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Abstract 

Background: Epigenetic modifications in mammalian DNA are commonly manifested by DNA methylation. In the 
stomach, altered DNA methylation patterns have been observed following chronic Helicobacter pylori infections and 
in gastric cancer. In the context of epigenetic regulation, the regional nature of the stomach has been rarely consid-
ered in detail.

Results: Here, we establish gastric mucosa derived primary cell cultures as a reliable source of native human epithe-
lium. We describe the DNA methylation landscape across the phenotypically different regions of the healthy human 
stomach, i.e., antrum, corpus, fundus together with the corresponding transcriptomes. We show that stable regional 
DNA methylation differences translate to a limited extent into regulation of the transcriptomic phenotype, indicat-
ing a largely permissive epigenetic regulation. We identify a small number of transcription factors with novel region-
specific activity and likely epigenetic impact in the stomach, including GATA4, IRX5, IRX2, PDX1 and CDX2. Detailed 
analysis of the Wnt pathway reveals differential regulation along the craniocaudal axis, which involves non-canonical 
Wnt signaling in determining cell fate in the proximal stomach. By extending our analysis to pre-neoplastic lesions 
and gastric cancers, we conclude that epigenetic dysregulation characterizes intestinal metaplasia as a founding basis 
for functional changes in gastric cancer. We present insights into the dynamics of DNA methylation across anatomi-
cal regions of the healthy stomach and patterns of its change in disease. Finally, our study provides a well-defined 
resource of regional stomach transcription and epigenetics.

Keywords: Epigenetic regulation, Human stomach, Gastric epithelial development, Gastric cancer, Intestinal 
metaplasia

Background
Methylation of cytosines in the DNA represents the most 
studied heritable epigenetic modification that is highly 
important in embryonic development, tissue formation 
and cellular state maintenance [1]. DNA methylation 
patterns are established early in development after two 
waves of erasure in gametogenesis and early embryogen-
esis [2]. Methylation of promoter and enhancer regions 
during development often leads to stable repression of 
transcription factors (TFs) [3, 4] and is essential to stabi-
lize cell lineages and phenotypes [5, 6]. Once established, 
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these patterns remain stable throughout life. They can, 
however, undergo stochastic or deterministic changes, 
which mostly depend on the epigenetic context of a given 
site [7–10].

The human stomach consists of distinct regions along 
its cranial–caudal axis (gastric cardia, fundus, corpus 
or body and antrum), characterized by differences in 
mucosa phenotype, cellular composition and function 
[11]. These characteristics arise during development 
and are stable over time [12]. The role of DNA meth-
ylation in the establishment and homeostasis of these 
regional differences has not been elucidated in detail 
so far, despite some preliminary regional observations 
[13]. Aberrant DNA methylation has been linked to sev-
eral pathological conditions, including cancer [14, 15]. 
In particular, it is also a hallmark of gastric adenocarci-
noma that arises from a transformed healthy glandular 
epithelium [15]. Gastric cancer (GC) development is pre-
dominantly associated with chronic Helicobacter pylori 
infection [16]. Notably, changes in DNA methylation 
are already observed early in infected tissues and pre-
malignant lesions, including intestinal metaplasia (IM) 
[13, 17, 18]. Although our understanding of DNA meth-
ylation dynamics increased drastically in the past years 
along with improved methods of its detection [19, 20], 
the mechanisms leading to aberrant DNA methylation 
in GC, apart from tumors with gastric CpG island meth-
ylator phenotype (CIMP) [21], remain largely unknown. 
Recent advances in primary cell culture techniques allow 
to maintain and expand pure epithelial cells derived from 
healthy or diseased tissue [22, 23]. Primary human gas-
tric epithelial cells derived from the antrum and corpus 
can be cultivated in the presence of Wnt Family Mem-
ber 3A (WNT3A) and R-Spondin 1 (RSPO1), where they 
maintain region-specific transcriptional programs [24]. 
Further, their differentiation to pit cells can be induced 
upon the withdrawal of the WNT3A and RSPO1 morph-
ogens [22]. To understand the characteristics and dynam-
ics of DNA methylation in human gastric epithelial cells, 
we cultivated primary cells, which were obtained from 
healthy antrum, corpus and fundus, as plane mucosoids 

in the presence and absence of WNT3A and RSPO1 
[22], followed by analyses of DNA methylation and gene 
expression patterns. We ran detailed bioinformatic analy-
ses of epigenetic and transcriptional differences, com-
paring different stomach regions, differentiation states 
and pathological states. Our data were integrated with 
published methylomes of healthy gastrointestinal tis-
sues, novel ex vivo-cultivated gastric primary cells of IM 
and public data sets of IM tissue and GC. We describe an 
epigenetic landscape that allows differentiation plasticity 
with only minor restrictions underlying the regional phe-
notypic differences in the stomach.

Results
In vitro model of primary human gastric epithelial cells 
recapitulates regional DNA methylation profiles
To investigate cell-type-specific DNA methylation pat-
terns, we isolated human gastric epithelial cells of the 
antrum, corpus and fundus from sleeve resections and 
cultivated them as mucosoids [22]. Stem cell-enriched 
cell populations of the antrum, corpus and fundus 
were maintained in a medium containing WNT3A and 
RSPO1 (+ W/R) or differentiated in vitro to pit cells after 
removal of both factors (− W/R, Fig. 1A). Genome-wide 
DNA methylation analysis of three biological replicates 
revealed that cells from different regions preserved a 
clear regional identity (Fig. 1B, C), while clusters distin-
guishing − W/R from + W/R cells were not observed. 
We sought to identify CpGs showing regional methyla-
tion differences irrespective of + W/R and -W/R treat-
ment. Out of 738,115 CpGs, 3703 CpGs were found to 
be differentially methylated (DM) by comparing each two 
stomach regions (i.e., inter-regional comparison; delta 
beta > 0.2 or <  − 0.2, FDR < 5%) (Fig.  1C, Additional files 
1 and 7: Fig. S1A, Table  S1). Inter-regional methylation 
differences determined in vitro correlated very well with 
those determined in in vivo samples from similar regions 
[13] (Fig. 1D, Additional file 1: Fig. S1B). Thus, the in vitro 
mucosoids maintain their region-specific DNA meth-
ylation profile. Because DNA methylation changes upon 
differentiation are known to be less prominent [25], we 

Fig. 1 Global patterns of DNA methylation in the stomach. A Left: schematic representation of the human fundic and antral gland types and the 
respective location of pit cells and stem cells. Right: an experimental overview. Following sleeve resection, sample tissues (red X) from the antrum, 
corpus and fundus were cultivated as mucosoids using air–liquid interface cell culture inserts. The removal of WNT3A and RSPO1 (W/R) from the 
cell culture medium enriched for differentiated pit-like cells (− W/R) compared to stem cell-like cell populations obtained when cultivated in the 
presence of W/R (+ W/R). B Left: multidimensional scaling (MDS) of methylation proportions (beta) based on the 1000 most variable CpGs in the 
normalized data set; samples from three biological replicates under the indicated conditions. Right: hierarchical cluster analysis (dendrogram) 
of all CpGs (n = 738,115) in the normalized data set. C Volcano plots representing stomach inter-regional comparisons (+ W/R and − W/R 
combined). The dashed horizontal and vertical lines indicate cutoffs of FDR < 0.05 and delta beta between − 0.2 and 0.2, respectively. Red dots 
refer to hypermethylated CpGs (hyper) and blue dots to hypomethylated CpGs (hypo). D Enrichment of sets of CpGs hypermethylated (left) or 
hypomethylated (right) in antrum compared to corpus biopsies relative to differential methylation of CpGs between antrum and corpus mucosoids. 
Moderated t-scores were used for DM CpG ranking. ES—enrichment score; NES—normalized enrichment score. Hyper, Hypo indicate the direction 
of differential methylation in the antrum vs. corpus mucosoids comparison

(See figure on next page.)
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performed a sensitivity analysis lowering the thresholds 
of delta beta (i.e., the difference in DM) and p value in 
the comparisons between − W/R and + W/R conditions 
for each stomach region (Additional file 1: Fig. S1C). In 
agreement with previous findings, no stem cell- or dif-
ferentiation-specific gene was found to be consistently 
affected by DM across regions (Additional file  1: Fig. 
S1D). Instead, we detected only single CpGs with weak 
differences below the confidence threshold. It should be 
mentioned, though, that in the corpus, the suggested 
stem cell marker TNFRSF19 (TNF Receptor Superfamily 
Member 19, also known as TROY) was hypermethylated 
in a fraction of differentiated cells compared to undiffer-
entiated cells.

Regional DNA methylation differences in the gastric 
epithelium suggest stem cell plasticity
In total, 170 and 159 genes were found to be affected 
by hypermethylation or hypomethylation, respectively, 
comparing any two stomach regions (Additional files 2 
and 8: Fig S2A, Table S2). The top 15 most affected genes 
between all regions, ordered by their percentage of DM 
CpGs out of all interrogated CpGs per gene, include sev-
eral well-known developmental (homeodomain-) TFs 
(Fig. 2A). A gene set enrichment analysis of all DM genes 
revealed that almost half (147 out of 315 unique genes) 
of these genes are indeed involved in developmental 
processes like tissue development and pattern specifica-
tion (Fig. 2B, Additional file 9: Table S3). Strikingly, only 
11 genes of all DM genes demonstrated gene expres-
sion differences (Additional file  2: Fig. S2B). Of these, 
only four genes were found where promoter methyla-
tion negatively or positively correlated with gene expres-
sion (Fig.  2C). Interestingly, among genes most affected 
by differential methylation, we identified the pan-stom-
ach developmental regulator GATA Binding Protein 
4 (GATA4), Pancreatic And Duodenal Homeobox  1 
(PDX1), which is a transcription factor essential for the 
development of the pancreas and gastroduodenal junc-
tion and expressed in gastric antrum [26–28], as well as 

Iroquois Homeobox 2 and 5 (IRX2 and IRX5), which have 
been implicated in the specification of stomach fundus 
in mice [29] (Fig. 2A). Furthermore, we detected the fol-
lowing inter-regionally DM genes: the Meis Homeobox 
family proteins MEIS1 and MEIS2, which cooperatively 
bind DNA with several other homeodomain-containing 
TFs, like PDX1 or GATA TFs [30], the intestinal master 
regulator Caudal Type Homeobox  2 (CDX2) [31], and 
the transcription factor SIM BHLH Transcription Factor 
2 (SIM2). Using additional in vivo and in vitro data sets 
(see Methods, Additional file 13: Table S7), we validated 
differential methylation of these genes at their respec-
tive promoter and enhancer sites (Additional file  10: 
Table  S4) and evaluated their gene expression (Fig.  2D, 
Additional file  3: Fig. S3). Our analysis revealed that all 
of these DM sites bind Enhancer Of Zeste 2 Polycomb 
Repressive Complex 2 Subunit (EZH2), and most of them 
also SUZ12 Polycomb Repressive Complex 2 Subunit 
(SUZ12). EZH2 is the functional enzymatic subunit of 
the polycomb repressive complex 2 (PRC2), which cata-
lyzes the methylation of lysine 27 of histone 3 (H3K27), 
leading to transcriptional repression [32]. PRC2 pro-
teins, such as EZH2 and SUZ12, play a critical role in 
stem cell maintenance, lineage specification and differ-
entiation [33, 34]. We performed locus overlap analysis 
[35] to identify known TF binding sites (TFBS) across 
discovered stomach-associated DM CpGs correspond-
ing to published embryonic stem cell data sets [36, 37]. 
In line with the enrichment at binding sites for EZH2 
and SUZ12 (Fig. 2E), we also detected a regional enrich-
ment of DM CpGs at sites marked with trimethylation at 
lysine 9 and 27 of histone 3 (H3K9me3 and H3K27me3). 
In contrast, these genomic features were not enriched by 
comparing DM CpGs between the stomach and adjacent 
tissues (Fig. 2E). Instead, H3K4me1, a histone modifica-
tion characteristic of enhancers [38, 39], was enriched. 
In contrast to the inter-regional differences, we further 
detected that differences with other tissues preferen-
tially occur at open sea CpGs (Additional file 2: Fig. S2C), 
which might be related to cell-type-specific differences 

(See figure on next page.)
Fig. 2 Differential methylation within the stomach and between the stomach and adjacent tissues. A Displayed are the top 15 DM genes in all 
comparisons, ranked by the highest number of DM CpGs normalized to total CpGs/gene. Left: a heatmap of average DNA methylation (beta) values 
per gene. Color code ranges from 0 (unmethylated, blue) to 1 (methylated, red). Stars refer to (homeodomain) transcription factors (TFs). Right: 
the percentage of significantly DM CpGs out of the total number of interrogated CpGs per gene; color code ranges from white to dark green refer 
to percentage. B Table of selected gene ontology (GO) terms enriched in antrum vs. fundus, determined with StringDB [85]. C Average promoter 
methylation is plotted against the normalized gene expression values. The selected genes showed negative (GATA4, UPK1B, EYA2) and positive 
(CDX2) correlations between promoter methylation and gene expression. D Schematic representation of expression patterns of several DM TFs in 
different stomach regions, based on mucosoid and biopsy data sets (Additional files 3, 13: Fig. S3, Table S7). Asterisks indicate genes not differentially 
expressed in the mucosoid data set. E Enrichment and depletion of DM CpGs according to different genomic features—heatmap comparisons 
between stomach regions and between the stomach and adjacent tissues. Shown are significantly enriched (log odds ratio > 0.6) and depleted (log 
odds ratio <  − 0.6) histone modifications and TF binding sites (FDR < 0.05). Color code ranges from blue (depleted) to red (enriched); light gray refers 
to a log odds ratio between − 0.6 and 0.6; shaded squares display nonsignificant results; Pol2—Polymerase 2 subunit. F Stomach- and stomach 
cell-type-specific gene sets—percentages of DM genes between stomach regions (green) and between the stomach and adjacent tissues (purple)
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in A-B compartments [40, 41]. Many stomach-specific 
genes are expressed in individual cell lineages, predomi-
nantly in selected areas of the stomach, for example, 
parietal cells in the corpus and fundus and G-cells in the 
antrum. We determined the percentage of DM among 
stomach-specific genes (Fig. 2F) and found that they are 
rarely affected inter-regionally in the stomach in contrast 
to the comparisons between different tissues. Together, 
the small number of stomach cell lineage-specific genes 
affected by differential methylation and the small number 
of regulated TFs indicate that the regulation of transcrip-
tion programs within the stomach is rather permissive 
and does not include stringent specification of lineages.

Small but specific gene expression differences define 
the regional identity of stem cells in vitro
In contrast to methylation levels, the global transcrip-
tomic landscape of + W/R and − W/R stomach regions 
appeared to be governed by changes between stem cells 
and pit cell-like cell populations (Fig. 3A, B, top). How-
ever, we also identified regional gene expression dif-
ferences between the antrum and the corpus in  vitro, 
which correlated well with those in  vivo (Additional 
file 4: Fig. S4A). Of note, the expression of marker genes 
of dominant chief and parietal cells in the corpus and 
fundus was not induced in  vitro (Additional file  4: Fig. 
S4B). The presence of antral endocrine G and D cells 
was confirmed by GAST (Gastrin) and SST (Somato-
statin) expression, respectively (Additional file  4: Fig. 
S4B). Most proposed stem cell markers in the stomach, 
including the antral marker leucine-rich repeat contain-
ing G protein-coupled receptor 5 (LGR5), the corpus 
markers TNFRSF19 (TROY), SRY-Box Transcription 
Factor 2 (SOX2) and RUNX Family Transcription Fac-
tor 1 (RUNX1), were expressed as reported [42–45] in 
the + W/R cultures (Fig.  3C). Despite these differences 
in stem cell gene expression, only a few other genes were 
differentially expressed inter-regionally (Fig.  3B, bot-
tom). The antrum vs. fundus comparison revealed the 
relatively largest number of differences, including genes 
that were also DM (Fig. 3D, Additional file 2: Fig. S2B). 
A gene set enrichment analysis of the fundus compared 
to antrum further indicated a higher expression of genes 
associated with complement activation and adaptive and 
innate immune responses (Fig.  3E, Additional file  11: 

Table  S5). Interestingly, three of the leading-edge genes 
in adaptive and innate immune response gene sets, Beta-
2-Microglobulin (B2M), Protein Tyrosine Kinase 2 Beta 
(PTK2B) and BCL6 Transcription Repressor (BCL6), 
were also hypermethylated in the antrum compared to 
fundus (Additional file  7: Table  S1). Hypermethylation 
at B2M affected the gene body with annotated Fantom5 
enhancer site [46], whereas PTK2B and BCL6 hyper-
methylation occurred in the promoter region. Together, 
transcriptome analysis of stomach cells under + W/R 
and − W/R conditions in  vitro present broadly similar 
profiles with only minor transcriptional differences.

Wnt responsiveness decreases from the antrum 
to the fundus
The withdrawal of the morphogens W/R induced dif-
ferentiation to pit cells in all stomach regions (Fig.  4A). 
Differentiated pit cells characteristically expressed Gas-
trokine 1 and 2 (GKN1 and GKN2) and Mucin 5AC 
(MUC5AC), while the stem cell-enriched population 
characteristically expressed Mucin 6 (MUC6) and CD44. 
Although canonical Wnt signaling was active in all three 
stomach regions (Fig.  4B), we detected regional differ-
ences in the expression of Wnt pathway genes, with 
antrum showing the highest number of up and down-
regulated genes followed by corpus and fundus, and only 
a small number of differentially expressed (DE) genes 
shared by all three regions (Additional file  4: Fig.  S4C). 
Thus, we determined the expression levels of crucial Wnt 
signaling genes upon induced differentiation. While the 
major Wnt target Axin 2 (AXIN2) was equally downregu-
lated in differentiating mucosoids, indicating active Wnt 
signaling in cells from all regions, other genes demon-
strated a region-dependent effect (Additional file  4: Fig. 
S4C, D). The differentiation effect on the expression of 
LGR5 and Transcription Factor 7 Like 1 (TCF7L1, one 
of the four TCF/LEF proteins that mediate Wnt signal-
ing) weakened along the inferior–superior axis, while the 
remaining members of the family (TCF7, TCF7L2 and 
LEF1) displayed only minor or no change along this axis 
(Fig. 4C, Additional file 4: Fig. S4C, D). Interestingly, we 
detected an opposite trend in the expression of the non-
canonical Wnt signaling genes Wnt Family Member 5A 
(WNT5A) and its putative receptor Receptor Tyrosine 
Kinase-Like Orphan Receptor 2 (ROR2) [47, 48], whose 

Fig. 3 Differential gene expression in the stomach. A MDS of gene expression values in all samples. B Volcano plots of gene expression log2 
fold changes between − W/R and + W/R (top) and between the stomach regions (+ W/R and − W/R combined per region) (bottom). The 
dashed horizontal and vertical lines indicate cutoffs of adjusted p value (FDR) < 0.2 and a log2 fold change at − 0.6 and 0.6, respectively. C 
Regional comparison of differentially regulated stem cell genes in undifferentiated samples (+ W/R, p < 0.05). D Heatmap of the top 15 up- and 
downregulated genes (FDR < 0.2) in all regional comparisons. The normalized expression is represented by row-wise standardization (z-score). Color 
code ranges from blue (low expression) to red (high expression). E Selected GO terms of biological process based on the GSEA of antrum versus 
fundus. NES—normalized enrichment score

(See figure on next page.)
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expression in the corpus and fundus was higher than the 
antrum, regardless of the differentiation state (Fig.  4C). 
Moreover, we detected DM of WNT5A, TCF7L1 and 
TCF7, comparing the antrum and the fundus (Fig. 4D). In 
this comparison, WNT5A and TCF7 were hypermethyl-
ated and hypomethylated, respectively, at one CpG, and 
TCF7L1 was hypermethylated at two CpGs (Additional 
file 4: Fig. S4E). These CpGs are annotated by ENCODE 
as a region of an active promoter in embryonic stem 
cells, indicating a putative regulatory site for the expres-
sion of WNT5A and TCF7 in gastric stem cells. In sum-
mary, transcriptomic and epigenomic data point toward 
the implication of the canonical and non-canonical Wnt 
pathways across stomach regions with differences in 
strength along an inferior–superior axis.

Ex vivo‑cultivated organoids of intestinal metaplasia show 
specific methylation patterns that are maintained in gastric 
cancer
IM is the emergence of epithelial cells with an at least 
partial intestinal phenotype in the stomach, associated 
with chronic Helicobacter pylori infection. We cultured 
epithelial cells obtained from biopsies of antral IM sites 
and normal control sites ex  vivo. As expected, ex  vivo 
IM organoids showed transcriptional downregulation 
of stomach-specific genes and upregulation of intestinal 
genes (Additional file 5: Fig. S5A). These organoids were 
also clearly segregated from their healthy controls in 
terms of DNA methylation (Additional file  5: Fig. S5B). 
Additional samples that we cultivated from atrophic 
mucosa biopsies showed an intermediate methylation 
phenotype and were not further characterized. The dif-
ferences detected in IM compared to normal ex  vivo 
samples (delta beta > 0.2 or <  − 0.2, p < 0.05) correlated 
strongly with differences in  vivo (Additional file  5: Fig. 
S5C–E), demonstrating the stability of IM epigenomic 
patterns ex vivo. We observed, however, higher DM CpG 
numbers in the in vivo data set compared to the ex vivo 
data set, most likely due to the higher power to detect 
DM in larger cohorts. We also observed a strong bias of 
hypermethylation in the in  vivo data set (14,023 hyper- 
and 1199 hypomethylated CpGs, Additional file  5: Fig. 
S5E, left). Even stronger overlaps with our data, includ-
ing affected genes, promoters and enhancers at the CpG 
level, were found when selecting the subset of in  vivo 
samples with the highest global methylation levels and 

a higher purity [13] (Additional file  5: Fig. S5E, right). 
Higher levels of intermediate DNA methylation due to 
contaminating cells and proportionally more DM sites 
have been previously described when comparing results 
obtained with pure epithelial cells compared to biop-
sies [49]. Here, we show that the analysis of ex vivo cul-
tured gastric cells results in lower admixture effects and 
improved calling of DM sites (Additional file 5: Fig. S5F).

The number of DM CpGs in IM ex  vivo is similar to 
what we observed inter-regionally; however, these DM 
CpGs affected much higher numbers of genes and pro-
moters (Additional files 2 and 5: Fig. S2A, S5E). Unex-
pectedly though, only a small number of genes with 
aberrant promoter hypermethylation or hypomethylation 
showed differences in gene expression (15/191 and 13/85, 
respectively; Tables 1, 2). Nevertheless, these differences 
were aligned with the general dogma of promoter hypo-
methylation, leading to increased transcription and vice 
versa. Hypomethylated and upregulated genes included 
the intestinal stem cell marker Achaete-Scute Family 
BHLH Transcription Factor 2 (ASCL2) as well as two 
other intestine-specific genes, Tripartite Motif Contain-
ing 15 (TRIM15) and Fucosyltransferase 6 (FUT6) [50]. 
To further support the regulation of these intestinal 
genes by promoter methylation, we treated healthy antral 
mucosoids with the demethylating agent 5-aza2’-deoxy-
cytidine (5aza); this resulted in an increased expression 
(Table 2, Additional file 12: Table S6). We asked whether 
hypomethylated CpGs in ex  vivo IM also played a pos-
sible role in gene deregulation in IM. Enrichment analysis 
of those DM CpGs revealed enriched binding sites for the 
intestinal TFs HNF1 Homeobox A (HNF1A), Interferon 
Regulatory Factor 1 (IRF1), PDX1 and Homeobox A5 
(HOXA5) (Fig.  5A). PDX1 and HOXA5 gene expression 
was increased in ex vivo-cultivated organoids of IM (log2 
fold change = 1.06 and 0.54, and FDR = 0.174 and 0.025, 
respectively). CDX2 is the major TF driving intestinal 
transcriptional program and is known to be upregulated 
in IM [51, 52]. It has been reported that promoter meth-
ylation is not associated with CDX2 expression in IM tis-
sue [53]; the sites of regulation within CDX2 that provoke 
its aberrant expression in IM remain unknown. In our 
IM analysis, we observed accompanying CDX2 upregula-
tion, promoter hypermethylation as well as a hypometh-
ylation site in the CDX2 gene body. This gene body site, 
which contains an EZH2 binding site (Additional file 10: 

(See figure on next page.)
Fig. 4 Differentiation- and stem cell-specific gene expression. A Selected up- and downregulated pit cell- and stem cell-specific genes 
between − W/R and + W/R conditions in antrum-, corpus- and fundus-derived cell cultures (FDR < 0.05). B Gene set enrichment of beta-catenin 
target genes (n = 66) [90] compared to differential gene expression between − W/R vs. + W/R. The moderated t-score of the DE results was used 
for ranking the genes. ES—enrichment score; NES—normalized enrichment score. C Normalized gene expression boxplots of TCF7L1 and the 
non-canonical Wnt signaling pathway genes WNT5A and ROR2. The boxplot displays the median, minimum and maximum normalized expression 
values of three biological replicates. D Table of DM CpGs within the genes displayed in C. n.s.—not significant
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Table  S4), was also DM in a comparison between the 
healthy antrum and the corpus/fundus (Fig.  2A), indi-
cating its putative regulatory role (Fig.  5B). Taking into 
account the in  vivo data set, we noticed that the DM 
of this CDX2 site might be obscured by the admixture 
effect described above (Additional file  5: Fig. S5F). As 
observed by Huang et  al. [13], we observed an enrich-
ment of DM CpGs in ex vivo IM at genes with a bivalent 
promoter state indicated by the enrichment of H3K4me1 

and H3K27me3 [54] and TFBS of SUZ12 and EZH2 
(Additional file 6: Fig. S6A). Additionally, in our data also 
hypomethylated CpGs show this enrichment, probably 
because we detected higher numbers of hypomethylated 
CpGs. Together, these data indicate that both key genes 
and TF binding sites might be affected by DM patterns 
in IM.

We were interested in understanding the mechanisms 
that drive aberrant methylation in IM and its relevance 

Table 1 Hypermethylated promoter regions in IM

Shown are the 15 genes with hypermethylated promoter regions in IM that also show altered gene expression. The in vivo samples represent antral samples with a 
high methylation cluster. logFC = log2 fold change; FDR = false discovery rate

Gene Hypermethylated CpGs/
promoter region

Total CpGs/
promoter

logFC p Value FDR Detected in

KDR 3 12  − 1.5 0.0000 0.0003 Ex vivo and in vivo

GCNT2 3 17  − 1.42 0.0000 0.0000 Ex vivo

CAPN13 3 6  − 1.39 0.0000 0.0000 Ex vivo

EYA4 7 51  − 1.37 0.0000 0.0013 Ex vivo and in vivo

ITGBL1 4 10  − 1.22 0.0001 0.0101 Ex vivo

SLC9A3 5 7  − 1.01 0.0001 0.0112 Ex vivo

CLIC6 5 11  − 0.89 0.0039 0.1244 Ex vivo

CHAD 7 8  − 0.69 0.0312 0.4136 Ex vivo

SORBS2 7 55  − 0.69 0.0003 0.0201 Ex vivo

TAS1R1 3 14  − 0.68 0.0293 0.4018 Ex vivo

PSCA 4 6  − 0.66 0.0266 0.3812 Ex vivo

CYP2E1 5 7 0.77 0.0063 0.1681 Ex vivo

TMEM176B 2 20 0.89 0.0022 0.0838 Ex vivo

GJB2 3 20 1.05 0.0000 0.0021 Ex vivo

CDX2 2 12 1.34 0.0000 0.0033 Ex vivo

Table 2 Hypomethylated promoter regions in IM

Shown are the 13 genes with hypomethylated promoter regions in IM that also show altered gene expression. The in vivo samples represent antral samples with a 
high methylation cluster. 5 aza = 5-aza-2′-deoxycytidine; logFC = log2 fold change; FDR = false discovery rate

Gene Hypomethylated CpGs/
promoter region

Total CpGs/
promoter

logFC p Value FDR Detected in 5Aza logFC

TRIM15 9 25 2.11 0.0000 0.0000 Ex vivo and in vivo 1.66

ASCL2 6 45 1.27 0.0000 0.0003 Ex vivo and in vivo 0.79

HOXA2 15 28 1.24 0.0000 0.0053 Ex vivo

HMGA1 3 17 1.09 0.0000 0.0000 Ex vivo

TMEM154 3 7 0.92 0.0040 0.1257 Ex vivo

KRT23 2 6 0.91 0.0045 0.1351 Ex vivo 4.25

FUT6 4 8 0.90 0.0033 0.1117 Ex vivo and in vivo 0.99

GAL3ST2 2 6 0.88 0.0006 0.0315 Ex vivo and in vivo

GJC2 2 13 0.67 0.0370 0.4529 Ex vivo 2.89

SYNE1 2 21 0.66 0.0266 0.3812 Ex vivo 1.48

C8orf74 2 6 0.64 0.0469 0.5108 Ex vivo

HOXA4 10 24 0.62 0.0262 0.3786 Ex vivo

DCHS2 2 15  − 0.64 0.0093 0.2145 Ex vivo
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to GC. Recently, a hypermethylation signature at specific 
CpG islands shared by most cancers and associated with 
extra-embryonic tissues was identified [55]. Interestingly, 
IM organoids displayed increased methylation levels at 
these sites compared to normal tissues. (Fig.  5C, Addi-
tional file 6: Fig. S6B, C). We observed the same pattern 
in the in vivo data set of IM [13] as well as in a data set 
of Barrett’s esophagus (BE) samples [56], which is an IM 
that occurs in the lower esophagus. These results sug-
gest that the dysregulation of putative responsible sign-
aling pathways occurs already before the transformation. 
Finally, we asked whether any IM-related changes are 
preserved in GC. We determined the overlaps of hyper-
methylated and hypomethylated promoters in IM with 
those identified in molecular subtypes of GC, namely 
chromosomally instable (CIN), microsatellite instable 
(MSI) and genomically stable (GS) GCs. Most intestinal-
like GCs (59%) are classified as belonging to the CIN sub-
type, whereas MSI and GS subtypes represent only 24 
and 9% of intestinal-like GCs, respectively [14]. A recent 
study [13] has found a substantial overlap between hyper-
methylated regions in IM and those of CIN and MSI sub-
types of GC. Our data is in good agreement with these 
findings. We found that 69% of the hypermethylated 
promoters and 19% of the hypomethylated promoters 
in IM overlapped with all three molecular GC subtypes 
(Fig. 5D). Since aberrant promoter methylation in IM was 
shared with all GC subtypes, it seems that these differ-
ences might not be limited to the intestinal phenotype 
alone. We further observed that while most genes with 
shared aberrant promoter methylation in IM and GC 
are not differentially expressed in IM, they show dereg-
ulation in cancer samples compared to healthy controls 
(Fig. 5D, lower row). This indicates that nascent aberrant 
methylation of these genes does not lead to considerable 
regulatory effects at the IM stage, but it does once the 
cells become malignant. As a prominent example, pro-
moter hypermethylation of MutL Homolog 1 (MLH1) is 
present already in IM, but the hypermethylation does not 

affect the specific CpG island responsible for its silenc-
ing in cancer [57] (Additional file 6: Fig. S6D); MLH1 was 
not differentially expressed (data not shown). These data 
support the hypothesis that aberrant methylation starting 
in IM continues in GC, eventually promoting deregulated 
expression.

Discussion
The stomach, a major organ of the gastrointestinal tract, 
is divided into several functionally distinct domains along 
its longitudinal (craniocaudal) axis; these domains are 
characterized by phenotypically and functionally diverse 
mucosa with the predominance of distinct cell types and 
lineages. While some regulatory factors of the different 
zones have been identified [58], it is unclear what their 
role is in inter-regional stomach development and how 
these phenotypic differences are maintained.

By using a primary human gastric epithelial cell culture 
model [22], we show that global DNA methylation pat-
terns define a regional identity that clearly and stably dis-
tinguishes the antrum, corpus and fundus. These results 
are supported by previous studies that have shown 
region-specific methylation profiles in individual tissues 
[59, 60] and different colon regions [49]. In addition, by 
comparing our in  vitro data to published in  vivo data 
from stomach biopsies we demonstrate that DNA meth-
ylation differences between regions are well preserved, 
indicating that methylation profiles are mainly stable 
during short-time culture. We present an extensive anal-
ysis across all three main stomach regions and differenti-
ation states (stem and pit cells), thereby creating a whole 
map of DNA methylation and gene expression dynamics 
in the healthy human gastric epithelium. Interestingly, we 
find that many TFs DM between regions are no longer 
transcriptionally active in the adult stomach and that 
most region-specific lineage genes are not affected by 
DM. Together, these results infer plasticity of gastric epi-
thelial stem cells and a specification of regional cellular 
phenotypes by only a few TFs and possibly cell-extrinsic 

Fig. 5 Differential methylation in intestinal metaplasia. A Enrichment of hypermethylated and hypomethylated CpGs in TF binding sites (JASPAR 
collection) in organoids derived from intestinal metaplasia (IM) biopsies compared to organoids derived from normal gastric biopsies. Shown 
are log odds ratios of significantly enriched (log odds ratio > 0.6) or depleted (log odds ratio <  − 0.6) genomic features (FDR < 0.05). Color code 
ranges from blue (depleted) to red (enriched); gray refers to a log odds ratio between -0.6 and 0.6. Hyper—hypermethylated CpGs; Hypo—
hypomethylated CpGs. B Heatmap of the CDX2 DNA methylation pattern in the IM organoids vs. normal gastric organoids. The arrow indicates the 
transcriptional direction. CGI—CpG island, TSS—transcription start site, 5′UTR—5′ untranslated region, IGR—intergenic region. C ExE-hyper-CGI 
methylation of in healthy and precancerous samples. Shown are the mean ExE-hyper-CpG island methylation values per sample ranked by their 
means. Normal samples include all the samples from our mucosoid cultures (antrum, corpus and fundus) as well as all the healthy samples from 
the organoid and biopsy IM data sets [13] and the Barrett’s esophagus (BE) biopsy data sets [56]. The dashed red line indicates the upper 95% 
confidence interval limit of all normal samples. Diseased samples include the respective in vivo mild IM and IM (biopsies), IM (organoids) and BE 
(biopsies). D Venn diagram of genes with hypermethylated or hypomethylated promoter regions in diseased samples as compared to healthy 
samples. Diseased samples: IM (organoids), microsatellite instable (MSI), genomically stable (GS) and chromosomal instable (CIN) molecular 
subtypes of gastric cancer [14]. Tables indicate the number of differentially expressed genes among those shared by all three cancer subtypes and 
IM

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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signals. Moreover, we found that significant changes in 
DNA methylation do not accompany the differentiation 
of stem cell-enriched gastric mucosoids to pit cells; this 
has been similarly observed in primary intestinal epithe-
lial cells [61]. In addition to TFs known to be involved 
in stomach development and region specification, such 
as PDX1 and IRX5, we identified and validated sev-
eral novel region-specific TFs, including SIM2, MEIS1, 
MEIS2 and CDX2. Mechanistically, most of those genes 
were DM at enhancers and promoters that bind EZH2 
and SUZ12, pointing toward their possible regulation by 
PCR2. In different published in vivo data sets as well as 
in our in vitro data set, MEIS1 and MEIS2 showed higher 
expression in the antrum than the corpus, whereas SIM2 
showed higher expression in the corpus than the antrum. 
The role of SIM2 in the stomach is yet to be investigated. 
Notably, in the small intestine, SIM2 has been shown to 
activate the transcription of the Wnt signaling mediator 
TCF7L2 and to directly regulate the expression of several 
antimicrobial peptides in the small intestine [62].

Wnt and R-Spondin are major stemness regulators in 
the intestine and stomach [63, 64]. Lgr5, a main com-
ponent of the Wnt pathway, is usually expressed in the 
antrum, while the mouse corpus usually lacks Lgr5 [65], 
suggesting different roles of the Wnt pathway in differ-
ent stomach regions. In our model, + W/R conditions 
led to comparable activation of beta-catenin signaling 
and maintained a stem-like phenotype in epithelial cells 
ex vivo independently of origin. Yet, the expression of the 
Wnt pathway mediator TCF7L1 was attenuated in the 
proximal stomach, while major effectors of the antago-
nistic non-canonical Wnt signaling, ROR2 and WNT5A 
[66], were enhanced compared to the inferior regions. 
These findings are supported by DM in the promoter 
and enhancer sites of TCF7L1 and are similar to region-
specific regulation of differentiation-associated genes 
observed in intestinal organoids [61]. In agreement with 
our findings, a supportive role for non-canonical Wnt5a 
signaling in the stem cell niche of the gastric corpus in 
contrast to that of the antrum has been suggested by 
Hayakawa et al. [67].

We extended our analysis of epithelial cell-specific 
DNA methylation in an attempt to characterize the dif-
ferences in diseased primary epithelial cells. Compar-
ing healthy samples to GC and its precancerous lesion 
IM suggested an early occurrence of GC-specific hyper-
methylation and hypomethylation patterns already at 
the IM stage. Hypermethylation in ex  vivo-cultivated 
IM as well as in samples of IM in  vivo and BE affected 
a set of particular CpG islands, related to extra-embry-
onic ectoderm-specific genes found in most cancer 
types, including GC, and thought to result from dys-
regulated fibroblast growth factor 2 (FGF2) signaling 

[55]. Although we did not detect differential expression 
of FGF pathway genes in IM ex  vivo (data not shown), 
the injection of the cytotoxin-associated gene A (CagA) 
by Helicobacter pylori is known to activate FGF signal-
ing [68]. Similarly, dysregulated FGF signaling has been 
observed in BE [69, 70]. Most likely, due to our model of 
pure epithelial cells, we were also able to identify several 
hypomethylated promoters that are shared between IM 
and all GC subtypes, excluding the EBV subtype [14]. 
Further, shared genes with aberrant hypermethylated or 
hypomethylated promoters showed gene expression dif-
ferences, compared to healthy controls, almost exclu-
sively in GC samples but not in IM. This indicates that 
additional (epi-) genetic changes must occur during the 
progression of the pre-neoplastic lesions toward full-
blown GC.

Changes in ex vivo-cultivated IM organoids correlated 
well with those differences found in vivo, while the lack 
of cell admixture in cultured cells [49] allowed more 
sensitive detection of hypomethylated CpGs sites in IM 
as compared to studies involving biopsies [13]. Thus, 
we found hypomethylation of the promoter region and 
upregulation of the putative stem cell marker of the small 
intestine, ASCL2, essential for maintaining adult intesti-
nal stem cells [71]. In addition to the induction of intes-
tinal genes, we also found that hypomethylated CpGs 
were enriched at binding sites of intestinal TFs, such as 
HNF1A, HOXA5, IRF2 and PDX1. These intestinal TFs 
were partially upregulated in IM ex  vivo, compatible 
with the altered epigenetic regulation of transcriptional 
networks in IM. Both the binding of TFs at hypomethyl-
ated sites [72] and TF binding-induced hypomethylation 
[73] have been previously observed. Further, enhancer 
hypomethylation in the healthy intestine has been shown 
to be associated with inappropriate TF binding [25]. 
Therefore, our results reveal several potential epigenetic 
mechanisms and target genes that could contribute to 
molecular changes that promote carcinogenesis in gastric 
epithelial cells.

Conclusions
In summary, we present an extensive characterization 
of epigenetic and transcriptional landscapes that vary 
across stomach regions. Our study reveals new candidate 
regulators for region-specific phenotypes and illuminates 
crucial mechanisms of cellular transformation.

Methods
Human material
Gastric sleeve: Human gastric tissue samples were 
obtained from the Center for Bariatric and Metabolic 
Surgery at the Charité University Medicine, Berlin, Ger-
many. Patient samples, negative for Helicobacter pylori, 
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were used for isolation of gastric glands from the antrum, 
corpus and fundus.

Gastric biopsy: Human gastric biopsies of antral 
normal, atrophic and metaplastic gastric tissue were 
provided by the Department of Gastroenterology, Hepa-
tology and Infectious Diseases, Otto-von-Guericke-Uni-
versity of Magdeburg, Magdeburg, Germany. Adjacent 
biopsies were assessed macro- and microscopically by a 
pathologist, and samples, where macro- and microscopic 
assessment matched, were used for the isolation of epi-
thelial cells.

Primary cell culture
Organoids and mucosoids were cultivated as previously 
described [22, 24]. Primary epithelial cells from the cor-
pus and fundus were cultivated under the same con-
ditions as the antral mucosoids. Differentiation of the 
mucosoids was achieved by replacing Wnt and R-spon-
din in the cell culture medium with advanced Dulbecco’s 
modified Eagle medium/F12 (Invitrogen) for seven days. 
Samples of undifferentiated antrum and corpus have also 
been used for gene expression analysis by Wölffling et al. 
[74].

5‑Aza‑2’‑deoxycytidine treatment of mucosoid cultures
Freshly seeded healthy antral undifferentiated mucosoid 
cultures were treated every 24  h with 4  µM 5aza (in 
0.02% acetic acid; Sigma-Aldrich). A global decrease in 
DNA methylation, measured with the 5mC ELISA kit 
(Zymo Research), to 12% of the total human 5-methyl-
ated cytosine (5mC) content was achieved after 10 days, 
after which cells were harvested for RNA isolation.

Nucleic acid isolation
DNA and RNA were extracted from mucosoid cultures 
using the QIAamp DNA Mini Kit (Qiagen) and Trizol 
(Thermo Fisher Scientific) methods, respectively. To 
extract DNA and RNA from ex vivo-cultivated organoids 
and 5aza-treated mucosoids, we used the AllPrep DNA/
RNA/miRNA Universal Kit (Qiagen). RNA integrity and 
quantity of RNA were assessed using the Agilent 2100 
Bioanalyzer (Agilent). DNA concentration was measured 
using the Qubit dsDNA HS Assay Kit (Thermo Fisher 
Scientific), and integrity was assessed by gel electropho-
resis (0.8% agarose gel, 120 V, 1 h).

DNA methylation array (450 k and EPIC)
The Illumina  Infinium® human 450 k (Illumina, WG-314-
10031) and EPIC methylation (Illumina, SWG-317-1001) 
bead chips were applied for ex  vivo-cultivated orga-
noids and healthy mucosoids, respectively, according to 
the manufacturer’s protocol at the Life&Brain research 
center (Bonn, Germany) and in collaboration with Per 

Hoffmann from the Institute of Human Genetics, Uni-
versity of Bonn.

Gene expression microarray
Single color Agilent SurePrint G3 Custom Gene Expres-
sion Microarray 8 × 60K (Agilent, Agilent-048908; GEO 
Platform GPL21272) was used for gene expression analy-
sis according to the manufacturer’s protocol. Note: a part 
of the gene expression results obtained with the samples 
of + W/R antrum and + /W/R corpus has already been 
published [74]. Here, we used these samples combined 
with the respective − W/R samples and extended the data 
set to + W/R and − W/R fundus.

Bioinformatic methods
Data analysis was performed in the R/Bioconductor envi-
ronment [75]. Public data sets used in this work were 
downloaded from GEO (Additional file  13: Table  S7), 
TCGA (STAD) [14], GTEx Portal [76] and the Human 
Protein Atlas [50].

DNA methylation
Raw intensity files (idats) were processed using the 
ChAMP package [77, 78] using default settings. When 
data sets of the same platform were combined, all idat 
files were loaded and processed together. Only when 
combining 450k and EPIC data sets, the minfi function 
combineArrays was used to virtually combine the already 
loaded and filtered 450k and EPIC objects [79, 80]. Sub-
set quantile within array normalization (SWAN) was 
used to create data sets in this study. For combined data 
sets, functional normalization [81] was applied. Patient 
and slide effects were adjusted in the healthy in  vitro 
stomach data set using the champ.SVD function. Differ-
ential methylation analysis was performed with limma 
[82], applying a moderated t-test for the mucosoids and 
a paired moderated t-test for the ex  vivo data set using 
M-values. Since beta-values, ranging from 0 (unmethyl-
ated) to 1 (methylated), are more intuitive, DM in this 
manuscript is reported as delta beta. For the regional 
comparisons, + W/R and − W/R samples of the same 
region were combined and analyzed as six biological 
replicates. Genes were considered DM when at least 
two CpGs/gene were affected by significant differential 
methylation (FDR < 0.05, delta beta > 20%). The threshold 
was lowered to 1 CpG/gene when Wnt pathway genes 
were determined as DM. Promoters were considered 
DM when at least one CpG/promoter region, defined 
as TSS1500, TSS200, 5’UTR or 1st Exon, was signifi-
cantly differentially methylated. Reference for genes of 
the canonical and non-canonical Wnt pathways was 
taken from the GO Wnt and GO-non-canonical Wnt 
gene lists. Stomach-specific genes were taken from the 
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Human Protein Atlas as those that show fivefold higher 
mRNA levels compared to average levels in all other tis-
sues [50]. Chief and parietal cell-specific genes were 
determined from re-analyzing the data set of Ramsey and 
others [83], who profiled murine gastric epithelial cells, 
as compared to the other cell types. Symbols of mouse 
genes whose expression was logFC > 1 were translated 
into human gene symbols and used as a gene set. Genes 
of the Troy + cell signature were taken from the Addi-
tional file  7: Table  S1 [45]. DM genes were classified as 
TFs according to [84]. Protein–protein interactions and 
enrichment in GO biological processes of DM genes 
were determined using the platform StringDB [85]. The 
segmentation classes for specific gene annotations were 
taken from the UCSC table browser bed files of Broad 
Hmm in H1hesc for table annotation and the average seg-
mentation combined H1hesc for visualization. CpG sets 
corresponding to hypermethylated or hypomethylated 
CpGs were created from DM results. Only CpGs with 
delta beta > 20% were included to reduce the maximum 
size of the CpG set to < 3000; 5000 permutations were 
applied. The distribution of DM CpGs along genomic fea-
tures was determined using the UCSC RefGene Group 
from the Illumina annotation of the EPIC or 450k array 
by calculating Pearson residuals of DM CpGs for each 
genomic feature and CpG island relation. Enrichment of 
DM CpGs was determined using Locus overlap analysis 
(LOLA) [35], the ENCODE Segmentation classes and 
TFBSs [37], the UCSC features [86], the Roadmap epi-
genomics histone marks [36] and the JASPAR motifs 
collection [87]. For all core databases, only the data of 
untreated embryonic cell lines were included. The Road-
map epigenomics collection was subsetted for tissues 
corresponding to the respective comparisons. For the 
inter-regional comparison in the stomach, histone marks 
determined in the fetal stomach, stomach mucosa, gastric 
and stomach smooth muscle are included. For the com-
parison between tissues, we additionally included data 
from the fetal small and large intestine, small intestine, 
sigmoid colon, colonic mucosa, duodenum mucosa and 
esophagus. The function fisher.test within the runLOLA 
function was modified in order to allow a two-sided 
Fisher’s exact test. We determined the high methylation 
cluster in samples of IM in vivo [13] by performing hier-
archical clustering of the 108 IM samples and selecting 
the 39 antral samples with the high methylation cluster. 
Extra-embryonic ectoderm (ExE)-hypermethylated CpG 
islands [55] were orthologously mapped to the human 
hg19 genome using the UCSC Genome Browser liftOver 
tool [86]. Bed files of the genomic regions were mapped 
to the closest human CpG island, and the mean meth-
ylation/CpG island was determined. The mucosoid, the 
in vivo IM samples and the BE data set included 483 of 

the 489 mouse CpG islands, whereas in the ex  vivo IM 
data set 487 CpG islands were represented. Significance 
between diseased and normal samples was determined 
by a Wilcoxon rank-sum test with continuity correction 
between the mean methylation of all ExE-hyper-CpG 
islands in diseased data sets compared to all normal 
means. Healthy samples from the Roadmap genome col-
lection that were included in the Smith publication were 
included as well. The distribution of average methylation 
of all other CpG island promoters, which were interro-
gated on the methylation arrays, and of the ExE-hyper-
CpG islands was assigned as a control. Hypermethylated 
sites of MLH1 in cancer were taken from [57], using also 
the UCSC genome browser function lift over tool to visu-
alize the hg18 annotated sites in hg19 with custom tracks 
of DM CpGs ex vivo [86].

Gene expression
Background correction was performed using the nor-
mexp method [88], and inter-array normalization was 
performed with the quantile method of [89]. Differential 
gene expression was determined using limma by apply-
ing a moderated paired t-test. Gene set enrichments 
included gene sets with sizes between 15 and 2000 genes; 
5000 permutations were applied. The beta-catenin gene 
set was taken from [90]. Gene set enrichment analysis 
was performed using the fgsea package and gene sets of 
hallmark, pathway, motif, GO_BP, oncogenic and immu-
nologic of the Molecular Signature DataBase [91]. RNA-
Seq-based gene expression values (RSEM FPKM) from 
normal stomach samples of the GTEX project and stom-
ach adenocarcinoma samples of the TCGA project were 
obtained from the TOIL project website (https:// xenab 
rowser. net/ datap ages/? cohort= TCGA% 20TAR GET% 
20GTEx) and used to identify gene expression changes in 
DM genes in GC [92].

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13148- 022- 01406-4.

Additional file 1: Figure S1. A) Venn diagram of differentially methylated 
(DM) CpGs by regional comparisons of the stomach. B) Enrichment of 
sets of CpGs hypermethylated (left) or hypomethylated (right) between 
antrum and cardia biopsies compared to differential methylation of CpGs 
between antrum and fundus mucosoids. Moderated t-scores were used 
for DM CpG ranking. ES—enrichment score; NES—normalized enrichment 
score. Hyper, Hypo indicate the direction of differential methylation in the 
antrum vs. fundus mucosoids comparison. C) Volcano plots representing 
comparisons between differentiated (− W/R) vs. undifferentiated (+ W/R) 
states in each stomach region with a less stringent threshold. Delta beta 
is plotted against the negative logarithm of the raw p-values. The dashed 
horizontal and vertical lines indicate cutoffs of p < 0.001 and delta beta 
between − 0.05 and 0.05, respectively. Red dots refer to hypermethylated 
CpGs and blue dots to hypomethylated CpGs. D) Venn diagrams showing 

https://xenabrowser.net/datapages/?cohort=TCGA%20TARGET%20GTEx
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overlaps of DM CpGs upon differentiation in the antrum, corpus and 
fundus. The tables provide further details on the overlapping DM CpGs, 
including stem cell-specific genes (TNFRSF19 = Troy).

Additional file 2: Figure S2. A) Table of the numbers of hypermethylated 
and hypomethylated genes and promoters, comparing regions within 
the stomach and the stomach to adjacent tissues. Bottom: Venn diagrams 
showing overlaps of DM genes and promoters between the stomach 
regions. B) Differential gene expression of DM genes between the 
stomach regions. Shown are genes with log2 fold changes > 0.6 or <  − 0.6, 
* p < 0.01, ** FDR < 0.05. C) DM affects genomic features: comparisons of 
mucosoid samples from different stomach regions (left) and between the 
stomach to adjacent tissues (right). The plots show the Pearson residuals 
of the Chi-square statistic of counts of significant DM CpGs located in in 
TSS1500, TSS200, 5’UTR, 1stExon, gene body, 3’UTR and IGRs with respect 
to CpGs islands, shores, shelves and opensea. The dashed line marks the 
threshold of 95% confidence interval. TSS1500 and TSS200: 200-1500, 
and 0-200 bases upstream of the transcription start site (TSS); 5’UTR—5’ 
untranslated region; Body—gene body; 1stExon—first exon; 3’UTR—3’ 
untranslated region; IGR—intergenomic region.

Additional file 3: Figure S3. Differential expression of DM TFs between 
the antrum and the corpus, based on several in vitro and in vivo data sets 
(Additional table 7). The expression level is relative to the antrum mean; 
the p-values of a student t-test between antrum and corpus are shown on 
each plot, except for cases with less than two samples in each group. For 
each study, all microarray probes/probe sets mapping to the respective 
gene are shown.

Additional file 4: Figure S4. A) Gene set enrichment analysis of genes 
overexpressed in antrum (left) or corpus (right) biopsies compared to dif-
ferential gene expression between antrum and corpus mucosoids. + W/R 
and − W/R samples of each region were combined for the mucosoid 
analysis. Moderated t-scores were used for differential expression rank-
ing. Gene sets of biopsies were determined from (Nookaew et al., 2013, 
Additional table 7). ES—enrichment score; NES—normalized enrich-
ment score. B) Boxplots of biopsy (red) and mucosoid (green) log2 
gene expression fold changes, comparing the corpus and the antrum of 
selected cell-type-specific genes. The dashed line marks the threshold 
of log2 fold change > 0.6 or <  − 0.6. Biopsy samples were taken from 
Nookaew et al., 2013 (Additional table 7). C) Venn diagrams showing the 
overlaps of significant upregulated (top) and downregulated (bottom) 
genes, comparing -W/R (differentiated) to + W/R (undifferentiated) in the 
different stomach regions (FDR < 0.2; log2 fold change > 0.6 or <  − 0.6). 
Numbers in brackets indicate the number of genes belonging to the GO 
Wnt signaling pathway gene set, and the corresponding genes are listed 
accordingly. D) Normalized expression boxplots of Wnt signaling pathway 
genes. The boxplots display the median, minimum and maximum normal-
ized expression values of three biological replicates. E) Heatmap of TCF7L1 
DNA methylation. Displayed are the normalized methylation values (beta) 
ranging from 0 (blue, unmethylated) to 1 (red, methylated). Significantly 
DM CpGs between the antrum and the fundus are marked with red 
arrows. The black arrow refers to the transcriptional direction. CGI—CpG 
island, TSS—transcription start site, 5’UTR—5’ untranslated region, IGR—
intergenomic region.

Additional file 5: Figure S5. A) Gene expression log2 fold changes of 
the stomach- and intestine-specific genes comparing IM and nor-
mal organoids (FDR < 0.05). The dashed line indicates a cutoff of log2 
fold change > 0.6 or <  − 0.6. B) DNA methylation MDS plot of healthy 
mucosoids from the antrum, corpus and fundus, or normal, atrophic and 
intestinal metaplasia (IM) organoids. C) Volcano plot of IM vs. normal orga-
noids. Changes in methylation (delta beta) are plotted against the nega-
tive logarithm of p-values. The red horizontal and the dashed vertical lines 
indicate cutoffs of p < 0.05 and delta beta between -0.2 and 0.2, respec-
tively. D) Enrichment of sets of CpGs hypermethylated (left) or hypo-
methylated (right) between IM biopsies and normal biopsies compared 
to differentially methylation of CpGs between IM and normal organoids. 
Moderated t-scores were used for ranking the CpGs. Hyper, Hypo indicate 
the direction of differential methylation in the IM vs. normal organoid 
comparison. E) Number of DM CpGs, genes, promoters and enhancers 
determined in the comparison of IM samples to healthy samples. Left: 

organoid and biopsy antral IM samples, right: the corresponding samples 
of the high methylation clusters. F) Dot plots of methylation levels (beta 
values) of the genes TRIM15 and CDX2: healthy organoid and biopsy 
samples (top) and IM organoid and biopsy samples (bottom). Squares and 
crosses denote organoid and biopsy data, respectively. Colors below the 
plot show DM calls of IM vs. healthy in both data sets.

Additional file 6: Figure S6. A) Comparison of organoid IM samples to 
normal organoid samples—enrichment or depletion of hypermethylated 
and hypomethylated CpGs in various genomic features. Genomic features 
were defined based on Encode segmentation classes and transcription 
factor binding sites (Siggens and Ekwall, 2014), and Roadmap histone 
modification in gastric tissues (Roadmap Epigenomics Consortium et al., 
2015). Shown are log odds ratios of significantly (FDR < 0.05) enriched (log 
odds ratio > 0.6) or depleted (log odds ratio <  − 0.6) DM CpGs. The color 
code ranges from blue (depleted) to red (enriched), gray refers to a log 
odds ratio < 0.6 or >  − 0.6. Pol2—Polymerase 2 subunit; Hyper—hyper-
methylated CpGs; Hypo—hypomethylated CpGs. B) Boxplots of ExE CpG 
island (CGI) hypermethylation. Shown are the mean ExE CGI hypermeth-
ylation values per sample. Healthy samples include, in addition to those of 
the respective data sets, Roadmap epigenome healthy samples (n = 77), 
except for the extra-embryonic trophoblast cell line and placenta samples. 
Diseased samples include the respective mild IM and IM (biopsies), IM 
(organoids), and BE and GC (both biopsies). P values displayed refer to the 
Wilcoxon rank-sum test with continuity correction. C) Histograms of the 
methylation distribution in ExE hypermethylated CGI and all other CGI 
taken from the healthy mucosoid data set of the stomach regions and the 
data set of normal and IM samples from biopsies. The red line and number 
indicate the median methylation value. D) UCSC Genome Browser Image 
of the MLH1 promoter region with custom tracks showing the hypermeth-
ylation sites in samples of ex vivo IM and MSI type of GC (Kent et al., 2002). 
The sites responsible for MLH1 silencing in cancer (Morak et al., 2008) are 
marked in red. Additional tracks show UCSC CpG islands (green) and the 
UCSC layered H3K27Ac marks.

Additional file 7: Differentially methlyated CpGs between stomach 
regions and culture conditions.

Additional file 8: Differentially methylated genes between stomach 
regions.

Additional file 9: Gene set enrichment analysis of genes differentially 
methylated between stomach regions.

Additional file 10: Validation of differentially methylated CpGs between 
stomach regions in published data sets.

Additional file 11: Gene set enrichment analysis of genes differentially 
expressed between stomach regions.

Additional file 12: Differential gene expression after treatment of healthy 
antral primary epithelial cells with 5aza.

Additional file 13: DNA Methylation and gene expression data sets used 
in this manuscript.
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