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1. ABSTRACT  

   

 BACKGROUND: Human adult gastric stem cells (hAGSCs), due to their self-renewal 

capability and multipotency, play a significant role in stomach tissue regeneration and aging. 

However, hAGSC cellular homeostasis in gastric tissue physiopathology is poorly understood 

because the knowledge of their identity is still limited. 

GOAL: The purpose of this work was to explore the biological dynamics of Neck, Chief, and 

Isthmus stem cells within a physiological context. 

AIMS: To define the hAGSC cytotype-specific bio-markers, we performed bioinformatic data 

mining on open-access human gastric RNAseq single-cell databases and The Human Protein 

Atlas portal. 

Furthermore, to standardize a reliable source of hAGSCs to characterize their molecular 

features, we generated organoids with bio-marker promoter sequences upstream of the eGFP 

target gene. 

RESULTS: We identified AQP5, MUC6, and A4GNT for the isolation of Neck cells; PGC and 

3 novel bio-markers (TMEM97, TMED6, and ELAPOR1) for the isolation of Chief cells; TK1 

and EDEM3 as novel candidates for the isolation of Isthmus cells. We standardized an ex vivo 

organoid line that resembles the in vivo expression of these bio-markers. Finally, we isolated 

the PGC+ and A4GNT+ populations, making them accessible for further molecular 

characterization. 

 

In summary, we defined a methodology for the isolation of gastric epithelial cells and, for the 

first time, purified enriched populations of PGC and A4GNT positive cells using organoids. 

These results could help follow the hAGSC during homeostasis of the gastric mucosa. 

 

 
Figure 1 Graphical abstract 
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2. INTRODUCTION 

 

Stem cells are non-specialized cells of the body. These cells can self-renewal and can 

differentiate in any cell of the organism, a capacity defined as developmental potency. Self-

renewal allows them to contribute to a population of engaged cells while maintaining a stable 

population of stem cells. Specifically, when a stem cell divides, it results in two daughter cells, 

and there are three possible outcomes: two stem cells, one stem cell, and a more differentiated 

cell, or both differentiated cells. Instead, stem cell developmental potency refers to the ability 

of stem cells to differentiate into several cell types, which is reduced by passing from totipotent 

to unipotent stem cells. Totipotent stem cells represent the highest level of differentiation 

potential. They can give rise to all the cells of the organism. One example is the zygote, from 

which both embryonic and extra-embryonic tissues originate. Pluripotent cells, such as 

embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), contribute to the three 

germ layers but not the extra-embryonic tissues (1). Multipotent cells can differentiate in 

different cells of specific cell lineages. The lowest differentiation capacity characterizes 

unipotent stem cells, which can form only one cell type. The stem cells in the adult organism 

are multipotent stem cells, defined as adult stem cells (ASCs) or “somatic stem cells.” 

  

Several scientific studies have expanded knowledge about stem cell physiology, but the road 

to a complete understanding of stem biology is still long. Discovering the mechanism behind 

self-renewal could help us understand how cell fate is regulated during normal embryonic 

development and post-natally or misregulated during aging or even in cancer development. In 

addition, stem cells find applications in the preclinical and clinical fields. They are used to 

understand the biology of disease and test therapy strategies and allow tissue engineering in 

regenerative medicine.  

 

Human pluripotent stem cells, ESCs, and iPSCs provide opportunities for cell therapies against 

intractable diseases and injuries. In particular, the ESCs derive from the inner cell mass of 

mammalian blastocysts. Previous work with mouse embryos led to the development of a 

method in 1998 to derive stem cells from the inner cell mass of preimplantation human embryos 

and to grow human embryonic stem cells (hESCs) in the laboratory (2). These cells can grow 

indefinitely while maintaining pluripotency and the ability to differentiate into cells of all three 

germ layers. However, the use of ESCs for research purposes is limited by various factors, such 

as the ethical and social problems related to the use of human embryos and immune rejection 
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after transplantation. To overcome these issues, Takahashi and Yamanaka induced pluripotency 

in somatic cells through specific transcriptional factors present in ESCs, the so-called 

Yamanaka transcription factors OCT4, SOX2, KLF4, and MYC (OSKM factors), and they 

designated this new type of pluripotent stem cell as iPSCs (3). The iPSCs are pluripotent stem 

cells generated by direct reprogramming of terminally differentiated somatic cells. The 

reprogramming determines a reversal of the cell gene expression profile. Thus, differentiation-

related gene activity is turned off as undifferentiation-related genes are activated. However, 

even the iPSCs, like the ESCs, have features that limit their use, including their intrinsic 

properties of immunogenicity, heterogeneity, and, especially, tumorigenicity (4).  

 

Finally, ASCs also have many potential in the medical field. Until now, the most well-

characterized example of ASCs is the hematopoietic stem cells (HSCs) (5). Hematopoietic stem 

cell transplantation is still the most popular application of stem cell therapy. HSC 

transplantation solves problems that are caused by inappropriate functioning of the 

hematopoietic system, which includes diseases such as leukemia and anemia (6).  

The promise of stem cells in future therapies is exciting, but significant technical hurdles will 

likely only be overcome through years of intensive research.  

 

 

2.1 Adult stem cells 

 

Adult stem cells are a small tissue-resident population of multipotent stem cells (7). Some (such 

as the liver stem cells) show very low proliferative activity but undergo over-activation of 

proliferation in case of damage. Others (such as the gastrointestinal - GI -epithelium stem cells) 

are constantly self-renewing with tissue replacement rates even in the order of days (8). There 

is clear evidence of a resident stem cell population for some tissues such as the intestine (9), 

liver (10), and mammary gland (11). In these organs, they can differentiate to produce 

progenitor, precursor, and mature cells, but this is limited to the cells contained in the tissue of 

origin. Throughout the life of these organs, populations of adult stem cells serve as an internal 

repair system that generates replacements for cells lost through normal wear and tear, injury, 

or disease (12).  

 



 12 

2.2 Adult gastric stem cells  

 

Replenishing new epithelial cells in the gastric luminal environment is essential to maintain 

organ structure and function during routine turnover and injury repair. This is necessary due to 

damage caused by ingested food, gastric acid, or digestive enzymes. The GI has the highest 

turnover rate among adult mammals' endodermal tissues (13). 

 

Following the discovery of intestinal stem cells, recent studies using lineage tracing models 

have identified diverse populations of stem cells and even differentiated cells that can regain 

stem cell capacity. However, the molecular identity of gastric stem cells still needs to be 

determined (14). Adult gastric stem cells (AGSCs) represent the adult stem cell population that 

resides in the stomach's mucosa, allowing the regeneration and repair of this tissue. The human 

stomach is divided into four anatomical districts: cardia, corpus, antrum, and pylorus (Fig.2).  

 

Figure 2 A schematic representation of the human stomach. 
The stomach has four main anatomical districts: the cardia, fundus, corpus, antrum, and 
pylorus. The cardia surrounds the superior opening of the stomach, and it is the point where 
the esophagus connects to the stomach. Fundus is the dome-shaped often gas filled portion 
superior to and left of the cardia. Below the fundus is the corpus, the large central portion of 
the stomach. The distal area of the stomach consists of the antrum, pyloric canal, and pyloric 
sphincter, which connects to the duodenum. 
 

The gastric mucosa, in the four anatomical districts, is characterized by a single columnar layer 

with numerous invaginations in the lamina propria, which are called gastric units (15). The 

gastric units consist of four parts: from the lumen, they are named the pit, isthmus, neck, and 

base region. While pit and isthmus are relatively similar in all glandular gastric units, the 

cellular composition of the neck and base varies between the stomach areas, reflecting the 

specific functions of these regions (16). Two staminal niches that differ in their localization 
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coexist in the gastric unit, both in the corpus and antrum (Fig.3) (14): one in the isthmus region 

and the other at the base of the gland, although the precise features of the two niches are 

currently under debate.  

 

 
Figure 3 A schematic representation of the gastric units in different anatomical regions (antrum 
vs. corpus) of the human gastric epithelium. 
Adult corpus units primarily contain Parietal cells (blue) and Chief cells (red), but also Pit cells 
(pink), Isthmal and basal stem cells (white), Mucous cells (green) and Endocrine cells (yellow). 
Adult antral units primarily contain Mucous cells (green), but also pit cells (pink), proliferative 
isthmal and basal stem cells (white) and Endocrine cells (yellow). To a lesser extent, antral 
units present Parietal cells (blue) and Chief cells (red). 
 

In both these two niches, there are two stem populations with different functions (Fig.4): one 

actively proliferating, located mainly at the level of the isthmus, whose cells migrated 

bidirectionally, constituting all the cells of the pit and base region, and allowing the 

physiological replacement of the gastric mucosa; and a quiescent population (out of cell cycle 

and in a lower metabolic state) which can be activated either by a stochastic mechanism or by 

feedback upon loss of active stem cells or in response to injury and pathological challenge (17).  
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Figure 4 Stem cell population in the human gastric units. 

Quiescent and active stem cells coexist within the gastric tissue. Quiescent stem cells are cells 
out of cell cycle and in a lower metabolic state. Active stem cells are cells in cell cycle. active 
stem cells are the primed subpopulation that account for most of the replenishment of 
corresponding tissues, whereas quiescent stem cells function as a reserved sub-population. 
 

In adults, all gastric units are considered to be monoclonal, meaning that all cellular progeny 

is derived from a single stem cell. Contrary to the belief that stem cells divide asymmetrically 

to preserve one stem cell and one amplifying daughter cell destined to differentiate,  lineage 

tracing models showed that gastric stem cells divide symmetrically to produce two 

phenotypically equal daughter cells. The neutral competition for niche space permits only 

daughter cells that stay within the niche to remain as stem cells (14). 

Out of the stem cell niche, six differentiated gastric cell types are present: pepsinogen-secreting 

zymogenic cells or Chief cells that secrete the digestive enzymes pepsinogen; acid-producing 

oxyntic cells called Parietal cells; surface mucous cells named Pit cells; Mucous Neck cells, 

that also produce mucus in the inner part of the unit; Endocrine cells (which include the gastrin-

secreting G cells, somatostatin-secreting D cells, serotonin-secreting enterochromaffin EC 

cells, histamine-producing EC-like cells and ghrelin-secreting X/A cells), that are dispersed 

throughout all glands but account for < 2% of the epithelium; and, finally, the rare Tuft cells 

that express chemosensory markers and characteristic apical microtubules, whose function, 

however, has not yet been well defined (16).  

2.3 The gastric stem cell niche  

The stem cell niche is the in vivo microenvironment where stem cells reside and receive stimuli 

that determine their fate. Therefore, the niche should not be considered simply a physical 

location for stem cells but rather a place where extrinsic signals interact and integrate to 
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influence stem cell behavior. These stimuli include cell-to-cell and cell-matrix interactions and 

signals that activate or repress genes and transcription programs. As a direct consequence of 

this interaction, stem cells are maintained in a dormant state, induced to self-renewal or commit 

to a more differentiated state (18). The general niche model involves the association between 

resident stem cells and heterologous cell types (niche cells). Preserved components of the niche 

are the supporting stromal cells that secrete fundamental molecules; the extracellular matrix 

(ECM), which constitutes a mechanical framework unit to transmit stem cell signaling; blood 

vessels that carry nutritional support and systemic signals to the appropriate place; and the 

neural inputs, that promote the mobilization of stem cells from their niches and integrate signals 

from different organ systems (19). In the stomach, Sonic Hedgehog (SHH) and bone 

morphogenetic protein 4 (BMP4)  shape the gastric stem cell niche (Fig.5).  

 
Figure 5 Human gastric stem cell niche. 

Distribution of niche factors in the corpus gland. Circles indicate the area in which niche factors 
are secreted. The SHH-secreting parietal cells lead to the formation of a gradient of SHH. SHH 
then regulates mesenchymal BMP expression. There is only indirect data available for the 
proposed WNT gradients shown in this illustration, and the source of WNT is unclear.  
 

SHH is secreted only by Parietal cells in the neck region of the gastric unit, and its receptor 

Patched 1 (PTC1) is expressed by mesenchymal cells and gastric epithelial cells in the same 

area. According to this expression pattern, the hedgehog regulated the expression of the H+/K+-

ATPase in parietal cells and the secretion of BMP4 by mesenchymal cells. The SHH-BMP4 

axis inhibits cellular proliferation and promotes cellular differentiation. On the other hand, 

SHH signaling forms a harmful mold for the stem cell zones, which can be established only 
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outside the parietal cell/SHH/BMP4 zones, in the isthmus, and at the base of the gland (20). In 

gastric development, Hh signaling also counteracts the activity of Notch, which sustains gastric 

stem cell maintenance in the isthmus and the base region of antral units (21) (22). In addition 

to BMP and NOTCH, the third pathway regulated by SHH is represented by the fibroblast 

growth factor 10 (FGF10). In the development of the adult stomach in mice, FGF10 is 

expressed in the mesenchyme, and the knockout of FGF10 or its FGFR2 receptor leads to 

abnormal development of the gastric unit (23). Other niche factors that promote stem cell 

populations include WNT and its target genes (such us LGR5 and TROY), whose expression 

is reduced during stomach development. However, it is expressed within the gastric units of 

the corpus and the antrum (24). Epidermal growth factor (EGF), including the transforming 

growth factor alpha (TGF-α), plays a significant role in gastric cell proliferation (25) (26). 

Finally,  Gastrin (Gast), whose receptor (CCK2 receptor) is present on Parietal cells and 

enterochromaffin-like (ECL) cells in the corpus, but also in both neck progenitors and stem 

cells in the gland base (27). 

2.4 Gastric stem cell markers  

A set of markers labels populations of stem cells at the base and neck region of the glands. 

Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) gene is a WNT target 

gene. In mammals, physiological Wnt signaling is intimately involved with the biology of adult 

stem cells and self-renewing tissues. Lgr5 resides in Wnt receptor complexes and mediates 

signaling of the Wnt-agonistic R-spondins. When bound to Lgr5, R-spondin captures and 

inactivates RNF43/ZNRF3, downregulating Wnt receptors in a negative feedback loop (28) 

(29). The gene Lgr5 marks continuously cycling stem cells at the base of intestinal and colon 

crypts (9) and other tissues, including hair follicles (30), pancreas (31), prostate (32), and liver 

(33) (34).  The stomach shares a common endodermal origin with the intestine and a constantly 

renewing epithelium like the intestine (under physiological conditions, gastric epithelial cells 

undergo continuous dynamic renewal within as little as three days). Also, in this organ, Lgr5 

marks active-cycling adult stem cells at the base of pyloric glands. In vivo mouse lineage-

tracing models demonstrate that the Lgr5+ cells at the gland base are active, multipotent stem 

cells contributing to the long-term renewal of the gastric epithelium in the pyloric region. The 

Lgr5 progeny generated at the gland base rapidly migrate to the isthmus, where they undergo 

transient amplification before committing to the various functional lineages during 

bidirectional migration toward the pit or the gland base (24). Lgr5 marks WNT-dependent stem 
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cells that drive constitutive physiological tissue self-renewal but also define a class of stem 

cells or progenitors that is called into action upon tissue damage. In particular, Lgr5 marks a 

subpopulation of Chief cells in the corpus-type gastric units, representing a quiescent stem cell 

population capable of reactivating in the event of damage (35). 

An additional stem cell marker that was identified because it is co-expressed with Lgr5 in the 

intestine is the gene tumor necrosis factor receptor superfamily member 19 (Tnfrsf19), which 

is highly expressed at the base of corpus glands with Lgr5. Troy is expressed by a small subset 

of Chief and Parietal cells located at the gland base. Troy+ Lgr5+ Chief cells at gland bottoms 

can serve as quiescent stem-like cells in the epithelium of the gastric corpus, as they are fully 

differentiated cells capable of acting as a multi-potent stem cell, re-entering the cell cycle. In a 

remarkable example of cellular plasticity, these Chief cells spontaneously de-differentiate to 

act as multipotent epithelial stem cells in vivo, particularly upon damage. Troy + Chief cells are 

activated following damage at the level of actively proliferating stem cells in the isthmus (as 

expected by a reserve stem population) and upon the specific loss of Parietal cells that leads to 

the generation of a metaplastic cell lineage called SPEM (spasmolytic polypeptide expressing 

metaplasia) (36). Troy+ Chief cells are unique among Chief cells in expressing many Wnt target 

genes and producing all epithelial lineages in the corpus in vivo (35). Another population of 

reserve stem cells was marked with the gene villin (Vil1) at the base and neck of antral glands. 

Vil1-positive cells are rare and cycle only slowly, which most likely does not contribute to 

homeostasis but may act as a reservoir of stem cells for repair after injury. This group of stem 

cells is mainly located in the third part of the glands, with lineage tracing showing that they 

can differentiate into all types of cells in the antral glands (37). Just above the Lgr5-expressing 

zone, the sex-determining region Y (SRY)-box2 (SOX2) marks rare cycling cells at the base of 

the pyloric and corpus gland (38).  The cholecystokinin B receptor (CCKBR) marks a rapid 

cycling population of base stem cells that contribute to maintaining epithelial renewal in pyloric 

regions under normal homeostatic conditions (27). Axin2+ cells are at the base and lower 

isthmus of the antral gland. These cells overlap with Lgr5+ stem cells; Axin2+ Lgr5− cells can 

give rise to Lgr5+ cells; the high proliferation rate of Axin2+ cells depends on Wnt agonist R 

spondin (39). 

A new marker of pyloric stem cells, aquaporin 5 (AQP5), has been identified. AQP5 regulates 

water transport in healthy tissues and is also implicated in tumors as a driver of proliferation 

and invasiveness in vitro (40). AQP5 marks mouse and human LGR5+ adult antrum stem cells. 

Lineage tracing detailed the homeostatic behavior of AQP5+ cells that generate the major 
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pyloric lineages, confirming multipotency in the AQP5+ population. Tracing is absent from the 

corpus (41).  As in the base/neck region and also in the isthmus region, there are several 

markers of stem populations. The trefoil factor family 2 (TFF2) transcript may be the candidate 

for the adult stem cell markers in the isthmus mucosa. Lineage tracing demonstrated that TFF2 

mRNA-expressing cells in the isthmus region are the progenitors for Mucus neck, Parietal, and 

Chief cells but not for Pit or ECL cell lineages in the corpus. At the same time, TFF2 protein 

is mainly expressed and secreted by Mucus neck cells and deep antral gland mucus cells under 

normal conditions (42) (43). In the isthmus region, the muscle intestine and stomach expression 

1 (MIST1) marks a stem cell population of corpus gastric units, which plays a critical role in 

the differentiation of corpus glands. Most Mist1+ stem cells in isthmus are quiescent under 

normal conditions, giving rise to the entire gland in response to gastric injury. Moreover, 

MIST1 marks a subpopulation of Chief cells and is necessary for their development (44). 

Leucine-rich repeats and immunoglobulin-like domain 1 (LRIG1)-expressing isthmal cells (in 

the corpus and antral gland) can contribute to the regeneration of Parietal cells following acute 

gastric injury (45). Runx1 enhancer element (eR1) - cells in the isthmus of the corpus and the 

base of the pyloric gland are reported to be involved in tissue regeneration and continuously 

give rise to mature cells that maintain gastric units (46). Bmi1-expressing cells in the isthmus 

of the gastric antrum and corpus also provide progeny bipolarly and are required for the 

homeostasis/regeneration of gastric epithelium (47). More recently, the left-right determination 

factor 1 (LEFTY1) was identified as a marker of a Neck cell subpopulation showing stem cell 

characteristics. LEFTY1+ cells were present at low frequencies in gastric pyloric and fundic 

glands and seemed to be located around and in the isthmus regions (48). 

 The stem cell populations in the human gastric mucosa still need to be fully understood. 

2.5 Human ASC-derived organoids in the study of adult gastric stem cell biology  

Recent advances in 3D culture technology allow adult stem cells to exhibit their remarkable 

self-organizing properties, and the resulting organoids reflect critical structural and functional 

properties of organs. An organoid is now defined as a 3D structure grown from stem cells and 

consisting of organ-specific cell types that self-organize through cell sorting and spatially 

restricted lineage commitment (49). Organoids can be initiated from single stem cells, cultured 

long-term, and cryopreserve, and are amenable to all cell-biological and molecular analyses 

developed for 2D  models, representing the right compromise between cell lines and in vivo 

studies. 
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Organoid cultures have been generated from several adult epithelial tissues, such as intestine 

and stomach (24) (50) (35), gallbladder (51), liver (33) (34), and pancreas (52). Organoid 

cultures were also generated from other non-gastrointestinal epithelial tissues such as the 

esophagus (53), fallopian tube (54), mammary gland (55), lung (56), prostate (57), salivary 

gland (58), and taste buds (59). Organoids can also be cultured from ectoderm organs, for 

example,  brain (60) and retina (61) organoids. 

Organoid cultures can be generated from the two main types of stem cells: pluripotent 

embryonic stem cells or induced pluripotent stem cells ( brain and retina organoids), and 

multipotent adult stem cells (for example, esophagus, fallopian tube, small and large intestines, 

liver, pancreas, prostate, and stomach). Both approaches (from pluripotent and multipotent 

adult stem cells) exploit normal stem cells' seemingly infinite expansion potential in culture. 

In particular, gastric ASC-based organoids provide fundamental insights into the processes that 

allow this stem cell population to maintain and repair gastric epithelium. ASCs can be coerced 

to form organoids by creating conditions that mimic the stem cell niche environment during 

physiological tissue self-renewal or damage repair. The Wnt pathway has emerged as the 

primary driver of endodermal ASCs (62), and LGR5 (a Wnt target gene) marks active ASCs in 

many epithelia, including gastric epithelium: proliferating Lgr5+ stem cells, located at the base 

of pyloric glands of the adult mouse stomach, efficiently generate long-term, continuously 

expanding organoids closely resembling mature pyloric epithelium (24); single Lgr5+ Troy+ 

Chief cells can be cultured to generate long-lived mouse gastric organoids, containing the 

various cell types of corpus glands (35);  LGR5+ AQP5+ pyloric cells routinely established 

organoids that were passaged for more than three months (41).  Unsurprisingly, Wnt activators 

(such us Wnt3A and R-spondins) are critical components of most ASC culture growth factor 

cocktails, including human gastric ASC-derived organoids. As previously mentioned, the niche 

factors WNT, EGF, FGF-10, GAST, and inhibition of BMP are essential for the in vitro 

reconstitution of the gastric stem cell niche, which has led to the development of the long-term 

adult gastric stem cell organoid culture (50).  

Ex vivo expanded gastric adult stem cell-derived organoids retain their organ identity and 

genome stability and can be differentiated to resemble all cellular lineages present in the 

pertinent organ. Therefore, gastric ASC-derived organoids could serve as an unlimited source 

for studying the self-renewal and regenerative potential of human gastric adult stem cells in 

both physiological and pathological conditions (50). Because of the close resemblance to 
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human organs in health and disease, organoids hold great appeal for translational research and 

invite an almost immediate application into the clinic (Fig.6). Organoids open up new avenues 

for regenerative medicine in combination with editing technology, for gene therapy. An 

application of ASC-derived organoids in regenerative medicine combined with gene therapy 

was the gene correction in cystic fibrosis (CF) patients with a single-gene hereditary defect: 

CRISPR/Cas9 gene editing was utilized to correct a CFTR mutation in small intestinal and 

rectal organoids from two patients (63). Still, mouse colon organoids expanded in vitro from a 

single stem cell can, upon transplantation into multiple damaged mouse colons, engraft and 

develop into functional crypt units, fully recovering epithelial barrier function (64). Similar 

results were obtained using human adult stem cell-derived liver organoids in immune-deficient 

mice whose liver was chemically damaged, yielding functional hepatocyte grafts (34). 

Moreover, ASC-based organoid technology plays a role in the personalized medicine field. 

Organoids allow rapid ex vivo testing of drug responses on the affected tissue of individual 

patients. For example, ongoing trials will reveal the validity and applicability of tumor 

organoids in assessing drug response at the level of the individual patient (65). 

 

 
Figure 6 Organoids applications. 
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3. AIM OF THESIS 

 

 
 

4. RESULTS 

 

4.1 In silico identification of candidate gastric cytotype-specific markers 

 

4.1.1 Bioinformatics analysis  

 

Our starting point was the paper on single-cell RNA sequencing (RNA-Seq) (66), an exhaustive 

work that classifies human gastrointestinal cytotypes using high-throughput sequencing 

technologies.  

We have visualized the Gene Expression Level of selected genes on a Normal Sample set 

composed of 3 datasets (GTEx, GSE13861, GSE66229); these results are pinpointed in the 

heatmaps of Figure 7 C-D. In this way, we have further chosen those genes most under-

represented in the Normal Samples and, therefore, more specific and characterizing each single 

cytotype, detailed information in the “material and methods” section. 
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Figure 7 Summary visualization of bioinformatics rationale and results.  
(A) Summary representation of the bioinformatic analysis. Summary visualization of Neck (B),  
Chief (C), and Isthmus cytotype genes (D) in 281 normal gastric samples. 
 
 

4.1.2 Human protein atlas analysis 

The Human Protein Atlas (HPA) was used to validate bioinformatic data. The criteria used to 

identify markers expressed in the gastric gland were described briefly in Figure 8 A and in the 

“material and methods” section. 

This study identified several positive markers, namely markers whose expression was limited 

to the region of the gastric gland where the localization of the cytotype was expected (5 for the 

Neck, 5 for the Isthmus, and 9 for the Chief cells). Based on the results, we detected 3 markers 

known to have a function in the human Neck cytotype (MUC6, A4GNT, and TFF2) and 3 

markers known for human Chief cells (ELAPOR1, LIPF, and PGC). The 3 top positive neck 

markers are implicated in the protection of the gastric mucosa (MUC6, A4GNT, and TFF2) 

(67) (68) (69) and 3 top positive Chief cell markers in the digestive processes (ELAPOR1, 

LIPF, and PGC) (70) (71). In addition, 2 positive markers (AQP5 and TFF2) are implicated in 

stemness (41) (42). Finally, several of the identified genes could be investigated as putative 

cytotype-specific markers due to a lack of data in the literature. Detailed information on all 

positive markers is reported in Figure 8 B and in Table 1. 

 
Figure 8 HPA analysis criteria and positive markers 
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Positive 

markers 

Predicted 

location 

pattern 

Pathophysiological characteristics Reference 

A4GNT 

NECK 

CELLS 

In normal human tissues, O-glycans exhibiting N-
acetylglucosamine residues at nonreducing terminal are 

exclusively limited to gland mucin secreted from pyloric gland 
cells, mucous neck cells, and cardiac gland cells. The key 

enzyme for the synthesis of the terminal αGlcNAc is α1,4-N-
acetylglucosaminyltransferase (A4GNT) 

(72) 

AQP5 AQP5 marks LGR5+ stem cells in the gastric antrum (41) 

MUC6 
Mucin 6 (MUC6), one of the main components of the mucus 

barrier in the stomach, is secreted by the pyloric gland cells of 
the antrum and mucous neck cells 

(67) 

TFF2 

TFF2 appears to fulfill an important role in stabilizing the 
inner insoluble gastric mucus barrier layer, particularly by its 

binding to the mucin MUC6. TFF2 mRNA transcript-
expressing (TTE) cells are progenitors for mucus neck, 

parietal and zymogenic, but not for pit or enterochromaffin-
like cell lineages in the oxyntic gastric mucosa. 

(42) (69) 

GLTSCR2 
GLTSCR2 (also known as PICT1) was considered to be a 
tumour suppressor because of its localisation at 19q13 (a 

region that is frequently deleted in human malignant tumours) 
and its ability to stabilise PTEN. 

(73) 

EDEM3 

ISTHMUS 

CELLS 

  

GALNT6 

Polypeptide N-acetylgalactosaminyltransferases (GALNTs) 
regulate the initial step and determine the sites of mucin-

type O-glycoprotein bio-synthesis. Yan Guo et al. reported that 
GALNT6 expression markedly increased in GC tissues 

compared with those in aedjacent gastric tissues 

(74) 

NQO1 Lei Cao et al. suggest that NQO1 may function as a tumor 
suppressor in the gastric cancer 

(75) 

TK1 
The high levels of TK1 in the serum of patients with 

malignancies (rectal, gastric and colon cancer) indicate that 
TK1 may be a tumor growth-related marker for the assessment 

of its progression 

(76) 

DPCR1 DPCR1 could be a novel SPEM marker (Spasmolytic 
polypeptide-expressing metaplasia) 

(77) 
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APLP1 

CHIEF 

CELLS 

APLP1 expression is low in GC and upregulated by vorinostat 
treatment in GC cell lines. 

(78) 

DCXR   

ELAPOR1 
Endosome-lysosome associated apoptosis and autophagy 
regulator 1 (ELAPOR1) is expressed predominantly in 

zymogenic chief cells of the stomach and it is a secretory 
granule maturation-promoting factor 

(79) 

LIPF LIPF is secreted by gastric chief cells and it hydrolyzes the 
ester bonds of tryglycerides under acidic pH conditions. 

(70) 

PGC 

Pepsinogen C (PGC) belongs to the aspartic protease family 
and is secreted by gastric chief cells. PGC could be activated 

to pepsin C and digests polypeptides and amino acids, but as a 
zymogen PGC’s functions is unclear. In normal physiological 

conditions, PGC is initially detected in the late embryonic 
stage and is mainly expressed in gastric mucosa. 

(71) 

SSR4 
In GADC (Gastric adenocarcinoma) , SSR4 ishigher expressed 

in the IgA-TLSs, which may promote a better prognosis for 
GADC patients. Future studies will be required to con 

*Preprints 

TMED6 
Transmembrane p24 trafficking protein 6 (TMED6) was found 

to be in both the cancer grading and staging signatures 
indicating some biological relevance between cancer 

differentiation and progression 

(80) 

TMEM97 

Transmembrane protein 97 (TMEM97) promotes growth, cell 
cycle, migration and invasion in gastric carcinoma cells via 

suppressing AKT signaling pathway, and could play as a 
potential biomarker for prognosis of GC with platinum-based 

chemotherapy. 

(81) (82) 

PDIA2 PDIA2 is upregulated in gastric cancer. (83) 

Table 1 Gastric cytotypes labeled by candidate markers. 
*Preliminary version that has not completed peer review at the journal. 
 

4.2 In vivo validation of candidate gastric cytotype-specific markers 

 

To evaluate selected genes from bioinformatics and Human Protein Atlas analysis as markers 

that facilitate the enrichment of the three cytotypes (Neck cells, Isthmus cells, and Chief cells) 

that may contain human adult stem cell populations, immunostaining analyses were conducted 

on gastric biopsies. The first objective of the following analysis was to verify that the selected 
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genes had the intratissue localization expected for the cytotype to which they belonged, 

according to HPA and the data in the literature. In addition, whether the candidate markers for 

each cytotype are expressed by different subpopulations within the cell type being examined. 

Immunofluorescence tests were conducted on tissue sections of putative healthy patients in 

which the four regions of the gastric mucosa were most visible. 

The gastric mucosa is divided into four regions, from the muscularis mucosa to the lumen of 

the stomach are present: the base region, neck, isthmus, and pit region. The cytotype Neck is 

reported to be expressed in the homonymous region (neck region), between the base and the 

isthmus. The Chief cytotype is reported to be expressed in the lower part of the gastric mucosa, 

mainly in the base region. The location of Isthmus cells is expected between the base/neck 

region and the pit region, overlooking the stomach lumen. 

 

4.2.1 Neck cell cytotype  

 

The analysis was carried out for 4 of the 5 markers selected as candidates for isolation of the 

Neck cytotype. For the study of the Neck cytotype, samples of antral have been selected as this 

cytotype is mainly located in this anatomical district of the stomach REFERENZA. The 

intratissue localization of genes selected as potential candidates for isolating the Neck cytotype 

(A4GNT, AQP5, MUC6, and TFF2) was evaluated by immunofluorescence. The 

immunohistochemistry analysis conducted with anti-hAQP5 antibodies showed the expression 

of AQP5 in the neck region but also at the base of the tissue and an intracellular localization at 

the level of the apical and lateral plasma membrane of the cells in the gastric glands. Being 

AQP5 a known marker of AGSCs in the antrum, the coexpression with AQP5 of the other 

genes candidate for isolation of a stem subpopulation in the Neck cytotype was evaluated by 

IF. To assess the correct intratissue localization of the markers, histological sections that 

included the entire cross-section of the mucosa were selected. To simplify the visualization of 

IF results, hematoxylin-eosin staining of a representative section of the antrum tissue was 

carried out (Fig.9 C). Immunofluorescence analyses of the human stomach with antibodies 

against human AQP5, MUC6, and A4GNT, revealed that these markers were exclusively 

expressed at the gland base/neck region (Fig.9 D, E, F) in the antrum. MUC6 showed 

cytoplasmic/membranous subcellular localization (Fig.9 D, E), while A4GNT was expressed 
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in the cytoplasm. In particular, A4GNT was expressed in the Golgi Apparatus, as shown by its 

dot signal (Fig.9 E, F). A4GNT positive cells partially overlapped with MUC6, and both cells 

marked with A4GNT and MUC6 partially overlapped with AQP5. In addition, in the AQP5 and 

MUC6 populations, only a few cells overlapped with ki67, mainly located in the upper tissue 

district (Fig.9 G, H). Finally, the TFF2 candidate cytotype marker, compared to the other 

candidate genes, showed localized expression at the base and neck region but also at the 

overlying pit region (Fig.9 I). 
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Figure 9 Neck Cells Markers in vivo.  
(A) Hematoxylin staining of human gastric tissue with the main regions of the mucosa (base 
region, neck, isthmus, and pit region). (B) Immunostaining of AQP5 in normal human antrum. 
(C) hematoxylin-eosin of a representative biopsy sample used for immunofluorescence 
analysis. Colocalization of AQP5 in the pylorus with MUC6 (D), of A4GNT in the pylorus 
with MUC6 (E) and AQP5 (F). (G) MUC6 and KI67 colocalization (arrowheads). Higher-
magnification image of the area in the white box in G. (H) AQP5 and KI67 colocalization 
(arrowheads). Higher-magnification image of the area in the white box in H. (I) 
Immunofluorescence of TFF2 in the normal human antrum. (n= at least 3 biological replicates). 
 

The candidate neck cell markers AQP5 and MUC6 coexpression with the well-established stem 

marker SOX9 was examined to further characterize these cells in the stomach. The positive 

AQP5 and MUC6 populations partially expressed nuclear SOX9, as Figures 10 A and B show. 
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Figure 10 AQP5+ and MUC6+ neck cell population colocalize with Sox9. 
AQP5 (A) and MUC6 (B) colocalization with Sox9 (arrowheads). Higher-magnification image 
of the area in the white box in G. (n = 3 biological replicates). 
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These results identify AQP5, MUC6, and A4GNT as markers of different subpopulations of 

Neck cells in the antrum, and show that the neck region contains cells expressing the stem 

marker SOX9.  

 

4.2.2 Chief cell cytotype  

 

The study evaluated the localization of genes linked to the Chief cytotype in corpus biopsies 

of healthy individuals, where the presence of this cell type is expected. Immunofluorescence 

analyses of the human stomach with antibodies against selected genes revealed that these 

markers were expressed at the human corpus gland base and neck region. To further 

characterize these markers in corpus samples, the coexpression of the candidate Chief cell 

markers with TROY corpus stem cell markers was examined. The analysis was performed for 

5 of the 9 markers selected as candidates for isolation of the Chief cytotype.  

To determine the correct location of the 5 chosen Chief markers within the tissue, histological 

sections encompassing the mucosa's complete cross-section were selected. To simplify the 

visualization of immunofluorescence results, a representative section of the corpus tissue was 

stained with hematoxylin-eosin, and the resulting images are displayed in Figure 11 F. The 

LIPF protein showed a cellular distribution that was predominantly cytoplasmic and 

membranous. However, it was widespread from the base to the pit region (Fig.11 C).  

Immunofluorescence analyses of the human stomach with antibodies against human TMED6, 

TMEM97, ELAPOR1, and PGC, revealed that these markers were predominantly expressed at 

the gland base/neck region (Fig.11 A, B, E) in the corpus. TMED6, TMEM97, and PGC 

showed cytoplasmic/membranous subcellular localization (Fig.11 A, B, E). At the same time, 

the ELAPOR1 signal was exclusively cytoplasmic and dotted (Fig.11 C), consistent with its 

expression on the membranes of the Golgi Apparatus, the endoplasmic reticulum, of the Late 

endosome and lysosomal membranes, reported in the literature.   
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Finally, for all four candidate markers for the isolation of the Chief cytotype, only a few cells 

showed colocalization with the body’s stem marker TROY membranous. However, it was 

widespread from the base to the well region (Fig. 11 A, B, D, E). TROY had 

cytoplasmic/membranous expression or was more localized to the apical membrane of the cells 
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within the glands. TMED6, TMEM97, ELAPOR1, and PGC-positive cells colocalize with the 

TROY marker both at the base and in the neck region of the mucosa (Fig. 11 A, B, D, E).  
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Figure 11 Chief Cells Markers in vivo. 
Colocalization of TROY in the corpus with TMED6 (A), TMEM97 (B), LIPF (C), ELAPOR1 
(D), and PGC (E). (F) hematoxylin-eosin of a representative biopsy sample used for 
immunofluorescence analysis. (n = 3 biological replicates). 
 
However, even the most numerous LIPF+ cells partially colocalize with TROY (Fig. 11 C). 

These results show that, in addition to the well-known PGC marker, ELAPOR1, TMED6, and 

TMEM97 are putative markers of Chief cells. Partial colocalization of these markers with the 

gastric stem cell marker TROY confirms the presence of a subpopulation with stem properties. 
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4.2.3 Isthmus cell cytotype  

 

Immunofluorescence analysis was conducted to identify candidate markers of the cytotype 

Isthmus in the antrum and corpus biopsies. It is reported that the Isthmus region is present in 

gastric units of both anatomical districts of the stomach. The analysis was conducted for four 

of the five genes selected as possible markers of the cytotype under examination (EDEM3, 

GALNT6, NQO1, TK1). Still, only two showed expression in human tissues, TK1 and ER 

degradation enhancing alpha-mannosidase like protein 3 (EDEM3). Immunofluorescence 

analysis was performed using antibodies against human TK1. The study revealed that most 

human gastric epithelium was negative for TK1 staining. Many cells in the mesoderm 

expressed TK1, while a minimal number of cells showed cytoplasmic staining for TK1. Rare 

positive TK1 cells were in the upper region of the gastric mucosa, which were found 

immediately below the pit region and partially overlapped with Ki67 (Fig.12 A).  Additionally, 

EDEM3 was found to be subcellularly expressed in a more significant number of cells at 

Isthmus, specifically at the level of the cytoplasm (Fig.12 B).  
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Figure 12 Istmus Cells Markers in vivo 
(A) TK1 expression in the human gastric tissue and colocalization with Ki67 (B) Expression 
of EDEM3 in the human gastric samples (C) hematoxylin-eosin of a representative biopsy 
sample used for immunofluorescence analysis. (n = 3 biological replicates). 
 

These results show that TK1 and EDEM3 are possible markers of the Isthmus cells. 

 

4.3 Ex vivo models characterization 
 
4.3.1 Generation  and characterization of human gastric organoids 
 

To generate the human gastric organoid lines, gastric epithelial cells were obtained from the 

human gastric corpus and antrum biopsies (Fig.13). To analyze the profile of human adult 

gastric stem cells in the physiological context, biopsy samples were derived from putative 
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healthy patients for the generation of the lines used in this study. Healthy putative patients are 

individuals who did not show any evident/severe changes in the gastric mucosa on endoscopic 

examination. However, the possibility of the presence of a pathological condition, not 

detectable at the time of collection, existed since the need to undergo gastroscopic examination 

arises from the presence of gastropathic symptoms. 

The gastric tissues were digested by a mechanical-enzymatic system and incorporated in 

matrigel drops that provided a suitable environment for the embedded gastric glands and 

extracellular support. To these drops was added the culture medium supplemented with 

morphogens known in the literature for the proper development of human gastric organoids: 

WNT, NOGGIN, R-RSPO1, FGF10, EGF, GASTRIN, and TGFi. 

 

 
Figure 13 Scheme and image of gland isolation and organoid culture generation. 

 

The seeding of enzymatically disrupted tissue fragments results in rapid sealing of epithelial 

fragments to form cystic structures lined by a polarized epithelium. These cystic structures 

subsequently expanded. With the expansion of the culture, some organoids stayed cystic, and 

other organoids consisted of several buddings that surrounded a central lumen (Fig.14).  The 

number of organoids resulting from the digestion of a biopsy and the rate at which different 

lines grew, under the same culture conditions, were variable. Some lines formed a few 

organoids that expanded up to 3/4 steps; others formed dozens of organoids that expanded 

beyond the 10 steps, probably due to differences in the stem component in the biopsy used for 

the generation.  
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Figure 14 Gastric organoid culture. 
Example of an organoid growing from human glands. The arrowheads indicate the budding 
structures. (n = at least 3 biological replicates). 



 40 

Immunofluorescence (IF) staining of whole organoids showed that organoids retained CDH1 

epithelial markers (Fig.15A). Ki67 staining showed the presence of S-phase cells dispersed 

through the organoid, mainly in the crypts (Fig.15B). 

 

 
Figure 15 Confocal images of stained paraffin sections of gastric mucosa and images of whole-
mount organoids. 
(A) CDH1 expression in human tissues and organoids. (B) Ki67 labels proliferating cells into 
organoids. (n = at least 3 biological replicates). 
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To characterize the cellular composition of the gastric organoids, the expression of some of the 

main cytotype-specific markers was analyzed by semiquantitative RT-PCR analysis. Organoid 

culture expressed the LRIG1 and LGR5 stem cell markers. hGOs also expressed epithelial 

markers trefoil factor 1 (TFF1), which marks mucous Pit cells, and somatostatin (SST), which 

labels Enteroendocrine cells. Organoids did not express the parietal cell marker CBLIF, as 

reported in the literature (37), and the intestinal marker caudal type homeobox (CDX) 1, 

consistent with the gastric origin of cultures. Finally, hGOs expressed our Neck cell candidate 

markers (MUC6, AQP5 and A4GNT)  and our candidate for the isolation of Chief cells PGC, 

predominantly present in the corpus. (Fig.16).  

 
Figure 16 hGO retained the cellular composition of the gastric mucosa. 
LRIG1 and LGR5 were used as markers for stem cells. MUC6, AQP5 and A4GNT were our 
candidates for the isolation of Neck cells. TFF1 was used as marker for gastric Pit mucous 
cells. SST was used as a marker for Enteroendocrine cells. PGC was our candidate for the 
isolation of Chief cells. CBLIF was used as marker for Parietal cells. CDX1 is a marker of 
intestinal tissue and was used to control for tissue specificity. The housekeeping gene b-actin 
was used as a control. (n = at least 3 biological replicates). 
 

Finally, to evaluate the usefulness of known gastric stem cell markers LGR5 and LRIG1 to the 

isolation of a gastric stem population, their in vivo and ex vivo expression was assessed. 

Immunohistochemistry (IHC) analysis in tissues showed LGR5 expression in both the antrum 
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and the corpus mucosa. LGR5 showed a nuclear subcellular localization, and not of the plasma 

membrane as expected, spread inside the tissue (Fig.17 A).  

 

 
Figure 17 LGR5 and LRIG1 gastric stem cell marker expression in vivo and ex vivo. 
(A) Immunohistochemistry of LGR5 in human gastric biopsies, antrum, and corpus. Image at 
20x and 40x magnification. (B) Immunofluorescence of LGR5 in human gastric tissues and 
organoids. (C) Immunofluorescence of LRIG1 in human gastric tissues and organoids, and 
colocalization with Golgi apparatus marker GOLGB1. (n = at least 3 biological replicates).  



 43 

 
 

Immunofluorescence analysis in gastric tissues and organoids confirmed IHC data for LGR5 

(Fig.17 B) and showed the same scenario for the LRIG1 marker. LRIG1 exhibited widespread 

expression in all regions of the tissue section. Also, the subcellular localization of LRIG1 was 

not on the plasma membrane as expected. LRIG1 was expressed in the Golgi apparatus, where 

it colocalized with Golgin subfamily B member 1 (GOLGB1) (Fig.17 C). 

 

4.3.2 Presence of  pluripotency genes in human gastric organoids 

 

To specify the stem molecular characteristics of human tissues and hGOs, a semiquantitative 

RT-PCR analysis was performed for the classical stem cell markers (Fig.18). The expression 

of SOX2, OCT4, and NANOG pluripotency genes was evaluated. Results showed that human 

tissues and hGOs express SOX2, OCT4, and NANOG pluripotency genes. mRNA expression 

of pluripotency genes was reduced in the gastric biopsy compared to organoids because stem 

populations probably represent a small percentage of cells present in tissues, while they are 

more represented in organoid cultures. Consistent with WNT's function in regulating the gastric 

stem niche, the Wnt signaling pathway-correlated SOX9 gene was highly expressed in both 

human tissues and hGOs. On the other hand, the gastric stem cell markers CD44, CD133, and 

TROY were expressed at comparable levels. In addition, ZSCAN4, an ESC-specific 

transcription factor required to regulate ESC pluripotency, was expressed in human tissues and 

hGOs.  

 
Figure 18 Classical stem cell marker expression of hGOs. 
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hGOs express SOX2, and NANOG pluripotency genes as the gastric mucosa, and OCT4 
pluripotency gene whose expression has not been detected in the tissues.  Wnt signaling 
pathway-correlated SOX9 gene was expressed in hGOs. ZSCAN4, an ESC-specific 
transcription factor required to regulate ESC pluripotency, was expressed in human tissues and 
hGOs. CD44, CD133, and TROY also are expressed. Housekeeping gene glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) was used as loading control. (n = at least 3 biological 
replicates). 

 

4.3.3 Ex vivo models evaluation for the isolation of human AGSCs populations 

 
 

Whole-mount immunofluorescence was conducted on organoid lines to assess whether 

organoids retained the same candidate cytotype marker expression pattern. In the first analysis, 

three of the five candidate markers for Neck cells (AQP5, MUC6, and A4GNT) and PGC, the 

candidate marker of Chief cells, were tested. 

 

The expression of AQP5 in organoids was localized at the plasma membrane level in the apical 

region overlooking the lumen of the organoid. In cystic organoids (Fig.19 A), the expression 

was widespread. In contrast, in structurally complex organoids (Fig.19 C), which correspond 

to a more advanced stage of differentiation, the expression was compartmentalized at the level 

of invagination. 

 

Expression of MUC6 in organoids was localized at the membrane/cytoplasm level. In cystic 

organoids, most cells appeared positive for MUC6 (Fig.18B); in organoids at an advanced stage 

of differentiation, marker expression was limited to a few cells (Fig.19 C). In the organoids, 

there was a partial overlap of AQP5 and MUC6, like what is observed in tissues. AQP5 and 

MUC6 labeled cells are found mainly at the level of invaginations (Fig.19 C).  

 

In organoids, A4GNT was expressed at the cytoplasmic level and showed the same dotted 

pattern observed in tissues. As with other markers, expression in undifferentiated organoids 

appeared widespread in all cells (Fig.19 D), while it regionalized in more complex organoids 

(Fig.19 E, F). 

 

Both cystic and differentiated organoids showed cytoplasmic expression of PGC (Fig.20 A), 

with a regionalized signal in the latter (Fig.20 B, C). 

. 
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Figure 19 Neck cells markers ex vivo 
(A - B) Immunofluorescence of AQP5 and MUC6 in cystic organoids. (C) Colocalization of 
AQP5 with MUC6 in differentiated complex organoids (arrowheads). Immunofluorescence of 
A4GNT in cystic organoids (D) and differentiated complex organoids (E). (F) higher-
magnification image of the area in the white box in (E).  
 
 

 
Figure 20 Chief cells markers ex vivo 
Immunofluorescence of PGC in cystic organoids (A) and differentiated complex organoids (B 
- C). (C) higher-magnification image of the area in the white box in (B).  
 

These data confirm that organoids retain expression and localization in the glandular region of 

the Neck cell candidate markers AQP5, MUC6, and A4GNT. Organoids also express PGC, 

candidate markers of Chief cells. Organoids have proven to be a valuable model for isolating 

Neck and Chief cytotypes. 
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4.4 Isolation of Neck cell and Chief cell subpopulations 

 

To evaluate the utility of the selected genes for isolating enriched gastric cytotypes, constructs 

that include the promoter region of the candidate marker upstream of the eGFP reporter gene 

were generated. AQP5, MUC6, and A4GNT promoter region upstream of the eGFP reporter 

gene to isolate subpopulations of the neck cells and a construct with the promoter region of 

PGC (93) upstream of the eGFP reporter gene to isolate the chief cells cytotype were generated 

(Fig.21 A, D; Fig. 22 A, D).  

In a preliminary experiment, we sorted AQP5+, MUC6+, A4GNT+, and PGC+ cells from human 

adult stem cell-derived organoids by fluorescence-activated cell sorting (FACS) to profile their 

transcriptomes and evaluate their in vitro capacity to form organoids. The isolation of cytotypes 

from organoids aims to reduce and overcome the biological background noise caused by the 

high structural and cellular composition complexity of the entire tissue.  Due to the reduced 

number of cells obtained by sorting, on the one hand, the positive fractions and, on the other, 

the negative fractions were pulled together for the subsequent enrichment analysis. No 

enrichment was observed in the population raised with AQP5 (Fig.21 B, C). No significative 

enrichment  for MUC6 was observed (Fig.21 E, F) 

 
Figure 21 Ex vivo isolation of AQP5+ and MUC6+ Neck cell subpopulation. 
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(A) AQP5promoter-eGFP transgene (B) FACS gating for sorting AQP5+ and AQP5− cells. SSC, 
side scatter. (C) AQP5 expression (by qPCR) in sorted populations. p = 0.0001. (D) 
MUC6promoter-eGFP transgene (E) FACS gating for sorting MUC6+ and MUC6− cells. SSC, 
side scatter. (F) MUC6 expression (by qPCR) in sorted populations. Not statistically 
significant. qPCR data were tested for statistical significance using the Student’s t-test. (n= 1 
biological, 3 technical replicates). 
 

Instead, a 2-fold enrichment of A4GNT expression in A4GNT+ cells (Fig.22 B, C) and a 4-

fold enrichment of PGC expression in PGC+ cells (Fig.22 E, F) by qPCR were verified. 

 

 
Figure 22 Ex vivo isolation of A4GNT+ and PGC+ Neck cell subpopulation. 
(A) A4GNTpromoter-eGFP transgene (B) FACS gating for sorting A4GNT+ and A4GNT − 
cells. SSC, side scatter. (C) A4GNT expression (by qPCR) in sorted populations. p = 0.0009. 
(D) PGCpromoter-eGFP transgene (E) FACS gating for sorting PGC+ and PGC− cells. SSC, 
side scatter. (F) PGC expression (by qPCR) in sorted populations. p = 0.0005. In the qPCR 
experiment, statistical significant difference was evaluated by the Student’s t-test. (n= 1 
biological, 3 technical replicates). 
 
Other experiments will be carried out to confirm the reported data. 

5. DISCUSSION 

 

In the human adult gastric epithelium, each gastric unit has a dedicated stem cell source 

constituted by the hAGSCs. Adult gastric stem cells include actively proliferating cells, 
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responsible for the physiological turnover of the mucosa, and quiescent stem cells, which 

represent a stem reserve ready to be activated in case of tissue damage. Despite the proposal of 

several gastric stem markers and their study in mouse models, the biology of the corresponding 

stem populations in humans still needs to be determined. Identifying stem cells in complex and 

diverse stomach cells remains an open challenge crucial for understanding gastric tissue 

physiology and pathogenesis. 

 

Organoids are an ideal model for stem cell research. Given the origin of organoids from adult 

stem cells, they can be used to discover new marker genes of stem cells, to investigate the role 

of quiet and actively cycling stem cells, and to study stem cell lineage selection and 

differentiation. Organoid co-culture with other epithelial cells, fibroblasts, endothelial cells, 

immune cells, or muscle cells may be a suitable in vitro model to study the communication of 

the stem cells with their microenvironment. Lastly, organoids can be used to investigate the 

biological process of transdifferentiation and employed in the field of regenerative medicine; 

for example, antral gastric organoids have been used to induce, in vitro, the pyloric endocrine 

cell reprogramming in pancreatic b cells, and their transplantation suppressed hyperglycemia 

in diabetic mice (84).  

 

In this study, organoids were generated from biopsies of the antrum and corpus of patients 

undergoing gastroscopy. To analyze the profile of adult human gastric stem cells in the 

physiological context, biopsy samples were derived from healthy patients for the generation of 

lines used in this study. Initially, normal gastric organoids are cystic and composed of a single 

layer of epithelial cells with a large lumen. Afterward, certain organoids maintained their cystic 

shape while others grew multiple buds around a central hollow space. Organoids are three-

dimensional cell cultures capable of self-organization that can replicate organ-specific shapes. 

In the case of gastric organoids, the budding structures that appeared in organoids when stem 

cells proliferate and differentiate into tissue-specific cell types represented gastric unit-like 

invaginations (24). The quantity and growth rate of organoids obtained through biopsy 

digestion and cultured under the same conditions were found to vary. These differences were 

likely due to variations in the adult stem cell populations in the biopsy samples. One factor that 

affects the characteristics of adult stem cells is the donor's age. Aging affects adult stem cell 

features in terms of stem cell number, self-renewal ability, differentiation potential, and 

regenerative capacity. ASCs aging is driven by cellular intrinsic (DNA damage, imperfect 
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protein homeostasis, mitochondrial dysfunction, accumulation of reactive oxygen species 

(ROS), and epigenetic reprogramming) and extrinsic (abnormalities in the stem cell niche) 

alterations (80). Studies have shown that the efficiency of forming organoids is reduced in aged 

mice and humans compared to younger ones. For example, aging intestinal stem cells (ISCs) 

exhibit reduced regenerative capacity in organoid formation, lineage tracing experiments, and 

in vivo injury response. Reduced canonical WNT signaling in intestinal stem cells is the leading 

cause of impaired ISC function upon aging (85) (86). A recent study demonstrated that gastric 

organoids generated from aged mice exhibited a higher capability for formation and cell 

proliferation compared to those derived from young mice. The activation of the WNT pathway 

in these organoids leads to the activation of the Tbx3 transcriptional factor, which helps to 

prevent cellular senescence (87). In this study, samples were collected from patients between 

26  and 87 years of age. Growth differences could be related to age or even lifestyle and genetic 

factors. In the future, it would be interesting to investigate the mechanisms underlying these 

growth differences in patients with different characteristics at the level of individual cytotypes. 

 

The organoids generated maintained at the mRNA level the cytotype composition of the 

tissue from which they derive. The data presented in this study show that organoids generated 

by human gastric mucosa maintained the expression of the classic epithelial marker CDH1, 

confirming their epithelial origin. Organoid lines from the antrum and corpus expressed 

markers of Neck cells MUC6, AQP5, and A4GNT. Organoids expressed the Pit cell marker 

TFF1. SST, a marker of somatostatin-secreting enteroendocrine cells, was expressed by antrum 

organoids, probably not appreciable in corpus organoids because SST+ cells are rare cells in 

organoids derived from this anatomical region of the stomach (50). PGC, used as a marker for 

Chief cells, was expressed more by corpus organoids than by antrum, consistent with the 

localization of the Chief cytotype predominantly in the stomach corpus (50). Organoids did not 

express the parietal marker CBLIF. The culture of organoids was found to express stem cell 

markers LRIG1 and LGR5. LGR5 is a marker that identifies cycling stem cells located at the 

base of antrum glands (10). Additionally, it also identifies a subpopulation of chief cells that 

are present in the corpus-type gastric units. These cells represent a quiescent stem cell 

population capable of reactivating in the event of damage (22). Consistent with the literature, 

LGR5 was expressed in both antrum and corpus organoids. 

LRIG1 is a marker of proliferative and quiescent stem cells in the mouse stomach. LRIG1 

marks isthmic progenitor cells in the gastric corpus and antrum, giving rise to differentiated 

daughter cells in homeostasis and recovery after short-term injury (45). LRIG1 is also 
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expressed in the basal layer of the forestomach and the lower part of glands in the mouse corpus 

and pylorus. In the glandular epithelium of the stomach, LRIG1 marks a heterogeneous 

population of cells that can be recruited to contribute to the maintenance of the gastric 

epithelium (88). According to the current literature, LRIG1 was expressed in both antrum and 

corpus organoids. The in vivo and ex vivo protein expression data in this study confirmed the 

expression in tissues and organoids of the known markers of gastric staminality, LGR5, and 

LRIG1. Both markers showed widespread expression within the mucosa that did not 

correspond to the mosaic pattern expected for a specific cytotype marker. Moreover, the 

expression of the two markers was also present in regions, such as the pit region, where the 

presence of stem cells is not reported (89). 

 

Results showed that the organoid lines expressed the classical stem cell markers. The 

human gastric tissues and organoids generated expressed pluripotency genes, such as SOX2, 

OCT4, and NANOG. SOX2, OCT4, and NANOG are well-known as transcription factors that 

control the self-renewal and pluripotency of stem cells (90). In addition, SOX2, as well as being 

known for maintaining the pluripotency of early embryonic cells and regulating the formation 

of several epithelia during fetal development, is expressed in mouse adult gastric stem cell 

compartments, which are critical for normal tissue regeneration and survival (38). 

The gastric mucosa and organoids expressed the Wnt signaling pathway-correlated SOX9 gene. 

SOX9, a member of the SRY-related HMG-box transcription factors, has been reported to 

regulate fetal development, stem cell homeostasis, and tumorigenesis. The Wnt signaling 

pathway regulates SOX9 expression in the intestinal crypts and is indispensable for 

maintaining the ISC niche and undifferentiated phenotype of intestinal epithelial progenitors 

(91). In gastric cancer, SOX9 is required for bacteria-induced GC cell proliferation, increased 

levels of β-catenin, and acquisition of stem cell-like properties (92).  

Organoids and tissues expressed the gastric stem cell markers CD44 and CD133 (best known 

for their function in gastric cancer stem cells) and TROY. CD44 is known to coordinate the 

proliferation of progenitor cells within the normal and metaplastic gastric epithelium (93), and 

the variant isoform 9 (CD44v9) emerges within the gastric epithelium in response to injury. 

CD44 may contribute to tissue regeneration (94). CD133-positive cells were identified in the 

stem cell zone of normal human gastric glands and in GC (95). However, whether these gastric 

CD133+ cells perform stem cell functions is still unclear (96).  

Furthermore, we analyzed the expression of zinc finger and SCAN domain containing 4 

(ZSCAN4), a gene that is specific in mammals, expressed exclusively in late two-cell stage of 
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in mouse embryos (4) and transiently expressed in mouse embryonic stem cells (97). The 

oscillation between the Zscan4-negative and -positive states is indispensable for the 

maintenance of a normal karyotype and telomere length, thus ensuring the immortality of 

embryonic stem cells. A rare ZSCAN4+ cell population has recently been identified in the adult 

human pancreas that coexpresses stem/progenitor markers (such as BMI1 and LGR5) and 

differentiated cell-specific markers. Interestingly, the number of ZSCAN4 cells dramatically 

increases during inflammation associated with alcoholic or autoimmune pancreatitis, which is 

subsequently reduced to the basal level after the regeneration of pancreatic tissues and the 

restoration of their function by corticosteroid hormone treatment, suggesting its role in tissue 

regeneration processes (98). Considering the critical function of ZSCAN4 in embryonic stem 

cells and its involvement in the regenerative processes of the pancreas, we hypothesized that 

ZSCAN4 might also be expressed in stem cells of the adult human gastric epithelium. 

Consistent with our hypothesis, the data shown in this study show the expression of ZSCAN4 

in human gastric tissues and the maintenance of expression in organoid cultures. 

These results provide further evidence of the presence of gastric stem cells expressing classical 

markers of pluripotency in the tissue of the human adult stomach and that this expression is 

maintained in organoids derived from adult stem cells present in the human gastric mucosa. 

 

Identification of cytotype-specific markers by bioinformatics analysis and their 

validation by HPA. Recently, healthy human gastric epithelia cell types have been defined 

molecularly through single-cell analysis (66). In this study, we started from this single-cell 

analysis to identify markers specific to cytotypes that could potentially contain stem cell 

populations: Isthmus cells, Neck cells, and Chief cells. We examined the expression levels of 

the genes derived from single-cell analysis in normal human gastric tissue across three datasets 

(GTEx, GSE13861, and GSE66229) to determine if they were specific to a cell type. We 

selected genes that were under-represented in the overall human gastric tissue, indicating that 

they were more likely to be specific to a cytotype. The Human Protein Atlas analysis was aimed 

at identifying among the genes derived from bioinformatics analysis those that had a "mosaic" 

(present only in some cells of the human gastric mucosa) protein expression and a tissue 

localization corresponding to that reported in the literature for the cytotypes examined. With 

this method, 5 positive markers for the Neck cells, 5 for the Isthmus cells, and 9 for the chief 

cells were identified. We detected 3 markers known to have a function in the human Neck 

cytotype, implicated in the protection of the gastric mucosa (MUC6, A4GNT, and TFF2) (67) 

(68) (69), and 2 positive markers involved stemness, AQP5, and TFF2 mRNA (41) (42). We 
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identified 3 markers found in human Chief cells that play a role in digestive processes: 

ELAPOR1, LIPF, and PGC (70) (71). The other markers identified do not have a known 

function in the gastric cytotype to which they were associated by single-cell analysis. They 

may represent new candidate genes for specific cytotype isolation. 

 

In vivo and ex vivo validation of candidate cytotype-specific markers. Neck cells. 

Tsubosaka et al. identified two distinct neck cell populations by single-cell RNA sequencing. 

One with characteristics of differentiated cells, and one that highly expressed MUC6 and the 

stem cell marker AQP5 (48) (41). To investigate the possible stem nature of this Neck cellular 

subpopulation, they performed transcriptional entropy analysis and calculated the stemness 

score (differentiation states of each cell). The MUC6+ AQP5+ Neck cell cluster had a higher 

stemness score (higher levels suggesting a more immature state) than the other Neck cell 

subpopulation. Trajectory analysis showed that the MUC6+ AQP5+ Neck cells expressed high 

levels of stem-associated markers (48). Here, the following genes, identified by bioinformatics 

and HPA analysis, were validated as potential markers isolating the human Neck population 

through immunostaining techniques: AQP5, MUC6, and A4GNT.  

AQP5 is a small integral membrane protein that functions as a water channel. It is primarily 

expressed in glandular tissues, including the pancreas, salivary and lacrimal glands. Within the 

digestive tract, AQP5 is present in the stomach and duodenum. Specifically, it is localized to 

the plasma membrane of secretory cells within the pyloric gland. In addition, AQP5 could 

promote the rapid transmembrane water transport, the progression, and invasion of several 

cancers, such as colon cancer, lung cancer, and breast cancer. In the case of gastric carcinoma, 

AQP5 has been demonstrated to be associated with tumorigenesis and cancer progression, 

including differentiation, lymph node metastasis, and lymphovascular invasion (40) (41) (99). 

In this study, AQP5 shows intratissue expression in the human antrum mucosa corresponding 

to the cytotype Neck, while its expression is negligible in the corpus gland. AQP5 partially 

correlates with the expression of Ki67. This finding is consistent with the observation that 

AQP5 identifies a population in the basal-intermediate region of the tissue, whereas Ki67 labels 

the upper region of the tissue (isthmus), where actively proliferating cells are present. The 

presence of a stem component in the AQP5+ cells is confirmed by partial coexpression with the 

marker SOX9. It is linked to the WNT pathway and is known for its staminality function in the 

gastric epithelium.  

The MUC6 gene encodes a member of the mucin protein family. Mucins are high molecular 

weight glycoproteins produced by many epithelial tissues, including the gastrointestinal 
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apparatus. MUC6 protects the stomach lumen from extracellular environments, such as acidity, 

by forming a mucous gel layer. The gland MUC6, secreted from pyloric gland mucous cells, 

contains unique O-glycans carrying terminal α1,4-linked N-acetylglucosamine (αGlcNAc) 

residues. The A4GNT gene encodes the enzyme that catalyzes the transfer of N-

acetylglucosamine (GlcNAc) to core 2 branched O-glycans in the scaffold mucin core of 

MUC6. A4GNT impedes the onset of differentiated-type gastric adenocarcinoma and inhibits 

H. pylori growth and motility, preventing infection of deeper portions of the gastric mucosa. 

Pyloric gland atrophy, closely linked with the reduction of αGlcNAc, reportedly enhances the 

risk of gastric cancer (100). The literature suggests that also the expression of MUC6 was 

downregulated in GC, leading to progression and metastasis (101). The immunofluorescence 

data presented in this study demonstrate that A4GNT and MUC6 have an intratissue 

localization corresponding to the Neck cytotype, mainly at the antrum level. Confirmation of 

MUC6 expression by a gastric stem cell subpopulation in the antrum is supported by the 

coexpression with SOX9. The findings reveal partial colocalization of AQP5, MUC6, and 

A4GNT markers, thereby indicating the possibility of multiple Neck cell populations. These 

populations may exhibit diverse marker expression patterns, including the co-expression of all 

three markers, exclusive expression of particular markers, or differing combinations of the 

three. The human gastric organoids exhibit the expression of AQP5, A4GNT, and MUC6, 

similar to the gastric mucosa. The expression is compartmentalized at the level of the organoids 

at a more significant stage of differentiation, where there is localization at the ivagination level. 

Co-immunostaining of AQP5 and MUC6 shows a partial overlap at the budding structures 

level, indicating that the two markers share a similar pattern of tissue expression (colocalization 

at the gastric mucosa's glandular region - base and neck region-) in the organoids.  

Chief cells are in the basal region of the corpus gastric unit and are terminally differentiated 

cells secreting pepsin precursor, the pepsinogen. A very small subset of mature mouse Chief 

cells (4%) functions as reserve stem cells, show self-renewal capacity and can differentiate into 

various gastric cell lineages (35). This subpopulation of Chief cells expresses Troy and acts as 

multi-potent stem cells. Lineage tracing reveals that Troy+ Chief cells produce all epithelial 

lineages present in the corpus in vivo over periods of months, in much shorter times upon tissue 

damage.  Mouse Troy+ Chief cells express many Wnt target genes. These cells are slowly 

cycling and can be activated upon selective killing of the Isthmus cells, confirming their reserve 

stem cell identity (35). In addition, during metaplasia development following severe mucosal 

injury and loss of Parietal cells in the stomach corpus mucosa, the fully differentiated gastric 

Chief cells in the stomach corpus can acquire stem cell-like properties and generate SPEM 
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cells through transdifferentiation (36) (72). SPEM cells may contribute to epithelial 

regeneration in response to injury and can also enter a pro-carcinogenic program, leading to 

dysplasia and, afterward, cancer (36) (72). This study identified ELAPOR1, PGC, TMED6, 

and TMEM97 genes as potential markers for isolating human Chief cells. The PGC gene 

encodes the zymogen pepsinogen. Polymorphisms in this gene are associated with 

susceptibility to gastric cancers, and its serum levels are used as a biomarker for certain gastric 

diseases, including Helicobacter pylori-related gastritis. ELAPOR1 is a specific protein of 

mouse gastric zymogenic cells and is required for normal secretory granule maturation in 

human gastric cell lines and in mouse stomach (79). Instead, little is known about TMED6 and 

TMEM97 markers and their function in the gastric mucosa. TMED6 was found in both the 

cancer grading and staging signatures, indicating some biological relevance in cancer 

differentiation and progression (80). TMEM97 promotes growth, cell cycle, migration, and 

invasion in gastric carcinoma cells via suppressing the AKT signaling pathway and could be a 

potential biomarker for the prognosis of GC (81) (82). In this study, ELAPOR1, PGC, TMED6, 

and TMEM97 were expressed only in the corpus of the human gastric mucosa in the base neck 

region, where the chief gastric cytotype is expected, except for PGC, which was expressed to 

a lesser extent but also in the antrum. Additionally, these genes exhibit partial colocalization 

with the known stem cell marker of corpus, TROY. Expression of PGC has been observed in 

ex vivo conditions, specifically in organoid invaginations, suggesting that it can be used for 

isolation of the Chief cytotype from gastric organoid cultures.  

Isthmus cells are located below the pit region and immediately above the neck region. Through 

radiolabeling, electron microscopy, and the use of transgenic mutation, it was found that this 

region hosts a population of stem cells in constant proliferation, which deals with the 

physiological turnover of the gastric mucosa. Lineage-tracing approaches demonstrate that 

actively cycling, multipotent Isthmus stem cells can achieve long-term self-renewal (102). 

Isthmus cells expand vertically, coming out of the niche region. Moving down into the neck 

region or upwards towards the pit region, Isthmus stem cells become sublineage limited to the 

neck or pit cell lineages. Several stem cell marker genes have been proposed to label Isthmus 

cells (such as Mist1, Lrig1, eR1, and Bmi1). However, these markers have demonstrated 

insufficient to define isthmus stem cell identity and function in mice and even more in humans. 

For example, these markers were not region-specific, making the origin of lineage tracing in 

mouse models ambiguous or were expressed by different cell populations. This is the case of 

MIST1, which marks a quiescent population of Isthmus stem cells and is also expressed by the 

Chief cells, of which it regulates differentiation with XBP1 (103). The present study has 
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identified the TK1 and EDEM3 genes as probable markers for the isolation of human Isthmus 

cells. The protein encoded by the TK1 gene is a cytosolic enzyme that catalyzes the addition 

of a gamma-phosphate group to thymidine. The TK1 creates dTMP, the first step in the 

biosynthesis of dTTP. High levels of this protein have been used as a biomarker for diagnosing 

and categorizing many types of cancers. The levels of TK1 are significantly associated with 

advanced tumor stages and poor differentiation in patients with gastric cancer. Moreover, the 

serum TK1 level may be an independent tumor marker for GC patients (63). EDEM3 belongs 

to a cluster of proteins that speed up degrading misfolded glycoproteins in the endoplasmic 

reticulum (ER) (104). The expression of EDEM3 and TK1 has been observed in cells situated 

in the region immediately below the pit region, the isthmus. This observation confirms their 

potential to function as markers for the homonymous cytotype. In particular, TK1 has been 

observed in rare cells in the isthmus region, which partially overlap with KI67. This pattern of 

expression, limited to a few proliferating cells, suggests it belongs to a specific cytotype of 

actively cycling cells. Their in vivo expression characteristics indicate that EDEM3 and TK1 

are excellent candidates for isolating the cytotype Isthmus ex vivo. 

 

The isolation of gastric cytotypes involves a well-considered strategy employing endogenous 

promoters upstream of the eGFP target gene in organoids. This strategy is preferred over the 

use of antibodies, which can compromise cell viability and yield inaccurate results. In addition, 

cells can be monitored in real-time using endogenous promoters, providing a more precise and 

dependable understanding of the gastric cytotype. The fluorescence signal generated by the 

promoter of the specific marker is tracked throughout the process, enabling a comprehensive 

appreciation of the physiological and biological characteristics of the gastric cytotypes. By 

utilizing this strategy, we can follow the cytotype in real-time, facilitating an in-depth study of 

the behavior and features of the cells.  

For the isolation of Chief cells, the cytotypic-specific PGC gene was selected. The promoter 

region of the human PGC gene was derived from the characterization work conducted by 

Hayano et al. (105). In the isolation of a subpopulation of antral Neck cells, AQP5, MUC6, and 

A4GNT genes were used. However, there is no existing literature regarding the characterization 

of the promoters of these genes. To identify the putative-promoting region, conservation 

analysis and study of regulatory sequences were conducted. This study employed fluorescence-

activated cell sorting (FACS) to isolate specific cell types from human adult stem cell-derived 

organoids, namely AQP5+, MUC6+, A4GNT+, and PGC+ cells. Our findings indicate no 

observed enrichment in the population raised with AQP5 and MUC6. However, an enrichment 
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of A4GNT expression in A4GNT+ cells and an enrichment of PGC expression in PGC+ cells 

were detected through qPCR analysis. Co-immunolocalization analysis is currently underway. 

The co-immunolocalization will analyze the spatial distribution of these cells and will 

determine whether the expression of the putative cytotype-specific promoter-eGFP constructs 

is consistent with the expression of the endogenous promoter. In addition, transcriptomic 

analysis using RNAseq is ongoing to trace the expression profile of the isolated cytotypes. The 

goal is to identify any differences in gene expression between the isolated cell populations and 

determine the specific active pathways in each cell type. 

 

6. CONCLUSIONS AND FUTURE PERSPECTIVES 

 

In conclusion, in this study, antral and fundic gastric organoids were generated from healthy 

putative patients. Initially, normal gastric organoids are cystic and composed of a single layer 

of epithelial cells with a large lumen. Afterward, certain organoids maintained their spherical 

shape while others grew gastric unit-like invaginations (budding structures) replicating organ-

specific shapes. Organoids propagate over time, confirming the presence of AGSCs undergo 

self-renewal, which allows for stem pool maintenance, culture propagation, and differentiation 

in gastric cytotypes.  

The human gastric mucosa-derived organoids express CDH1, confirming their epithelial 

origin. Antrum and corpus organoids express markers of Neck and Pit cells, and antrum 

organoids express SST. PGC is expressed more by corpus organoids than antrum organoids, 

consistent with the localization of the Chief cytotype predominantly in the stomach corpus. 

Organoids also express LRIG1 and LGR5 stem cell markers. In vivo and ex vivo protein 

expression data confirmed this result. However, both LGR5 and LRIG1 showed widespread 

expression within the mucosa, which does not match the expected “mosaic” pattern of a 

specific cytotype marker. Additionally, the markers were found in regions, such as the pit 

region, where stem cells are not typically present. These findings indicate that LGR5 and 

LRIG1 are unlikely to be reliable markers for the isolation of a specific stem cytotype. 

Therefore, alternative markers may be required to identify stem cells in organoids. A future 

perspective is to make the molecular characterization of the cultures more detailed to the 

various states of differentiation, taking as a reference the main morphological phases observed 

during growth and making comparisons between lines resulting from different conditions (for 
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example, antrum vs corpus, cancer against healthy tissue, elderly versus young patient versus 

line). 

The human gastric tissues and organoids express the pluripotency genes SOX2, OCT4, and 

NANOG at mRNA levels. These genes are transcription factors that control stem cell self-

renewal and pluripotency. Additionally, SOX2 is present in mouse adult gastric stem cell 

compartments, critical for tissue regeneration and survival. Human mucosa and organoids 

expressed the Wnt signaling pathway correlated SOX9 gene. SOX9 is involved in various 

physiological and pathological processes of stem cells, including stemness maintenance and 

tumorigenesis, also in GC. Organoids and tissues expressed the gastric cancer stem cell markers 

CD44 and CD133 and the classical gastric stem cell marker TROY. Furthermore, the expressed 

ZSCAN4 is a gene critical for the maintenance of ESC stemness and pancreatic tissue 

regenerative capacity. These results provide further evidence of gastric stem cells within the 

tissue of the human adult stomach. These stem cells are identified as expressing classical 

markers of pluripotency. The study further highlights that the expression of these pluripotency 

markers is maintained in the AGSC-derived organoids. In the future, we would like to test the 

expression of these markers in organoids at the protein level. 

Starting from RNA-Seq data, using 3 datasets (GTEx, GSE13861, GSE66229) of Normal 

Gastric Samples, bioinformatics analysis and subsequent HPA validation were conducted, and 

allowed to identify 5 candidate markers of the Neck cells, 5 of the isthmus cells, and 9 of the 

Chief cells. These markers represent our starting point, and we plan to evaluate other possible 

candidates. 

In vivo results showed that AQP5, MUC6, and A4GNT mark the cytotype Neck in the antrum. 

Neck cells include cells expressing the stem marker SOX9. AQP5, MUC6, and A4GNT 

probably mark subpopulations of different Neck cells. The observations suggest the existence 

of heterogeneity among the Neck cell population, and further investigations are necessary to 

elucidate the underlying mechanisms of this diversity. In addition to the well-known PGC 

marker, ELAPOR1, TMED6, and TMEM97 were identified as possible markers of Chief cells. 

Partial colocalization with the gastric stem cell marker TROY confirms the presence of a 

population with stem properties. It suggests that there are different subpopulations of Chief 

cells, as already known for the PGC+ TROY- and PGC+ TROY+ populations.  TK1 and EDEM3 

were identified as possible markers of actively cycling Isthmus cells. 

Ex vivo data confirmed that organoids retain expression and localization in the glandular region 

of the Neck cell candidate markers AQP5, MUC6, and A4GNT. Organoids also express PGC, 

candidate markers of Chief cells. Thus, organoids have proved to be a valuable model for the 
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isolation of Neck and Chief cytotypes. This finding is significant as it indicates that these 

organoids can be used as a model system to study the behavior of antral Neck and fundic Chief 

stem cells in vitro. In the future, the same analyses will be carried out for the other candidate 

genes. 

PGC+ and A4GNT+ populations have been isolated from human gastric organoids. The future 

steps will be to validate the co-expression of the endogenous and exogenous promoters and 

characterize the isolated populations through NGS techniques. 

Overall, these findings provide a starting point to isolate a hAGSC population. The isolation of 

Chief cells and Neck cells would allow us to clarify the mechanisms of tissue regeneration that 

occurred in the human gastric mucosa following damage and, along with the isolation of 

Isthmus cells, on the processes of gastric cancer.  

In general, the isolation of the stem cell population is necessary to assess ex vivo and in vivo 

the molecular characteristics of the isolated cytotype and its functions in the pathophysiology 

of the stomach. Consequently, it is imperative to continue investigating valid markers useful 

for the isolation of gastric stem cells to improve our understanding of the human gastric 

epithelium. 

 

7. MATERIAL AND METHODS 

 

7.1 Human Tissue Material 

 

Gastric tissues were obtained from putative healthy patients. The study was approved by the 

ethics committees of Hospital IRCCS - CROB (Rionero in Vulture (PZ), Italy) and Sant'Ottone 

Frangipane (Ariano Irpino (AV), Italy). Written informed consent was obtained from all 

patients before specimen collection. 

 

7.2 Gastric glands processing  
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The gastric biopsies were collected in chelating buffer (Na2HPO4 5.6 mmol/L, KH2PO4 8.0 

mmol/L, NaCl 96.2 mmol/L, KCl 1.6 mmol/L, Sucrose 43.4 mmol/L, Dsorbitol 54.9 mmol/L, 

and DL-dithiothreitol 0.5 mmol/L in filtered MilliQ water, pH 7). After the gastric biopsies, 

they were kept on ice until the dissociation procedure. The gastric specimen was aspirated with 

a 1000μl tip during the dissociation procedure, and the biopsy was cut into small pieces. The 

tissue was dissociated in a GentleMACS type C tube with 2.5mL of dissociation medium 

(containing collagenase, hyaluronidase, P/S 100U, and Gentamicin 50μg/mL), in gentleMACS 

Dissociator with “37°C_tumor one program”.  

The biopsy was placed at 37°C for 1:30h in agitation (800 rpm). The single cells, aggregates, 

and undigested pieces were seeded in Matrigel drops into a pre-warmed 24-well plate and 

overlayed by a complete medium (Tab. A) plus RHOKi. 

 

7.3 Organoid Culture  

 

After dissociation of human gastric biopsy single cells, aggregates and undigested pieces were 

seeded in a pre-warmed 24wells plate with 30μL Matrigel drop, which was left to solidify at 

37°C for 10 min. The drop was overlying with 500μL of complete medium (Tab. A). After 

seeding, the plate was transferred to the incubator at 37°C and 5% CO2. The medium was 

refreshed every 2-3 days (3 times per week). 

 

Component Supplier Catalogue Number Cf 

Advanced 

DMEM/F12 

Gibco 12634-028  

Wrn medium   50% 

B27 supplement Gibco 17504-044 1X 

P/S Gibco 15140-122 100U 

Y-27632 Tocris 1254 10µM 

GlutaMAX Gibco 35050-079 1X 

Nicotinamide Sigma N0636 10mM 

N-acetylcysteine Sigma A9165-5G 1mM 

H. recomb. FGF10 Peprotech 100-26 200ng/ml 
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M. recomb. EGF Gibco PMG8043 50ng/ml 

[Leu15]-Gastrin Sigma G9145 1nM 

A-83-01 Tocris 2939 2µM 

HEPES Gibco 15630-056 10mM 

Matrigel Corning 356255  

TrypLE express Gibco 12604-013  

Recovery Cell Culture 

Freezing Medium 

Gibco 12648-010  

L-WRN ATCC CRL-3276  

Collagenase IV Gibco 17104019 1.5mg/mL 

Hyaluronidase V Sigma H6254 20μg/mL 

Tab.A: Human gastric organoid medium reagents. 

Forty-five lines of human gastric organoids (antrum and corpus) were generated. Table B 
provides more details about the patients from whom the lines were generated. 

Patient 
ID  

Geographical 
region 

Age Sex Anatomical 
district 

Collection 
date 

hGO ID 

HD1 Irpinia 69 F A - C 03/14/2022 hGO#001A-C 
HD2 Irpinia 87 M A - C 03/14/2022 hGO#002 A-C 
HD3 Irpinia 58 M A - C 03/15/2022 hGO#003 A-C 
HD4 Irpinia 54 M A - C 03/15/2022 hGO#004 A-C 
HD5 Irpinia 50 M A - C 03/21/2022 hGO#005 A-C 
HD6 Irpinia 70 F A - C 03/22/2022 hGO#006 A-C 
HD7 Irpinia 67 M A - C 03/22/2022 hGO#007 A-C 
HD8 Irpinia 52 F A - C 03/24/2022 hGO#008 A-C 
HD9 Irpinia 73 M A - C 03/24/2022 hGO#009 A-C 
HD10 Irpinia 63 F A – C  03/25/2022 hGO#010 A-C 
HD11 Irpinia 45 M A - C 03/28/2022 hGO#011 A-C 
HD12 Irpinia 67 M A - C 03/29/2022 hGO#012 A-C 
HD13 Irpinia 49 F A - C 03/30/2022 hGO#013 A-C 
HD14 Irpinia 73 M A - C 04/01/2022 hGO#014 A-C 
HD15 Irpinia 68 M A - C 04/06/2022 hGO#015 A-C 
HD16 Irpinia 62 M A 04/06/2022 hGO#016 A 
HD17 Irpinia 48 F A - C 04/22/2022 hGO#017 A-C 
HD18 Irpinia 41 F A - C 04/27/2022 hGO#018 A-C 
HD19 Irpinia 55 F A - C 04/28/2022 hGO#019 A-C 
HD20 Irpinia 51 F A - C 04/29/2022 hGO#020 A-C 
HD21 Irpinia 57 M A - C 05/06/2022 hGO#021 A-C 
HD22 Irpinia 55 M A - C 05/18/2022 hGO#022 A-C 
HD23 Irpinia 59 M A 05/20/2022 hGO#023 A 
HD24 Irpinia 54 F A - C 05/20/2022 hGO#024 A-C 
HD25 Irpinia 43 F A - C 05/27/2022 hGO#025 A-C 
HD26 Irpinia 51 M A - C 05/27/2022 hGO#026 A-C 
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HD27 Irpinia 58 M A - C 06/01/2022 hGO#027 A-C 
HD28 Basilicata 67 M A - C 10/23/2019 hGO#028 A-C 
HD29 Basilicata 64 F A - C 12/04/2019 hGO#029 A-C 
HD30 Basilicata 79 M A - C 01/13/2020 hGO#030 A-C 
HD31 Basilicata 29 F A - C 01/16/2020 hGO#031 A-C 
HD32 Basilicata 35 F A - C 02/03/2020 hGO#032 A-C 
HD33 Basilicata 26 M A - C 02/06/2020 hGO#033 A-C 
HD34 Basilicata 48 F A - C 02/14/2020 hGO#034 A-C 
HD35 Ucraina 71 F A - C 02/20/2020 hGO#035 A-C 
HD36 Basilicata 85 M  C 05/13/2021 hGO#036 C 
HD37 Basilicata 59 F A - C 05/18/2021 hGO#037 A-C 
HD38 Basilicata - F A - C 05/19/2021 hGO#038 A-C 
HD39 Basilicata 82 F A - C 06/08/2021 hGO#039 A-C 
HD40 Basilicata 48 F A - C 06/23/2021 hGO#040 A-C 
HD41 Basilicata 63 M A - C 06/29/2021 hGO#041 A-C 
HD42 Basilicata 46 F A - C 11/03/2021 hGO#042 A-C 
HD43 Basilicata 28 F A - C 10/19/2021 hGO#043 A-C 
HD44 Basilicata 72 F A - C 04/19/2022 hGO#044 A-C 
HD45 Basilicata 27 F A - C 04/21/2022 hGO#045 A-C 

Tab.B: Human gastric organoid lines. 
 

7.4 Passage, freezing, and thawing of organoids  

 

Human gastric cultures were split 1:2 about every 14 days. Organoids were mechanically or 

enzymatically dissociated for passage and then transferred to fresh Matrigel. The basement 

matrix was broken using a 1 mL micropipette. Organoids were transferred to a 15 mL tube with 

5 mL of basal medium and were centrifuged for 5 min at 1500 rpm at 4°C. Organoids were 

cellularized using TrypLE express; after 10/15 min, trypsin was inactivated by adding 1 mL of 

basal medium. The dissociated cells were centrifuged for 5 min 1500 rpm at 4°C. The pellet 

was suspended in an appropriate amount of Matrigel. The drop was placed in a 24-well. The 

basement matrix was left to solidify at 37°C for 10 min. The drop was overlaying with 500μL 

of complete medium. All previous operations must be conducted on ice to prevent Matrigel 

from solidifying. 

For freezing, organoids were dissociated as previously described for splitting. The dissociated 

cells were suspended in 500μL of Recovery Cell Culture Freezing Medium and were stored at 

-80°C after 24h in liquid nitrogen. 
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7.5 Plasmid construction  

 

The plasmid pLenti CMV GFP Puro (658-5) #17448 (containing the constitutive lentiviral 

CMV promoter and its enhancer) was obtained from Addgene (Cambridge, MA, USA). The 

PGC (1467 bp), A4GNT promoter (4966 bp), and MUC6 promoter (2643 bp) sequence were 

amplified from AGS cell line gDNA with Wonder Taq Thermostable DNA polymerase 

(Euroclone), using the primers listed in Table C. The cytotype-specific plasmids 

(pLENTI_PGCpromoter_eGFP; pLENTI_A4GNTpromoter_eGFP and 

pLENTI_MUC6promoter_eGFP) were generated with Takara Bio's In-Fusion HD Cloning, 

excising the CMV promoter. The plasmid containing the sequence for the AQP5 gene promoter 

(2851 bp) was synthesized by GenScript Biotech (Leiden, Netherlands). The original plasmid 

pLenti CMV GFP Puro (658-5) #17448 was sent to the company as a spot on 3mm paper (with 

centration of about 8ug), and the promoter sequence synthesized and subcloned between the 

ClaI site and the EcoRV site (5'-3' direction) after removing the CMV. 

 

Gene Sequence 

hPGCp Fw 5'- GCCGGCCGGCCGTTTAAACAGCAGTGGCTAGAGTGGAAAATCC -3' 

Rv 5’- CCGGTGGATCCGTTTAAACGATGCTGGTCCCCAACTGG-3’ 

hA4GNTp Fw 5'- GCCGGCCGGCCGTTTAAACTCTGGGGCACAACTGGTTTATAGG -3' 
Rv 5’- CCGGTGGATCCGTTTAAACGTCCTCTTCTCTGTGCCAGCC-3’ 

hMUC6p Fw 5'- GCCGGCCGGCCGTTTAAACGGATGCACAGCTTTCACCAG -3' 
Rv 5'- CCGGTGGATCCGTTTAAACGGTGCACAGTGGAGAGGAG-3' 

Tab.C: Amplification promoter primers. 

 

7.6 Organoid Infection  

 

Organoids were trypsinized and transferred into a well on a 48-well plate. 150µl of transduction 

medium and 150 µl of standard medium plus polybrene 1:1000 were added to one well of 

organoids in a 15mL falcon tube. To enhance transduction efficacy, spinoculation was 

performed by putting the 15mL falcon tube containing organoids in a pre-warmed centrifuge 

at 32 °C and rotating at 600 x g for 1 hr. The organoid-virus mixture was placed in a culture 

incubator for 3 hr at 37 °C to allow transduction. The organoid-virus mixture was placed in 

30µl of ice-cold matrigel with a complete medium without polybrene. After 24h, virus medium 
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cleanup was performed. After 72h, the medium was refreshed and supplemented with a 

selection antibiotic (1µg/mL puromycin). The selection was lowered one week after the 

infection (500ng/mL puromycin). 

 

7.7 RNA extraction, RT-PCR, and Real-Time PCR 

 

RNA was extracted from organoids, cells, gastric and colon biopsy using RNeasy Mini kit 

(Qiagen) according to the manufacturer’s recommendations. cDNA was conducted using 

iScript cDNA Synthesis Kit (BioRad) according to the manufacturer’s recommendations. PCRs 

were performed using Wonder Taq Thermostable DNA polymerase (Euroclone). Real-time 

PCR was performed with the iTaqTM Universal SYBR® Green Supermix (Biorad)  using an 

AriaMx Real-time PCR System (Agilent, Santa Clara, California, USA), under the following 

conditions: 95°C, 10’; (95°C, 15’’; 60°C 1’) x 40 cycles; 95°C, 15”; 60°C, 1’;  95°C, 15”. Real-

time data were analyzed using AriaMx Real-Time PCR Software (Agilent). Reactions were 

carried out in triplicate, and gene-expression levels were calculated relatively to β-Actin mRNA 

levels as endogenous control. Real-time PCR amplification values were reported as 2−ΔCt, 

where ΔCt is Ctgene under investigation−Ctendogenous control. 

Primers used for RT-PCR and Real-time PCR are in the Table D. 

 

Gene Fw Rv 

hLGR5 5'-TATGCCTTTGGAAACCTCTC-3' 5'-CACCATTCAGAGTCAGTGTT-3' 

hLRIG1 5'-

AACCGTCGTGCCACCAGATGTTCC-

3' 

5'-

GCTGCACTGGTGATGTGGAGAATGC-

3' 

hPGC 5'-AGAGCCAGGCCTGCACCAGT-3' 5'-GCCCCTGTGGCCTGCAGAAG-3' 

hMUC6 5'-GCCCCGGTATCTTCTCTCGG-3' 5'-ACACCTGCAGGGTGAGTACG-3' 

hMUC5AC 5'-

CTTCTCAACGTTTGACGGGAAGC-3' 

5'-CTTGATCACCACCACCGTCTG-3' 

hTFF1 5'-CCATGGAGAACAAGGTGAT-3' 5'-CACCAGGAAAACCACAATTC-3' 

hTFF2 5'-GACAATGGATGCTGTTTCG-3' 5'-GTAATGGCAGTCTTCCACAGA-3' 

hTROY 5’-CCTCCTCCTCCTTACGAACC -3’ 5’- TGACACAGAGGATGAGCAGG-3’ 

hAQP5 5'-TACGGTGTGGCACCGCTCAATG-3' 5'-TCAGCGGGTGGTCAGCTCC-3' 

hA4GNT 5'-GTGGCCTGTGGTGTTCTTT-3' 5'-GTGGAGCCAGTTTCTCTCTG-3' 



 65 

hCDX1 5'-GTGGCAGCGGTAAGACTC-3' 5'-GTTCACTTTGCGCTCCTTTGC-3' 

hACTIN 5’-GAGCACAGAGCCTCGCCTTT-3’ 5’-TCATCATCCATGGTGAGCTGG-3’ 

hSST 5'-CTAGAGTTTGACCAGCCAC-3' 5'-GACAGATCTTCAGGTTCCAG-3' 

hNANOG 5’-AGCTACAAACAGGTGAAGAC-3’ 5’-TAGGAAGAGTAAAGGCTGGG-3’ 

hOCT4 5’-TCTTCAGGAGATATGCAAAGC-3 5’-ATCCTCTCGTTGTGCATAGT-3’ 

hSOX2 5’-CAAGGAGAGGCTTCTTGCTGA-3 5’-CACAGAGATGGTTCGCCAGT-3 

hSOX9 5'-ACGGCTCCAGCAAGAACAAGC-3' 5'-TCTTCACCGACTTCCTCCGC-3' 

hZSCAN4 5’-ATCCACCTGCCTTAGTCCAC-3 5’-TCGAAGAACTGTTCCAGCCA-3’ 

hCD44 5'-AGATGGAGAAAGCTCTGAGC-3' 5'-GGTAATTGGTCCATCAAAGGC-3' 

hCD133 5'-CTTAATATCTTTCTGTTGGG-3' 5'-TTGCTTCTAGATCATATGC-3' 

hCBLIF 5'-CCTTGGCTCTGACCTGTATGT-3' 5'-CCGTAGTCTTCTTGCAGTTCC-3' 

hGAPDH 5'-

GGTATCGTGGAAGGACTCATGAC-3' 

5'-ATGCCAGTGAGCTTCCCGTTCAG-

3' 

Tab.D: Gastric marker expression primers. 

 

7.8 Immunohistochemistry and immunofluorescence 

 

Immunofluorescence Immunofluorescence (IF) was performed according to standard 

protocols. In summary, tissues were fixed in 4% paraformaldehyde in PBS (w/v) overnight at 

4 °C and processed into paraffin blocks. Five-micrometer sections from the paraffin blocks 

were deparaffinated and rehydrated, followed by antigen retrieval in standard 0.1M citric acid 

pH6 buffer. The primary antibodies used were rabbit anti-aquaporin 5 (Tab. E).  

 

Anti-body Supplier Catalogue Number Cf 

Anti-AQP5 Sigma, Santa Cruz HPA065008, Sc-514022 1:100 

Anti-PGC ABCAM AB180709 1:100 

Anti TROY Santa Cruz Sc-398526 1:50 

Anti-A4GNT Sigma HPA008017 1:100 

Anti-MUC6 Santa Cruz Sc-33668 1:100 

Anti-EDEM3 Sigma HPA025754 1:50 

Anti-TK1 Santa Cruz Sc-377211 1:50 

Anti-TMED6 Sigma HPA012532 1:50 

Anti-LIPF Sigma HPA045930 1:500 

Anti-ELAPOR1 Sigma HPA029869 1:250 

Anti-TMEM97 Sigma HPA076689  



 66 

Anti-TFF2 Sigma HPA036705 1:1000 

Anti-CDH1 Cell Signaling 24E10, 4A2 1:200 

Anti-SOX9   1:100 

Anti-Ki67 ABCAM AB16667 1:200 

Anti-LGR5 ABCAM, Sigma, 

Miltenyi 

ab75732, HPA012530, 30-

104-072 

1:100 

Anti-LRIG1 Invitrogen PA5-52860 1:100 

Tab.E: Antibodies for histological gastric marker validation 

 

The secondary antibodies used were mouse or rabbit Alexa 488, 568, or 647 IgG (1:1000, 

Invitrogen). The primary antibodies were incubated on the slides o.n.  at 4 °C. DAPI was used 

1:5000 for nuclear staining. The sections were mounted in a Fluorescent Mounting Medium 

(Dako). Immunostainings and imaging were performed on a minimum of three biological 

replicates, and representative images of the replicates are included in the manuscript. Images 

were taken using confocal microscopy (Zeiss, LSM700). Forty biopsy samples (27 antrum and 

13 corpus) derived from 35 healthy putative patients (45 - 75 years) in total were processed 

and analyzed. To obtain a qualitative analysis, immunostaining and imaging for each marker 

were performed on a minimum of three biological replicates with similar results. 

H&E. H&E staining was performed on FFPE sections according to standard laboratory 

protocols. Briefly, five-micrometer sections from the paraffin blocks were deparaffinated, 

rehydrated, and washed in distilled water. Stain in Hematoxylin Solution for 15 minutes, 

counterstain with Eosin Y Solution, Alcoholic 5 minutes. The sections were dehydrated and 

mounted in Eukitt mounting medium (SIGMA). 

 

7.9 Whole mount analysis  

 

Organoid were collected in GF medium (Growth Factors – Medium = Advanced DMEM/F12 

- 500ml, Pen/strep (100x) - 5ml, HEPES (1M=100x) - 5ml, Glutamax (100x) - 5ml). Matrigel 

was dissolved with Corning Cell Recovery Medium on ice for 1 h. Organoids were fixed in 4% 

paraformaldehyde in PBS (w/v) for 1h at RT. Organoids were permeabilized in 1% TritonX-
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100 for 30 min at RT. Organoids were incubated in Blocking Buffer (protein block serum free, 

Dako) for 1-4h at RT. Organoids were incubated with primary antibodies o.n. at 4 °C. The 

secondary antibodies used were mouse or rabbit Alexa 488, 555, or 647 IgG (1:500, 

Invitrogen). DAPI was used at 1:5000 for nuclear staining. All steps were carried out leaving 

deposit organoids by gravity (5-10 min) on ice.  Organoids were transferred in a small volume 

of 1 x PBS + 0.5% FBS on the coverslip or into a 35mm dish with a glass bottom, and they 

were left for 20- 30 min to sediment. The microscopic glass was left to dry at RT at least o.n. 

Images were taken using confocal microscopy (Zeiss, LSM700). To obtain a qualitative 

analysis, whole-mount immunofluorescences and imaging for each marker were performed on 

a minimum of three biological replicates, in cystic and complex morphology, with similar 

results. The processed and analyzed organoid lines are listed in Table F. 

hGO ID 

hGO#020 
hGO#021 
hGO#026 
hGO#030 
hGO#040 
hGO#043 

Tab.F: Human gastric organoid line used for Whole-mount immunofluorescences analysis.  

 

7.10 Bioinformatics and HPA analysis  

 

The principal reference of our study was the scRNASeq paper by Bussingler et al., which 

extensively performs a classification of the human gastrointestinal cytotypes by high-

throughput sequencing technologies.  

From the supplementary lists of the cited paper, we selected genes of three cytotypes (Isthmus 

cells, Neck cells, and Chief cells) with an adjusted p-value < 0.05 and a log2 Fold Change > 

0.58. 

We composed 3 Gene Expression Profile datasets of Normal Samples (GTEx, GSE13861, 

GSE66229), and we reported the gene Expression Level of every three lists in this composed 

set. 
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The Gene Expression Level is also reported in a numeric value to rank all possible genes more 

covered by the lowest z-score (chromatic scale tending towards blue) (Tab.G). 

 

The Human Protein Atlas (HPA) was used to validate bioinformatic data. A list of genes and 

their corresponding IHC images was searched, and localization gene expression in the isthmus, 

neck, and chief cells was assessed. 

 

1. positive markers: protein whose expression was limited to the region of the gastric 

gland where the localization of the cytotype was expected; 

2. uninformative markers: proteins whose expression was not limited to the region of the 

gastric gland where the localization of the cytotype was expected; 

3. negative markers: proteins whose expression was not reported to the region of the 

gastric gland where the localization of the cytotype was expected; 

4. excluded markers: proteins whose expression was not detected on the HPA portal. 

 

A search on PubMed (https://pubmed.ncbi.nlm.nih.gov/) and GeneCards 

(https://www.genecards.org/) was performed to characterize the positive markers. 

 

ISTHMUS CELLS 

 GENE RANK 1    GENE RANK 1 
1 ALDH3A1 65   48 ANXA10 55 
2 TFCP2L1 64   49 ATPIF1 55 
3 CYP2C18 63   50 BCAS1 55 

4 TESC 63   51 CLMN 55 
5 MYO1A 62   52 CYP3A5 55 
6 SMPD3 62   53 ELF3 55 
7 DSP 61   54 FOXQ1 55 
8 EDEM3 61   55 GPX2 55 
9 FOXA2 61   56 LAMB3 55 
10 GALNT6 61   57 SLC39A11 55 
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11 TSPAN1 61   58 TFF1 55 
12 CRIP1 61   59 TSPO 55 
13 AKR1C3 60   60 FASN 55 
14 CYP2S1 60   61 ATP8B1 54 
15 EBP 60   62 CORO2A 54 
16 ELOVL6 60   63 JUP 54 
17 GMDS 60   64 LAD1 54 
18 PLEK2 60   65 LGALS4 54 
19 PRKCD 60   66 NR2F6 54 
20 RAB27B 60   67 RASSF6 54 
21 TMPRSS4 60   68 SDC1 54 
22 TST 60   69 SPINK1 54 
23 VSIG1 60   70 UGDH 54 
24 AGR3 59   71 HSPB1 54 
25 VILL 59   72 AGR2 53 
26 DNAJB11 59   73 ARPC1A 53 
27 AKR1B10 58   74 CTSE 53 
28 CDS1 58   75 CYP51A1 53 
29 MUC1 58   76 ETNK1 53 
30 NKX6-2 58   77 GALE 53 
31 RPN2 58   78 HN1 53 
32 S100A14 58   79 MAL2 53 
33 SEC61A1 58   80 MRPL14 53 
34 SULT1C2 58   81 PAQR8 53 
35 DPCR1 57   82 PPARG 53 
36 KRT18 57   83 RPN1 53 
37 NANS 57   84 SLC9A1 53 
38 RRBP1 57   85 USH1C 53 
39 SERPINB1 57   86 CLTB 53 
40 SFN 57   87 PLP2 53 
41 EPS8L3 56   88 ABCC3 52 
42 FAM120A 56   89 ALDH3A2 52 
43 KDELR2 56   90 HMGCS1 52 
44 MLPH 56   91 KRT19 52 
45 MYH14 56   92 MGST2 52 
46 NQO1 56   93 MYO5C 52 
47 P4HB 56   94 PYCR1 52 

ISTHMUS CELLS 
 GENE RANK 1    GENE RANK 1 

95 S100P 52   142 GOLGA4 47 
96 SLC44A2 52   143 KDELR1 47 
97 TK1 52   144 PRC1 47 

98 UBE2C 52   145 SYK 47 
99 CAPN5 51   146 TPX2 47 
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100 KRT8 51   147 KLF4 47 
101 MARCKS 51   148 CLIC1 46 
102 PDIA6 51   149 FABP5 46 
103 RASEF 51   150 ITGB4 46 
104 TXN 51   151 MVP 46 
105 ASPM 50   152 ARHGDIA 46 
106 B4GALT1 50   153 EIF4G1 46 
107 CAPG 50   154 SNRPF 46 
108 CLDN18 50   155 TCERG1 46 
109 CRELD2 50   156 TKT 46 
110 OSBPL7 50   157 ARL6IP1 45 
111 PKP3 50   158 CENPF 45 
112 RAB3D 50   159 CES2 45 
113 SPINK5 50   160 CSTB 45 
114 TMEM54 50   161 FCGBP 45 
115 SLC16A1 50   162 IL1R2 45 
116 ATP2A3 49   163 IL1RN 45 
117 BLVRB 49   164 MAPK3 45 
118 CYP4F12 49   165 NUSAP1 45 
119 DBI 49   166 PDIA4 45 
120 EFHD2 49   167 EFNB2 45 
121 EIF4E2 49   168 MGLL 45 
122 HPGD 49   169 YWHAH 45 
123 HYOU1 49   170 ADAM15 45 
124 ITGA6 49   171 SNRPD1 45 
125 KCNE3 49   172 GSTP1 44 
126 PTTG1 49   173 LMO7 44 
127 SDF2L1 49   174 PHACTR2 44 
128 TAGLN2 49   175 PSD3 44 
129 GAPDH 49   176 SMC4 44 
130 TIMP1 49   177 TSPAN15 44 
131 ABLIM1 48   178 ENO1 44 
132 CBR1 48   179 FHL2 44 
133 CKS2 48   180 ID1 44 
134 NMU 48   181 S100A6 44 
135 PERP 48   182 HDGF 44 
136 STMN1 48   183 LDLR 44 
137 SYTL2 48   184 TXNRD1 44 
138 TOP2A 48   185 CENPE 43 
139 TPM4 48   186 IBTK 43 
140 C19orf10 47   187 ME1 43 
141 GIPC1 47   188 MVD 43 

ISTHMUS CELLS 
 GENE RANK 1    GENE RANK 1 
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189 PTTG1IP 43   236 AHNAK 39 
190 SLC7A8 43   237 CAPNS1 39 
191 ALDH2 43   238 GNA11 39 

192 CAST 43   239 PSMA7 39 
193 CFL1 43   240 TPM1 39 
194 FAM46A 43   241 EIF2S2 39 
195 MTDH 43   242 HSP90B1 39 
196 NDUFS6 43   243 PHLDA2 38 
197 SLTM 43   244 SLC44A1 38 
198 CCNB1 42   245 FAM129B 38 
199 CCND1 42   246 KLF2 38 
200 EI24 42   247 TLN2 38 
201 LFNG 42   248 H2AFZ 38 
202 TACSTD2 42   249 SEC61G 38 
203 AKAP1 42   250 LAMA3 37 
204 ENSA 42   251 LGALS3 37 
205 GSN 42   252 SERPINB5 37 
206 HMGB2 42   253 U2AF1 37 
207 PFN1 42   254 PTMA 37 
208 DDX21 42   255 TACC3 36 
209 HSPA5 42   256 H2AFJ 36 
210 NCL 42   257 PALLD 36 
211 PLXNA2 42   258 PSMA4 36 
212 PSMD7 42   259 RHOA 36 
213 SNRPG 42   260 RAC1 35 
214 TOP1 42   261 S100A11 35 
215 LIMA1 41   262 STRA13 35 
216 MGST3 41   263 ACTN4 35 
217 PRDX1 41   264 HMGB1 35 
218 TSPAN3 41   265 SF3B5 35 
219 CTNNA1 41   266 GADD45A 34 
220 NUCKS1 41   267 GARS 34 
221 S100A10 41   268 SCD 33 
222 CALR 41   269 S100A16 31 
223 ANXA2 40   270 KIF1C 31 
224 HES1 40   271 SLK 31 
225 MKI67 40   272 HSP90AA1 23 
226 REG4 40      
227 CYP1B1 40      
228 DHFR 40      
229 FBLIM1 40      
230 LMNA 40      
231 PPFIBP1 40      
232 YWHAB 40      
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233 FLNB 39      
234 KLF3 39      
235 VPS35 39      

 

NECK CELLS 
     GENE RANK 1 

1 MSMB 70 
2 PDIA2 64 
3 A4GNT 63 
4 PIK3C2G 62 
5 HDLBP 61 
6 AQP5 60 
7 FUT9 60 
8 LYZ 60 
9 TFF2 60 

10 MUC6 58 
11 RRBP1 57 
12 KCNN4 56 
13 SLC12A2 55 
14 SLC4A4 53 
15 PGC 52 
16 CREB3L1 51 
17 ETV5 51 
18 MMP1 51 
19 CLU 47 
20 NR4A1 47 
21 ERN2 46 
22 PPP1R1B 44 
23 CST3 43 
24 ERGIC1 41 
25 RGMB 41 
26 DYNC2H1 39 
27 GP2 38 
28 COL11A2 37 
29 GLTSCR2 37 
30 FMOD 36 

 

CHIEF CELLS 

 GENE RANK 1 
1 TMED6 65 
2 XBP1 65 
3 PDIA2  64 
4 UGT2B15 63 
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5 TMEM97 61 
6 HMGCS2 61 
7 GPRC5C 60 
8 NEDD4L 58 
9 LIPF  58 

10 IRX2 56 
11 AZGP1  56 
12 PGC 52 
13 KIAA1324  54 
14 XYLT2 51 
15 SLC12A2 55 
16 MT1G 48 
17 SSR4 55 
18 DCXR 50 
19 CA9 55 
20 PRDX4 52 
21 SOX4 48 
22 CHIA 54 
23 ITLN1 50 
24 APLP1  47 
25 LEPR 49 
26 MT1F 54 
27 FMOD 36 
28 ELL2 36 
29 TSC22D1 38 
30 ENAH 41 
31 RPLP1 42 
32 IL33 42 
33 CDKN1C 42 
34 NR2F2 43 
35 GLUL 44 
36 METTL7A 45 
37 MT2A 46 
38 MT1X 48 
39 ITIH5 48 

Tab.G: Specific selected genes by bioinformatics analysis. RANK1 is the number of samples 
that have a z-score = -1. 
 

7.11 FACS  

 

Single cells were sorted using BD Melody FACS. Organoids were prepared as described above. 

Briefly, organoids were cellularized using TrypLE express and pipetted through a p200 tip until 
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most cells were single. The dissociated cells were centrifuged for 5 min 1500 rpm at 4°C. The 

pellet was suspended in an appropriate amount of PBS 2mM EDTA. Dead cells were excluded 

by morphological evaluation using a gate (G1) based on the forward scatter area (FSC-A) 

versus the atter area (SSC-A). G1 cells were further gated to isolate single cells (G2 using FSC-

A versus forward scatter height (FSC-H). G2 cells were subsequently sorted for GFP 

fluorescence intensity, using pLenti Cmv- GFP-infected organoids as the reference signal for 

background fluorescence. 
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