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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: |

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).
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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-a), 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 (LGRS) 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. /n 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 (Vill) at the base and neck of antral glands.
Vill-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 (AQPS), 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 Mistl" stem cells in isthmus are quiescent under
normal conditions, giving rise to the entire gland in response to gastric injury. Moreover,
MISTI 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). Bmil-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 (LEFTY 1) was identified as a marker of a Neck cell subpopulation showing stem cell
characteristics. LEFTY 1" 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 LGRS (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

19



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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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.

(o)
(Vo]



The gastric biopsies were collected in chelating buffer (Na2HPO4 5.6 mmol/L, KH2PO4 8.0
mmol/L, NaCl 96.2 mmol/L, KC1 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 1000pl 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 50pg/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 30uL Matrigel drop, which was left to solidify at
37°C for 10 min. The drop was overlying with 500uL of complete medium (Tab. A). After
seeding, the plate was transferred to the incubator at 37°C and 5% CO;. The medium was

refreshed every 2-3 days (3 times per week).

Component Supplier Catalogue Number Cs
Advanced Gibco 12634-028
DMEM/F12
Wrn medium 50%
B27 supplement Gibco 17504-044 1X
P/S Gibco 15140-122 100U
Y-27632 Tocris 1254 10uM
GlutaMAX Gibco 35050-079 1X
Nicotinamide Sigma N0636 10mM
N-acetylcysteine Sigma A9165-5G ImM
H. recomb. FGF10 Peprotech 100-26 200ng/ml
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M. recomb. EGF Gibco PMG8043 50ng/ml
[Leul5]-Gastrin Sigma G9145 InM
A-83-01 Tocris 2939 2uM
HEPES Gibco 15630-056 10mM
Matrigel Corning 356255

TrypLE express Gibco 12604-013

Recovery Cell Culture Gibco 12648-010

Freezing Medium

L-WRN ATCC CRL-3276

Collagenase IV Gibco 17104019 1.5mg/mL
Hyaluronidase V Sigma H6254 20pg/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.
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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 500uL
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 500uL of Recovery Cell Culture Freezing Medium and were stored at

-80°C after 24h in liquid nitrogen.

62



7.5 Plasmid construction

The plasmid pLenti CMV GFP Puro (658-5) #17448 (containing the constitutive lentiviral
CMYV promoter and its enhancer) was obtained from Addgene (Cambridge, MA, USA). The
PGC (1467 bp), AAGNT 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

Clal 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. 150pul of transduction
medium and 150 pl 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

30ul 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 (1pug/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 iTagTM 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 f-Actin mRNA
levels as endogenous control. Real-time PCR amplification values were reported as 274,

Where Act IS Ctgene ul’lder anestlgatlon_ctendogenous control.

Primers used for RT-PCR and Real-time PCR are in the Table D.

Gene Fw Rv
hLGRS5 5'-TATGCCTTTGGAAACCTCTC-3' 5'-CACCATTCAGAGTCAGTGTT-3'
hLRIGI 5'- 5'-
AACCGTCGTGCCACCAGATGTTCC- | GCTGCACTGGTGATGTGGAGAATGC-
3 3
hPGC 5'-AGAGCCAGGCCTGCACCAGT-3' 5'-GCCCCTGTGGCCTGCAGAAG-3'
hMUC6 5'-GCCCCGGTATCTTCTCTCGG-3' 5'-ACACCTGCAGGGTGAGTACG-3'
hMUCSAC 5'- 5'-CTTGATCACCACCACCGTCTG-3'
CTTCTCAACGTTTGACGGGAAGC-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'
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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 S-CTTAATATCTTTCTGTTGGG-3' 5-TTGCTTCTAGATCATATGC-3'
hCBLIF 5-CCTTGGCTCTGACCTGTATGT-3' 5'-CCGTAGTCTTCTTGCAGTTCC-3'
hGAPDH 5'- 5'-ATGCCAGTGAGCTTCCCGTTCAG-

GGTATCGTGGAAGGACTCATGAC-3'

3V

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

pHO6 buffer. The primary antibodies used were rabbit anti-aquaporin 5 (Tab. E).

Anti-body Supplier Catalogue Number Ce
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 HPAO012532 1:50
Anti-LIPF Sigma HPA045930 1:500
Anti-ELAPORI1 Sigma HPA029869 1:250
Anti-TMEM97 Sigma HPA076689
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Anti-TFF2 Sigma HPA036705 1:1000

Anti-CDHI1 Cell Signaling 24E10, 4A2 1:200

Anti-SOX9 1:100

Anti-Ki67 ABCAM AB16667 1:200

Anti-LGR5 ABCAM, Sigma, ab75732, HPA012530, 30- 1:100
Miltenyi 104-072

Anti-LRIG1 Invitrogen PAS5-52860 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) - Sml, HEPES (1M=100x) - 5Sml, Glutamax (100x) - 5Sml). 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 sScRNASeq 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.
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Tab.G: Specific selected genes by
that have a z-score = -1.

ioinformatics analysis. RANKI1 is the number of samples

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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