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Abstract 1 

Abstract 

The gastric epithelium contains a variety of differentiated cell types that are organized in 

epithelial units called glands. Despite their high cellular turnover, gastric glands maintain 

their compartmentalized architecture. Stem cells in the isthmus of the gland proliferate 

and their progenies are pushed toward the gland apex or gland base and differentiate 

into different epithelial cell types. The signals that regulate epithelial differentiation, 

glandular compartmentalization, and its reacquisition upon injury in the stomach corpus 

are poorly understood.  

R-spondin 3 (Rspo3) is a signaling molecule secreted from myofibroblasts adjacent to the 

gland basis and the Wnt/Rspo3 signaling pathway controls stem cell dynamics in the 

stomach antrum and intestine. To investigate its role in the stomach corpus, I used 

conditional mouse models that enable the manipulation of Rspo3 gene expression in 

myofibroblasts. I found that during homeostasis stromal Rspo3 acts as a morphogen and 

controls the differentiation into glandular cell populations such as chief cells. Loss of 

Rspo3 expression resulted in a shrinkage of the chief cell compartment, whereas 

overexpression of Rspo3 promoted its expansion.  

Tamoxifen injection into mice triggers epithelial injury that is characterized by the loss of 

glandular lineages. I found that epithelial recovery was initiated by the upregulation of 

Rspo3 expression which was required for the induction of proliferation and the 

coordinated regeneration of chief cells. The central role of Rspo3 for epithelial healing 

was confirmed in another mouse model that enables the simultaneous loss of Lgr5-

expressing chief cells and stromal Rspo3 expression.  

The Yap signaling pathway controls epithelial proliferation and regeneration in the small 

intestine and colon. I found that the Rspo3-dependent induction of proliferation upon 

epithelial injury required active YAP. Accordingly, inhibition of YAP in the organoid system 

impeded the proliferation of epithelial cells despite the presence of an R-spondin 

supplement. 

Infection with Helicobacter pylori (H. pylori) is the main risk factor for the development of 

gastric cancer. Chronic infection with H. pylori results in a loss of chief cells in humans 

and mice. In Rspo3 overexpressing mice, H. pylori-induced pathology was more 

pronounced than in infected Rspo3 wild-type mice. In detail, I detected glandular 

hyperproliferation, the expression of metaplastic markers, and the activation of YAP in 

gland base cells.  
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In conclusion, Rspo3 plays a dual role in the stomach corpus: While it promotes glandular 

differentiation during homeostasis, Rspo3 acts as a driver of proliferation and epithelial 

recovery upon injury, and amplifies epithelial transformation in the context of  H. pylori 

infection. 

 

Zusammenfassung 

Das Magenepithel besteht aus einer Vielzahl differenzierter Zelltypen, die in epithelialen 

Einheiten, den Drüsen, organisiert sind. Trotz ihres hohen Zellumsatzes halten die 

Magendrüsen ihre kompartimentierte Architektur aufrecht. Stammzellen im Isthmus der 

Drüse proliferieren und deren Tochterzellen werden in Richtung Drüsenapex oder 

Drüsenbasis geschoben und differenzieren in verschiedene Epithelzelltypen. Die Signale, 

die die epitheliale Differenzierung, die Drüsenkompartimentierung und deren 

Wiederherstellung nach Schädigung im Magenkorpus regulieren, sind nur unzureichend 

bekannt.  

R-spondin 3 (Rspo3) ist ein Signalmolekül, das von Myofibroblasten nahe der 

Drüsenbasis sezerniert wird, und der Wnt/Rspo3-Signalweg reguliert die 

Stammzelldynamik im Magenantrum und im Darm. Um dessen Rolle im Magenkorpus zu 

untersuchen, habe ich konditionale Mausmodelle verwendet, die die Manipulation der 

Rspo3-Genexpression in Myofibroblasten ermöglichen. Ich fand heraus, dass stromales 

Rspo3 während der Homöostase als Morphogen wirkt und die Drüsendifferenzierung 

kontrolliert. Ein Verlust der Rspo3-Expression führte zu einer Verkleinerung des 

Hauptzellkompartiments, während die Überexpression von Rspo3 dessen Ausdehnung 

förderte.  

Die Injektion von Tamoxifen in Mäuse induziert eine Epithelschädigung, die durch den 

Verlust von Drüsenzellen gekennzeichnet ist. Ich fand heraus, dass die epitheliale 

Regeneration durch die Hochregulierung der Rspo3-Expression eingeleitet wurde. 

welche für die Induktion der Proliferation und die koordinierte Regeneration der 

Stammzellen erforderlich war. Die zentrale Rolle von Rspo3 für die epitheliale Heilung 

wurde in einem anderen Mausmodell bestätigt, das den gleichzeitigen Verlust von Lgr5-

exprimierenden Hauptzellen und stromaler Rspo3-Expression ermöglicht.  

Der Yap-Signalweg kontrolliert die epitheliale Proliferation und Regeneration im Dünn- 

und Dickdarm. Ich fand heraus, dass die Rspo3-abhängige Induktion der Proliferation 
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nach Epithelverletzungen aktives YAP erfordert. Dementsprechend verhinderte die 

Hemmung von YAP im Organoid-System die Proliferation von Epithelzellen trotz des 

Vorhandenseins von R-spondin-Supplement. 

Die Infektion mit Helicobacter pylori (H. pylori) ist der Hauptrisikofaktor für die Entstehung 

von Magenkrebs. Eine chronische Infektion mit H. pylori führt bei Menschen und Mäusen 

zu einem Verlust von Hauptzellen. Bei Rspo3-überexprimierenden Mäusen war die H. 

pylori-induzierte Pathologie stärker ausgeprägt als bei infizierten Rspo3 Wildtyp-Mäusen. 

Im Einzelnen konnte ich eine Hyperproliferation der Drüsen, die Expression 

metaplastischer Marker und die Aktivierung von YAP in den Zellen der Drüsenbasis 

feststellen.  

Zusammenfassend spielt Rspo3 im Magenkorpus eine duale Rolle: Während es die 

homeostatische Drüsendifferenzierung fördert, fungiert Rspo3 als Treiber der 

Proliferation und der epithelialen Regeneration nach Schädigung und verstärkt die 

epitheliale Transformation im Kontext einer H. pylori-Infektion. 
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1 Introduction 

1.1  The anatomy and function of the stomach 

The human stomach is a hollow intraabdominal organ that is part of the digestive tract. In 

addition to its reservoir function, it mechanically comminutes the bolus and secretes 

hydrochloric acid and enzymes to initiate digestion. 

1.1.1  The macroscopic structure and the function of the stomach 

Macroscopically, the human stomach is divided into four regions. The oral region of the 

stomach adjoining the esophagus is called the cardia and constitutes a narrow region that 

surrounds the stomach entrance like a ribbon. The remaining part is subdivided into the 

fundus, which is the most proximal part, the corpus, which is the largest part, and the 

antrum, which is the most distal part and borders the duodenum (1). The fundus and the 

cardia are specific to humans while the murine stomach contains a forestomach instead 

(2). The two main parts of the stomach - the corpus and the antrum - are present in both 

species (Figure 1).  

 

Figure 1: The macroscopic anatomy of the stomach. 

The murine stomach is compartmentalized into the forestomach, the corpus, and the antrum. The 

human stomach also is divided into the corpus and antrum but lacks a forestomach. Instead, the 

proximal part of the human stomach is termed the fundus, and the area of the stomach adjoining 

the esophagus is called the cardia. Own design: Anne-Sophie Fischer. Created with 

BioRender.com. 
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In mice and humans, the stomach corpus produces and secretes hydrochloric acid which 

has antibacterial functions (3) and enables protein degradation and thereby the release 

of vitamins and micronutrients such as vitamin B12 and iron from the digested aliments 

(1, 4). In addition, the stomach corpus secretes the glycoprotein gastric intrinsic factor 

(GIF) which supports the resorption of vitamin B12 in the terminal ileum (5). Furthermore, 

gastric lipase is secreted from the stomach corpus (6). The stomach antrum contributes 

to digestive function by secreting gastrin, a peptide hormone that regulates the production 

of hydrochloric acid in the stomach corpus. Pepsinogen C (PGC), a precursor to the 

protease pepsin C which digests proteins to peptides and amino acids is produced in both 

parts of the stomach (7). 

1.1.2  The microscopic structure of the stomach 

 

Figure 2: The microscopic structure of the stomach. 

The stomach consists of four layers. The innermost layer, the mucosa, contains the epithelium 

which is organized in glands that are embedded in the lamina propria and the muscularis mucosa, 

a thin muscle layer delimiting the mucosa from the submucosa. The submucosa which contains 

vessels, nerves, and connective tissue is connected to the three-layered muscularis externa 

which enables grinding and propulsive motion of the stomach. It is encased by the fourth layer, 

the serosa. By courtesy of Encyclopædia Britannica, Inc., copyright 2016; used with permission. 
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Microscopically, the stomach wall consists of different layers (Figure 2). The core of the 

stomach wall is built by muscle cells that are organized in the three-layered muscularis 

externa and enable the propulsive motion of the stomach to transport, mix, and 

mechanically comminute the bolus. The muscularis externa is encased by the serosa 

which reduces the intraabdominal friction caused by organs moving against each other. 

Towards the lumen of the stomach, the muscularis externa adjoins the submucosal layer 

which consists of connective tissue and contains blood vessels, lymphatic vessels, and 

neurons (1). The inner lumen of the stomach is lined with a specified monolayered 

columnar epithelium mounted on a thin layer of connective tissue - the lamina propria - 

that provides a scaffold for the epithelium. The lamina propria is connected to the 

submucosal layer via a specified muscle layer, called muscularis mucosae. It contains 

myofibroblasts that secrete a variety of signaling molecules and growth factors (8, 9, 10). 

Of note, given its spatial proximity to the epithelium, factors secreted from the 

myofibroblasts can directly diffuse to and affect the epithelial cells.  

1.1.3  The cellular composition of the gastric gland 

The epithelial layer forms invaginations, so-called glands, that constitute functional units. 

They contain the epithelial stem cell population which proliferates continuously and gives 

rise to all types of differentiated cell types lining the epithelial glands. Within one part of 

the stomach, the glands share a uniform cellular composition and the different cell types 

are compartmentalized along the base-lumen axis. Between the different parts of the 

stomach, however, the exact glandular composition differs which laid down the grounds 

for its anatomic and functional subdivision.  

In the stomach antrum, the gland isthmus that contains the stem cell compartment is 

located in the basal third of the gland. Stem cell progenies emerging from dividing stem 

cells are pushed upwards in the gland thereby differentiating into the specialized cell 

populations (8, 11). The gland bases contain mucous cells which secrete Muc6 (12), 

trefoil factor 2 (Tff2) (13, 14), and PGC (15, 16). Therefore, they can be either visualized 

by staining with antibodies against Muc6, Tff2, or PGC but also by staining against 

Griffonia Simplicifolia Lectin II (GSII) (17). The legs of antral glands are lined by 

differentiated cell lineages including endocrine cells such as gastrin-producing G-cells 

(18, 19), and somatostatin-producing D-cells (20) which are located in the lower third of 

the gland. Muc5ac-producing pit mucous cells form the apex of the gland (18) (Figure 3).  
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Figure 3: The cellular composition of the murine antrum and corpus gland. 

The murine antrum gland is structured into the GSII-expressing mucous cells-containing gland 

base, the stem cell-containing gland isthmus, and the gland pit which is lined by Muc5ac-

expressing mucous cells. The stem cell-containing isthmus of the corpus gland divides the gland 

into the glandular part and the gland pit. The glandular cell populations subsume the chief cells 

in the gland base, the GSII-expressing mucous cells in the neck, the transitional GIF/GSII double-

positive cells, and the interspersed parietal cells. In addition, both gland types contain 

interspersed endocrine cells. Own design: Anne-Sophie Fischer. Created with BioRender.com. 

 

In contrast, the stem cell-containing isthmus of corpus glands is located further apical in 

the gland, and progenies of the dividing stem cells are pushed bidirectionally towards the 

gland apex and gland base respectively (21). The corpus stem cell compartment is 

adjoined by Muc6/Tff2-positive cells in the mid-third of the gland (12, 13, 14). The main 

cell population in the corpus gland base is the zymogenic chief cell population that in the 
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murine stomach produces PGC and GIF (22). Of note, in humans, GIF is secreted by 

parietal cells (23). Terminally differentiated chief cells additionally express muscle, 

intestine, and stomach expression 1 (Mist1) (24). Throughout the corpus gland, 

hydrochloric acid-producing parietal cells are interspersed between the other 

differentiated cell types (18). The hydrogen ions that together with chloride ions form the 

hydrochloride acid in the gastric lumen are secreted via the H/K-ATPase antiporter which 

is therefore considered a surface marker for parietal cells (25, 26). Endocrine cells in the 

corpus gland are histamine-secreting enterochromaffin-like cells (ECL) (27, 28), ghrelin-

secreting X/A-like cells (18, 29), and somatostatin-producing D-cells (20). Similar to the 

antrum, the pit of corpus glands is lined by Muc5ac-producing pit cells (18) (Figure 3). 

In summary, the gastric glands consist of various specialized cell types that are organized 

in cellular compartments along the glandular axis. However, the exact mechanisms that 

maintain this strictly organized architecture have not been fully elucidated yet. 

1.2  Maintenance of the gastric epithelium  

Gastric epithelial cells have lifespans ranging from a couple of days to several months 

depending on the respective cell population. For example, the most apical pit cells, also 

called foveolar cells, are constantly exposed to mechanical friction, hydrochloride acid, 

and to ingested microorganisms and toxins, and are shed into the gastric lumen every 

three days (2, 30). Consequently, gastric epithelia require constant epithelial 

replenishment and are characterized by a high cellular turnover. 

1.2.1  Stem cell dynamics and stem cell markers in the stomach 

The replenishment of epithelial cells is driven by proliferating stem cells. Stem cells are 

defined as long-lived and multipotent cells that account for the entity of epithelial cell types 

in the gland. They form clones, self-renew, and regenerate the tissue upon injury. With 

every stem cell division, their progenies are pushed further up/down the gland, start to 

differentiate, and eventually replace aged cells of all epithelial cell populations. While this 

principle applies to the gastric corpus and antrum the exact kinetics and stem cell 

characteristics vary between the two epithelia.  

In the stomach antrum, two main stem cell populations have been identified: At the bottom 

of the gland reside cells that express Leucine-rich repeat-containing G-protein coupled 

receptor 5 (Lgr5) and Axis inhibition protein 2 (Axin2) (8). Those cells are termed 
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Lgr5+/Axin2+ cells. Right above this compartment are Lgr5-negative/Axin2-positive cells 

(Lgr5-/Axin2+ cells) located. Lineage tracing has revealed that it takes at least 14 days 

for the Lgr5-positive stem cell population to repopulate a gland while the Lgr5-/Axin2+ 

cells have the capacity to repopulate glands within 7 days (8, 31). Indeed, only 30% of 

Lgr5-expressing cells stain positive for the pan-proliferation marker KI67 (8, 11) 

suggesting that antral Lgr5-positive cells are more quiescent compared to antral Lgr5-/ 

Axin2+ cells. This is noteworthy because, in the small intestine, where Lgr5 also serves 

as a stem cell marker, Lgr5-positive stem cells have a very high turnover rate of 

approximately one day (32). During homeostasis, both antral stem cell populations 

contribute to glandular maintenance but their interactions and the mechanisms regulating 

their different cycling behavior are not understood yet.  

In contrast to the antrum where stem cells reside in the gland bases, the proliferative 

compartment of corpus glands is located more apical in the gland (33). Despite that, 

expression of the classic stem cell marker Lgr5 is also found in the bases of corpus glands  

(34). Here, however, it does not mark proliferative stem cells but differentiated secretory 

chief cells. Similar to the slowly cycling Lgr5-positive stem cells in the stomach antrum, it 

is still unclear why in the stomach corpus Lgr5 marks terminally differentiated cells and 

which mechanisms regulate their behavior.  

Furthermore, also the molecular characterization of the corpus stem cell compartment is 

still controversial. In detail, molecules such as Runx1 enhancer (35), Leucine Rich 

Repeats And Immunoglobulin Like Domains 1 (Lrig1) (36), BMI1 proto-oncogene, 

polycomb ring finger (Bmi1) (37), cholecystokinin 2 receptor (Cck2r) (38), and IQ Motif 

Containing GTPase Activating Protein 3 (Iqgap3) (39) were suggested as markers for 

corpus stem cells. The characterization of corpus stem cells is further complicated by the 

fact that marker expression is not unique for one specific cell type. For example, tumor 

necrosis factor receptor superfamily member 19 (Tnfrsf19 = Troy), is a marker that largely 

co-localizes with Lgr5 in chief cells, but is also expressed by other cell types including 

proliferative isthmus cells (34). Similarly, Mist1  which marks terminally differentiated chief 

cells (24), was also found in a rare population of corpus isthmus cells (1.1% of KI67+ 

isthmus cells were Mist1+) (40).  
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1.2.2  The co-existence of proliferation-competent epithelial cell populations in the 

stomach 

As demonstrated above stem cell markers vary among the different epithelia and also the 

proliferative kinetics of cells expressing the same stem cell marker vary between different 

organs. Furthermore, work from several research groups suggests that gastrointestinal 

epithelial cells cannot be only divided into stem cells and non-stem cells. In detail, in 

addition to the classic homeostatic stem cell populations described above several other 

cell populations can acquire stem cell characteristics and take over stem cell functions 

upon tissue injury.  

Although the antrum is already equipped with two sets of stem cell populations that 

actively cycle during homeostasis, several other markers have been identified that 

characterize cells with stem cell capacity, such as SRY-box transcription factor 2 (Sox2) 

(41, 42), Lrig1 (36), and Cck2r (43).  

As mentioned earlier, in the stomach corpus the gland base contains long-lived chief cells 

that are terminally differentiated secretory cells but also express Lgr5 and Troy (34). 

However, a subpopulation of Troy+ cells can contribute to glandular regeneration and 

during homeostasis, approximately 3% of glands show actively proliferating Troy+ chief 

cells that can repopulate full glands although doubling only every 50 days (34). 

Furthermore, upon epithelial injury, Troy+ and Lgr5+ chief cells contribute to epithelial 

regeneration and the organoid-forming capacity of Lgr5-depleted mice is lower compared 

to that of mice with an intact population of Lgr5 cells (34, 44) indicating that in principle, 

Lgr5+ cells have proliferative capacity. However, other research groups found 

contradicting results. For example, Hata et al did not observe any progenies of chief cells 

during homeostasis when using the more general chief cell marker G protein-coupled 

receptor 30 (GPR30) and additionally observed a loss of chief cells together with an 

expansion of the isthmus cell compartment upon injury suggesting that chief cells do not 

drive proliferation upon epithelial injury (45). Those observations led to the controversy if 

chief cells bear proliferative capacity or not which is still under debate.  

The parallel existence of stem cell and facultative stem cell populations is considered to 

serve as a safety mechanism. Non-proliferating or only slowly cycling cells would acquire 

less DNA damage upon genome-damaging insults such as irradiation and could therefore 

serve as a stem cell population that is only activated upon injury (46). However, the 

regulation, the interplay, and the contribution of different cell populations to proliferation 
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and epithelial regeneration are still largely unknown and this particularly applies to the 

stomach corpus. In addition, while the role of Lgr5 is well established in the stomach 

antrum, intestine, and colon, in the stomach corpus the role of Lgr5+ (chief) cells it is still 

insufficiently understood. 

1.3  Signaling pathways regulating stem cell behavior in the gastrointestinal tract 

Gastric stem cells are surrounded by a variety of cell populations including epithelial cells, 

stromal cells, and blood cells as well as microorganisms and the respective signaling 

molecules secreted by them. This entire stem cell microenvironment is termed the stem 

cell niche. Its composition controls the stem cell behavior and therefore, perturbations of 

the stem cell niche have the potential to alter tissue dynamics. 

1.3.1  The Wnt/Rspo3 signaling pathway  

One of the central signaling pathways of the stem cell niche is the Wnt/Rspo signaling 

pathway. It is highly conserved among different species and organs and has a major 

regulatory function during embryogenesis (47, 48). Wnt/Rspo signaling is also active in 

adult tissues where it controls the number, gene expression pattern, proliferation, 

regeneration, and differentiation of stem cells (49, 50). Wnt signaling can be transmitted 

via two different branches, the canonical or the non-canonical pathway. The canonical 

pathway describes a well-characterized cascade of signaling events that culminate in the 

proliferation-associated effects of Wnt signaling. In contrast, non-canonical Wnt signaling 

subsumes a variety of signaling cascades that control cellular polarity and cytoskeleton, 

the intracellular concentration of calcium as well as cell migration (51). In the following, I 

will focus on the canonical Wnt signaling pathway.  

A core element of the canonical Wnt signaling pathway is the destruction complex that 

includes Adenomatous Polyposis Coli (APC), Axin, and glycogen synthase kinase-3 beta 

(GSK3beta) and in the absence of Wnt receptor activation results in the destabilization of 

the transcription factor beta-catenin. The activation of the Wnt signaling pathway is 

initiated by the binding of Wnt to its receptor complex LDL Receptor Related Protein 5/6/ 

Frizzled (Lrp5/6/Fzd). The binding and subsequent conformational change of the 

receptors leads to their phosphorylation and the inhibition of the destruction complex. As 

a result, the transcription factor beta-catenin is not degraded, and can therefore migrate 

to the nucleus and initiate the transcription of Wnt target genes (50, 52). 
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Wnt signaling can be further augmented by Roof plate-specific spondin (=R-

spondin/Rspo) which binds to Leucine-rich repeat-containing G-protein coupled receptors 

(Lgr) on the cellular surface (53, 54, 55). In general four subtypes of R-spondins are 

known that bind to their receptors Lgr4/5/6 (53, 54, 56). In the stomach antrum, Rspo3 is 

the most abundant isoform and binds to Lgr4 and 5 (8, 53). Upon binding of Rspo to Lgr, 

the ubiquitinase Ring Finger Protein 43/ Zinc And Ring Finger 3 (RNF43/ZNRF3) is 

internalized thereby interrupting the internalization of the Wnt receptor complex 

Lrp5/6/Fzd (57, 58). As a result, Wnt receptors are more stable on the cellular surface 

and Wnt signaling is increased (50). Figure 4 visualizes the canonical Wnt/Rspo signaling 

cascade. 

 

Figure 4: The Wnt/Rspo signaling cascade. 

Wnt binds to the receptor complex Lrp5/6/Fzd and induces its phosphorylation resulting in the 

inhibition of the destruction complex that includes APC, Axin, and GSK3beta. As a consequence, 

beta-catenin is stabilized and translocated to the nucleus. In the absence of R-spondin, the 

membrane ubiquitinase ZNRF3/RNF43 induces the internalization and lysosomal degradation of 

the Lrp5/6/Fzd receptor complex, thereby limiting Wnt signaling. On the contrary, binding of R-

spondin to its receptor Lgr5/6 promotes the internalization of the ZNRF3/RNF43 ubiquitinase, 

thereby augmenting Wnt signaling. By courtesy of Fischer et al., 2019 (50), used with permission. 
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While Wnt ligands are expressed throughout the gastrointestinal epithelium, active 

canonical Wnt signaling is restricted to the bases of glands (8, 59). In the gastrointestinal 

tract, R-spondins are expressed in Myosin heavy chain 11+ (Myh11) myofibroblasts (8, 

60), Foxl1+ telocytes (61), and CD34+ stroma cells (62) in the vicinity of the gland bases 

and thereby specifically potentiate Wnt signaling in the base of the glands.  

In addition to the spatial restriction of R-spondin expression, the base-lumen gradient of 

Wnt/Rspo signaling is maintained by a second signaling pathway ï the bone 

morphogenetic protein (BMP) pathway. BMP acts as a Wnt antagonist and its expression 

pattern is inversely orientated to the one of Rspo3: While Rspo3 is mainly expressed in 

the basal stem cell niche potentiating Wnt signaling (8, 50, 60, 63), BMP signaling is most 

abundant in the top of the glands, where the pit cells reside, inhibiting Wnt signaling 

directly or indirectly (9, 64, 65, 66, 67). Stromal cells surrounding the gland base secrete 

BMP inhibitors such as gremlins and chordin-like 1, thereby further preventing active BMP 

signaling in the gland base (9, 66, 68).  

In conclusion, the Wnt/Rspo pathway shows a gradual impact along the base-lumen axis. 

In the stomach antrum, the intestine, and the colon its central role in stem cell 

maintenance and proliferation has been demonstrated (8, 52, 60, 69). However, while the 

presence of Wnt signaling has been confirmed in the stomach corpus (70), its relevance 

is still largely unknown since inhibition of Wnt signaling by overexpression of Dickkopf-1, 

a Wnt antagonist, did not reduce proliferation in corpus glands (40). In addition, no 

research has been conducted on the role of R-spondin in the stomach corpus yet.  

1.3.2  The Hippo/Yap signaling pathway  

Another signaling pathway that has been shown to control epithelial proliferation in the 

gastrointestinal tract is the Hippo/yes-associated protein 1 (Yap) signaling pathway. 

Similar to the Wnt/Rspo signaling pathway it is conserved among different species and 

organs and plays a fundamental role during embryogenesis where it promotes tissue 

growth and thereby regulates and restricts organ size (71, 72).  

(73, 74, 75). In contrast to the Wnt/Rspo signaling pathway Yap signaling is negligible in 

adult gastrointestinal epithelia during homeostasis (76, 77). However, its central role in 

tissue regeneration has been established in the colon (77, 78), intestine (76), liver (79), 

and skin (80). In contrast, the role of Yap signaling in the stomach corpus has to date 

been poorly investigated. 
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The Hippo/Yap signaling cascade consists of three core elements. The Hippo 

Serine/Threonine Kinases 3/4 (= Macrophage-stimulating protein 1/2 = MST1/2) 

phosphorylate and thereby activate the large tumor suppressor kinases 1 and 2 

(LATS1/2) (81, 82). LATS1/2 then phosphorylate and thereby inactivate YAP/TAZ (72, 

75, 83). TAZ stands for transcriptional co-activator with PDZ-binding motif (= WW-

domain-containing transcription regulator 1 = WWTR1) and is a YAP paralog (84). Both 

YAP and TAZ are transcriptional co-activators that bind to transcription factors of the 

transcriptional enhancer factor-domain (TEAD) family in the cell nucleus (85). YAP is 

constantly shuttled between the cytoplasm and the nucleus and its phosphorylation status 

determines its compartmentalization (86). Non-phosphorylated YAP accumulates in the 

nucleus where it exerts its transcriptional function and is therefore considered the active 

form whereas phosphorylated YAP is extruded from the nucleus and constitutes the 

inactive form (72).  

As mentioned above, the role of Yap signaling in the stomach corpus is still largely 

unresolved. In the mammary gland, the pancreas, and in neurons, however, Yap 

promotes the transformation of differentiated cells into the tissue-specific progenitor/stem 

cell (87). In the liver and intestine, Yap signaling was restricted to the stem cell 

compartment during homeostasis, and inactivation of Yap resulted in cellular 

differentiation (71). Furthermore, dysregulation of Yap signaling can initiate and promote 

tumorigenesis. Along this line, somatic alterations of the Hippo signaling pathway have 

been detected in a variety of tumors including brain tumors, lung cancer, gastrointestinal 

cancer, gynecologic cancer, and prostate cancer (88). In stomach cancer, overexpression 

of Yap correlates with poor prognosis and the formation of metastases in patients (89, 

90, 91). 

1.4  Perturbation of the gastric stem cell niche by chronic infection with 

Helicobacter pylori  

In addition to signals from the stromal compartment, stem cells are also affected by the 

gastric microbiome including commensals and pathogens. One common pathogen in the 

stomach is the gram-negative bacterium Helicobacter pylori (H. pylori). 
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1.4.1  The relevance of infection with Helicobacter pylori  

Helicobacter pylori exclusively colonizes the stomach epithelium and can persist in the 

tissue lifelong - unless eradicated via a complex antibiotic regime. Infection is usually 

acquired during childhood via an oro-oral or fecal-oral transmission (92, 93, 94), and 

prevalence rates differ worldwide with on average higher rates in Africa, South America, 

and Asia and lower rates in Western Europe, North America, and Australia. In detail, the 

prevalence rates range from 88% in Nigeria, 86% in Portugal, and 83% in Estonia to 19% 

in Switzerland, 22% in Denmark, 24% in New Zealand, and 35% in Germany (95).  

The chronic bacterial infection causes chronic inflammation in the tissue and in 5 - 10% 

of cases progresses to gastric ulcer (96, 97). Furthermore, infection with H. pylori is the 

main risk factor for gastric cancer and the bacterium has been classified as a Group I 

carcinogen by the International Agency for Research on Cancer of WHO in 1994 (98) 

which translates into ñthere is enough evidence to conclude that it can cause cancer in 

humansò (99). Statistically, infection with H. pylori culminates in 1-5% of cases in gastric 

cancer (100, 101), and 90% of patients with early gastric cancer are positive for H. pylori 

(102, 103, 104).  

The lifelong persistence of Helicobacter pylori and its ability to interact with the epithelium 

relies on a toolbox of mechanisms and virulence factors that help the bacterium on the 

one hand to attach to the epithelium and on the other hand to escape from recognition by 

the immune system and to shape the local niche in a way that favors its survival. For 

example, H. pylori is equipped with the enzyme urease which hydrolyzes urea to 

ammonia thereby locally neutralizing the acidic pH in the stomach. The increase in pH 

leads to a reduction of gastric mucus viscosity (105), thereby enabling the bacterium to 

move through the 700µm thick mucus layer covering the epithelium (106). Occasionally, 

H. pylori can even dive deep down to the gastric gland bases (107), thereby gaining direct 

access to the epithelial cells. Via a type IV secretion system which is a large protein 

complex resembling a syringe H. pylori injects macromolecules such as cytotoxin-

associated gene A (CagA) (108, 109, 110) into the host cell and the presence or absence 

of CagA largely determines the degree of pathology induced by the bacterium (111, 112). 

Past attempts to develop an effective vaccine against H. pylori have failed (113), further 

raising the importance of elucidating bacterium-host interactions to enable the 

development of vaccine-independent cancer prevention strategies.  
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1.4.2  The interaction between Helicobacter pylori and the Wnt/Rspo signaling pathway 

Infection with H. pylori also alters Wnt/Rspo signaling in the gastric niche and affects cells 

responsive to Wnt/Rspo signaling. For example, H. pylori induces the in vitro 

transdifferentiation of murine gastric fibroblasts into alpha-smooth muscle actin-

expressing myofibroblasts (114), which are a source of R-spondin 3 expression in vivo. 

Similarly, infection of mice with H. pylori enhances the number of gastric Myh11-

expressing myofibroblasts adjacent to the gland bases and results in an increase of 

Rspo3 gene expression (9). In detail, infection with H. pylori leads to an upregulation in 

the expression of BMP inhibitors and a reduction in the expression of BMP ligands which 

ultimately results in an upregulation of Rspo3 expression (9). 

To date, the impact of H. pylori infection on Wnt/Rspo3-responsive cell populations has 

been primarily studied in the gastric antrum where those cell populations constitute the 

stem cells located in the gland bases. Helicobacter pylori attaches to and directly interacts 

with Lgr5-expressing stem cells (107) where it induces DNA damage (115). Furthermore, 

infection with H. pylori increases the number of Lgr5+/Axin2+ and Lgr5-/Axin2+ stem cells 

in mice and accelerates their turnover (8, 107), and the resulting glandular hyperplasia 

and hyperproliferation are dependent on stromal expression of Rspo3 (8, 116).  

Helicobacter pylori not only affects the proliferative dynamics of antral stem cells but also 

alters the inflammatory response of antral epithelial cells. In detail, high stromal 

expression levels of Rspo3 in the context of infection with H. pylori promote the 

accumulation of secretory Lgr5+ GSII+ base cells resulting in enhanced secretion of 

antimicrobial proteins such as Intelectin-1 and a reduction of H. pylori colonization density 

(63). Similarly, epithelial cells grown in Wnt/Rspo conditioned medium that are infected 

with H. pylori reveal higher expression levels of inflammatory genes compared to infected 

cells grown in Wnt/Rspo-deficient growth medium (117, 118). Furthermore, the release 

of chemokines from antral stem cells upon infection with H. pylori is mediated via Lgr4 

(116).  

In summary, in the stomach antrum infection with H. pylori has a profound impact on 

Wnt/Rspo3 signaling and the cell populations regulated by Wnt/Rspo3. Reversely, the 

outcome of H. pylori infection is also modulated by the Wnt/Rspo3 signaling pathway. In 

contrast, in the stomach corpus, the interplay of H. pylori and the Wnt/Rspo3 pathway 

has been poorly investigated.  
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Figure 5: The interaction between Helicobacter pylori and the Wnt/Rspo3 signaling pathway. 

Infection with Helicobacter pylori enriches stromal myofibroblasts and enhances the gene 

expression of Rspo3. Antral stem cells are controlled by Wnt/Rspo signaling and upon infection 

with Helicobacter pylori the number of Axin2+/Lgr5+ as well as Axin2+/Lgr5- stem cells is 

increased and their turnover is accelerated. Furthermore, Helicobacter pylori can dive deep into 

gastric glands and directly interact with Lgr5+ antral stem cells in the gland base.  

By courtesy modified from Fischer et al., 2019 (50) using BioRender.com, used with permission. 

 

1.5  Gastric carcinogenesis 

The transition from healthy epithelium to gastric cancer evolves via a sequence of 

different steps that has been termed after Pelayo Correa who described it first in 1975 

(119, 120). The first step of the Correa´s cascade is the transformation of healthy tissue 

into non-atrophic gastritis which is induced by infection with Helicobacter pylori and is 

followed by atrophic gastritis, intestinal metaplasia, dysplasia, and finally gastric cancer 

(Figure 6) (120).  



Introduction 18 

 

Figure 6: The Correa´s cascade. 

The development of gastric cancer occurs via a step-wise process that can be initiated by 

Helicobacter pylori inducing chronic gastritis which can transform into gastric atrophy. Atrophic 

lesions lay the ground for the development of intestinal metaplasia which via the formation of 

dysplasia can transform into gastric cancer. By courtesy modified from Correa et al., 2012 (120), 

used with permission. Created with BioRender.com. 

1.5.1  Spasmolytic polypeptide-expressing metaplasia as a premalignant lesion 

As described above, carcinogenic lesions are preceded by metaplastic lesions. The main 

metaplastic lesion in the stomach corpus is termed spasmolytic polypeptide-expressing 

metaplasia (SPEM) and was first described in 1999 (121). Of note, in contrast to the other 

precancerous lesions described in the Correa´s cascade, SPEM can not be detected via 

H. & E. staining but requires immunohistochemistry as a diagnostic tool and has therefore 

not been initially described by Correa. SPEM lesions are frequently detected in areas 

adjacent to carcinogenic or dysplastic glands of resected gastric cancer specimens (121, 

122, 123). In addition, in 79% of gastric cancer samples, SPEM lesions were found also 

in areas distant from the cancer lesion (123). SPEM was also detected in 82% of biopsies 

obtained prior to the diagnosis of cancer but only in 37% of patients with chronic gastritis 

that did not progress to gastric cancer (123). These findings point towards SPEM as a 

premalignant lesion.  

SPEM emerges upon epithelial injury of different origins such as mechanical epithelial 

injury or artificially induced depletion of glandular lineages either by the intraperitoneal 

injection of high doses of tamoxifen into mice or by marker-specific depletion of chief cells 

in genetically modified mice (24, 124, 125, 126, 127, 128). In addition, infection with 

Helicobacter species leads to the formation of SPEM lesions (129, 130), and SPEM has 

been also detected as a response to gastric ulceration (131, 132, 133). 

The SPEM lesion itself is characterized by the co-expression of various peptides within 

one cell ï therefore the term ñspasmolytic polypeptide-expressing metaplasiaò - and is 

usually found in glandular base cells. Such peptides include the chief cell marker GIF, the 
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mucus cell markers Muc6, GSII, and Tff2 as well as the CD44 variant isoform containing 

exon v9 (CD44v9) (121, 126, 132, 134, 135).  

Contradicting concepts on the origin of SPEM cells have been proposed. GIF+ GSII+ co-

expressing cells are not only found in SPEM glands but occur also in healthy glands 

interspersed between the basal GIF+ chief cell compartment and the mid-glandular 

GSII+/Muc6+ mucous cell compartment (125). Electronmicroscopical, autoradiographic, 

and laser capture microdissection studies revealed that during homeostasis, pre-neck cell 

precursors below the isthmus region give rise to pre-neck cells which then further 

differentiate into neck cells (= GSII+ mucous cells) (136). When those neck cells are 

pushed further down to the lower neck cell compartment, their fate switches to pre-

zymogenic cells (= GIF+ GSII+ double-positive cells) which then further transdifferentiate 

into zymogenic cells (= GIF+ chief cells) (136, 137, 138). This transdifferentiation from a 

GSII+ mucous cell to a GIF+ chief cell is initiated by the expression of Mist1 (24, 139). 

One of the paradigms proposed for the origin of SPEM cells is that upon tissue 

disturbance either by epithelial injury or by infection with H. pylori, gland base cells are 

lost which are then replenished from proliferating corpus stem cells in the isthmus region. 

This accelerated cell production would be accompanied by a transient increase in the 

number of transitional GIF+ GSII+ which due to the loss of gland base cells would 

temporarily constitute the most basal cell population until their terminal differentiation in 

chief cells is completed. A contradicting paradigm proposes that upon tissue disturbance 

chief cells in the gland base obtain a plastic phenotype and acquire the competence to 

transdifferentiate into other cellular lineage. This transdifferentiation would occur in 

reverse sequence to the physiological maturation progress and GIF-positive chief cells 

would re-acquire the ability to express GSII (44, 124, 140). This concept has been 

supported by the observation that GIF+ GSII+ cells appear in the gland bases quickly 

after injury and it would therefore be unlikely that pre-neck cells could produce such a 

high number of progenies within the short period of time (140).  

This controversial debate on the plasticity of chief cells demonstrates the interlacing 

relation between signals regulating cellular differentiation kinetics during homeostasis, 

upon tissue disturbance, and in the context of carcinogenesis. In addition, it also 

demonstrates the need to further investigate the underlying regulatory pathways. Indeed, 

aberrant niche signaling could explain why some studies found that transdifferentiated 

chief cells can be the origin of metaplasia and cancer (44, 124, 126, 140), but other 

studies did not (40, 141). 
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1.5.2  The role of the Wnt/Rspo signaling pathway for gastric carcinogenesis 

Gastric cancer specimens exhibit heterogeneous patterns of mutations (142). Mutations 

occur mostly sporadic, only in 10% of cases family aggregated and only in 3% with a 

Mendelian inheritance pattern (143). In addition, mutations that are frequently found in 

gastric cancer samples do not necessarily initiate gastric carcinogenesis which is different 

from colon cancer where a chronological sequence of mutations has been found to drive 

carcinogenesis (144). For example, although p53 mutations are found in 50% of gastric 

cancers (142), only 5% of patients with Li-Fraumeni syndrome will develop gastric cancer 

(145) indicating that p53 does not function as an initial driver mutation but rather occurs 

in the course of carcinogenesis (146).  

In contrast, dysregulation of Wnt/Rspo signaling does not only promote the progression 

of gastric cancer but is already present in the early stages of gastric pathology including 

gastric metaplasia suggesting a causal role of this signaling pathway in carcinogenesis. 

Along this line, APC mutations occur already in low-grade gastric dysplasia (147), and 

deletion of APC or GSK3beta is sufficient to induce the formation of polyps and adenoma 

in mice (148, 149). Furthermore, otherwise healthy mice develop gastric metaplasia upon 

loss of stromal BMP signaling already 90 days postnatally (150) and mutation of RNF43 

together with infection with H. pylori infection promotes the development of glandular 

hyperplasia in mice (151). In terms of cancer progression, mutations downregulating the 

expression of RNF43 are assumed to guide the transition from adenoma to carcinoma 

lesions (147), and the expression level of LGR5 amplifies over the course of 

carcinogenesis (152). The following table summarizes alterations of Wnt/Rspo signaling 

detected in gastric cancer (Table 1). 

 

Table 1: Alterations of Wnt/Rspo signaling in gastric cancer. 

Wnt1 Enhanced staining pattern in 98/180 of GC samples 

 Normal gastric mucosa < precancerous lesion < early gastric 

adenocarcinoma < advanced gastric adenocarcinoma  

Wnt2B In 2/8 GC samples 

Wnt5A Upregulated in 30% of GC 

Wnt6 WNT6 expression associated with tumor stage and nodal status 

Wnt10A In 3/6 GC samples 

beta-catenin Upregulated in GC compared to tumor-free tissue (p = 0.0046) 
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By courtesy modified from Fischer et al., 2019 (50), used with permission. 

 

In addition to its role in cancer initiation and promotion, increased activation of Wnt/Rspo 

signaling correlates with a poor outcome of gastric cancer. For example, low expression 

levels of the inhibitory ubiquitinase RNF43 correlate with advanced pTNM stages in 

gastric cancer. In detail, it favors poor histological differentiation, large tumor size, and 

high tumor invasion depth (153). Furthermore, high expression levels of Lgr5 are 

associated with a high mortality risk (154).  

Consequently, a deeper understanding of the alterations in the gastric niche and the 

signaling pathways causing them has the potential to improve our knowledge of the early 

steps of gastric carcinogenesis which is the prerequisite to developing or adapting 

diagnostic, preventive, and therapeutic regimes.  

1.6  Organoids ï a dynamic 3D self-organizing cell culture system to study 

epithelial behavior 

Organoids describe a three-dimensional cell culture technique that is based on self-

organizing primary cells cultured in a jelly-like matrix (155). Organoids can be grown from 

pluripotent stem cells that resemble immature or fetal tissue or from adult stem cells (156, 

APC In 7% of GC 

 In 15%-18% of GC 

 In 30-34% of GC 

Axin 1, Axin2 4/70 GC 

RNF43 42/93 GC 

 In 33% of hypermutated GC 

 In gastric cancer cell lines 

 in 35.2% of early gastric cancer adenomas 

APC 37.7% in healthy tissues versus 52.9% in GC 

Dkk3 20/94 GC 

 117/173 GC 

SFRP1 44% of GC 

Upregulation 41/352 microRNAs: miRNA-135 (APC) 

Downregulated  28/352 microRNAs: miRNA-103 (Axin2) 

CTNNB1  

Axin1 5 SNPs in 70 GC samples 
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157, 158). While the first pluripotent stem cells were already isolated and cultured in 1981 

from mouse embryos (159, 160) and in 1998 from human blastocytes (161), the first ñmini-

organsò derived from single adult stem cells were established in 2009 by researchers 

from the Clevers laboratory. This cell culture system that was originally developed for 

adult stem cells derived from the murine small intestine (155) was rapidly adopted to also 

grow organoids from other parts of the gastrointestinal tract including the stomach (11, 

117, 162) and colon (163), and is now widely used to model tissues throughout the body.  

Methodologically, dissociated tissue units such as gastrointestinal glands are mixed with 

a matrix that is liquid when kept at temperatures below 4°C but solidifies in the incubator 

at 37ÁC (Figure 7). A commonly used matrix is MatrigelÊ which was also used in this 

study. It is produced by the sarcoma Engelbreth-Holm-Swarm cell line (164) and contains 

laminin, collagen type IV, and heparan sulfate proteoglycan as main structural 

components (165) thereby mimicking the composition of the in vivo basement membrane 

(164). Therefore, in addition to providing a scaffold, the jelly drops containing the 

organoids mimic the in vivo mechanical environment more realistically than the stiff 

materials such as polystyrene that cells adhere to in two-dimensional culture systems.  

To maintain organoid cultures, cells are kept in a stem cell-like state that often results in 

a spherical growth of the organoids which constitutes the baseline culture condition (11, 

155, 163). Differentiation into the different organ-specific cell types is achieved by 

adapting the supplements of the growth medium (40, 117). However, the generation of 

fully differentiated corpus organoids that portray the broad spectrum of cell lines found in 

corpus glands has been proven to be challenging (65, 117, 166). Therefore, gaining a 

deeper understanding of the signaling pathways that control glandular differentiation in 

the stomach corpus gland is crucial to further refine stomach organoid culture systems. 

 

 

Figure 7: The establishment of an organoid culture. 
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Organoids can be grown from a variety of tissues from different species and can be derived from 

adult or fetal-like tissue. In this study, organoids were grown from the adult murine stomach 

corpus. The isolated tissue units, in this case, gastric glands, are mixed with liquid MatrigelTM and 

plated as drops which are allowed to solidify in the incubator. Then, a tissue-specific growth 

medium is added. The scaffold provided by the MatrigelTM and the growth supplements added to 

the culture enable the self-organization of the primary cells into three-dimensional organoids. Own 

design: Anne-Sophie Fischer. Created with BioRender.com. 

1.7.  Relevance and aim of the study  

Gastric cancer is the 6th most common cancer and the third leading cause of cancer-

related death worldwide, following lung and liver cancer (167). In Germany, gastric cancer 

has an incidence rate of 5.7 per 100,000 per year in women and 9.1 per 100,000 per year 

in men (168). 50% of patients develop symptoms only at advanced stages contributing to 

the unfavorable prognosis of gastric cancer (102). The 5-year overall survival in Germany 

ranges from 34% in men to 37% in women (168). These epidemiological data imply a 

high medical, social but also economic demand for a deeper understanding of gastric 

carcinogenesis. In particular, dissecting the early steps of gastric cancer development 

has the potential to lay the groundwork for the discovery of screening markers and the 

development of new treatment strategies tackling the early stages of gastric malignant 

transformation.  

Historically, carcinoma was primarily understood as an epithelial disease. During 

homeostasis stem cells are the main proliferating cell population in the epithelium and 

were therefore also primarily investigated as the origin of cancer. This led to the 

identification of stem cell markers and the characterization of stem cell dynamics in the 

stomach antrum as well as in other parts of the gastrointestinal tract such as the small 

intestine and colon. In the stomach corpus however, the stem cell population as well as 

the differentiated cell lineages are more heterogeneous, and markers that were originally 

assigned to stem cells in the antrum, colon, and intestine, are also expressed by 

differentiated chief cells in the stomach corpus. Controversial findings on the proliferative 

capacities of differentiated cell populations such as chief cells added to the complexity of 

characterizing corpus gland dynamics. Furthermore, the degree of differentiation and the 

proliferative capacity of a cell are not fixed but are controlled by the entity of signals active 

in the niche. 



Introduction 24 

Therefore, instead of conducting another study on stem cell markers, this study focuses 

on epithelial and extraepithelial signaling pathways that determine the identity and 

proliferative behavior of glandular cell populations in the stomach corpus. A signaling 

pathway that has been identified to control glandular kinetics in the stomach antrum and 

to initiate and promote gastric carcinogenesis is the Wnt/Rspo signaling pathway. In the 

stomach corpus, however, its role is poorly understood.  

Infection with Helicobacter pylori is the main risk factor for the transformation of healthy 

gastric mucosa into gastric cancer (101). Considering the high prevalence rates of H. 

pylori carriers (95) combined with the high percentage of asymptomatic infections (101) 

and the past failure to develop an effective vaccine (113), secondary instead of primary 

prevention strategies appear most promising to reduce H. pylori-mediated pathology. 

Improvement of secondary prevention strategies however relies on a deeper 

understanding of the interplay between H. pylori infection and the signaling pathways that 

control epithelial behavior.  

Therefore, this study aims to investigate the role of the Wnt/Rspo3 signaling pathway for 

epithelial homeostasis and regeneration and its contribution to H. pylori-driven malignant 

transformation in the stomach corpus.  

In detail, I want to test the following hypotheses:  

1. The Wnt/Rspo3 signaling pathway is a central regulator of epithelial dynamics in 

the colon, intestine, and stomach antrum and I hypothesize that it also controls the 

epithelial composition in the stomach corpus.  

2. While during homeostasis the Rspo3 target gene Lgr5 marks differentiated chief 

cells in the stomach corpus, Lgr5-positive cells have been shown to contribute to 

epithelial regeneration upon injury. Therefore, I hypothesize that Rspo3 regulates 

regenerative responses of the corpus epithelium. 

3. H. pylori promotes gastric malignant tissue transformation and interferes with the 

Wnt/Rspo3 signaling pathway in the stomach antrum. I hypothesize that Rspo3 

signaling also contributes to the development of H. pylori-driven pathology in the 

stomach corpus. 

 

 



Methods 25 

2 Methods 

2.1  Materials 

2.1.1  Mouse lines 

Table 2: Mouse lines used in this study. 

Mouse strain Description and Reference 

C57BL/6  Wild-type mouse (Charles River Laboratory ) 

Myh11-CreERT2; Rspo3fl/fl mice A Cre-recombinase fused to an estrogen receptor ligand 

binding domain is expressed under the stromal Myh11 

promotor that upon activation by tamoxifen induces the 

excision of exon 2-4 of the Rspo3 gene. Mice were 

generated by breeding Myh11CreERT2 mice (169) to 

Rspofl/fl (170). 

Myh11CreERT2/Rosa26Sor6(CAGï

Rspo3)  

A Cre-recombinase fused to an estrogen receptor ligand 

binding domain is expressed under the stromal Myh11 

promotor that is activated upon injection of tamoxifen 

and induces the overexpression of a Rspo3 transgene 

under the CAGGS promoter in a Rosa26 gene targeting 

cassette in Myh11+ cells (69). 

LGR5-DTR-eGFP A receptor for diphtheria toxin (DT) and fluorophore 

green fluorescent protein (GFP) are expressed under 

the Lgr5 promoter. Injection of diphtheria toxin results in 

the depletion of Lgr5-expressing cells and loss of GFP 

signal (171). 

LGR5-DTR-eGFP/Myh11-CreERT2/ 

Rspo3fl/fl 

LGR5-DTR-eGFP/Myh11-CreERT2/Rspo3fl/fl mice 

were generated by crossing LGR5-DTR-eGFP mice 

(171) with Myh11-CreERT2; Rspo3fl/fl mice and enable 

the simultaneous DT-dependent depletion of Lgr5+ cells 

and tamoxifen-mediated knockout of stromal Rspo3 

expression. 

Own design: Anne-Sophie Fischer. 
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2.1.2  Bacterial strains 

Table 3: Bacterial strains used in this study and their antibiotic resistance. 

Bacterial strain  Description  Antibiotic resistance  

H. pylori pre-mouse Sydney strain 1 

(PMSS1) (172) 

Wild-type; mouse-adapted Vancomycin  

H. pylori PMSS1ȹcagE (dCagE) 

(173) 

Isogenic mutant defective for 

expression of the CagE gene  

Vancomycin and 

Chloramphenicol  

Own design: Anne-Sophie Fischer. 

2.1.3  Chemicals and Consumables 

Table 4: Commercially available chemicals and consumables. 

Chemical/ Consumable  Supplier  

LE Agarose Biozym 

Bacto Brain Heart Infusion (BHI)  BD Bioscience  

Bovine serum albumin (BSA), Fraction V  Life Technologies  

Brucella Broth  Sigma-Aldrich  

Citric acid Sigma 

CampyGenÊ Thermo Scientific Oxoid 

Cover glasses Marienfeld 

Diphtheria toxin Sigma-Aldrich 

DL-Dithiotreitol (DTT)  Sigma-Aldrich 

DNase I, RNase free Qiagen  

EcoMount (mounting medium for RNA ISH)  Biocare medical  

EDTA  Invitrogen 

Eosin Y solution (1 % aqueous solution)  Carl Roth  

Ethanol  Merck  

Fetal calf serum (FCS), heat-inactivated  Biochrom  

HistoBond® microscope slides  Marienfeld  

Histology Cassettes  Simport  

ImmEdge pen (for RNA ISH)  Vector 

Immu-Mount (for immunofluorescence labeling) Epredia 
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Matrigel  Corning  

Mayerôs hematoxylin solution  Carl Roth  

Nuclease-free water  Thermo Fisher Scientific  

Pap pen (for immunofluorescence labeling) Kisker Biotech  

Paraffin  Carl Roth  

Paraformaldehyde (PFA)  Sigma-Aldrich  

Penicillin/Streptomycin (Pen/Strep)  Invitrogen 

Phosphate-buffered saline (PBS)  Gibco 

Roti-Histokitt  Carl Roth 

Saponin Riedel-de Haën 

Sodium citrate dihydrate Sigma 

Sodium azide  Sigma-Aldrich  

SyberGreen  Thermo Fisher 

Tamoxifen Sigma Aldrich 

TAT-Cre recombinase Millipore 

Triton X-100  Carl Roth  

Tris(hydroxymethyl)aminomethane Carl Roth 

TRIzol® reagent Invitrogen 

TrypLE Express Enzyme, no phenol red Gibco 

Tween20 (Polysorbate 20) Merck  

Vancomycin MP Biomedicals 

Verteporfin  Sigma-Aldrich 

24-well cell culture plates Sigma-Aldrich 

Xylene  Carl Roth  

Own design: Anne-Sophie Fischer. 

2.1.4  Buffer and solutions 

Table 5: Composition of buffers and solutions used for the methods applied in this study. 

Buffer/ solution  Composition  Supplier 

Brain-heart infusion (BHI) 36g/l BHI diluted in ultrapure water  

Blocking buffer for 

Immunofluorescence 

labeling 

PBS + 5% fetal calf serum + 1% bovine serum 

albumin + 0.1% polysorbate 20 (Tween20) 
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3D Blocking buffer  PBS with 3% BSA, 1% saponin, and 1% 

Triton X-100 

 

DNase/RNase Free 

Water  

 
Gibco, Life 

Technologies  

EDTA/ Tris antigen 

retrieval buffer 

distilled water + 1mM Ethylenediamine-

tetraacetic acid (EDTA) + 10mM 

Tris(hydroxymethyl)aminomethane 

 

PBS 1 x DPBS without Ca, Mg Gibco, Life 

Technologies  

PBS-T  PBS + 0.1% polysorbate 20 (Tween20) 
 

PFA (3,7-4%)  37-40g paraformaldehyde + 600ml ddH2O 

heated at 60-70°C, supplemented with NaOH 

until clear solution; + 100ml 10x PBS, filled up 

to 1l with ddH2O; pH 7.4  

 

Sodium Citrate antigen 

retrieval buffer (pH 6.0) 

distilled water + 10mM Sodium Citrate, citric 

acid (for pH adjustment) 

 

Own design: Anne-Sophie Fischer. 

2.1.5  Antibodies and dyes 

Table 6: Primary antibodies used in this study. 

Antibody Supplier Catalog 

number 

Dilution 

Rat anti-CD44 v10-e16, 

clone RM1 

Cosmo Bio Co LKG-M002 1:500 

Mouse antiïE-cadherin BD Biosciences 610181 1:300 

Rabbit anti-GIF gift from David Alpers, 

Washington University School 

of Medicine, St. Louis, 

Missouri, USA 

 1:400 

Alexa Fluor 647ïconjugated 

GSII lectin 

Thermo Scientific L32451 1:400 

Mouse antiïH-K-ATPase  

 

MBL International Corp., D032-3 1:500 

Rabbit anti-KI67 Cell Signaling Technology D3B5 1:100 

FITC-conjugated rat anti-

KI67 

Thermo Fisher 11-5698-82 1:100 
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Mouse anti-MUC5AC Invitrogen 12178 1:100 

Sheep anti-pepsinogen 

II/PGC 

Abcam ab9013 1:100 

Alexa Fluor 647 fluorophore-

conjugated phalloidin 

Life Technologies A22287 1:100 

Rabbit anti-YAP, PE 

conjugated 

Cell Signaling Technology D8H1X 1:100 

Rabbit anti-active YAP1 Abcam 205270 1:100 

Own design: Anne-Sophie Fischer. 

 

Table 7: Secondary antibodies and dyes used in this study. 

Antibody Supplier Catalog number Dilution 

Donkey anti-sheep Cy2 Dianova 713-225-003 1:250 

Donkey anti-rabbit Cy3 Dianova 711-166-152 1:250 

Donkey anti-mouse AlexaFluor 647 Dianova 715-605-150 1:250 

Goat anti-rat 488 Dianova 112-546-062 1:250 

Goat anti-rabbit Cy3 Dianova 115-165-146 1:250 

DAPI (4',6-diamidino-2-phenylindole) Roche 10236276001 1:300 

Own design: Anne-Sophie Fischer. 

2.1.6  RT-qPCR primer  

Table 8: RT-qPCR primers used in this study. 

Primer Direction Species Sequence Company 

mCtgf Forward Mouse 5´GGGCCTCTTCTGCGATTTC3´ BioTeZ 

mCtgf Reverse Mouse 5´ATCCAGGCAAGTGCATTGGTA3´ BioTeZ 

mCyr61 Forward Mouse 5´CTGCGCTAAACAACTCAACGA3´ BioTeZ 

mCyr61 Reverse Mouse 5´GCAGATCCCTTTCAGAGCGG3´ BioTeZ 

mGapdh Forward Mouse 5´TCACCATCTTCCAGGAGCG3´ Sigma 

mGapdh Reverse Mouse 5´AAGCAGTTGGTGGTGCAGG3´ Sigma 

mGif Forward Mouse 5´AAGCACAGCGCAAAAACTCC3´ Sigma 

mGif Reverse Mouse 5´GCAACCCCTTCATCCAAAGG3´ Sigma 

mIgfbp3 Forward Mouse 5´TCTAAGCGGGAGACAGAATACG3´ BioTeZ 

mIgfbp3 Reverse Mouse 5´CTCTGGGACTCAGCACATTGA3´ BioTeZ 

mLgr5 Forward Mouse 5´CCTACTCGAAGACTTACCCAGT3´ Sigma 

mLgr5 Reverse Mouse 5´GCATTGGGGTGAATGATAGCA3´ Sigma 
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mMuc5ac Forward Mouse 5´CCTGAGGGTATGGTGCTTGA3´ Sigma 

mMuc5ac Reverse Mouse 5´TGTGTTGGTGCAGTCAGTAGAG3´ Sigma 

mMuc6 Forward Mouse 5´CAGCTCAACAAGGTGTGTGC3´ Sigma 

mMuc6 Reverse Mouse 5´GGTCTCCTCGTAGTTGCAGG3´ Sigma 

mRspo1 Forward Mouse 5´ACAGAGGCGGATCAGTC3´ Sigma 

mRspo1 Reverse Mouse 5´GGCAACCGTTGACTTCTGAAC3´ Sigma 

mRspo2 Forward Mouse 5´CAGCCCGAGAGACGCGAG3´ Sigma 

mRspo2 Reverse Mouse 5´ACGGTGAACTGGCACGATCC3´ Sigma 

mRspo3 Forward Mouse 5´TTGACAGTTGCCCAGAAGGG3´ Sigma 

mRspo3 Reverse Mouse 5´CTGGCCTCACAGTGTACAATACT3´ Sigma 

mRspo4 Forward Mouse 5´TGTACCGAAGGAAGAAGCAAGC3´ Sigma 

mRspo4 Reverse Mouse 5´CCCACATTTCTTGCACCTGTTG3´ Sigma 

mTead4 Forward Mouse 5´TGGTCGGAATGAGCTGATCG3´ Sigma 

mTead4 Reverse Mouse 5´GCTCCTTGCCAAAACTTGAGC3´ Sigma 

By courtesy of Fischer et al., 2022 (174), used with permission. 

2.1.7  Single-molecule RNA in situ hybridization probes  

Table 9: Probes used for single-molecule RNA in situ hybridization. 

Gene name  Target 

region  

Supplier Catalog number  

Mouse Lgr5 2165 - 3082 Advanced Cell Diagnostics 312171, lot 21214A 

Mouse Rspo3 731-2164 Advanced Cell Diagnostics 402011, Lot 16321A 

Human RSPO3 109 - 3053 Advanced Cell Diagnostics 491461, Lot 18137A 

Own design: Anne-Sophie Fischer. 

2.1.8  Commercial Kits 

Table 10: Commercially available kits used in this study. 

Kit  Application  Supplier  

AB Power SYBR® Green RNA-to-

CTÊ 1-Step Kit  

qRT-PCR of tissue Applied Biosystems 

Whole mouse genome 4x44K v2 

Microarray Kit  

Microarrays - cRNA fragmen-

tation and hybridization  

Agilent Technologies  

NucleoSpin RNA isolation kit  

 

RNA isolation Macherey & Nagel  
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Quick Amp Labeling Kit, two-color  Microarrays ï RNA labeling  Agilent Technologies  

RNAscope 2.5 HD Reagent Kit- 

RED  

Single-molecule RNA in situ 

hybridization on paraffine tissue 

sections 

Advanced Cell 

Diagnostics  

RNeasy Mini Kit  RNA isolation Qiagen  

Own design: Anne-Sophie Fischer. 

2.1.9  Laboratory instruments 

Table 11: Laboratory instruments and machines used for this study. 

Machine  Application  Company  

Agilent 2100 Bioanalyzer  Quality control of RNA  Agilent Technologies 

DR/2000 

Spectrophotometer  

Assessment of optical density of 

bacterial suspensions 

HACH  

Drying oven PersonalHyb Baking of paraffin sectioned tissue to 

the slide 

Stratagene 

Eppendorf centrifuge 

5417C  

Centrifugation of Eppendorf tubes Eppendorf  

Eppendorf centrifuge 

5810R  

Centrifugation of Falcon tubes Eppendorf  

FormaSeries II Water-

Jacketed CO2 Incubators  

Incubation of bacteria  Thermo Scientific  

Hera cell 150 Incubator Incubation of primary cells Heraeus  

G2565CA high-resolution 

laser microarray scanner  

Microarray  Agilent Technologies  

HistoCore AUTOCUT 

microtome 

Cutting of paraffin sections Leica 

HybEZ Oven  Single-molecule RNA in situ hybridi-

zation  

Advanced Cell 

Diagnostics  

Leica DMR Light microscopy and microscopy of 

RNA ISH 

Leica 
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Leica SP-8  Confocal microscopy of immuno-

fluorescence-labeled samples 

Leica  

NanoDrop 1000 UV-Vis 

spectrophotometer  

Measuring RNA concentration  Kisker  

Observer 7 Light microscopy, fluorescence 

microscopy, and tile scanning 

Zeiss 

StepOnePlus Real-Time 

PCR System  

qRT-PCR  Applied Biosystems  

Vibrating blade microtome 

VT100 S  

Sectioning of agarose embedded tissue 

specimen 

Leica  

Own design: Anne-Sophie Fischer. 

2.1.10   Software 

Table 12: Software applied in this study. 

Software  Application  Company  

ABI Prism SDS Software 

package, version 2.2.2 

Analysis of data acquired from RT-

qPCR gene expression analysis 

Applied Biosystems 

Affinity Publisher Compilation of figures Serif 

EndNote 20.0.1 Literature  Clarivate Analytics  

Fiji ImageJ1.47v Image processing and analysis NIH 

Image Analysis/Feature 

Extraction software 

G2567AA, version 

A.11.5.1.1 

Microarray analysis Agilent Technologies 

MS Office 365 (Word, 

Excel, PowerPoint)  

Documentation, data analysis  Microsoft  

Prism® 8.3.2 Data analysis (statistical analysis)  GraphPad  

QuPath, version 0.2.3 Quantitative analysis of cell populations (175) 

Rosetta Resolver 

Biosoftware, 7.2.2 

Analysis of MAGE-ML files extracted 

from microarray 

Rosetta Biosoftware 

fgsea R package Gene set enrichment analysis  RStudio, Inc.  

StepOneTM Software  qRT-PCR analysis  Life Technologies  

ZEN 3.4 (blue edition) Image processing and analysis Zeiss 

Own design: Anne-Sophie Fischer. 



Methods 33 

2.2  Methods 

2.2.1  Mouse experiments 

In this study, six- to eight-week-old mice were used that were bred in-house and kept in 

autoclaved microisolator cages. Mice received sterile drinking water and chow ad libitum. 

For animal experiments, mice were randomly allocated to the experimental groups. 

Experiments were terminated by the cervical dislocation of the mice. All mouse 

experiments were authorized by institutional and local legal authorities at the Max Planck 

Institute for Infection Biology as well as at Charité Universitätsmedizin Berlin (LAGeSo, 

Berlin) under the approval numbers G0084/17 and G0166/15.  

2.2.1.1  Conditional mouse models  

  

 

Figure 8: Scheme of conditional mouse models. 

(A) In Rspo3 knockout mice, a Cre-recombinase fused to an estrogen receptor ligand binding 

domain (ER) is expressed under the Myh11 promoter. Upon injection of tamoxifen into mice, 

tamoxifen binds to the estrogen receptor and induces the translocation of the Cre recombinase 

in the nucleus where it initiates the deletion of the loxP site-framed DNA sequence spanning exon 

2 to 4 of the Rspo3 gene (170). 

(B) In Rspo3 knock-in mice, the Cre-recombinase-ER fusion gene is expressed under the Myh11 

promoter. In addition, an inversely orientated Rspo3 transgene is inserted under the CAGGS 
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promoter in a Rosa26 gene-targeting cassette. Upon tamoxifen-dependent translocation of the 

Cre-recombinase to the nucleus, the Cre-recombinase inverses the inversely orientated Rspo3 

transgene sequence into the sense orientation which results in Rspo3 overexpression (69).  

By courtesy of Fischer et al., 2022 (174), used with permission. 

 

To investigate the role of Rspo3, two conditional mouse strains were used that enable 

the manipulation of Rspo3 expression. First, Myh11CreERT2 (169) mice gifted by S. 

Offermanns (Max Planck Institute for Heart and Lung Research, Bad Nauheim, Germany) 

were crossed with Rspofl/fl mice (170) gifted by J. Cobb (University of Calgary, Calgary, 

Canada) resulting in Myh11-CreERT2; Rspo3fl/fl mice. In Myh11-CreERT2; Rspo3fl/fl 

mice, a Cre-recombinase fused to an estrogen receptor ligand binding domain is 

expressed under the Myh11 promoter that upon activation by tamoxifen induces the 

excision of exon 2-4 of the Rspo3 gene. Myh11-CreERT2; Rspo3 wild-type littermates 

served as controls. 

Second, for Rspo3 overexpression, double-heterozygous Myh11-CreERT2/ 

Rosa26Sor6(CAGïRspo3) mice were applied which upon injection of tamoxifen 

overexpress a Rspo3 transgene under the CAGGS promoter in a Rosa26 gene targeting 

cassette (69). 

In both mouse strains, modification of Rspo3 gene expression was induced by 

intraperitoneal injection of a single dose of 4mg/ 25g body weight tamoxifen 

(MilliporeSigma), diluted in 200 ɛl corn oil, into mice.  

2.2.1.2  High-dose tamoxifen model 

To induce chemical chief and parietal cell-pronounced epithelial injury, mice were injected 

with 5mg/20g body weight tamoxifen, diluted in 200µl corn oil, on two consecutive days. 

For the analysis of regenerative responses upon loss of Rspo3 expression, Rspo3 

knockout was induced in Myh11-CreERT2; Rspo3fl/fl mice via the injection single dose 

of 4 mg/25g body weight tamoxifen. After a recovery period of two weeks, those mice 

were then treated according to the high-dose tamoxifen protocol. Tamoxifen-treated 

Myh11-CreERT2; Rspo3 wild-type mice served as controls. Mice were sacrificed at the 

indicated time points counted as days after the second injection of tamoxifen. The 

protocol was adapted from Huh, et al., 2010 (176). 
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2.2.1.3  Diphtheria toxin-mediated Lgr5 depletion model 

For the depletion of Lgr5-positive chief cells, LGR5-DTR-eGFP mice provided by 

Genentech (171) were used. Mice were injected with 1.25 ɛg per 25 g body weight 

diphtheria toxin (DT) on three consecutive days. To investigate the effect of Lgr5 depletion 

in Rspo3 knockout mice, LGR5-DTR-eGFP mice (171) were crossed with Myh11-

CreERT2; Rspo3fl/fl mice. To induce Lgr5 depletion and Rspo3 knockout, LGR5-DTR-

eGFP; Myh11-CreERT2; Rspo3fl/fl mice received one dose of DT and one dose of 4 

mg/25g body weight tamoxifen on the same day. LGR5-DTR-eGFP; Myh11-CreERT2; 

Rspo3 wild-type served as controls. Mice were sacrificed at the indicated time points 

counted as days after the last injection of diphtheria toxin. 

2.2.2  Helicobacter pylori infection 

Two Helicobacter pylori strains were used in this study. The wildtype pre-murine Sydney 

Strain 1 (PMSS1) (172) and the PMSS1ȹCagE (dCagE) isogenic mutant (173). The latter 

contains a chloramphenicol-resistant cassette of Campylobacter coli that replaces the 

entire cagE gene, resulting in a type IV secretion system-deficient strain. 

2.2.2.1  Culture of Helicobacter pylori and murine infection 

Helicobacter pylori stocks were stored at -80°C. Before starting an experiment with a new 

stock, the concentration of viable bacteria was assessed. Therefore, the bacteria were 

plated in the dilutions 1:1, 1:2, 1:4, 1:8, 1:16, and 1:32 on vancomycin-supplemented agar 

plates and incubated at 37°C with 10% CO2. After 72 hours the growth of bacterial 

colonies was assessed and the dilution that resulted in the growth of separate colonies 

was chosen for further usage. For example, if single colonies grew on plates plated with 

the 1:8 dilution, then 100µl of the bacterial stock were diluted in 700µl brain-heart infusion 

medium (BHI). 100µl of this suspension were plated per agar plate to start the bacterial 

culture. Plates were incubated for 72 hours at 37°C and 10% CO2. Then, bacteria were 

collected with a wet cotton swab and transferred to fresh agar plates in different densities. 

After a second incubation of 24 hours, an overnight culture was prepared. Therefore, 

bacteria from one to two plates were collected with a cotton swab and transferred to a 

falcon tube containing 3ml of BHI. The bacterial density was assessed indirectly by 

measuring the OD550. The suspension was then diluted in BHI + 10% fetal calf serum 

(FCS) to an OD550 of 0.2. The bacterial suspension was transferred to cell culture flasks, 

which were placed in a flask holder containing a wet towel and a Thermo ScientificÊ 
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OxoidÊ CampyGenÊ bag to maintain a humid and microaerophilic atmosphere and 

bacteria were cultured overnight in a bacterial shaker at 37°C with 110 revolutions per 

minute (rpm).  

Of note, the PMSS1ȹCagE strain was grown on plates that additionally contained 

chloramphenicol, and the liquid culture was also supplemented with chloramphenicol to 

impede the growth of bacteria with an insufficient replacement of the cagE gene. 

After 13 to 14 hours, the agility of the bacteria was assessed microscopically. If bacteria 

were motile, the OD550 of the liquid culture was assessed and the volume needed to 

achieve murine infection with 108 bacteria per mouse was calculated to the following 

reference: A bacterial pellet of a liquid culture with a volume of 15ml and an OD550 of 0.3 

is to be diluted in 100 µL of DMEM + 5% FCS/10% Brucella broth. Each mouse was then 

orally infected with 5µl of the resulting infection solution.  

2.2.2.2  Colony-forming unit analysis 

To confirm the viability of the bacteria inoculated into the mice, a colony-forming unit 

(CFU) analysis was performed. To this end, a 1:10 dilution series of the infection solution 

was prepared and the dilutions 1:10-6, 1:10-7, and 1:10-8 were plated in 3 replicates, and 

incubated at 37°C and 10% CO2 for five days.  

To assess whether the infection with H. pylori persisted chronically in the mice throughout 

the experiment, a second round of colony-forming unit analysis was performed after the 

termination of the experiment. To this end, a longitudinal section of stomach tissue was 

collected, weighed, and added to 400µl PBS. The tissue was then mechanically 

homogenized and plated on horse blood agar plates (177) in serial dilutions of 1:5; 1:25 

and 1:125 in three replicates per dilution. Plates were incubated at 37°C and 10% CO2 

for seven days.  

For both analyses, the numbers of CFU per plate were counted manually and the average 

number of CFU per dilution was calculated from the three replicates. If possible, the data 

generated from the 1:10-7 / 1:25 dilution were used for further analysis. In case of bacterial 

overgrowth (>800 CFU) or the appearance of low numbers of CFUs (< 20 CFU) the data 

derived from the plates plated with a dilution of 1: 10-8 / 1:125 or 10-6 / 1:5 were used. As 

a next step, the number of bacteria was calculated as CFU per gram of stomach tissue. 

If no colonies were observed 10 days after plating, the respective mouse was excluded 

from further analysis.  
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2.2.3  Histological analyses 

2.2.3.1  Ethical approval 

Anonymized resected specimens of human gastric ulcers were provided by Dr. Alexander 

Arnold and Prof. David Horst from the Department of Pathology, Charité Mitte. The 

histological analysis of these samples was approved by the Ethics Committee of the 

Charité (approval number EA1/202/16). 

2.2.3.2  Histopathology 

Upon dissection of the mouse and extraction of the stomach, the forestomach was cut off 

and the remaining stomach was opened along the smaller curvature and laid flatly inside-

up on Whatman filter paper. Forceps and scissors were used to carefully unfold and 

straighten the tissue on the paper meanwhile flushing it with cold PBS to remove the 

stomach content. For histopathology, a vertically cut section of the opened murine 

stomach spanning corpus and antrum was placed on Whatman filter paper, transferred 

to a histology cassette, and covered with a sponge to keep the tissue flat. The tissue was 

then fixated in 4% paraformaldehyde for 24 hours and washed twice with PBS afterward. 

Paraffinization was conducted with automated tissue processing systems at the Charité 

Core Unit ñImmunopathology for Experimental Modelsò. Sectioning into 5Õm thick 

sections and H.&E. staining were performed by laboratory technical assistants at the 

same Core Facility. Paraffin embedding and sectioning of human resected specimens 

was performed by the Department of Pathology Charité Mitte. 

2.2.3.3  Immunofluorescence labeling 

Prior to the hydration of the paraffinized tissue, the tissue sections were baked in a dry 

oven at 60°C to attach the tissue to the slide. Then, slides were incubated twice in xylene 

or RotiHistol for 10 minutes, then twice in 100% ethanol for 2 minutes each, followed by 

a two-minute incubation in 96% ethanol, 80% ethanol, 70% ethanol, and 50% ethanol 

each. Then, sections were hydrated in distilled water for 2 minutes twice. For antigen 

retrieval, sections were immersed in antigen retrieval buffer and heated in the microwave 

for 6 minutes at full power and then maintained at a slow boil for 19 minutes. For nuclear 

staining, antigen retrieval was performed with EDTA/Tris buffer distilled water. For 

cytoplasmatic staining, antigen retrieval was performed with Sodium Citrate buffer. After 

antigen retrieval, slides were allowed to cool down in the antigen retrieval for 45 minutes, 
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washed in PBS once, and blocked with blocking buffer for 1h at room temperature in a 

humid chamber. Afterward, the blocking buffer was replaced by primary antibodies diluted 

in the blocking buffer. Primary antibodies were incubated in a humid chamber overnight 

at 4°C. Then, slides were washed three times in PBS-T for 8 minutes each and were 

afterward mounted with the secondary antibodies and DAPI diluted in a blocking buffer. 

Slides were incubated for 2 hours in a dark and humid chamber, washed three times for 

8 minutes afterward, and then mounted with ImmoMount.  

2.2.3.4  Detection of eGFP-Lgr5 

To assess the abundance of Lgr5-positive cells based on their eGFP expression, the 

harvested corpus section was incubated in 4% paraformaldehyde for 2 hours and then 

washed with PBS twice. The sections were then embedded in 4% agarose and cut into 

longitudinal 300 ɛm thick sections using a Vibrating blade microtome. Prior to staining, 

the sections were permeabilized in the 3D blocking buffer. Staining was performed 

overnight with DAPI and Alexa Fluor 647 fluorophore-conjugated phalloidin. 

2.2.4  Gene expression analyses 

2.2.4.1  RNA isolation 

RNA was isolated from murine tissue specimens as well as from corpus organoids.  

After dissection from the mouse stomach, tissue specimens of a maximum weight of 

30mg were snap-frozen in liquid nitrogen and then mechanically homogenized while 

working on liquid nitrogen. For RNA isolation, the RNeasy Mini Kit from Qiagen was used 

according to the manufacturer`s protocol. In brief, lysis of the tissue was performed by 

the addition of 600µl of RLT buffer to the disrupted tissue and mechanical homogenization 

by repeated aspiration of the suspension through a 20G needle attached to a 1ml syringe. 

For RNA isolation from organoids, 350µl of RLT buffer were added to the organoid pellet, 

and the suspension was mixed thoroughly using a vortexer (178). 

The following steps applied to tissue and organoid RNA isolation and were performed at 

room temperature. 600µl or 350µl of RNase-, DNase-free 70% ethanol were added to the 

lysate and mixed thoroughly. The RNA was bound to the column, and DNA was digested 

on the column using DNAase followed by washing steps and the final elution of the RNA 

using 30 to 50µl of RNase-free water (178).  
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The RNA quality and concentration were assessed using a NanoDrop and RNA was 

stored at -80°C until further usage. 

2.2.4.2  RT-qPCR gene expression analysis 

RT-qPCR analysis was performed to detect the expression level of genes. To obtain the 

absolute gene expression levels, the Power SYBR Green RNA-to-CT 1-Step Kit from 

Applied Biosystems was used. In detail, 50ng RNA, 12.5 ɛl SYBR Green mix, 0.16 ɛl RT 

mix, 0.2 ɛM forward primer, and 0.2 µM reverse primer were mixed per reaction adding 

up to a volume of 25µl. Then, using a StepOnePlus Real-Time PCR System, samples 

were first incubated at 48°C for 30 minutes, then heated to 95°C for 10 minutes, followed 

by 40 cycles composed of 15 seconds at 95°C and 60 seconds at 60°C. Reactions were 

performed as duplicates and the gene expression levels obtained from the analysis were 

normalized to the levels of Gapdh expression in each sample and presented as relative 

gene expression levels. Analyses were carried out using the ABI Prism SDS Software 

package, version 2.2.2.. 

2.2.4.3  Single-molecule RNA in situ hybridization 

For single-molecule RNA in situ hybridization, the RNAscope Red Detection Kit from 

Advanced Cell Diagnostics was used according to the manufacturerôs instructions. In 

brief, formalin-fixed paraffin-embedded tissue sections were baked to attach the tissue to 

the slides and then deparaffinized. Afterward, the sections were incubated with hydrogen 

peroxidase, followed by antigen retrieval. As a next step, RNAscope® Protease Plus was 

applied to the tissue specimen. Then, RNAscope® Probes, as well as positive and 

negative control probes, were added to the tissue samples and allowed to hybridize to 

target RNA. The signal was then amplified in a muti-step process. Afterward, the signal 

was detected using the chromogenic substrate Fast Red. Finally, the samples were 

counterstained using a hematoxylin staining solution and 0.02% Ammonia water. After 

mounting the samples with the EcoMount mounting medium, the signal intensity, quantity, 

and location were evaluated microscopically. Of note, each dot of chromogen precipitate 

represents a single RNA transcript (179). 

2.2.4.4  Microarray analysis 

Microarray analysis allows the simultaneous analysis of gene expression of a large 

number of genes. In this study, custom-commercial microarrays were used for 
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transcriptome analysis, which was carried out by Dr. Hans-Joachim Mollenkopf from the 

Microarray Core Facility at the Max Planck Institute for Infection Biology. The description 

of the method was modified from Fischer et al., 2022 (174). 

As a first step, total RNA was isolated from the samples using the TRIzol-based method 

from Invitrogen and glycogen was used as a co-precipitate following the instructions of 

the manufacturer Life Technologies. The quality and integrity of the isolated RNA were 

determined using an Agilent 2100 Bioanalyzer. If the quality was sufficient, the amount of 

RNA was quantified using a NanoDrop. As a next step, the total RNA was reverse 

transcribed into antisense cRNA using an oligo-dT-T7 promoter primer and was then 

amplified with T7 RNA polymerase. Microarray experiments were performed as dual-color 

hybridizations on Agilent whole mouse catalog 4x44K (Agilent-014868) and 8x60K 

(Agilent-074809) arrays. To compensate for dye-specific effects, a dye-reversal color-

swap was applied. After hybridization, the microarrays were washed and scanned at 5ɛm 

resolution using a G2565CA high-resolution laser microarray scanner from Agilent 

Technologies with an extended dynamic range setting. Microarray image data were 

extracted using default settings and the extraction protocol GE2_1105_Oct12 with the 

Agilent Image Analysis/Feature Extraction software G2567AA version A.11.5.1.1. The 

extracted MAGE-ML files were analyzed with Rosetta Resolver, Build 7.2.2 SP1.31. 

Color-swap ratio profiles comprising single hybridizations were combined in an error-

weighted fashion to create ratio experiments. The experiments were conducted with 2 

biological replicates and a 1.5-fold change expression was determined as cut-off for ratio 

experiments. In addition, an anticorrelation of dye-swapped ratio profiles was applied to 

ensure highly significant (P < 0.01), robust, and reproducible results. Microarray data 

were stored in the NCBIôs Gene Expression Omnibus (GEO GSE145087).  

2.2.4.5  Gene set enrichment analysis (GSEA) 

Gene set enrichment analysis (GSEA) enables the identification of strongly regulated sets 

of genes in genome-wide gene expression profiles for example from microarrays. To this 

end, the average gene expression profiles are compared between two conditions, and a 

ranking of genes based on this comparison is obtained. Then, for each list of genes 

assigned to a biological function, the position of members of this list in the gene ranking 

is assessed. A normalized enrichment score (NSE) describing the enrichment of genes 

either among the most up or downregulated genes is computed for each list.  
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In this study, GSEA was carried out by Dr. Hilmar Berger from Charité Berlin and the 

description of the method was modified from Fischer et al., 2022 (174). In detail, the 

differences in gastric corpus gene expression patterns between infected R-spondin 3 

knock-in mice and infected R-spondin 3 wild-type mice, between non-infected R-spondin 

3 knock-in mice and non-infected R-spondin 3 wild-type mice, and between infected R-

spondin 3 knockout mice and infected R-spondin 3 wild-type mice were compared to gene 

sets assigned to stem cell signature obtained from Lgr5+ cells in intestinal crypts (180), 

to DNA biosynthesis (181), to gastric cancer (182), to SPEM (126) as well as to the 

signature of Spinocerebellar ataxia type 1 (Sca1)-positive epithelial cells regenerating 

after acute DSS-induced colitis (78). The analysis was performed using the fgsea R 

package (183) with 5,000 permutations and P-values were adjusted for multiple testing 

by a global FDR according to the method described by Benjamini and Hochberg (184). 

The computational code for the GSEA analysis of the microarrays is deposited under 

https://github.com/Sigal-Lab/Fischer_et_al_Corpus_Glands_Rspo3. 

2.2.5  Organoid culture 

2.2.5.1  Establishment of the organoid culture 

For the establishment of the murine organoid culture, C57BL/6 mice were sacrificed and 

dissected as described before. Then, the stomach corpus was removed from the stomach 

and placed into a sterile 0.04% sodium hypochlorite/PBS solution. Of note, the margins 

of the stomach corpus bordering the esophagus and the antrum were not included to 

avoid the inclusion of non-corpus glands in the culture. All the following steps were 

performed under the sterile hood. First, the tissue specimen was incubated in the 0.04% 

sodium hypochlorite/PBS solution for 15 minutes at room temperature. Next, it was 

washed once with PBS and then placed into a falcon tube filled with 10ml of sterile 0.5 

mM Diethiothreitol (DTT)/3 mM Ethylenediaminetetraacetic acid (EDTA)/PBS solution to 

dissociate gastric glands from the tissue. As DTT is sensitive to light, the falcon tube was 

then wrapped with aluminum foil and put on a roller for 90 minutes at room temperature. 

Next, the tissue specimen was transferred into a new falcon tube containing 7ml of ice-

cold PBS and shaken vigorously for 2 minutes until the PBS turned cloudy. The 

supernatant was transferred to a new falcon tube and centrifuged at 300g for 5 minutes 

at 4°C. As a next step, the supernatant was removed from the falcon tube and the pellet 

was re-suspended in a 1.5ml Eppendorf tube in 1 ml ice-cold ADF+++ media (Advanced 

https://github.com/Sigal-Lab/Fischer_et_al_Corpus_Glands_Rspo3
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DMEM/F12, supplemented with Hepes, Glutamax, and Pen/Strep). 10 µl of the solution 

were pipetted onto a glass slide and the number of full or mid-sized glands was counted. 

Per well of a 24-well plate, 100 glands were seeded in 30µl of MatrigelTM. The required 

volume of gland suspension needed to generate the aspired number of organoid cultures 

was calculated. The calculated volume was then transferred to a 1.5ml Eppendorf tube, 

spun down, and the pellet was mixed with the required amount of MatrigelTM while 

avoiding the formation of air bubbles. MatrigelTM is liquid below 4°C but solidifies at higher 

temperatures. Therefore, the Matrigel was stored on ice during the whole procedure. 30µl 

of gland-containing MatrigelTM were plated per well. The 24-well plate was then placed in 

the Hera cell 150 Incubator at 37°C with 5% CO2 for 15-30 minutes until the drop was 

solidified. Afterward, 400µl of pre-warmed growth medium were added carefully to the 

well surrounding and fully covering the MatrigelTM drop.  

2.2.5.2  Organoid growth medium 

The standard organoid medium was composed of: 

Supplement Final 

concentration 

Supplier  

B27 supplement (50x) 1x Gibco 

N2 supplement (100x) 1x Gibco 

N-acetylcysteine 1.25 mM Sigma Aldrich 

Mouse Noggin  100 ng/ml Peprotech 

Mouse epidermal growth factor 50ng/ml Invitrogen 

Human fibroblast growth factor 100 ng/ml   Peprotech 

Mouse gastrin 10 mM  Sigma Aldrich 

Y-27632 dihydrochloride (ROCK inhibitor) 10 ɛM  Sigma Aldrich 

Wnt Surrogate-Fc Fusion Protein 0.082 nM Immuno Precise 

R-spondin 1-conditioned medium  

or 

Human recombinant Rspo3 

10% 

or 

250 ng/ml 

In-house production 

 

Thermo Fisher Scientific 

ADF+++ medium = 

Advanced DMEM/F12, supplemented with  

Hepes,  

Glutamax (100x), 

Penicillin/Streptomycin  

86,18% 

 

0.01M 

1x 

100U/ml 

 

Invitrogen 

Gibco 

Gibco 

Gibco 

Table 13: Composition of the organoid growth medium. 
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Own design: Anne-Sophie Fischer. 

 

To generate Rspo/Wnt deficient medium, the respective supplements were not added to 

the medium and the volume difference was compensated by the addition of ADF++ 

medium. Organoid differentiation experiments were performed by changing the standard 

organoid medium to Rspo/Wnt-deficient medium on day 3 of the passage. 

2.2.5.3  Maintenance of the organoid culture 

Murine organoid cultures were maintained by exchanging the growth medium every two 

to three days. The standard organoid growth medium contains Wnt and R-spondin 

supplements which help to maintain the stemness of the epithelial cells and thereby 

provide a long-lived culture system. When provided with the necessary supplements, 

organoids grow steadily over time, and aged cells are shed into the organoid lumen. 

Those shed cells restrict the lifespan of the organoid and additionally, the constant growth 

leads to a restriction in space over time, resulting in the need to split the organoid culture 

(185). Under the growth conditions applied in this study, murine corpus organoids showed 

sufficient growth until day seven and then started to accumulate cell debris in their lumen 

(Figure 12). Therefore, organoids were kept in culture for seven days and then either 

passaged or harvested. 

 

Figure 9: Timeline of organoids grown in R+W+ medium. 

Own design: Anne-Sophie Fischer. 

To split organoids, MatrigelTM was removed from the freezer and thawed in ice water, and 

sterile 24-well plates were pre-warmed in the incubator. After removal of the growth 
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medium, the MatrigelTM was dissolved by flushing the drop with 700µl of ice-cold ADF+++ 

medium and gently pipetting up and down while avoiding the formation of air bubbles. 

The solution was then carried over to the next well to dissolve the next MatrigelTM drop. 

This procedure was repeated until all the organoids from one condition were pooled in 

one 1.5 ml Eppendorf tube. The Eppendorf tube was then spun down gently. The 

supernatant was removed and replaced with 600Õl of GibcoÊ TrypLEÊ Express Enzyme 

to digest the Matrigel. The suspension was then drawn up and down in a 1ml syringe 

mounted with a 27G needle seven to eight times while avoiding the formation of air 

bubbles. The mechanically sheared suspension was then incubated in a water bath at 

37°C for 6 minutes. After that, the mechanical shearing was repeated. Then, 600µl of 

ADF+++ medium were added to dilute the TrypLEÊ Express Enzyme, and the 

suspension was spun down. The supernatant was removed and the pellet was washed 

with PBS twice. Then, the pellet was dissolved in 1 ml of ADF+++ medium and the number 

of cells was quantified using a counting chamber. The number of cells needed for the 

experiment was calculated. Per well, 4,000 cells were aimed to be seeded per 30µl 

MatrigelTM drop. The suspension was spun down again, the supernatant was removed 

and replaced with the calculated volume of MatrigelTM. Drops of Matrigel were seeded in 

the 24-well plate, and 400µl of medium were added per well to the solidified MatrigelTM 

drop. 

2.2.5.4  Inhibition of Yap signaling 

For the verteporfin-mediated Yap inhibition assay, organoid cultures were established 

with full growth medium, and the medium was changed every two days. On day five, fresh 

1.25 nM Verteporfin-containing medium was added to the culture. Due to the light 

sensitivity of Verteporfin, cells treated with the Yap inhibitor were kept in the dark. 24 

hours after the treatment, organoids were harvested and embedded into paraffin. In 

addition, RNA was extracted. Non-treated organoids served as controls. 

Experiments with the Src inhibitor PP2 were also conducted with organoids grown in full 

medium. In this assay, organoids were treated with 10 ɛM of PP2 on day three of 

passage, and quantitative analysis of organoids was performed 48 hours after the 

treatment. Non-treated organoids served as controls. 

Yap/Taz knockout organoids were grown from Yap/Taz fl/fl mice that were gifted by Prof. 

Holger Gerhardt (Max Delbrück Center for Molecular Medicine). Organoids were grown 

for one passage and then split into single cells. Then, the number of single cells was 
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counted and 20.000 cells were mixed with 800µl of full medium containing 5µM of TAT -

Cre recombinase. The suspension was added into one well of a 24-well plate that had 

been previously covered with Poly(2-hydroxyethyl methacrylate) (pHEMA) to reduce cell 

adhesion. TAT-Cre recombinase has strong cytotoxic side effects and according to the 

manufacturerôs protocol, a sufficient effect of the recombinase can be expected upon the 

death of 50% of the cell population. The 50% cell death rate occurred at 2 hours post-

treatment. Therefore, the organoids were collected in a 1.5ml Eppendorf tube two hours 

after starting the TAT-Cre recombinase treatment. Then, the organoids were spun down 

and the supernatant was replaced with PBS. The organoids were washed two more times 

with PBS, mixed with 60µl of MatrigelTM, and plated into two wells. After solidification of 

the MatrigelTM, full growth medium was added and the formation of organoids was tracked 

over time. 

2.2.5.5  Embedding into paraffin 

To embed organoids in paraffin, organoids were harvested by gently dissolving the 

MatrigelTM in ice-cold ADF+++ medium. The suspension was then transferred to a 15ml 

falcon tube, and placed vertically on ice for 15 minutes. When organoids sunk, the 

supernatant was carefully removed, and replaced with fresh ice-cold-ADF+++ medium. 

This procedure was repeated twice, and then, 4ml of 3.7% formaldehyde were added to 

the pellet and the organoids were incubated for 3h at room temperature. Afterward, the 

supernatant was removed and the pellet was washed with PBS+0.1%BSA twice. As a 

next step, the pellet was transferred to a 2ml-Eppendorf tube, spun down and the 

supernatant was removed. Then, 450µl of fluid agarose were carefully added to each 

sample. The Eppendorf tubes were quickly placed on ice. After agarose aggregation the 

organoid containing agarose piece was removed from the Eppendorf tube and placed in 

a histology cassette. Organoids were dehydrated in 70% ethanol overnight, followed by 

one hour of dehydration in 80% ethanol, three hours in 100% ethanol, another three hours 

in fresh 100% ethanol, 45 minutes in RotiHistokitt, and then another 15 minutes in f resh 

RotiHistokitt. Afterward, the cassettes were transferred to melted paraffin and incubated 

in the paraffin overnight. The next morning, the organoid-containing paraffin specimens 

were embedded into paraffin blocks by placing them in a mold and adding melted paraffin. 

Finally, paraffin blocks were cut into 4µm thick paraffin sections.  
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2.2.6  Microscopic analyses 

H. & E. stained tissue sections and single-molecule RNA in situ hybridization samples 

were imaged with a Leica DMR microscope using ×10 and ×40 lenses. 

Immunofluorescence-labeled sections were scanned with a Leica Sp8 confocal 

microscope. For gland height analysis and quantification of the abundance of the different 

gland populations, longitudinally cut sections of corpus tissue were imaged using a ×10 

or ×20 lens. For analysis of nuclear non-phospho YAP protein expression, images of the 

gland base compartment were acquired using the ×40 or ×63 lens. Sections of organoids 

were imaged with the ×40 or ×63 lens. Human specimens were imaged using the tile scan 

module of a Zeiss Observer 7 microscope with the ×40 lens. Images were edited and 

analyzed in ZEN 3.4 (blue edition) or ImageJ1.47v software.  

2.2.7  Quantitative analyses of glandular cell populations 

To assess the cellular composition of the epithelium upon manipulation of Rspo3 gene 

expression, images from a longitudinal section through the stomach corpus were 

acquired with the 40x lens. Per mouse, all vertically cut corpus glands of at least three 

images were quantified. Gland height analysis and the quantification of the abundance of 

the different glandular cell populations were performed in Fiji ImageJ. The absolute 

abundance of each glandular compartment was then normalized to the total gland height 

and was displayed as relative abundance in percent. The quantification of the number of 

KI67-positive cells, GIF-positive cells, and GSII-positive cells per gland was conducted 

semiautomatically using QuPath software, version 0.2.3 (175). The number of GIF/GSII-

double-positive cells was assessed manually using the annotations derived from the 

semiautomatic analysis of GIF-positive and GSII-positive cells. To quantify YAP-positive 

nuclei, all nuclei at the base of the corpus glands identified as non-parietal cells by co-

labelling for the parietal cell marker H/K-ATPase were scored. The investigator was 

blinded for image analysis. 

2.2.8  Statistical analyses 

Statistical analyses were conducted with GraphPad Prism software, version 8.3.2. At 

least 3 biological replicates were analyzed per group. Microarray analyses were 

performed with two biological replicates per group. Most animal experiments were 

performed with five to ten mice per group.  
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Data were displayed as mean ± SEM (standard error of the mean). In bar graphs, one 

dot represents one mouse or one organoid culture. Data sets were compared as indicated 

using either the two-tailed unpaired Studentôs t-test for comparing two data sets or the 

two-tailed one-way ANOVA with respective post hoc analysis (Tukeyôs test) for comparing 

multiple data sets. A p-value < 0.05 was considered statistically significant.  
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3 Results 

3.1  R-spondin 3 is gradually expressed in the stomach corpus mucosa 

R-spondin 3 has been identified as a central regulator of epithelial stem cell behavior in 

the stomach antrum, small intestine, and colon (8, 60, 61, 186). Furthermore, Rspo3 

enriches antimicrobial base cells in the stomach antrum and for paneth cells in the small 

intestine (63, 186). Therefore, I hypothesized that Rspo3 also controls the epithelial 

composition of the stomach corpus gland. Prior to testing this hypothesis, I aimed to 

assess the expression of Rspo3 in the stomach corpus. Spatial analysis of RNA single-

molecule in situ hybridization (RNA ISH) for Rspo3 on corpus sections of control mice 

confirmed that similar to other parts of the gastrointestinal tract Rspo3 expression was 

highest in stromal cells surrounding the gland bases with little to no expression in stromal 

cells adjacent to the gland isthmus and pit (174) (Figure 10A). qPCR gene expression 

analysis for Rspo3 further verified that also in the stomach corpus, Rspo3 is the most 

prominently expressed R-spondin isoform (174) (Figure 10B). 

 

Figure 10: Expression of R-spondin isoforms in the stomach corpus. 

(A) RNA in situ hybridization for Rspo3 on tissue section of murine stomach corpus.  

(B) qPCR gene expression analysis for Rspo1-4 in murine corpus tissue.  

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (233), used with permission. 

 

Previous research on the role of Rspo3 in the stomach antrum was conducted using two 

different conditional mouse models that enable manipulation of the Rspo3 gene 

expression level in stromal Myh11-expressing myofibroblasts (8, 63). Mechanistically, a 

Cre-recombinase fused to an estrogen receptor ligand binding domain is expressed 

under the Myh11 promoter which is activated and translocated to the nucleus upon 
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intraperitoneal injection of tamoxifen into the mice. As a result, the expression of Rspo3 

is downregulated in the Myh11-CreERT2; Rspo3fl/fl strain (169, 170) ï in the following 

referred to as Rspo3 knockout model (= Rspo3 KO) ï and upregulated in the Myh11-

CreERT2/Rosa26Sor6(CAGïRspo3) strain (69) ï in the following referred to as Rspo3 

knock-in model (=Rspo3 KI) (see Figures 1A, B).  

Aiming to use the same mouse strains, I first assessed their applicability in the stomach 

corpus. qPCR analysis confirmed that the intraperitoneal injection of tamoxifen resulted 

in a significant reduction of Rspo3 gene expression in the corpus of Rspo3 knockout mice 

and a significant upregulation of Rspo3 gene expression in the corpus of Rspo3 knock-in 

mice (174) (Figure 11). 

 

Figure 11: Gene expression level of R-spondin 3 in Rspo3 knockout and Rspo3 knock-in mice. 

qPCR gene expression analysis for Rspo3 in Rspo3 knockout versus wild-type mice and Rspo3 

knock-in mice versus wild-type mice. By courtesy of Fischer et al., 2022 (174), used with 

permission. 

As a next step, I aimed to confirm that the gradual Rspo3 expression pattern observed in 

wild-type mice is also reflected in the Rspo3 overexpression model. Therefore, I 

performed RNA ISH for Rspo3 on corpus sections from Rspo3 knock-in mice. Indeed, I 

detected the highest concentration of Rspo3 RNA molecules in the stromal cells 

surrounding the gland bases and significantly lower expression levels at the gland apices 

(174) (Figure 12A). In parallel to the gradual Rspo3 expression the expression of the 

Rspo3 target gene Lgr5 as a readout for Rspo3 signaling was also highest in the epithelial 

cells located in the gland bases and lowest at the gland apices (174) (Figure 12B) 

indicating that the R-spondin 3 knock-in mouse strain constitutes a suitable model to 

study the influence of stromal R-spondin 3 on the epithelium.  
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Figure 12: Maintenance of the gradual expression pattern of Rspo3 and Lgr5 in Rspo3 

overexpressing mice. 

RNA in situ hybridization for (A) Rspo3 and (B) Lgr5 on tissue sections of Rspo3 knock-in mice. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

3.2  The role of stromal R-spondin 3 for the cellular composition of corpus glands 

3.2.1  Analyses in vivo 

Although the Rspo3 expression pattern in the stomach corpus mimicked its expression 

pattern in the other parts of the gastrointestinal tract, the nature of the cells located in the 

gland bases that are most exposed to Rspo3 substantially differs between the stomach 

corpus and the rest of the gastrointestinal tract. In detail, the gland/ crypt bases of the 

antrum, small intestine, and colon contain stem cells while the base cells of corpus glands 

are chief cells. To shed light on the function of R-spondin 3 in the stomach corpus, I 

applied the conditional mouse models and analyzed the impact of the stromal Rspo3 

gene expression level on the epithelial composition. 

3.2.1.1  The gene expression level of R-spondin 3 regulates the height of corpus glands 

Histological analyses of the corpus tissue harvested from Rspo3 knockout and Rspo3 

overexpressing mice revealed that high expression levels of Rspo3 resulted in an 

increase in epithelial thickness that was characterized by an elongation of glands while 

in mice that expressed low levels of Rspo3, glandular height was significantly reduced 

(174) (Figures 13A, B).  
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Figure 13: Alteration of gland height upon manipulation of stromal Rspo3 expression. 

(A) H. & E. staining of corpus sections from Rspo3 knockout, Rspo3 knock-in, and wild-type mice. 

(B) Bar chart depicting gland height in µm of Rspo3 knockout and Rspo3 knock-in mice versus 

wild-type controls. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

As in other parts of the gastrointestinal tract Rspo3 promotes proliferation, I performed 

immunofluorescence labeling for the pan-proliferation marker KI67on sections of Rspo3 

knockout and Rspo3 overexpressing mice.  

 

Figure 14: The size and location of the proliferative compartment in Rspo3 knockout, Rspo3 

knock-in, and wild-type mice. 
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(A) Bar chart visualizing the number of KI67-positive nuclei per gland in Rspo3 knockout, Rspo3 

knock-in, and wild-type mice. 

(B) Immunofluorescence labeling for KI67 on corpus sections of Rspo3 knockout, Rspo3 knock-

in, and wild-type mice. 

(C) Location and relative size in % of the KI67 positive compartment.  

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

Upon overexpression of Rspo3, the number of proliferating cells per gland was increased 

but loss of Rspo3 did not result in a decrease of glandular proliferation (174) (Figures 

14A, B). Spatial analysis further revealed that the glandular enlargement of Rspo3 

overexpressing mice was not caused by a relative expansion of the stem cell 

compartment but by an accumulation of non-proliferative cells (174) (Figures 14B, C). 

3.2.1.2  R-spondin 3 promotes glandular differentiation  

To further dissect which cell populations were expanded upon overexpression of Rspo3, 

I applied immunofluorescence labeling for the respective cell population markers. 

Immunofluorescence labeling for Gastric Intrinsic Factor (GIF) on sections of corpus 

tissue harvested from Rspo3 knockout and knock-in mice revealed that the expression 

level of Rspo3 modulated the size of the chief cell compartment (174). In detail, the basal 

chief cell compartment was shortened upon loss of Rspo3 expression and was expanded 

in Rspo3 overexpressing mice (174) (Figures 15A, B). Those findings were validated 

using Pepsinogen C (PGC), a second marker for chief cells (174) (Figures 15C, D). To 

understand if the increase in chief cell numbers in Rspo3 knock-in mice impeded their 

terminal differentiation, I complimented my analysis with immunofluorescence labeling for 

Mist1, a driver of and marker for terminal chief cell differentiation (24). I found that the 

number of Mist1+ cells was increased upon overexpression of Rspo3 suggesting that 

Rspo3 promotes the differentiation of chief cells up to their terminal developmental stage 

(174) (Figures 15E, F). 
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Figure 15: The effect of Rspo3 on the chief cell population in the murine stomach corpus. 

(A) Immunofluorescence labeling for GIF in Rspo3 knockout, Rspo3 knock-in, and wild-type mice.  

(B) Location and relative size in % of the GIF-positive gland compartment. 

(C) Bar chart visualizing the number of GIF-positive cells per gland in Rspo3 knockout, Rspo3 

knock-in, and wild-type mice.  

(D) Immunofluorescence labeling for PGC in Rspo3 knockout, Rspo3 knock-in, and wild-type 

mice.  

(E) Location and relative size in % of the PGC-positive gland compartment. 

(F) Immunofluorescence labeling for Mist1 in Rspo3 knockout, Rspo3 knock-in, and wild-type 

mice.  
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(G) Bar chart visualizing the number of Mist1-positive cells per gland in Rspo3 knockout, Rspo3 

knock-in, and wild-type mice. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

 

As a next step, I investigated the abundance of parietal cells using antibodies against the 

proton pump H-K-ATPase, which enables the production of hydrochloric acid. 

Quantitative analysis revealed that the number of parietal cells per gland was significantly 

increased upon Rspo3 overexpression demonstrating that Rspo3 is a driver of both 

glandular lineages (174) (Figures 16A, B). 

 

Figure 16: The effect of Rspo3 on the parietal cell lineage. 

(A) Immunofluorescence labeling for H-K-ATPase in Rspo3 knockout, Rspo3 knock-in, and wild-

type mice.  

(B) Bar chart visualizing the number of parietal cells per gland in Rspo3 knockout, Rspo3 knock-

in, and wild-type mice. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 
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As chief cells are thought to derive from GSII+ mucous cells that via the transformation 

into GIF+ GSII+ double positive cells differentiate into GIF+ chief cells (136), I performed 

additional immunofluorescence labeling for GSII and quantified the number of GSII-

expressing cells and the number of transitionary GIF+ GSII+ cells. I found that upon 

overexpression of Rspo3, the number of GSII+ mucous cells was reduced (174) (Figures 

17A, B, C) while the number of transitionary GIF+ GSII+ cells was increased (174) (Figure 

17D), further supporting the role of R-spondin 3 as a driver of chief cell differentiation. 

 

Figure 17: The effect of Rspo3 on GSII-positive cell abundance. 

(A) Immunofluorescence labeling for GSII in Rspo3 knockout, Rspo3 knock-in, and wild-type 

mice.  

(B) Location and relative size of the GSII-positive gland compartment. 

(C) Bar chart visualizing the number of GSII-positive mucous cells per gland in Rspo3 knockout, 

Rspo3 knock-in, and wild-type mice. 

(D) Bar chart visualizing the number of GIF/GSII double positive transitional cells per gland in 

Rspo3 knockout, Rspo3 knock-in, and wild-type mice. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 



Results 56 

Corpus stem cells differentiate bi-directionally into the glandular lineages on the one hand 

and the apical MUC5AC+ lineage on the other hand. Therefore, I asked whether the 

Rspo3-driven differentiation into glandular lineages happened at the cost of differentiation 

into MUC5AC+ pit cells and labeled corpus sections with an antibody against MUC5AC 

(Figure 18A). Measurement of the relative size of the pit cell compartment confirmed that 

the Rspo3-driven glandular differentiation occurred at the expense of pit cell 

differentiation (174) (Figure 18B). 

 

Figure 18: The effect of Rspo3 on the size of the apical Muc5ac+ gland compartment. 

(A) Immunofluorescence labeling for MUC5AC in Rspo3 knockout, Rspo3 knock-in, and wild-type 

mice.  

(B) Bar chart visualizing the relative size of the MUC5AC-positive gland compartment in % in 

Rspo3 knockout, Rspo3 knock-in, and wild-type mice. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

3.2.2  Analyses in vitro 

Gastric organoids are primary epithelial cells grown as a three-dimensional cell culture. 

To counterbalance the absence of stroma cells in the system, growth factors are provided 

to the epithelial cells via the growth medium. Therefore, the system offers controlled 

research conditions to assess the influence of single signaling molecules such as Rspo3 

on epithelial identity. I took advantage of this system to verify the regulatory effect of R-

spondin on glandular differentiation and to understand if the effect observed in vivo 

constitutes a direct interaction between stromal R-spondin and the epithelium.  

As active Wnt signaling is a prerequisite for the establishment of the organoid culture, I 

started the culture by growing epithelial cells for two days in the full growth medium. 

Starting from day three the growth medium of the experiment groups was replaced by a 

growth medium that either did not contain Rspo supplement (-R+W), did not contain Wnt 
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supplement (+R-W), or was deprived of both supplements (-R-W). The control group was 

kept in the standard medium (+R+W).  

qPCR analysis revealed higher gene expression levels for genes assigned to the 

glandular lineages such as Gif (Figure 19A), Lgr5 (Figure 19B), and Muc6 (Figure 19C) 

in organoids grown with Wnt and Rspo supplement compared to organoids grown in 

Wnt/Rspo supplement-deprived medium and a reduction in gene expression of the pit cell 

marker Muc5ac (174) (Figure 19D). Immunofluorescence labeling for GIF, GSII, and 

Muc5AC confirmed these findings (174) (Figures 19E, F). In conclusion, organoids grown 

with Wnt/Rspo represent the corpus gland whereas organoids that were deprived of 

Wnt/Rspo resemble the pit region of the gland (174). 

 

Figure 19: R-spondin-driven glandular differentiation in organoids. 

(A-D) qPCR gene expression analysis for (A) Gif, (B) Lgr5, (C) Muc6, and (D) Muc5ac of 

organoids grown in ïRïW, ïR+W, +RïW, and +R+W conditioned media. 

(E+F) Immunofluorescence labeling for (E) KI67 (green), GIF (red), and GSII (white) and (F) 

MUC5AC (green) of organoids grown in ïRïW, ïR+W, +RïW, and +R+W conditioned media. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 
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The impact of the R-spondin supplement on cellular differentiation in vitro also 

demonstrates that R-spondin can directly interact with epithelial cells and does not rely 

on further stromal signals or other cell populations to exert its regulatory role (174).  

In summary, similar to the stomach antrum, also in the stomach corpus Wnt/Rspo 

signaling supports the identity of cell populations located in the base of the glands and 

thereby actively contributes to glandular compartmentalization. Consequently, 

perturbations of signal expression site or intensity have the potential to affect the cellular 

composition of the gland and the state of differentiation of glandular cell lineages. 

3.3  R-spondin 3 signaling is upregulated upon epithelial injury and is required for 

glandular regeneration 

Rspo3 is expressed by and secreted from stromal myofibroblasts (8). Tissue injury and 

mechanical stress trigger an enrichment and activation of those cells which then promote 

wound healing (187). Over the course of successful wound closure, myofibroblasts 

become apoptotic and their abundance in the tissue recedes (188). In addition to this 

prominent role of myofibroblasts in epithelial recovery, epithelial cells expressing the 

Rspo3 target gene Lgr5 have been identified to drive regeneration in the stomach corpus 

(34, 44). Therefore, I hypothesized that also Rspo3 itself could be involved in glandular 

regeneration.  

3.3.1  Expression of the R-spondin 3 target gene Lgr5 is altered upon epithelial injury 

To evaluate this hypothesis, I applied a well-established injury model that is based on the 

intraperitoneal injection of high doses of tamoxifen (HDT) into mice which results in chief 

and parietal cell-pronounced epithelial injury that spontaneously recovers within one to 

two weeks (189). In detail, control mice were treated with 5mg/25g bodyweight tamoxifen 

on two consecutive days and killed one, three, or seven days after the second injection.  

To evaluate the effect of the HDT treatment on Rspo3 signaling, I analyzed the expression 

pattern of Lgr5 upon injury using RNA ISH. Indeed, already one day after injury, the 

expression of the Rspo3 target gene Lgr5 was not restricted to the gland bases anymore 

but was also expressed in the isthmus region (174) (Figures 20A).  
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Figure 20: The expression pattern of Lgr5 upon epithelial injury. 



Results 60 

(A) RNA in situ hybridization for Lgr5 in wild-type mice killed one, three, or seven days after 

tamoxifen-induced injury versus controls.  

(B) RNA in situ hybridization for Lgr5 in LGR5-DTR mice killed one day after DT-induced injury 

versus controls.  

(C) qPCR gene expression analysis for Lgr5 in wild-type mice killed one, three, or seven days 

after tamoxifen-induced injury versus controls.  

(D) qPCR gene expression analysis for Lgr5 in LGR5-DTR mice killed one, three, or seven days 

after DT-induced injury versus controls.  

Scale bars = 50µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

To understand if this constituted a common epithelial response to injury or was specific 

to HDT treatment, I repeated the analysis using a second injury model which is based on 

a mouse strain that expresses a receptor for diphtheria toxin (DT) under the Lgr5 

promotor. Intraperitoneal application of DT results in the depletion of Lgr5-positive cells. 

As with the high-dose tamoxifen model, LGR5-DTR mice were sacrificed one, three, or 

seven days after the induction of DT-mediated epithelial injury, and RNA ISH for Lgr5 

delivered similar results as derived from the HDT injury model (Figure 20B).  

qPCR gene expression analysis for Lgr5 revealed that despite the depletion of chief cells 

via HDT, the gene expression level of Lgr5 was decreased by only 50% one day after 

injury (174) (Figure 20C). Of note, the depletion of Lgr5-positive cells via DT did not 

manifest in a reduction of Lgr5 gene expression in the Lgr5-DTR mice (174) (Figure 20D), 

indicating that upon injury Lgr5 was expressed in previously Lgr5-negative cells and that 

the adaption of Rspo3 signaling occurred rapidly after epithelial injury. 

3.3.2  The effect of R-spondin 3 on epithelial recovery upon high-dose tamoxifen-induced 

injury 

As a next step, I aimed to investigate if the upregulation of Rspo3 signaling was caused 

by a change in the R-spondin 3 expression site or Rspo3 gene expression level. RNA 

ISH for Rspo3 demonstrated that the gradient of stromal Rspo3 expression was 

maintained upon injury with the highest concentration of Rspo3 RNA detected adjacent 

to the gland bases (174) (Figure 21B). However, qPCR analysis revealed that the 

expression level of Rspo3 was upregulated one day after injury (174), confirming that 

Rspo3 signaling reacts quickly to epithelial injury. Of note, the gene expression level of 

Rspo3 quickly receded to pre-injury levels on day three after injury (174) (Figure 21B).  
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Figure 21: Expression patterns of R-spondins upon HDT-induced epithelial injury. 

(A) Single-molecule RNA in situ hybridization showing the expression pattern of Rspo3 upon 

tamoxifen-induced epithelial injury in wild-type mice. 

(B) qPCR gene expression analysis of R-spondin isoforms one, three, and seven days after 

tamoxifen-induced epithelial injury compared to non-treated controls. 

By courtesy modified from Fischer et al., 2022 (174), used with permission. 
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To understand whether this peak-wise upregulation of gene expression was specific to 

R-spondin 3, I measured the expression level of the three other R-spondin isoforms using 

qPCR. Similar to Rspo3 also the gene expression level of Rspo1 peaked one day after 

injury although the absolute expression level remained below the one of Rspo3. Rspo2 

and 4 gene expression levels were not significantly altered in the context of injury (174) 

(Figure 21B).  

 

Figure 22:The recovery of glandular lineages upon tamoxifen-induced epithelial injury. 

(A + B) Immunofluorescence labeling for (A) H-K-ATPase (white) and (B) KI67 (yellow), GIF 

(green), and GSII (red) on corpus sections of mice killed one, three, or seven days after tamoxifen-

induced injury versus littermate controls.  

(C) qPCR gene expression analysis for Gif of mice killed one, three, or seven days after 

tamoxifen-induced injury versus littermate controls.  

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

As during homeostasis the level of Rspo3 gene expression primarily determined the 

number of chief and parietal cells, I asked how the glandular composition was altered 

upon injury. Immunofluorescence labeling revealed that - as expected - one day after 

HDT-induced injury the chief cell and parietal cell compartments were significantly 

diminished (174). On day three after injury GIF and H-K-ATPase protein expression re-

appeared indicating the regeneration of the chief and parietal cell lineage (174). On day 
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seven after injury, the parietal cell population appeared fully recovered with parietal cells 

present throughout the gland, and the expansion of the chief cell compartment was similar 

to healthy control mice (174) (Figures 22A, B). qPCR analysis for Gif gene expression 

further confirmed the recovery of the chief cell lineage (174) (Figure 22C).  

The temporal correlation of the peak in Rspo3 expression after injury and the recovery of 

Rspo3-dependent cell populations suggested a causal relation between both events. To 

verify this hypothesis, I applied the high-dose tamoxifen injury model to Rspo3 knockout 

mice and assessed their capacity to regenerate. Immunofluorescence analysis for chief 

cell and parietal cell markers one day after injury confirmed a similar extent of epithelial 

injury induced in the knockout mice as in the wild-type mice enabling a comparison of the 

regenerative progress between both mouse strains (174) (Figures 23A, B). In contrast to 

wild-type mice where the epithelial compartmentalization was largely restored on day 

seven after injury, the chief cell compartment of Rspo3 knockout mice failed to recover 

until this time point (174) (Figure 23B).  

 

Figure 23: Regeneration of glandular lineages upon tamoxifen-induced injury in Rspo3 knockout 

mice. 

(A + B) Immunofluorescence labeling for (A) H-K-ATPase (white) and (B) for KI67 (yellow), GIF 

(green), and GSII (red) on corpus sections of Rspo3 knockout mice killed one, three, or seven 

days after tamoxifen-induced injury versus controls.  

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

 

Of note, in this study, no later time points were analyzed and therefore, it remains to be 

elucidated whether a lack of Rspo3 expression only prolongs the time until recovery or 

completely impedes the restoration of tissue integrity. Immunofluorescence analysis for 

parietal cells revealed however that parietal cell regeneration upon injury did not rely on 

the presence of Rspo3 although the increase in parietal cell numbers in Rspo3 
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overexpressing mice and their prolonged recovery time in Rspo3 knockout mice suggest 

that the presence of Rspo3 can promote their re-emergence (174) (Figure 23A).  

3.3.3  The effect of R-spondin 3 on epithelial recovery upon depletion of Lgr5-positive 

cells  

To confirm the results obtained from the tamoxifen model, I repeated the histological 

analyses on corpus samples obtained from the Lgr5-DTR mice. In addition, I investigated 

the effect of Rspo3 using Lgr5-DTR mice that were crossed to Rspo3 knockout mice and 

therefore enabled the simultaneous depletion of Lgr5-positive epithelial cells and the 

reduction of stromal Rspo3 expression.  

 

Figure 24: R-spondin 3-dependent regeneration of chief cells upon Lgr5+ cell depletion. 
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(A + B) qPCR gene expression analysis for (A) Rspo3 and (B) Gif of corpus tissue from LGR5-

DTR mice killed one, three, or seven days after DT-induced injury versus controls.  

(C + D) Immunofluorescence labeling for GIF (green), GSII (red), and KI67 (yellow) on corpus 

sections of (C) non-treated LGR5-DTR mice and (D) LGR5-DTR mice killed one day after DT-

induced injury.  

(E + F) Immunofluorescence labeling for Lgr5 on agarose sections as well as immunofluores-

cence labeling for GIF (green) and GSII (red) on corpus sections of (E) LGR5-DTR-eGFP/Myh11-

CreERT2/ Rspo3 wt mice (Lgr5-DTR; Rspo3 WT) and (F) LGR5-DTR-eGFP/Myh11-CreERT2/ 

Rspo3fl/fl (Lgr5-DTR; Rspo3 KO) mice killed seven days after DT-induced injury.  

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

 

Those analyses derived similar results as obtained from the high-dose tamoxifen model. 

In brief, qPCR analysis confirmed a peak-wise upregulation of Rspo3 expression one day 

after injury also in the LGR5-DTR mice (174) (Figure 24A). Of note, this response 

demonstrates that the depletion of one cellular subpopulation such as Lgr5-expressing 

chief cells is sufficient to induce the upregulation of Rspo3 expression. In addition, after 

their initial depletion, chief cells were recovered on day seven after injury also in the Lgr5-

DTR model as demonstrated by the re-expression of GIF and LGR5 (174) (Figures 24B-

E). However, in LGR5-DTR-eGFP/Myh11-CreERT2/ Rspo3fl/fl mice, Lgr5 was not re-

expressed seven days after injury, and also the GIF-expressing chief cell compartment 

did not regenerate (174) (Figure 24F).  

In summary, I found that Rspo3 gene expression was upregulated upon injury which is 

mandatory for successful epithelial regeneration. The expression pattern of Lgr5 

suggests, however, that the effect of Rspo3 upon injury might exceed its role of promoting 

glandular differentiation.  

3.4  R-spondin 3 drives proliferation upon injury via the activation of Yap signaling 

Tissue regeneration requires the production of new cells that can replace damaged cells 

and restore tissue integrity. However, in the stomach corpus not only the cell type that 

drives epithelial recovery is still under debate but also the signaling pathways that 

regulate it are still not resolved. I found that during homeostasis Rspo3 overexpression 

in healthy mice led to a mild increase in the number of proliferating isthmus cells (174). 

Therefore, I asked if Rspo3 also promotes proliferation during epithelial healing. 
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3.4.1  R-spondin 3 is the prerequisite for the induction of a proliferative response upon 

tissue injury 

To this end, I performed immunofluorescence labeling for KI67 on tissue sections of mice 

treated with HDT or diphtheria toxin. Indeed, I detected a strong proliferative response on 

day one after injury in both models (Figures 25A, C) and quantitative analysis revealed a 

significantly lower number of KI67-positive nuclei per gland in Rspo3 knockout mice 

compared to Rspo3 wild-type mice (174) (Figures 25A, B), suggesting a proliferation-

promoting role of Rspo3 in the context of epithelial injury. 

 

Figure 25: Proliferative response upon high dose tamoxifen (HDT)- and diphtheria toxin (DT)-

induced epithelial injury. 

(A) Immunofluorescence labeling for KI67 (yellow) on corpus sections of Rspo3 wild-type and 

Rspo3 knockout mice killed one day after tamoxifen-induced injury versus non-treated controls.  

(B) Bar chart depicting the percentage of KI67-positive nuclei per gland in Rspo3 wild-type versus 

Rspo3 knockout mice killed one day after tamoxifen-induced injury. 

(C) Immunofluorescence labeling for KI67 (yellow) on corpus sections of LGR5-DTR mice killed 

one day after DT-induced injury versus PBS-treated controls.  

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 
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3.4.2  The activation of Yap in vivo is dependent on the presence of R-spondin 3    

Similar to the pattern of Lgr5 expression after injury, Rspo3-dependent proliferation was 

also observed throughout the glands and was not restricted to the gland bases where 

Rspo3 expression was highest. Therefore, I asked which additional signal promoted 

Rspo3-driven proliferation upon injury that was not active in the Rspo3-controlled basal 

gland compartment during homeostasis. In the intestine, proliferation is driven by Yap 

(76, 78). Yap is an effector of the Hippo signaling pathway which - similarly to the Wnt 

signaling pathway - is a highly conserved signaling pathway that is important during 

development where it induces proliferation (78) and regulates organ growth (190).  

 

Figure 26: Expression of active YAP protein upon tamoxifen-induced epithelial injury. 

(A) Immunofluorescence labeling for non-phospho YAP (red) on corpus sections of wild-type mice 

killed one, three, or seven days after tamoxifen-induced injury versus non-treated controls. Scale 

bars = 50µm. 

(B) Immunofluorescence labeling for non-phospho YAP (red) on corpus sections of wild-type mice 

and Rspo3 knockout mice killed one day after tamoxifen-induced injury.  
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(C) Bar chart demonstrating the number of YAP-positive nuclei per gland in control mice, versus 

wild-type and Rspo3 knockout mice killed one or three days after tamoxifen-induced injury. 

Scale bars = 50µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

Therefore, I wanted to test if also in the stomach corpus Yap signaling was involved in 

the injury-induced proliferation of corpus glands. To this end, I performed immune-

fluorescence labeling for non-phospho YAP - the active form of YAP - on corpus sections 

of wild-type mice treated with high-dose tamoxifen. Indeed, one day after the injury, when 

glands proliferated excessively, corpus glands showed high numbers of YAP-positive 

epithelial nuclei (174) (Figures 26A, C). To assess whether this response was dependent 

on the presence of Rspo3, I repeated the analysis on sections of Rspo3 knock-out mice 

treated with high-dose tamoxifen. Those mice presented a significantly lower number of 

YAP-positive epithelial cells one day after injury than wild-type mice, and 

immunofluorescence labeling analysis of corpus sections from Rspo3 knockout mice 

sacrificed on day three after injury revealed that the activation of Yap in Rspo3 knockout 

mice was not simply delayed but remained absent (174) (Figures 26B, C).  

 

Figure 27: Activation of YAP signaling upon diphtheria toxin-induced epithelial injury. 

(A) Immunofluorescence labeling for non-phospho YAP (red) on corpus sections of LGR5-DTR 

mice killed one day after DT-induced injury versus non-treated controls.  
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(B) qPCR gene expression analysis for Ctgf, Igfbp3, Cyr61, and Tead4 of LGR5-DTR mice killed 

one day after DT-induced injury versus non-treated controls. 

Scale bars = 50µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

In addition, immunofluorescence labeling for non-phospho Yap and qPCR gene 

expression analysis for the Yap target genes Ctgf, Igfbp3, and Cyr61 and the Yap 

transcription factor Tead4 confirmed that Yap signaling was also active one day after 

injury in LGR5-DTR mice (174) (Figures 27A, B).  

3.4.3.  Epithelial proliferation in vitro is driven by Yap whose activation is dependent on R-

spondin 

To confirm the impact of R-spondin on epithelial proliferation and the activation of Yap 

signaling, I took again advantage of the organoid system. I established an organoid 

culture as described before and kept one set of organoids in the full medium as a control 

group and deprived the other group of Rspo/Wnt-supplement starting from day three of 

the culture.  

 

Figure 28: Activation of YAP and proliferation in organoids. 

(A + B) Immunofluorescence labeling for non-phospho YAP on sections of organoids grown in 

medium (A) with (+) and (B) without (-) Wnt and Rspo supplement. 

(A + B) Immunofluorescence labeling for KI67 on sections of organoids grown in medium (A) with 

(+) and (B) without (-) Wnt and Rspo supplement. 

Scale bars = 50µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

Immunofluorescence labeling on sectioned organoids revealed that organoids grown in 

full medium expressed high levels of non-phospho YAP protein indicating active Yap 
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signaling (174). However, upon deprivation from Rspo/Wnt the abundance of nuclear 

non-phospho YAP was significantly reduced (174) (Figures 28A, B), further 

demonstrating that the presence of R-spondin is a prerequisite for the activation of Yap 

signaling. In addition, the number of proliferating KI67+ cells was also significantly higher 

in organoids grown with Rspo/Wnt supplement compared to organoids grown without 

Rspo/Wnt (174) (Figures 28C, D). 

As Yap is known to drive proliferation upon injury in other organs and epithelial 

proliferation coincided with the activation of Yap signaling in vivo and in vitro, I asked if 

the Rspo3-dependent proliferation was transmitted via the Yap signaling pathway.  

 

 

Figure 29: The effect of Yap inhibition on organoid proliferation. 

(A+B) Immunofluorescence labeling for non-phospho YAP (red) and KI67 (yellow) on sections of 

(A) control organoids and (B) organoids treated with the Yap inhibitor Verteporfin. 
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(C + D) (C) Images and (D) bar chart representing the relative size of organoids treated with the 

Src inhibitor PP2 versus non-treated control organoids. 

(E + F) (E) Images and (F) bar chart representing the number of organoids grown from Bl6 cells 

versus Yap/Taz knockout cells treated with TAT-Cre recombinase. 

Scale bars = 50µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

 

To test this hypothesis, I treated organoids grown in full medium with the Yap inhibitor 

Verteporfin. Despite the presence of Wnt and Rspo supplement in the growth medium, 

immunofluorescence labeling revealed that the inhibition of Yap signaling via Verteporfin 

resulted in a decrease in proliferation (174) (Figures 29A, B). To confirm those findings, I 

repeated the analysis using another Yap inhibitor, called PP2. PP2 is an inhibitor of the 

tyrosine protein kinase Src, whose inhibition impedes the translocation of YAP to the 

nucleus. Quantitative analysis revealed a reduction in organoid diameter upon treatment 

with PP2 (174) which translates into a lower proliferative activity of the organoids (Figures 

29C, D). As a next step, I grew organoids from conditional Yap/Taz mice. When organoids 

were passaged and split into single cells, I added a TAT-Cre recombinase to the 

organoids which induced the Yap/Taz knockout in the epithelial cells. As the TAT-Cre 

recombinase has cytotoxic side effects, I used TAT-Cre recombinase-treated wild-type 

cells as a control instead of non-treated cells from the conditional Yap/Taz knockout 

mouse. I then attempted to grow those treated cells into organoids and found that the 

number of organoids that grew from the same number of Yap/Taz knockout single cells 

was significantly lower than the number of organoids grown from wild-type single cells 

(174) (Figures 29E, F). In conclusion, those results indicate a central role of Yap signaling 

in R-spondin 3-mediated epithelial proliferation (174). However, it remains unclear which 

signals regulate the Rspo3-dependent activation of Yap signaling and induction of 

proliferation throughout the gland upon injury that are not active during homeostasis. 

3.5  The impact of R-spondin 3 on the corpus epithelium in the context of infection 

with Helicobacter pylori 

As mentioned before, the bacterium Helicobacter pylori persists in the stomach lifelong 

and induces a sequential cascade of gastric pathologies that can eventually transform 

into gastric cancer (119, 120). In the stomach antrum, H. pylori interferes with the Rspo3-

controlled epithelial cell populations in the gland base, leading to alterations of their 

cellular identity and proliferative kinetics (8, 63, 107, 116). Dysregulation of the 
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Wnt/Rspo3 signaling pathway has been identified as an initiator and potentiator of gastric 

carcinogenesis (50). Therefore, I hypothesized that Rspo3 signaling could be also 

involved in the development of gastric pathology in the stomach corpus. 

3.5.1  R-spondin 3-responsive cells are reprogrammed into highly proliferative cells in the 

context of infection with Helicobacter pylori 

To investigate the effect of Rspo3 on epithelial proliferation in the context of infection with 

Helicobacter pylori, I infected Rspo3 knock-in, Rspo3 knockout, and wild-type mice with 

H. pylori for two months and harvested the stomach corpus of infected mice as well as of 

non-infected controls. Immunofluorescence labeling for KI67 revealed glandular 

hyperproliferation in the corpus of infected Rspo3 overexpressing mice. Importantly, in 

contrast to the homeostatic state, proliferating cells were not restricted to the stem cell 

compartment in the gland isthmus but were also present in the gland bases (174) (Figures 

30A-C), thereby mimicking the distribution of proliferative cells observed upon epithelial 

injury. Quantitative analysis demonstrated that the hyperproliferation was neither induced 

by R-spondin 3 overexpression nor by infection with Helicobacter pylori alone (174) 

(Figure 30A). 

 

Figure 30: Epithelial proliferation upon infection with Helicobacter pylori in Rspo3 knock-in mice. 

(A) Immunofluorescence labeling for MUC5AC (red) and KI67 (white) on sections of non-infected 

and infected Rspo3 wild-type and Rspo3 knock-in mice. 
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(B + C) Bar chart demonstrating (B) the number of KI67-positive nuclei per gland and (C) the 

number of KI67-positive nuclei per gland base of non-infected and infected Rspo3 wild-type and 

Rspo3 knock-in mice. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

Furthermore, approximately 30% of infected Rspo3 overexpressing mice developed 

nodular epithelial lesions that were characterized by hyperproliferation and the loss of 

chief cell marker expression and were confirmed as adenomas by a veterinarian 

pathologist (174) (Figures 31A, B).  

 

Figure 31: Formation of gastric adenoma in Helicobacter pylori-infected Rspo3 overexpressing 
mice. 

(A) H. & E. staining of adenoma in H. pylori-infected Rspo3 overexpressing mice. 

(B) Immunofluorescence labeling for KI67 (pink) and GIF (green) of an adenoma in H. pylori-

infected Rspo3 overexpressing mice. 

Scale bars = 100µm. Own design: Anne-Sophie Fischer. 

3.5.2  R-spondin 3 promotes the activation of Yap signaling in the context of infection with 

Helicobacter pylori 

Similar to the induction of proliferation upon acute injury, proliferation upon infection with 

H. pylori was promoted by high expression levels of stromal Rspo3 (174). Therefore, I 

asked whether also in the context of infection, Rspo3 promoted the activation of Yap 

signaling. To this end, I performed immunofluorescence labeling on tissue sections of 

Rspo3 knock-in, knockout, and wild-type mice infected with H. pylori.  

As a first step, I investigated the total expression of YAP protein, including the active and 

non-active forms of YAP protein. While non-infected Rspo3 wild-type mice expressed low 

levels of YAP protein in the gland cells, overexpression of Rspo3 resulted in an increase 

in basal YAP protein expression (174) (Figure 32A). Upon infection of Rspo3 wild-type 
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mice with H. pylori, cytoplasmatic YAP was translocated to the nucleus and this response 

was amplified upon infection of Rspo3 overexpressing mice (174) (Figure 32B).  

 

Figure 32: Effect of Rspo3 overexpression and infection with Helicobacter pylori on the expression 

of YAP in the corpus gland. 

(A + B) Immunofluorescence labeling for general YAP (red) and E-cadherin (green) on corpus 

sections of (A) non-infected and (B) infected Rspo3 wild-type and Rspo3 knock-in mice.  

Scale bars = 50µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

 

The nuclear translocation of YAP is a correlate of YAP activation. To confirm the 

activation of YAP upon infection, I proceeded with immunofluorescence labeling against 

non-phospho YAP, the active form of YAP. Indeed, while non-phospho YAP was not 

detected in glandular corpus cells of non-infected mice, it was present in the nuclei of 

gland cells of infected mice (174) (Figure 33A, B). This effect was significantly more 

pronounced in mice overexpressing Rspo3 compared to wild-type mice, while no nuclear 

translocation of YAP was observed in Rspo3 knockout mice (174) (Figures 33B, C).  
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Figure 33: Activation of YAP upon infection with Helicobacter pylori. 

(A-C) Immunofluorescence labeling for non-phospho YAP on corpus sections of (B) Rspo3 wild-

type, Rspo3 knock-in, and (C) Rspo3 knockout mice infected with Helicobacter pylori versus (A) 

non-infected littermates.  

Scale bars = 50µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

In conclusion, I found that infection with H. pylori resulted in the translocation of YAP 

protein to the nucleus. This response was amplified in Rspo3 overexpressing mice and 

coincided with a hyperproliferative response of the epithelium. 

3.6  The role of R-spondin 3 in the emergence of spasmolytic polypeptide-

expressing metaplasia in the context of Helicobacter pylori-associated 

pathology 

While infection with H. pylori is the main risk factor for gastric cancer and 90% of gastric 

cancer patients have a positive history for H. pylori (191), only 1 to 5% of H. pylori carriers 

develop gastric cancer (100, 101). To date, it is not clear which additional events 

converge with infection and enhance the risk of gastric carcinogenesis. I asked whether 

physiological signaling pathways such as Rspo3 signaling can promote the emergence 
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of premalignant lesions such as spasmolytic polypeptide-expressing metaplasia (SPEM) 

in the absence of epithelial mutations. 

3.6.1  Rspo3-dependent development of SPEM in the context of infection with 

Helicobacter pylori 

  

Figure 34: Immunofluorescence labeling for GIF and GSII in non-infected and infected Rspo3 

wild-type and Rspo3 knock-in mice. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

SPEM is characterized by the co-expression of markers assigned to chief cells and 

mucous cells within the same cell. As expected, immunofluorescence co-labeling for GIF 

and GSII demonstrated that infection of wild-type mice with H. pylori led to the emergence 

of SPEM cells in the bases of corpus glands. However, in mice that overexpressed Rspo3 

and were infected with H. pylori, this response was significantly enhanced while Rspo3 

overexpression alone did not result in the emergence of SPEM cells (174) (Figure 34). 

 

Figure 35: Metaplastic transformation in infected Rspo3 overexpressing mice. 

Immunofluorescence labeling for the SPEM marker CD44v9 on sections of non-infected and 

infected Rspo3 wild-type and Rspo3 knock-in mice. 
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Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

Additional immunofluorescence labeling for the SPEM marker CD44 variant isoform 

containing exon v9 (CD44v9) confirmed an enhanced expression of CD44v9 in gland 

base cells of infected Rspo3 overexpressing mice compared to infected wild-type mice, 

while no expression was detected in non-infected wild-type and non-infected R-spondin 

3 overexpressing mice (174) (Figure 35).  

3.6.2  Regenerative signaling and SPEM in human gastric ulcer  

I found that Rspo3 promoted epithelial regeneration upon injury and also induced 

regenerative responses and the emergence of SPEM in the context of infection with H. 

pylori (174). Infection with H. pylori is not only a risk factor for gastric carcinogenesis but 

also for the development of gastric ulcers (96, 97) which constitute chronic wounds. 

Therefore, I analyzed sections of resected human ulcers to validate the findings derived 

from mouse models on the role of Rspo3 in gastric pathology in human tissue. 

First of all, RNA ISH for Rspo3 confirmed a strong accumulation of Rspo3 RNA in the 

stromal cells adjacent to the ulcer lesion (174) suggesting a local upregulation of Rspo3 

gene expression at the site of tissue injury. Furthermore, similar to the murine 

regenerative response, the epithelial cells lining the margin of the human ulcer showed 

epithelial proliferation and the activation of Yap signaling (174) (Figure 36). In contrast, 

similar to the expression pattern of Rspo3, epithelial proliferation, and active Yap 

signaling were less abundant in epithelial cells more distant from the ulcer lesion.  
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Figure 36: Activation of the regenerative response in human gastric ulcer samples. 

Immunofluorescence labeling for non-phospho YAP (red), KI67 (green), and E-cadherin (white) 

as well as RNA in situ hybridization for Rspo3 on sections of resected human ulcer specimen. By 

courtesy of Fischer et al., 2022 (174), used with permission. 
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Second, immunofluorescence labeling confirmed that also in human gastric ulcers the 

SPEM marker CD44v9 was expressed in epithelial cells at the ulcer margin but not in 

epithelial cells distant from the ulcer (174) resembling the spatial distribution pattern  

of R-spondin-dependent regenerative tissue responses (Figure 37).  

 

Figure 37: Immunofluorescence labeling for CD44v9 in human gastric ulcers. 

Scale bars = 100µm. By courtesy modified from Fischer et al., 2022 (174), used with permission. 

In conclusion, I found that in addition to initiating regenerative responses, Rspo3 also 

promoted the emergence of spasmolytic polypeptide-expressing metaplasia in the 

context of infection with Helicobacter pylori. Regenerative signaling and SPEM cells were 

also detected at the margin of human ulcers suggesting that the regenerative and 

premalignancy-promoting role of Rspo3 also applies to human pathology.
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4 Discussion 

The gastric epithelium contains various specialized cell types that are organized in 

compartments within the gland and this compartmentalization remains stable over time 

despite the high epithelial turnover. However, the mechanisms that regulate epithelial  

differentiation and regenerate the gland architecture after injury in the stomach corpus 

are poorly understood. Infection with Helicobacter pylori, which is a major risk factor for 

the development of gastric cancer (98), is the most well-studied environmental stimulus 

that interferes with homeostatic niche signaling and epithelial behavior. Given its central 

role in other parts of the gastrointestinal tract, this study aimed to investigate the role of 

Wnt/R-spondin signaling in the stomach corpus in the context of homeostasis, injury, and 

infection with H. pylori infection.  

4.1  Summary of results 

I found that similar to other parts of the gastrointestinal tract, in the stomach corpus the 

signaling molecule Rspo3 is expressed in stromal cells adjacent to the gland base (174). 

Histopathological analysis of stomach corpus tissue from R-spondin 3 knockout and R-

spondin 3-overexpressing mice revealed that the number of cells assigned to the 

glandular lineage was reduced upon loss of stromal Rspo3 while glandular cells 

accumulated in mice expressing high levels of stromal Rspo3 (174). 3D organoid studies 

further confirmed in vitro that R-spondin signaling promotes the expression of the 

glandular cell markers Lgr5, Muc6, and GIF (174).  

Upon injury of the glandular corpus lineages induced by the injection of high-dose 

tamoxifen into mice or the depletion of Lgr5-expressing chief cells via diphtheria toxin, 

the gene expression level of Rspo3 was upregulated (174). In addition, 

immunofluorescence labeling revealed the glandular activation of YAP and an expansion 

of the proliferative compartment from the gland isthmus to the gland base (174). Both the 

extent of glandular hyperproliferation and the activation of YAP were significantly 

diminished in mice that expressed lower levels of stromal Rspo3, suggesting a causal 

relation (174). Organoid studies confirmed in vitro that epithelial proliferation was 

dependent on the presence of R-spondin and that R-spondin-driven proliferation was 

transmitted via the Yap signaling pathway (174).  



Discussion 81 

In the context of infection with the bacterium Helicobacter pylori, high expression levels 

of Rspo3 promoted glandular hyperproliferation, the activation of Yap signaling, and the 

emergence of premalignant lesions (174). High stromal expression of Rspo3 together 

with epithelial proliferation, the activation of Yap signaling, and the expression of the 

SPEM marker CD44v9 were also detected at the margin of human gastric ulcers 

indicating that the regenerative responses identified in mice are also prevalent in the 

context of human gastric pathology (174).  

In summary, I discovered a dual regulatory role of R-spondin 3 in promoting glandular 

differentiation and recovery on the one hand and inducing a proliferative response to 

tissue injury and infection with Helicobacter pylori on the other hand, thereby predisposing 

to (pre)malignant transformation in the stomach corpus. 

4.2  Interpretation of results in the context of current literature 

4.2.1  The dual regulatory role of stromal R-spondin 3 in the gastric epithelium  

Similar to the stomach antrum (8), the small intestine (186), and the colon (60), single-

molecule RNA in situ hybridization revealed that also in the stomach corpus R-spondin 3 

is expressed in a base-apex gradient with high R-spondin 3 expression in stromal cells 

surrounding the gland base and low abundance of Rspo3 expression in stromal cells 

adjacent to the glandular apices (174). Furthermore, also in the stomach corpus, the local 

expression gradient of R-spondin 3 matched its site of action. In detail, in the stomach 

corpus, R-spondin 3 promoted the differentiation of precursor cells into basal chief and 

parietal cells (174) which recapitulates its function in the stomach antrum and in the small 

intestine where Rspo3 promotes the accumulation of antral secretory Lgr5-expressing 

cells (63) and intestinal secretory antimicrobial paneth cells in the gland/crypt bases 

(186). 

This close spatial relation between the site of expression and the site of action suggests 

a direct interaction between R-spondin 3 and the epithelial cells. This was confirmed in 

vitro using organoids that only contain epithelial cells and responded similarly to Rspo3 

as epithelial glands in vivo (174).  

Such signaling molecules that by their spatial expression determine the morphology of 

cells in their effective radius are termed morphogens (192). R-spondin 3 is not the only 

morphogen in the stomach corpus that regulates glandular differentiation. Epithelial 

growth factor (EGF) enriches the foveolar lineage in corpus glands while its absence or 
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inhibition favors the differentiation into glandular cell populations in vitro (65, 193). 

Similarly, in the presence of EGF, bone morphogenetic protein (BMP) promotes the 

differentiation towards Muc5ac-expressing pit cells while the simultaneous inhibition of 

EGF and BMP signaling changes the fate of differentiation towards the chief cell lineage 

(65). In contrast, active BMP signaling in the absence of EGF promotes the differentiation 

into parietal cells (65). Along this line, the expression of the BMP inhibitor Noggin under 

the promoter of the parietal cell-specific H+/K+-ATPase resulted in a decrease in parietal 

cell differentiation in vivo (64). The diversity and interaction of signaling molecules present 

in the epithelial niche suggest that the final composition of the gastric gland is a result of 

their integrating impacts and that the outcome of R-spondin 3 signaling also depends on 

the influence of the other morphogens. For example, the standard organoid medium not 

only contains Rspo3 which promotes chief and parietal cell differentiation but also EGF. 

This might explain why despite high concentrations of R-spondin supplement, organoids 

grown in the standard growth medium rarely formed terminally differentiated chief and 

parietal cells (174). Taken all together, the effects of signaling molecules on the 

epithelium are influenced by the environment they are acting in and findings obtained on 

niche-epithelium interactions should be interpreted in the context they were generated in. 

Indeed, the effect of Rspo3 on the epithelium is different in the context of epithelial 

homeostasis than it is in the context of epithelial damage. In the early phase of epithelial 

injury, high expression levels of R-spondin 3 did not primarily promote glandular 

differentiation but hologlandular proliferation, attributing R-spondin 3 a dual function in 

the stomach corpus (174). Interestingly, the proliferation-promoting function of R-spondin 

3 during corpus injury resembled its role during antral and intestinal homeostasis where 

it maintains the stem cell pool and fuels stem cell proliferation (8, 60, 194). This is 

noteworthy because the intestinal stem cell marker Lgr5 also marks Rspo3-responsive 

gland base cells in the stomach corpus during homeostasis (34). Those heterogeneous 

characteristics of Lgr5-positive cells along the gastrointestinal tube ï ranging from fully 

differentiated chief cells in the stomach corpus to slowly cycling stem cells in the stomach 

antrum, and highly proliferative stem cells in the small intestine and colon (8, 11, 32, 63, 

171) ï emphasize that despite common gene expression patterns, the local niche 

significantly determines the behavior and function of a cell. For example, glandular 

proliferation is favored by a certain level of Wnt/Rspo3 signalling, whereas concentrations 

below or above this optimum favor cellular differentiation (63, 195). In addition, the 

intensity of Wnt signaling is higher in the stomach antrum compared to the stomach 
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corpus (70), and it is likely that also R-spondin 3 could have different potency in different 

gastrointestinal tissues.  

However, observations from R-spondin 3 overexpressing mice suggest that the absolute 

amount of R-spondin 3 expression is not the sole determent to switch the cellular fate 

from differentiation to proliferation in the stomach corpus. In detail, although the R-

spondin 3 expression was 100-fold higher in Rspo3 knock-in mice compared to wild-type 

mice, it primarily promoted chief cell differentiation instead of glandular proliferation (174). 

One possible explanation would be that during corpus homeostasis, the distance between 

the gland base and the isthmus stem cell compartment is too far for R-spondin 3 to reach 

and affect the proliferative cell compartment on a large scale. In contrast, upon epithelial 

injury when the Rspo3-binding Lgr5-positive base cells are lost, Rspo3 molecules might 

be more prone to also reach precursor cells and induce their proliferation. In addition, 

epithelial injury was accompanied by a broad expression of Lgr5 throughout the gastric 

gland also in previously Lgr5-negative cells (174). Whether the extended Lgr5 expression 

was the result of R-spondin molecules reaching more apical cells upon the loss of the 

gland base resulting in the expression of Lgr5 in previously Lgr5-negative cells or whether 

the Lgr5 expression was triggered Rspo3-independently, for example via alterations of 

other signaling pathways such as BMP, and then rendered those cells more susceptible 

to Rspo3 signaling, is still unclear.  

However, the fact that marker expression and cellular behavior are defined by their 

microenvironment is critical because it is common scientific practice to characterize a cell 

by its gene expression pattern. Consequently, any factor altering the tissue 

microenvironment might affect cellular behavior and could result in different findings by 

different research groups working on similar questions. This might also explain the 

controversial findings on the role of chief cells in epithelial regeneration and whether or 

not they are able to transdifferentiate and replenish the whole corpus gland (34, 44, 141). 

In summary, by perceiving cellular identity and behavior as dynamic and as highly 

determined by their microenvironment a so far neglected research field opens up. My 

work encourages to shift the focus from investigating the origin and characteristics of a 

cell to characterizing its microenvironment and the result of their interactions.  

4.2.2  Niche signaling in wound healing and its implications for carcinogenesis 

Tissue injury results in broad alterations of cell-cell interactions, cellular identity and 

behavior, and niche signaling. For example, in the stomach corpus, the composition of 
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the glandular stem cell compartment is altered upon epithelial injury. In detail, the overall 

number as well as the percentage of proliferating Mist1-positive isthmus cells increased 

upon acidic injury in mice (196). Similarly, other isthmus cell populations such as Iqgap3- 

(39) or DCAMKL1-expressing cells (197) expanded upon injury and in contrast to the 

healthy epithelium, Lgr5-expression was also detected at the gland isthmus in the context 

of epithelial injury (125). In addition, cell populations that are quiescent during 

homeostasis were found to re-enter the cell cycle upon injury. Stange et al demonstrated 

that upon 5-fluorouracil-induced ablation of proliferating cells in the stomach corpus, Troy-

positive chief cells were recruited to the stem cell pool (34), and Leushacke et al induced 

epithelial damage by high-dose tamoxifen injections and confirmed the subsequent ability 

of Lgr5-positive chief cells to recover the gland (44).  

In terms of niche signaling, I discovered that epithelial injury in the stomach corpus 

triggered the upregulation of Rspo3 expression and that in mice that lack stromal Rspo3 

expression epithelial recovery was prolonged, attributing Rspo3 a central role for mucosal 

regeneration (174). A similar role for Rspo3 has been demonstrated in the colon where 

Rspo3 expression was upregulated upon dextran sodium sulfate (DSS)-induced colitis 

and sufficient Rspo3 expression levels were required for successful re-epithelialization 

(186, 198). Similarly, another R-spondin isoform, R-spondin 1, was found to drive 

proliferation (199) as well as epithelial regeneration in the intestine upon 5-fluorouracil 

(199), chemoradiation- (200), DSS- (201), trinitrobenzene sulfonic acid- (201), or 

nonsteroidal anti-inflammatory drug-induced colitis (201).  

In addition to the overexpression of Rspo3, I detected that the regenerative response in 

the stomach corpus involved the activation of epithelial Yap signaling. A critical role of the 

Yap signaling pathway in epithelial regeneration has been reported before. In detail, 

Yap/Taz signaling was activated during the recovery of mice from DSS-induced colitis, 

and in Yap/Taz knockout mice epithelial regeneration remained insufficient and resulted 

in the formation of thin-walled cysts instead of crypt-shaped structures (78). Similarly, 

radiation-induced injury resulted in the activation of Yap signaling in the intestine (76). Of 

note, Yap specifically promoted the reprogramming of the Rspo3-responsive Lgr5-

expressing intestinal stem cell population (76). Along this line, my study demonstrated 

that the Yap-driven proliferation of the murine corpus epithelium occurred in a Rspo3-

dependent manner (174). In detail, the number of YAP-positive nuclei as well as the 

number of proliferating cells per gland upon epithelial injury were significantly lower in 

Rspo3 knockout mice compared to Rspo3 wild-type mice (174). Similarly, organoids 
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grown in a medium that was supplemented with R-spondin contained more YAP-positive 

and proliferating cells than organoids that were deprived of the R-spondin supplement 

(174).  

The relation between R-spondin and Yap signaling upon epithelial injury in the stomach 

corpus is still unclear. However, interactions between the Wnt/Rspo and Yap signaling 

pathways have been reported before. For example, phosphorylated YAP can bind to beta-

catenin, the transcription factor of the Wnt signaling pathway, thereby inhibiting the 

nuclear translocation of beta-catenin (202). Furthermore, YAP/TAZ can recruit ɓ-TrCP to 

the destruction complex of the Wnt signaling cascade which also results in the inactivation 

of beta-catenin (203). In addition, Yap can downregulate Wnt signaling independent of 

APC/Axin/GSK3b via the inhibition of Dishevelled activity (204). Reversely, 

phosphorylated beta-catenin promotes the degradation of TAZ and the 

dephosphorylation of beta-catenin upon Wnt activation stabilizes TAZ, thereby promoting 

Yap/Taz signaling (205).  

While the activation of R-spondin and Yap signaling occurred in a peakwise manner upon 

acute injury, both signaling pathways were chronically active in human gastric ulcers 

(174). Along this line, a meta-analysis of genome-wide association scans revealed that 

Rspo3 gene expression was upregulated in chronic inflammatory bowel diseases such 

as Crohn´s colitis (206). Just as Crohn´s disease is a risk factor for the development of 

colon cancer (207), gastric ulcers constitute a risk for the development of gastric cancer 

(208). Indeed, the dysregulation of Wnt/Rspo signaling as well as of Yap signaling has 

been reported in the context of gastric cancer before. RNF43, the receptor for Rspo3, 

was hypermutated in one-third of gastric cancer samples, and this occurred already in 

early gastric carcinomas (50, 142, 147). In a cohort of 433 gastric cancer patients, the 

Hippo/Yap signaling pathway was detected as one of the most frequently mutated ones 

(192), and Yap signaling was upregulated in human gastric cancer tissue compared to 

the adjacent noncancerous tissue (209). High YAP protein expression also correlated 

positively with the invasion depth and the incidence of lymph node metastases in human 

gastric cancer (209, 210). These findings suggest a double-edged role for Rspo3 and Yap 

signaling: While both are crucial to coordinate epithelial recovery, the chronic activation 

of the regenerative cascade culminates in chronic proliferation and lays down the tracks 

for carcinogenesis.  

Along this line, cancer has been described as a ñwound that never healsò because cancer 

tissue and wounds share many characteristics (211, 212): First of all, both conditions are 
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characterized by an increase in epithelial proliferation, the activation of myofibroblasts, 

the initiation of angiogenesis, alterations of niche signaling, and the formation of new cell 

masses (211, 212, 213). In addition to Rspo3 and Yap further signaling molecules control 

epithelial regeneration: Epithelial cells surrounding human gastrointestinal ulcers express 

high levels of epidermal growth factor (EGF) (214) and treatment of gastric ulcers with 

EGF in rats accelerates epithelial healing, while the application of anti-EGF antibodies 

prolongs epithelial regeneration (215). However, expression of the Kras protein which 

acts downstream of the EGF-receptor, promotes the formation of metaplastic lesions in 

mice (216), and Ras activity was elevated in 37% of human gastric cancers (217).  

Local application of hepatocyte growth factor (HGF), which in vivo is produced by 

mesenchymal cells, also accelerates ulcer healing (215). In gastric cancer, however, high 

preoperative levels of HGF correlate with advanced cancer progression (218) and are 

associated with a poor prognosis in HER2-positive gastric cancer patients (219). 

Similarly, the expression of Insulin-like growth factor 1 (IGF-1) is upregulated at the 

margin of gastric ulcers in rats and the application of exogenous IGF-1 to the ulcer site 

promotes epithelial regeneration (220). Analysis of 134 gastric cancer samples revealed 

that the gene expression level of insulin like growth factor 1 receptor (IGF1R) is higher in 

the cancer lesion compared to the adjacent tissue and that high expression levels of 

IGF1R in stage II/III gastric cancers are associated with poor survival (221). Furthermore, 

epithelial injury triggers the upregulation of trefoil factor proteins (Tff) expression, and Tff-

deficient mice display severely impaired ulcer healing (222, 223, 224, 225). Interestingly, 

trefoil factor 2 is a marker for SPEM, which is considered premalignant metaplasia, and 

in injury models, the upregulation of Tff also precedes the upregulation of other growth 

factors that are associated with more advanced carcinogenic lesions such as HGF, 

vascular endothelial growth factor (VEGF), and EGF (222, 226).  

In conclusion, healing tissue and cancer lesions share various characteristics and 

regenerative signaling pathways. Importantly, morphogens that are expressed at high 

levels during wound healing and promote coordinated regeneration are also differentially 

expressed in cancer lesions. My findings fit this concept and emphasize that the 

dysregulation of niche signals can be a strong driver of carcinogenesis, acting in concert 

with classic carcinogenic driver mutations. Therefore, early and consequent treatment of 

wounds might have the potential to prevent malignant transformation in the stomach 

corpus. Deciphering the signals that promote epithelial recovery, and understanding the 
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processes that promote chronic activation of these pathways, may lay down the tracks to 

develop new treatment strategies. 

4.2.3  The role of R-spondin 3-mediated signaling in the development of gastric pathology 

associated with Helicobacter pylori infection 

In the stomach, infection with Helicobacter pylori alters the activation status of a variety 

of signaling cascades and affects cells on genetic and epigenetic levels setting the 

starting point for epithelial transformation. Morphologically these alterations are reflected 

in the step-wise epithelial changes subsumed under the Correa´s cascade (119, 120).  

One of the signaling cascades that is activated upon infection with Helicobacter pylori is 

the Yap signaling pathway and mouse experiments confirmed that the H. pylori-driven 

activation of Yap signaling was significantly amplified in the context of R-spondin 3 

overexpression (174). Furthermore, infection of R-spondin 3-overexpressing mice with H. 

pylori led to the development of hyperproliferative gastric adenomatous lesions (174) 

consistent with previous discoveries of dysregulated Wnt/Rspo and YAP signaling in 

human gastric cancer lesions (50, 89, 90, 91). 

It has been shown before that infection with Helicobacter pylori results in a periodically 

alternating upregulation of Yap1 and Lats2 expression (227) and that it promotes the 

nuclear translocation of TAZ in cell lines (228). In addition, in vitro, the activation of Yap 

signaling was dependent on the virulence factor CagA (209, 227). My study provides 

evidence from animal experiments that Helicobacter pylori also drives the nuclear 

translocation of YAP in vivo and that this translocation is dependent on an intact type IV 

secretion system (174). Mechanistically, CagA has been shown to disrupt epithelial cell 

polarity (229) which is noteworthy because the activation status of the Yap signaling 

pathway is altered by mechanical stimuli (230, 231, 232). Furthermore, CagA promotes 

the activation of the SRC homology 2 domain (SH2)-containing tyrosine phosphatase 

SHP-2 (233) and SHP-2 interacts with YAP/TAZ which enables its nuclear translocation 

and the subsequent expression of Tead-regulated genes (234).  

Alterations of epithelial Yap signaling have been also reported in the context of other 

infections. In mice, infection with the helminth Trichuris muris results in the activation of 

Yap signaling in intestinal epithelial cells which then promotes the clearance of the 

pathogen from the tissue (235). In addition, infection-driven alterations of Yap signaling 

have been detected in other cell populations. For example, infection with salmonella 

suppresses the activity of Yap in B lymphocytes thereby inhibiting their antibacterial 
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response (236). Yap signaling also alters antiviral immune responses in cell lines and 

mice (237, 238) and reversely, viral infection of cell lines promotes lysosomal degradation 

of YAP protein (237). 

Another aspect of H. pylori-driven pathology is the emergence of GIF/GSII-double 

positive cells in the bases of corpus glands, also termed SPEM cells (129, 130, 135). I 

discovered that similar to the extent of Yap activation, the number of SPEM cells per 

gland upon infection was also increased in mice that overexpressed R-spondin 3 

compared to wild-type mice (174). Gene set enrichment analysis further confirmed the 

enhanced expression of genes assigned to SPEM in infected R-spondin 3 overexpressing 

mice compared to infected wild-type mice and a lower expression in infected R-spondin 

3 knockout mice compared to infected wild-type mice (174).  

SPEM lesions provide a favorable habitat to H. pylori (239). However, despite the 

enrichment of SPEM cells in R-spondin 3 overexpressing mice, prior analyses revealed 

that high expression levels of Rspo3 reduce the colonization density of H. pylori (63). In 

addition, more advanced cancerous lesions have a lower bacterial burden compared to 

early lesions, and the loss of serum H. pylori antibody marks a high risk for the 

development of gastric cancer (240, 241, 242). Furthermore, atrophic lesions, which rank 

in the middle of the Correaôs cascade, are characterized by the loss of the R-spondin-

responsive cell populations. This raises the question of whether therapeutic interventions 

tackling the Wnt/Rspo3 signaling pathway would be successful in more progressed 

cancer lesions.  

Similarly, it would be interesting to understand if eradication of H. pylori affects the 

activation status of the Wnt/Rspo3 signaling pathway and thereby has the potential to 

reduce the risk or stop the progress of H. pylori-mediated gastric carcinogenesis. A meta-

analysis including 24 studies demonstrated that eradication of H. pylori reduces the 

incidence of gastric cancer with a strong effect in patients with high gastric cancer risk 

(243). In detail, patients who underwent eradication in the past present smaller diameters 

of early gastric cancer lesions compared to patients with active H. pylori infection (244). 

Furthermore, eradication reduced the epithelial proliferation in clinical as well as in mouse 

studies (245, 246, 247), as well as the number of atrophic lesions (248, 249, 250). 

Intestinal metaplasia however remained unchanged up to an observation time of 17 years 

(248, 250). In terms of Wnt/Rspo signaling not many studies have been conducted so far, 

but it has been shown that alterations in methylation patterns of genes involved in this 

pathway largely persist upon antibiotic eradication of Helicobacter pylori (251, 252). 
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However, the effect of eradication on the expression of other morphogens has been 

investigated. For example, the expression of EGF and EGFR recedes to normal levels 

upon eradication but remains elevated if eradication was not successful (253, 254). 

Similarly, the expression level of HGF in the stomach corpus was reduced upon 

eradication from 104 ± 36.7 pg/mg to 61.1 ± 13.7 pg/mg (246).  

While many questions on the role of Wnt/Rspo3 signaling in the context of H. pylori 

infection remain open, my study further emphasizes the importance of understanding the 

signals that guide carcinogenesis and how they are influenced by alterations of the niche 

such as upon infection with and eradication from H. pylori. Tackling dysregulated 

signaling pathways might be of particular value in cancer types that are not predominantly 

characterized by specific driver mutations ï such as gastric cancer. 

4.3  Discussion of methods, strengths, limitations, external, and internal validity 

Cellular differentiation, injury repair, and tissue responses to bacterial infection are 

regulated by a complex network of signals and the interaction of multiple cell types. 

Therefore, successful research on the underlying mechanisms requires model systems 

that mimic this level of complexity. As many interactions, cellular functions, and signaling 

molecules are still unknown, to date, animal models provide the most informative and 

accurate tools. Animal experiments however inflict harm and are therefore strictly 

regulated. The 3R principle stands for replace, reduce, refine, and represents a central 

principle in basic science which was also applied in this study. 

In terms of animal replacement, I took advantage of the 3D organoid system which not 

only outcompetes regular cell culture systems but also has some advantages in 

comparison to animal models. In detail, 3D organoids are grown from primary cells that 

therefore portray more accurately the characteristics of healthy epithelium than planar 2D 

cell cultures grown from cell lines (255). In addition, the growth as spherical cultures and 

the embedding in a matrix that resembles the basement membrane mimics the 

mechanical stimuli that epithelial cells experience in vivo and such signals have a broad 

influence on cellular identity and behavior (256, 257, 258). This is of particular importance 

when investigating Yap signaling because this pathway is regulated by mechanical stimuli  

(231). 

Furthermore, in contrast to animal models, organoids offer a controlled setting where the 

composition of the microenvironment can be artificially controlled by determining the 
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presence and concentration of signaling molecules in the culture medium. Therefore, the 

impact of a single morphogen such as R-spondin on the epithelium can be investigated 

without bearing the risk of confounding variables such as additional changes of niche 

signaling that might be directly or indirectly induced by the manipulation of Rspo3 

expression in vivo. This enabled me to attribute the effects observed upon adjustment of 

the R-spondin concentration in the growth medium to the function of this single 

morphogen.  

The Wnt/Rspo3 and Yap signaling pathways affect a majority of organs, cell types, and 

signaling networks. Therefore, manipulation of those pathways in vivo bears the risk of 

unwanted side effects that might either bias the results or render specific experiments 

infeasible if they lead to highly pathologic or even lethal phenotypes. Accordingly, the 

organoid system was of great value to investigate the role of Yap signaling in vitro.  

However, organoids only consist of the epithelial cell line and so far, in vitro systems 

called assembloids that combine several cell types are still under development. 

Furthermore, despite the advancements in the organoid culture technique the chief and 

parietal cell populations are still underrepresented in gastric organoids compared to the 

in vivo situation (65, 117). Therefore, the effect of Rspo3 on the cellular composition of 

corpus glands was primarily studied in the animal model. Along this line, the use of mouse 

models was also indispensable to investigate regenerative responses in the tissue. For 

example, not only the epithelial but also stromal signaling was altered upon injury and 

those findings would not have been generated in an in vitro model that only contains 

epithelial cells. 

The second R in the 3R principle stands for refinement. This particularly applies to harmful 

procedures such as the models used to induce acute epithelial injury. While other 

research groups induced epithelial injury by the injection of tamoxifen on three 

consecutive days (140, 189), I discovered that sufficient epithelial injury characterized by 

the extensive loss of parietal cells and chief cells as well as the emergence of SPEM cells 

briefly after injury was achieved already after two injections of the same dose of tamoxifen 

used in the previous studies. Consequently, I could refine the animal experiment without 

experiencing impairments in study quality. In addition, I took advantage of a second injury 

model that instead of causing an unspecific epithelial injury, specifically depletes Lgr5-

expressing chief cells. This model, therefore, inflicted less harm on the mice but still 

delivered the same results as obtained from the tamoxifen model. Consequently, my 

study serves as a role model for future studies and justifies the use of DT-induced Lgr5+ 



Discussion 91 

chief cell depletion instead of tamoxifen-induced chief cell depletion to study chief cell 

recovery. 

The third principle of 3R is reduction. The results generated in this study have the 

potential to reduce the number of animal experiments in the future. In detail, I found that 

Rspo3 and Yap signaling is important in the stomach corpus to control proliferation, 

differentiation, and epithelial recovery. Similar roles for Rspo3 have been already 

reported in other parts of the gastrointestinal tract. This study therefore emphasizes that 

despite local differences along the gastrointestinal tract common basic principles exist. 

Therefore, I encourage more studies to choose a comprehensive design where the role 

of niche factors is not only investigated in one organ but along the whole gastrointestinal 

tract, as it has been already realized by some studies in the past (60, 186). This will not 

only further reduce the number of mice needed but will also continue to generate new 

knowledge on gastrointestinal signaling and epithelium-stroma interactions in a more 

time-efficient manner. 

In addition to the limitations discussed in the context of the advantages and 

disadvantages of in vivo and in vitro methods, the following aspects should be considered 

when drawing conclusions from this study. First of all, this study elaborates on the effect 

of Rspo3 on glandular differentiation in the murine stomach corpus. However, while in 

mice GIF is a marker for chief cells, it marks parietal cells in the human corpus. Therefore, 

the impact of Rspo3 on human glandular differentiation remains to be investigated. 

Secondly, as the combined effect of Rspo3 overexpression and Helicobacter pylori 

infection was only studied for up to two months, it remains unclear whether the 

emergence of lesions following SPEM in the Correa`s cascade is also influenced by the 

level of Rspo3 expression. Furthermore, while the presence of Rspo3 signaling and 

Rspo3-dependent responses were confirmed in samples of human gastric ulcers, the role 

of Rspo3 signaling during different stages of human carcinogenesis remains unresolved. 

However, such knowledge would be necessary to assess the extent of clinical applicability 

of the results obtained in this study. Another limitation of this study is, that it can not 

answer if short-term R-spondin 3 overexpression beyond the physiological level would 

further benefit epithelial healing. While aiming to address this question, Rspo3-

overexpressing mice that were treated with the high-dose tamoxifen regimen suffered 

from an unexpected and still unresolved health burden. Therefore, the animal experiment 

was terminated prematurely and other experimental setups will be needed in the future 

to shed light on the dose-dependent effects of Rspo3.  
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Laboratory studies in comparison to clinical studies have the advantage of high internal 

validity. In cell culture systems the conditions can be neatly controlled and mice used for 

experimental studies are genetically similar. Therefore, my study bears high internal 

validity. However, cell culture and animal studies go along with a lower external validity. 

To tackle this disadvantage, my study aimed for a more translational approach including 

the use of primary cells instead of cell lines and the analysis of Rspo3 function in the self-

organizing three-dimensional organoid system that at least partly mimics the in vivo 

growth conditions. Furthermore, I used human gastric ulcer samples to test if my findings 

derived from the murine injury models also reflect the regulatory mechanisms present in 

the human organism.  

Another strength of my study is its holistic approach. Instead of analyzing cellular behavior 

and cell function separately from the natural microenvironment, as it often occurs in cell 

culture studies, my study focuses on the interactions of different epithelial cell types, of 

bacteria and epithelial cells, and of stromal and epithelial signaling pathways. My study, 

therefore, provides information on gastric epithelial transformation that is not driven by 

the induction of mutations.  

4.4  Implications for future clinical and basic research 

This translational study provides implications for both ï future clinical and basic research 

studies. In terms of basic research, my study emphasizes the relevance of gastric niche 

factors and the need to further characterize their role and expression patterns in 

homeostatic tissues as well as in response to epithelial injury or pathogen infection. Those 

findings will not only improve our knowledge of epithelial regulation but also reveal critical 

information to better adapt our in vitro systems to the in vivo situation and to further reduce 

the use of animal models.  

While the composition and regulation of epithelial cells have been a subject of research 

for decades, it only recently came to the awareness that the stroma not only executes 

mechanical functions but also secretes a variety of signaling factors and bears 

immunoregulatory functions. My findings demonstrate how stromal signals shape and 

regulate epithelial function. However, many questions remain open about how stromal 

cells react to epithelial changes or disruptions. It will, therefore, be of great interest to 

intensify the research on the composition of the stromal compartment, the role of different 

stromal subpopulations, and their adaptions to tissue disturbances. 
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Finally, it will be important to discover which signals drive the initial upregulation of Rspo3 

upon injury. Considering its fast response to tissue disruption, it seems likely that the 

upregulation is initiated by danger signals released from disrupted epithelial cells or from 

immune cells. Indeed, a study in the colon found that the mesenchymal secretion of 

Rspo3 upon injury occurs Interleukin 1 receptor-dependent (259). Future findings about 

the regulation of the regenerative response will add to our growing body of knowledge on 

signaling pathways, cellular function, and tissue interactions with the ultimate goal of 

understanding biological units as a whole. 

In terms of clinical applications, I found that the depletion of epithelial cells activates 

regenerative tissue responses that show an overlap with signaling pathways activated in 

gastric pathology including gastric cancer. Cytotoxic therapies also induce the depletion 

of cells and subsequently inflict tissue damage. Therefore, it seems possible that the 

chemotherapeutic ablation of cancer cells could induce regenerative responses that 

might constitute a risk factor for promoting malignant tissue transformation. On the 

contrary, it also seems possible that upon chemotherapy-induced loss of highly 

proliferative cancer cells, neighboring less proliferative cancer cells could respond with 

hyperproliferation to the tissue injury which might then render them more susceptible to 

chemotherapy, thereby potentiating the therapeutic effect. Hence, further studies are 

needed to understand and evaluate the potential use of combination therapy with drugs 

that target Rspo3/Yap signaling. 

High expression levels of Rspo3 promoted the emergence of SPEM cells in the corpus 

epithelium of mice and Helicobacter pylori accumulate in these lesions (239). At the same 

time, Rspo3 overexpression conveys antibacterial functions and reduces the colonization 

density of H. pylori in mice. Therefore, future studies should elaborate on whether short-

term and local application of Rspo3 signaling-altering substances convey beneficial 

effects for H. pylori eradication in patients with high-risk lesions or in non-responders.  

In summary, my findings encourage further studies to investigate the potential clinical 

applications of Rspo/Yap-modulating treatments in the context of gastric cancer treatment 

and prevention. Gaining further insights into the relevance of non-mutational drivers of 

gastric pathology will provide the means to not only ablate highly proliferative or mutated 

cell masses but to tackle the problem at its root.
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5 Conclusions  

In conclusion, my work unraveled an unique dual role of R-spondin 3 in the stomach 

corpus that is context-dependent. While during homeostasis R-spondin 3 acts as a 

morphogen that promotes epithelial differentiation toward glandular lineages, it initiates 

regenerative responses such as the induction of epithelial proliferation in the context of 

tissue injury. The impact of R-spondin 3 on the gastric epithelium is not only dependent 

on the cellular identity and the tissue state but also on the composition of the 

microenvironment. In the context of infection with the highly prevalent bacterium 

Helicobacter pylori R-spondin 3 promotes a regenerative epithelial phenotype and 

amplifies infection-driven pathology. Taken all together, R-spondin 3 is essential for 

successful epithelial regeneration but predisposes to (pre)malignant transformation when 

expressed at high levels over a prolonged period of time. Thus, my data demonstrate the 

critical role of R-spondin 3 in gastric pathology and encourage future studies on gastric 

carcinogenesis to investigate non-mutational drivers such as alterations of the 

microenvironment. 
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