4% Trypan Blue (Gibco, #15250061) staining. 37.5 pmole sgRNA
(IDT), 1pg spCas9 protein (IDT, #1081059) and 1.25 ul R buffer (Neon
transfection kit, Invitrogen, #MPK1096) was mixed and incubated at
room temperature for 20 min to form RNP complexes. RNP complexes
were electroporated into 450,000 cells using Neon transfection sys-
tem (Invitrogen, #MPK5000) at 1700 V, 20 ms, 1 pulse. Electroporated
cells were equally seeded into two wells of 48-well dish in WRNF
growth medium with Y-27632 (Stemcell Technologies, #72304). 72 h
post-electroporation, gDNA was isolated using Quickextract™ DNA
extraction solution (Lucigen, # QE09050). PCR was performed using
the Q5° high-fidelity PCR kit (NEB # M0491L), following manufacturer’s
instructions, to amplify target site. Primers are provided in Supple-
mentary Table 2. Target site was then Sanger sequenced to check for
indels. Extensive overlapping peaks at the sgRNA binding site show
high editing efficiency. Pooled population organoids were then dis-
sociated using 0.25%Trypsin/EDTA and seeded at low densities ranging
from 50 to 1000 cells per well in 48-well dish to generate clonal
organoids. Five days later, clonal organoids were manually picked and
transferred to individual wells in 96-well dish.

RNA isolation and qPCR

RNA was isolated from cells using QIAzol Lysis Reagent (Qiagen,
#79306) or RNeasy Universal Plus Kit (Qiagen, #73404) according to
the manufacturer’s instructions. cDNA was generated using Super-
script Il (Life Technologies, #18080044) according to the manu-
facturer’s instructions. qPCR was performed in triplicate per gene for
at least three biological replicates using GoTaq SYBR Green dye (Pro-
mega, A6002) according to the manufacturer’s instructions. Relative
quantification of gene expression was analyzed with Step One Soft-
ware v2.1 (Applied Biosystems) or Bio-Rad CFX Manager using the
AACT method with Gapdh as an endogenous reference. The qPCR
primers are described in Supplementary Table 2.

Immunohistochemistry and immunofluorescence

All IHC/IF assays were performed according to the standard protocol.
Tissues were fixed in 4% paraformaldehyde (PFA) overnight at 4 °C
before paraffin embedding. IHC/IF was performed on deparaffinized
and rehydrated 6-8 pum tissue sections. Antigen retrieval was carried
out by heating slides at 121 °C for 20 min using 2100 Antigen Retriever
(Aptum Biologics) either in a modified citrate buffer, pH 6.1 (51699,
DAKO) or Tris/EDTA buffer, pH 9.0 (52367, DAKO). The following
primary antibodies were employed: rabbit anti-Krt8 (1:400; Abcam,
ab53280, lot 1008419-3), rabbit anti-cleaved Caspase3 (1:200; Cell
Signaling, 9661, lot 47), rabbit anti- Ki67 (1:200; ThermoFisher, MAS-
14520, lot YB3824981), mouse anti-Ki67 (1:200; BD Transduction
Laboratories, 550609, lot 6195670), chicken anti-GFP (1:100; Abcam,
ab13970, lot ar3190550-17), rabbit anti-GFP (1:200; Cell Signaling,
29568, lot 2), rabbit anti-RFP (1:200; Rockland, 600-401-379, lot
46510), mouse anti-RFP (1:100; Abcam, abl25244, lot ar3426475-1),
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mouse anti-Krtl4 (1:200; Abcam, ab7800, lot 1013337-1), mouse anti-
MyoD1 (1:100, Agilent Dako, M3512, lot 10115416), mouse anti-Sox2
(1:200, Millipore, MAB4343, lot 3464576), mouse anti-aSMA (1:200,
Invitrogen, MAS511547, lot WO03247394), rabbit anti-Krt13 (1:200,
Abcam, ab92551, lot 1016806-6), rabbit anti-Wnt6 (1:200, Elabscience,
E-AB-17612, lot DK2984), mouse anti-Pax7 (1:100, DSHB, AB_528428).
The peroxidase-conjugated secondary antibodies used were mouse/
rabbit EnVision + (DAKO) for HRP IHC or anti-chicken/rabbit/mouse
Alexa Fluor 488 (1:500, Invitrogen, #A21202, lot 2563848; #A11008, lot
2521157), Alexa Fluor 594 (1:500, Invitrogen, #A11005, lot 49818A;
#11012, lot 1704538), Alexa Fluor 647 (1:500; Invitrogen, #A21236, lot
2482947; #A31573, lot 2674379) IgG for IF. IHC slides were mounted
using DPX (Sigma 1.07979.0500) and IF slides were mounted using
Hydromount (National Diagnostics, HS-106) with Hoescht or DAPI as
nuclear counterstain. Inmunostainings were repeated on at least three
tissue sections per tissue block and with at least three biological
repeats. Only representative immunostainings were included in the
manuscript. H&E staining was performed on deparaffinized and rehy-
drated 6 pm tissue sections which were stained with Haematoxylin 2
(Richard-Allan Scientific, 7231L) followed by Scott’s blue reagent (0.2%
NaHCO3 (w/v), 2% MgS0O4 (w/v) in water), then Eosin (Sigma,
HT110132). Stained sections were dehydrated and mounted using DPX
(Sigma 1.07979.0500).

Flow cytometry

Cells were dissociated as previously described, and the suspension was
centrifuged at 430 x g for 3min at 4°C. The resulting pellet was
resuspended in HBSS containing 5% fetal bovine serum (FBS, Hyclone,
SH30071.04) and 1% PenStrep (Gibco, 15140122) (solution volume:
500-1000 pl per esophagus processed) before being filtered through
a40 pm strainer. CD104 Antibody (FITC-conjugated, 1:750, BioLegend
123606, lot B193078) was added to the suspension and incubated on
ice for 30 min. Following incubation, the samples were washed three
times with PBS containing 1% Pen/Strep and centrifuged at 430 x g for
3 minutes at 4 °C. The resulting pellet was then resuspended in a 5%
FBS/1% PenStrep/HBSS solution and sorted using a BD Influx Cell
Sorter (BD Biosciences). Cells were collected in a 5% FBS/1% PenStrep/
HBSS solution for subsequent organoid culture.

RNA in situ hybridization (ISH)

RNAscope experiments were performed on deparaffinized and rehy-
drated 6-8 um thick sagittal embryo sections (time points E11.5-E16.5),
neonatal esophagus sections (time point PO), and adult esophagus
sections from 8-week-old samples. RNAscope 2.0 FFPE Brown Reagent
Kit was used for singleplex experiments and RNAscope 2.5 HD Duplex
Assay for duplex staining (Advanced Cell Diagnostics, ACD). All pro-
cedures were performed according to manufacturer’s instructions.
Probes used in this study were: Lgr5 (Cl, C2), Wnt6 (Cl). Adjacent
sections were hybridized for DapB as negative control and PPIB as
positive control for each experiment. All procedures were performed
according to manufacturer’s instructions. Probes used are listed in
Supplementary Table 3.

Mouse embryo collection and sample preparation for single cell
RNA-sequencing

For the single-cell analysis, timed breedings were set up between
C57BL/6) mice, and the day of plug detection was considered
embryonic day 0.5. The esophagi were microdissected at E13.5/E16.5/
PO from 12, 9, and 7 embryos/neonates, respectively, and dissected
tissues pooled for each time point. Samples for each time point were
isolated and pooled from 2 to 3 litters. Single-cell dissociation was
done by cold active protease digestion as described previously”. Dis-
sected tissues were transferred to ice-cold PBS with 5mM CaCl2,
10 mg/ml of Bacillus Licheniformis protease (Sigma, P5380-250MG),
and 125 U/ml DNAse | (Qiagen, #79256), and incubated on ice with

mixing by pipet every 2 min. Samples were incubated on ice for 7 min
(E13.5), 9 min (E16.5) and 12 min (PO) and single-cell dissociation was
confirmed under a brightfield microscope. Cells were then transferred
to a 15 ml conical tube, and 3 ml ice-cold PBS with 10% FBS (FBS/PBS)
was added. Cells were pelleted at 4 °C (300 x g for 5min) and resus-
pended in 2 ml PBS/FBS. Cells were washed three times in 5 ml PBS/
0.01%BSA (PBS/BSA) and resuspended in a final cell concentration of
100,000 cells/ml for scRNA-seq. Single-cell suspensions of each stage
were loaded onto the Chromium Instrument (10x Genomics) to gen-
erate single-cell gel beads in emulsion. Single-cell RNA- Seq libraries for
high-throughput sequencing were prepared using the Chromium
Single Cell Library and Gel Bead Kit (10x Genomics). All samples were
singleplexed together and sequenced in an Illumina NovaSeq 6000
(HWI-ST1276).

Single cell RNA sequencing data processing

Library preparation and sequencing were performed by Novogene
using their standard workflow. FASTQ files for each sample were
generated and processed by Novogene according to their protocol.
Briefly, reads from single-cell RNA sequencing (scRNA-seq) were pro-
cessed using Cell Ranger software (10x Genomics) with default para-
meters. This processing included alignment to the reference genome,
unique molecular identifier (UMI) collapsing, UMI counting, and initial
quality control. Filtered gene expression matrices, containing only
cellular barcodes, were generated. Data quality control was subse-
quently performed using the Seurat R package.

Alignment summary. Splicing-aware alignment of reads to the gen-
ome was performed using the STAR aligner in Cell Ranger. The tran-
script annotation GTF file was utilized to categorize reads into exonic,
intronic, and intergenic regions, based on their alignment to the gen-
ome. A read was classified as exonic if at least 50% of it intersects with
an exon; as intronic if it is non-exonic and intersects with an intron; and
as intergenic if it falls outside these regions. Exonic reads were further
aligned to the transcriptome using the provided annotation. Reads
that aligned to exons of annotated transcripts and were on the same
strand as the transcript were considered mapped to the transcriptome.
Only uniquely mapped reads among the mapped set were used for
unique molecular identifier (UMI) counting.

Cell calling and UMI counting. The cell-calling algorithm, based on
the EmptyDrops method within Cell Ranger, was employed to identify
cell-associated barcodes. This was achieved by evaluating their unique
molecular identifier (UMI) counts and RNA profiles.

Quality control summary. For each cell, quality control metrics
including the total number of counts and the proportion of counts
derived from mitochondrial genes were calculated. Cells were filtered
out from downstream processing if they met any of the following
criteria: fewer than 200 genes detected, genes with non-zero counts in
at most 3 cells, more than 8000 features (indicative of potential mul-
tiplets), or if the proportion of counts attributable to mitochondrial
genes exceeded 50%.

Identification of highly variable genes (HVGs). Following cell filter-
ing, gene expression matrices from each sample were imported into
Seurat. Gene expression values were normalized by dividing the total
counts for each cell, multiplied by a scale factor (the median UMI
counts for all cells in the sample), and then log-transformed using
loglp. The gene expressions were subsequently scaled. Highly variable
genes (HVGs) were identified using the FindVariableGenes function,
selecting genes with the highest standardized variance via the selec-
tion.method = ‘vst’. The top 3000 most variable genes identified by
Seurat in each sample were used to compute principal components
(PCs). The counts-per-median (CPMi,j) were calculated as Counti,j/
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Totalcountj * M, and the expression values (Ei,j) were computed as
log10(CPMijj + 1).

Single cell RNA sequencing data analysis

Data was collected from Novogene experimental output after cellran-
ger analysis (10X Genomics). Three separate datasets corresponding to
three data points (E13.5, E16.5 and PO) were merged using Seurat’s
merge function®. From the resulting dataset, a subset was generated
with the following criteria: cells were retained if they exhibit a gene
count of at least 300, a total count of UMIs of more than 1500, and no
more than 15% of mitochondrial RNA. Additionally, only genes exhi-
biting the top 2000 highest cell-to-cell variation in the datasets used in
the downstream analysis. Surviving feature counts for each cell were
divided by the total counts for that cell and multiplied by a scale.factor
of 10,000; this was then natural-log transformed to obtain the final
LogNormalisation. Data was subsequently scaled using a Z-score scal-
ing. Principal component analysis (PCA) was run on the scaled, nor-
malized dataset in order to apply a UMAP projection (15 dimensions)*¢.
A 20-nearest-neighbor graph was constructed in order to apply Seur-
at’s shared nearest neighbor (SNN) modularity optimization based
clustering algorithm (resolution = 0.5). Clusters were merged based on
observed expression levels of several markers, including Lgr5 (using a
threshold of 1.5 in scaled magnitude to differentiate “high” from “low”
expression). Heatmaps were produced using the ComplexHeatmap
package®’, with no clustering on the rows nor columns. Pseudotimes
were computed using monocle, as described below. After casting to a
monocle cds object*® using as.cell_data_set (from the SeuratWrapper
package), cells were reclustered using monocle’s own clustering
function (Leiden community detection method*’, UMAP projection).
The principle graph on the clusters was extracted using the reversed
graph embedding algorithm with partition®°. Cells were ordered using
the Lgr5+ (highly expressing, see above) cells as roots, thus generating
the pseudotime trajectories. Loupe Browser (version 6.4.0, 10x Geno-
mics) and cloupe files (generated by Novogene) were used to identify
differentially expressed genes in Lgr5+ and Lgr5- cells at E13.5, E16.5,
and PO. Epithelial and muscle clusters were defined in each dataset
using common markers (Supplementary Table 1a). Lgr5+ cells were
identified within each epithelial cluster using the “Gene/Feature
Expression” function in Loupe Browser. Cells were considered positive
if the expression level was greater than O, ensuring the inclusion of all
cells with detectable Lgr5 levels. The “Significant Feature Comparison”
function of Loupe Browser was then employed to compare the
expression profiles of Lgr5+ and Lgr5- cells, generating a list of upre-
gulated genes for both groups. These lists were compared across
timepoints to identify genes consistently expressed in Lgr5+ cells
across all stages. Violin plots were generated using the “Violin Plots of
Gene/Feature Expression” Loupe Browser function.

Spatial transcriptomics sample preparation and RNA quality
evaluation

Embryos were collected from pregnant females (C57/BL6) at E13.6 and
El6.5 stage and esophagi were dissected from PO neonates. The sex of
embryos and neonates was not determined. All samples were dissected
onice and fresh frozen in Tissue-Tek® O.C.T. Compound (#4583). After
tissue freezing and prior to sample processing, approximately 8 tissue
sections (8 um thickness) were collected for RNA quality evaluation
using the RNeasy Mini kit (Qiagen, #74104). Extracted total RNA was
measured using the Agilent Bioanalyzer (Agilent, RNA 6000 Pico kit,
Part number 5067-1513) to obtain RIN scores. The remaining portions
of the same samples were cryo-sectioned at 8 um thickness and placed
onto Visium Spatial Gene Expression Slides (Visium Spatial Gene
Expression Slide & Reagent Kit, 16 rxns PN-1000184). Slides with
sample sections were stored at —80 °C for 24 h before processing.
Spatial gene expression libraries were generated following the 10x
Genomic Visium Spatial Gene Expression protocol (User Guide,

CG000239 Rev E, Product number 1000184). Libraries were

sequenced on the lllumina NovaSeq (HWI-ST1276).

Data processing

Raw sequencing data were processed by 10x Genomic using the 10x
Genomic Space Ranger pipeline(version-2.0.0) to generate fastq files.
Sequences were aligned to mm10 genome to gene expression count
using Space Ranger default settings. Gene expression level of Refseq
coding genes were quantified using Space Ranger’s default settings.

Data analysis

Spatial transcriptomics data were analyzed using cloupe files gener-
ated by 10x Genomics and Loupe Browser (version 6.4.0, 10x Geno-
mics). Spots covering the embryonic esophagus were manually
selected based on histological features using the Loupe Browser. This
selection involved visually inspecting the sections to identify spots
corresponding to the esophagus. The expression levels of genes of
interest were evaluated across the selected spots. To detect spots
expressing each analyzed gene, we employed the “Gene/Feature
Expression” function of Loupe Browser. The Scale and Attribute menu
within this software was used for filtering and selecting features based
on gene expression levels. For each gene analyzed the parameters in
the Scale and Attribute menu were set to “Log2” and “Feature Aver-
age,” with the selection criterion of “> O counts.” For all genes, the
“Select by Count” feature was utilized to set a threshold by selecting
spots with an expression level greater than 0. This ensured that all
spots with detectable expression of analyzed genes were included in
the analysis. Violin plots generated to compare the expression levels of
different genes between spots were created using the Violin Plots
feature of the Gene/Feature Expression tool in Loupe Browser.

Microscopy imaging

The following microscopes were used for image acquisition: Nikon Ni-
E microscope/DS-Ri2 16.25MP color camera with 2.5x F-mount coupler
was used for IHC, H&E and RNAscope slides. IF samples were imaged
on Confocal Microscopes Zeiss LSM 780/LSM 800/LSM 880. Cultured
cells and organoids were captured with Evos AMEX1000 and Evos
MS5000 Imaging Systems.

Image processing and analysis

Brightfield and immunofluorescent images were processed using
ImageJ or ZEN 3.4 Blue Edition Software. Adobe Photoshop and Adobe
Illustrator were used for white balance and contrast adjustments.

Quantification and statistical analysis

Statistical analyses were performed using Microsoft Excel and Graph-
Pad Prism. Datasets were evaluated for normality using the Shapiro-
Wilk test. Variables that follow a normal distribution were analyzed by
the unpaired, two-tailed Student’s t-test and Two-way ANOVA tests.
Datasets that do not follow a normal distribution were analyzed using
Kruskal-Wallis test. A p-value less than 0.05 was considered statisti-
cally significant.

Statistics and reproducibility

All samples discussed in this manuscript were measured and analyzed
as biological replicates. Reproducibility was confirmed by at least three
independent experiments. All IHC/IF/ISH assays were done on at least 3
biological replicates, at least 3 sections were analyzed for each repli-
cate. For scRNAseq samples were collected from n=12 (E13.5), n=9
(E16.5), n=7 (PO) and pulled together for sequencing. For Spatial
Transcriptomics one capture area was analyzed for each timepoint.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The scRNAseq and Spatial Transcriptomics datasets generated in this
study are available in the Gene Expression Omnibus (GEO) database
under accession codes GSE272184 and GSE271795. Source data are
provided with this paper.

Code availability
No new codes were generated in this study. List of all code packages
used in the analysis is provided in Source Data file.
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