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expression patterns of transporter genes
along the upper gastrointestinal tract.
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SUMMARY

The upper gastrointestinal tract, consisting of the esophagus, stomach, and duodenum, controls food trans-
port, digestion, nutrient uptake, and hormone production. By single-cell analysis of healthy epithelia of these
human organs, we molecularly define their distinct cell types. We identify a quiescent COL17A1"9" KRT15M9"
stem/progenitor cell population in the most basal cell layer of the esophagus and detect substantial gene
expression differences between identical cell types of the human and mouse stomach. Selective expression
of BEST4, CFTR, guanylin, and uroguanylin identifies a rare duodenal cell type, referred to as BCHE cell,
which likely mediates high-volume fluid secretion because of continual activation of the CFTR channel by
guanylin/uroguanylin-mediated autocrine signaling. Serotonin-producing enterochromaffin cells in the antral
stomach significantly differ in gene expression from duodenal enterochromaffin cells. We, furthermore,
discover that the histamine-producing enterochromaffin-like cells in the oxyntic stomach express the lutei-

nizing hormone, yet another member of the enteroendocrine hormone family.

INTRODUCTION

The main functions of the gastrointestinal (Gl) tract are food
digestion, nutrient uptake, microbe defense, and hormone pro-
duction. The Gl tract consists of multiple organs that act together
in a coordinated manner and that are lined by specialized
epithelia (Thompson et al., 2018). A thick, stratified squamous
epithelium protects the esophagus from abrasion by the
incoming raw food (Zhang et al., 2017). In contrast, the stomach,
small intestine, and colon consist of single-layered epithelia,
which are involved in the secretion of hydrochloric acid and
pre-digestive enzymes and in nutrient absorption (Clevers,
2013; Gehart and Clevers, 2019; Kim and Shivdasani, 2016;
Willet and Mills, 2016). The secretory and absorptive capacities
of gastrointestinal epithelia are largely determined by transmem-
brane channels and transporters, most of which belong to the
family of solute carrier proteins (Hediger et al., 2013). The gastro-
intestinal epithelia also contain dispersed and rare (1%)
enteroendocrine cells (EECs), which together, constitute the
largest endocrine system of humans. These cells sense the in-
testinal content and release distinct hormones to regulate the
gastrointestinal activity, systemic metabolism, and food intake
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(Gribble and Reimann, 2017). An important function of the stom-
ach is the secretion of gastric acid, which not only initiates the
digestive process but also functions as a first line of defense
against food-borne microbes (Hunt et al., 2015). Malfunctioning
of gastric acid secretion results in colonization with undesired
microbes and contributes to tumor formation (Hunt et al,
2015). Excessive water secretion or impaired absorption causes
secretory diarrhea (Thiagarajah et al., 2015), whereas insufficient
hydration leads to obstruction of the Gl tract, as manifested in
patients with cystic fibrosis (van der Doef et al., 2011).

Advances in single-cell RNA sequencing (scRNA-seq) facili-
tate analysis of the distinct expression patterns of individual
cell types constituting the Gl epithelia. Recent scRNA-seq
studies analyzed the mouse small intestine (Haber et al., 2017),
human fetal digestive tract (Gao et al., 2018), human colon in
different disease stages (Parikh et al., 2019; Smillie et al,
2019), and the human ileum, colon, and rectum (Wang et al.,
2020). However, systematic scRNA-seq analysis of the human
upper gastrointestinal (UGI) organs has not yet, to our knowl-
edge, been performed.

Here, we analyzed human biopsies from the healthy esoph-
agus, three different gastric regions, and the duodenum, by

Cell Reports 34, 108819, March 9, 2021 © 2021 The Authors. 1

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:h.clevers@hubrecht.eu
https://doi.org/10.1016/j.celrep.2021.108819
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.108819&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

Cell Reports

A B Upper gastrointestinal epithelium _ 44— | Esophagus
Biopsies I Immune cells
Esophageal- Stomach
= specific m Duodenum
/ Single cell s
Esophagus digestion s
{ L3 4 Gastric-specific Expression

a0

(log, scale)
Parietal cells | g
Endocrine cells 4
2
0
2

Duodenal-specific |

Cardia - _ .
w0 o 0
Corpus
RNA sequencing
Pylorus

e Esophagus
e Stomach

Duodenum
Immune cells

Tuft cells

“ | Immune cells
& B

Figure 1. Analysis of the human upper gastrointestinal epithelium by scRNA-seq

(A) Experimental setup. A schematic diagram of the upper gastrointestinal tract is shown, together with the anatomical locations (circles) at which biopsies were
taken. Single cells of digested biopsies were isolated by fluorescence-activated cell sorting (FACS), followed by scRNA-seq analysis.

(B) t-SNE map of all combined scRNA-seq data displaying separate cell clusters for the esophagus (purple), stomach (blue), duodenum (orange), and immune

cells (gray).

(C) Heatmap displaying the expression of the most differentially expressed genes, clustered according to their expression in the three UGI organs and parietal,

endocrine, tuft, and immune cells.

single-cell analysis, which identified rare cell types and provided
insights into the cellular composition and gene expression pat-
terns along the UGI epithelium under normal homeostasis.

RESULTS

Biopsies of healthy esophageal squamous, gastric glandular and
duodenal crypt, and villus epithelia were collected from patients
who were under endoscopic surveillance for Barrett’s esoph-
agus (Table S1; Method details). Epithelial cells were isolated
and processed for scRNA-seq using the sorting and robot-assis-
ted transcriptome sequencing (SORT-seq) protocol (Muraro
et al., 2016), followed by data analysis with the RacelD algorithm
(Grun et al., 2015; Figures 1A and S1; Method details). For each
UGI organ, we separately analyzed biopsies from at least three
patients (Figure S1), and the number of high-quality cells
analyzed after bioinformatic filtering are shown for each biopsy
and organ in Table S2 (see Method details). Because most cells
were assigned to organ-specific clusters with unique gene
expression profiles (Figures 1B and 1C), we focused our initial
analysis on the cellular composition of each organ separately.

Identification of COL17A1"9" KRT15"9" stem/
progenitor cells in the basal cell layer of the human
esophagus

Esophageal cells were largely grouped together (Figures 2A and
S1A; Tables S3 and S4), except for one small cluster of immune
cells with dendritic cell characteristics (Figure 2B). The esopha-
geal cells constituted a continuum of cells that could be catego-
rized as basal cells or early, mid, and late suprabasal cells, based
on the expression of known marker proteins, such as the keratins
KRT4, KRT13, and KRT14 (Figures 2A-2C). Unexpectedly, KRT5
exhibited a broad expression pattern in the esophageal epithe-
lium with highest levels in early suprabasal cells as shown by
scRNA-seq (Figure 2C) and immunohistochemical analysis (Fig-
ure 2D), whereas its expression is strictly confined to basal cells in
the skin (Lersch and Fuchs, 1988). Notably, we detected two sub-
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populations within the basal layers, a proliferative one, as indi-
cated by expression of the cell-cycle-regulated genes MKI67
and TOP2A, and a quiescent one with high expression of
ZFP36L2 (Figure 2C), a gene associated with cell cycle arrest
(Galloway et al., 2016). The quiescent basal cells were further en-
riched for expression of genes, including COL17A1, COL7A1,
and DST (Figure 2C). COL17A1 and DST are components of the
hemidesmosome, which is required for the attachment of
epidermal cells to the basal lamina in the skin (Kunzli et al.,
2016; Natsuga et al., 2019) and which is known to interact with in-
tegrins and laminins that were also expressed by the same quies-
cent basal cell population (ITGA3, ITGB4, and LAMBS; Fig-
ure S2A). Recently, Col17a1 expression was associated with
stem cell fitness in the mouse skin epithelium (Liu et al., 2019),
and Krt15 expression was reported to mark long-lived esopha-
geal progenitors of the mouse (Giroux et al., 2017). Importantly,
both KRT15 and COL17A1 were most highly expressed in the
quiescent basal cell population in our data (Figure 2C), which sug-
gests that these cells may function as stem/progenitor cells in the
human esophagus. Immunohistochemical analyses confirmed
strong expression of COL17A1 and KRT15 in the same cells of
the most basal cell layer of the esophagus (Figures 2D and
S2B). As revealed by co-staining, the proliferation marker
MKIB7 was expressed in only 4.7% and 4.2% of the COL17A1"9"
and KRT15"" pasal cells, respectively (Figures 2D and 2E).
Hence, COL17A1 and KRT15 are predominantly expressed in
quiescent esophageal stem/progenitor cells, whereas the pres-
ence of a few proliferating COL17A1"" KRT15"" cells is consis-
tent with the reported asymmetric division of human esophageal
stem cells giving rise to differentiating keratinocyte (Seery and
Watt, 2000). The quiescent basal cells were further characterized
by high expression of the NOTCH ligands, DLL1 and JAG2,
whereas the NOTCHS receptor was expressed in the adjacent
proliferating basal and suprabasal cells (Figure 2F). Moreover,
WNT4, WNT5B, WNT10A, and DKK3, encoding a WNT antago-
nist, were preferentially expressed in the quiescent basal cells,
whereas WNT5A expression was detected in differentiated
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Figure 2. Identification of quiescent KRT15"9" COL17A1"9" stem/progenitor cells in the basal cell layer of the human esophagus
(A) t-SNE map displaying the scRNA-seq data of the esophagus (Tables S3 and S4). The distinct cell types are indicated in different colors.
(B) Heatmap of the scRNA-seq expression data of selected genes from the six clusters corresponding to the different esophageal cell types.

(legend continued on next page)
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keratinocytes (Figure S2C). The quiescent basal cells were also
enriched for expression of the transcription factor SOX6 (Fig-
ure S2C) and clusterin (CLU; Figure 2G), a marker of quiescent
stem cells in the mouse intestine (Ayyaz et al., 2019). Together,
these data suggest that the COL17A1M" KRT15M9" cells consti-
tute a quiescent stem/progenitor cell population in the most basal
layer of the human esophagus. To further investigate this, we
used the StemID program (Grun et al., 2016) to calculate a lineage
tree for the esophageal cell clusters, which revealed a linear pro-
gression from the quiescent stem cells to the terminally differen-
tiated keratinocytes (Figure S2E).

The quiescent basal cells also expressed decorin (DCN; Fig-
ure S2D), a secreted proteoglycan, and the neurotrophic recep-
tor tyrosine kinase 2 (NRTK2; Figure 2G), which is activated by
the brain-derived neurotrophic factor and neurotrophin 4 (Cocco
et al., 2018). These cells were also enriched for expression of
CXCL14, GPNMB, and the interleukin-1 receptor 2 (IL1R2) (Fig-
ure 2G), which was confirmed by immunohistochemical analysis
(Figure 2D). CXCL14, a chemoattractant for immature mono-
cytes, and GPNMB are likely involved in macrophage recruit-
ment and clearance of cellular debris (Lu et al., 2016; van der
Lienden et al., 2018). IL1R2 functions as a secreted decoy recep-
tor for IL-1 to antagonize IL-1-induced inflammation (Peters
et al., 2013). Of note, an inverse correlation was found between
the expression of IL1R2 and IL1RN, another secreted IL-1 recep-
tor antagonist, within the esophageal epithelium (Figure 2G).
Hence, IL-1-induced inflammation may be restrained by different
antagonists in the basal and suprabasal cell layers.

We also established organoid cultures from healthy esopha-
geal biopsies and confirmed the esophageal origin of those or-
ganoids by gRT-PCR analysis of esophageal-specific gene
expression (Figure 2H). The esophageal organoids, which could
be maintained in vitro for up to 2 months (data not shown), reca-
pitulated the general architecture of the esophageal epithelium,
as shown by immunohistochemical staining of KRT13, KRT14,
KRT5, COL17A1, and MKI67 (Figure 2I).

In summary, these analyses identified and characterized the
COL17A1"9" KRT15M9" basal cells as stem/progenitor cells of
the human esophageal epithelium.

Gene expression differences in gastric cell types
between human and mouse

The human stomach is subdivided into the cardia, corpus, and
pylorus regions. lts single-layered epithelium is composed of
glandular units, which are referred to as oxyntic or antral glands
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depending on their anatomic location in either the cardia and
corpus or the pylorus region, respectively (Willet and Mills,
2016; Figure S3A). These gastric glands are compartmentalized
into subdomains consisting of the surface pit, isthmus, and neck
and base regions (Figure S3A). Our human gastric single-cell
atlas, derived from biopsies of the cardia, corpus, and pylorus re-
gions (Figures S1B-S1F), identified all known cell types,
including the mucus-secreting pit cells (GKN1 and GKN2),
acid-secreting parietal cells (ATP4A and ATP4B), proliferating
isthmus cells (MKI67 and STMN1), neck cells (MUCB), chief cells
(LIPF and PGAD5), endocrine cells (GAST, GHRL, SST, and HDC),
and rare tuft cells (TRPM5 and SH2D6), based on expression of
the respective signature genes (Figures 3A, 3B, and 3D; Tables
S5 and S6). In situ RNA hybridization on histological resection
specimens validated the specific expression of SLC5AS5,
GHRL, MUCS6, and LIPF in pit, endocrine, neck, and chief cells,
respectively (Figures 3C and S3B).

The cells of the oxyntic glands from the cardia and corpus re-
gions clustered together, whereas cells of the antral glands from
the pylorus region largely formed a separate cluster (Figure 3A).
The main cell types of the oxyntic glands compared with the
antral glands were the chief cells (13.4% [oxyntic] versus 1%
[antral]), prezymogenic cells (16% versus 1%), and parietal cells
(11.2% versus 0.9%), whereas the main cells types of the antral
glands were the neck cells (1.7 % [oxyntic] versus 11.7 % [antral]),
isthmus cells (0.5% versus 21.5%), as well as immature (3.2%
versus 18.2%) and mature (2% versus 7.2%) pit cells (Table
S5). The REG3A* cells expressing the antimicrobial genes
REG3A, LTF, and LCN2 (Figure S3C; Table S5) were present
only in the oxyntic glands (Figure 3A). In contrast, the antimicro-
bial-active lysozyme (LYZ)-expressing cells, which also ex-
pressed PPP1R1B, GP2, and AQP5, represented a large fraction
(12%) of the antral glands (Figures 3D and 3E; Table S5). The
abundant isthmus cells in the antral grand, defined by MKI67,
STMNT1, and TOP2A transcripts, also expressed NMU (Fig-
ure 3F), encoding the neuropeptide neuromedin U, which has
pleiotropic roles in controlling gastric acid secretion, gastric
emptying, intestinal motility, and feeding behavior (Martinez
and O’Driscoll, 2015).

The corpus and pylorus regions are known to be anatomically
comparable between human and mouse (Willet and Mills, 2016).
However, it is not known how similar or different the gene
expression patterns of the distinct gastric cell types are between
the human and mouse, except for the known difference that the
gastric intrinsic factor (GIF) is specifically expressed in chief cells

(C) Violin plots showing the expression of selected marker genes indicative of the distinct cell types, which are shown by different colors. Gene expression is
shown as normalized read counts on the y axis, whereas the numbers on the x axis refer to the different cell types, as indicated by the key shown below.

(D) Immunohistochemical analysis of COL17A1, IL1R2, KRT15, KRT5, and MKI67 expression in human esophageal resection specimens. LP, lamina propria.
(E) Statistical evaluation of MKI67 expression in COL17A1"9" KRT15M9" basal cells. The percentage of MKI67* cells in COL17A1"9" and KRT15"S" cells is shown
as mean value with SEM. Dots correspond to the average value of several sections from three or four patients analyzed (see Method details).

(F and G) Violin plots displaying the expression of DLL1, JAG2, and NOTCHS3 (F) genes, with enriched expression in quiescent basal cells and ILTRN (G).

(H) Expression analysis of the indicated marker genes in esophageal (purple) and duodenal (orange) organoids (bottom), as determined by qRT-PCR
analysis relative to the ACTB mRNA. The maximal expression of each gene in the two different organoids was set to 1, and the expression data are shown as mean
values with SEM (n = 3). The genes are colored according to cell type, in which their expression is enriched based on the esophageal scRNA-seq data. For color

code, see (A).

() Immunohistochemical staining of esophageal tissue and in vitro cultured esophageal organoid for expression of KRT5, KRT13, KRT14, COL17A1, and MKI67.

H&E, staining with hematoxylin and eosin.
The scale bars (D and I) indicate 50 um.
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of the mouse and in parietal cells of humans (Levine et al., 1980).
The stomach of the mouse has, however, not yet, to our knowl-
edge, been analyzed by single-cell analysis. To compare
the human and mouse gastric epithelia, we dissected the corpus
and pylorus regions from adult mice to perform scRNA-seq by
the SORT-seq method (Figures S1H and S4A-S4C; Tables S7
and S8). All known gastric cell types of the mouse, including
the rare tuft cells, were identified by expression of their cell-
type-specific marker genes (Figure S4; Table S7).

Next, we compared the expression profiles of chief,
neck, parietal, and pit cells between the mouse and human data-
sets (Figures S5 and S6). To that end, we used a systematic
filtering procedure to select for genes with enriched expression
in a given cell type compared with the remaining cells of the
stomach in each species (Table S9; Method details). We then
analyzed the t-distributed stochastic neighbor embedding
(t-SNE) maps of the enriched genes to determine their differential
expression in the given cell type between the human and mouse
stomach, as shown in Figures 3G, 3H, S5, and S6. As expected,
this analysis revealed that the four gastric cell types expressed
many genes in a similar manner in humans and mice (Figures
3G, 3H, S5, and S6; Table S9). However, the expression of
several genes could be detected in pit, parietal, neck, or chief
cells only in the human or mouse stomach (Table S9), and the
expression differences of representative genes are shown in Fig-
ures 3G-3l, S5, and S6. Hence, in addition to the GIF gene, there
are many more gene expression differences among the respec-
tive gastric cell types of humans and mice.

Molecular characterization of a rare CFTR"9" BEST4"'9"
cell type in the human duodenum

To investigate the small intestine, we used the standard endo-
scopic procedure to obtain biopsies from the most proximal
small intestinal region, the duodenum. We separated the crypt
and villus regions of each biopsy to enrich for the respective
cell populations, which were then independently analyzed by
scRNA-seq (Figure S1G; Method details). All main cell types
were identified, which included Paneth cells, goblet cells, tuft
cells, enterocytes, endocrine lineage cells and stem cells ex-
pressing LGR5, ASCL2, OLFM4 and RNF43 (Figures 4A, 4B,
S7A, and S7B; Tables S10 and S11). Notably, the stem cell-sup-
porting Paneth cells did not express niche factors of the WNT
family (Figure S7C), contrary to the expression of Wnt3 and
Wnt11 in mouse Paneth cells (Sato et al., 2011b). However,
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expression of the NOTCH ligand DLL1 was detected in Paneth
and goblet cells, whereas expression of the corresponding
NOTCH?1 receptor was observed in stem cells (Figure S7D). By
performing immunohistochemical or in situ RNA hybridization
analyses on histological resection specimens, we validated the
expression of LYZ in Paneth cells (Figure 3F); the expression of
ASCL2 in stem cells; DMBTT1 in transit-amplifying cells; KRT20,
ANPEP, and CEACAMEG in enterocytes; as well as REG4 in endo-
crine cells (Figure 4C).

Interestingly, we identified a small cell cluster (19 cells, 1.3% of
all epithelial cells) that exhibited high expression of BEST4,
CFTR, GUCA2A, and GUCA2B (Figures 4D-4F). We refer to
this cluster as BEST4, CFTR high-expressor (BCHE) cells.
Among all duodenal cells, the BCHE cells expressed the highest
level of the CFTR (Figures 4D-4F), which functions as a chloride/
bicarbonate transport channel (Moran, 2017) that, upon muta-
tion, is known to cause cystic fibrosis, a disease associated
with frequent mucosal infections because of the production of
thick and sticky mucus (O'Neal and Knowles, 2018). We
confirmed the observed co-expression of CFTR, BEST4, and
GUCAZ2B in BCHE cells by in situ RNA hybridization (Figure 4E).
BEST4 (bestrophin 4) codes for a calcium-sensitive chloride
channel (Hartzell et al., 2008), and GUCA2A and GUCAZ2B
code for the small peptides guanylin and uroguanylin (Sindi¢
and Schlatter, 2006; Rappaport and Waldman, 2018), both of
which bind to the ubiquitously expressed receptor GUCY2C
(Figure S7E). Additional genes with preferential expression in
BCHE cells (Figure S7F) code for the cell surface proteins
GPR112, CD24, and TMEM219 as well as the cystic fibrosis
modifiers FAM13A and GSTP1 (Corvol et al., 2018; de Lima Mar-
son et al., 2013) and gelsolin (GSN), a regulator of actin filament
assembly, which is implicated in the trafficking and surface
expression of CFTR (Edelman, 2014).

BEST4" cells were identified by scRNA-seq in the human co-
lon (Parikh et al., 2019; Smillie et al., 2019). These colonic
BEST4" cells and the duodenal BCHE cells share the expression
of some genes including BEST4, GUCA2A, GUCA2B, and
OTORP2, although GUCA2A and GUCAZ2B are broadly expressed
in many colonic enterocytes in contrast to their BCHE-cell-spe-
cific expression in the duodenum (Figures 4F and S7G). Impor-
tantly, however, expression of the CFTR, KRT72, and NAPSB
genes could be detected only in the duodenal BCHE cells,
whereas OTOP3 expression was observed specifically in the
colonic BEST4" cells (Figures 4F and S7G). The difference in

Figure 3. Single-cell analysis of the human stomach

(A) t-SNE map displaying the scRNA-seq data of all gastric cell types (Tables S5 and S6). Epithelial cells are colored according to their anatomic locations in the

stomach (left) or according to the assigned cell types (right).

(B) Expression of representative genes in the indicated gastric cell types, as shown by violin plots (see Figure 2C).
(C) Validation of the correct assignment of SLC5A5 expression in pit cells, as shown by t-SNE map (left) and in situ RNA hybridization (RNAScope) on corpus or

pylorus resection specimens (right). L, lumen; lamina propria, LP.

(D) Co-expression of GP2, AQP5, and PPP1R1B in lysozyme (LYZ)-secreting cells, as displayed by t-SNE maps.
(E) Immunohistochemical staining of LYZ expression on resection specimens from the gastric corpus, pylorus, or duodenum.
(F) Co-expression of MKI67, STMN1, TOP2A, and NMU in isthmus cells, as shown by t-SNE maps.

(G and H) Common and distinct expression patterns of three selected genes in parietal (G) and chief (H) cells of the human and mouse stomachs. The positions of
the parietal cell cluster on the t-SNE maps of the human and mouse stomach are shown by circles and squares, respectively (G), whereas the chief cell clusters
are indicated by ovals (H). Genes with or without expression in parietal (G) or chief (H) cells are shown in green or red, respectively.

() List of genes that exhibit strongly differential gene expression in pit, parietal, neck, or chief cells between humans and mice. The expression pattern of each
gene in the human and mouse gastric epithelium is shown in Figures 3G, 3H, S5, and S6.
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CFTR expression strongly suggests that the colonic BEST4*
cells and duodenal BCHE cells may have distinct functions. In
addition to the BCHE cells, we detect another small cell cluster
characterized by the expression of ADH4 (alcohol dehydroge-
nase 4) by scRNA-seq (Figures 4A and S7H; Table S10) and
immunohistochemical analysis of the human duodenal epithe-
lium (www.proteinatlas.org; Figure S7I).

Together, these single-cell analyses highlighted the absence
of WNT expression in human Paneth cells and defined the
gene expression signature of the unique BCHE cells in the hu-
man duodenum.

Molecular definition of the enteroendocrine cell types in
the human stomach and duodenum
The rare EECs consist of multiple subtypes, which are defined by
their primary hormone products or hormone-producing enzymes
(Gribble and Reimann, 2017). The stomach and duodenum
contain D cells (SST), G cells (GAST), X cells (GHRL), MX cells
(MLN and GHRL), enterochromaffin (EC) cells (CHGA and
REG4), and enterochromaffin-like (ECL) cells (CHGA and HDC)
(Engelstoft et al.,, 2015; Gehart et al., 2019; Beumer et al.,
2020). Our single-cell atlas of the human UGI tract offered the
perfect opportunity to compare the gastric and duodenal
EECs. To identify common and cell type-specific endocrine
gene signatures, we combined, and then separately analyzed
all EEC cell types, from which we obtained sequencing data
from three (MX) or more (all others) cells per cell type (Figure 5A;
Table S12). EECs from the stomach and duodenum shared a
common endocrine expression signature consisting of 30 genes
(Figure 5B). Those genes code for 13 proteins associated with
hormone production and maturation such as secretogranins
(CHGB, SCG3, SCG5, and SCGN) and proteolytic enzymes
(BACE1, CPE, PCSK1, and PCSK1N); 10 transcription factors,
many of which have known functions in endocrine cell differenti-
ation such as ARX, INSM1, NEUROD1, NKX2-2, PROX1, and
RFX6 (Gehart et al., 2019); and eight transmembrane proteins,
mainly consisting of Ca- and K-voltage-gated channels
(KCNMA1, KCTD12, and CACNAT1 family members) (Figure 5B).
We also identified a gastric-enriched expression signature
comprising 19 genes, including the genes encoding the
enteroendocrine transcription factor RUNX1T1 (Gehart et al.,
2019), glutamine transporter SLC38A3, and the glutamate re-
ceptor GRIA2, suggesting that the gastric EECs may be respon-
sive to glutamate stimuli.

Next, we searched for EEC subtype-enriched gene expression
signatures in the ghrelin (GHRL)-producing gastric X cells and
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duodenal MX cells (Figure 5C). Both cell types share the expres-
sion of 18 genes, including ACSL1 encoding the long-chain
fatty-acid-coenzyme A (CoA) ligase required for acetyl modifica-
tion of GHRL (Bando et al., 2016; Beumer et al., 2020) and
NPY1R encoding the receptor for the neuropeptides NPY and
PPY that may modulate the activity of both X and MX cells (Fig-
ure 5C). The gastric X cell-enriched expression signature con-
sisted of 10 genes, which included the genes encoding CFC1, a
member of the epidermal growth factor family, and the free fatty
acid receptor FFARS sensing short fatty acids in the gut lumen
(Figure 5C). As shown by in situ RNA hybridization, the CFC1
gene was specifically co-expressed with GHRL in the corpus,
but not in the duodenum, thus validating the correct assignment
ofthe CFC1 gene to the expression signature of the gastric X cells
(Figure 5E).

Twenty-two genes defined the duodenal MX cell-specific
expression signature (Figure 5C). In addition to the hormone
GHRL, the MX cells also expressed high levels of motilin (MLN)
and angiotensinogen (AGT; the angiotensin Il precursor protein),
both of which are known to induce contraction of the
human intestinal wall musculature (Ewert et al., 2006; Worthing-
ton et al., 2018). Interestingly, co-expression of the angiotensin Il
type 1 receptor (AGTR1) suggests that the MX cells may
be under autocrine feedback control by angiotensin Il (Figure 5C).
GPR83, the receptor for the neuropeptide PEN, has been impli-
cated in the control of food uptake but was so far shown to be
expressed in the brain and thymus (Mack et al., 2019). The spe-
cific expression of GPR83 in MX cells now suggests a direct role
of this receptor in the duodenum upon interaction with PEN,
which may be secreted by adjacent neurons.

Somatostatin (SST), which was most highly and specifically
expressed by D cells in the stomach and duodenum (Figures
5A and 5D), is a master regulator preventing hormone release
in other EECs (Corleto, 2010). Consequently, expression of
the respective receptor SSTR2 was detected in all EECs, with
the highest levels being observed in G cells (Figure 5B). In addi-
tion to gastrin, the G cells in the antral region of the stomach
(Table S5) highly expressed the transformin growth factor 8 re-
ceptor ACVR1C, the prostaglandin F receptor (PTGFR), and the
serotonin transporter SLC6A4 (Figure 5D). Once gastrin is
secreted by G cells, it binds to its cognate receptor CCKBR
on oxyntic ECL cells (Figure 6A), where it promotes the synthe-
sis and secretion of histamine (Prinz et al., 2003).

The duodenal EC cells are known to produce and secrete
serotonin (Gershon, 2013), whereas the gastric ECL cells
are the site of histamine production and secretion within the

Figure 4. Molecular characterization of a rare CFTR"9" BEST4"9" cell type in the human duodenum

(A) t-SNE map displaying the scRNA-seq data of the duodenum (Tables S10 and S11). Distinct cell types are shown in different colors, as indicated.

(B) Expression of genes that are representative of the indicated duodenal cell types, as shown by violin plots (see Figure 2C).

(C) Validation of the cell-type-specific expression of the indicated genes, as demonstrated by t-SNE maps (left) and in situ RNA staining (RNAScope) on duodenal

resection specimens (right). An arrow marks the rare REG4™ cell cluster.

(D) Selective expression of the indicated genes in BCHE cells, as shown by violin plots.

(E) Co-expression of BEST4, CFTR, and GUCA2B in duodenal BCHE cells, as revealed by in situ RNA staining on duodenum resection specimens. Co-localization
of BEST4 and CFTR expression is shown at low (top) and high (middle) magnification and by an overlay of both stainings (right). Co-expression of GUCA2B and
CFTR in BCHE cells is shown at high magnification (bottom).

(F) Expression of BEST4, CFTR, GUCA2A, and GUCA2B in the duodenum (top, our data) and healthy human colon (bottom, data published by Parikh et al. [2019]).
Circles or squares denote the positions of the duodenal BCHE cells or colonic BEST4" cells on the respective t-SNE maps. The scRNA-seq data of the human
colon were analyzed with the RacelD program.
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gastrointestinal epithelium (Prinz et al., 2003). Rare, serotonin-
expressing cells have also been detected in the human stomach
with a particular enrichment in the antral glands (Choi et al., 2014;
Fakhry et al., 2019; lto et al., 2013). The EC and ECL cells are
both defined by high expression of chromogranin A (CHGA) (Fig-
ure 6A). Interestingly, the reanalysis of all EECs revealed three
distinct clusters for ECL cells in oxyntic glands, EC cells in antral
glands, and the duodenal EC cells (Figure 5A). Consistent with
this finding, all three cell types were characterized by different
gene expression signatures (Figure 6A). The oxyntic ECL cells
expressed high levels of histidine decarboxylase (HDC), the
enzyme converting histidine to histamine, as well as the hista-
mine transporter SLC18A2 (Figures 5A and 6A), consistent with
the fact that these cells are the primary source of histamine
synthesis in the stomach. In contrast, the antral EC cells, like
the duodenal EC cells, expressed high levels of tryptophan
hydroxylase 1 (TPH1) and dopa decarboxylase (DDC), the two
enzymes that generate serotonin from tryptophan (Figures 5A
and 6A).

The expression signature of the oxyntic ECL cells consisted
of 20 genes, including the genes coding for the gastrin recep-
tor CCKBR, regulating histamine synthesis (Prinz et al., 2003),
the purinergic receptor P2RY14, involved in histamine release
(Gao and Jacobson, 2017), the alpha (CGA) and beta (LHB)
subunits of the luteinizing hormone and the transcription factor
PTF1A (Figure 6A). As shown by in situ RNA hybridization, the
LHB and PTF1A genes were co-expressed with CHGA in the
corpus but not in the pylorus or duodenum, thus confirming
the correct identification of both genes as part of the expres-
sion signature of oxyntic ECL cells (Figures 6B and 6D). The
serotonin-producing antral and duodenal EC cells differed sub-
stantially in their expression pattern because 27 genes were
specifically expressed in the antral EC cells, whereas the
duodenal EC cells revealed strongly enriched expression of
15 genes (Figure 6A), for instance, coding for REG4 (Grun
et al., 2015) and the adhesion receptor GPR112 (Figure 6A).
In situ RNA hybridization revealed co-expression of GPR112
and CHGA as well as specific expression of REG4 in the duo-
denum but not in the pylorus or corpus, thus confirming the
correct assignment of these genes to the expression signature
of the duodenal EC cells (Figures 6D and 6E).

In summary, the single-cell analysis of gastric and duodenal
EECs revealed common and cell-type-specific gene expression
signatures and identified MX cells as a potential target of PEN
action and oxyntic ECL cells as producers of the luteinizing hor-
mone. Importantly, the molecular definition of the serotonin-pro-
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ducing EC cells in the antral gland revealed that these cells
significantly differ in their gene expression pattern from the
duodenal EC cells.

Organ- and cell-type-specific expression of transporter
genes along the upper gastrointestinal tract

The composition of the luminal content in the UGl tract is modified
by the secretory and absorptive capacities of epithelial cells. This
is mainly achieved by the expression of transmembrane channels
and transporters, which are encoded by about 10% of the entire
coding human genome (Hediger et al., 2013). Solute carrier (SLC)
proteins and ABC transporters constitute the largest group of
transporters, although only a small number of them has been
molecularly and functionally characterized (César-Razquin
et al., 2015). As the expression of transporter genes has not yet
been systematically analyzed for any organ, our scRNA-seq
data offered the opportunity to investigate the organ-specific
expression patterns of transporters along the human UGI tract
at single-cell resolution. Because SLC5A1, SLC11A2,
SLC15A1, SLC16A1, SLC46A1, and SLCO2B1 are well-charac-
terized transporters expressed in the small intestine (Thwaites
and Anderson, 2007), we first analyzed their expression in our
dataset. We could demonstrate duodenal-specific expression
of SLC5A1, SLC15A1, and SLC46A1, whereas SLC11A2,
SLC16A1, and SLCO2B1 displayed broader expression patterns
inthe UGl tract (Figures S8A and S8B). This prompted us to inves-
tigate which transporters were preferentially expressed in one of
the three UGI organs (Figures 7A and S8C-S8E). This analysis
identified 16 esophageal-, 8 gastric-, and 29 duodenal-enriched
transporters (Figures 7A and S8C-S8E) with different substrate
specificities (Table S13; César-Razquin et al., 2015), which pro-
vides a systematic description of transporter genes with selective
expression in the three UGI organs.

We next identified transporter genes that exhibited cell-type-
enriched expression within each organ of the UGl tract (Figures
7B-7D and S8F-S8N; Table S13). First, we focused on transporter
genes with expression in surface epithelial cells. Esophageal
suprabasal cells mainly expressed transporters with exporting
properties such as SLC16A6, SLC16A9, SLC24A3, SLC42A3,
and SLCO2B1 (Figure 7B), indicating that these cells have little
absorptive capacity, as expected for the esophagus. Gastric pit
cells expressed the iodide transporter SLC5A5, cystine, and
glutamate importer SLC7A11 and the prostaglandin exporter
SLCO2AT1 (Figures 3C and 7C). Consistent with the known, highly
absorptive potential of the duodenal epithelium, the most SLCs
were detected in enterocytes, which include importers for

Figure 5. Comparison of gene expression patterns between gastric and duodenal endocrine lineages
(A) Overview t-SNE maps of gastric and duodenal enteroendocrine cells (Table S12), which are colored based on their anatomical origin or endocrine cell type

(left). t-SNE maps of endocrine signature genes are shown to the right.

(B-D) Gene expression in endocrine cells, as shown by fraction dot plots. The different gastric and duodenal EECs are shown on the x axis, with EEC-enriched
genes on the y axis. Each dot corresponds to the expression of one gene in one cell type. The dot size indicates the fraction of cells expressing a given gene within
the indicated cell type, and the color denotes the mean expression level (scaled by Z score transformation). Genes on the y axis are grouped according to their
function: H, hormones and proteins involved in hormone production and maturation; M, membrane proteins including receptors and channels; TF, transcription

factors; O, other functions.

(B) Common and gastric-enriched gene expression signatures in EECs of the stomach and duodenum.
(C) Gene expression signatures of X and MX cells. Red arrows indicate CFC1 and GHRL, which were also analyzed by in situ RNA hybridization (see E).

(D) Gene expression signatures of D and G cells.

(E) Co-expression of CFC1 and GHRL in gastric X cells, as determined by in situ RNA hybridization (RNAscope). A higher magnification is shown to the right.
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Figure 7. Organ-specific and cell-type-enriched expression of transporter genes along the upper gastrointestinal tract

(A-D) Localized expression of solute carriers (SLCs) and ABC transporters along the upper gastrointestinal tract, as shown by fraction dot plots (see Figure 5B). A
t-SNE plot (left) indicates the expression of a representative transporter gene for each organ- or cell-type-specific expression pattern. Organ-enriched (A) or cell-
type-enriched (B-D) expression of transporter genes is shown for the esophagus, stomach, or duodenum.

(E) t-SNE plots indicating SLC2A6 and SLC6A7 expression in duodenal BCHE cells.

different sugar molecules (SLC2A12 and SLC5A9) and amino
acids (SLC5A11, SLC7A7, SLC7A9, SLC28A1, SLC28A2, and
SLC43A2) (Figure 7D). Next, we looked for common features
within the deeper layer of the different epithelia, which include
the basal cell layer of the esophagus, the base region of the stom-
ach, and the stem cell compartment of the duodenum. All three re-
gions shared expression of SLC1A4 and SLC7A2, two importers
for neutral and cationic amino acids, respectively (Figures 7B—
7D), whereas the expression of SLC38A11, an exporter of neutral
amino acids, and SLC43A1, animporter of branched-chain amino

acids, were selectively enriched in cells of the gastric base region
and duodenal stem cells (Figures 7C and 7D). Notably, the three
transporters of the SLC1 family, which are the only members im-
porting the essential amino acids Glu and Asp, were differentially
expressed along the UGl epithelia. SLC1A1 was preferentially ex-
pressedinduodenal cells (Figure 7A), SLC1A2 in gastric chief cells
(Figure 7C), and SLC1A3 in esophageal basal cells (Figure 7B),
indicating that Glu and Asp absorption is differentially regulated
along the UG tract. Lastly, by searching for selective expression
of transporters in BCHE cells, we identified the glucose-specific

Figure 6. Differential gene expression between ECL and EC cells in the stomach and duodenum

(A) Gene expression signatures of antral and duodenal EC cells as well as oxyntic ECL cells, as shown by fraction dot plots (see Figure 5B). Genes are grouped
according to their function (see Figure 5B). Red arrows indicate genes, which were also analyzed by in situ RNA hybridization.

(B-E) Validation of the co-expression of genes in the distinct signatures of ECL and EC cells by in situ RNA hybridization (RNAscope). All scale bars indicate 50 um.
The LHB (B) and PTF1A (C) genes are co-expressed with CHGA in oxyntic ECL cells of the corpus region (top row), which is shown at higher magnification (right).
(D) Co-expression of GPR112 and CHGA cells in EC cells of the duodenum (bottom row), which is shown at higher magnification (right). (E) Expression of REG4 in
the duodenal epithelium (bottom), but not in the stomach epithelium (top and middle).
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importers SLC2A6 and the proline transporter SLC6A7 to be ex-
pressed in this cell type (Figure 7E). In summary, our scRNA-
seq data have provided a comprehensive expression analysis of
transporters that determine the secretory and absorptive capac-
ities of the epithelial cells in the human UGl tract.

DISCUSSION

The epithelia of the gastrointestinal tract have been extensively
studied by genetic means in the mouse model system (Beumer
and Clevers, 2016; Clevers, 2013; Kim and Shivdasani, 2016;
Willet and Mills, 2016; Zhang et al., 2017). However, less is
known about the cellular composition and expression patterns
of the human UG epithelia. Although a recent single-cell study
of the UGl tract focused primarily on the transcriptional similarity
between Barrett’s esophagus and esophageal submucosal
glands (Owen et al., 2018), we have now performed an in-depth
analysis of the healthy human epithelia of the esophagus, three
distinct stomach regions, and the duodenum, which provided
interesting insight into cellular and molecular functions of the
distinct cell types of these organs.

The human esophagus was previously shown, by histological
analysis, to contain asymmetrically dividing stem/progenitor cells
in the basal cell layer (Seery and Watt, 2000). A subpopulation of
basal cells with properties of stem cells was subsequently identi-
fied in the mouse esophagus (Kalabis et al., 2008). By identifying
keratin 15 (Krt15) as an esophageal stem cell marker, Giroux et al.
(2017) demonstrated, by lineage-tracing experiments, that the
Krt15* basal cells are long-lived stem/progenitor cells able to
self-renew, proliferate, and differentiate into keratinocytes.
Similar to those mouse data, our single-cell analysis separated
the basal cells of the human esophagus into a quiescent and
proliferating cell population and revealed high expression of
KRT15 in the quiescent basal cells. Like KRT15, the hemidesmo-
some component COL17A1 is also most highly expressed in the
quiescent basal cells, thus identifying COL17A1 and KRT15 as
markers of the human esophageal stem/progenitor cell compart-
ment. In addition to COL17A1, COL7A1 and LAMBS3 are
also specifically co-expressed in the esophageal stem/progenitor
cells. Notably, mutations in these three genes cause
epidermolysis bullosa (EB), a well-characterized blistering dis-
ease of the skin (Hirsch et al., 2017; Natsuga et al., 2019; Shin-
kuma, 2015). Because EB is a hereditary disease, it is conceivable
that the esophageal epithelium may also be affected in these pa-
tients, as is suggested by a report describing esophageal steno-
sisas a consequence of esophageal blistering in a patient with
EB (Michalak et al., 2018). The COL17A1"9" KRT15M9" stem/pro-
genitor cells are furthermore characterized by high expression of
NRTK2 andIL1R2, indicating that these stem cells may depend on
signaling via the neurotrophic receptor NRTK2 and on the
secreted IL-1 decoy receptor IL1R2 to prevent IL-1-induced
inflammation (Peters et al., 2013).

The stomach of the mouse is constantly regenerated by fast-
cycling stem cells in the isthmus region (Han et al., 2019) and
by chief cells at the base of the gastric glands (Barker et al.,
2010; Stange et al., 2013). Here, we describe expression of
NMU in the human isthmus cells, which was, however, not de-
tected in the mouse dataset. Systematic comparison of the
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gene expression patterns between identical cell types of the hu-
man and mouse stomach revealed many more species-specific
expression differences (Figures 3G-3l, S5, and S6) in addition to
the known case of the gastric intrinsic factor (GIF) (Levine et al.,
1980; Figure S5B). Mouse chief cells express the triglyceride
lipase, Pnliprp2, and the colipase, Clps, whereas the gastric
lipase (LIPF) is expressed in human chief cells, suggesting that
different enzymes may contribute to the lipid metabolism of
this cell type in the two species. Expression of the secreted uro-
guanylin (GUCA2B), the atypical NOTCH ligand DNER, the dopa-
mine receptor D5 (DRD5), and the gastrin/cholecystokinin
B receptor (CCKBR) could be detected only in human, not
mouse, parietal cells, indicating that parietal cells in the two spe-
cies may differ in certain signaling aspects. The pit cells in the hu-
man, but not mouse, stomach expressed the secreted IL-1
decoy receptors IL1R2 and IL1RN, suggesting that pits cells of
the two species use different mechanisms to control IL-1-medi-
ated inflammation. In addition, LYZ-secreting cells are abundant
in human antral glands, whereas expression of the two homolo-
gous genes Lyz1 and Lyz2 was not detected in the mouse stom-
ach. Finally, the stem-cell-supporting Paneth cells in the mouse
intestinal crypt express Wnt3 and Wnt11 (Sato et al., 2011b),
whereas no expression of any WNT family member could be
observed in Paneth cells of the human duodenum, suggesting
that the human intestinal stem cells entirely rely on WNT signals
from adjacent mesenchymal niche cells. The absence of WNT
expression in human Paneth cells provides a molecular explana-
tion for why the in vitro growth of human small intestinal organo-
ids depends on the addition of exogenous WNT, in contrast to
the respective mouse organoids (Sato et al., 2009; 2011a;
2011b). Hence, the observed differences between human and
mouse are more extensive than expected and may complicate
the extrapolation of gene expression and phenotypic data ob-
tained in the mouse model organism to the respective human
gastrointestinal organs.

The human intestinal epithelium was previously shown to
contain BEST4" cells (Ito et al., 2013), and the duodenum of
both human and rat was reported to comprise CFTRM" epithelial
cells at a low frequency (Ameen et al., 1995; Jakab et al., 2013).
Here, we have discovered that BEST4 and CFTR are highly ex-
pressed in the same duodenal cell type, referred to as BCHE
cell. These cells are present already in the human fetal intestine,
as revealed by reanalysis of published scRNA-seq data (Gao
etal., 2018). BEST4" cells have also been identified in the human
colon (lto et al., 2013; Parikh et al., 2019; Smillie et al., 2019).
Although the colonic BEST4" and duodenal BCHE cells share
the expression of some genes, they also significantly differ in
their expression pattern and may thus have distinct functions,
which is best exemplified by the absence of CFTR transcripts
in the colonic BEST4" cells. Interestingly, both BEST4 and
CFTR are channels with chloride/bicarbonate transport function
(Hartzell et al., 2008; Moran, 2017). In particular, the CFTR chan-
nel, which is localized at the apical surface of epithelial cells, is
responsible for high-volume fluid secretion of water, chloride,
and bicarbonate anions into the lumen of the gut (Moran,
2017). The high-volume fluid secretion by CFTR-expressing
epithelial cells such as the BCHE cells may contribute to the
removal of adherent mucus to clear the surfaces of adjacent
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absorptive enterocyte to allow nutrient absorption (Jakab et al.,
2013). Activation of the CFTR channel requires phosphorylation
by the cAMP-dependent protein kinase A and the cGMP-depen-
dent kinase PRKG2, which, in turn, are stimulated by signaling
through the transmembrane receptor guanylate cyclase C (GU-
CY2C; Moran, 2017; Rappaport and Waldman, 2018). A direct
connection between GUCY2C signaling and high-volume fluid
secretion by CFTR is supported by genetic inactivation of
Prkg2 and Gucy2c in the mouse (Pfeifer et al., 1996; Schulz
et al., 1997) as well as by gain- and loss-of-function mutations
of GUCY2C in humans (Fiskerstrand et al., 2012; Romi
et al., 2012). Remarkably, guanylin (GUCA2A) and uroguanylin
(GUCA2B), the two physiological ligands of the GUCY2C recep-
tor (Rappaport and Waldman, 2018), are highly and selectively
expressed in BCHE cells, whereas their receptor is ubiquitously
expressed in epithelial cells of the duodenum including the
BCHE cells. Hence, an autocrine signaling loop initiated by gua-
nylin and uroguanylin expression may continually activate the
CFTR channels in BCHE cells, thus leading to constitutive
high-volume fluid secretion.

Our single-cell analysis of the human UGI epithelia has also
provided a molecular definition of the different enteroendocrine
cell types, which secrete hormones to regulate the gastrointes-
tinal activity (Gribble and Reimann, 2017). These enteroendo-
crine cell types share a large common expression signature of
genes that code for endocrine-cell-specific transcription factors
and proteins involved in hormone production, proteolytic pro-
cessing, and secretion. This analysis also identified specific
gene expression patterns for the different cell types. In that re-
gard, the molecular definition of the antral EC cells is of particular
interest, because so far, little is known about this rare, serotonin-
producing cell type in the stomach of humans (Choi et al., 2014;
Fakhry et al., 2019; Ito et al., 2013) and rodents (Engelstoft et al.,
2015; Reynaud et al., 2016). The antral EC cells significantly differ
in their expression pattern from the duodenal EC cells, as both
cell types share the expression of only a few proteins, including
chromogranin A and the serotonin-producing enzymes TPH1
and DDC.

Another unexpected aspect of the enteroendocrine cell anal-
ysis was the discovery that the oxyntic ECL cells express both
subunits of LH. LH is best known for its role in controlling follic-
ular maturation and ovulation during the female reproductive cy-
cle and for stimulating testosterone production in males (Choi
and Smitz, 2014). Notably, studies with male rhesus monkeys re-
vealed that the fasting-induced suppression of LH levels in the
blood is rapidly and progressively restored in response to
increasing food intake because of a “metabolic signal” (Parfitt
et al., 1991; Schreihofer et al., 1993). Moreover, LH has been
implicated in controlling gastrointestinal motility by regulating
the myoelectric complex in the small intestines of rats (Ducker
et al., 1996). It is thus conceivable that the effects observed in
rhesus monkeys and rats may be caused by local secretion of
LH by the oxyntic ECL cells in the stomach. Future investigations
will be required to elucidate the role of locally produced LH in the
stomach. Importantly, our single-cell analyses have identified
the LH as yet another member of the large family of hormones
that are produced by the enteroendocrine cells in the gastroin-
testinal tract.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-COL17A1 Sigma HPA043673, RRID:AB_10960893
Rabbit anti-COL17A1 Abcam ab28440, RRID:AB_731698
EPCAM-PE BioLegend 324206, RRID:AB_756080

Goat anti-IL1R2 R&D Systems AF-263, RRID:AB_354431

Rabbit anti-Keratin-5 (KRT5) Biocompare 905501, RRID:AB_2565050

Mouse anti-Keratin-13 (KRT13)
Mouse anti-Keratin-14 (KRT14)
Mouse anti-Keratin-15 (KRT15)
Sheep anti-Lysozyme

Mouse anti-MKI67

Rabbit anti-MKI67

Rabbit anti-MKI67

Alexa Fluor 568 donkey anti-mouse
Alexa Fluor 488 donkey anti-rabbit
Alexa Fluor 568 donkey anti-goat

Abnova Corporation
Thermo Scientific
Santa Cruz

US Biological
Monosan

Abcam

Milipore Merck

Life technologies
Life technologies
Life technologies

MAB1864, RRID:AB_1679330
MA5-11599, RRID:AB_10982092
sc-47697, RRID:AB_627847
L9200-16E, RRID:AB_2138782
MONX10283, RRID:AB_1833494
ab16667, RRID:AB_302459
AB9260, RRID:AB_2142366
A10037, RRID:AB_2534013
A21206, RRID:AB_2535792
A11057, RRID:AB_142581

Biological samples

Human biopsies

Utrecht Medical Center

N/A

Chemicals, peptides, and recombinant proteins

Trypsin enzyme

DNase |

Advanced DMEM/F12

B-27 Supplement minus Vitamin A
B-27 Supplement plus Vitamin A
GlutaMAX

HEPES

Penicillin-Streptomycin

Wnt Surrogate

Noggin conditioned medium
N-Acetyl-L-cysteine

Nicotinamide

Human EGF

Human KGF/FGF-7

Human FGF-10

A83-01

Prostaglandin E2

Forskolin

SB202190

Y-27632 dihydrochloride

Primocin

Fungin

Cultrex Basement Membrane Extract
(BME), Growth Factor Reduced, Type 2
DAPI

el Cell Reports 34, 108819, March 9, 2021

Promega, Madison, USA
Sigma-Aldrich, Missouri, USA
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher scientific
U-Protein Express
U-Protein Express
Sigma-Aldrich
Sigma-Aldrich
Peprotech

Peprotech

Peprotech

Tocris

Tocris

Tocris

Sigma-Aldrich

Abmole

Invivogen

Invivogen

R&D Systems, Bio-Techne

Thermo Fisher Scientific

Catalogue # T1426
Catalogue #DN25
12634-010
12587010
17504044
35050061
15630080
15140122
Custom order
Custom order
A9165

N0636
AF-100-15
100-19
100-26

2939

2296

1099

S7076
M1817
ant-pm-2
ant-fn-1
3533-001-02

D1306

(Continued on next page)
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Donkey serum Golden Bridge International E27-100

SYBR Green Bio Rad 1725270

Formaldehyde solution 4% Sigma-Aldrich 1.00496

SORT-seq reagents Muraro et al. (2016) N/A

TryplE Thermo Fisher Scientific 12605010

Prolong Gold Antifade Thermo Fisher Scientific P10144

Critical commercial assays

RNeasy Mini Kit QIAGEN 74104

GoScript Reverse Transcriptase Promega A5003

Thermo Scientific reagents for CEL-Seq2 (Hashimshony et al., 2016) N/A

Reagents for library preparation from CEL- (Hashimshony et al., 2016) N/A

Seq2

RNAScope® Multiplex Fluorescent ACDBiIo N/A

Reagent Kit v2

Wizard Genomic DNA Purification Kit Promega A1120

Deposited data

Raw reads of all human scRNaseq European Genome-Phenome archive EGAS00001004695
(https://www.ebi.ac.uk/ega/home)

Raw reads of all mouse stomach scRNaseq Gene Expression Omnibus (https://www. GSE157694
ncbi.nlm.nih.gov/geo/)

Experimental models: cell lines

R-spondin expressing cell line Bio-Techne 3710-001-01

Experimental models: organisms/strains

Wild-type mice C57BL/6 N/A

Oligonucleotides

COL7A1 gPCR (fw, rev)
COL7A1 gPCR (fw, rev)
CXCL14 gPCR (fw, rev)
IVL gPCR (fw, rev)

KI67 gPCR (fw, rev)
KRT13 gPCR (fw, rev)
KRT14 gPCR (fw, rev)
KRT15 gPCR (fw, rev)
KRT4 gPCR (fw, rev)
KRT5 gPCR (fw, rev)
KRT6A gPCR (fw, rev)
SPRR3 gPCR (fw, rev)
TROY gPCR (fw, rev)
OLFM4 gPCR (fw, rev)
LYZ gPCR (fw, rev)

5’ GCTCTTGGCATTCCTAGTGGTC 3’

5’ GTTGGAGAGAAAGGTGACGAGG 3’
5’ AGATCCGCTACAGCGACGTGAA 3’
5’ GGTCCAAGACATTCAACCAGCC 3
5’ GAAAGAGTGGCAACCTGCCTTC &
5’ GATGCTGAGGAATGGTTCCACG &
5’ TGCCGAGGAATGGTTCTTCACC 3’
5’ AGGACTGACCTGGAGATGCAGA 3’
5’ GCCGAGAATGACTTTGTGGTCC 3’
5’ GCTGCCTACATGAACAAGGTGG 3’
5’ GAGGAGATTGCTCAGAGAAGCC 3’
5’ TGAACCAGGCAGCATCAAGGTC 3’
5’ CTGCTCATCCTCTGTGTCATCTATTG 3’
5’ GACCAAGCTGAAAGAGTGTGAGG 3’
5’ ACTACAATGCTGGAGACAGAAGC &’

5’ GATGTACTGCTGAATCTCCTGGC 3’
5 TGGTCTCCCTTTTCACCCACAG 3’
5’ GCAGTGCTCCTGACCTCGGTA &

5 TCTGGACACTGCGGGTGGTTAT &
5’ GCACCAAGTTTTACTACATCTGCC 3’
5’ AGCTCCGTGATCTCTGTCTTGC &
5’ GCAGCTCAATCTCCAGGTTCTG 3’
5’ TGCGTCCATCTCCACATTGACC 3’
5’ CTCCGCATCATAGAGGACCTTC 3’
5’ ATGGAGAGGACCACTGAGGTGT &’
5’ CAATCTCCTGCTTGGTGTTGCG 3’
5’ GAAGGACATGGCTCTGGTAGCT 3’
5’ GCCGTTGTACTGAATGTCCTGTG 3
5’ CCTCTCCAGTTGAGCTGAACCA 3’
5’ GCACAAGCTACAGCATCAGCGA &’

Recombinant DNA

hs-ANPEP
hs-ASCL2-C2
hs-BEST4
hs-CEACAMG6
hs-CFC1-C2
hs-CFTR-C2
hs-CHGA-C2

ACDBio
ACDBio
ACDBio
ACDBio
ACDBio
ACDBio
ACDBio

477531
311011-C2
481501
403031
529761-C2
603291-C2
311111-C2

(Continued on next page)
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hs-DMBT1-C3 ACDBio 478711-C3

hs-GHRL ACDBio 455131

hs-GPR112-E6 ACDBio 411781

hs-GUCA2B ACDBio 433011

hs-KRT20-C3 ACDBIo 549681-C3

hs-LHB ACDBIo 877421

hs-LIPF-C4 ACDBio 300031-C4

hs-MUC6-C2 ACDBio 312901-C2

hs-PTF1A ACDBio 524421

hs-REG4 ACDBio 312071

hs-SLC5A5-C4 ACDBIo 417531-C4

Software and algorithms

RacelD3 Herman et al. (2018) https://cran.r-project.org/web/packages/
RacelD/

StemID Grun et al. (2016) https://cran.r-project.org/web/packages/
RacelD/

CFX manager software Bio-Rad N/A

GraphPad PRISM 8 GraphPad N/A

Las X Leica N/A

Fiji NIH, Fiji developers https://imagej.net/Fiji

Rstudio Rstudio https://rstudio.com/

Adobe lllustrator Adobe inc. N/A

Other

EVOS FL Auto 2 Cell Imaging System Thermo Fisher Scientific N/A

SP8 confocal microscope Leica N/A

DM4000 Leica N/A

FACS Aria BD Biosciences N/A

FACS BD Influx BD Biosciences N/A

FACS Jazz BD Biosciences N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to and will be fulfilled by the lead contact, H. Clevers (h.clevers@
hubrecht.eu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

All mouse scRNA-seq data have been deposited at the Gene Expression Omnibus (GEO) under the accession number GSE157694.
All human scRNA-seq data are available at the European Genome-Phenome Archive (EGA) under the accession number
EGAS00001004695.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human patients

The study was approved by the ethical committee of the University Medical Center Utrecht (UMCU; the Netherlands) and was in
accordance with the Declaration of Helsinki. It is also according to Dutch law and compliant with all relevant ethical regulations
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regarding research involving human participants. Patients planned for upper gastrointestinal endoscopy at the UMCU for Barrett’s
esophagus surveillance were consented for four extra biopsies. A standard biopsy forceps was used to take one or two biopsies of
healthy esophageal squamous, gastric or duodenal epithelial tissue. Particular care was given to collect biopsies of the gastric
anatomical regions to minimize false-sampling as much as possible. Gastric cardia biopsies were taken within the 1 cm rim bellow
the gastresophageal junction, identified based on the first gastric folds and the palisade vessels in Barrett’'s esophagus patients.
Gastric corpus biopsies were taken from gastric folds, located 5 cm proximal away of the antral-corpus junction, and pyloric biopsies
were taken distal of incisural angularis. All biopsies were directly placed in DMEM containing glutamine, HEPES, Pen/Strep, Primocin
and RhoK (Y-27632) inhibitor and then transferred to the laboratory for further processing. A detailed overview about sex, age and
diagnosis of every included patient is provided in Table S1.

For immunostainings, sections of formalin-fixed, paraffin embedded human esophageal, gastric and duodenal tissue were ob-
tained from resections performed at the University Medical Center Utrecht, the Netherlands. Anonymized archival pathology material
was used according to the guidelines of the UMC Utrecht’s Research Ethics Committee (Coebergh et al., 2006).

Mice

Male mice of the C57BL/6 strain at the age of 8-10 weeks were used for dissection of the Corpus and Pylorus regions of the stomach.
All mice were bred under a project license granted by the Dier Experiment Commissie / Animal Experimentation Committee (DEC) or
Central Committee Animal Experimentation (CCD) of the Dutch government and approved by the Hubrecht Institute Animal Welfare
Body (lvD).

METHOD DETAILS

Sample preparation for scRNA-seq

Esophageal biopsies were cut into small pieces and incubated by shaking at 160 rpm for 30 min at 37°C in 0.125% diluted trypsin
solution. Freed single cells in the supernatant were collected and subsequently prepared for fluorescent activated cell sorting (FACS)
by staining with an EPCAM antibody (see below). Gastric cells from human biopsies as well as dissected mouse stomach regions
were isolated as previously described (Bartfeld and Clevers, 2015). In short, gastric human biopsies or mouse tissue regions were
cut into pieces and incubated by rotating in chelating solution at 4°C for 30 min. Thereafter, gastric glands were squeezed out of
the tissue pieces by applying pressure on a glass slide, which was placed on top, and collected for single cell digestion for 5 min
in TrypLE solution. The resulting single-cell suspension was then used for FACS sorting (see below). Duodenal biopsies were en-
riched for crypt and villus fractions by combining the previously described protocols for crypt isolation (Sato et al., 201 1b) with gastric
gland isolation (Bartfeld and Clevers, 2015). In short, biopsies were cut into pieces and incubated at 4°C for 30 min with occasional
vigorous shaking in chelating solution. The supernatant was enriched of cells from the villus region, which were collected and pro-
cessed separately. Cells of the crypt regions remained mainly in the tissue pieces. These cells were released by applying pressure on
a glass slide, positioned on top of the tissue pieces, similar to the procedure used for gastric gland isolation. The duodenal villus and
crypt fractions were both digested for 5 min at 37°C using TrypLE solution. Cells from the villus region were stained with the EPCAM
antibody prior to FACS sorting.

Cells from esophageal, gastric and duodenal biopsies were then FACS-sorted into 384-well plates as previously described (Grun
et al., 2015; Muraro et al., 2016). In short, DAPI was added to the single-cell suspension prior to FACS sorting of DAPI-negative live
cells. Of note, gastric and duodenal samples also yielded a significant fraction of immune cells, which were absent for the esophageal
samples. This is most likely explained by the different FACS-sorting strategies. Esophageal biopsies were digested as a whole, and
EPCAM FACS sorting was required to enrich for esophageal epithelial cells, whereas gastric and duodenal epithelial cells were
already enriched by isolating the gastric glands and duodenal crypts.

RNA in situ hybridization (RNAScope)

The staining was performed using RNAScope® Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics) according to the
manufacturer’s protocol (standard condition) (Wang et al., 2012). Images were acquired by a Leica SP8 confocal microscope. A list of
the ordered probes is provided below in the Key resources table.

Immunohistochemical analysis

Organoids were fixed in 4% paraformaldehyde followed by dehydration, paraffin embedding and sectioning. Paraffin-embedding
and sectioning of endoscopic resections of healthy human donors was performed under standard conditions at the Pathology
Department of the UMC Utrecht. The transfer of human histological sections was approved by the responsible ethical committee.
Standard immunohistochemical analysis was performed using antibodies as specified below in the Key resources table. In short,
histological sections were deparaffinized in xylene and re-hydrated. Thereafter, the sections were boiled for 20 min in 0.1 M citrate
buffer pH 6 for antigen retrieval. After blocking with 2% Donkey serum in PBS, the sections were incubated with the primary antibody
overnight at 4°C and subsequently with the secondary antibody for 1 h at RT. Immunofluorescent images were acquired using the
Leica SP8 confocal microscope. HRP-stained images were recorded using the Leica DM4000 microscope.
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Organoid cultures

Esophageal cells were isolated from fresh biopsies as described above and plated in basement membrane extract (BME) droplets
without prior FACS sorting. Healthy esophageal organoids were established in ESO culture medium (Advanced DMEM/F12 supple-
mented with glutamine, HEPES and Pen/Strep, 10% R-spondin conditioned medium, 1% Noggin, B27 w/o vitamin A, 5mM nicoti-
naminde, 10 uM FSK, 100 ng/ml FGF10, 25 ng/ml FGF7, 500 nM A83-01, 1 uM P38 inhibitor and Primocin. For the first three days of
establishing new cultures, Fungin was added to prevent fungal contamination during culture initiation. RhoK inhibitor (Y-27632) was
added every time, when single cells were platted, but was not required for the maintenance phase, when medium was exchanged.
Esophageal organoids were dissociated into single cells using TrypLE solution and were split in a 1:5 ratio once per week. Of note,
after 6-7 passages the organoid growth slowed down and the cultures subsequently stopped growing.

Duodenal organoids were established and cultured as previously described (Sato et al., 2011a). In short, crypt cells were platted in
BME and covered with INT media (Advanced DMEM/F12 supplemented with glutamine, HEPES and Pen/Strep, 20% R-spondin
conditioned media, 1% Noggin, B27 with vitamin A, 10 mM Nicotinamide, 0.5 nM WNT Surrogate, 50 pg/ml EGF, 500 nM A83-
01, 10 nM Prostaglandine E2, 1 uM P38 (SB 202190 inhibitor) and Primocin. Duodenal organoids were split every week as previously
described (Sato et al., 2011a).

RT-gPCR analysis

Organoids were resuspended in the RLT buffer and RNA was subsequently isolated using the RNAeasy kit (QIAGEN). RNA was then
converted to cDNA using NEB GoScript™ reverse transcription system. Quantitative PCR (QPCR) was performed with the isolated
cDNA as previously described (Hatzis et al., 2008). The Biorad CFX Maestro software was used to analyze to qPCR data. Primer se-
quences are listed below in the Key Resources Table.

Library preparation

The RNA of single cells was processed according to the CEL-seq2 protocol (Muraro et al., 2016). In short, total RNA of single cells was
reverse-transcribed into cDNA in a 384-well plate, thereafter pooled and in vitro transcribed by T7 polymerase overnight. After frag-
mentation, the amplified RNA was once more reverse-transcribed before the library for next-generation sequencing was prepared.
The quality of the fragmented RNA and cDNA library was checked by analysis with the PICO RNA or DNA hypersensitivity chip (Agi-
lent), respectively. The samples were then paired-end sequenced on NextSeg500 (2x 75 bp) by the Utrecht Sequencing Facilities
(http://www.useq.nl).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of single-cell RNA sequencing data

Sequencing reads were mapped to the human transcriptome as previously described (Muraro et al., 2016). Reads that mapped
equally well to multiple locations were discarded. The UMI (unique molecule identifier)-normalized reads were used as inputs for
the RacelD3 algorithm (supplied as CRAN package in R, https://cran.r-project.org/web/packages/RacelD/index.html) (Herman
etal., 2018). Within RacelD, the data was filtered for cells with more than 1,500 transcripts per cell and for genes that were expressed
by at least three transcripts in at least one cell. An overview of cells retained after filtering, including average transcript counts is pro-
vided in Table S2. Genes associated with clustering artifacts such as mitochondrial genes, MALAT1 and KCNQ10T1 (Gehart et al.,
2019; Grun and van Oudenaarden, 2015) were excluded from cluster calculation using the built-in FGenes or CGenes function of the
RacelD3 program package. Cluster calculation was performed using the ‘hclust’ method. To increase the sensitivity and to identify
small cell clusters, the outlier calculation parameters were set to: probthr = 0.02 and outlg = 1. Of note, gastric tuft cells were not
detected with this standard analysis, as described above. They were identified by changing two parameters of the ‘clustexp’ function:
sat = FALSE and cln = 20. The 4 identified gastric tuft cells were then superimposed on the standard analysis output.

Differential gene expression was performed on the identified cell clusters, while excluding immune cells form the overall analysis
(Table S4, S6, S8, and S11; Figures 2A, 3A, 4A, and S4A). Heatmaps were generated using ‘plotmarkergenes’ function (Figures 1C
and 2B). The t-SNE plots were calculated with the ‘plotexpmap’ function and fraction dot plots using the ‘fractDotPlot’ function (Fig-
ures 5, 6, and 7).

The lineage tree (Figure S2E) was calculated according to the documentation of the StemlID algorithm, provided in the RacelD3 R
package.

Comparison of differential gene expression between the human and mouse stomach

The expression pattern of the main gastric cell types (parietal, chief, neck and pit cells) were compared between the mouse and human
dataset. To this end, we determined the relative expression value for an individual gene in a specific cell type cluster by dividing the
averaged normalized read counts of the gene in this cell type by the averaged normalized read counts in all remaining cells of the
respective organ. We then selected genes that were > 2-fold expressed in a given cell type compared to the remaining stomach cells
in each species and combined the lists of the two species (Table S9). Each gene was then analyzed for their expression in the respec-
tive cell types of the mouse or human stomach by visual inspection of the respective t-SNE maps (Figures 3G, 3H, S5, and S6).
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Re-analysis of human colon scRNA-seq data

The mapped read counts were downloaded from GEO omnibus (accession number GSE116222). Cells of the healthy human colon,
which end with .A1, .B1 or .C1, were extracted and used for further analysis. For consistency reasons, the same analysis pipeline
(RacelD algorithm), that was used for the duodenal data, was applied to obtain t-SNE maps showing the expression of BEST4,
CFTR, GUCA2A, GUCA2B, OTOP2, OTOP3, NAPSB and KRT72 in the human colonic epithelium (Figures 4F and S7G).

Analysis of endocrine cells

The UMI-normalized read counts of the endocrine cells, as defined in the individual organ calculation, were combined and subjected to
a separate RacelD3 analysis. In the initial analysis, some immature endocrine cells with low expression of mature endocrine marker
genes were detected, which were removed from further analysis to prevent dilution of endocrine expression pattern. These more strin-
gent criteria lead to the final RacelD3 analysis as depicted in Figure 5A. The identified cells were then superimposed on the overview
analysis including all cells from esophagus, stomach and duodenum. All non-endocrine gastric or duodenal epithelial cells were then
combined inthe category called “other cell types” for the stomach or duodenum, respectively, which served as controls for the fraction
dot plots (Figures 5B-5D and 6A). Common EEC and gastric EEC signatures were derived by calculating the differential gene expres-
sion signatures for all individual endocrine cells in their organ-specific epithelial context, which were then combined in one list for initial
fraction dot plot analysis and subsequent visual selection for the different categories. Their specificity was also confirmed in t-SNE
plots.

Analysis of tissue- and cell type-specific transporter gene expression

A list of SLC transporters was downloaded from https://www.bioparadigms.org, which was combined with annotated ABC trans-
porters listed on https://www.guidetopharmacology.org. Enriched expression of transporters was determined by calculating
average gene expression for each organ-specific cell clusters and using an expression cutoff of more than 0.02 to identify expressed
genes. Subsequently, the gene expression levels were compared between cell clusters and organs. If transporters were expressed in
more than 75% of the most prominent tissue-specific cell types in one organ (esophagus: all five cell clusters; stomach: gastric chief,
neck, parietal, pit and differentiating cells; duodenum: stem and transit-amplifying cells as well as immature and mature enterocytes)
and less than 30% of the main tissue-specific cell types in the other two organs, it was categorized as organ-enriched. Cell type-en-
riched transporters were derived by analyzing the gene expression levels of the indicated cell types within the respective tissue. All
cell type-enriched or tissue-enriched transporters were further selected upon visual inspection for their correct assignment in fraction
dot plots and t-SNE maps as shown in Figures 7A-7D and S8.

Quantification of MKI67 positive signal in esophageal COL17A1"9" and KRT15"¢" basal cells

Images of MKI67 and COL17A1/KRT15 double staining were recorded using the Leica SP8 confocal microscope and were loaded
into the image processing program, FIJI, for further analysis (Schindelin et al., 2012). The “cell counter” option was applied to count
all COL17A1 or KRT15 positive cells as well as the overlapping MKI67 signal. For COL17A1 positive cells, a total of 540, 221 and 738
cells were counted from three patient resection specimen, respectively, and 292, 1’486, 491 and 425 cells from four patients for
KRT15 positive cells. Graphs were then generated by importing the percentage of MKI67 positive cells into GraphPad Prism.
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