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CANCER GENOMICS

Molecular phenotyping reveals the identity of
Barrett’s esophagus and its malignant transition

Karol Nowicki-Osuch'1, Lizhe Zhuang't, Sriganesh Jammula?, Christopher W. Bleaney?®,
Krishnaa T. Mahbubani**5, Ginny Devonshire?, Annalise Katz-Summercorn’, Nils Eling®®,
Anna Wilbrey-Clark’, Elo Madissoon’, John Gamble*%, Massimiliano Di Pietro®, Maria 0’'Donovan’,
Kerstin B. Meyer’, Kourosh Saeb-Parsy*%, Andrew D. Sharrocks®, Sarah A. Teichmann®®,

John C. Marioni?®7, Rebecca C. Fitzgerald'*

The origin of human metaplastic states and their propensity for cancer is poorly understood. Barrett's
esophagus is a common metaplastic condition that increases the risk for esophageal adenocarcinoma,
and its cellular origin is enigmatic. To address this, we harvested tissues spanning the gastroesophageal
junction from healthy and diseased donors, including isolation of esophageal submucosal glands.

A combination of single-cell transcriptomic profiling, in silico lineage tracing from methylation, open
chromatin and somatic mutation analyses, and functional studies in organoid models showed that
Barrett’'s esophagus originates from gastric cardia through c-MYC and HNF4A-driven transcriptional
programs. Furthermore, our data indicate that esophageal adenocarcinoma likely arises from
undifferentiated Barrett’s esophagus cell types even in the absence of a pathologically identifiable
metaplastic precursor, illuminating early detection strategies.

etaplasia is usually associated with an

increased risk of malignancy and is

thought to result from a transcrip-

tional switch within existing cells or

an outgrowth of minor cell types, yet
its specific origin is often unclear (7). It com-
monly occurs at sites where different epithelial
types meet, such as squamo-columnar junc-
tions (SCJ) (2). Barrett’s esophagus (BE) is an
archetypal metaplastic condition comprising
a mosaic of gastric and intestinal cell types
(3,4). BE occurs in up to 10% of individuals
with gastric reflux and starts at the gastro-
esophageal junction (GEJ), causing the SCJ
to be displaced proximally (5). It increases
the propensity for esophageal adenocarcinoma
(EAC), which has an overall 5-year survival rate
0of 15% (6, 7). Given that the native esophagus is
squamous, the glandular phenotype of EAC is
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thought to be inextricably linked to BE (6).
However, about 50% of EAC patients do not
have evidence of BE at the time of diagnosis
(8), calling this current dogma into question.

The controversy could be resolved by deter-
mining the origin of BE, which has been hy-
pothesized to originate from many sources,
including esophageal submucosal glands (SMG)
or various specific cell populations at the GEJ
(9-16) (fig. S1). One major impediment to
research is that mouse models used for
lineage tracing do not fully resemble human
gastroesophageal physiology owing to a kerati-
nized squamous forestomach and a lack of
SMG. Furthermore, isolation of SMG is partic-
ularly challenging in fresh human tissue. The
overall aims of this study were therefore to
molecularly characterize all putative cell origins
for BE and determine whether all EAC subtypes
are derived from BE.

Results
Determining the cellular components of
human SMG

SMG have been studied as the origin of BE, yet
never specifically isolated. Using stereomicro-
scopy (fig. S2 and movie S1), we isolated fresh
SMGs from human esophagus. We performed
immunostaining with cell markers of CDH1
(pan-epithelial), KRT5 (squamous), KRT8 (colum-
nar), and KRT7 (SMG) (17) and used three-
dimensional (3D) confocal microscopy to identify
all the cellular components: duct cells, oncocytes,
mucous cells, and myoepithelial cells (Fig. 1A,
fig. S3, and movies S2 and S3) (I8).

In both the intercalated and main duct of
SMG, we observed a P63"KRT5 " KRT7" cell
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population (Fig. 1B) that resembles the transi-
tional basal progenitors, previously reported
to generate BE and reside on the surface of
SCJ (15, 18). We also found that oncocytes,
characterized by eosinophilic cytoplasm and
centrally located nuclei, are common in disease-
free donors and sometimes form their own
acini (fig. S4, A and B). This is contrary to the
literature, which suggests that they are asso-
ciated with gastroesophageal reflux disease
and BE (19).

Next, to characterize all cell types within the
SMG, we dissociated fresh SMG into single
cells and performed single-cell RNA sequenc-
ing (scRNA-seq) (20). We identified four major
epithelial cell types (Fig. 1, C and D, and tables
S1 and S2) expressing transcripts previously
not associated with SMG, including MUC5B,
KRT23, and AGR2, which were confirmed by
immunostaining (fig. S4C). Few (<0.1%) SMG
cells express the cell division marker MKI67,
indicating their quiescent status, and contrary
to a previous scRNA-seq study (Z7), no signif-
icant OLFM4 was detected (Fig. 1D and fig.
S5A). A comparison of our SMG profile with
esophageal cells from the Human Cell Atlas
(HCA) project (21) and a recent SMG study (1)
demonstrated the sparse nature of SMG in
esophageal biopsies. Only a very small fraction
of cells in the HCA project, and none of the cells
from the previous SMG study (17), showed SMG
phenotypes (fig. S5, B to E) (20).

A KRT7"" population of SCJ and its lineage
relationship with SMG

The transitional basal cells and residual embry-
onic cells of the GEJ have also been proposed
as the origin for BE (74, 15). We collected nor-
mal squamo-columnar junction (N-SCJ) tis-
sue from eight disease-free donors (fig. S6)
and performed scRNA-seq to study its cellu-
lar composition. In addition to the expected
esophageal squamous and gastric columnar
cells, we discovered a small distinct KRT7"8"
population (Fig. 2, A and B), which consisted
of P63"KRT5 "KRT7" transitional basal cells
(Cland C2), KRT7"MUC4" residual embryonic
cells (C3), and a MUC5B™E cell type (C4) (Fig. 2,
C and D, and table S3). Immunostaining
showed that MUC5B is expressed in the supra-
basal layer and is in some cases independent
from the transitional basal P63 " KRT5 " KRT7"
cells (Fig. 2, E and F).

When the single-cell transcriptome profiles
of N-SCJ cells were compared to those of cells
from normal esophagus (NE), normal gastric
cardia (NG) (22), and SMG from disease-free
donors, the KRT7™Eh population from N-SCJ
exhibited the highest similarity to SMG cells
with respect to cell types present in our refer-
ence set (Figs. 2, G and H, and fig. S7A). Over-
all, this suggests that the transitional basal
progenitors, residual embryonic cells, and
the MUC5B™" cells might belong to a single
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Fig. 1. Characterization and single-cell profile of human SMG. (A) Whole-mount
SMG from disease-free donors, with esophagus squamous epithelium (Sq. epi.),
lamina propria (La. pro.), muscularis mucosa (Mus. mu.), duct, and the SMG body.
SMG were imaged by confocal microscopy; duct, mucous cells, and oncocytes were
confirmed by hematoxylin and eosin (H&E) staining. (B) Immunofluorescence of
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SMG sections. Intercalated (Int.) and main duct regions of SMG were magnified to show
the P63"KRT5'KRT7" cells. (C) t-SNE (t-distributed stochastic neighbor embedding)
projection of scRNA-seq of SMG cells from three disease-free donors. Epithelial cells are
circled. (D) Heatmap of expression of known SMG marker genes. Only epithelial cells of
SMG are shown. For (A) and (B), scale bars are 50 um unless otherwise indicated.
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Fig. 2. A KRT7"€" epithelial population at the GEJ region. (A) t-SNE
projection of scRNA-seq of cells from N-SCJ. The KRT7"&" population is
highlighted in yellow. (B) Bubble plot of selected marker genes relevant to
squamous, gastric, and SMG phenotypes. (C) t-SNE projection and clustering
results of scRNA-seq of the KRT7"&" population. (D) Violin plots of gene
expression in C1 to C4 cell populations. Marker genes for the transitional
basal progenitor cells (P63*KRT5*KRT7") and residual embryonic cells
(KRT7*MUC4") are shown. (E and F) H&E staining and immunofluorescence
of disease-free donors. H&E confirmed that these cells are not

located at SMG but at the GEJ. Adjacent sections were co-stained for

KRT7#" lineage that are at different stages of
differentiation, and it is possible that they
share the same origin with SMG (fig. S7B).

ScRNA-seq profiling of BE and normal
gastroesophageal tissues

Having established the phenotypes of SMG
and N-SCJ regions, we expanded scRNA-seq
analysis to 43,000 cells from 43 samples col-
lected across seven different tissue sites from
14 donors and BE patients (Fig. 3A, fig. S8,
and table S1). All major cell types in NE, NG,
and ND (normal duodenum, which served as
an intestinal cell reference for BE)—including
squamous basal and superficial cells, gastric
foveolar, endocrine, parietal, and chief cells—
were successfully identified (fig. S9, A to F,
and tables S4 to S6). Next, we analyzed BE
samples, including the BE squamo-columnar
junction (B-SCJ; fig. S6B) (23). Within BE, we
identified columnar cells resembling gastric
foveolar cells M UC5AC, KRT20), goblet cells
(MUC2, TFF3), and previously uncharacter-
ized poorly differentiated enteroendocrine-
like cells (NEUROG3, CHGA) (fig. S10 and
table S7). Furthermore, we identified an un-
differentiated BE cell type characterized by
lack of differentiation features but showing
OLFM4 expression, a marker of intestinal and
BE stem cells (11, 24). This undifferentiated
cell type was also confirmed by intercellular
transcriptional variability (also referred to as
entropy) (25) (fig. S11).

To reconstruct the lineage relations of all
cell types, we used hierarchical clustering of
cell type-specific consensus transcriptomes.
Except for goblet cells, BE cells (from both
B-SCJ and BE) showed the strongest similar-
ities to gastric cardia cells (from both NG and
N-SCJ). This was consistent through all stages
of differentiation for gastric and BE cells (Fig. 3B
and fig. S12). In addition, BE cells are distinct
from any of the SMG cell types and the N-SCJ
KRT7"E" clusters. We did not observe KRT7"181
or any intermediate cell populations in the B-SCJ
samples, suggesting that cell transdifferentiation
from NE to BE is unlikely (fig. S13) (23).

Genetic and epigenetic similarities between BE
and gastric cardia

In view of the observation that BE cell types
resemble the transcriptional profiles of their
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NG counterparts, we used three lineage-tracing
methods (26-28) to further investigate this.
First, methylation profiles were generated
from fresh samples of NE, NG, SMG, and BE.
Principal components analysis from the top
10,000 most variable probes confirmed that
NE and SMG share similar methylation pro-
files, suggesting a close embryological origin,
and have distinctive features not detected in BE
samples. BE methylation profiles resembled NG
and did not overlap with NE or SMG (Fig. 3C).

Second, we studied lineage relatedness using
ATAC-seq (assay for transposase-accessible
chromatin with sequencing) that enabled pro-
filing of the open chromatin landscape of tissues
from two independent cohorts. We identified
the top 10,000 most variable peaks of open chro-
matin across all the tissue types and performed
hierarchical clustering of normalized reads in
peaks. The results were concordant with the
methylation profiling—NG and BE share the
most similar features of chromatin accessibil-
ity, whereas SMG clustered with NE (Fig. 3D).

Third, we interrogated the 60x whole-genome
sequencing (WGS) data of matched endoscopic
biopsies from five patients (SMG not included)
(18) to identify any spontaneously accumulated
somatic mutations that were shared between
BE and its putative tissue of origin (29). To do
this, we identified clonal mutations in BE and
then determined their presence in NE or NG
(Fig. 3E). We found such mutations in four out
of five patients, which were all shared between
BE and NG (Fig. 3F and fig. S14). The results
were further confirmed by targeted Sanger se-
quencing in a separate set of tissues from the
same patients (fig. S14).

¢c-MYC and HNF4A drive the transcriptional
programs of BE cells

To investigate the transcriptional mechanisms
underlying the development of BE, we per-
formed gene set enrichment analysis (GSEA)
(80) and causal analysis (31) of genes differen-
tially expressed between different stages of BE
and NG differentiation (Fig. 4, A and B). We
reasoned that the differences between the un-
differentiated cells of each tissue would be key
for BE development. Differential analysis of NG
and BE undifferentiated phenotypes identified
activation of CDX1, CDX2, and MYC modules
in BE (Fig. 4C). Further comparison of BE
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KRT5/KRT7/P63 and MUC5B/KRT7/P63, respectively. Note the
single-layered MUC5B" epithelium (marked by a dashed line and
corresponding to C4 of the KRT7"€" population). Scale bars are

20 um unless otherwise indicated. (G) t-SNE projections of scRNA-seq

of cells from N-SCJ, NE, NG, and SMG. Color denotes tissue types; epithelial
cell types are shown in full color, and nonepithelial cell types are shaded
out. (H) Similarity (Euclidean distance) between cell clusters from all of the
tissue types. Clusters C1 to C4 and SMG cell types are highlighted with
bigger font. The red arrow indicates myoepithelial cells. Font color denotes
tissue types, same as in (G).

columnar differentiated cells with undifferen-
tiated cells showed activation of the transcrip-
tion factor HNF4A in the former and MYC in
the latter (Fig. 4D and fig. S15). These results
were corroborated by bulk ATAC-seq analysis.
A comparison of regions that are more accessi-
ble in BE versus NG tissues identified binding
motifs for a variety of transcription factors
associated with gastrointestinal development
enriched in BE. This included CDX2 and HNF4A,
further confirming the scRNA-seq analysis (fig.
S16, A and B) (32).

At the protein level, c-MYC was detected in
61 out of 66 BE biopsies (25 patients) contain-
ing intestinal metaplasia, with expression con-
fined to the bottom of the crypts (Fig. 4E).
There was no c-MYC expression in 64 nor-
mal gastric biopsies (28 patients). Similarly,
all 66 BE biopsies and none of the 64 gastric
biopsies were positive for HNF4A. In contrast
to ¢c-MYC expression, the expression of HNF4A
was present in the top two-thirds of the BE
crypts (Fig. 4E).

To elucidate the functional relevance of these
findings, we established organoid cultures from
disease-free NG tissues and transduced them
with exogenous c-MYC and HNF4A marked
by green fluorescent protein (GFP) labeling
(Fig. 4, F and G). Because NG and BE organoids
are morphologically indistinguishable with no
identifiable goblet cells, a gene panel was used
(Fig. 4H) to evaluate the phenotype of trans-
duced NG organoids. Ectopic expression of
¢c-MYC led to an up-regulation of genes char-
acteristic of undifferentiated BE cells, includ-
ing NCL and LEFTYI, whereas HNF4A led to
up-regulation of a wider BE gene set compris-
ing FBP1, CLDN3, LEFTY1, TFF3, and particu-
larly CDX2 (Fig. 41 and fig. S17A). ATAC-seq also
showed increased accessibility at the promotor
regions of CLDN3 and CDX2 in BE (fig. S16C).
The regulatory roles of c-MYC and HNF4A
were also confirmed in the normal gastric cell
line HFE145 (fig. S17, B and C). These results
demonstrate that ectopic expression of c-MYC
and HNF4A in gastric cells drives expression
of genes relevant for the BE phenotype.

EAC likely originates from undifferentiated BE
cells regardless of its clinical features

Subtypes of EAC based on the presence or
absence of BE have different prognoses, raising
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Fig. 3. BE shows epigenetic, genetic, and transcriptional similarity with
gastric cardia. (A) t-SNE projection of scRNA-seq of cells from all tissue sites.
(B) Similarity (Euclidean distance) between all the cell clusters. Font color denotes
tissue sites, same as in (A); undifferentiated, intermediate, and differentiated
cells of BE and NG are marked by green and blue circles, respectively. (C) Clustering
of 10,000 highly variable probes of bulk methylation data from BE, NG, NE, and
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SMG. IGR, intergenic region; TSS, transcription start site; UTR, untranslated region.
(D) Hierarchical clustering of the 10,000 most variable peaks of open chromatin
regions in bulk ATAC-seq data. (E) Schematics of somatic mutation analysis

and pairwise comparison from 60x WGS data. (F) Pairwise comparison of BE versus
NE and BE versus NG in two BE patients; their relationship is indicated by the
similarity plot based on shared somatic mutations.
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Fig. 4. c-MYC and HNF4A drive the transcriptional programs of BE cells.
(A) t-SNE projection of scRNA-seq of selected epithelial cells from NG and

BE with tissue sites (left) and cell subtype (right) overlaid. (B) Schematics of
differential analysis between cell types used for identification of marker genes.
(C) Causal analysis of pathways that are up-regulated when comparing BE
undifferentiated and NG undifferentiated cells. The top 20 pathways with a
positive z-score are shown; the number indicates the number of genes common
between the dataset and the annotated pathway. The inset shows GSEA

using Hallmark gene sets of BE undifferentiated and NG undifferentiated cells.
(D) (Top) causal analysis of pathways up- and down-regulated when comparing
BE undifferentiated and foveolar-like cells. Only pathways with a g value < 0.05
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GFP-Ctr HFN4a

. o
GFP-Ctr HFN4a GFP-Ctr HFN4a GFP-Ctr HFN4a

and a z-score of activation above 1 or below -1 are shown. (Bottom) GSEA
using C3 gene sets database of BE undifferentiated and foveolar-like cells.

(E) Representative immunohistochemical staining of MYC and HNF4A in BE and
NG biopsies with an individual crypt highlighted. (F) Schematics of generation
and transduction of NG organoids. (G) Fluorescence imaging of GFP indicating
successful transduction of organoids. Ctr, control. (H) Marker genes highly
expressed in BE cells versus NG. Log,-transformed, normalized counts were
z-score scaled per gene for visualization purposes. (I) Relative expression fold
change of BE marker genes in transduced NG organoids upon overexpression of
c-MYC or HNF4A. Error bars represent standard deviation. Statistical analysis:
Paired t test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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the question as to whether all EAC arises from
BE (8). Here, we took advantage of our SCRNA-
seq profiles to interrogate bulk RNA-seq data
from esophageal cancer (33-35). MuSiC (multi-
subject single cell deconvolution) analysis
of an independent dataset of bulk RNA-seq
correctly assigned scRNA-seq profiles to in-

Fig. 5. Deconvolution analy-
ses of bulk human EAC and
ESCC transcriptomes.

(A) Contribution of individual
cell phenotypes originating
from NE, BE, NG, and SMG to
the phenotypes of esophageal
cancers. The estimation

was performed using MuSiC
after removal of nonepithelial
cell types. Cancer samples
(rows) are sorted by the
contribution of NE phenotype
or BE phenotype for ESCC and
EAC, respectively. ICGC-ESAD,
International Cancer Genome
Consortium-Esophageal
Adenocarcinoma; TCGA-ESCA,
The Cancer Genome Atlas—
Esophageal Carcinoma.

(B) Contribution of combined
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dividual tissue types and was able to distin-
guish BE columnar cells and NG foveolar cells
(figs. S18 and S19). Next, we compared the
two phenotypically distinct types of esopha-
geal cancer as confirmation of the method.
As expected, bulk RNA-seq data of 81 ESCC
(esophageal squamous cell carcinoma) and
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undifferentiated and endocrine-
like (left) or differentiated
(foveolar-like and goblet;

right) phenotypes of BE to
transcriptomes of NE, NG, BE,
and EAC samples with or without
adjacent BE (EAC* or EAC™).
Each data point represents a
median normalized expression of
BE undifferentiated or differ-
entiated marker genes for indi-
vidual samples. Individual log,
expression values were normalized
to the mean log, expression of
the given gene in BE samples.
Boxes indicate interquartile range
(IQR), and whiskers extend to
the value no further than 1.5 fold
of IQR from the boxes. Statistical
analysis: Unpaired Wilcoxon
test; ****p < 0.0001; ns,

not significant. (D) Schematic
of EAC development. c-MYC and
HNF4A drive transcriptional
programs of BE from NG, and
undifferentiated cells of BE
serve as the precursor to EAC.
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cell markers; tables S7to S9) decreased during
the transition from BE to EAC (Fig. 5C). Con-
versely, the undifferentiated BE phenotype
(defined as a combination of genes specific to
BE undifferentiated and endocrine-like cells;
tables S9 and S10) was maintained during the
BE-to-EAC transition (Fig. 5C). A correspond-
ing analysis with differentiated and undiffer-
entiated NG cell markers did not show any
similarity with EAC (fig. S20). This suggests
a unified origin of EAC from a metaplastic
precursor, even in cases where BE metaplasia
is not apparent at diagnosis or in the patho-
logical specimen.

Discussion

Our results suggest that undifferentiated gas-
tric cells from the cardia give rise to BE via
transcriptional programs driven by ¢-MYC
and HNF4A (Fig. 5D). Furthermore, transcrip-
tional profiling of EAC showed expression of
markers found in undifferentiated BE cells,
regardless of whether metaplasia precursors
were identifiable histologically.

The fierce debate over the origin of BE can
be attributed to reliance on mouse models and
limited human samples. For example, both the
residual embryonic cell (74) and transitional
basal cell (15) hypotheses did not consider hu-
man SMG and interpreted expansion of KRT7"
cells at the mouse gastroesophageal region
as indicative of BE development, yet our data
demonstrate that KRT7" cells are common in
the BE-free SCJ and SMG. Although caution is
required before treating the mouse metaplasia-
like phenotype as equivalent to clinical BE,
mouse models remain a useful tool to investi-
gate environmental cues and EAC pathogenesis
(18, 38, 39). Studies of SMG have been limited
by difficulty in its isolation. In formalin-fixed
tissue sections, Leedham and colleagues found
a single BE gland that shared the same muta-
tional profile with the adjacent SMG duct (9).
Recently, Owen and colleagues used scRNA-seq
to profile cells from human endoscopic pinch
biopsies of NE, NG, and BE (11) and deduced
that BE arose from SMG, but without isolating
the SMG specifically.

¢-MYC and HNF4A have been studied in the
BE context (40, 41), but a NE origin was always
assumed, and we demonstrated that NG should
be the control tissue. Although BE and EAC
were previously studied with gene expression
microarrays in bulk tissues (41, 42), the genesis
of EAC had been difficult to address before
single-cell profiling techniques. Our results sug-
gest that EAC may derive from gastric cells via
a BE-like metaplasia, even though the evolution-
ary trajectory and prognosis can vary between
patients (8). Moreover, it is possible that in-
testinal metaplasia phenotypes, such as BE or
gastric intestinal metaplasia, are an indispens-
able step toward neoplasia. This is in keeping
with a TCGA (The Cancer Genome Atlas) study

Nowicki-Osuch et al., Science 373, 760-767 (2021)

that concluded that EAC falls within a spectrum
of gastroesophageal adenocarcinomas (37).

The strengths of this study include compre-
hensive multi-omic profiling of freshly isolated
human cells from superficial to submucosal
compartments across the GEJ in healthy and
diseased individuals, which has been challeng-
ing to achieve in human. However, there are
limitations to this study. Transcriptional sim-
ilarity does not prove causality, and it is pos-
sible that minuscule cell populations were
undetected or lost during tissue preparation.
Single-cell-based, deep somatic lineage tracing
with paired scRNA-seq of human samples will
be informative to address these limitations
when the technologies are mature.

This study provides several orthogonal lines
of evidence for a gastric origin for BE, which
is likely to be a requisite step for neoplastic
progression at this site. We hope that these
data will pave the way for further research and
clinical early detection and cancer prevention
strategies.
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Molecular phenotyping reveals the identity of Barrett’s esophagus and its
malignant transition
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Identifying the origin of cancer

Many cancers are classified on the basis of the organ or tissue from which they originated. However, identifying the
specific cells and conditions that precede tumorigenesis can help us understand and better treat the resulting disease.
Nowicki-Osuch et al. used a single-cell approach to investigate the cell of origin for Barrett's esophagus (BE) and the
mechanisms leading to the development of esophageal adenocarcinoma (EAC) (see the Perspective by Geboes and
Hoorens). Analyses of healthy human esophageal tissues, mutational lineage tracing, and organoid models revealed
that BE originates from the gastric cardia and that EAC arises from undifferentiated BE cells. This analysis provides a
map of the transcriptional landscape of the healthy esophagus that can be compared with mouse models of disease.
—LMZz
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