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Introduction

1 Introduction

1.1 Gastric Cancer

1.1.1 Epidemiology

In 2020, gastric cancer (GC) accounted for 15,322 new cancer cases diagnosed and 9,196 deaths
in Germany (Sung et al. 2021; Ferlay et al. 2019). Globally, GC is the fifth most common cancer type,
with about 1 million new cancer cases and 780,000 cancer-related deaths per year (GLOBOCAN
2018; Rawla and Barsouk 2019). Different factors predispose to GC development (Rawla and
Barsouk 2019). For instance, men are more often affected than women (Rawla and Barsouk 2019).
In developed countries, males are 2.2 times (1.83 in developing countries) more predisposed to be
diagnosed with GC than females (Rawla and Barsouk 2019). In Figure 1, the age-standardized
incidence rates (ARS) of both sexes are shown, representing a very heterogeneous distribution of
GC cases worldwide (GLOBOCAN 2018; Rawla and Barsouk 2019). GC has the highest incidence rate
in developing countries such as Central/South-East Asia, East Europe, and South America

(GLOBOCAN 2018; Rawla and Barsouk 2019; Balakrishnan et al. 2017).

b P

ASR (World) per 100 000

214
7.3-10

| 5.0-73

3.8-5.0 B Notapplicable
<38 No data

Figure 1: Map of age-standardized incidence rates (ASR) of both sexes on stomach cancer cases/100.000 citizens in 2018
(GLOBOCAN 2018).
© International Agency for Research on Cancer (available from: https://gco.iarc.fr/today/online-analysis-map, 04.06.2021)

The different incidence rates between Asia and Western countries are attributed to various risk
factors such as Helicobacter pylori infection, diet, culture (ethnic), or host genetics (Rawla and

Barsouk 2019; GLOBOCAN 2018; Balakrishnan et al. 2017). For instance, in North America, Latinos

are more prone to develop GC than the non-Hispanic white population (Siegel et al. 2018). Up to
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the mid-1990s, GC was the most common cancer-related death cause (Rawla and Barsouk 2019;
Balakrishnan et al. 2017). This decline is attributed to the successful reduction of H. pylori infection
due to better treatment and prevention (Rawla and Barsouk 2019). However, also modifications in
food preservation like less pickling of vegetables, smoking or processing of meat, and higher
availability of fresh fruit/vegetables improved the outcome (Rawla and Barsouk 2019; Roder 2002).
Nonetheless, the 5-year survival rate of GC is still very poor, only 20 percent globally, except for
Japan, where it is at 70 percent (Balakrishnan et al. 2017; Bollschweiler et al. 1993). In Japan, mass
screening programs started in the 1960s. Thus, already early-stage GC is detected (Bollschweiler et
al. 1993; Isobe et al. 2011). The low average survival rate is related to a late diagnosis (metastatic
GC) (Rawla and Barsouk 2019). Hence, the 5-year survival rate for pre-metastatic GC is about
67 percent (Rawla and Barsouk 2019; Karimi et al. 2014). The early stages of GC are mainly

asymptomatic, thus hard to identify (Correa 2013).

1.1.2 GC development

GC is a very heterogeneous disease, and both environmental and genetic factors are involved in
the malignant transformation of a healthy gastric epithelial cell (Karimi et al. 2014). GC can develop
sporadically (Smith et al. 2006). About 90 percent of GC are adenocarcinomas arising from glands
of the most superficial layer of the stomach (Karimi et al. 2014; Smith et al. 2006). To a lesser extent,
other cancers arising in the stomach are mucosa-associated lymphoid tissue (MALT) lymphomas
coming from lymphoid tissue of the stomach, and leiomyosarcomas that arise from muscles
surrounding the mucosa (Karimi et al. 2014). A general classification of GCis the Lauren classification
which divides GC into two distinct histology types: diffuse (undifferentiated) and intestinal-type
(differentiated) gastric carcinoma (Lauren 1965; Karimi et al. 2014). The step-wise progression
describes the intestinal type of GC development via the Correa's pathway initiating with chronic
gastritis, atrophic gastritis, intestinal metaplasia, dysplasia, and finally terminating in intestinal type
of GC (Figure 2) (Correa 2003; Correa 1992).

H. pyloriinfection can induce an inflammatory response favouring cancer development as shown
in Figure 2 (Hatakeyama 2009). H. pylori is one of the best-studied risk factors for gastric
carcinogenesis (Smith et al. 2006; Peek and Crabtree 2006). It colonizes the stomach of half of the
world's population, and persistent infection results in GC development in around two percent of

infected individuals (Smith et al. 2006; Peek and Crabtree 2006).
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Figure 2: Environmental and host factors contributing to the development of intestinal-type of GC (Tan and Yeoh 2015).
Reprinted with permission from Elsevier: [Gastroenterology] (Gastroenterology (2015); 149:1153—-1162; Tan and Yeoh) copyright
(2015). (License: Creative Commons CC BY-NC-ND 4.0)

In 2014, the Cancer Genome Atlas (TCGA) project evaluated 295 primary gastric
adenocarcinomas to establish a molecular classification and thereby separated GC into four
subtypes (Figure 3): Epstein-Barr virus (EBV) positive tumors, microsatellite unstable (MSI) tumors,
genomically stable (GS) tumors and chromosomal instable (CIN) tumors (Cancer Genome Atlas
Research Network 2014). For the molecular classification, primary tumor tissues were analysed
using six molecular platforms such as array-based somatic copy number analysis, array-based DNA
methylation profiling, whole-exome sequencing, mRNA sequencing, microRNA (miRNA) sequencing,
and reverse-phase protein array (RPPA) (Cancer Genome Atlas Research Network 2014). The TCGA
project aimed to detect deregulated signaling pathways and key drivers for each distinct subtype of
GCs (Cancer Genome Atlas Research Network 2014). This new classification should help clinical trials
to identify therapies for each GC subtype in order to improve the survival of cancer patients (Cancer

Genome Atlas Research Network 2014).
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Figure 3: Key features of the different molecular subtypes of GC (Cancer Genome Atlas Research Network 2014).
Reprinted with permission from Springer Nature: [Nature] (Nature 513, 202-209; The Cancer Genome Atlas Research Network.,
Analysis Working Group: Dana-Farber Cancer Institute., Bass, A. et al.) copyright (2014). (License: Creative Commons CC-BY-NC-SA).

1.1.3 Helicobacter pylori

H. pylori, former Campylobacter pylori, is a gram-negative bacterium that was found to be
causative for antral gastritis and peptic ulceration by Barry J. Marshall and J. Robin Warren in 1984
(Marshall and Warren 1984). In 1985, a self-experiment by Marshall and other volunteers showed
that oral intake of H. pylori could induce acute gastritis in the stomach, confirming Koch's 3™
postulate (Marshall et al. 1985; Morris and Nicholson 1987; Morris et al. 1991; Kidd and Modlin
1998). In 2005, Marshall and Warren were awarded with the Nobel Prize in medicine for the
discovery of H. pylori (Pincock 2005). H. pylori infection is established already in childhood and
persists for a lifetime if left untreated (Banatvala et al. 1993; Smith et al. 2006). The exact
transmission route is not clear yet; however, the most plausible transmission routes may be
oral-oral, fecal-oral, or gastro-oral exposure, as food exposed to contaminated water or soil seems
to increase risk of H pylori infection (Brown 2000; Yang et al. 2014). The high infection rate is often
in line with high GC rates, for instance in Asia (Figure 1) (Amieva and Peek 2016). In 1994, H. pylori
was classified as class | carcinogen due to its causal relationship to GC development (International

Agency for Research on Cancer and International Agency for Research on Cancer 1994).

1.1.3.1 Virulence factors of H. pylori

H. pylori has inhabited the human stomach for thousands of years, which has allowed the
pathogen to develop various mechanisms to adapt to the hostile environment of the stomach and
to evade the human immune response (Falush et al. 2003; Linz et al. 2007; Suerbaum and Josenhans

2007; Moodley et al. 2012; Kalali et al. 2014; Tegtmeyer et al. 2016). The outcome of the infection
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is shaped by the interaction of the gastric microbe and the host (strain-specific bacterial factors
and/or inflammatory immune response determined by host genetic diversity) (Kuipers et al. 1995;
Peek and Crabtree 2006).

H. pylori possesses several factors to survive in the stomach, such as urease, or flagella mediated
motility (Ansari and Yamaoka 2019). Urease helps to neutralize the acid in the stomach, bacterial
shape, as well as flagella number, enable to penetrate as well as to move within the mucous to
finally colonize the stomach (Ansari and Yamaoka 2019). Thereby, H. pylori interacts with the host
epithelium, which protects it from the harsh acidic environment and supplies the microbe with
nutrients (Tegtmeyer and Backert 2017). Moreover, the adhesion of the H. pylori to gastric epithelial
cells is essential to deliver bacterial virulence factors to and into the host cells (Wroblewski et al.

2010).

1.1.3.1.1 Adhesion molecules of H. pylori

Bacterial cell-surface proteins, so-called adhesins, allow the adherence of the microbe to the host
cells enabling colonization, persistence of infection, and delivery of virulence factors (Kalali et al.
2014; Ansari and Yamaoka 2019; Wroblewski et al. 2010). Approximately four percent of the
H. pylori genome is encoding for outer membrane proteins (OMPs) (Wroblewski et al. 2010). OMPs
are, for instance, blood group antigen-binding adhesin (BabA), sialic acid-binding adhesion (SabA),
outer inflammatory protein (OipA), H. pylori outer membrane protein Z (HopZ), H. pylori outer
membrane protein Q (HopQ), or other adhesins (Kalali et al. 2014; Javaheri et al. 2016; Ansari and
Yamaoka 2019). OMPs are interacting with receptors expressed on host epithelial cells such as the
di-fucosylated Lewis® and mono-fucosylated glycan found on H1-, A-, B-antigen of blood groups O,
A, and B respectively for BabA, sialyl-dimeric-Lewis x antigen for SabA or carcinoembryonic antigen-
related cell adhesion molecule (CEACAM) for HopQ (Kalali et al. 2014; Javaheri et al. 2016; Ansari
and Yamaoka 2019). OMP expression is associated with gastroduodenal diseases and may enhance

the risk of GC development (Wroblewski et al. 2010).

1.1.3.1.2 The cag pathogenicity island (cagPAl)

The best-studied virulence factors of H. pylori, contributing to the inflammatory response, are
the cag pathogenicity island (cagPAl), cytotoxin-associated gene A (CagA), and vacuolating toxin A
(VacA) (Kalali et al. 2014; Kuipers et al. 1995).

CagPAl, a 40 kb region, encodes proteins for the type IV secretion system (T4SS) (Censini et al.
1996; Kalali et al. 2014). T4SS is a multiprotein machinery forming a syringe-like structure to bind to
the host epithelium and translocate effector proteins such as CagA, peptidoglycan, or soluble LPS

metabolite (heptose intermediate metabolite HBP) into the host cell (Ansari and Yamaoka 2019;
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Stein et al. 2017). CagPAl positive (cagPAl*) H. pylori strains are linked to develop severe gastritis,
atrophic gastritis, and distal GC compared to cagPAl negative (cagPAl’) H. pylori strains (Wroblewski
et al. 2010).

1.1.3.1.3 Type IV secretion system (T4SS) of H. pylori

H. pylori utilizes its T4SS, encoded by cagPAl, to deliver protein across the bacterial membrane
into host cells (Wroblewski and Peek 2013). The core complex of the T4SS, located in the membrane
of H. pylori, is composed of Cag3, CagM, CagT, CagX, and CagY proteins and it is connected to the
extracellular pilus, and produced upon contact with the host cells (Backert and Tegtmeyer 2017).
Thereby, different T4SS proteins, such as Cagl, Cag¥, Cagl, and CagA, are exposed at the pilus
surface, interacting with the integrin asp1 host receptor allowing CagA translocation into the host
cells (Backert and Tegtmeyer 2017). An important factor for the T4SS funtionality is CagE (Shariqg et
al. 2015), since Cagk deficient H. pylori strains induced very low levels of IL-8 secretion resulting in
highly diminshed NF-kB activity compared to wild tpye H. pylori strains (Belogolova et al. 2013;
Mejias-Luque et al. 2017).

1.1.3.1.4 CagA protein of H. pylori

The CagA protein, a 120-140 kDa protein, is translocated into the host cell via the T4SS
(Wroblewski et al. 2010). About 60-70 percent of Western H. pylori strains and almost 100 percent
of East Asian H. pylori strains express the CagA protein (Wroblewski et al. 2010). After translocation,
CagA is phosphorylated by Src family kinases such as c-Src or Abl kinase, resulting in cytoskeleton
rearrangement inducing the so-called hummingbird phenotype, or in activation of diverse signaling
pathways involved in inflammation (AP-1, NF-kB, IL8) (Backert and Meyer 2006; Selbach et al. 2002;
Fischer et al. 2001; Hatakeyama 2009; Hoesel and Schmid 2013).

1.2 NF-kB signaling pathway

Chronic gastric inflammation induced by H. pylori virulence factors or adhesion molecules fuels
the production of transcription factors and cytokines (Ito et al. 2020). Thereby, a prominent pathway
involved in the host response to fight microbial infections is the NF-kB pathway regulating the first
line of defense activated by the innate immune system (Peng et al. 2020).

NF-kB is a transcription factor regulating a vast number of genes involved in various biological
processes such as inflammation, proliferation, immunity, cell death, and cancer, as seen in Figure 4

(Sen and Baltimore 1986; Hoesel and Schmid 2013; Zinatizadeh et al. 2021).
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Figure 4: Target genes of the NF-kB pathway induced upon inflammation development and progression (Liu et al. 2017).
Reprinted with permission from Springer Nature: [Nature (Sig Transduct Target Ther)] (Signal Transduction and Target Therapy 2,
17023; Ting Liu et al.) copyright (2017). (License: Creative Commons CC BY)

The NF-kB protein family comprises two distinct proteins, the NF-kB proteins and the REL family,
sharing a Rel homology domain (RHD), a highly conserved DNA-binding/dimerization domain to
form homo- or heterodimers (Figure 5) (Gilmore 2006; Hayden and Ghosh 2011). The NF-kB/REL
family is composed of five different members: RelA (p65), RelB, c-Rel, NF-kB1 (p105/p50), and NF-
kB2 (p100/p52) (Figure 5) (Oeckinghaus and Ghosh 2009; Sun 2011). As the NF-kB pathway is
involved in numerous pathways, its activity is tightly regulated at different levels (Oeckinghaus and
Ghosh 2009). Primarily, its activity is regulated by the so-called inhibitor of NF-kB proteins (IkB) and
IkB kinase (IKK) complex, which phosphorylates IkBs (Oeckinghaus and Ghosh 2009). NF-kB is
present in all cells as inactive form and thereby mainly located in the cytoplasm bound by IkB

proteins (Shishodia and Aggarwal 2004; Hayden and Ghosh 2011).
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Figure 5: Members of NF-kB/Rel family, IkB family, and the IKK complex family (Hayden and Ghosh 2011).
Different domains of each protein family: RHD, REL homology domain; TAD, transactivation domain; LZ, leucine-zipper domain; GRR,
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Adapted by permission from RightsLink: Springer Nature [Cell Research (Review)] [Cell Research (2011) 21:223-244, Hayden and
Ghosh] copyright (2011). (License Number: 5073100890680, 20.05.21)

The NF-kB signaling pathway is divided into two main signaling arms: the canonical and the non-
canonical NF-kB signaling, regulated by different ligands and receptors (Oeckinghaus and Ghosh

2009).

1.2.1 The canonical (classical) NF-kB signaling pathway

The canonical or classical signaling activation is mediated via Toll-like receptors (TLRs),
interleukin-1 receptor (IL-1R), antigen receptors, and tumor necrosis factor receptor (TNFR)
stimulated through bacterial cell wall components like lipopolysaccharides (LPS), interleukin-1  (IL-
1B), and tumor necrosis factor a (TNFa) (Hoesel and Schmid 2013). The main mechanism for
activation of classical NF-kB signaling is the proteasomal degradation of IkBa that is provoked by
site-specific phosphorylation via the IKK complex resulting in the prompt and transient translocation
of heterodimers (p50/RelA, p50/c-Rel) into the nucleus to induce target gene expression (Gilmore
2006; Liu et al. 2017). The IKK complex is composed of IKKa and IKKB (two catalytic subunits) and a
regulatory part called NF-kB essential modulator (NEMO or IKKy) (Gilmore 2006; Liu et al. 2017). The
classical NF-kB pathway plays an essential role in regulating genes involved in inflammation, cell
proliferation/survival, epithelial-to-mesenchymal transition (EMT), invasion, angiogenesis, and

metastasis (Taniguchi and Karin 2018).
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Figure 6: Activation of canonical/classical NF-kB pathway upon stimulation (Jost and Ruland 2007).

Different stimuli activate the canonical NF-kB pathway. Ligand-receptor interaction leads to the activation of IKK. Thus, IKK
phosphorylates IkB proteins resulting in its proteasomal degradation. The cytoplasmic NF-kB dimer is released and translocates into
the nucleus to induce gene expression. Adapted by permission from RightsLink: Elsevier [Blood (Review in translational hematology)]
(Blood Vol. 109, No. 7, 2700-2707; Philipp J. Jost, Jirgen Ruland) copyright (2007). (License Number: 5082041476659, 04.06.21)

1.2.2 The non-canonical (alternative) NF-kB signaling pathway

The non-canonical or alternative signaling pathway is activated by a defined subset of TNFR
superfamily members such as B-cell activation factor receptor (BAFFR), tumor necrosis factor
receptor 2 (TNFR2), FN14/TWEAK receptor, CD40, lymphotoxin B-receptor (LTBR), CD27, and
receptor activator for nuclear factor kappa B (RANK) (Hoesel and Schmid 2013; Sun 2011; Pflug and
Sitcheran 2020). Upon pathway activation, the processing of p100, NF-kB2 precursor protein, is
induced via IKKa (Liu et al. 2017). A central protein of this pathway is the NF-kB inducing kinase (NIK)
that is kept at low levels under unstimulated conditions via proteasomal degradation (Tegowski and
Baldwin 2018). TNF-receptor-associated factor 3 (TRAF3) is important for keeping NIK at low basal
levels (Tegowski and Baldwin 2018). TRAF3 has no ubiquitinase activity itself and couples NIK to a
degradation complex consisting of TRAF2 and cellular inhibitors of apoptosis 1 (clAP1) and clAP2
(Zarnegar et al. 2008; Tegowski and Baldwin 2018). Upon complex building, NIK gets marked with
K48-linked ubiquitin chains for proteasomal degradation (Tegowski and Baldwin 2018). However,
upon pathway activation, TRAF2/TRAF3/clAP1/clAP2-NIK complex is recruited to the active receptor
(Tegowski and Baldwin 2018). CIAP1/2 marks TRAF2 and TRAF3 with ubiquitin chains resulting in

their proteasomal degradation (Tegowski and Baldwin 2018). Without the degradation complex, NIK
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is quickly accumulating and stabilized, inducing the phosphorylation of the IKKo homodimer, which
subsequently facilitates the phosphorylation of p100, resulting in its proteasomal degradation to
form the mature form p52 (Bauer et al. 2012; Paul et al. 2018; Tegowski and Baldwin 2018). p52
predominantly forms a heterodimer with RelB and translocates into the cell nucleus to induce target
gene expression (Bauer et al. 2012). The non-canonical NF-kB pathway plays a key role in induction
of inflammation and development of secondary lymphoid organs (SLO), thymus, TLO, and B cell
survival, as well as maturation of follicular dendritic cells (Weih and Caamafio 2003; Zhu and Fu

2011; Bauer et al. 2012).
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Figure 7: Activation of non-canonical NF-kB pathway at basal conditions and upon stimulation (Cildir et al. 2016).

NIK is bound by the TRAF2/3/cIAP1/2 complex at basal conditions, leading to its ubiquitination followed by proteasomal degradation
to keep the levels low. At ligand-receptor interaction, this complex is recruited to the receptor. NIK is released to activate IKKa by
phosphorylation that phosphorylates p100 resulting in its proteasomal degradation forming the mature form p52. p52 forms a
heterodimer with RelB and translocates into the nucleus to initiate target gene expression. (Cildir et al. 2016) Reprinted by permission
from RightsLink: Elsevier [CellPress (Trends in Molecular Medicine)] (Trends in Molecular Medicine, Vol. 22, No. 5, 414-429; Gokhan
Cildir, Kee Chung Low, Vinay Tergaonkar) copyright (2016). (License Number: 5082040902688, 04.06.21)
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The LT-LTBR signaling axis

The activation of the non-canonical NF- kB pathway via LT has been linked to the development
of different types of inflammation-driven tumors (Wolf et al. 2010; Bauer et al. 2012; Fernandes et
al. 2016). H. pylori has been shown to induce non-canonical NF-kB signaling in the stomach via LTBR
in a T4SS-dependent manner (Mejias-Luque et al. 2017). In human gastritis samples, activation of
the non-canonical NF-kB pathway was observed by elevated LTB and nuclear p52 staining (Mejias-
Luque et al. 2017) as well as by increased NIK levels (Feige et al. 2018). Still, it is not clear whether
activation of the non-canonical NF-kB is involved in gastric carcinogenesis.

The cytokine lymphotoxin (LT) a, B, and the receptor LTBR are members of the tumor necrosis
factor superfamily, which have a plethora of functions, including lymphoid organ development and
signal via activating the canonical as well as non-canonical NF-kB pathway (Wolf et al. 2010). LTB is
a type Il transmembrane protein anchored in the cell membrane, while LTa can be secreted as a
soluble LTas homotrimer (Wolf et al. 2010). LTas can bind to TNFR1 or 2, thereby activating the
canonical NF-kB pathway (Wolf et al. 2010). LTa and LT form membrane-anchored heterotrimers
like LTazP1 that binds TNFR1 and 2 representing a minor form of LT expressed by T cells and LTaif32
that binds to LTBR (Wolf et al. 2010). LTB, but not LTa, is constitutively expressed in lymphocytes
(Fernandes et al. 2016). An alternative ligand for LTBR is LIGHT, or also called TNFSF14, which also
binds to the herpesvirus entry mediator (HVEM) (Ware 2009; Wolf et al. 2010). LTaiB2 and LIGHT
are expressed by lymphocytes such as T cells, B cells, natural killer (NK) cells, innate lymphoid cells
(ILCs), and dendritic cells (DCs) (Ruddle 2014; Mejias-Luque et al. 2017). In contrast, its receptor,
LTBR, is predominantly expressed by non-lymphocyte populations such as epithelial cells, stromal
cells, DCs, and macrophages, enabling the communication between lymphocytes and stromal cells
and thereby influencing a variety of biological processes (Wolf et al. 2010; Koroleva et al. 2018;
Fernandes et al. 2016). Mice deficient in /ta, Itb, or Itbr genes show no lymph nodes (LN) and Peyer's
patches (PP), demonstrating disrupted architecture of spleen, thymus, and other lymphoid organs
(Koroleva et al. 2018). Moreover, LTBR signaling is also involved in liver regeneration, lipid
homeostasis, high endothelial venule (HEV) differentiation as well as in protection against
atherosclerosis (Fernandes et al. 2016). Thus, the deregulation of the LTBR/LT axis is involved in
autoimmune and inflammatory diseases like rheumatoid arthritis, Sjogren's syndrome, autoimmune

pancreatitis, hepatitis, colitis, and cancer (Fernandes et al. 2016).

1.2.3 GC and the canonical NF-kB signaling

As mentioned above, the NF-kB pathway is involved in cell proliferation and apoptosis and is

mainly activated during inflammation and cancer (Shishodia and Aggarwal 2004). Sasaki et al.
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showed constitutive activity of the canonical NF-kB signaling in GC tissue by detecting increased
nuclear RelA and/or NF-kB1 translocation via EMSA and immunohistochemical analysis (Sasaki et al.
2001). Similar results could be observed in the human GC cells, HTB-135 cells, stimulated with IL-1
(Sasaki et al. 2001). The NF-kB activity showed an association with the size of the tumor, lymphatic
invasion, invasion depth, and peritoneal metastasis in GC patients analysed (Sasaki et al. 2001). This
may indicate that NF-kB activity is associated with the aggressiveness of GC (Sasaki et al. 2001).

In contrast, Lee et al. indicated that the NF-kB activation via nuclear RelA expression was more
enhanced in early-stage GC and negatively correlated with lymphatic invasion (Lee et al. 2005). In
their study, GC patients positive for NF-kB activation demonstrated a better prognosis than patients
showing no NF-kB activation (Lee et al. 2005). Additionally, NF-kB activity was positively linked to
Akt protein expression in gastric tumor samples, which is involved in apoptosis and cell cycle
progression (Lee et al. 2005). Similar results were reported by Wu et al. that NF-kB activity was
linked to tumor invasion and induced expression of MMP-9 and pro-inflammatory cytokines, which
were even more elevated upon H. pylori infection resulting in the expression of IL-1p as well as IL-8
secretion (Wu et al. 2007). In this study, the application of an NF-kB inhibitor, caffeic acid phenethyl
ester (CAPE), an active anti-inflammatory component of propolis, diminished the MMP-9 expression
and IL-8 secretion by blocking NF-kB activity and reducing the invasive phenotype of AGS cells (Wu
et al. 2007). Huang et al. showed that NF-kB1 is a direct target of miR-508-3p which was
downregulated in GC (Huang et al. 2016). Overexpression of miR-508-3p in GC cells reduced the
expression of NF-kB1 and RelA, lowering the proliferative and invasive capacities by inhibiting MMP-
9 expression in vitro (Huang et al. 2016). Li et al. illustrated that polymorphisms in NFKBI encoding
p50 (rs3755867 locus) and NFKBIA coding for IkB gene (rs696 locus, rs2233406 locus) showed an
association with increased GC susceptibility (Li et al. 2017). In line with this observation, O'Reilly et
al. showed that NF-kB1 acts as a tumor suppressor in GC, as loss of NF-kB1l-dependent STAT1
upregulation induced inflammation as well as elevated expression of immune checkpoint regulators
(O'Reilly et al. 2018). Thus, mice deficient in p50/p105-NF-kB1 (Nfkb1”/-) showed pathologies in the
stomach at the age of six months that initially showed diffuse gastritis in antrum and corpus of the
stomach; one-year-old Nfkb17- mice showed lymphocytic infiltrates, chronic mucosal
damage/repair, elongated/branched gastric pits and elevated gastric epithelial proliferation
(O'Reilly et al. 2018). Interestingly, 95 percent of 18 months old mice deficient in NF-kB1 developed
macroscopic gastric adenocarcinomas (O'Reilly et al. 2018). RNAseq data showed that the lack of
NF-kB1 led to abnormal JAK-STAT signaling resulting in a sterile inflammation, increased antigen
presentation and immune checkpoint expression linked to aberrant STAT1 activity (O'Reilly et al.

2018). Similar results were described by Burkitt et al. using Nfkb17/- mice which developed

28



Introduction

spontaneous gastric atrophy by housing them for 12 months in a conventional animal facility or after
short-term H. felis infection (Burkitt et al. 2013). This may indicated that NF-kB1 is protective against
gastric pathologies by preventing aberrant JAK-STAT signaling (O'Reilly et al. 2018; Burkitt et al.
2013). As mentioned previously, H. pylori infection can induce chronic gastric inflammation and
thereby increases GC development (Peek and Crabtree 2006). The bacteria-induced inflammation
leads to the secretion of IL-8 via activation of the NF-kB pathway dependent on the presence of

certain virulence factors such as cagPAl island but independent of CagA (Peek and Crabtree 2006).

1.2.4 The non-canonical NF-kB and NIK in GC

The activation of the canonical NF-kB pathway in H. pylori-induced gastric pathologies is already
well established; however, only a few data focusing on the contribution of the non-canonical NF-kB
pathway during H. pylori-induced inflammation are available (Mejias-Luque et al. 2017). The
expression of LTB, a specific ligand activating the alternative NF-kB pathway by binding to LTBR, was
found to be increased in H. pylori-induced gastritis as well as in gastric tumor samples compared to
healthy stomach tissue specimens (Mejias-Luque et al. 2017). H. pylori infection upregulated the
MRNA expression levels of LTB as well as p100 to p52 processing in infected mice and GC cells
(Mejias-Luque et al. 2017). This induction was T4SS-dependent but CagA-independent, since H.
pylori CagE mutants, lacking a functional T4SS, were unable to induce LT expression or activate the
pathway (Mejias-Luque et al. 2017). Blockage of LTBR signaling by treating infected animals with
LTBR-Ig resulted in a higher gastric bacterial load leading to a reduced gastric inflammation
accompanied by a lower number of infiltrating T/B cells, diminished nuclear RelB translocation as
well as reduced expression levels of KC, CXCL10, CCL20, and CCL2 in the stomach (Mejias-Luque et
al. 2017). In line with these observations, Burkitt et al. showed in Nfkb2 7~ mice infected with H. felis
high bacterial load accompanied with low parietal cell loss, no change in mucosal thickness, and
reduced gastric inflammation compared to WT infected mice (Burkitt et al. 2013). The activation of
the pathway by applying an LTBR agonist (ACH6) in H. pylori-infected mice reduced the gastric
bacterial load leading to a higher gastric inflammation (slightly lower CD3* cells, no change in CD4*
or F480* cells, more B cells, higher expression of CXCL13, LIGHT, ICAM, and CCL2) compared to
infected control mice (Mejias-Luque et al. 2017). Along with these results, Ishikawa et al. showed in
a mouse model lacking the COOH-terminal ankyrin domain of NF-kB (p1007°) but still having the
functional domain p52 present, increased proliferation as well as gastric hyperplasia leading to early
postnatal death (Ishikawa et al. 1997; Merga et al. 2016).

The canonical and non-canonical NF-kB pathways have many cross regulatory mechanisms

(Basak and Hoffmann 2008). For instance, TNFa stimulation in GC cells resulted in an increased LTB
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expression, and the application of a human IKK2 inhibitor (TPCA-1) lowered A20 as well as LTB
expression levels and reduced the p100 expression levels while processing levels were unchanged
due to increased LIGHT expression (Mejias-Luque et al. 2017). The absence of the adaptor molecule
myeloid differentiation primary response 88 (MyD88), which is a crucial molecule in the
inflammatory pathways in IL-1/IL-18/TLR signaling, led to enhanced gastric pathology upon H. felis
infection in mice (Myd88”") (Banerjee et al. 2014; Mejias-Luque et al. 2019). H. felis infected
Myd88 ~/- mice showed increased LIGHT expression activating the non-canonical NF-kB pathway
resulting in increased Cxc/9 and Icam1 expression, increased Stat3 signaling, and a higher T cell
infiltration developing augmented gastric pathologies compared to WT infected mice (Mejias-Luque
et al. 2019).

NIK, a key protein of the non-canonical NF-kB pathway, is important for activating the pathway
(Sun 2012; Pflug and Sitcheran 2020). NIK, which can interact with the canonical NF-kB pathway, is
indispensable for activating the alternative NF-kB pathway as shown in a NIK deficient mouse model
(NIK”") (Shinkura et al. 1999; Yin et al. 2001). NIK/- mice showed abnormal lymphorgan
development, as these mice were lacking in all lymph nodes, and did not establish Peyer’s patches,
indicating its importance in lymphorganogenesis and architecture of the spleen and thymus (Yin et
al. 2001). Regarding its role in cancer, different studies already highlighted the involvement of NIK
in carcinogenesis (Paul et al. 2018). In solid tumors, like head and neck cancer, breast cancer,
pancreatic cancer or ovarian cancer, NIK dysregulation or aberrant non-canonical NF-kB signaling
activation can induce increased cell proliferation, invasiveness, stemness, and tumorigenicity
favouring cancer progression (Das et al. 2018; Vazquez-Santillan et al. 2016; Wharry et al. 2009; Uno
et al. 2014; Pflug and Sitcheran 2020). In GC cells, transfection with kinase-deficient NIK led to
inhibition of the NF-kB pathway upon infection with H. pylori (Maeda et al. 2000). TRAF2 and TRAF6
were needed to activate NIK in GC cells (Maeda et al. 2000). These studies indicate the importance
of NIK in activating the non-canonical NF-kB upon infection (Maeda et al. 2000). Similar results have
been postulated by Feige et al., showing higher non-canonical NF-kB signaling activity (increased
expression of the key protein of the pathway, NIK) in patient samples with H. pylori-induces gastritis

compared to healthy controls (Feige et al. 2018).

The NF-kB signaling is a very complex network in carcinogenesis, and hence it is essential to
elucidate different aspects of NF-kB signaling, its interaction partner, and upstream regulators
(Bricher et al. 2019) in order to shed more light on the role of this signaling axis, especially in terms

of GC.
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1.3 Aim of the study

In the present study, the aim was to decipher the role of the non-canonical NF-kB pathway, more

precisely, the LT/LTBR signaling axis during gastric carcinogenesis.

Previous data have shown that different H. pylori virulence factors are involved in activating the
non-canonical NF-kB pathway (Mejias-Luque et al. 2017). So far, the adhesion molecule, HopQ,
which binds to CEACAM receptors expressed on gastric epithelial cells and is involved in the T4SS-
dependent CagA translocation as well as in IL-8 secretion (Javaheri et al. 2016), was not investigated
regarding its impact on the non-canonical NF-kB pathway upon H. pylori infection. Therefore, the
first objective was to determine whether the adhesin HopQ influences the activation of the non-

canonical NF-kB signaling.

The activation of the LT/LTBR signaling axis has been linked to carcinogenesis in different organs
(Fernandes et al. 2016). However, its impact on GC development has not been completely shown.
To investigate whether stomach-specific lymphotoxin overexpression and hence, activation of the
non-canonical NF-kB pathway via the LTBR signaling is sufficient to induce gastric carcinogenesis,
a new mouse model expressing lymphotoxin under the control of the H*/K*-ATPase promotor was
generated and analysed at different time points. Moreover, a three-dimensional (3D) cell cultivation
system from adult stem cells of primary human stomach tissue was established, representing an
emerging approach to more closely mimic the in vivo situation (Bartfeld 2016; Alzeeb et al. 2020).
This approach was used to verify whether stimulation of human gastric organoids with ligands,

LTau 2 or LIGHT, activating the non-canonical NF-kB pathway induces changes in growth.

NIK kinase is a key protein of the non-canonical NF-kB pathway (Sun 2011), which has been
shown to be upregulated in gastric tumors. However, no data on the role of NIK in GC are available.
By depleting NIK expression in GC cells, the impact on the tumorigenic potential of GC cells was

explored.
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2 Material and Methods

2.1 Applied laboratory equipment, reagents, solutions, substances, and

cell culture media/supplements.

Table 1: List laboratory equipment used.

APPARATUS

COMPANY

Agarose Gel chamber

C100 Touch thermal cycler
Centrifuge 5415D

CERO 3D cell incubator

CFX384 Real-Time System

Cooling Plate COP30

Fine Balance (max: 120g, d~0.0001g)

Forma Series Il Water Jacket CO: incubator, bacteria incubator

Freezer -20, Premium
Freezer -80 Hera Freeze basic

Fridge, Premium

Gel-Blotting Paper 580x600mm, 195g/m? (100Bg.)

Heating plate/magnetic stirrer

Hemocytometer, Neubauer improved (0.100 mm, 0.025 mm?)

Hera cells 240 incubator, cell culture incubator
Hera Safe Bio-Flow cell culture

Heraeus Biofuge Primo centrifuge

Heraeus Megafuge 40R centrifuge
Homogenizer ultra-Turrax IKA T10 basic

Ice machine CoolNat (S-No. 174279)

MaxWell RSC48

Microtome RM2245

Microwave

Mini Gel Tank

Mini shaking oven, hybridization open; OV3
Molecular Imager Gel Dox XR+ (Eagle Eye)
NIKON eclipse TS-100 microscope

pH-meter, FIVEeasy

PowerPac (WB)

PowerPac 200 (Agarose Gel)

Precellys 24, lysis & homogenization
Rocker-shaker MR-12

Slide scanner Olympus BX61VS OVK-S5-00036FL
Sunrise plate reader

Thermomixer compact (block heater)

Bio-Rad Laboratories
Bio-Rad Laboratories
Eppendorf

OMNI Life Science (OLS)
Bio-Rad Laboratories

medite Medizintechnik
ScalTec

Thermo scientific

Liebherr

Thermo fisher

Liebherr

A. Hartenstein (#GB58)

ARE VELP Scientifica
Marienfeld superior Germany
Thermo electorn corporation
Hera Instruments

Thermo Electron corporation
Thermo Fisher Scientific

IKA

Ziegra Eismaschinen
Promega

Leica

iCES

LifeTechnologie

Biometra

Bio-Rad Laboratories

NIKON

Mettler Toledo

Bio-Rad Laboratories
Bio-Rad Laboratories

Peglab Biotechnologie GmbH
BioSan

Olympus

Tecan

Eppendorf
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Tissue Flotation Bath TFB35

Trans-Blot Semi-Dry Transfer Cell
Ultrasonic water bath, SONOREX DIGITEC
water bath

WB detection machine

XcitaBlue Conversion Screen

Table 2: List of consumables used.

medite Medizintechnik
Bio-Rad Laboratories
Bandelin

GFL

INTAS Science Imaging

Bio-Rad Laboratories

CONSUMABLES ORDER NUMBER COMPANY
10 cm culture dish 430293 Corning
10 cm petri dish, not treated 10720052 Falcon
12-well plate 353043 Falcon
15 mL falcon 188271 Greiner Bio-one GmbH
25 cm? flask 7696781 Labsolute — Th. Geyer GmbH & Co. KG
48-well plate 353047 Falcon
50 mL falcon 210261 Greiner Bio-one GmbH
6-well plate 353046 Falcon
75 cm? flask 7696782 Labsolute — Th. Geyer GmbH & Co. KG
96-well plate (flat bottom) 351172 Falcon
96-well plate (round bottom) 353077 Falcon
96-well plate (V bottom) 9-22 Kuhnle
96-well plate, block, clear bottom 3603 Costar Corning
96-well plate, flat bottom, maxi sorb 260836 Thermo Fisher
Ab diluent SignalStain 8112L Cell Signaling Technology

CCKS8 (cell counting kit)

Cell scraper M, L=30 cm
ClarityTM Western ECL substrate
Cotton Buds ROTILABO wood, 5 mm

DNA-free™ KitDNase Treatment and Removal

Reagents (10x DNase | buffer, rDNase |
(2 units/pL), DNase Inactivation Reagent)

dNTP mix (each dA/dC/dG/dT TP, 10 mM in

water)

GenElute™ Mammalian Total RNA Miniprep Kit

GoTaq® gPCR Master Mix

Hydrogen peroxidase solution (30 percent) in

H20, contains stabilizer
Inoculation loop, 10 pL
Lipofectamine 2000 Reagent
L-shaped spreaders

MaxWell RSC simply RNA tissue kit

M-MLV Reverse Transcriptase, RNase H Minus,

Point Mutant (50.000 units)
includes M-MLV RT 5x buffer

M-MLV RT 5x buffer (5x 1 mL)

96992-100TESTS-
F

99003
170-5061
EH11.1
AM1906

U1515

RNT350-1KT
A6002
H1009-100 mL

612-9358
11668-019
612-1561
AS1340
M3683

M531A

Sigma

TPP Techno Plastic Products AG
Bio-Rad Laboratories

Carl Roth GmbH & Co. KG
Ambion by Life Technologies

Promega

Sigma-Aldrich
Promega

Sigma

VWR
Invitrogen
VWR
Promega

Promega

Promega
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PCR tube stripes with lid (8 tubes) G003-SF Kisker Biotech GmbH & Co. KG
Pierce ECL Western Blotting substrate 32106 Thermo Scientific

Plastic pipettes (10 mL, sterile) 607180 Greiner Bio-one GmbH
Plastic pipettes (25 mL, sterile) 760180 Greiner Bio-one GmbH
Plastic pipettes (5 mL, sterile) 606180 Greiner Bio-one GmbH
;ci);\;llal;ir:‘i.lr;fs;t/i;r;jtransfection Reagent TR-1003-G Sigma-Aldrich
PureYield™ Plasmid Midiprep System A2495 Promega

PureYield™ Plasmid Miniprep System Al1222 Promega

Recombinant Human LIGHT (TNFSF14) 664-L1-025 R&D Systems
Recombinant Human Lymphotoxin (LTa1f2) 678-LY R&D Systems

Restore PLUS Western Blot Stripping buffer 46430 Thermo Scientific
SignalStain DAB-Substrate Kit 8059S Cell signaling Technology
Wizard® SV Gel and PCR Clean-Up System A9281 Promega

40 percent Acrylamide/Bis Solution 37.5:1 1610148 Bio-Rad Laboratories

Combitips advanced, 0.1 mL
2.0 mL microtubes, CapLock

0.5 mL microtubes, CapLock

0030.089.405
96.10834.9.01
96.10833.9.01

Eppendorf AG

TreffLab — Nolato Treff AG
TreffLab — Nolato Treff AG

Albumin (BSA) Fraction V (pH 7.0) A1391,0500 AppliChem
1.2 mL cryo tube 7696651 Labsolute — Th. Geyer GmbH & Co. KG
Amersham Protean 0.45 NC nitrocellulose 10600002 GE Healthcare Life Science

Western blotting membranes (300mm x 4m)
96.08668.9.01 TreffLab — Nolato Treff AG

430165

1.5 mL microtubes, CapLock

3.5 cm dishes Corning

Table 3: List of buffers

BUFFERS AMOUNT OF INGREDIENTS

For1L:

5.6 mM NazHPO4 (0.795 g)

8.0 mM KH2PO4 (1.089 g)

96.2 mM NaCl (5.622 g)

1.6 mM KCI (0.1193 g)

43.4 mM Sucrose (14.86 g)

54.9 mM D-sorbitol (9.998 g)

0.5 mM DL-Dithiothreitol (0.0771 g)

dissolved in 800 mL dH20, adjust pH at 7.0 and filled up to
1L; stored at 4°C

For1L:

» 500 mM Tris ultra-pure (60.5 g)
» 1.5M NaCl (87.6 g)

dissolved Tris/NaCl in about 800 mL dH20 and adjusted pH
at 7.5 with HCI; filled up to 1 L, stored at RT
For1L:

» 100 mL TBS 10x
diluted with 900 mL dH20 and added 1 mL (0.1 percent)
Tween20; stored at RT
For1L:

» 137 mM NacCl

Chelation buffer

VVYVYVYVY

10x TBS

1x TBS-T

10x PBS
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» 2.7mMKCl
» 100 mM NazHPO4*2H20
» 2mM KH2PO4

dissolved in 800 mL dH20 and adjusted pH at 7.4 with HCl;
filled up to 1 L, stored at RT
For1L:

» 100 mL PBS 10x
diluted with 900 mL dH20 and added 1 mL (0.1 percent)
Tween20; stored at RT
For 250 mL:

» 12.5 g milk powder
dissolved filled with TBS-T to 250 mL, stirred and stored at
4°C.
For 50 mL:

> 2.5gBSA
Dissolved with TBS-T, stirred and stored at 4°C; only use for
max. 1 week.
For1L:

> 181,71g
dissolved with 800 mL dH:0, pH adjusted at 8.8, filled up to
1L, stirred, and stored at RT
For1L:

> 60.57¢g
dissolved with 800 mL dH:0, pH adjusted at 6.5, filled up to
1L, stirred, and stored at RT
For1L:

> 121.14g
dissolved with 800 mL dH-0, pH adjusted at 7.4, filled up to
1L, stirred, and stored at RT
For 0.5 L:

» 1.5 M Tris ultra-pure; pH 8.8
» 0.4 percent of SDS

filled up with dH20 to 0.5 L; stored at RT

For 0.5 L:

» 0.5 M Tris ultra-pure; pH 6.5
» 0.4 percent of SDS

filled up with dH20 to 0.5 L; stored at RT

For 50 mL:
> 250 mM TRIS pH 6.8 (12.5 mL of 1 M TRIS)
» 6 percent SDS (3 g)
» 10 percent of glycerol (5 mL)
» 0.01 percent of bromophenol blue

filled up with dH20 to 50 mL
1x SDS lysis buffer, ready to use Add 0.5 mL 1 M DTT to 9.5 mL lysis buffer before use.

For 250 mL:

» 50 mM TRIS ultra-pure; pH 7.4

» 1 percent of NP-40 (Igepal = NP-40 substitute)
Ripa buffer stock » 150 mM NaCl

» 0.25 percent DOC

» 1mM EGTA

mixed well and filled up to 250 mL with dH-0.

1x PBS-T

five percent milk in TBS-T

five percent BSA in TBS-T

1.5 M Tris pH 8.8

0.5 M Tris pH 6.5

1MTrispH7.4

Separating gel buffer

Stacking gel buffer

SDS lysis buffer stock

Ripa buffer, ready to use » 10 mL of Ripa buffer
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4x SDS lysis buffer

ten percent APS

1M DTT

Table 4: List of used substances.

» 1 tablet of protease + phosphatase inhibitor

mixed well, aliquoted, and stored at -20°C until usage.

For 100 mL:

> 250 mM Tris ultrapure (pH 6.8)
> 8 percent (w/v) of SDS

» 40 percent (v/v) of glycerol

» 20 percent (v/v) of B-mercaptoethanol
> 0.2 percent (w/v) of bromophenol blue

mixed well and filled up to 100 mL with dH20

For 100 mL:

» 10g ammonium persulfate

dissolved in dH20, prepared 0.5 mL aliquots, and stored at

-20°C.
For 100 mL:
> 15,43g

dissolved in dH20, prepared 0.5 mL aliquots, and stored at

-20°C.

SUBSTANCES ORDER NUMBER COMPANY
Agarose, BioReagent for molec. Biology A9539-500G Sigma
Ammonium Persulfate (APS) A3678-25G Sigma
BenchTop 100 bp DNA ladder G829B Promega
BenchTop 1kb DNA ladder G754A Promega
Bromophenol Blue Sodium Salt B8026-5G Sigma
Cell titre glo 3D reagent, cell viability assay G968A Promega
Chloroform 288306-100mL Sigma
E(C))cmktp;;elte Tablets, Mini EDTA-free, EASYpack protease Inhibitor 04 693 159 001 Roche
Dimethyl Sulfoxide (DMSO) for cell culture A3672,0250 AppliChem
DL-Dithiothreitol (DTT) D9779 Sigma
Doxycycline, Hyclate 342385-1GM Millipore
D-sorbitol S$6021 Sigma
Ethanol absolute, molecular biology grade A3678,1000 AppliChem
Ethylenediaminetetraacetic acid (EDTA) E9884-100G Sigma
Glycerol 3783.2 Roth
Glycine 0079.4 (2,5 kg) Roth
KCl 6781.1 Roth
KH2PO4 P018.1 Roth
Methanol 106002 Merck
MG132 proteasome inhibitor, Ready-made solution M7449-200UL Sigma
Na:HPO4 T876.1 Roth
NacCl 3957.4 Roth
NaOH 9356.1 Roth
PhosSTOP EASYpack phosphatase Inhibitor Cocktail 04 906 837 001 Roche
Powdered milk, blotting grade T145.3 Roth
Precision Plus Protein Dual Color Standards 161-0374 Bio-Rad Laboratories
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ROTI-GelStain 3865.2 (5x1mL) Roth
Sodium Dodecyl Sulfate (SDS), pellets CN30.2 Roth
Staurosporine, from Streptomyces sp. S4400-1MG Sigma
Sucrose 1076875000 Millipore
Temed (N, N, N', N’-Tetramethylethylenediamine) T9281-100ML Sigma
Thiazolyl Blue Tetrazolium Bromide, approx. 98 percent TLC (MTT) | M2128-1G Sigma
TPCA-1 T1452-1MG Sigma
TRIS ultra-pure A1086,1000 AppliChem
Trypan Blue Stain (0.4 percent) 15250-061 Gibco
TWEEN® 20 Molecular biology grade A4974,0500 AppliChem
B-Mercaptoethanol (cell culture grade) M3148 Sigma

Table 5: List of applied media and supplements.

MEDIA AND SUPPLEMENTS ORDER NUMBER COMPANY

[Leu-15] Gastrin-I (human) G9145 Sigma
0.05 percent Trypsin-EDTA (1x) 25300-054 (100 mL) Gibco
Advanced DMEM/F12 cell culture medium (DMEM/F12 12634 -010 (500 mL) Gibco
advanced)
B27 supplement (50x) 17504-044 Gibco
Collagen |, Bovine 5mg/mL A10644-01 (10 mL) Gibco
fcz::rtr;igg® Matrigel Basalmembranematrix with reduced growth 340269 VWR
Dulbecco's Modified Eagle Medium (DMEM) 41965-039 (500 mL) Gibco
EGF (recombinant, murine) PMG8043 Gibco
Foetal Bovine Serum (FCS) | 12133C-500 mL Sigma
heat inactivated
Glutamax 35050-079 Gibco
HEPES 15630-056 Gibco
Human FGF-10 100-26-100UG PEPROTech
Iscove's Modified Dulbecco’s Medium (IMEM) Medium 21056-023 Gibco
N2 supplement (100x) 17502-048 Gibco
N-Acetyl-L-cysteine A9165-5G Sigma
Nicotinamide N3376-100G Sigma
Normocin ant-nr-1 (10x 1 mL) InvivoGen
Opti-Mem | (1x) Reduced Serum Medium 31985-070 (500 mL) Gibco
p38i (SB 202190) $1077 Selleckchem
Penicillin (5000 units/mL)/Streptomycin (5000 ug/mL) (P/S) 15070-063 (100 mL) Gibco
Phosphate Buffered Saline (PBS) pH 7.4 (1x) 10010-015 (500 mL) Gibco
Plasmocure ant-pc (100 mg; 1 mL) InvivoGen
TGFRi (A83-01), 10 mg 2939 Tocris

TrypLE™ Express Trypsin for organoids
Y-27632 dihydrochloride (Rho Kinase Inhibitor)

12605028
Y0503

Thermo Scientific

Sigma
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Table 6: List of bacterial culture media.
BACTERIAL CULTURE MEDIA

Luria-bertani (LB) media 20 g/L Lennox-L-Broth (Gibco), autoclaved

Vancomycin, Amphotericin B, Cefsulodin, Trimethopimlactat

Dent supplement (0x0ID)

Horse Serum Invitrogen

36 g BHI (MP Biomedicals), 0.25 percent (w/v) yeast extract, five

Brain Heart Infusion (BHI) media percent (v/v) FCS, 1 L acqua

Wilkins-Chalgren (WC)-Dent blood agar 21.5 g WC-agar, 50 mL inactivated horse serum, 0.4 g potassium
plates nitrate, Dent

W(C-Dent blood agar plates were supplemented with one percent
WC-Dent special blood agar plates (v/v) of "special" supplement comprising further antibiotics (200
g/ml bacitracin, 10 g/ml nalidixic acid, 3 g/ml polymycin B)

H. pylori Freezing media 20 percent glycerol, BHI media plus 20 percent FCS
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2.2 Cell culture

2.2.1 Cell lines and their cultivation

GC cells were purchased from ATCC or JBRC (Table 7) and cultivated in DMEM supplemented
with ten percent (v/v) FCS, one percent (v/v) penicillin/streptomycin (P/S), and Normocin
(InvivoGen, #ant-1) under humidified conditions at 37°Celsius (°C) and five percent (v/v) CO; (Hera
cells 240 incubator). All GC cells were tested for mycoplasma contamination. Cells were splitted

once per week in a ratio of 1:4 - 10 depending on their growth behaviour (Table 7).

Table 7: List of GC cells used (American Type Culture Collection; Swiss Institute of Bioinformatics).

CELL LINES COMPANY/NUMBER ESTABLISHED BY SPLIT RATIO
AGS ATCC CRL-1739 Barranco, SC.; in 1979 1:10
Kato Il ATCC HTB-103 Sekiguchi, M.; in 1978 1:10
MKN7* JCRB1025 Hojo, H.; in 1989 1:5
MKN28* JCRB0253 Hojo, H.; in 1989 1:10
MKN45 JCRB0254 Hojo, H.; in 1989 1:10
NCI-N87 ATCC CRL-5822 Park, J.; in 1976 1:4-8
NUGC-4 JCRB0834 Akiyama, S.: in 1993 1:6-10
SNU1 ATCC CRL-5971 Park, J.; in 1984 1:5-8
St2957* CVCL_9557 Vollmers, HP et al.; in 1993 1:10
St3051* CVCL_9558 Vollmers, HP et al.; in 1993 1:10

*cells are contaminated with different cells.

2.2.2 Propagation of cell lines

Cells were split at least once a week to keep them in the exponential growth phase. To do so, cell
culture medium was discarded, washed once with PBS, and cells were incubated with trypsin
(two mL) for three to five minutes at 37°C to detach them from the flask bottom. The enzymatic
activity of trypsin was stopped by using six mL of medium containing ten percent (v/v) FCS. The cell
suspension was transferred to a 15 mL centrifugation tube and centrifuged (five minutes at 1000
rpm). The pellet was resuspended in 1 mL medium and seeded in a new T75 cell culture flask (split

ratio Table 7).

2.2.3 Cell counting

To determine the cell number, cells were processed as described in 2.2.2. Ten uL of the cell
suspension is mixed with 90 pL of trypan blue. Ten pL of the cell-trypan blue mixture is transferred
to a hemocytometer. The cell number is determined by counting four big squares. The cell number

per mL is calculated by using the following equation:
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cell number counted cell number o
- = 2 x 10* x 10 (dilution factor)

2.2.4 Cell Freezing

For cell freezing, cells were grown to full confluency (80 to 90 percent) in a T75 flask. Cells were
processed as described in 2.2.2. The pellet was resuspended in an appropriate volume of media to
achieve a concentration of one million cells/mL. 100 pL of DMSO were filled in a 1.5 mL cryotube.
Next, 900 L of the cell suspension was added to the cryotube and immediately stored at -80°C. For

long-term storage, cryotubes were transferred into liquid nitrogen tanks.

2.2.5 Cell thawing

For cell thawing, a cryotube was taken from the —80°C freezer or liquid nitrogen tank and thawed
quickly until only a small lump of ice was left over. Meanwhile, a 15 mL tube was filled with 5 mL of
fresh culture medium (four°C) containing FCS. Thawed cells (1 mL) were transferred to a 15 mL tube
and centrifuged (five minutes/1.000 rpm). The pellet was resuspended in one mL medium and
transferred into a T25 flask containing five mL culture medium. Twenty-four hours later, the
medium was exchanged to remove residual DMSO. Cells were propagated and split as described in

2.2.2.

2.3 Down modulation of NF-kB inducing kinase (NIK)

2.3.1 CRISPR/Cas9n knockdown of NIK

We used the CRISPR/Cas9 nickase (Cas9n) technology to knockdown endogenous NIK in GC cells.
Cas9n is a D10A mutant of SpCas9 that introduces a single-strand break in the target DNA (Loureiro
and da Silva 2019; Valenti et al. 2019); however, by applying two Cas9 nickases, the specificity of

the genome editing can be increased, and off-targets are less (Valenti et al. 2019).
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Figure 8: CRISPR/Cas9n strategy (Ran et al. 2013)

Adapted by permission from RightsLink: Elsevier [Cell] (Cell, 154, 1380-1389, F. Ann Ran, Patrick D. Hsu, Chie-Yu Lin, Jonathan S.
Gootenberg, Silvana Konermann, Alexandro E. Trevino, David A. Scott, Azusa Inoue, Shogo Matoba, Yi Zhang, Feng Zhang) copyright
(2013). (License Number: 5082050612287, 04.06.21)
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For this purpose, two guide RNAs (gRNAs) were synthesized to target the functional region of
NIK, which is located in exon 7 (Table 8). The gRNA sequence starts at 5 CACC-
GNNNNNNNNNNNNNNNNNNN (19) and the reverse at 5 AAAC-
NNNNNNNNNNNNNNNNNNN(19)C. Both were generated by using the Benchling website. The
gRNA needs an additional 5'G (marked in grey in Table 8), if not already present in the sequence for
the RNA pollll transcription, and is located next to a protospacer adjacent motif (PAM) sequence

(Gokcezade et al. 2014). gRNAs are inserted via two Bbsl restriction enzyme sites, which are located

after the U6 promotor region and before the sgRNA scaffold (Gokcezade et al. 2014).

Table 8: List of guide RNAs and sequencing primers.

GUIDE RNAs (gRNAs) FORWARD SEQUENCE REVERSE SEQUENCE

nickNIKex7aA
nickNIKex7aB
nickNIKex7bA
nickNIKex7bB
nickNIKex7cA
nickNIKex7cB

CACC GGCCTGGCCCAGGTAGTACA
CACC GTCGTGAGTGGAGGTATTCCA
CACC GCATGCAGAATCCTTCGTGAG
CACC GGGCCTTACCTTTGACGTCC
CACC GAGTACAGGGCCCGGTCCTCT
CACC GTCGTGAGTGGAGGTATTCCA

AAAC TGTACTACCTGGGCCAGGCC
AAAC TGGAATACCTCCACTCACGAC
AAAC CTCACGAAGGATTCTGCATGC
AAAC GGACGTCAAAGGTAAGGCCC
AAAC AGAGGACCGGGCCCTGTACTC
AAAC TGGAATACCTCCACTCACGAC

U6 primer ACT ATCATATGCTTACCGTAAC -

Sequencing primer GTGACCCTG CTTTCCACT G AGA GGA GATCAG ACA GGA TGG
VECTOR CATALOG # COMPANY

pX335-U6-

Chimeric_BB-CBh- 42335 Add

hSpCas9n(D10A) gene

(Le Cong et al. 2013)

Designed gRNAs were first annealed (Table 9) by incubating for 30 minutes at 37°C, five minutes
at 95°C, and ramp down to 25°C at 1.5°C/minute. Oligos were stored at -20°C or further used to
insert them into the Bbs/ digested pX335-U6-Chimeric vector. Before ligation, the pX335 vector was
digested by incubating Bbs/ for one hour at 37°C (Table 10). Afterward, the digested vector was
purified using the Promega Wizard SV gel & PCR clean-up kit according to the manufacturer's
instructions. Next, the annealed oligos were ligated into the digested vector and incubated for two

to three hours at RT (Table 11).

Table 9: Oligo annealing reaction for gRNAs.

REAGENTS VOLUME [pL]
100 uM Oligo1 (for example, aA fwd.) 1
100 uM Oligo2 (for example, aA rev.) 1
adenosine triphosphate (ATP) 1
10x T4 ligation buffer (NEB, #B0202S) 1
H20 6
total 10
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Table 10: Vector digestion with Bbsl.

REAGENTS VOLUME [pL]
1 pg pX335-U6-chimeric vector X
Bbsl (NEB, #R0539) 1
10x Buffer 2.1 (NEB, #B7202) 2
H20 X
Total 20

Table 11: Ligation reaction for inserting annealed gRNA in digested pX335 vector.

REAGENTS VOLUME [pL]
digested pX335-U6-chimeric vector 1
annealed gRNA (1:10 diluted, for example: aA) 6
ATP 1
T4 DNA Ligase (NEB, #M0202) 1
10x T4 ligation buffer (NEB, #B0202) 1
Total 10

Subsequently, two pL of the ligated vector were transformed into competent DH5alpha Escherichia

coli (E. coli) as described in section 2.8.1. The next day, single colonies were picked to perform a U6

screening by PCR (using U6 forward primer and reverse primer of used oligo). For PCR, only a bit of

the bacterial colony was taken up with a tip and dipped into the master mix (Table 12 and Table 13).

The PCR product was separated on a two percent agarose gel. A band at around 250 bp was

expected for the successful insertion of the gRNA into the vector.

Table 12: Master mix for screening for PCR.

REAGENTS VOLUME [pL]
Green Taq polymerase 12.5
U6 fwd. (1:10 diluted) 1
Oligo rev. (1:10 diluted 1
H20 10.5
Total 25

Table 13: Thermal cycle program for screening PCR.

THERMOCYCLER STEPS TEMPERATURE [°C] TIME [min:sec]
Initiation 95 05:00
Denaturation 95 00:30
Annealing 50 00:30 30

cycles
Elongation 72 01:40
Final elongation 72 05:00
Hold 12 oo

Positive colonies were inoculated in 5 mL LB medium with antibiotics for a bacterial o/n culture as

described in section 2.8.2 and cleaned up as in section 2.8.3. 1 ug of cleaned-up plasmid DNA
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supplemented with two pL of U6 forward primer (1:10 diluted) in a final volume of 17 pL was sent
for sequencing. One mL of bacterial suspension was transferred into a 1.5 ml Eppendorf tube and
centrifuged at 4000 rpm for five minutes, and the supernatant was discarded. The pellet was
resuspended in 500 pL LB medium and transferred into a cryo tube. 500 uL of glycerol were added,

mixed well, and glycerol stocks were stored at -80°C as a backup.

2.3.1.1 Generation of NIK knock down cells

After successful insertion of the gRNA into the pX335 vector, NIK knockdown cells could be
generated. Before transfection, 3 x 10° cells/well were seeded in a 6-well plate. The next day, cells
were transfected with a lipid-based reagent. Therefore, four uL lipofectamine (diluted 1:50) were
added to 200 uL OptiMEM media per well, mixed gently, and incubated for five minutes at RT.
Meanwhile, the DNA mix was prepared, and 500 ng of each nickase plasmid (for example,
pX335+nickNIKex7aA and pX335+ nickNIKex7aB) were prepared in 200 uL OptiMEM. Then, 200 pL
of the lipofectamine mix was added to the DNA mix, mixed gently, and incubated for 20 minutes at
RT. The media was aspirated from the preplated cells and washed once with PBS. 400 uL of the
lipofectamine/DNA mix were added per well and incubated for two to three hours. The plate was
moved every 30 minutes to prevent dehydration of the cells. Two mL of OptiMEM were added and
incubated again for three to four hours to increase transfection efficiency. Afterward, two mL of
complete DMEM medium was added, and cells were grown for 48 hours.

Since the pX335 plasmid contains a GFP (cloned by Martina Grandl), successfully transfected cells
can be selected by cell sorting. To do so, transfected cells and an untransfected control (used to
adjust the forward/sideward scatter) were trypsinized as described in section 2.2.2. The cell pellet
was resuspended in 500 uL PBS, filtered (22 um filter) to obtain single cells, and transferred into a
FACS tube. GFP* cells were collected in FACS tubes containing 500 pL FCS and cells were seeded in
a 96-/48- or 12-well plate depending on the number of gained GFP* cells. Expanded cells were then
either directly screened or seeded in a lower density to grow single-cell colonies. Single colonies
were scratched off with a pipette tip and put into a 96-well plate containing 20 uL PBS per well.
Next, 30 uL of trypsin was added and incubated for ten minutes at 37°C. Finally, 90 uL of media was
added, and half of the cells were transferred to a second 96-well plate. Therefore, one plate was
used to cultivate the single-cell colonies, and the second one was used for PCR-based screening of
the single colonies. After grown confluently, cells were detached, resuspended in 25 uL H;0,
transferred to a PCR tube, and lysed by adding five pL proteinase K (1:5 diluted). Cells were
incubated at 56°C for one hour and heated to 95°C for ten minutes. DNA lysates were used as

templates for screening PCR and selecting knockdown cells by sequencing (see section 2.3.1).
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2.3.2 siRNA based down-regulation of NIK

To down-modulate endogenous NIK expression, a small interfering RNA (siRNA) targeting NIK
was used. RNA interference (RNAI) is a biological process that induces gene inactivation by
degrading the target mRNA through double-stranded RNAs (Lodish 2008). This process can be used
experimentally by synthesizing synthetic siRNA that target mRNA of interest. To do so, 5 x 10°
cells/well were seeded in a six-well plate the day before. Next, lipofectamine was mixed with 200
uL OpitMEM for each treatment/sample (see section 2.3.1.1). Ten nM of siNIK or siSCR (Table 14)
were mixed with 200 pL OpitMEM each. The 200 pL of the lipofectamine mix was added to the siSCR
or siNIK and incubated for 20 minutes. Cells were washed with PBS, and 400 pL of the lipofectamine-
siRNA mix was added. The cells were incubated for two to three hours, and every 30 minutes, the
plate was moved to avoid drying out of the cells. Next, two mL OptiMEM was added, incubated for
three to four hours, and finally, two mL of complete culture media were added, and the cells were

incubated for 48 hours.

Table 14: List of used siRNAs.
SIRNA ORDER NUMBER COMPANY

Accell Control siRNA Red
non-targeting (siSCR)

Accell SMART pool
human MAP3K14 (siNIK)

D-001960-01-05
Dharmacon
E-003580-00 5 nmol

48 hours later, transfected cells were reseeded for a proliferation assay (see section 2.5.2), or
RNA and/or protein were extracted from transfected cells to check for successful down-modulation

of NIK by gPCR (see section 2.4.1) or western blot (see section 2.4.2)

2.3.3 shRNA based down-modulation of NIK by lentiviruses

To down-modulate the endogenous NIK protein levels, short hairpin RNAs (shRNAs) were used,
which are delivered into the host cell and can be continuously synthesized by the host cell machinery
to enable a more prolonged gene knockdown effect compared to siRNAs that are degraded in the

cell and hence almost gone after 48 hours (Rao et al. 2009).

Table 15: List of plasmids for shRNA-based down-modulation.

PLASMIDS COMPANY
pLKO.1 puro (#8453)
order: 373891 Addgene
(Stewart et al. 2003)
RESTRICTION ENZYME COMPANY
Agel #R3552
NEB

EcoRI #R0101
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First, the used plasmid (Table 15) had to be digested to insert the shRNAs of interest. Therefore,
the pLKO.1 plasmid was digested with Agel and EcoRlI restriction enzymes. The successful digestion
was confirmed by electrophoresis and cleaned up from the agarose gel with Promega wizard SV gel
& PCR clean-up kit according to manufacturer's instructions. Next, shRNAs targeting NIK were
designed by using the GEN