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Abstract

Objective: Human gastric epithelial stem/progenitor cells are important for stomach

homeostasis; however, the in vitro culture system of these cells remains immature.

Although three-dimensional (3D) organoid culture has fundamentally changed the

in vitro study of gastrointestinal tract, its use is limited by inaccessible luminal com-

partment, and difficulties of imaging and manipulation. To overcome these limitations

of 3D organoid culture system, we established adult human gastric epithelial

progenitor-like (hGEPL) cell lines using a novel robust monolayer cell culture system.

Materials and Methods: We established an in vitro gel-based monolayer culture

system for normal human adult gastric epithelium, and compared it with traditional

two-dimensional (2D) and 3D organoid culture systems using transcriptomics, immu-

nofluorescence and cell viability experiments. At the same time, we used single-cell

transcriptomics to compare the differences of the hGEPL cells in conditioned medium

(Cond.) and in chemically defined medium (Chem.), the two most common media for

organoid culture, in maintaining the stemness and proliferative activity of hGEPL

cells. Finally, we explored the role of key niche factors in inducing hGEPL cell

differentiation.

Results: The hGEPL cells were similar to the in vivo gastric epithelial stem/progenitor

cells, which could stably proliferate in culture for a long time. Based on the estab-

lished culture system, we explored signalling pathways that were important for the

homeostasis of hGEPL cells. We found that after blocking the WNT signalling path-

way or activating the BMP signalling pathway, hGEPL cells could differentiate into

mucous surface cells.

Conclusion: Our culture system of hGEPL cells from adults is robust and easy to

operate, and has the transformative potential of personalized and precision medicine,

laying a solid foundation for studying the self-renewal and differentiation potentials

of gastric epithelial stem/progenitor cells as well as modelling of related gastric

diseases.
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1 | INTRODUCTION

Located between the oesophagus and the duodenum, human stomach

is an important organ for storing, mixing and digesting food.1 Gastric

mucosa is composed of thousands of gastric units with a wide variety

of well-organized cell types on the surface and in the gastric glands.

The mucous surface cells secrete a large amount of alkaline mucous

to protect the gastric mucosa from damage. Gastric glands contain a

variety of secretory cells, such as parietal cells, neck mucous cells,

chief cells and endocrine cells.2

Gastric stem cells (GSCs) are adult stem cells existing in the gas-

tric tissue, which can not only maintain self-renewal, but also differen-

tiate into various gastric cell types under appropriate conditions. The

stomach epithelium is capable of rapid renewal: the pit region has a

rapid turnover rate of roughly 3–5 days, and the renewal rate will be

faster if it is stimulated by certain external stimuli.3 For the gastroin-

testinal tract, which is vulnerable to external stimuli, the gastrointesti-

nal epithelium may undergo multiple rounds of damage and repair,

often in response to excessive inflammations. Inflammatory reaction

is a double-edged sword for stem cells. On the one hand, the gastroin-

testinal tract is the main source of reactive oxygen species (ROS).

When the epithelial layer is damaged, ROS will activate immune cells,

cause a series of immune reactions and damage GSCs, thus leading to

a series of gastrointestinal diseases such as gastroduodenal ulcer and

inflammatory bowel disease.4 On the other hand, studies have shown

that the pro-inflammatory environment induced by hyperbaric oxygen

can enhance the differentiation of human mesenchymal stem cells to

an osteogenic phenotype, which helps to enhance the differentiation

ability of stem cells.5 Therefore, GSCs are important for maintaining

normal physiological functions of the stomach, and the development

of methods for in vitro culture of GSCs is critical for a better under-

standing of gastric homeostasis and stem cell biology.

Three-dimensional (3D) organoid culture, which forms an expand-

ing, self-organizing epithelial structure with various cell types, is the

most used in vitro culture system of gastric epithelium.6–8 3D orga-

noid cultures often have multiple cell types and are heterogeneous,

which is a significant feature. 2D culture systems have the character-

istics of easier genetic manipulation and imaging. Besides the tradi-

tional 2D culture system (direct culture of cells on a dish without

coating), many novel 2D culture systems have been established, which

have higher scalability and homogeneity. There are two common

methods for novel 2D cell culture. One is to culture cells on the sur-

face of the extracellular matrix coating, which generates several dif-

ferent culture systems in the small intestine and colon of mice to

support the rapid expansion of their epithelial cells.9–12 The other is

based on the transwell system, a combination of epithelial monolayer

culture on the transwell insert and fibroblast or immune cell culture

on the transwell plate.13 However, these culture systems have some

limitations, such as relatively poor long-term maintenance during cul-

ture and difficulty of manipulation.

In this study, we attempted to expand human adult gastric epithe-

lial cells on a large scale in vitro based on 2D monolayer culture sys-

tem. First, we screened and optimized the culture system to make

primary human gastric epithelial cells proliferate steadily for a long

time in culture. Second, we systematically evaluated the cultured cells

based on the morphological and transcriptomic analyses, and found

that their gene expression patterns were very similar to those of

in vivo gastric stem/progenitor cells. Third, using this system, we fur-

ther explored the signalling pathways important for the self-renewal

and differentiation of these cultured hGEPL cells. In summary, we

established a monolayer culture system for human adult gastric epi-

thelial progenitor-like cells, which was robust, easy to operate and

optimal for long-term culture. Our study lays a foundation for the

understanding of critical biological features of human gastric epithelial

stem/progenitor cells.

2 | MATERIALS AND METHODS

2.1 | Human gastric glands isolation

This study was approved by the Ethics Committee of Peking Univer-

sity Third Hospital (Licence no. IRB00006761-M2016170), and all

patients signed written informed consent for this study. Human gas-

tric tissues were derived from clinical surgery and were rinsed with

wash buffer (100 units/ml penicillin and 100 μg/ml streptomycin

[15140-122, Gibco], and 100 μg/ml primocin [#anti-pm, InvivoGen] in

Dulbecco's phosphate-buffered saline [DPBS; D8537, Sigma-Aldrich])

two times. We isolated gastric glands based on the previously pub-

lished protocol with some modifications.7 Briefly, blood vessels, adi-

pose tissue, and mucus were carefully removed with forceps and

scissors. And the tissue was washed with wash buffer again till the

supernatant was clear. We cut the tissue into pieces, collected the

pieces into a 50 ml centrifuge tube, and immersed them in 20 ml cold

chelating buffer (10 mM ethylene diamine tetraacetic acid (EDTA;

AM9261, Ambion) and 0.5 mM dithiothreitol (DTT, 18064014, Invi-

trogen) in wash buffer). The centrifuge tube then was shocked in an

ice bath for 1 h to disintegrate the tissue. After these steps, we placed

the tissue pieces in a petri dish and squeezed them to isolate the

glands using a glass slide. We resuspended the glands in advanced

DMEM/F12 (12630-010, Gibco) with 10% fetal bovine serum (FBS;

SE200-ES, VISTECH) and collected them into a tube. We centrifuged

the tube for 5 min at 300g and washed the glands for two times. The

glands were digested with TrypLE (12604-021, Gibco) at 37�C for

5 min for subsequent culture.

2.2 | Culture medium composition

We used six culture media in this study and observed the morphology

of cells using an inverted microscope. The culture medium 1 (Chem.1)

was advanced DMEM/F12 medium with 10% FBS, 100 units/ml peni-

cillin and 100 μg/ml streptomycin, 1� GlutaMax (35050-061, Gibco),

and 1� N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid

(HEPES; 15630-080, Gibco). The culture medium 2 (Chem.2) was

advanced DMEM/F12 medium with 1� B27 supplement (17504-044,
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Gibco), 1� N-2 supplement (17502-048, Gibco), 100 units/ml penicil-

lin and 100 μg/ml streptomycin, 1� GlutaMax, and 1� HEPES. The

culture medium 3 (Chem.3) was the same as Chem.2, except that

200 ng/ml Noggin (#120-10C, PeproTech) and 100 ng/mL epidermal

growth factor (EGF; #AF-100-15, PeproTech) were added.14 The cul-

ture medium 4 (Chem.4) was Chem.2 with 1 mM N-acetylcysteine

(A9165, Sigma-Aldrich), 50 ng/ml EGF, 100 ng/ml Noggin, 100 μg/ml

primocin, 200 ng/ml fibroblast growth factor 10 (FGF10; #100-26,

PeproTech), 1 nM gastrin (G9145, Sigma-Aldrich), 2 μM A83-01 (2939,

Tocris Bioscience) and 10 mM nicotinamide (N0636, Sigma-Aldrich).

The culture medium 5 (Chem.5) was the same as Chem.4, except that

500 ng/ml R-spondin1 (#120-38, PeproTech) and 100 ng/ml

Wnt3A (5036-WN, R&D Systems) were added. The conditioned

medium (Cond.) was advanced DMEM/F12 medium with 50% Wnt3A,

R-spondin1 and Noggin conditioned medium, 1� B27 supplement, 1�
N-2 supplement, 100 units/ml penicillin and 100 μg/ml streptomycin, 1�
GlutaMax, 1� HEPES, 1 mM N-acetylcysteine, 50 ng/mL EGF, 100 μg/ml

primocin, 200 ng/ml FGF10, 1 nM gastrin, 2 μM A83-01 and 10 mM nico-

tinamide. And the Wnt3A, R-spondin1 and Noggin conditioned medium

was generated from L-WRN cells (CRL-3276, ATCC) according to the man-

ufacturer's protocol. The chemically defined medium we used for subse-

quent culture of gastric epithelial cells is Chem.5.

2.3 | 2D monolayer culture on Matrigel

First, we coated four-well plates with 250 μl Matrigel (356231,

Corning) diluted in DPBS (1:40) per well at 37�C for more than 3 h.

Then, we seeded 100,000 cells on Matrigel-coated plates and for each

well, cultured in 500 μl culture medium. The medium was changed on

the second day after seeded and every 3 days thereafter. And 10 μM

Y-27632 (S1049, Selleckchem) was added for the first 3 days. Some

points that should be noted: for primary gland cells, Cond. with 10 μM

Y-27632 was used for the initial 5 days, followed by Chem.; and for

other non-primary cells, both Chem. and Cond. can be used according

to study requirements. The above mentioned culture system was

named gel monolayer (GM). Another 2D culture was the same as the

above method, except that the plates were not coated by Matrigel.

Passaging was performed when the cell coverage was greater than

80%. The culture medium was discarded and the monolayer cells were

rinsed with DPBS. About 200 μl TrypLE was then added to plates per

well, and the plates were incubated at 37�C for 10 min to completely

digest cells. After these, we used 500 μl advanced DMEM/F12 to ter-

minate the digestion. Cells were spun down at 500g for 5 min and

resuspended for subculture. The steps of freezing and thawing were

consistent with the conventional method. The frozen medium was 10%

dimethylsulfoxide (DMSO; D2650, Sigma-Aldrich) in FBS.

2.4 | 3D organoid culture

For each well of 96 well-plates, 2500–5000 cells were suspended in

culture medium and mixed with five times the volume of Matrigel.

The total volume was 8 μl per well. The cell suspension was added to

96-well plates and incubated at 37�C for 15 min to solidify the Matri-

gel. The cells were cultured in 200 μl medium per well, and other cul-

ture conditions were the same as 2D monolayer culture.

2.5 | Cell viability assay

We compared the cell viability of 3D, 2D and gel monolayer

(GM) cultures. The same number of cells were seeded into 96-well

plates. And cell viability was detected using the CellTiter-Glo 3D

Reagent (G968B, Promega) according to the manufacturer's instruc-

tions on Days 0, 3, 6, 9 and 15. The results were analysed by Graph-

Pad Prism 6.

2.6 | Immunofluorescence

We placed a glass slide into each well of four-well plates and coated

the plates with Matrigel. Then, cells were cultured according to the

2D culture method as above mentioned. When the cell coverage

reached 60%, the cell slides could be used for immunofluorescence

staining. Cells were fixed in 4% paraformaldehyde (P1110, Macgene)

for 30 min, followed by permeabilizing with 0.5% Triton X-100

(T9284, Sigma-Aldrich) for 20 min at room temperature. The cells

were blocked with 3% bovine serum albumin (130-091-376, Miltenyi-

Biotec) in DPBS for 1 h at 37�C or overnight at 4�C. The cells were

incubated in primary antibodies at 4�C overnight, and stained with

Hochest 33342 (1:500) (H3570, Invitrogen) and secondary antibodies

for 4 h at room temperature. Primary antibodies were rabbit anti-

FABP5 (1:250) (ab255276, Abcam), mouse anti-E-cadherin (1:200)

(ab76055, Abcam), mouse anti-NME1 (1:500) (MA5-15642, Invitrogen),

rabbit anti-E-cadherin (1:500) (ab40772, Abcam), rabbit anti-MUC5AC

(1:250) (ab3649, Abcam), mouse anti-MUC6 (1:200) (sc33668, Santa

Cruz Biotechnology) and rabbit anti-MKI67 (1:250) (ab16667, Abcam).

The secondary antibodies were donkey anti-rabbit immunoglobulin G

conjugated with Alexa Fluor 488 (1:500) (ab150073, Abcam) and goat

anti-mouse immunoglobulin G conjugated with Alexa Fluor 568 (1:500)

(A11004, Thermo Fisher Scientific). Finally, slides were sealed and

imaged by fluorescence microscopy.

2.7 | Effects of medium components on cultured
cells

To evaluate the effects of medium components on cells, we analysed

changes in cell morphology and gene expression by adding or removing

a component based on Chem. We added CHIR99021 (S2924, Selleck-

chem), valproic acid (VPA, S3944, Selleckchem), or both CHIR99021

and VPA to the culture cells, respectively. The cells were dissociated

into single-cell suspensions and stained with 7-AAD viability staining

solution (420403, BioLegend) for fluorescence-activated cell sorting

(FACS; BD FACS ARIA SORP, BD Biosciences) on Days 6 and 14.
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Wnt3A, R-spondin1, Noggin, A83-01 or EGF were removed from

Chem. to form minus culture medium. As above mentioned, the cells

were digested for FACS on Days 3, 6 and 10. 7-AAD� cells were sorted

into strip tubes with 8 μl lysis buffer by FACS. The lysis

buffer contained 1 U/μl RNase Inhibitor (2313A, Takara), 0.475% Triton

X-100, 2.5 μM oligo dT primer and 2.5 mM dNTP (4019, Takara). There

were three replicates per sample for subsequent bulk RNA sequencing

library construction.

2.8 | Single-cell transcriptome sequencing

Single-cell transcriptome sequencing libraries were prepared accord-

ing to the previously published methods.15 Human gastric glands and

cultured cells were dissociated into single cell suspensions and sorted

into 96-well plates containing 2 μl lysis buffer. SuperScript II reverse

transcriptase (18064014, Invitrogen), template switch oligo primer, and

barcoded primers with unique molecular identifiers (UMIs) were used

to reverse transcribe mRNAs, followed by cDNAs amplification and

purification. After being amplified using a biotin-anchored primer with

index tags, cDNAs were fragmented and enriched for library construc-

tion. The final libraries were constructed by KAPA Hyper Prep Kits

(KK8504, KAPA Biosystems), and sequenced on Illumina HiSeq 4000

platform or Illumina NovaSeq 6000 platform (Novogene or Anoroad).

2.9 | Bulk RNA sequencing

There were two kinds of methods to prepare bulk RNA libraries. For

100 cells sorted into strip tubes, reverse transcription and cDNAs

amplification were the same as single-cell transcriptome sequencing

library preparation, except that the reagent volume was doubled.

Then the libraries were constructed by TruePrep DNA Library Prep

Kit V2 (TD502-02, Vazyme) for Illumina. For precipitation of the cul-

tured cells, RNAs were extracted using RNeasy Mini Kit (74506, Qia-

gen) and mRNAs were isolated from total RNAs by NEBNext Poly(A)

mRNA Magnetic Isolation Module (E7490L, New England Biolabs).

The transcriptome libraries were prepared using NEBNext Ultra II

RNA Library Prep Kit (E7770L, New England Biolabs) for Illumina.

All these kits were applied according to the manufacturer's

instructions. The library sequencing was performed on the Illumina

HiSeq 4000 platform or Illumina NovaSeq 6000 platform on the

paired-end 150-bp mode.

2.10 | Real-time quantitative PCR

The RNAs of cultured cells were extracted using RNeasy Mini Kit. We

used First Strand cDNA Synthesis SuperMix (E042, Novoprotein) to

reverse transcribe RNAs and to remove genome DNA. And we used

ChamQ Universal SYBR qPCR Master Mix (Q711, Vazyme) to perform

qPCR according to the manufacturer's instructions with GAPDH as an

internal control.

2.11 | Processing of transcriptomic data

For STRT scRNA-seq data set, we utilized UMI-tools to extract bar-

codes and UMIs from the R2 reads.16 The template switch oligo and

polyA tail sequence were removed from the obtained reads. Besides,

reads with low-quality bases were also discarded using seqtk (https://

github.com/lh3/seqtk). Next, we aligned the obtained clean reads to

the human GRCh38 genome by STAR,17 and used featureCounts18 to

calculate the uniquely mapped reads and UMI-tools to quantify the

UMIs. Based on the obtained UMI expression matrix, we filtered cells

with <1000 detected genes, <10,000 detected transcripts and high

mitochondrial gene-expression fractions. Harmony was used to

reduce the batch effect (https://github.com/immunogenomics/

harmony),19 and Seurat (https://satijalab.org/seurat/) was used to

identify highly variable genes, dimensionality reduction analysis and

clustering.20

For bulk RNA-seq data set, the trimming and quality control of

the raw fastq files were fulfilled by TrimGalore (https://github.com/

FelixKrueger/TrimGalore). Then, the trimmed fastq files were aligned

to the human GRCh38 genome using STAR. RSEM was used to quan-

tify the gene/transcript abundances.21

For scRNA-seq data set, we identified DEGs for each cell cluster

with the FindAllMarkers function in Seurat. For bulk RNA-seq data

set, we conducted the DEG analysis with DE-seq2.22 We utilized clus-

terProfiler to perform enrichment analysis.23 All the statistical ana-

lyses were performed and related figures were generated in R

software.

2.12 | Calculation of the cell cycling score

We downloaded two curated cell cycle gene sets representing G1/S

phase and G2/M phase, respectively.24 Then, we used these two gene

sets to calculate the cycling score with AUCell,25 and generated a

G1/S score and a G2/M score for each sample.

3 | RESULTS

3.1 | The establishment of a new 2D culture
system for hGEPL cell lines

To expand human adult gastric epithelial cells on a large scale in vitro,

we first tested five commonly used gastric epithelial culture media

(Chem.1–Chem.5, see Section 2 for details). The cellular states and

proliferation rates of human adult gastric epithelial cells varied dra-

matically in different media (Figure 1A). Among them, Chem.1,

Chem.2 and Chem.3 were not able to maintain the normal growth of

primary human adult gastric epithelial cells, while epithelial cells in

Chem.4 and Chem.5 could form mono-colony, and more colonies

were formed in Chem.5. After 6 days of culture, colonies of up to

�100 μm diameter could be formed in Chem.5 (Figure 1A). These

results indicated that Chem.5 medium had stronger colony formation
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F IGURE 1 Culture system establishment of human gastric epithelial progenitor-like (hGEPL) cells. (A) Primary human epithelial cells cultured
in different media on Day 6. Scale bar: 100 μm. (B) Primary human epithelial cells cultured in 2D, 3D and GM modes. Scale bar: 100 μm. (C) Cell
proliferation analysis for primary human epithelial cells cultured in 2D, 3D and GM modes after serial culture. (D) The expression levels of
representative genes in primary human epithelial cells cultured in 2D, 3D and GM modes after serial culture. (E) Immunofluorescence staining of

FABP5, MUC5AC and MKI67 on hGEPL cell line. Scale bar: 20 μm. (F) hGEPL cell line cultured in different culture media (Chem, Chem+C,
Chem+V and Chem+CV). Scale bar: 100 μm. (G) The expression levels of LGR5 and RBPJ in hGEPL cell line cultured with Chem+C and Chem+V,
respectively. Significance was determined by t-tests. *p value < 0.05. (H) Cycling score of hGEPL cell line cultured in different culture media
(Chem, Chem+C, Chem+V and Chem+CV). (I) hGEPL cells after serial passages. Scale bar: 100 μm. (J) The expression levels of representative
genes in hGEPL cells after serial passages.
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and proliferation ability, which was more suitable for the culture of

primary human adult gastric epithelial cells than the other four media.

Based on the Chem.5 medium (referred to as Chem. in the follow-

ing description), we next explored the effects of different culture

modes on the primary human gastric epithelial cells. We tested con-

ventional 2D and 3D organoid culture modes, and found that cells in

conventional 2D culture mode would form round colonies, but could

be only maintained for about 15 days in culture and then gradually die

(Figure 1B,C). Under traditional 2D culture mode, the support matrix

is missing, which is very different from the physiological environment

in vivo, and cells lose the ability to proliferate after several divisions

and then undergo cellular senescence.26,27 Our results are also consis-

tent with the previous study that primary human gastric epithelial cells

can only be cultured for 2 weeks and cannot be further passaged.28

For 3D organoid culture mode, although cell proliferation was able to

be maintained for a long time in culture, the cells proliferated quite

slowly (Figure 1C). To avoid the drawbacks of conventional 2D and

3D organoid culture modes, we combined them by first coating petri

dishes with thin Matrigel, and then cultured the cells on the surface of

the gel, termed as GM culture mode. This GM culture mode achieved

great culture results: the gastric epithelial cells from human adults first

grew as round colonies, then stretched, and proliferated at a much

faster rate than in conventional 2D or 3D organoid culture modes

(Figure 1C). Therefore, GM culture mode was easy to operate and the

human adult epithelial cells proliferated much faster, which integrated

the advantages of the other two culture modes and achieved optimal

growth in our hands.

Next, we conducted transcriptomic analysis to make comparisons

among 2D, 3D and GM culture modes. As shown in Figure 1D, epithe-

lial (EPCAM), cell cycle (MKI67), stemness-related (FABP5, NME1) and

gastric epithelial cell differentiation genes (MUC5AC, MUC6) were

expressed at similar levels among these different culture modes. We

also found that the results of qPCR were similar to those of the tran-

scriptomics results, and the cells in GM culture mode were less differ-

entiated (Figure S1A). Meanwhile, immunofluorescence staining also

indicated that cells in GM culture mode actively proliferated and

expressed well-known marker genes of gastric epithelial cells

(Figure 1E, Figure S1B). We also compared the differentially

expressed genes (DEGs) under these three culture modes and con-

ducted a Gene Ontology analysis (GO). We found that the DEGs of

GM culture mode were mainly enriched in cell proliferation, amino

acid transport and metabolism (Figure S1C,D).

Previous studies reported two molecules, CHIR99021 (CHIR or C,

activator of the WNT pathway) and valproic acid (VPA or V, activator

of the NOTCH pathway), which could enhance the self-renewal ability

of mouse intestinal stem cells (ISCs), and the colony formation ability

was 100 times higher when these two molecules were applied.29 Tong

et al. also found that the addition of CHIR and VPA (CV) supported

the growth of mouse and human intestinal epithelial cells on 2D

collagen-based monolayer culture system, and promoted the enrich-

ment of Lgr5+ population.11 Therefore, we separately added C, V or

CV to Chem. medium to expand the primary human gastric epithelial

cells using the GM culture mode. The addition of either CHIR or VPA

increased the expression levels of WNT signalling pathway-related

gene LGR5 and NOTCH signalling pathway-related gene RBPJ, respec-

tively (Figure 1G). However, these two molecules did not enhance the

ability of colony formation in the GM culture system. Even worse,

cells cultured for 10 days with these two molecules added slowed

down their proliferation, and the cell morphology also became abnor-

mally thickened (Figure 1F,H). Thus, the effect of CHIR and VPA for

the primary human adult gastric epithelial cells was quite different

compared with their beneficial effects for the self-renewal of ISCs.

Next, we assessed the transcriptomes for different passages of

the cells in GM culture system. Previous work has shown that long-

term culture of primary intestinal epithelium as monolayer is very dif-

ficult due to the rapid loss of stem cells and their accelerated apopto-

sis, and an important limitation of all monolayer culture systems that

need to be solved is the difficulty to passage and propagate the

cells,30 and long-term passage and culture needs to be further opti-

mized.10,12,31 Through our optimized culture system, the gastric pro-

genitor cells can be continuously passaged for 12 passages and can

last for 5 months. As the passage number increased, the cultured cells

remained stable for the specific expression signatures of gastric epi-

thelial cells, and the morphologies of the colonies were very similar to

those of the early primary culture (Figure 1I,J). In summary, we estab-

lished a monolayer culture system that used GM culture modes with

Chem. medium to expand primary human adult gastric epithelial cells

in vitro.

3.2 | Comparison between chemically defined
medium and conditioned medium for hGEPL cell lines

Although the Chem. medium combined with GM culture system can

expand primary human adult gastric epithelial cells efficiently, it is a

chemically defined medium, which relies on very expensive purified

growth factors. Thus, we tested a conditioned medium (Cond.)32

based on a supportive cell line that secreted three growth factors

(WNT, R-spondin1 and Noggin), and made comparisons between the

chemically defined medium (Chem.) and conditioned medium (Cond.).

We found that the morphologies of the colonies were similar in these

two media. Colonies formed about 6 days after being passaged, and

the colonies could grow to full on the petri dish after around 15 days

after passage (Figure 2A). In addition, the gastric progenitor cells cul-

tured in Cond. medium had a faster growth rate than those in Chem.

medium (Figure 2B).

To analyse the cellular composition of the human gastric epithelial

cells cultured in Chem. and Cond., we profiled the transcriptomes

using single-cell RNA sequencing (scRNA-seq) technique and used

in vivo normal gastric epithelial cells as reference. After removing

batch effects, we found that cells in Chem. and Cond. media were

mixed together very well, and were clustered together with the

in vivo gastric progenitor and mucous surface cells (Figure 2C). The

expression patterns of representative marker genes also supported

the result (Figure 2E). For different days during the culture, the

expression patterns of gastric epithelial cell marker genes were stable
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for both Chem. and Cond. culture conditions (Figure S2A–C). Com-

pared with Cond. medium, there were some endocrine cells in the

Chem. medium (Figure 2C,D). Interestingly, the proportion of progeni-

tor cells was much higher in both culture conditions compared with

the in vivo situation (Figure 2D). Consistently, the expression patterns

of the cultured cells were also more similar to those of in vivo gastric

epithelial progenitor cells, thus we termed the cultured cells as human

gastric epithelial progenitor-like (hGEPL) cells (Figure 2F).

To sum up, the gene expression signatures of the hGEPL cells

were similar between Chem. and Cond. culture media, while the pro-

liferation rate was higher in Cond. medium. Thus, if large-scale expan-

sion of the hGEPL cells is needed, we recommend Cond. medium,

F IGURE 2 Comparison between hGEPL cells cultured in Chem. and Cond. media. (A) hGEPL cell line cultured in Chem. and Cond. media after
serial culture. Scale bar: 100 μm. (B) Cell proliferation analysis for hGEPL cell line cultured in Chem. and Cond. media after serial culture.
(C) UMAP plots exhibiting clustering (left) and sample information (right) of in vivo human gastric epithelial cells and hGEPL cells cultured in
Chem. and Cond. media. (D) Cluster ratios of hGEPL cells cultured in Chem. and Cond. media. (E) Dot plots exhibiting the expression levels of
representative genes in each cluster. The colour key from blue to red indicates low to high expression levels, respectively. The circle size indicates
the percentage of cells expressing a certain gene. (F) Heatmap exhibiting gene expression patterns in cultured hGEPL cells and in vivo gastric
corpus cells using the DEGs of in vivo gastric corpus cell types. The colour key from purple to yellow indicates low to high expression levels,
respectively. DEG, differentially expressed gene; hGEPL, human gastric epithelial progenitor-like.
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which is cheaper and the cells grow faster to obtain sufficient

amounts of materials for large-scale experiments within a shorter

time. However, in the subsequent context, since we wanted to

explore the effects of key niche factors in the Chem. medium on

hGEPL cell line, we adopted the following strategy: first, cultured the

hGEPL cells in Cond. medium for 5 days for the initial colonies, and

then changed the medium to Chem. medium to identify the function

of each individual niche factor.

3.3 | BMP and WNT signalling pathways play
important roles in the differentiation of hGEPL cells

For the Chem. culture medium, several niche factors are indispensable

for the self-renewal and proliferative capacity of hGEPL cells, such as

EGF, WNT3a, R-spondin1, Noggin and A83-01 (inhibitor of TGF-β sig-

nalling pathway).7,33–35 To explore their roles in maintaining the

homeostasis of hGEPL cells, we individually removed them from the

Chem. culture medium. As shown in Figure 3A, the removal of differ-

ent niche factors resulted in different growth states of hGEPL cells.

After the removal of WNT3a or R-spondin1, the growth rate of

hGEPL cells decreased drastically, and the colonies became slightly

thicker. After the removal of Noggin, the colonies became stretched.

EGF was essential for the growth of hGEPL cells, and most hGEPL

cells died after removing it. After the removal of A83-01, the mor-

phologies of the colonies became shrunken and thickened, and the

number of the colonies also decreased (Figure 3A).

At the molecular level, after the removal of A83-01, the inhibition

of TGF-β signalling pathway was relieved, the expression level of

TGF-β receptor gene (TGFBR1) was upregulated, and the downstream

F IGURE 3 Effects of growth factors on hGEPL cells. (A) hGEPL cell line cultured in Chem. and after the removal of a certain growth factor.
Scale bar: 100 μm. WNT, WNT3a; RS, R-spondin1; NOG, Noggin; A83, A83-01. (B) The expression levels of representative genes in hGEPL cells
after the removal of a certain growth factor. (C) The signature score and expression levels of representative genes of mucous surface cells in
hGEPL cells after the removal of a certain growth factor. A83, A83-01; RS, R-spondin1; hGEPL, human gastric epithelial progenitor-like.
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target genes of TGF-β pathway were also upregulated as expected

(CDKN2B, RHOA, PP2R1A and PP2R1B) (Figure 3B). The removal of

Noggin led to the activation of BMP signalling pathway, and the

expression levels of BMP signalling target genes ID1, ID2, ID3 and ID4

were upregulated (Figure 3B). After the removal of R-spondin1 or

WNT3a, the WNT signalling pathway was suppressed, and the

expression levels of its target genes LGR5, MMP7 and CTNNB1 were

downregulated (Figure 3B).

To evaluate the effects of these niche factors and small molecules

on hGEPL cells' self-renewal and differentiation, we profiled the tran-

scriptomes of hGEPL cells after the removal of the factors, and then

calculated their signature scores compared to in vivo human gastric

epithelial cell types. Interestingly, we found that the signature scores

of mucous surface cells dramatically increased after Noggin or

R-spondin1 were removed, and the corresponding marker genes of

mucous surface cells such as GKN1, GKN2 and MUC5AC were signifi-

cantly upregulated (Figure 3C). After removing WNT3a, the hGEPL

cells also showed a tendency to differentiate into mucous surface cells

(Figure 3C). We also explored whether there was the differentiation

of other mature gastric epithelial cell types after niche factor removal,

but the relevant characteristics were not significant, indicating that

the differentiation of hGEPL cells to mature cell types other than

mucous surface cells may be controlled by other additional factors

(Figure S3).

These results indicated that these niche factors play important

roles in the homeostasis of hGEPL cells, and the removal of them may

result in premature differentiation. The block of BMP signalling path-

way and activation of WNT signalling pathway play decisive roles in

maintaining the self-renewal ability of the hGEPL cells and preventing

them to prematurely differentiate into mucous surface cells.

3.4 | Identification of key regulatory transcription
factors in the differentiation of hGEPL cells

Next, we explored the dynamic expression patterns after withdrawing

Noggin or R-spondin1. For both Noggin and R-spondin1, in the first

3 days of withdrawal, the differentiation was only slightly increased,

and the number of DEGs was also small compared with the control

(cells cultured in Chem. medium). However, from the 6th day to 10th

day after Noggin or R-spondin1 removal, the differentiation strongly

accelerated, and the number of DEGs also increased sharply

(Figure 4A). After noggin removal, representative marker genes of

mucous surface cells (GKN1, GKN2 and TFF1), the receptor genes of

BMP pathway (BMPR2), and the target genes of BMP signalling

pathway (ID1/2/3/4, SMAD3/5/6/7 and SMURF1) were upregulated.

Similarly, after removal of R-spondin1, markers of surface mucous

cells (GKN1/2, TFF1/2 and MUC5AC) and transcription factors of the

WNT signalling pathway (PPARD) were upregulated. Interestingly,

BMP-related genes (SMAD3 and SMURF1) were also upregulated

(Figure 4A). Since transcription factors (TFs) play crucial roles for cell

differentiation, we then focused on the dynamic changes of TFs dur-

ing the differentiation of hGEPL cells into mucous surface cells.

After the removal of Noggin, the expression levels of ID1, ID3 and

ID4 firstly increased, indicating that the BMP signalling pathway was

activated, and the hGEPL cells start differentiation, and TFs such as

MYC and PPARG were also upregulated (Figure 4B). Although no

TF-related terms were enriched in the first 6 days after the removal

of R-spondin1, the TF enriched by R-spondin1 and Noggin removal

appeared to coincide greatly at Day 10 (Figure 4B,C). This result

implied that after the removal of either R-spondin1 or Noggin, the

hGEPL cells start differentiation, and they differentiate into compara-

ble types of mature cells at the later stage.

After removing Noggin, the cellular state gradually changed, ID1

and ID3 were continuously upregulated (Figure 4B). After the removal

of R-spondin1, the change of the cellular state is initially slow but

accelerated later (Figure 4A,C). During the differentiation of hGEPL

cells into mucous surface cells, the removal of Noggin and R-spondin1

shared 45 upregulated transcription factors, suggesting that these TFs

may be more universal for the mucous surface cell differentiation

(Figure 4C). We also compared these identified TFs with the TFs

important for mucous surface cell differentiation in vivo, and found

that several TFs were shared between them, such as MAFG, HNF4A,

PPARD, FOSL2, KLF3, ID1 and KLF2 (Figure 4C,D).

4 | DISCUSSION

Although the identity of stem cells in the small intestine has been

thoroughly studied,36,37 the identity and location of gastric stem/

progenitor cells are still controversial.38–40 Considering the difficulties

of studying human gastric epithelial stem/progenitor cells in situ,

many efforts have been made to understand them by in vitro culture

system. Bartfeld et al. first cultured human adult gastric organoids,

where gastric epithelial stem/progenitor cells can be differentiated

into surface mucous cells, neck mucous cells, chief cells, and a small

number of endocrine cells.7 McCracken et al. first induced embryonic

stem cells (ESCs) into gastric antrum epithelial structure.41 These two

studies laid the foundation for different culture methods of human

gastric organoids. However, the research on physiological functions of

F IGURE 4 Roles of Noggin and R-spondin1 in hGEPL cells. (A) Heatmap exhibiting the upregulated DEGs after 3, 6 and 10 days of Noggin
(up) or R-spondin1 (bottom) removal in hGEPL cell line. The colour key from blue to red indicates low to high expression levels, respectively.
(B) Enriched KEGG pathways using the upregulated DEGs after 3, 6 and 10 days of Noggin (up) or R-spondin1 (bottom) removal in hGEPL cell
line. (C) Venn diagrams exhibiting upregulated TFs after the removal of Noggin or R-spondin1. (D) The expression levels of representative TFs in
hGEPL cells after the removal of Noggin or R-spondin1. RS, R-spondin1; DEG, differentially expressed gene; hGEPL, human gastric epithelial
progenitor-like; TF, transcription factor.
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human adult gastric organoids is limited and the operation is difficult,

and other primary cell culture systems are also being developed.

In recent years, 2D cell culture has flourished. Liu et al.10 devel-

oped a 2D culture method for Lgr5+ stem cells from the small intes-

tine. They were surprised to find that the proportion of ISCs in 2D

culture was significantly higher than that in 3D organoid culture, and

the intestine epithelial cells cultured in monolayer could effectively

form 3D organoid after being suspended in Matrigel. Boccellato

et al.42 regenerated the columnar epithelium of human gastric mucosa

using the air–liquid interface (ALI) culture method. Compared with the

standard ALI culture, the gastric polarized epithelial monolayer con-

sists of highly polarized cells of all gastric gland lineages. The cellular

states and interactions can be better observed in the 2D monolayer

culture system. Furthermore, in contrast to the inaccessibility of the

apical epithelium region in organoids, monolayer culture system is

more favourable for imaging, genetic manipulation and provides a

suitable system for studying pathogen–epithelial interactions. We

established a 2D monolayer culture system using Chem. medium and

GM culture mode to maximize cell proliferation and maintain charac-

teristic stability. The cells in our cultured system clustered together

with in vivo gastric stem/progenitor cells and had similar gene expres-

sion patterns (Figure 2C,F). The proportion of stem/progenitor cells in

the total cell population increased drastically compared with in vivo

situations (Figure 2D). All of these results indicate that we have suc-

cessfully established hGEPL cell lines.

Although niche factors of WNT, BMP, NOTCH and EGF signalling

pathways are indispensable for the self-renewal and proliferative

capacity of gastrointestinal epithelial cells, their exact roles remain

elusive. Our study showed that activation of WNT signalling pathway

and repression of BMP signalling pathway were critical for maintain-

ing the self-renewal ability of hGEPL cells, and cells differentiated into

gastric mucous surface cells after blocking WNT or activating BMP

signalling pathway (Figure 3C), consistent with previous reports in 3D

culture.7 Interestingly, we found that removing only a single factor in

the WNT pathway, WNT3a or R-spondin1, could induce differentia-

tion of hGEPL cells, and R-spondin1 played a more dominant role than

WNT3a (Figure 3C). For the BMP signalling pathway, after Noggin

removal, the expression of BMP target gene ID1 increased as

expected (Figure 3B, Figure 4A,B), indicating the activation of BMP

signalling pathway and the shift of cell identity to mucous surface

cells, which was consistent with the recently published study.35 For

the NOTCH pathway, after its activation with VPA, the proliferation

of hGEPL cells became slow (Figure 1G,H), which was contrary to the

intestinal epithelial cells, reflecting the physiological differences

between stomach and intestine.29 For EGF pathway, we found that

once EGF was removed (Figure 3A), most hGEPL cells could not sur-

vive, which also indicated the importance of EGF for the self-renewal

of hGEPL cells.

It is very difficult to expand the culture of adult primary cells and

enrich for stem/progenitor cell types in vitro. How to better maintain

the self-renewal and differentiation potential of hGEPL cells is

the focus of our future research direction. The stem cell niche is

the local tissue microenvironment that regulates the self-renewal and

differentiation of stem cells, and is crucial for the maintenance of nor-

mal physiological functions of stem cells.43 The function of stem cells

is controlled by multiple niche signalling pathways. How to better sim-

ulate the real niche signalling pathways in vitro has always been a

great challenge. Sato et al.36 induced organoids into undifferentiated

state to maintain their potential of amplification. Barker and Huch

et al.6,44 performed differentiation-promoting treatment to generate

nascent differentiated cells. Fujii et al.45 established a new culture

condition for intestinal epithelial cells, enabling human intestinal

organoids to undergo simultaneous multi-lineage differentiation and

self-renewal. Yin et al.29 screened out two small molecules,

CHIR99021 and valproic acid, to synergistically maintain the self-

renewal of mouse intestinal stem cells, resulting in homogeneous

cultures. Exosomes are also critical to the regulation of stem cell

niches. Exosomes are transport vesicles secreted by cells, which are

important mediators for information transfer and material exchange

between cells.46 Exosomes secreted by stem cells are often involved

in regulating the microenvironment and immune system between

cells, mediating extensive communications between cells, and partic-

ipating in the physiological processes of cells and tissues.47,48 The

regenerative potential of exosomes derived from MSCs has been

demonstrated in various model diseases such as kidney, liver, heart

and nerve injury.49 miRNAs in exosomes of neural progenitor cells

are closely related to cell growth and apoptosis.50 ESC-derived exo-

somes can activate the proliferation of cardiomyocytes in damaged

cardiac tissue to reduce the inflammatory response.51 Understanding

the biological characteristics of exosomes derived from stem cells

will provide a new perspective for better understanding and regulat-

ing the physiological functions of stem cells.

In addition to the niche and exosomes of stem cells, the selection

of novel biomaterials is also an important way to enhance the bioac-

tivity and function of hGEPL cell lines, thus more accurately repre-

senting the characteristics of gastric tissue. The culture system we

developed currently uses Matrigel to maintain the normal growth of

hGEPL cells. But Matrigel is derived from mouse sarcoma cells, which

exhibits batch-to-batch variability and it is difficult to control its

physical and chemical properties. And Matrigel's murine origin hinders

the use of organoids in human clinical transplantation.52,53 Novel

synthetic hydrogels have become potentially a better choice, which

can mimic salient elements of the natural extracellular matrix, and can

support cell adhesion.54 Synthetic hydrogel supports the growth

and differentiation of human and mouse intestinal stem cells into

organoids.55 Studies have shown that,56 when Phosphorene coating is

applied to hydrogel, the osteogenic ability of human dental pulp stem

cells is enhanced. There are also studies combining borophene with

hydrogel-based substrates, which is considered to be a highly sensi-

tive method that can be used as a biodetector for clinical translational

medicine.57

There are three key characteristics of our hGEPL cells. First, we

overcome the large gap between the 2D monolayer culture system

and in vivo gastric epithelial cells. hGEPL cells have similar gene

expression patterns with the in vivo gastric stem/progenitor cells,

recapitulating key properties of in vivo gastric epithelium. Second, in
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contrast to 3D organoids, our GM culture system can be easily intro-

duced into lumen contents without labour-intensive microinjection

and are suitable for genetic manipulation and high-throughput imaging

analysis. Finally, hGEPL cells have similar gene expression patterns of

gastric characteristic genes with those of 3D organoids, and can be

easily expanded by suspension and passage like classical cell lines,

which is a great improvement over previous works.10,12,31,58

We have established a robust monolayer cell culture system for

adult gastric epithelium. The hGEPL cell lines have biological features

comparable to gastric epithelial stem/progenitor cells in vivo and

could proliferate steadily over a long period of time. Activation of the

WNT signalling pathway and repression of the BMP signalling path-

way are critical for the maintenance of the self-renewal ability of

hGEPL cells.

Our novel culture system lays a solid foundation for the study of

the physiological function and molecular mechanism of gastric epithe-

lium, and provides a new selection model for the in vitro drug screen-

ing for gastric diseases. Meanwhile, our system has certain limitations.

Our culture system is relatively expensive, which limits the application

of large-scale experiments. Besides, cells cultured in our system are

more homogeneous than 3D organoid system, so it is difficult to study

the interactions between different epithelial cell types. However, our

culture system can conduct primary culture of gastric epithelial cells

without immortalization and other genetic manipulations, which are

necessary for traditional normal 2D cell lines, and can better reflect

the real characteristics of human adult gastric epithelial cells in vivo.
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