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ABSTRACT

Objective Tumour heterogeneity represents a major
obstacle to accurate diagnosis and treatment in gastric
adenocarcinoma (GA). Here, we report a systematic
transcriptional atlas to delineate molecular and cellular
heterogeneity in GA using single-cell RNA sequencing
(scCRNA-seq).

Design We performed unbiased transcriptome-wide
scRNA-seq analysis on 27 677 cells from 9 tumour

and 3 non-tumour samples. Analysis results were
validated using large-scale histological assays and bulk
transcriptomic datasets.

Results Our integrative analysis of tumour cells
identified five cell subgroups with distinct expression
profiles. A panel of differentiation-related genes reveals
a high diversity of differentiation degrees within and
between tumours. Low differentiation degrees can
predict poor prognosis in GA. Among them, three
subgroups exhibited different differentiation grade
which corresponded well to histopathological features of
Lauren’s subtypes. Interestingly, the other two subgroups
displayed unique transcriptome features. One subgroup
expressing chief-cell markers (eg, LIPF and PGC) and
RNF43 with Wnt/B-catenin signalling pathway activated
is consistent with the previously described entity fundic
gland-type GA (chief cell-predominant, GA-FG-CCP).
We further confirmed the presence of GA-FG-CCP in
two public bulk datasets using transcriptomic profiles
and histological images. The other subgroup specifically
expressed immune-related signature genes (eg, LY6K
and major histocompatibility complex class II) with

the infection of Epstein-Barr virus. In addition, we

also analysed non-malignant epithelium and provided
molecular evidences for potential transition from gastric
chief cells into MUC6 TFF2* spasmolytic polypeptide
expressing metaplasia.

Conclusion Altogether, our study offers valuable
resource for deciphering gastric tumour heterogeneity,
which will provide assistance for precision diagnosis and
prognosis.

INTRODUCTION

Tumour heterogeneity including morphological
heterogeneity and genetic heterogeneity remains a
topic of great interest in cancer research because it
poses a series of challenges to both accurate diag-
nosis and personalised therapy. Gastric adeno-
carcinoma (GA) is an archetypal example of a
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Significance of this study

What is already known on this subject?

> Gastric adenocarcinoma (GA) is a highly
heterogeneous malignant disease that is
affected by multiple genetic and environmental
factors.

» The molecular and cellular heterogeneity in GA
are rarely described at single-cell resolution.

» Chief cell predominant GA (GA-FG-CCP) is a
rare variant of gastric cancer in the fundic gland
region predominant of differentiated chief cells.

What are the new findings?

> We delineated cellular and differentiation
heterogeneity within and between patients
with GA at single cell resolution.

» Transcriptomically, we delineated the molecular
characteristics of a rare GA type, GA-FG-CCP, at
single-cell resolution and validated its presence
in two public bulk transcriptomic datasets.

» Computational analysis of non-malignant
epithelium uncovers a potential transition
from chief cells to MUC6 TFF2* spasmolytic
polypeptide expressing metaplasia.

How might it impact on clinical practice in the

foreseeable future?

» The comprehensive transcriptome atlas is
a valuable resource for deciphering gastric
tumour heterogeneity.

» Tumour differentiation degree is a potential
good predictor of GA prognosis.

» Our results revealed that single-cell RNA
sequencing can be employed in detection
of rare tumour types (eg, GA-FG-CCP) and
accurate diagnosis of GA.

» The trajectory analysis of potential chief cells
transition presented should help to clarify the
mechanism of gastric carcinogenesis.

heterogeneous malignant disease, which is featured
with diverse subtypes and clinical behaviours.' >
For years, morphological heterogeneity has long
been the basis of many tumour grading and prog-
nostic classification systems. According to struc-
tural gland atypia and the differentiation degree of
GA mucosa, the Lauren’s classification® generally
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classifies GA into intestinal and diffuse type. Later, the mixed
type has been proposed to describe intermediate histology cases.
The intestinal-type GA characteristically form glandular struc-
tures and show various degrees of differentiation, which are
usually developed through well-characterised sequential patho-
logical stages, such as chronic gastritis (CG), atrophy, intestinal
metaplasia and dysplasia. The diffuse-type GA generally exhibit
a poorly differentiated status, characterised by poorly differenti-
ated infiltrative growth, associated with aggressive behaviour and
poor prognosis. Another histopathology-based guidelines—the
WHO classification® has also been developed for GA diagnosis
which divides GA into papillary, tubular, mucinous (colloid)
and poorly cohesive carcinomas. Although these methods are
straightforward and simple to use, the pathology results may
vary because of subjective discrimination and complex back-
ground factors such as Helicobacter pylori (H. pylori) bacterium’
and Epstein-Barr virus (EBV).® Furthermore, the molecular basis
of the phenotypic expression associated with gastric tumour
biological behaviour remains poorly understood, limiting the
dissection of tumour heterogeneity.

The advent of high-throughput sequencing technology has
accelerated the pace of research on molecular profiling of
many human tumours dramatically. In addition, it has been
recognised that analysis of tumour behaviour at the molecular
level are increasingly important for dissecting heterogeneity. To
date, large-scale genomic and transcriptomic studies have char-
acterised the genetic and epigenetic heterogeneity of GA. The
molecular profiling studies such as The Cancer Genome Atlas
(TCGA),” Singapore® and Asian Cancer Research Group’ geno-
typing have extended our knowledge for basic research of GA.
The TCGA genotyping proposed a novel molecular classifica-
tion which divides GA into four subtypes: EBV-positive tumour,
microsatellite unstable tumour, genomically stable tumour and
chromosomal instability tumour. This study systematically eluci-
dated molecular characteristics of the four subtypes and for the
first time revealed that EBV infection is an important factor in
the classification of GA. However, these studies relied on the
data derived from bulk tissues and obscured the molecular signa-
tures of distinct cell subpopulations, which limits their ability
to capture tumour heterogeneity and consequently impedes the
precision diagnosis of GA.

Recentadvances in single-cell RNA sequencing (scRNA-seq) !
and microfluidic technology'* ™ provide methods with which we
are able to characterise the transcriptional states of thousands of
cells simultaneously. This method allows for an unbiased analysis
of cellular characteristics within biological tissues and has been
widely applied in the analysis of tumour ecosystem including
cancer-immune heterogeneity.'* On the other hand, targeted
biopsy?® under magnifying endoscopy remains the most accu-
rate method of GA diagnosis because it allows the clinician to
observe the lesion and to capture tissues rich in tumour cells.
Single-cell transcriptome experiments that incorporate the use of
endoscopic biopsies will facilitate more accurate GA pathology
diagnosis.

In this study, we constructed an unbiased and systemic tran-
scriptomic landscape of GA by scRNA-seq, which covers distinct
GA pathology subtypes. The aim of our single-cell study is to
provide insights into GA molecular landscape for deciphering
GA heterogeneity, with implications for the clinical diagnosis
and prognosis of GA.

METHODS
The detailed materials and methods can be found in online
supplementary materials.

RESULTS

A single-cell transcriptome atlas in diverse GA types

To investigate the cell populations and the associated molecular
characteristics within the gastric mucosa of various lesions, five
intestinal-histology GA samples (one with EBV infection), three
mixed-histology GA samples, one diffuse-histology GA sample
and three non-malignant samples (control, one CG sample from
adjacent tumour and two normal samples from gastric polyps)
were included in our scRNA-seq survey (figure 1A,B, online
supplementary figure S1). The enrolled patients were all newly
diagnosed and had not been diagnosed with any other tumours.
Patients did not receive chemotherapy or radiotherapy prior
to surgery. The clinical characteristics of these participants,
including H. pylori infection status, EBV infection status, patho-
logical features and tumour classification according to Lauren’s
system, were recorded at the time of recruitment (table 1).
After removal of low-quality cells (see ‘Methods’ section in
online supplementary materials), 27 677 cells were retained
for biological analysis, which detected a median of 1227 genes
and 3809 transcripts per cell (online supplementary figure S2).
After normalisation of gene expression and principal component
analysis (PCA), we used graph-based clustering (see ‘Methods’
section in online supplementary materials) to partition the cells
into 14 clusters. These clusters could be assigned to nine known
cell lineages through marker genes (figure 1C-E): epithelium
(10 411 cells, 37.6%, marked with EPCAM, KRT18 and KRTS),
parietal cell (215 cells, 0.8%, marked with ATP4A), endocrine
cell (486 cells, 1.8%, marked with CHGA); B cells (6131 cells,
22.1%, marked with MS4A1 and CD79A); T cells (6819 cells,
24.6%, marked with CD2, CD3D and CD3E); macrophages
(1053 cells, 3.8%, marked with CD14); mast cells (527 cells,
1.9%, marked with CPA3); fibroblasts (1116 cells, 4.0%,
marked with ACTA2 and COL1A2); endotheliocyte (919 cells,
3.3%, marked with ENG and VWF). The proportion of each cell
lineage varies greatly among different samples (figure 1F).

Classification of malignant and non-malignant epithelium

To distinguish malignant epithelium from non-malignant epithe-
lium, we defined the initial malignant and non-malignant score
for each epithelial cell based on differential expression genes
between paired tumour and normal tissue samples from the
TCGA stomach adenocarcinoma (STAD) dataset (online supple-
mentary figure S3A,B; online supplementary table S1; online
supplementary methods). Putative malignant and non-malignant
epithelial cells were defined based on the initial scores using
the k-means clustering algorithm. Since the initial recognition
derived from the TCGA bulk tissues is biassed due to the inclu-
sion of non-epithelial cells, we next generated differentially
expressed genes between putative malignant and non-malignant
epithelial cells, re-calculated the malignant/non-malignant scores
and classified epithelial cells. We repeated the process itera-
tively until the classification result was stable. Finally, we iden-
tified 5635 malignant and 4776 non-malignant epithelial cells
(figure 2A—C). A panel of tumour-specific genes (figure 2D-F;
online supplementary figure S3C, online supplementary table
S2), including CLDN4, CLDN7, TFF3 and REG4, was found
to be upregulated in malignant epithelium compared with non-
malignant epithelium (p<2x107'). Non-malignant epithe-
lium exhibited high expression of marker genes associated with
the secretion of gastric mucus and digestive enzymes, such as
MUCSAC, GKN1, PGC and LIPF (figure 2D-F, p<2x107'%).
To decipher the molecular characteristics difference of malig-
nant and non-malignant epithelium, we performed gene set
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Cellular atlas of gastric tumours and non-tumour gastric tissues. (A) Schematic diagram for the generation of single-cell RNA sequencing
(scRNA-seq) data. Nine gastric tumours (seven endoscopic samples and two surgical samples) and three non-tumour samples (one chronic gastritis
sample and two normal samples) were collected. (B) t Stochastic neighbour Embedding (tSNE) plots for the 27 677 high-quality cells showing sample
origin and Lauren’s classification. (C) tSNE plots showing cell types for the 27 677 cells. (D) Violin plots showing the smoothed expression distribution
of marker genes in nine cell types. (E) tSNE plots showing the expression levels of canonical marker genes for nine cell types. (F) The proportion of
each cell type in 12 samples.

Table 1 Clinical characteristics of each sample used in sScRNA-seq study and the cell number of each sample after quality control

Sample Age Sex Histopathological diagnosis Site of origin Lauren's classification ~ Helicobacter pylori EBER Number of cell

Tumour samples used in sScRNA-seq study
DGC 54 F Poorly differentiated adenocarcinoma Cardia Diffuse - - 3026
1GC1 67 F Moderately poorly differentiated adenocarcinoma  Angular incisure Intestinal + - 952
1GC2 65 M Moderately differentiated adenocarcinoma Cardia Intestinal - - 2616
1GC3 56 M Moderately differentiated adenocarcinoma Cardia Intestinal - - 2136
1GC4 74 M Moderately poorly differentiated adenocarcinoma  Greater curvature  Intestinal + - 2141
1GC5 72 M Moderately poorly differentiated adenocarcinoma  Angular incisure Intestinal - + 2695
MGC1 56 M Poorly differentiated adenocarcinoma Antrum Mixed - - 881
MGC2 63 M Poorly differentiated adenocarcinoma Angular incisure Mixed - - 2405
MGC3 62 M Poorly differentiated adenocarcinoma, partial Angular incisure Mixed + - 3318

signet ring cell carcinoma

Non-tumour samples used in scRNA-seq study
CG 53 F Chronic gastritis Cardia N/A + - 3568
NC1 38 M Normal Greater curvature  N/A - - 1773
NC2 43 F Normal Greater curvature  N/A - - 2166

EBER, EBV-encoded RNA; N/A, not available.
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Figure 2 Classification of 10 411 epithelial cells as malignant or non-malignant. (A) tSNE of 10 411 epithelial cells, colour-coded according to
malignant score minus non-malignant score. (B) Scatter plot displaying the distribution of malignant scores (x-axis) and non-malignant scores (y-
axis). Each point corresponds to a cell and is colour-coded to reflect density. (C) tSNE plot of the classification of malignant and non-malignant cells.
(D) Violin plots and corresponding box plots showing the expression of eight representative genes with differential expression between malignant
and non-malignant cells. (E) Expression of eight representative genes with differential expression, shown using tSNE plots. (F) Bar plot showing fold
changes of signature genes in malignant cells and non-malignant cells. (G) Gene set enrichment analysis (GSEA) results showing the enrichment of six
gastric tumour-associated gene sets in malignant epithelial cells. EMT, epithelial-mesenchymal transition; IL6, interleukin-6; JAK, Janus kinase; NF-B,
nuclear factor-kappa B; TNF, tumour necrosis factor-o; STAT, signal transducer and activator of transcription.

enrichment analysis (GSEA). Compared with non-malignant
epithelium, malignant epithelium was enriched for signalling
pathways such as tumour necrosis factor-o/nuclear factor-kappa
B, KRAS and interleukin-6/Janus kinase/signal transducer and
activator of transcription (figure 2G). There are also other
enriched gene sets that are crucial for cancer development and
progression such as MYC target, epithelial-mesenchymal transi-
tion and angiogenesis (figure 2G).

The vast majority of epithelium (96.9%) derived from non-
tumour gastric mucosa (control) was classified in the puta-
tive non-malignant group (online supplementary figure S3D),
demonstrating the reliability of our method for malignant cell
identification. We noticed that 79.7% (5367/6734) of epithe-
lium from biopsy tumour samples were classified as malignant

while only 29.4% (224/762) of epithelium from surgically
resected samples were classified as malignant. This difference
indicates that endoscopic biopsies may be more accurate for
the diagnosis of tumour malignancy. The proportion of puta-
tive non-malignant and malignant epithelium in each sample is
provided in online supplementary figure S3D.

We also inferred copy-number variations (CNVs)*!' ** in each
cell based on smoothed expression profiles across chromosomal
intervals. This computational method has been applied to iden-
tify malignant cells in single-cell analysis. As expected, 4/4776
of the putative non-malignant cells displayed abnormal CNV
signals. However, only 25.0% of putative malignant cells exhib-
ited high levels of CNV (online supplementary figure S4A,B).
This finding supports the TCGA analysis result’ that most of
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GA samples had low CNV signals examined by whole-exon
sequencing (online supplementary figure S4C,D), indicating that
malignant cell identification based on CNV signals is not suitable
for GA.

Transcriptome profiling reveals the relationship among chief
cell, neck cell and SPEM

The preneoplastic gastric metaplasia induced by chronic inflam-
mation has always been a hot topic in gastric carcinogenesis.
Several studies have reported that chief cells may differentiate
abnormally into neck cells and then can lead to the forma-
tion of mucus cell metaplasia known as SPEM due to a loss of

parietal cells.”** According to our data, the ATP4A and ATP4B
expressing parietal cell are rarely detected in cancerous and CG
mucosa tissue samples compared with that of normal gastric
tissues (figure 1E). We also performed subclustering of non-
malignant cells, which revealed four distinct groups (figure 3A).
The cells of G1 group account for 78.0% of total cells and can
be distinguished as surface cells by expression of gene TFF2,
GKN1 and MUCSAC (figure 3C). The cells of group G2 exhib-
ited a high expression level of marker genes such as PGA3,
PGA4 and LIPF and are defined as chief cells (figure 3C). These
cells demonstrate a lack of expression of the bHLH transcrip-
tion factor MIST1 (data not shown), which is essential for chief
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cell maturation.** We also found that the cells of G3 expressed
marker PGA3 and MUC6, which could be defined as hyper-
plastic/hypertrophic mucous neck cells.”® The expressions were
also validated by immunostaining (figure 3E). The G4 cluster is
predominantly composed of cells from the mucosa of cancerous
lesions. These cells are characterised by high expression levels
of neck cell marker MUC6, metaplasia transcripts TFF2, CD44
and SOX9 and major histocompatibility complex class II (MHC-
1) genes (eg, HLA-DPA1 and HLA-DRA, figure 3C and online
supplementary figure S5A), leading us to characterise them as
SPEM.** % Immunostaining also showed that chief cell, neck cell
and SPEM co-exist in the same tissue, and are arranged in the
order of chief cell, neck cell and SPEM from gastric gland base
to gland neck gradually, supporting the inference of the tran-
sition of chief cell to neck cell to SPEM (figure 3E). We next
used the Monocle®” analysis toolkit to perform cell trajectory
analysis to further investigate the potential transition between
cell types. The pseudotime trajectory axis derived from Monocle
indicates that chief cells could transdifferentiate into mucosa
neck cells then into SPEM (figure 3F). Pseudotemporal expres-
sion dynamics of specific representative genes also marked the
progression of chief cells to mucosa neck cells then into SPEM
(figure 3G and online supplementary figure S5B). The results
presented here for the first time delineate the potential differen-
tiation paths of chief cells at a single-cell level and indicate that
they may give rise to metaplastic cells (figure 3H).

Transcriptional landscape heterogeneity of GA malignant
cells
We performed clustering analysis of 5635 malignant cells and
revealed five prominent cell subgroups (C1-C5). The malignant
cells were grouped mainly according to Lauren’s histopatholog-
ical type and background factor (EBV infection) (figure 4A). We
also observed that the proportion of C1-CS$ varies among nine
patients (figure 4C). C1 consisted almost entirely (96.9%) of
malignant cells from the diffuse-type sample (DGC), while C2
was predominantly derived from intestinal-type samples (IGC)
(97.1%) (figure 4B). C3 contained a mixture of cells from mixed-
type (MGC) and intestinal-type samples (figure 4B). C4 was
mainly derived from one intestinal-type GC sample (IGC3) and
CS5 comprised cells from the EBV+ patient (IGCS) (figure 4B).
By comparing gene expression profiles (figure 4D), we found
that C1/C2/C3 were in correspondence with the three canonical
subtypes of Lauren’s classification and C4/C5 were two novel
cell subgroups with distinct molecular characteristics compared
with C1/C2/3 (figure 4A, online supplementary table S3).
Gastric tumour is well known to exhibit various differentia-
tion degree.?® Our data reveal that the expression of KRT20,” an
epithelial differentiation-related gene, is varying among tumour
cells. To quantitatively explore the differentiation heterogeneity
of malignant cells within and between tumours, we defined a
differentiation score based on KRT20 and its positive-correlated
genes (ie, PHGR1,® MDK,*' CHDR2, RARRES3,** GPA33,”
SLCSA1** and MUC13,** (online supplementary table S3)),
all of which have been reported to be cellular differentiation-
related makers (figure 4E). Differentiation scores varied among
subgroups and patients (figure 4F), revealing a high degree of
intertumour heterogeneity. Notably, we also uncovered high
intratumour differentiation heterogeneity in patients such
as IGC1 and IGC4, which contained two distinct cell groups
with various differentiation scores (figure 4H), which was also
validated by KRT20 immunostaining (online supplementary
figure S6). Furthermore, malignant cells of IGC1 and 1GC4

displayed similar pseudotime trajectories from low degrees to
high degrees of differentiation (figure 4H). Our results suggest
that the distinct cell groups in IGC1 and IGC4 may represent
two different differentiation stages. Next, we evaluated the asso-
ciation of tumour differentiation degree with patient outcome
in bulk transcriptomic data (TCGA STAD dataset). The survival
analysis in 408 patients reveals that low differentiation scores
can significantly predict worse overall survival (figure 41). This
supports that gastric tumour with a low differentiation degree
might be more aggressive.

Molecular features of classic Lauren’s histopathology types

of GA

We next investigated the molecular characteristics of C1, C2 and
C3 (figure 5A). C1 highly expressed a few genes which were
widely expressed in gastric epithelial cells (eg, CLDN18 and
TFF2) (figure 5B), but these genes were rarely detected in C2. In
contrast, C2 exhibited a significant molecular feature resembling
small intestine, which is supported by the widespread expres-
sion of enterocyte markers (eg, APOA1 and FABP2) (figure 5C).
These results were also validated by KRT20 and CLDN18
immunostaining (online supplementary figure S7). C3 did not
show clear molecular features but partially expressed both
markers from C1 and C2, suggesting it was an intermediate
subgroup of C1 and C2, instead of a mixture of C1 and C2. In
addition, we observed that differentiation scores vary among the
three subgroups (figure 5D). The expression levels of PHGR1,
KRT20 and MDK were highest in C2 and moderate in C3, but
were lowest in C1 (figure SE). These results illustrated that C1
represented a subpopulation of undifferentiated status while
C2 represented a different subpopulation of well-differentiated
malignant cells with features of mature enterocyte and C3 repre-
sented an intermediate state between C1 and C2. Our result
delineated the unique molecular features of different Lauren’s
histological types at single cell resolution.

Transcriptome profiling of GA-FG-CCP

The malignant cells of C4 (figure 6A) were mainly derived from
an intestinal-type GA sample IGC3 (figure 4C). H&E staining
results showed tumour sites were located in the gastric fundic
gland, which were mainly composed of differentiated pellet
cells (online supplementary figure S8A). Our scRNA-seq data
revealed that C4 widely expressed chief cell markers (eg, LIPF,
PGC and PGA3, figure 6B) and exhibited a moderate level of
differentiation scores (figure 5D). We identified a few genes
specifically expressed in C4, some of which were reported to
regulate Wnt/B-catenin signalling pathway, that is, RNF43%
(figure 6B). Gene ontology (GO) enrichment analysis confirmed
that signature genes in C4 are enriched for regulation of growth
and Wnt/B-catenin signalling pathway (figure 6C). Immunoflu-
orescence staining showed that these cells predominate in the
stomach gland base, with strong co-expression of MUC6 and
pepsinogen-I (PGA3) (figure 6D). The histopathological findings
and phenotypic expression pattern of the cells in subgroup C4
are highly consistent with the cell features of GA-FG-CCP**

To further validate our findings of GA-FG-CCPE, we investi-
gated whether GA-FG-CCP are presented in public transcrip-
tomic datasets. Unsupervised non-negative matrix factorisation
(NME, online supplementary figure S8B, see ‘Methods’ section
in online supplementary materials) was applied to cluster 86
intestinal-type patients in TCGA STAD dataset. Among the four
clusters identified by NMF, we noticed that cluster 3 (n=11)
highly expressed C4 subgroup-specific genes but rarely expressed
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enterocyte markers (figure 6E). The average expression of
C4-specific genes used for NMF was also highest in cluster 3
(figure 6F). Intriguingly, CTNNB1,*” which acts as an important
signal transducer in Wnt/B-catenin signalling pathway, exhibited
significantly higher expression in cluster 3 than others (Student’s
t-test, p=0.003) (figure 6G). A similar cluster with molecular
features of GA-FG-CCP was also identified in the Singapore
dataset® (online supplementary figure S8C). We further exam-
ined the histopathological images of the inferred GA-FG-CCP
cases in GDC Data Portal website (https://gdc.cancer.gov/). Inter-
estingly, most of tumour tissue samples (n=10) are characterised
by differentiated fundic gland columnar cells (online supplemen-
tary figure S8D and online supplementary figure S9), which is
highly consistent with the histopathological findings of IGC3.
Altogether, our study demonstrated the molecular features of
GA-FG-CCP at single-cell level and validated its presence in bulk

transcriptomic datasets, which may enhance our understanding
of gastric tumour molecular and cellular diversity.

EBV+ malignant cells highly express immune signature gene

The CS5 subgroup comprised almost entirely of cells from
intestinal-type patient (IGC5) with EBV infection (figures 7A
and 4C). The vast majority of cells in C5 displayed unique
molecular features: high levels of lymphocyte antigen-6 (Ly6)
family members (eg, LY6K) and MHC-II genes (HLA-DPA1 and
HLA-DPB1) (figure 7B), which are tightly linked with immune
responses. GO enrichment analysis indicated that this subgroup
showed high levels of immune-related signalling pathways such
as interferon-o. (IFN-o) response, antigen processing and presen-
tation (figure 7D), suggesting possible cell-cell communication
between immune cells and tumour cells. The immunostaining
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assay verified our findings that HLA class IT molecules and LY6K
exhibited higher expression levels in EBV+ cases than EBV—
cases (figure 7E). The TCGA bulk sequencing result also revealed
that HLA class II molecules highly expressed in EBV+ samples
(figure 7G). Besides, as EBV infects B cells, we compared the
cell cycle phases of B cells between EBV+ and EBV— patients
and found more cycling cells (S and G2M) in IGCS than EBV—
patients (figure 7H). Altogether, our analysis uncovers unique
molecular features of malignant cells from EBV-infected patients
with GA, which highlights the necessity of EBV diagnosis for
histological classification of GA.

DISCUSSION

GA is a highly heterogeneous disease that is affected by multiple
genetic and environmental factors, which poses a series of chal-
lenges to both accurate diagnosis and personalised therapy.
Emerging scRNA-seq has been widely used for the study of
tumour heterogeneity, including analysis of tumour devel-
opmental hierarchies, drug resistance programmes, cell-cell
communication and immune infiltration patterns.”' ** * In this
study, we employed the technology to generate a comprehensive
landscape of distinct GA types at single cell resolution.

Focused on malignant cells, we identified five subgroups
(C1-CS5) with different transcriptomic characteristics. C1 and
C2 exhibited molecular features of diffuse-type and intestinal-
type GA, respectively. C3 which were mainly derived from
mixed-histology patients showed no unique features but
partially expressed signature genes of C1 and C2. Furthermore,
we found that the differentiation degree varies among the
five subgroups and within/between tumours, revealing a high
degree of tumour heterogeneity. In addition, the differentiation
degree is low in diffuse-type tumours and varies in intestinal-
type cases. These results support that cancer cells of diffuse-
histology GA are poorly differentiated, while the intestinal-type

cases can exhibit various differentiation degree.*’Additionally,
our results show that differentiation degree is associated with
patients’ outcome. Low tumour differentiation degrees can
predict poor prognosis in GA, suggesting GA with low differ-
entiation degree may be more aggressive. Together, this is the
first report bridging the Lauren’s pathological types to molec-
ular evidences at single cell resolution, which may facilitate
more accurate GA diagnosis and prognosis assessment in GA
clinical management.

A type of well-differentiated GA, GA-FG-CCP was reported
by limited published studies mainly from Japan.*® *' ** Most
of the tumours are at early stages when diagnosed, which are
stained positive for PGA3 and MUCS6,*® and the Wnt/B-catenin
signalling pathway is activated. However, whether such tumours
are also present in the patients with advanced stage gastric cancer
and more detailed features of such tumours remain poorly under-
stood. In this study, we found that an additional panel of markers
such as DPEP1 and WNT pathway associated gene RNF43* also
expressed specifically in GA-FG-CCP. We then validated the
presence of GA-FG-CCP in two public bulk transcriptomic data-
sets (TCGA and Singapore dataset) and found that both datasets
habour subclusters with transciptome features of GA-FG-CCP.
The histopathological images of the inferred GA-FG-CCP cases
were examined by two experienced pathologists. The results
show that the histopathological features are highly consistent
with the histopathological features of GA-FG-CCP. Our find-
ings suggest that GA-FG-CCP may be a GA type at early and
advanced stages occurred both in Asian and western population.
Since the inferred GA-FG-CCP cases account for only 2%0~3%
(10/440) of total TCGA STAD patients, it may be a rare GA type.
To our knowledge, this is the first study demonstrating the histo-
pathological and phenotypic features of GA-FG-CCP at single
cell resolution, which may enhance our understanding of gastric
tumour cellular and molecular diversity.
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The EBV-positive GA was first proposed in 2014’ based on
genomic and epigenomic data at population level, which displays
recurrent PIK3CA mutations, extreme DNA hypermethylation
and amplification of JAK2 and immune-related genes such as
CD274 (also known as PD-L1) and PDCD1LG2 (also known
as PD-L2). In this study, C5 was derived principally from an
EBV-positive sample (IGCS), characterised by high expression
of MHC-II genes (HLA-DPA1 and HLA-DPBI1) and enriched
for immune active GO terms. Recent works have shown that
higher expression of MHC genes in tumours was associated
with response to checkpoint blockade immunotherapy.®® *
Additionally, it has been reported that virus infection can lead
to cellular phenotypic alteration.®* *¢ Our results demonstrate
that EBV infection is a pathogenic factor of GA that may play an
important role in immune system activation and tumour cellular

phenotypic alteration and further proved that EBV-positive GA
is immune active. Therefore, EBV infection detection should be
a requisite component of the clinical management of GA.

There is an argument regarding gastric chief cells being the
point of origin of metaplasia and cancer cells.”® =% Chief
cells are generally considered to originate from mucous neck
cell progenitors in the mid-portion of the oxyntic mucosa.
This transition involves the expression of the bHLH transcrip-
tion factor MIST1.% ** However, parietal cell death caused by
chronic inflammation has been reported to affect the expression
of MIST1, with subsequent effects on chief cell maturation and
differentiation. Investigators have also reported that loss of pari-
etal cells’! is a prerequisite for the induction of metaplastic cell
lineages and that this loss can induce chief cell to transdifferen-
tiate back into mucosa neck cells.’” In addition, lineage tracing®?
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or BrDU tracking® experiments in mouse gastric corpus and
immunohistochemical examinations of preneoplastic human
stomach lesion biopsies* show that metaplastic cells may arise
from the transdifferentiation of mature chief cells. In our study,
Monocle pseudotime trajectory analysis and immunostaining
also reveals that metaplastic cells may originate from chief cells
transdifferentiation. The above results indicate that chief cells
might be the origin of metaplastic cell lineages as well as gastric
neoplastic cells, which further enhances our understanding of
gastric carcinogenesis.

In summary, we constructed a comprehensive single-cell tran-
scriptome atlas of 27 677 cells from 9 samples of GA and 3
sample of non-malignant gastric mucosa. Focusing on epithe-
lial cells, we identified a panel of biomarkers for discrimi-
nating between benign and malignant epithelium. The results of
potential chief cells transition presented should help to clarify
the mechanism of gastric carcinogenesis. We also depicted the
diverse differentiation degrees within and between tumours and
predicted the poor outcomes of patients with low differentiation
degrees. Furthermore, we identified GA-FG-CCP and EBV+
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GA using both scRNA-seq and bulk transcriptomic dataset. As
this is a preliminary study, the limitation of our analysis is the
small number of patient cases enrolled in this study and our find-
ings require verification in a larger patient cohort. On the other
hand, we employed scRNA-seq method of which the sequencing
depth is generally lower than RNA-seq of bulk tissues. The low
depth brings several issues. First, the scRNA-seq data are rela-
tively sparse owing to the low capture efficiency and high drop-
outs. Second, transcript levels are subject to temporal fluctuation
which further contributes to the high frequency of zero obser-
vations in scRNA-seq data. Finally, the low depth of scRNA-seq
also make the detection of low-expressed genes (eg, non-coding
RNA) and alternative splicing difficult. Therefore, the numbers
of expressed genes detected by scRNA-seq are typically smaller
compared with bulk RNA-seq. Nonetheless, despite the above
limitations, scRNA-seq provides us a technique to decipher the
transcriptome of single cells, which is a big step forward. The
molecular profiling of GA characterised by single-cell transcrip-
tome profiles may pave the way for dissecting tumour heteroge-
neity, with implications for clinical practice.
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