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Chapter 1 Introduction 1

1 Introduction

1.1 Anatomy and physiology of the gastrointestinal tract

The digestive tract can be thought of as a hollow tube made up of distinct sections that
include the mouth, esophagus, stomach, duodenum, small intestine, colon, rectum, and
anus. The basic architecture is the same in all segments. ‘
Innermost is an endoderm-derived epithelial lining,
supported by mesoderm-derived connective tissue, the
lamina propria and a thin muscular layer, the muscularis
mucosae (Thompson, DeLaForest, and Battle 2018).
This is followed by the connective tissue of the
submucosa that contains lymphatics and lymphoid
tissue, ectoderm-derived nerves and ganglia, and vessels.
Peristalsis is achieved by an outer muscular layer that

itself is covered by adventitia or serosa.

Specific physiological tasks are largely addressed by

specialized epithelial linings. The esophagus has Figure 1: The digestive tract.
Reprinted from the “Atlas of
human anatomy and physiology”,

propelling food into the stomach. Gastric mucosa Edinburgh, 1857.
) ) )  (http://resource.nlm.nih.gov/1014
contains acid and protease producing cells to aid 34495)

squamous mucosa to withstand mechanical forces while

digestion of proteins whereas intestinal mucosa is characterized by maximizing available
surface by growing in villi and crypts with cells to absorb nutrients. Lastly, colonic

mucosa recovers water and electrolytes.

1.2 The Wnt/B-catenin pathway — history and overview

In 1982, Roel Nusse and Harold Varmus published their report on a novel proto-oncogene
int-1. They had identified it as the tumor initiating gene in murine mammary
carcinogenesis that was induced by insertional activation by the mouse mammary tumor
virus (MMTYV) (Nusse and Varmus 1982). It was found that int-1 had a close homologue

in the fruit fly Drosophila melanogaster which was called wingless since its deletion
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caused absence of wing tissue in flies (Sharma and Chopra 1976). As research evolved
and a plethora of related genes was discovered, int-1 was named Wntl from combining
wingless and Intl (Nusse et al. 1991). In vertebrates, there are 19 secreted Wnt proteins,
some of which are more closely related to each other (Gavin, McMahon, and McMahon
1990). Subsequent studies revealed that the protein sequence of intl was highly conserved
across species including mice with 99% homology to the human sequence (van Ooyen,
Kwee, and Nusse 1985). This underscored the evolutionary importance of this pathway
down to sea anemones (Kusserow et al. 2005) and also turned out to be instrumental
because it allowed to study Wnt signaling across many species (Nusse and Varmus 2012).
The effect of gene deletions or ectopic expression could be investigated in Xenopus laevis
embryos, since it was found that injection of intl caused duplication of the dorsal axis
(McMahon and Moon 1989).

Wnats are small proteins of 40 kDa that act as growth factors influencing cell proliferation,
polarization, and orchestrate directional expansion of tissues to form organs (Goldstein et
al. 2006, Niehrs and Acebron 2012, Loh, van Amerongen, and Nusse 2016). Up until
2003, Wnts could not be produced or isolated in significant quantities to study their
functions and it was found that these secreted glycoproteins had covalently attached lipids
(Willert et al. 2003). It is not yet solved how Wnt proteins reach their target cells and
diffusion is less likely given their lipid modifications (Boutros and Niehrs 2016). Several
mechanisms have been proposed including exovesicles, cytonemes, and filopodia. In the
intestine, a different mechanism was recently proposed by which Wnt proteins are
transferred to Lgr5" positive cells in the vicinity where they remain bound to Frizzled
receptors and get distributed and diluted along the crypt villus axis by subsequent cell
divisions (Farin et al. 2016).

Whnt ligands bind in mouse and human to one of 10 frizzled transmembrane receptors (Fz)
on the cell surface that in turn recruit Dishevelled to the plasma membrane (MacDonald,
Tamai, and He 2009). LDL receptor related proteins 5 and 6 (LRP5/6) act as co-receptors
for Wnt ligands (Wehrli et al. 2000) and are phosphorylated by GSK3 and casein kinase 1
leading to interaction with Axin (Mao, Wang, et al. 2001, Davidson et al. 2005, Zeng et
al. 2005).

Finally, there are two additional protein families Norrins (Xu et al. 2004) and R-spondins
that activate Wnt signaling by interacting with Frizzled/LRP receptor complexes.
R-spondins were also found to interact with Lgr5S and potentiate low levels of Wnt

signaling (de Lau et al. 2011).
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Studies in Drosophila showed that levels of B-catenin’s homologue armadillo were
increased in the presence of Wnt proteins (Riggleman, Schedl, and Wieschaus 1990,
Peifer, Pai, and Casey 1994). B-catenin was known to interact with cell adhesion protein
E-cadherin (Ozawa, Baribault, and Kemler 1989). Interestingly, B-catenin bound to the
cell membrane and B-catenin as a mediator of Wnt signaling are differentially regulated.
While the first is stable over extended periods of time, the latter is tightly regulated and
has a much shorter half-life. Studies in Caenorhabditis elegans showed that these two
functions are even carried out by different forms of B-catenin (Korswagen, Herman, and
Clevers 2000).

Further studies revealed that B-catenin/armadillo could be found not only at the cell
membrane but also in the cytoplasm and nucleus of cells (Funayama et al. 1995).
Furthermore, experimental manipulation of B-catenin/Armadillo levels cause dorsal axis
duplication (McCrea, Brieher, and Gumbiner 1993) or elimination (Heasman et al. 1994)
in Xenopus laevis embryos, resembling the effects of modified Wnt-1 levels and
indicating a central role of B-catenin.

When investigating colorectal cancer patients, it was discovered that APC and B-catenin
interacted with each other (Rubinfeld et al. 1993, Su, Vogelstein, and Kinzler 1993).
Studies in Drosophila showed that GSK-3beta, that was known for its role in glucose
metabolism, was a negative regulator of the Wnt pathway (Siegfried, Chou, and Perrimon
1992) and formed a complex with B-catenin/Armadillo and APC (Rubinfeld et al. 1996).
Axin was revealed as an additional member acting as a scaffold (Behrens et al. 1998,
Ikeda et al. 1998) and this complex was subsequently named destruction complex since
it was discovered that B-catenin is phosphorylated (Yost et al. 1996) and after
ubiquitination by E3 ubiquitin ligase B-TrCP degraded in the proteasome (Aberle et al.
1997, Orford et al. 1997).

The classical view is that the destruction complex is disassembled by recruiting Axin and
Dishevelled (Dvl) to the cell membrane binding LRP and frizzled receptors, respectively.
This was recently challenged and new mechanisms were proposed. One is that the
destruction complex stays intact regardless of the current status of Wnt signaling and (-
catenin is continuously phosphorylated. In the state of active Wnt signaling ubiquitination
of B-catenin would be suppressed, which would lead to a saturation of the destruction
complex with bound, phosphorylated B-catenin, which in turn would allow newly

synthesized B-catenin to accumulate and translocate to the nucleus (Li et al. 2012). Yet
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other findings point to different mechanisms of dynamic phosphorylation of B-catenin
(Hernandez, Klein, and Kirschner 2012) or Axin (Kim et al. 2013).

Since the Wnt pathway promotes growth and cell division it needs to be tightly regulated
to achieve spatiotemporal control. LRP5/6 are inhibited by extracellular Wnt inhibitor
dickkopfl (Mao, Wu, et al. 2001). Secreted frizzled-related proteins (sSFRPs) that possess
binding motifs similar to frizzled receptors (Finch et al. 1997) and Wnt-inhibitory factor-
1 (WIF-1) (Hsieh et al. 1999) bind to extracellular Wnt proteins, thereby controlling their
availability to bind to LRP and frizzled receptors. Recently, another regulator was
identified — Notum, an extracellular carboxylesterase that cleaves essential lipid
modifications off Wnt proteins, thereby hampering their interactions with Fz receptors
(Kakugawa et al. 2015).

B-catenin accumulates in the cytoplasm and translocates to the nucleus where it interacts
with TCF/Lefl (Behrens et al. 1996, Huber et al. 1996, Molenaar et al. 1996). In the
Wht-off state, TCF/Lef1 is associated with Groucho and causes repression of Wnt target
genes. Upon B-catenin interaction, Groucho dissociates and B-catenin binds TCF/Lefl
inducing transcription of Wnt target genes (Cavallo et al. 1998, Daniels and Weis 2005).
One of these target genes is Axin2 which was shown to be a reliable and general marker
for Wnt signaling pathway activation (Yan et al. 2001, Lustig et al. 2002, Jho et al. 2002).
Interestingly, it was found that not absolute B-catenin levels matter but fold-changes of
B-catenin levels. Therefore, even small amounts of nuclear B-catenin that might go
unnoticed by immunohistochemistry can induce a change in Wnt target gene transcription
(Goentoro and Kirschner 2009).

The Wnt pathway employing -catenin as effector molecule inducing TCF/Lef1 mediated
transcription of target genes is named the ‘canonical Wnt pathway’. Wnt proteins have
been grouped into canonical Wnts (Wntl, Wnt3A, Wnt8) that were found to induce
double axis formation in Xenopus embryos (McMahon and Moon 1989) and
transformation of mouse C57MG epithelial mammary cells (Wong, Gavin, and McMahon
1994).

Other Wnt proteins (Wnt4, Wnt5A and Wntl1) were found to activate two other pathways
that will not be the focus of this work: the planar cell polarity pathway (PCP), which acts
via GTPases of the rho/cdc42 family to activate jun kinase which regulates cell shape,
polarization, and division (Veeman, Axelrod, and Moon 2003, Qian et al. 2007) and the
Wnt/Ca®" cascade, that influences Ca®" ions within cells causing activation of

Ca’"-dependent enzymes, like protein kinase C (Niehrs 2004).
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However, recent evidence suggests that this distinction might be oversimplified not
representing the complex reality of biological systems with diverse simultaneous inputs
(van Amerongen and Nusse 2009) as there is overlap between these pathways (van

Amerongen et al. 2012, Thrasivoulou, Millar, and Ahmed 2013).
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Figure 2: The Wnt/B-catenin pathway.

The left image illustrates the state of inactive Wnt signaling when levels of free p-catenin are
tightly regulated. APC, Axin, Dvl, CK1, GSK-3, and B-TrCP form the so-called destruction
complex. B-catenin is phosphorylated by CK1 and GSK-3 which allows ubiquitination by B-TrCP.
This marks B-catenin for proteasomal degradation. Transcription factors of the T-cell factor (TCF)
family are repressed by Groucho. The center image illustrates the state of active Wnt signaling
when free B-catenin accumulates and translocates into the nucleus to bind to TCF and initiate
transcription of Wnt target genes. Wnt proteins bind to frizzled and LRP receptors which leads to
the recruitment of Axin to the cell membrane causing the destruction complex to fall apart. The
right image illustrates the state of aberrant constitutively active Wnt signaling by mutations in
Wnt pathway components, e.g. APC. These impair formation of the destruction complex with
consecutive accumulation of B-catenin, its translocation to the nucleus, and transcription of Wnt
target genes. Reprinted with permission from Nusse R and Clevers H. Wnt/B-Catenin Signaling,
Disease, and Emerging Therapeutic Modalities. Cell. 2017 Jun 1;169(6):985-999. Copyright 2017
Elsevier.

1.3 The Wnt/B-catenin pathway in gastrointestinal development

During gastrulation three germ layers develop from the epiblast: ectoderm, mesoderm,
and endoderm (Wells and Melton 1999). The endoderm gives rise to definitive

(embryonic) endoderm and visceral endoderm (extraembryonic endoderm) of which the
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yolk sack forms. Definitive (embryonic) endoderm is the origin of the epithelia of lungs,
thyroid, thymus, esophagus, stomach, intestines, liver, and pancreas.

The following experimental findings illustrate the important role of Wnt/pB-catenin
signaling in embryonic development and intestinal morphogenesis. Knockouts of Wnt3
and B-catenin demonstrated defects in vertebral anterior-posterior body axis formation
(Liu et al. 1999, Huelsken et al. 2000) while mutations in APC and Axin led to axis
duplications (Zeng et al. 1997, Ishikawa et al. 2003). Mice deficient for Wnt transcription
factors Tcf4 and Tcfl exhibited an absence of caudal structures due to early defects in
hindgut development (Gregorieff, Grosschedl, and Clevers 2004), while a knockout of
Tcf4 alone revealed regular development of endoderm into intestinal epithelium but lack
of a proliferative stem cell compartment in crypts (Korinek et al. 1998).

Expression patterns of several Wnt proteins were studied in murine gut development
revealing distinct patterns: Wnt5a was confined to the mesenchyme. Wnt4 was found in
intestinal epithelium and mesenteric progenitors, while Wnt5b, Wnt6, and Wntl1 were
expressed in esophageal epithelium. Wntl1 could also be detected in colonic epithelium
but also in the gastric mesenchyme underscoring the influence of Wnt signaling in

gastrointestinal morphogenesis (Lickert et al. 2001).

1.4 The Wnt target gene Sox177 in gastrointestinal development

Definitive (embryonic) endoderm was found to be induced in Xenopus by relatives of
murine Sox17 (Hudson et al. 1997). The pivotal role of Sox17 was confirmed in a
knockout mouse model when its deletion led to defective mid- and hindgut development
at E8.5-9.5 (Kanai-Azuma et al. 2002). Subsequently, Sox17 was shown to interact with
B-catenin and induce transcription of endodermal genes Foxal and Foxa2 (Sinner et al.
2004).

Sox17 is part of a family of more than 20 Sox transcription factors that are highly
conserved through different species and characterized by a DNA-binding HMG domain
(Bowles, Schepers, and Koopman 2000). Sox proteins were found to act as modifiers of
Wnt signaling in either enhancing or suppressing target gene transcription in association
with B-catenin and TCF transcription factors (Kormish, Sinner, and Zorn 2010).

It was further shown that the formation of extra-hepatobiliary system is Sox17 dependent
and that downregulation of Sox17 was necessary in Pdx1-expressing cells to lead to

pancreatic development (Spence et al. 2009). Sox17 was further discovered to be involved
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in cardiovascular development (Sakamoto et al. 2007) and hematopoietic stem cell
development (Kim, Saunders, and Morrison 2007). However, little is known about

whether Sox17 plays a functional role in intestinal epithelium.

1.5 The Wnt/B-catenin pathway in gastrointestinal stemness and

homeostasis

The epithelial lining of the intestine renews itself every 4-5 days (Stevens and Leblond
1947), which makes it one of the most proliferative tissue in adult mammals. The driving
and essential force behind maintaining intestinal homeostasis is Wnt/B-catenin signaling
as was illustrated in elegant experiments knocking out various components of the Wnt
pathway. A knockout of Tcf4 led to a lack of a proliferative stem cell compartment in
crypts (Korinek et al. 1998) and Tcf4 was subsequently confirmed to be of continued
importance in homeostasis of the adult murine intestine (van Es, Haegebarth, et al. 2012).
Conditional deletion of B-catenin caused crypt ablation, increased apoptosis, reduced
goblet cells, and led to detachment of absorptive cells (Ireland et al. 2004). Codeletion of
R-spondin receptors Lgr4 and Lgr5 resulted in loss of intestinal crypts (de Lau et al.
2011). Overexpression of extracellular Wnt repressor Dkk1 led to reduced proliferation
and loss of crypts and secretory cell lines (Pinto et al. 2003, Kuhnert et al. 2004). A mouse
model with conditional deletion of Wnt target gene c-Myc (He et al. 1998, van de
Wetering et al. 2002) was shown to negatively affect size and proliferative capacity of
crypt progenitor cells with deleted c-Myc. Due to incomplete recombination some cells
retained intact copies of c-Myc thereby outcompeting and substituting the c-Myc deleted
crypts.

A screen of Wnt proteins, receptors, and transcription factors by in situ hybridization
revealed a surprising plethora of differentially expressed genes implicating an even more
extensive role of Wnt signaling in intestinal homeostasis than what was previously
appreciated (Gregorieff et al. 2005).

This highly proliferative activity takes its origin from adult stem cells. In the 40ties of the
last century, it was discovered that intestinal crypts are the source of intestinal self-
renewal (Friedman 1945). However, the nature of the intestinal stem cell remained
elusive.

More recently, crypt base columnar (CBC) cells, that are situated between Paneth cells at

the crypt bottoms, were found to express Lgr5 and give rise to all intestinal cell types in
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vivo and in vitro (Barker et al. 2007, Sato et al. 2009). Paneth cells constitute a niche for
intestinal stem cells by synthesizing Wnt, notch, and EGF signals (Sato et al. 2011) and
in turn depend on Wnt signaling for their own maturation (van Es et al. 2005).
Interestingly, it was shown that quiescent precursors of Paneth and enteroendocrine cells
can upon tissue injury regain stem cell properties and reconstitute all epithelial lineages
(van Es, Sato, et al. 2012, Buczacki et al. 2013). LgrSJr intestinal stem cells divide daily
and engage in “neutral competition”, meaning that either of resulting daughter cells
remains as stem cell while the other differentiates (Lopez-Garcia et al. 2010, Snippert et
al. 2010).

However, a second population of intestinal stem cells residing at the “+4 position” was
also described. Those are marked by Bmil and were also found to possess self-renewal
capacity plus give rise to all intestinal cell types (Sangiorgi and Capecchi 2008). Bmil"
intestinal stem cells are quiescent but can repopulate the pool of LgrS™ stem cells after
tissue injury (Tian et al. 2011, Yan et al. 2012) so these two populations appear to
cooperate with each other (Takeda et al. 2011).

1.6 The Wnt/B-catenin pathway in gastrointestinal carcinogenesis

1.6.1 Colorectal cancer

Since Wnt/B-catenin signaling potently controls proliferation and stemness in the
intestine, it is not surprising that it was found to be deregulated in intestinal tumorigenesis.
Discoveries in cancer biology have led to better understanding of Wnt/B-catenin signaling
in homeostasis and development and vice versa (Nusse and Varmus 2012).

The causative gene of familial adenomatous polyposis (FAP) — a genetic syndrome
predisposing affected individuals to develop hundreds to thousands of polyps and
ultimately colorectal cancer — was identified and named Adenomatous polyposis coli
(APC) (Groden et al. 1991, Kinzler et al. 1991). This condition is also replicated, albeit

with small intestinal and not colonic polyposis, in the APC ™"

mouse (Moser, Pitot, and
Dove 1990). APC was found to be mostly affected by truncating mutations and to undergo
loss of heterozygosity in malignant progression (Miyaki et al. 1994).

Subsequently, 4APC was noticed to not only be mutated in hereditary colorectal cancer but

also the majority of sporadic colorectal carcinomas (Wood et al. 2007). Conditional
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deletion of APC led to immediate Wnt signaling activation with nuclear accumulation of
B-catenin and caused intestinal epithelial cells to retain a “crypt progenitor-like”
phenotype (Sansom et al. 2004). A mouse model of transient APC suppression developed
polyposis and carcinomas in concert with additional mutations and showed regression of
tumors upon restoration of APC, underscoring the instrumental role of Wnt signaling in
colorectal tumorigenesis (Dow et al. 2015).

However, not all cases showed mutations in APC and research focused on B-catenin. In
fact, 5-10% of sporadic colorectal cancers exhibit mutations of CTNNBI (the gene
encoding B-catenin) affecting critical phosphorylation sites important in its regulation
(Morin et al. 1997).

Since then, additional components and target genes of the Wnt pathway were noted to be
altered in colorectal cancer to include AXINI (Jin et al. 2003), AXIN2 (Liu et al. 2000,
Lammi et al. 2004), R-spondins (Seshagiri et al. 2012), SOX9, TCF3 (Cancer Genome
Atlas 2012), and TCF4 (Bass et al. 2011). Mice injected with R-spondinl showed
increased crypt proliferation and B-catenin accumulation (Kim et al. 2005). Sequencing
efforts recently confirmed that Wnt signaling is altered in 92% and 97% of
non-hypermutated and hypermutated colorectal cancers, respectively (Cancer Genome
Atlas 2012).

Colorectal cancer and its precursors are well studied. In 1990, Fearon and Vogelstein
proposed a model of step-wise colorectal tumorigenesis from aberrant crypt focus, to
adenoma, and finally carcinoma (Fearon and Vogelstein 1990). The cascade starts with
deregulated Wnt/B-catenin signaling due to mutations of APC or less frequently CTNNBI.
This is followed by mutations in KRAS or, in case of microsatellite instable tumors, BRAF.
The combination of mutant APC and KRAS was shown to lead to a marked increase in
tumor formation in a mouse model (Janssen et al. 2006). Subsequently, additional
alterations in e.g. BAX, PIK3CA, PTEN, SMAD4, TGFBR2, and TP53 ensue in the course

to invasive cancer (Markowitz and Bertagnolli 2009).

1.6.2 Gastric cancer

Gastric cancer ranks as the fifth most common cancer worldwide making up 7% of all
new cancer cases and causing 9% of worldwide cancer mortality (Stewart and Wild
2015). Around 70% of cases occurred in developing countries and 2/3 of those alone in

China. Notably there are less-developed countries such as India and most of Africa with
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a lower incidence, whereas more developed parts of the world including Japan, Korea,
and Eastern Europe have higher rates of gastric cancer (Forman and Burley 2006, Ferlay

et al. 2015). 5-year survival rates on a worldwide scale are still low with 25-30% (Torre

et al. 2016), while Japan and South Korea, countries with a high incidence of gastric
cancer, have shown a marked improvement (> 50%) due to early detection (Hartgrink et
al. 2009).

Risk factors for the development of gastric cancer include male sex, a diet high in salt
intake (e.g. salt-preserved foods in Japan) (Chen et al. 1996, Ward and Lopez-Carrillo
1999, Tsugane 2005), processed red meat (Gonzalez et al. 2006), smoking (Ladeiras-
Lopes et al. 2008), but overall the most important risk factor is infection with the gram
negative, spiral-shaped bacterium Helicobacter pylori, which shows higher prevalence in
older age cohorts, lower socioeconomic groups, and developing countries
(TheEUROGAST-StudyGroup 1993). 89% of non-cardia gastric cancers or globally
around 780,000 cases are linked to H. pylori infection (Plummer et al. 2015). While a
large fraction of the world’s population is infected by H. pylori only a minority of
individuals develop gastric cancer. Bacterial factors like Cag4 (cytotoxin-associated gene
A) positivity (Blaser et al. 1995, Plummer et al. 2007) or host factors like interleukin-1
polymorphisms (EI-Omar et al. 2000) are associated with an increased risk of gastric
cancer. CagA" strains of H. pylori inject Cytotoxin-associated gene A (CagA) into gastric
epithelial cells (Odenbreit et al. 2000) where it is phosphorylated and in turn activates
SHP-2 tyrosine phosphatase that acts via the MAPK/ERK pathway influencing growth,
migration, and adhesion (Higashi et al. 2002). It was further found to interact with
E-cadherin liberating cell-membrane bound B-catenin that in turn leads to increased Wnt
signaling (Murata-Kamiya et al. 2007). A mouse model of systemic expression of CagA
developed gastric hyperplasia, polyps, and gastric and intestinal adenocarcinomas
demonstrating the oncogenic capacity of CagA (Ohnishi et al. 2008).

Prophylactic eradication of H. pylori was shown to decrease the risk of gastric cancer (Ma
et al. 2012). Another study with shorter follow-up showed a decrease in gastric atrophy,
a predisposing condition for gastric carcinoma, but also an increase in esophagitis (Lee et
al. 2013). Due to eradication of H. pylori, better food preservation and hygiene, gastric
carcinomas arising in the gastric antrum have decreased. In contrast, cancers of the
gastroesophageal junction have increased due to obesity and chronic reflux (Rugge et al.

2016).
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While most cases of gastric cancer are sporadic, about 10% of patients have a family
history of gastric cancer (La Vecchia et al. 1992). 1-3% of gastric cancer patients are
afflicted by one of several currently defined genetic syndromes. The most prominent is
hereditary diffuse gastric cancer (HDGC) which in 30-40% of patients is due to a
truncating germline mutation of CDHI, the gene encoding E-cadherin (Guilford et al.
1998), while some patients harbor mutations in CTNNA I, encoding a-E-catenin which is
involved in cell adhesion together with E-cadherin (Majewski et al. 2013). These patients
carry a cumulative life-time risk of 70% for men and 56% for females for developing
gastric cancer and females have a 42% incidence of (lobular) breast carcinoma (Hansford
et al. 2015). Another recently established autosomal-dominant cancer syndrome is gastric
adenocarcinoma and proximal polyposis of the stomach (GAPPS). Affected individuals
develop polyposis of the proximal stomach with sparing of gastric antrum, duodenum,
small intestine, and colon. Polyps are mainly of fundic gland-type, that when sporadic are
usually benign, but can develop high-grade dysplasia in this syndrome and progress to
invasive carcinoma. Criteria for identification of patients have been proposed to include
>100 predominantly fundic gland polyps, some with dysplasia (or >30 if there is already
an affected family member), restricted to the gastric body and fundus without duodenal
or intestinal polyps in the setting of an autosomal dominant inheritance pattern and
absence of other heritable polyposis syndromes (Worthley et al. 2012). Point mutations
in promoter 1B of APC (Li et al. 2016) were found as the underlying genetic alteration.
Other cancer predisposition syndromes, which can manifest with gastric cancer, include
familial adenomatous polyposis (FAP) (Wood et al. 2014, Mankaney et al. 2017), Lynch
syndrome (Capelle et al. 2010), Li-Fraumeni syndrome (Masciari et al. 2011), and
germline mutations in BRCA2 (Jakubowska et al. 2002).

Most sporadic gastric cancers evolve through the so-called Correa cascade of multistep
gastric carcinogenesis. It starts with chronic inflammation (chronic gastritis) causing
atrophy (atrophic gastritis) and adaptive reactions of the gastric mucosa (intestinal
metaplasia) that progress to dysplasia (neoplastic changes restricted to the epithelium),
and ultimately carcinoma (Correa 1988). But there are also some cancers that do not
follow an “intestinal path” but develop from gastric dysplasia without intestinal
metaplasia into gastric adenocarcinoma, e.g. in the cancer predisposition syndrome
GAPPS, gastric cancer arises from foveolar hyperplasia and not intestinal metaplasia

(Worthley et al. 2012).
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Most tumors arising in the stomach are adenocarcinomas that can be grouped by various
classification systems. The WHO describes tubular and papillary carcinomas (both falling
into Lauren intestinal type (Lauren 1965)), poorly cohesive (with or without signet ring
cells) corresponding to Lauren diffuse type, plus mucinous and mixed tumors. In addition,
there are some other rare histological variants.

Four distinct molecular subtypes of gastric adenocarcinoma were delineated (Cancer
Genome Atlas Research 2014): Epstein-Barr virus (EBV)-associated tumors,
microsatellite instability (MSI)-high tumors, genomically stable tumors, and tumors with
chromosomal instability (CIN). A more recent molecular classification incorporated
clinical outcomes and also identified four subtypes that are slightly different but overall
confirmed such a subtyping: MSS (microsatellite stable)/TP53- (TP53 mutations),
MSS/TP53+, microsatellite instability (MSI)-high, and MSS/EMT (epithelial to
mesenchymal transition) (Cristescu et al. 2015).

Overall, TP53 was found to be mutated in about half of gastric cancers making it the most
frequently mutated gene. About one third of cases showed amplifications in receptor
tyrosine kinases of the MAPK/ERK pathway to include EGFR, FGFR2, HER2, KRAS,
and MET (Deng et al. 2012). Additional mutations were found in proteins involved in
cell cycle regulation (e.g. CCNDI, CCNEI1, CDK6) and transcription factors (e.g.
GATA4, GATA6, MYC) (Dulak et al. 2012) as well as chromatin remodeling (ARID1A)
(Wang et al. 2011). Hepatocyte nuclear factor-4o. (HNF4a), a substrate of AMPK, was
found to be upregulated in gastric cancers and activate WNT5A, linking tumor
metabolism to Wnt signaling (Chang et al. 2016).

Gastric cancer is not a Wnt driven process compared to colorectal cancer. Nevertheless,
earlier studies showed Wnt activation in around 30% of gastric carcinomas (Park et al.
1999, Clements et al. 2002) and mutations or loss of heterozygosity of APC were detected
in 18% and 21% of cases, respectively (Tahara 2004). The TCGA study of gastric
adenocarcinoma revealed that in non-hypermutated gastric cancers, frameshift and non-
sense mutations of APC occurred in 7% of cases and missense mutations of CTNNBI in
4% of cases whereas hypermutated cancers showed no significant number of 4PC or
CTNNBI mutations (Cancer Genome Atlas Research 2014). Mutations in CTNNBI were
more commonly found in intestinal type gastric carcinoma (Ogasawara et al. 2006, Park
et al. 1999). Familial cancer predisposition syndromes involving Wnt activation like FAP
(APC germline mutations) or GAPPS (mutations of the APC promoter) lead to Wnt driven

gastric carcinogenesis (Abraham et al. 2000, Worthley et al. 2012). Along the same line,
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the Apc ™%

mouse model not only develops colonic polyps but can also exhibit antral
polyposis and dysplasia (Fox et al. 1997). The K/9-Wntl transgenic mouse expresses
Wntl in the gastric epithelium and was shown to develop small preneoplastic lesions that
progressed to tumors when bred with mice with increased prostaglandin synthesis
(Oshima et al. 2006).

Symptoms of gastric cancer can be quite unspecific and therefore patients might not
present until the disease is more advanced. Ultimately, most patients experience weight
loss, anemia, fatigue, early satiety or pain. Tumor stage is determined clinically based on
results of endoscopy, endoscopic ultrasound, CT-scanning, and optionally biopsy of local
lymph nodes.

Endoscopic mucosal resection (EMR) and endoscopic submucosal dissection (ESD) are
minimally invasive surgical procedures to resect early gastric cancers that are still limited
to the mucosa and have not extended into the submucosa (Gotoda 2007). Larger,
non-metastasized tumors are usually treated by total gastrectomy if located in the cardia
or fundus and by distal gastrectomy if situated in the antrum.

However, a substantial number of patients presents with distant metastases most
commonly to the liver or in the case of diffuse type gastric cancer, peritoneal
dissemination. Then conventional chemotherapy remains the mainstay of therapy and it
is also applied in the perioperative and adjuvant setting (Smyth et al. 2016). In recent
years, targeted therapy against HER2 has reached clinical practice (Bang et al. 2010) and
HER?2 testing by IHC is routinely performed for patients with advanced gastric cancer
(Bartley et al. 2016).

Nevertheless, patients with advanced or recurrent gastric cancer have a median survival
of less than one year (Group et al. 2013) so new treatment options are desperately needed.
As discussed, a subset of gastric cancers displays alterations in the Wnt pathway. Due to
the ubiquitous nature of Wnt signaling in maintaining homeostasis and stemness it is
challenging to avoid undesirable side effects (Kahn 2014). But some compounds are
already in clinical trials including antagonists that inhibit Porcupine which is essential for
production of Wnt proteins (Chen et al. 2009, Proffitt et al. 2013) or agents that inhibit
tankyrase which ubiquitinates Axin proteins marking them for degradation (Kulak et al.

2015).
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Figure 3: H. pylori and the two types of gastric adenocarcinoma according to Lauren.

H. pylori can be difficult to recognize on routine H&E stained sections (A) but can be highlighted
by e.g. Warthin-Starry stain (B). Moderately differentiated, intestinal-type gastric adeno-
carcinoma (C) in a patient with H. pylori infection. Diffuse-type gastric cancer in a patient with
CDH1 germline mutation (D). Photomicrographs taken at 400x (A), 1000x (B), 100x (C), and
200x (D) original magnification.

1.6.3 RNF43

E3 ubiquitin-protein ligase RNF43 (RNF43) is made of 783 amino acids yielding a
molecular weight of 85.7 kDa. In addition to this 'canonical' sequence three other isoforms
exist with molecular weights of 81.2 kDa, 72.1 kDa, and 95.0 kDa (UniProtKB 2017).
The gene RNF43 is encoded on the reverse strand on chromosomal band 1722 (Ensembl
2017). RNF43 has a N-terminal signal peptide, a helical transmembrane domain
(UniProtKB 2017), a RING-type Zinc finger motif, and two C-terminal nuclear
localization signals (OMIM 2017).

Germline mutations of RNF43 have been linked to the autosomal dominant sessile
serrated polyposis cancer syndrome (and sporadic sessile and traditional serrated
adenomas) in which affected individuals develop multiple sessile serrated polyps of the
colon and have an up to 54% lifetime risk of colorectal cancer plus may also develop
tumors of other organs (Gala et al. 2014, Taupin et al. 2015, Tsai et al. 2016, Yan et al.
2017, OMIM 2017) but so far results are conflicting and two studies of larger cohorts
could only confirm RNF43 germline mutations in a small number of affected patients
(Buchanan et al. 2017, Quintana et al. 2018).

Somatic mutations of RNF43 were found in colon cancer (Giannakis et al. 2014, Jo et al.
2015), gastric cancer (Wang et al. 2014, Jo et al. 2015), pancreatic neoplasms (Furukawa
etal. 2011, Wu et al. 2011), liver fluke-associated cholangiocarcinoma (Ong et al. 2012),
endometrial cancer (Giannakis et al. 2014), and ovarian tumors (Ryland et al. 2013).
Recently, mutations of RNF43 were found to occur when gastric adenomas progress to

carcinomas (Min et al. 2016). Mutations of RNF43 were frequently frameshift mutations
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leading to the production of a truncated protein indicating that RNF43 acts as a tumor
suppressor gene.

Despite early reports suggesting that RNF43 acts as an oncogene in colorectal cancer
(Yagyu et al. 2004, Sugiura, Yamaguchi, and Miyamoto 2008), it was indeed found to act
as a tumor suppressor due to its capacity of inhibiting the Wnt signaling pathway in a
negative feedback loop being a Wnt target gene itself (Koo et al. 2012, Takahashi et al.
2014, Loregger et al. 2015). It was shown that this inhibition is achieved by two different
mechanisms depending on the subcellular localization of the protein.

When localized at the cell membrane, RNF43 and its homologue ZNRF3 inhibit Wnt
signaling by ubiquitinating cytoplasmic loops of frizzled receptors resulting in their
endocytosis and lysosomal degradation (Hao et al. 2012, Koo et al. 2012). In turn, RNF43
and ZNRF3 are proposed to be downregulated by interaction with LGRS after binding of
R-spondin (de Lau et al. 2014, Zebisch and Jones 2015). A mouse model of concurrent
deletion of Rnf43 and Znrf3 exhibited adenomatous transformation of the intestinal
epithelium (Koo et al. 2012).

When expressed in the nucleus, our group showed that RNF43 suppresses Wnt signaling
by tethering TCF4 to the nuclear membrane (Loregger et al. 2015). A nuclear localization
of RNF43 was described in other studies before (Sugiura, Yamaguchi, and Miyamoto
2008, Miyamoto, Sakurai, and Sugiura 2008, Shinada et al. 2011, Nailwal et al. 2015, Xie
et al. 2015), which would also fit to a recent association of RNF43 and DNA damage
response (Gala et al. 2014).
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1.7 Objectives

1. Assess the function of Wnt target gene Sox/7 in development and homeostasis of

definite intestinal epithelium in a conditional mouse model with intestine-specific

knockout of Sox17.

2. Determine tissue distribution of mRNA transcripts and proteins of the Wnt/B-

catenin signaling pathway to characterize the contribution of Wnt signaling to

reestablishing homeostasis and stemness in mouse models of acute intestinal

perturbation by conditional deletion of essential genes and Wnt target genes in

gastrointestinal tumorigenesis. To achieve this the following specific objectives

were determined:

Establish in situ hybridization for Axin2 and Olfm4.
Establish in situ hybridization for Sox/7, Rnf43, RNF43, and OLFM4.

3. Study the role of RNF43 in gastric carcinogenesis.

Establish an immunohistochemical stain for the detection of endogenous
RNF43 protein in gastric tissue samples and cell culture pellets.

Assess the expression of RNF43 in gastric cancer cell lines.

Determine the subcellular distribution of RNF43 in gastric cancer cell
lines under conditions of overexpression and endogenously by different
experimental approaches.

Investigate RNF43’s influence on Wnt signaling in gastric cancer cell

lines.
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2 Material and Methods

2.1 Materials

2.1.1 Consumables

BD Falcon™ Cell Culture Flasks,

25 cm®/ 75 cm®

BD Falcon™ Conical Tubes,

15 ml/ 50 ml

BD Falcon™ Multiwell Cell Culture
Plate, 6 / 12 / 24 well

BD Falcon™ Round-Bottom
Polypropylene Tubes

BD Falcon™ Standard Tissue Culture
Dish, 10 cm?

Blotting Paper

Cell scrapers, 30 cm

Combitips advanced”, 0.5 /2.5 /5 ml
DNA Pick-up Tips

Eppendorf Safe-Lock Tubes, 1.5 /2 ml
Greiner CELLSTAR" serological pipette,
2/5/10/25ml

Menzel™ Microscope Coverslips
MultiGuard™ Barrier Pipet Tips,
10/20/200/ 1000 pl

Nalgene™ Cryotubes

Novex” Gel Cassettes

Novex® Gel Combs

Parafilm® M All-Purpose Laboratory
Film

Protran® Nitrocellulose Membrane

BD Bioscience, Heidelberg, Germany

BD Bioscience, Heidelberg, Germany

BD Bioscience, Heidelberg, Germany

BD Bioscience, Heidelberg, Germany

BD Bioscience, Heidelberg, Germany

Whatman, Dassel, Germany
Corning, Kaiserslautern, Germany
Eppendorf, Hamburg, Germany
Stid-Laborbedarf Gauting, Gauting,
Germany

Eppendorf, Hamburg, Germany

Greiner Bio-One, Solingen, Germany

Menzel-Gléser, Braunschweig, Germany
Sorenson BioScience, Salt Lake City,
USA

Thermo Scientific, Karlsruhe, Germany
Invitrogen, Karlsruhe, Germany
Invitrogen, Karlsruhe, Germany

Bemis Company, Neenah, USA

Whatman, Dassel, Germany
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Quali- PCR Tubes

SafeSeal-Tips Professional Line,

10 /100 /1000 pl

SuperFrost™ Plus Microscope Slides
TipOne® Bevelled Filter Tips, 20 pl
TipOne® Graduated Filter Tips,
10/20/200 /1000 pl

X-ray film for western blot detection

2.1.2 Equipment

ASP 300 S

Axiovert 40 microscope

C1000 Touch™ Thermal Cycler
CFX384 Touch™ Real-Time PCR
Detection System

CHEMOCAM Imager 3.2

Corning® Lambda® plus single channel
pipettor, 0.5-10 / 2-20 / 20-200 / 200-
1000 pl

Curix 60 automatic film processor
Electrophoresis Chambers
Electrophoresis PowerPac™ Power
Supply

Eppendorf® Easypet” pipetting aid
Eppendorf® Multipette® Plus
Eppendorf™ 5424 Microcentrifuge
Gel Doc™ XR+ Gel Documentation
System

Heatable magnetic stirrer

HeraCell 240 CO; Incubator
Herasafe™, Biological Safety Cabinet

Kisker Biotech, Steinfurt, Germany
Biozym Scientific, Hessisch Oldendorf,
Germany

Menzel-Gléser, Braunschweig, Germany
STARLAB, Hamburg, Germany
STARLAB, Hamburg, Germany

Kodak, Stuttgart, Germany

Leica Microsystems, Wetzlar, Germany
Carl Zeiss, Oberkochen, Germany
BioRad Laboratories, Munich, Germany

BioRad Laboratories, Munich, Germany

INTAS Science Imaging Instruments,
Gottingen, Germany

Sigma-Aldrich, Munich, Germany

AGFA, Diisseldorf, Germany
BioRad Laboratories, Munich, Germany

BioRad Laboratories, Munich, Germany

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

BioRad Laboratories, Munich, Germany

IKA-Werke, Staufen, Germany
Heraeus, Hanau, Germany

Heraeus, Hanau, Germany
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Hettich MIKRO 200 tabletop microliter
centrifuge
Ice machine

Laboratory balance

Laboratory freezer -20 °C

Laboratory freezer -80 °C

Laboratory precision balance
Laboratory refrigerator 4-8 °C

Leica SP5 Confocal microscope
Megafuge 2.0RS

Multipette® (X)stream

Multitron II incubation shaker
NanoDrop™ 1000 Spectrophotometer
Neubauer cell counting
chamber/hemocytometer

Olympus Virtual Slide System VS120
Orion Microplate Luminometer

pH Electrode

pH Meter

Provit 2200 Autoclave

Sequenza™ Slide Rack and Coverplate™

system
Sonoplus UW 2070
Sorvall™ Primo™ Benchtop Centrifuge

Sunrise™ Microplate Reader

Hettich, Tuttlingen, Germany

Scotsman, Vernon Hills, USA

Kern & Sohn, Balingen-Frommern,
Germany

Liebherr-International, Biberach an der
Rif3, Germany

Gesellschaft fiir Labortechnik,
Burgwedel, Germany

Sartorius Lab Instruments, Gottingen,
Germany

Liebherr-International, Biberach an der
Rif3, Germany

Leica Biosystems, Nuflloch, Germany
Heraeus, Hanau, Germany

Eppendorf, Hamburg, Germany
INFORS AG, Bottmingen, Switzerland
Thermo Scientific, Karlsruhe, Germany
Paul Marienfeld GmbH & Co. KG,
Lauda-Konigshofen, Germany
Olympus, Hamburg, Germany
Berthold Detection Systems, Pforzheim,
Germany

WTW, Xylem Analytics Germany,
Weilheim, Germany

WTW, Xylem Analytics Germany,
Weilheim, Germany

Holzner, Nulloch, Germany

Thermo Scientific, Karlsruhe, Germany

BANDELIN electronic, Berlin, Germany

Thermo Scientific, Karlsruhe, Germany
Tecan Deutschland, Crailsheim,

Germany
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Thermomixer compact

Titramax 100 microplate shaker

Trans-Blot® SD Semi-Dry Transfer Cell

Transsonic T460
Vortex-Genie 2
Waterbaths

XCell II™ Blot Module
XCell SureLock™ Mini-Cell

2.1.3 Chemicals and Reagents

5% goat serum

Acetic acid

Acetic anhydride

Acetone

Acrylamide

Acrylamide 4K solution, 40%
Agar-Agar

Albumin

Ammonium persulfate (APS)
Ampicillin

Blocking Reagent

Blotting Grade Non-Fat Dry Milk
CHAPS

Chloramphenicol

cOmplete™, EDTA-free Protease
Inhibitor Cocktail

Di-sodium hydrogen phosphate
(Na,HPO4x2H,0)

DIG RNA Labeling Mix
Dithiothreitol (DTT)

Eppendorf, Hamburg, Germany
Heidolph Instruments, Schwabach,
Germany

BioRad Laboratories, Munich, Germany
Elma Schmidbauer, Singen, Germany
Scientific Industries, Bohemia, USA
Gesellschaft fiir Labortechnik,
Burgwedel, Germany

Invitrogen, Karlsruhe, Germany

Invitrogen, Karlsruhe, Germany

Cell Signaling Technology, Leiden,
Netherlands

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Roche, Penzberg, Germany
BioRad Laboratories, Munich, Germany
Sigma-Aldrich, Munich, Germany
AppliChem, Darmstadt, Germany

Roche, Penzberg, Germany

Merck Chemicals, Schwalbach, Germany

Roche, Penzberg, Germany

AppliChem, Darmstadt, Germany
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DNA Gel Loading Dye (6X)

DPX Mountant for histology
Eosin 1%, ethanol based

Ethanol absolute for molecular biology
Ethylenediaminetetraacetic acid (EDTA)
Formamide

Glycerin

Glycine

Hematoxylin Solution, 5%
Heparin

Hydrochloric acid (HCI)
Hydrogen peroxide, 30%
Isopropyl alcohol

Kaiser's glycerol gelatine
Kanamycin

Levamisole

Lipofectamine® 2000 Transfection
Reagent

Methanol, absolute

NBT/BCIP Ready-to-Use Tablets
NP-40

Orange DNA Loading Dye (6X)
Pefabloc” SC

peqGOLD Universal-Agarose

Pierce™ ECL Western Blotting Substrate
Potassium chloride (KCI)

Protein A Agarose

Restore™ Western Blot Stripping Buffer
RNase AWAY™ Surface Decontaminant
RNasin® Ribonuclease Inhibitor
Roti®-GelStain

Roticlear”

Saponin

Thermo Scientific, Karlsruhe, Germany
Sigma-Aldrich, Munich, Germany
Morphisto, Frankfurt a. M., Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany
AppliChem, Darmstadt, Germany
Merck, Schwalbach, Germany
Morphisto, Frankfurt a. M., Germany
Sigma-Aldrich, Munich, Germany
Merck, Schwalbach, Germany
Merck, Schwalbach, Germany
AppliChem, Darmstadt, Germany
Merck, Schwalbach, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany

Invitrogen, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Roche, Penzberg, Germany
Sigma-Aldrich, Munich, Germany
Thermo Scientific, Karlsruhe, Germany
Roche, Penzberg, Germany

PEQLAB Biotechnologie, Erlangen,
Germany

Thermo Scientific, Karlsruhe, Germany
Merck Chemicals, Schwalbach, Germany
Roche, Penzberg, Germany

Thermo Scientific, Karlsruhe, Germany
Thermo Scientific, Karlsruhe, Germany
Promega, Mannheim, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
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SignalStain® Antibody Diluent

SignalStain® DAB Substrate

Sodium chloride (NaCl)

Sodium citrate

Sodium Dodecyl Sulfate (SDS), Lauryl
Sodium hydroxide (NaOH)
SuperSignal™ West Pico PLUS
Chemiluminescent Substrate
Tetramethylethylenediamine (TEMED)
Triethanolamine

Tris

Tris Base

Triton X-100

Tryptone

Tween 20

VECTASHIELD Mounting Medium with
DAPI

XT Sample Buffer

Xylene

Yeast extract

Yeast t-RNA

2.1.4 Buffers and solutions

10x PBS

Cell Signaling Technology, Leiden,
Netherlands

Cell Signaling Technology, Leiden,
Netherlands

Merck, Schwalbach, Germany

Carl Roth, Karlsruhe, Germany

ICN Labsolutions, Northeim, Germany
AppliChem, Darmstadt, Germany

Thermo Scientific, Karlsruhe, Germany

AppliChem, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany
AppliChem, Darmstadt, Germany

Vector Laboratories, Burlingame, USA

BioRad Laboratories, Munich, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, Munich, Germany

Roche, Penzberg, Germany

137 mM NacCl

2.7 mM KCI

100 mM Na,HPO,4 * 2H,0
2 mM KH,PO4

pH 7.4
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TAE

10x TBS

Ix TBS-T

6x Loading dye

Citrate buffer

40 mM Tris
20 mM Acetic acid
1 mM EDTA

500 mM Tris
1.5 M NaCl
pH 7.6

10x TBS diluted 1:10 in ddH,O
0.1% Tween 20

10 mM Tris-HCL, pH 7.6

60 mM EDTA

60% (v/v) glycerol

0.03% (w/v) Bromphenol blue
filled up to 50 ml with ddH,O

10 mM Sodium Citrate
pH 6.0

Protein complex immunoprecipitation (Co-IP)

NP-40 lysis buffer

Subcellular fractionation

RIPA buffer

50 mM Tris-HC1

150 mM NaCl

1% NP-40

1 tablet of cOmplete™ Protease Inhibitor
Cocktail to 50ml

pH 8.0

50 mM Tris-HCI, pH 7.4
150 mM NaCl

1% Triton X-100

1% Sodium deoxycholate
0.1% SDS
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CLB buffer

TSE buffer

Western Blot

Running buffer

Transfer buffer

SDS lysis buffer

Cell lysis buffer

1 tablet of cOmplete™ Protease Inhibitor

Cocktail to 50ml

10 mM HEPES
10 mM NaCl

5 mM NaHCOs3
1 mM CaCl,
0.5 mM MgCl,
5mM EDTA
pH 7.4

10 mM Tris, pH 7.5
300 mM Sucrose

1 mM EDTA

0.1% NP-40

25 mM Tris
0.2 M Glycine
0.1% (w/v) SDS

39 mM Glycine
48 mM Tris Ultra
0.04% SDS

20% Methanol

62.4 mM Tris, pH 6.8
2% SDS

10% Glycerol

50 mM DTT

0.01% Bromophenol blue

20 mM Tris Ultra
150 mM NacCl
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Separating gel

Stacking gel

TOP/FOP luciferase reporter assay
Lysis buffer

Immunofluorescence

Fixation solution

IF blocking buffer

1 mM EDTA
1 mM EGTA
2.5 mM NasP,0;
1% Triton X-100

7.5 ml Tris 2.5 M, pH 8.8
2.0 ml polyacrylamide, 40%
5.44 ml ddH,O

0.05 ml APS, 10% (w/v)

10 ul TEMED

0.5 ml Tris 0.5 M, pH 6.5
0.2 ml polyacrylamide, 40%
1.30 ml ddH,O

0.01 ml APS, 10% (w/v)

2 ul TEMED

1% (v/v) Triton X-100

25 mM Glycylglycine, pH 7.8
15 mM MgSO,

4 mM EGTA

1 mM DTT, added fresh

store at 4 °C

Methanol/Acetone, 1:1, stored at -20 °C

3% (w/v) BSA

1% (v/v) Triton X-100
1% (w/v) Saponin

in PBS
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Wash solution 1

Wash solution 2

Murine genotyping
Laird's Buffer (Laird et al. 1991)

3% (w/v) BSA
1% (w/v) Saponin
in PBS

1% (w/v) Saponin
in PBS

200 mM NaCl

100 mM Tris-Cl, pH 8.0
5mM EDTA

0.2% SDS

In situ hybridization (Gregorieff and Clevers 2015)

DEPC-ddH,O

DEPC-PBS (PBSo)

20x SSC

Acetic anhydride solution

Hybridization buffer

0.1% diethyl pyrocarbonate in ddH,O
incubate overnight (fume hood),

autoclave

10x PBS 1:10 in 11 DEPC-ddH,0O

3 M NaCl
300 mM C6H5Na307
pH 7.0

670 pl Triethanolamine

300 pl Acetic Anhydride

ad 50 ml DEPC water

pH 8.0 (~5 drops of 37% HCI)

50% Formamide
5x SSC
2% Blocking Reagent



Chapter 2

Material and Methods

27

Blocking buffer

NTM buffer

NBT/BCIP solution

2.1.5 Media

Bacterial media

Luria-Bertani (LB)-Agar Plates

Luria-Bertani (LB)-Medium

5 mM EDTA

0.05% CHAPS

50 pg/ml Heparin

50 pg/ml Yeast t-RNA

0.5% Blocking Reagent

0.1 M Tris, pH 9.5
0.05 M MgCl,
0.1 M NaCl

10 ml NTM buffer
0.8 M Levamisole
1 NBT/BCIP Ready-to-Use Tablet

0.5% (w/v) NaCl

0.5% (w/v) Yeast extract

1.0% (w/v) Tryptone

1.5% (w/v) Agar-Agar

pH 7.4 (with NaOH)

autoclave, cool down to 50-60 °C, add
antibiotics (e.g. 100 pg/ml ampicillin),

pour culture plates, and store at 4 °C

1.0% (w/v) NaCl

0.5% (w/v) Yeast extract
1.0% Tryptone

pH 7.4 (with NaOH)

autoclave, cool down to 50-60 °C, add
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Cell culture media

Complete growth medium

2.1.6 Kits

Dual-Luciferase® Reporter (DLR™)
Assay System

GE Healthcare illustra™ GFX™ PCR
DNA and Gel Band Purification Kit
GenElute™ Mammalian Total RNA
Miniprep Kit

PureYield™ Plasmid Midiprep Kit
PureYield™ RNA Midiprep System
RNeasy Mini Kit

Wizard® Plus SV Minipreps DNA
Purification System

Wizard® SV Gel and PCR Clean Up Kit

2.1.7 Enzymes

DNA-free™ DNA Removal Kit
GoTaq"” Green Master Mix

KAPA SYBR" FAST Universal Kit
M-MLV Reverse Transcriptase
Proteinase K

Q5" High-Fidelity DNA Polymerase
y

antibiotics (e.g. 100 pg/ml ampicillin),
and store at 4 °C

500 ml DMEM

50 ml FBS/FCS

5 ml penicillin (10,000 pg/ml) /
streptomycin (10,000 pg/ml)

Promega, Mannheim, Germany

GE Healthcare Europe, Freiburg,
Germany

Sigma-Aldrich, Munich, Germany

Promega, Mannheim, Germany
Promega, Mannheim, Germany
QIAGEN, Hilden, Germany

Promega, Mannheim, Germany

Promega, Mannheim, Germany

Ambion/Invitrogen, Karlsruhe, Germany
Promega, Mannheim, Germany

Kapa Biosystems, Wilmington, USA
Promega, Mannheim, Germany

Merck Millipore, Darmstadt, Germany
New England BioLabs, Frankfurt,

Germany
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RNAse free DNase [ Roche, Penzberg, Germany

SP6 RNA Polymerase Promega, Mannheim, Germany
T3 RNA Polymerase Promega, Mannheim, Germany
T4 DNA Ligase Promega, Mannheim, Germany
T7 RNA Polymerase Promega, Mannheim, Germany

USB® FideliTagTM PCR Master Mix Affimetrix, Cleveland, USA
(2X)

Name Recognition Site Source

EcoRI GYAATT C Escherichia coli RY 13
C TTAALG

HindIII AYAGCT T Haemophilus influenzae Rd
T TCGA.LA

Notl GCYGGCC GC Nocardia otitidis-caviarum
CG CCGG.CG

Spel AYCTAG T Sphaerotilus natans ATCC 13923
T GATC.A

Xhol CYTCGA G Xanthomonas holcicola
G AGCT,C

Table 1: Restriction endonucleases used in this study
All enzymes were concentrated at 10 U/ul, purchased from Promega (Mannheim, Germany), and
stored at -20 °C.

2.1.8 Standard size ladders

BenchTop DNA Ladder, 100 bp /1 kb Promega, Mannheim, Germany

peqGOLD Protein-Marker V PeqLab, Erlangen, Germany
Precision Plus Protein™ Dual Color BioRad, Miinchen, Germany
Standards

2.1.9 Oligonucleotides

hAXIN fwd 5’- TCTCCAGGCGAACGAGCCAG -3’
hAXIN rev 5’- ACTGGCCGATTCTTCCTTAG -3’
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hLGRS5 fwd 5’- ACCAACTGCATCCTAAACTG -3’
hLGRS5 rev 5’- ACCGAGTTTCACCTCAGCTC -3’
Table 2: RNA-in situ hybridization (ISH) — probe generation from cDNA

T3 5’- GCAATTAACCCTCACTAAAGG -3’
T7 5’- TAATACGACTCACTATAGGG -3’
SP6 5’- ATTTAGGTGACACTATAG -3’

Table 3: RNA-in situ hybridization (ISH) — screening primers

mSox17 fwd 5’- TTGCCGAACACACAAAAGGAG -3’
mSox17 rev 5’- TGGAGGTGCTGCTCACTGTAAC -3’
Cre fwd 5’- CCTGGAAAATGCTTCTGTCCG -3’
Cre rev 5’- CAGGGTGTTATAAGCAATCCC -3’

Table 4: Primers for mouse genotyping

hRNF43 fwd 5’- CCTGTGTGTGCCATCTGTCT -3’
hRNF43 rev 5’- GCAAGTCCGATGCTGATGTA -3’
hGAPDH fwd 5’- GAAGGTGAAGGTCGGAGT -3’
hGAPDH rev 5’- GAAGATGGTGATGGGATTTC -3°

Table 5: Primers for qRT-PCR

2.1.10 Plasmids

Transient overexpression experiments

pcDNA™4/TO Mammalian Expression Vector for RNF43 Invitrogen,
constructs with CMV promoter, TetO2 sites, and Karlsruhe,
Zeocin resistance; EcCoRV — Notl cloning site Germany

RNF43 (wt) RNF43 wild type, full-length; FLAG-tag; (Loregger et

inserted by PCR subcloning using EcoORV — Notl al. 2015)
restriction sites

RNF43H292R RNF43 with mutated RING domain (H292R + (Loregger et
H295R), full-length; mutations introduced by al. 2015)
site-directed mutagenesis using internal primers;
FLAG-tag; inserted by PCR subcloning using
EcoRYV — Notl restriction sites

Table 6: Plasmids for transient overexpression experiments
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RNA-in situ hybridization (ISH)
pCMV-SPORT6  Generation of in situ hybridization probes; T7 Invitrogen,
and SP6 promoter; CMV promoter; ampicillin Karlsruhe,
resistance Germany
pGEM-T Generation of in situ hybridization probes; T7 Promega,
and SP6 promoter; ampicillin resistance Mannheim,
Germany
TOP/FOP luciferase reporter assay
TOPFlash ten wild-type binding sites for TCF/LEF; (van de
ampicillin resistance Wetering et
al. 1997)
FOPFlash ten mutated binding sites for TCF/LEF; (van de
ampicillin resistance Wetering et
al. 1997)
Renilla CMYV promoter; ampicillin resistance Promega,
Mannheim,
Germany
2.1.11 RNA-probes
Probe Insert (GenBank) Vector RE Poly Length Origin
hAXIN2 NM 004655, pGEM-T  Spel T7 718 PCR from
nt 2243-2960 cDNA
hLGRS5 NM 003667, pGEM-T  Notl T7 508 PCR from
nt 20-1018 cDNA
hOLFM4 NM 006418.4, pCR"4- HindlIl T3 1191 kindly
nt 19-1886 TOPO® provided
by H.
Clevers,

Utrecht
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hRNF43  NM 017763.4, pOTB7 HindlIl T7 691 IMAGp9
nt 3824-4402 58B2313
16Q
hSOX17 NM 022454.3, pT7T3D-  Xhol T3 418 IMAGp9
nt 1407-1825 Pacl 98M0718
22Q
mAxin2 ~ NM 015732.4, pT7T3D-  Notl T7 798 IMAGp9
nt 3472-4256 Pacl 98A0391
61Q
mOlfm4  NM 001030294.1, pBluescrip Notl T7 800 kindly
nt 643-1458 t II SK(+) provided
by Hans
Clevers,
Utrecht
mRnf43  NM 172448, pCMV- EcoRI  T7 1567 subcloned
nt 2701-4267 Sport6 from
RZPD:
DKFZp78
1H0392Q
3
mSox17  NM 011441.5, pT7T3D- Hindlll T7 1081 IMAGp9
nt 2535-3616 Pacl 98H0983
36Q

Table 7: RNA-in situ hybridization probes
nt= nucleotides; RE= Restriction enzyme to linearize plasmid for anti-sense probe; Poly= RNA
Polymerase to transcribe anti-sense probe; Length in base pairs; origin= LM.A.G.E. EST clone

(imagens GmbH, Berlin, Germany; now Source Bioscience) or as stated otherwise.

2.1.12 Antibodies

Primary antibodies

Anti-B-Actin, monoclonal ~ WB 1:5000
mouse, 8H10D10
Anti-Calnexin, rabbit WB 1:1000

polyclonal, H-70

New England BioLabs,

Frankfurt, Germany

Santa Cruz, Heidelberg,

Germany
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Anti-CDCS5L, rabbit
polyclonal
Anti-B-Catenin,
monoclonal mouse,
14/Beta-Catenin
Anti-non-phospho-3-
Catenin (Ser33/37/Thr41),
polyclonal rabbit
Anti-phospho-f-Catenin
(Ser33/37/Thr4l),
polyclonal rabbit
Anti-FLAG®, monoclonal

mouse, M2

Anti-FLAG", polyclonal
rabbit
Anti-HA, polyclonal rabbit

Anti-mouse-IgG

Anti-rabbit-1gG

Anti-Ki67, monoclonal
mouse, MIB-1
Anti-RNF43, polyclonal
rabbit

Anti-RNF43, polyclonal
rabbit

Anti-RNF43, rat
monoclonal, 8D6
Anti-TCF4, mouse

monoclonal, 6H5-3

WB 1:500

WB 1:1000

IF 1:300

IHC 1:400
WB 1:1000

WB 1:1000

WB 1:1000

IF 1:300

IP 1:170

IF 1:300

IF 1:300

IP 1:170

IP 1:170

IHC 1:150

WB 1:500

IHC 1:1000

WB 1:500

IHC 1:300

Sigma-Aldrich, Munich,
Germany
BD Bioscience,

Heidelberg, Germany

Cell Signaling
Technology, Leiden,
Netherlands

Cell Signaling
Technology, Leiden,
Netherlands
Sigma-Aldrich, Munich,

Germany

Sigma-Aldrich, Munich,
Germany
Sigma-Aldrich, Munich,
Germany
Santa Cruz, Heidelberg,
Germany
Santa Cruz, Heidelberg,
Germany

Dako, Glostrup, Denmark

LifeSpan BioSciences,
Seattle, USA

Atlas Antibodies AB,
Bromma, Sweden

M. Grandl (our group) &
E. Kremmer, TUM
Merck Millipore,

Darmstadt, Germany
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Anti-TCF4, rabbit WB 1:1000 Cell Signaling
monoclonal, CO9B9 IP 1:170 Technology, Leiden,

Netherlands
Anti-a-Tubulin, WB 1:1000 Santa Cruz, Heidelberg,
monoclonal mouse, B-7 Germany

Table 8: Primary antibodies used in this study

Secondary antibodies — conjugated for Western Blot

Anti-mouse IgG HRP WB 1:3000 Promega, Mannheim,
Conjugate Germany

Anti-rabbit IlgG HRP WB 1:3000 Promega, Mannheim,
Conjugate Germany

Anti-rat IgG HRP WB 1:3000 Dako, Glostrup, Denmark
Conjugate

Table 9: Secondary antibodies — conjugated for Western Blot

Secondary antibodies — conjugated for Immunofluorescence

Anti-mouse IgG, Alexa IF 1:300 Invitrogen, Karlsruhe,
Fluor 488, polyclonal goat Germany

Anti-rabbit IgG, Alexa IF 1:300 Invitrogen, Karlsruhe,
Fluor 594, polyclonal Germany

chicken

Table 10: Secondary antibodies — conjugated for Immunofluorescence

Antibody — conjugated for in situ hybridization
Anti-Digoxigenin-AP, Fab ISH 1:2000 Roche, Penzberg,

fragments Germany

2.1.13 Cell culture

Fetal Bovine Serum, heat inactivated (FBS/FCS) Invitrogen, Karlsruhe, Germany

Gibco® DMEM Invitrogen, Karlsruhe, Germany
Gibco® Optimem Invitrogen, Karlsruhe, Germany
Gibco® PBS, pH 7.4, sterile Invitrogen, Karlsruhe, Germany

Gibco® Trypan Blue Solution, 0.4% Invitrogen, Karlsruhe, Germany
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Gibco™ Penicillin-Streptomycin (10,000 U/ml)
Trypsin / EDTA (0.04% / 0.03%)

2.1.14 Cell lines

AGS

HCT116

KATOII

MKN45

MKN7

NCI-N87

NUGC4

ST23132

ST2957

ST3051

Table 11: Human cancer cell lines used in this study.

gastric adenocarcinoma

colorectal carcinoma

gastric signet ring cell carcinoma

poorly differentiated gastric

adenocarcinoma

tubular gastric adenocarcinoma

well differentiated gastric
adenocarcinoma

gastric signet ring cell carcinoma

well differentiated gastric
adenocarcinoma
well differentiated gastric
adenocarcinoma
well differentiated gastric

adenocarcinoma

2.1.15 Human Samples

Invitrogen, Karlsruhe, Germany

Promo Cell, Heidelberg, Germany

ATCC® CRL-1739
(Barranco et al. 1983)
ATCC® CCL-247
(Brattain et al. 1981)
ATCC® HTB-103TM
(Sekiguchi, Sakakibara, and
Fujii 1978)

RCB1001

(Motoyama, Hojo, and
Watanabe 1986)
RCB0999

(Motoyama, Hojo, and
Watanabe 1986)
ATCC® CRL-5822
(Park et al. 1990)
RCB1939

(Yokoyama et al. 1986)
(Vollmers et al. 1993)

(Vollmers et al. 1993)

(Vollmers et al. 1993)

Anonymized paraffin-embedded human tissue samples to include normal gastric and

colonic mucosa, adenomas, and carcinomas were obtained from the archives of the
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Institut fiir Pathologie, Klinikum Bayreuth, Germany, after approval of the local ethics
committee.

Patients to be evaluated and treated for the GAPPS phenotype were enrolled into an
institutional review board approved protocol (CCR NCI-09-0079) including written

informed consent covering genetic testing and use of obtained tissue samples for research.

2.1.16 Mouse models

2.1.16.1 Conditional mouse model Sox17 /!

Sox17 "™ mice were originally constructed by Dr. Sean J. Morrison’s group at University
of Michigan, now UT Southwestern (Kim, Saunders, and Morrison 2007) to investigate
transcriptional programs of fetal and adult hematopoietic stem cells. The Sox/7 gene was
targeted by a ‘targeting vector’ containing the Sox/7 coding sequence flanked by loxP
sites as well as a FRT flanked neomycin cassette for subsequent positive selection. Then
Flp-recombinase was used to remove the neo cassette. LoxP sites were placed such that
they did not disturb any potential conserved regulatory elements. Upon recombination of

loxP sites the entire coding sequence of Sox/7 is removed.

5 probe 3' probe 1kb
o * * | S Se—
+
R |:v-]s:]ss s [":,i s-j R RS Sox17
s s s .

loxP loxP FRT FRT ) s
TR 'ﬁ D p e X Targeting vector

SSIS S SiI R S

fl-neo
: BTN B I : —— Sox17

S SSI S S S R S
\ '

T PR Dﬂ[ﬁ -:]DL' i a
R Ts ss s s LS R R S Sox17

SSIS S SI

R :]s :Iss s[ 4 R R S Cre-recombined

S S

Figure 4: Generation of Sox17 ™" mice.

Fl= flanked by LoxP sites; loxP= LoxP sequence; Frt= flippase recognition target; neo= neomycin
cassette; black boxes= coding sequence of Sox/7. Adapted with permission from Kim, Saunders,
and Morrison 2007. Copyright 2007 Elsevier.
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2.1.16.2 Conditional mouse model Cdh1

Cdh1 ™" mice were created by Prof. Rolf Kemler’s group at the Max Planck Institute of
Immunobiology and Epigenetics, Freiburg to study E-cadherin’s function in lactating
mouse mammary gland (Boussadia et al. 2002). Exons 6-10 of the Cdhl gene are flanked

by loxP sites and removed upon Cre-recombination.

2.1.16.3 Conditional mouse model Hsp60 ™

Hsp60 "™ mice were created by Taconic-Artemis (Cologne, Germany) in close
consultation with Prof. Dirk Haller’s group (ZIEL — Institute for Food & Health, TUM).
The construct contains loxP sites flanking exons 4-8 of the Hsp60 gene, thereby removing
the coding sequence for the chaperone’s ATPase domain upon Cre mediated

recombination (Berger et al. 2016).

2.1.16.4 Cre expressing mice — Villin-Cre and Villin-Cre-ER™

In all breedings, care was taken to maintain Cre mouse lines in a hemizygous state for the
Cre transgene. The villin promoter was shown to exhibit exclusive activity in small and
large intestinal mucosa and epithelia of proximal renal tubules (Pinto et al. 1999). It was
used to serve as tissue specific promoter to drive Cre recombinase expression (el Marjou
et al. 2004). Vil-Cre was shown to induce durable recombination in small and large
intestine, indicating that intestinal progenitor cells were also targeted. The vi/-Cre is
constitutively transcribed from E9 in visceral endoderm and E12.5 in the intestinal
epithelium.

To control the timing of recombination, a tamoxifen inducible Cre-ER"* was put under
the promoter of villin: vi/-Cre-ER"*. Tamoxifen can be administered via different routes,
e.g. intraperitoneal injections (like in collaborative project Schneider et al. 2010) or fed
in the form of pellets (like in collaborative project Berger et al. 2016) and only then Cre

is expressed and induces recombination.
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2.1.17 Software

Axiovision 4.8
BioRad CFX Manager

ChemoStar analysis software

Fiji 1.0

GIMP 2.8.22

LAF-AS

Microsoft Excel for Mac 15.41
Microsoft PowerPoint for Mac 15.41
Microsoft Word for Mac 15.41
Molecular Imager Gel Doc XR+System
NanoDrop ND-1000 V38.1

Photoshop CS6

Prism 5

QuPath 0.1.2

Carl Zeiss, Oberkochen, Germany
BioRad Laboratories, Munich, Germany
INTAS Science Imaging Instruments,
Gottingen, Germany

imagej.net

WWW.gimp.org

Leica Biosystems, Nuflloch, Germany
Microsoft Germany, Munich, Germany
Microsoft Germany, Munich, Germany
Microsoft Germany, Munich, Germany
BioRad Laboratories, Munich, Germany
Thermo Scientific, Karlsruhe, Germany
Adobe Systems, San Jose, USA
GraphPad Software, La Jolla, USA
qupath.github.io (Bankhead et al. 2017)

Chapter 2
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2.2 Microbiological methods

2.2.1 Sterilization of consumables, glassware, solutions, media, and

S2 waste

Autoclavable consumables, glassware, self-made solutions, and media as well as S2
laboratory waste were steam sterilized at a minimum of 121 °C at 2 bar for at least 20
min. If non-autoclavable media or solutions needed to be sterilized, filters of 0.45 um or

0.20 um pore size were employed to eliminate bacteria or viruses, respectively.

2.2.2 Culture and storage of E. coli strains

E. coli chemically competent cells (e.g. DH5a) and transformed E. coli cells were grown
in LB broth media with antibiotics at 37 °C and 150 rpm on a bacterial incubation shaker
overnight. Antibiotics were added according to specific plasmid-encoded antibiotic
resistance genes (e.g. 100 pg/ml Ampicillin, 25 pg/ml Chloramphenicol, or 25 pg/ml
Kanamycin) from a 1000:1 stock solution. After bacterial growth was visually confirmed
by turbidity of LB broth media, the bacterial suspension was centrifuged for 5 min at
5000 rpm, and the supernatant decanted. The bacterial pellet was carefully resuspended
in remaining minimal volumes of media by pipetting, plated on LB agar plates with
corresponding antibiotics, and grown overnight at 37 °C.

Next day, single colonies were picked and regrown in 5 ml (e.g. for DNA Mini
preparation or colony PCR) or 100 ml (e.g. DNA Midi preparation) of LB broth media
containing appropriate antibiotics.

Glycerol stocks of competent cells were prepared for long-term storage. 800 ul of
overnight bacterial culture grown in LB broth media with corresponding antibiotics were
thoroughly mixed by pipetting with 200 pl of 80% glycerol. (The pipet tip can be trimmed
with sterile scissors to allow for easier mixing.) The glycerol stock was immediately

dipped in liquid nitrogen and transferred to a -80 °C freezer for long-term storage.



40 Material and Methods Chapter 2

2.2.3 Transformation of chemical competent cells

A 50 pl aliquot of chemical competent cells (e.g. E. coli DH5a)) was retrieved from
storage at -80 °C, thawed on ice, mixed with 100 ng of plasmid DNA, and incubated on
ice for 10 min. The cells were exposed to a heat shock of 42 °C for 45 sec and immediately
put back on ice to cool down for 5 min. 900 pl of 37 °C warm LB medium without
antibiotics were added and cells incubated on a bacterial shaker at 37 °C for 60 min to
allow for transcription of plasmid-encoded antibiotic resistance genes. Subsequently, the
bacterial suspension was centrifuged at 4500 rpm for 10 min at room temperature and the
supernatant decanted. The bacterial pellet was carefully resuspended in remaining
minimal volumes of media by pipetting, plated on LB agar plates with corresponding

antibiotics, and grown overnight at 37 °C.

2.3 Molecular biological methods

2.3.1 Plasmid DNA preparation from overnight cultures

Depending on the need of downstream applications either Mini or Midi preps were
performed with input overnight culture volumes of 5 ml or 100 ml, respectively. Bacteria
were harvested by centrifugation at 4000 rpm for 5 min. The supernatant was discharged
and subsequent steps performed using the Wizard®” Plus SV Minipreps DNA Purification
System (Promega) and PureYield™ Plasmid Midiprep Kit (Promega), which are silica
membrane-based systems, according to the manufacturer’s instructions. In brief,
transformed bacteria were thoroughly resuspended, lysed, and treated with an alkaline
protease solution. This was followed by centrifugation, transfer of cleared lysate onto
columns, washing, and endotoxin removal steps. The Miniprep was exclusively
performed by micro centrifugation whereas the Midiprep was achieved by vacuum using
Promega’s vacuum pump, vacuum manifold, and Eluator™ Vacuum Elution Device.
Nuclease-free water was warmed to 65 °C before applying to elution columns in order to
achieve higher DNA yields. DNA was eluted in 30-50 pl nuclease-free water for
Minipreps or 400-600 pl for Midipreps. Volumes were adjusted depending on specific

downstream needs and expected yields. DNA concentration was measured with the
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NanoDrop instrument (Thermo Scientific). Isolated plasmid DNA was stored at 4 °C for
short-term usage or at -20 °C long-term.

At times, it was necessary to further purify or concentrate the recovered plasmid DNA.
Ice-cold 100% Isopropanol was added at 0.6-0.7 volumes for precipitation of purified
plasmid. Optionally the mix was stored at -20 °C overnight. Next, maximum speed
centrifugation was carried out in a pre-cooled centrifuge at -4 °C. The pellet was washed
at least once in 70% ethanol, resuspended, and again centrifuged. Ethanol was carefully
and completely removed. Residual ethanol was vaporized either at room temperature or
briefly at 37 °C on a thermo mixer. The pellet was resuspended in 30 pl of nuclease-free

water.

2.3.2 RNA isolation from mammalian cell lines

Total RNA was isolated from a wide range of gastric cancer cell lines (Table 11) to
determine the basal expression of RNF43. Cell lines were seeded at 3x10° cells in 6-well
plates and incubated overnight at 37 °C. Growth and viability were judged by microscopic
examination before proceeding with cell lysis. For adherent cell lines, medium was
removed and cells were washed in 1x PBS. After 1-2 min of incubation in 300 pl of lysis
buffer, which contained guanidine thiocyanate and 2-mercaptoethanol to inactivate
RNases, cells were lysed with cell scrapers. Cells growing in suspension where pelleted
by centrifugation for 5 min at 300 % g and resuspended in lysis buffer. The resulting cell
lysates were further processed with the GenElute™ Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich) according to the manufacturer’s instructions. In brief, cellular debris was
removed using a filtration column. The flow-through was mixed with equal amounts of
70% ethanol and loaded onto a silica-based binding column. After three washing steps,

RNA was eluted in 30 pl of RNase-free water and stored at -80 °C until further use.

2.3.3 DNA digestion of RNA preparations

Carried-over contaminating genomic DNA was removed from RNA preparations using
the DNAfree™ kit (Ambion) following the manufacturer’s instructions. RNA samples
were mixed with 0.1 volume of 10X DNase I Buffer and 1 pl of rDNase I followed by

incubation at 37 °C for 25 min. DNase Inactivation Reagent was added at 0.1 volumes to
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inhibit rDNase I and remove divalent cations from the sample. After incubation for 2 min
samples were centrifuged at 13,000 rpm and the supernatant fraction transferred into a

fresh microcentrifuge tube.

2.3.4 Assessing nucleic acid concentration and purity

DNA and RNA concentrations were assessed with a NanoDrop ND-1000
spectrophotometer (Thermo Scientific) loading a sample of 1.5 pl plasmid DNA or RNA.
Absorbance was measured at a wavelength of 260 nm (A260) and 280 nm (A280). Sample
concentrations were provided based on the measurement at 260 nm. The ratio of sample
absorbance at 260 nm to 280 nm was given as a surrogate of DNA and RNA purity. Ratios
in the range of 1.8-2.0 would indicate a good sample with very little protein

contamination.

2.3.5 Reverse Transcription

For cDNA synthesis, total RNA of cultured cells was reverse-transcribed with M-MLV
(Moloney Murine Leukemia Virus) Reverse Transcriptase, RNase H Minus, point mutant
(Promega) following the manufacturer’s instructions. 1 pg of RNA and 1 pl of random
primers (150 ng/ul) were mixed in a final volume of 14 ul (filled up with RNase-free
water). This RNA-primer mix was incubated at 70 °C for 5 min and then immediately
placed on ice for 5 min. Then 5 pl M-MLV RT 5X Reaction Buffer, 1.25 ul of PCR
Nucleotide Mix (ANTP), and of 1 ul M-MLV RT (H-) enzyme were added with nuclease-
free water to a final volume of 25 pl. cDNA synthesis was carried out at RT for 10 min
followed by 50 °C for 50 min. The reaction was inactivated by heating to 70 °C for
15 min. The resulting cDNA was stored at -20 °C. The identical reaction mix without
M-MLV RT (H-) enzyme was run as a negative control to monitor possible carryover of

DNA.

2.3.6 Quantitative Real-time PCR (qRT-PCR)

Quantitative Real-time PCR was performed to determine the levels of baseline RNF43
expression (primer sequences in Table 5) using the KAPA SYBR® FAST gqPCR
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Universal Master Mix (Kapa Biosystems), which includes an engineered Taq DNA
polymerase to reduce non-specific products like primer-dimers, and SYBR Green I, a
fluorescent dye that emits a signal upon binding of double-stranded DNA. qRT-PCR was
carried out on a BioRad CFX384 system (BioRad).

The reaction mix per well was optimized to require less reagent input and contained 5 pl
of KAPA SYBR® FAST qPCR Master Mix (2x), 0.5 pl of each forward and reverse
primer [10 uM], and 4 pl of cDNA template [50 ng/ul]. All samples were run in triplicates.
Additionally, reverse transcriptase-free and template-free samples were assessed as
negative controls in each run.

The PCR reaction was started with an enzyme activation step at 95 °C for 3 min, followed
by 40 cycles of denaturation at 95 °C for 15 sec, annealing at 60 °C for 10 sec, and melting
curve analysis in 0.5 °C steps per sec from 60-95 °C. The instrument was halted at 12 °C.
RNF'43 expression was normalized to expression of the housekeeping gene GAPDH using
the ACT method (Livak and Schmittgen 2001):

. . NF43-GAPDH
relative mRNA expression = 2 A¢T (RNF43-G )

2.3.7 Gel electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments based on their size.
Gels were prepared freshly by heating and dissolving 1-2% (w/v) agarose in 1x TAE in a
microwave. Once it was visually confirmed that the agarose had completely dissolved,
the solution was cooled down under running tap water. 5 pl Roti®-Safe were added to
100 ml of agarose solution before it was poured into a gel chamber. A gel comb to create
sample loading pockets was placed into the hardening gel. Once firmness was achieved,
the comb was carefully removed, the gel transferred into an electrophoresis chamber and
submerged into 1x TAE buffer. 6x loading dye was added to samples before transferring
them into the gel pockets. Electrophoresis was carried out at 90-100 V for 30-70 min
depending on DNA fragment size and agarose concentration.

[lumination with ultraviolet light of a wavelength of 302 nm enabled detection of DNA
fragments. Gel imaging was performed with the Gel Doc™ XR+ Gel Documentation
System (BioRad Laboratories).

For extraction, DNA fragments were cut with DNA Pick-up Tips (SLG) and subsequently
purified with the Wizard® SV Gel and PCR Clean Up Kit (Promega) according to the
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manufacturer’s instructions. DNA was eluted in 30 pl of nuclease-free water and stored

at -20 °C.

2.3.8 Restriction digest of DNA

Plasmid DNA and PCR fragments were digested with restriction endonucleases supplied
by Promega (Table 1). Typically, 1 pug of DNA was mixed with 10x Buffer, and 10 units
of restriction enzyme(s) to a total volume of 20 pl to 50 pl. Restriction enzymes were kept
on ice, added last to the reaction mix, and thoroughly mixed by pipetting up and down.
Incubation was carried out at 37 °C on a thermoshaker for 1 h, if needed longer.
Completeness of digestion was verified by agarose gel electrophoresis and digestion
products extracted and purified as needed with the illustra GFX PCR DNA and Gel Band

Purification Kit (GE Healthcare) following the manufacturer’s instructions.

2.3.9 Colony PCR

Transformed bacteria were screened by Colony PCR for the presence and orientation of
respective inserts. Usually a pair of one insert specific primer and one of two primers on
opposing sides of the multiple cloning site were used (Table 3). Single colonies of
transformed. E. coli bacteria where picked with a sterile pipette tip which was then
swirled in 20 pl of nuclease free water. 5 pl of that suspension were subsequently used as
a template for PCR. A master mix of 12.5 ul (GoTaq" Green Master Mix, Promega), each
1 pl forward and reverse primer [10 uM], and 5.5 pl nuclease free water was prepared
and the bacterial solution added. PCR was performed following standard conditions: an
extended initial denaturation to destroy bacteria and release plasmid DNA at 95 °C for
5 min, followed by 36 cycles of denaturation at 95 °C for 30 sec, annealing at 56 °C for
30 sec, and extension at 72 °C for 2 min. This was followed by a final extension at 72 °C
for 5 min and a final hold at 12 °C.

Resulting PCR products were subjected to agarose gel electrophoresis which provided a

convenient readout to determine presence and size of the cloned insert.
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2.3.10 Sanger sequencing

Sequences of all purchased plasmids and self-made constructs were verified by
commercial Sanger sequencing services (MWG Eurofins, Ebersberg). Samples were
prepared according to the company’s instructions with a plasmid DNA concentration of
50-100 ng/pl in a total sample volume of 15 pl. If none of the company’s provided

sequencing primers was suitable, 30 pmol of an own sequencing primer were added.

2.4 Cell culture methods

2.4.1 Culturing of cell lines

A list of cell lines used can be found in Table 11. Routinely, cells were grown in cell
culture flasks of 25 cm® or 75 cm® in 7 ml or 13 ml of DMEM — Dulbecco's Modified
Eagle Medium (Gibco®, Invitrogen), supplemented with 10% Fetal Calf Serum (Thermo
Scientific), 1x Penicillin-Streptomycin (Gibco®, Invitrogen), and grown at 37 °C in an
atmosphere of 5% CO; and 90% humidity. Cells were monitored daily for vitality and
growth and routinely monitored by PCR for mycoplasma contamination.

Before reaching confluence, cells were split at 1:5-10 and subcultured. Media was
removed and cells were washed in 5 ml of DPBS — Dulbecco's phosphate-buffered saline
(Gibco®, Invitrogen), followed by trypsinization with 1.0 ml of 0.25% Trypsin-EDTA
(Promo Cell) at 37 °C and 5% CO; for approximately 10 min and longer if needed. Cells
were detached and collected by applying repeat washes of 6 ml of DMEM/10% FCS that
also stopped the trypsinization reaction. The solution was centrifuged in a 15 ml falcon
tube at 1000 rpm for 5 min, the supernatant discarded, and the pellet resuspended in 5 ml
DMEM/10% FCS. A fraction of that volume, typically 0.5-1 ml, was transferred to a new
cell culture flask and remaining cells were used for subsequent experiments or

appropriately disposed.

2.4.2 Cell counting

Cells were manually counted using a Neubauer cell counting chamber/hemocytometer.

After trypsinizing cells, 10 pl of cell suspension were mixed with 90 pl of the vital stain
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Trypan blue (Gibco®, Invitrogen) that is able to penetrate cell membranes of dead cells
and thereby selectively stain those. The cell counting chamber was thoroughly cleaned
with 70% ethanol, air dried, and 10 pl of the Trypan blue cell suspension were evenly
applied. Its four large peripheral quarters were counted under the microscope using a tally
counter and only taking into account cells that are within the quadrants or sitting on the
top and left lines. The mean cell number of unstained and thereby vital cells was
calculated and multiplied by 10* to provide the number of cells per ml since the chamber’s
volume is 0.1mm (depth) x 1 mm? (grid area) which equals 0.1 mm® or 0.1 pul. Because
cells were initially diluted at 1:10 in Trypan blue, a final multiplication by 10 provided

the number of cells in the original cell suspension.

2.4.3 Freezing and thawing of cell lines

To preserve cells at low passage numbers cells were grown, aliquoted, frozen, and stored
in liquid nitrogen at -190 °C. This was repeated once initial stocks were being consumed.
Cell lines were grown and trypsinized before reaching confluence, centrifuged at
1000 rpm for 5 min, and the pellet resuspended in 9 ml of fresh DMEM/10% FCS + P/S.
Subsequently 900 ul of cell suspension were added to Nalgene™ cryotubes (Thermo
Scientific) prefilled with ice-cold 100 ul DMSO (dimethyl sulfoxide). This allowed for
preparation of ten aliquots, which were frozen in a stepwise fashion, initially left on ice
for a few minutes, then transferred to a freezer at -80 °C, and ultimately after 1-3 days
moved into liquid nitrogen at -190 °C.

To thaw cell lines, 10 ml of DMEM/10% FCS were pre-heated to 37 °C in 15 ml falcon
tubes. Cells in cryotubes were partially thawed in a water bath at 37 °C and immediately
transferred to pre-heated media. Cells were pelleted at 1000 rpm for 5 min, resuspended
in 1 ml of cell culture medium, and seeded into 25 cm? cell culture flasks prepared with

6 ml of medium.

2.4.4 Paraffin cell pellets

First, cells were grown in 10 cm? cell culture dishes and washed once with 1x PBS. Next,
1-5 ml of PBS were added, cells gently scraped to avoid cell lysis, and transferred to

several microcentrifuge tubes. Centrifugation was performed at 1200 rpm for 5 min. If
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resulting pellet size was in excess of 50 pl it was resuspended and distributed over more
microcentrifuge tubes. PBS was decanted and 4% PFA added. After a centrifugation step
at 1200 rpm for 5 min the pellets were fixed in 4% PFA for at least 48 h at RT. Next, PFA
was removed and pellets were dehydrated by incubation in 1 ml of 50%, 70%, 96%, and
absolute ethanol for at least 1 h at RT. Incubation in absolute ethanol was performed three
times and left overnight. To maintain pellet integrity as best as possible a centrifugation
step after each ethanol exchange was added at 1500 rpm for 1 min. The following day,
1 ml of xylene was added, incubated for 2 h, and changed at least three times. About half
of xylene was removed. The pellet was transferred with the remaining xylene into a
metallic embedding cassette. Liquid paraffin was added followed by incubation at 65 °C
overnight. Next day, the liquid paraffin was exchanged and the metallic embedding
cassette put on ice while making sure that the pellet was evenly aligned at the bottom of
the well as the paraffin hardened. Subsequently, the paraffin block was removed from the

metallic embedding cassette and cut at 3.5 pm for immunohistochemical staining.

2.5 Protein biochemical methods

2.5.1 Protein complex immunoprecipitation (Co-IP)

For protein complex immunoprecipitation (Co-IP), AGS cells were seeded in 10 cm” cell
culture dishes and grown to 70-90% confluence in DMEM/10% FCS without antibiotics.
Then they were transiently transfected with 6 ug empty vector control (pcDNA4/TO) or
FLAG-tagged RNF43 using the Lipofectamine® 2000 reagent (Invitrogen) according to
the manufacturer’s instructions.

After two days, cells were washed in PBS, chilled on ice, and lysed with 900 pul of NP-40
lysis buffer. Pre-clearing of cells was achieved by adding 50 pl of protein agarose A beads
followed by incubation for 2 h at 4 °C on a rotating wheel. This was repeated once after
a centrifugation step at maximum speed at 4 °C for 2 min.

1/10 of these raw lysates were set aside as controls, mixed with 3x SDS buffer, and frozen
at -20 °C.

Next, raw lysates were transferred to fresh microcentrifuge tubes. Antibodies specific to
the protein to be precipitated were added and samples incubated on a rotating wheel at

4 °C overnight. Subsequently, 50 pl of Protein agarose A were added and incubated for
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at least 4 h at 4 °C on a rotating wheel. This was followed by centrifugation at 6000 rpm
for 3 min at 4 °C. Supernatants were removed and Protein agarose A beads were
thoroughly washed — 3x with lysis buffer and 2x with sterile PBS. Ultimately, 100 ul of
1x SDS buffer were added, lysates sub-boiled at 95 °C for 5 min, and frozen at -20 °C.

2.5.2 Subcellular fractionation

Subcellular fractionation separates nuclear, membranous and cytoplasmic compartments
by differential centrifugation also using ultracentrifugation. To preserve integrity of
samples all centrifuges should be pre-cooled and operated at 4 °C and samples should be
kept on ice as much as possible. For optimal results a large number of cells is needed.
Cells were therefore grown in 10 cm® cell culture plates in 10 ml DMEM/10% FCS at
37 °C overnight. Cells were harvested and counted to make sure that more than 1x 10°
cells were collected before proceeding. Cells were washed in PBS and split into 1x10°
cell aliquots followed by centrifugation at 3000 rpm for 5 min. The resulting pellet was
resuspended in 100 pl CLB buffer with protease inhibitors (Protease Inhibitors Set and
Pefabloc, Roche) and kept on ice for 5 min. Dissociation of cells was achieved by using
glass dounce tissue grinders and douncing cells 50 times. Subsequently, the homogenate
was centrifuged at 3000 rpm for 5 min at 4 °C.

The resulting supernatant (S1; membranes and cytoplasm) was taken off and stored in a
new microcentrifuge tube on ice for later processing.

The remaining cell pellet (P1; nuclear fraction) was resuspended in 800 pl of TSE buffer
with protease inhibitors and dounced 30 times followed by centrifugation at 3000 rpm for
5 min at 4 °C. The supernatant was discarded and the pellet washed in 800 pl of TSE
buffer. After repeated centrifugation at 3000 rpm for 5 min at 4 °C the supernatant was
discarded and the pellet was eluted in 100 pl of RIPA buffer with protease inhibitors and
0.1% SDS. 50 pl of 3x SDS were added to the sample followed by sub-boiling at 95 °C
for 5 min. This sample containing the nuclear fraction was then stored at -20 °C.

Then the previously set-aside S1 fraction was further processed. First, it was
ultracentrifuged at 39,000 g for 15 min at 4 °C. Only the top 100 pl of the supernatant
(S2; cytoplasmic fraction) were mixed with 50 pl of 3x SDS, sub-boiled at 95 °C for
5 min, and stored at -20 °C. The pellet (P2; membranes) was resuspended in 50 pl of 1x
SDS, sub-boiled at 95 °C for 5 min, and stored at -20 °C.
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2.5.3 Western blot

2.5.3.1 Preparation of cell lysates

Cancer cell lines were seeded at 5 x 10° cells/well in 6-well plates, either transiently
transfected with 0.5 pg of plasmid DNA with Lipofectamine 2000 or non-transfected.
Growth medium was removed, cells washed in 1x PBS, and 100 pl of 1x SDS lysis buffer
were added before cells were detached with a cell scraper. The lysate was transferred to
1.5 ml microcentrifuge tubes. Cells were either sonicated for 5 min in a chilled ultrasonic
water bath (Transsonic T460, Elma Schmidbauer) or sonicated with an ultrasonic
homogenizer (Sonoplus UW 2070, BANDELIN electronic; amplitude 30%, 10 sec) while
on ice. The samples were sub-boiled at 95 °C for 5 min on a thermoshaker, cooled down

on ice, briefly spun down, and loaded onto the polyacrylamide gel or frozen at -20 °C.

2.5.3.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was used to separate proteins by molecular weight. Samples were run on
polyacrylamide gels of 8-12% depending on protein size of interest. Separating and
stacking gels were hand-made (see 2.1.4). First, the separating gel solution was prepared
and poured into a Novex® gel cassette (Invitrogen) and covered with isopropanol to
prevent drying-out and to assure an even interface. After 1 h of polymerization the
isopropanol was poured-off, the stacking gel solution added, and a gel comb carefully
inserted while avoiding the creation of bubbles. After 1 h of polymerization the gels were
wrapped in water-soaked paper towels, sealed in plastic bags, and stored at 4 °C for future
use if not immediately used. Gels without combs were mounted in the XCell SureLock™
Mini-Cell Electrophoresis System (Invitrogen) which was filled to the top with 1x SDS
running buffer. Samples were loaded into gel pockets with a Hamilton syringe. Usually

electrophoresis was performed at 150 V and max. 300 mA for 1 h.

2.5.3.3 Western blot: Semi-dry or wet transfer

Proteins were blotted to nitrocellulose membranes (Whatman) by semi-dry or wet

transfer. Semi-dry transfer was performed with the Trans-Blot” SD Semi-Dry Transfer
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Cell (BioRad Laboratories) at 90 mA/cm” for 100 min in transfer buffer. Wet transfer was
performed with the XCell II™ Blot Module (Invitrogen) at 2.5 mA/cm” for 60 min in
transfer buffer. The efficacy of protein transfer was assessed by reversible staining with
Ponceau S that was washed off by several rinses in water. Also, bands of the protein
standard were marked with pencil on the membrane.

Unspecific binding sites were blocked by incubation in 1x TBS-T (TBS with 0.1% Tween
20) with 5% fat-free milk powder (BioRad Laboratories) at RT for at least 1 h. The
membrane was briefly rinsed in TBS-T to removed excess blocking solution. The primary
antibodies (Table 8) were diluted in 5% BSA in TBS-T and membranes were incubated
at 4 °C overnight. Next day, membranes were washed three times in TBS-T for each
10 min. Secondary HRP (horseradish peroxidase)-conjugated antibodies (Table 9) were
diluted in 1x TBS-T with 5% fat-free milk powder and membranes were incubated at RT
for 1 h. Subsequently, membranes were washed six times in TBS-T for each 10 min.
About 2 ml of either Pierce™ ECL Western Blotting Substrate (Thermo Scientific) or if
signal was weak SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo
Scientific) were applied to the membranes. After incubation for 5 min in the dark,
detection was either conventionally by x-ray films (Kodak) and the Curix 60 film
processor (Agfa) or digitally with the CHEMOCAM Imager 3.2 (INTAS Science Imaging
Instruments).

If additional proteins needed to be detected on the same membrane, membranes were
stripped by incubation in Restore™ Western Blot Stripping Buffer (Thermo Scientific)
for 15 min on a slowly-turning laboratory rocker after a brief wash in TBS-T. Stripping
buffer was removed by three washes in TBS-T for each 10 min. The membranes were
blocked again in 1x TBS-T with 5% fat-free milk powder at RT for at least 1 h and steps

as outlined above repeated.

2.6 TOP/FOP luciferase reporter assay

AGS, HCT116, and MKN45 were seeded in 24-well plates at 10° cells / well in DMEM
with 10% FCS + Penicillin-Streptomycin and incubated overnight at 37 °C and 5% CO,.
Different amounts of expression plasmids (RNF43-wt, RNF43-H292, or empty vector
control; Table 6) were used with appropriate amounts of empty vector added to ensure

that an equal amount of DNA was transfected.
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In addition, cells were simultaneously cotransfected with two reporter plasmids. First,
either 100 ng of pTOPFlash or pFOPFlash reporter gene plasmids kindly provided by
Mark van de Wetering were added. The TOP/FOP assay was designed to assess signaling
activity of the canonical Wnt pathway through its downstream transcription factor TCF4
(van de Wetering et al. 1997, Korinek et al. 1997). pTOPFlash contains ten wild-type
binding sites for TCF/LEF (5’-CCTTTGATC-3’) upstream of a Firefly luciferase under
a minimal c-fos promoter. In parallel, pFOPFlash is run as a negative control with ten
mutated binding sites for TCF/LEF (5’-CCTTTGGCC-3’) to evaluate unspecific
background luciferase activity.

To better account for experimental variations like transfection efficiency, proliferation,
or cell viability but also technical issues like pipetting errors or incomplete cell lysis 10 ng
of pCMV-Renilla, a reporter plasmid with Renilla luciferase under the control of the
CMYV promoter (Promega) were transfected. All experimental conditions were carried out
in duplicates.

Cells were transiently transfected using the Lipofectamine® 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. In brief, respective plasmid DNA (usually
100 ng of TOPFlash, 10 ng of FOPFlash, and variable amounts of experimental plasmid
and empty vector) was diluted in 50 pl of minimal medium, Opti-MEM® I (Gibco®,
Invitrogen) and gently mixed. In parallel, 1 pul of Lipofectamine® 2000 was diluted in 49
ul of Opti-MEM" I and incubated for 5 min at RT. DNA and Lipofectamine dilutions
were mixed carefully at 1:1 to a total volume of 100 pl. This mix was incubated for 20 min
at RT. Culture medium of cells was replaced with 100 ul Opti-MEM® I before 100 pl of
DNA-Lipofectamine complexes were added in a drop-wise fashion directly to the cells.
Cells were incubated overnight at 37 °C and 5% CO,. Next day, 300 pl of fresh
Opti-MEM® I was added.

After 48 h of incubation at 37 °C and 5% CO,, cells were washed twice in 1x PBS, and
excess fluid was carefully removed. Activities of Firefly and Renilla luciferases were
measured using the Dual-Luciferase” Reporter Assay System (Promega) according to the
manufacturer’s instructions.

In brief, 100 pl of Passive Lysis Buffer (Promega) were added followed by at least 30 min
incubation on a rocking platform. If needed the lysed cells could be stored at -20 °C for
a few weeks. Occasionally, this step was performed to enhance cell lysis. Only after visual
confirmation of cell lysis, 20 ul of lysate were transferred to a 96-well white round-bottom

plate and protected from light exposure by wrapping in aluminum foil.
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Assay readout was obtained on an Orion Microplate Luminometer (Berthold) equipped
with an automated pipetting system. First, the substrate of the Firefly luciferase is added
and the resulting luminescent signal measured. Next a reagent containing a quencher for
the Firefly luciferase and the substrate for the Renilla luciferase is added followed by
measurement of Renilla luciferase activity.

For each duplicate, Firefly luciferase activity was normalized to Renilla luciferase
activity. The mean of the normalized duplicates was calculated and activities of
pTOPFlash and pFOPFlash reporter constructs were reported as normalized relative light

units compared to the mean normalized value of empty pTOPFlash vectors controls.

2.7 Immunofluorescence

AGS, HCT116, and MKN45 were transiently transfected with 500 ng of plasmid DNA
with the Lipofectamine® 2000 reagent (Invitrogen) according to the manufacturer’s
instructions and grown directly on coverslips emerged in 500 pul of DMEM/10% FCS
without antibiotics in 12-well plates overnight.

Media was removed, cells washed once in Ix PBS, followed by fixation and
permeabilization in an ice-cold 1:1 mixture of methanol/acetone for 15 min.
Methanol/acetone was removed and cells were washed three times in 1x PBS.

To decrease antibody binding to nonspecific epitopes, cells were blocked with IF
blocking buffer for 15 min at RT. IF blocking buffer was removed. The primary
antibodies were diluted in wash solution 1 (Table 8). 40 pul of antibody mix were applied
to Parafilm (Bemis Company) in a drop-wise fashion, coverslips with adherent cells were
put face down, and incubation was carried out in a humidified chamber at 4 °C overnight.
Next day, cells were washed three times in wash solution 1 followed by incubation with
the fluorochrome-conjugated secondary antibodies diluted in wash solution 1 (Table 10)
for 60 min at RT in a light-tight box. The following steps were carried out with minimal
light exposure to avoid fluorochrome fading.

This was followed by three washes in wash solution 2. Coverslips with adherent cells
were mounted with Vectashield, a DAPI containing mounting media (Vector
Laboratories) and flipped on glass coverslips (Menzel Gléser).

Confocal microscopy (Leica SP5) was usually performed immediately or after storage of

up to 3 days at -20 °C.
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2.8 Murine husbandry

2.8.1 Genotyping

For genotyping, about 2 mm of mouse tail tips at age 3-4 weeks were clipped and mice
were numbered with ear punches. To each tip, 500 pul of Laird's Buffer (Laird et al. 1991)
mixed with proteinase K (Merck Millipore) at 100 pg/ml were added. Tips were digested
overnight at 56 °C in a thermoshaker at 750 rpm. Next day, samples were centrifuged at
15,000 rpm for 5 min at RT. The supernatant was transferred to a fresh microcentrifuge
tube prefilled with 500 pl of isopropanol and inverted several times. Visible threads of
DNA were fished with a sterile pipet tip and care was taken to transfer as little isopropanol
as possible into a fresh tube of 200 pl nuclease free water. DNA was eluted on a
thermoshaker at 37 °C, 250 rpm for several hours.

Genotyping PCR (primers in Table 4) was carried out with an initial denaturation step at
94 °C for 5 min, followed by 35 cycles of 94 °C for 30 sec, 58 °C (Cre) or 60 °C (Sox17)
for 30 sec, and 72 °C for 30 sec. A final elongation step of 10 min at 72 °C was added.

2.8.2 Necropsy and tissue processing

Mice were mated overnight and a plug check was performed the next morning. When
positive, this was regarded as embryonic day E0.5. Pregnant mice were sacrificed at
indicated time points, killed by cervical dislocation, and embryos were extracted from the
uterus and killed. Adult mice were killed by cervical dislocation.

Once mice were sacrificed, stomach, small intestine, and colon were immediately
removed and separated from each other. To clean out luminal contents organs were gently
flushed with ice-cold PBS using a subcutaneous syringe (25-gauge needle) and kept on
Petri dishes placed on ice. Organs were longitudinally opened and intestines were rolled
with the mucosa facing outwards in a so called ‘Swiss roll” (Moolenbeek and Ruitenberg
1981). Tissues were fixed in 4% PFA overnight at 4 °C and for a maximum of 2 days to
avoid overfixation. Tissues were then run on a tissue processor following a standard
dehydration and paraffinization protocol (ASP 300 S, Leica Microsystems) and

subsequently embedded in a paraffin block using a Leica tissue embedding station.
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2.8.3 Ethics statement

The maintenance and breeding of mouse lines and all experiments were approved by the
Committee on Animal Health and Care of the local government body of the state of Upper
Bavaria (Regierung von Oberbayern; TVA 12-12 and TVA 214-13 for Berger et al. 2016,
TVA 087/09 for Schneider et al. 2010, and TVA 55.2.1.54-2532-160-12 for own
experiments) and performed in strict compliance with the EEC recommendations for the
care and use of laboratory animals (European Communities Council Directive of 24

November 1986 (86/609/EEC)).

2.9 Histological methods

2.9.1 Hematoxylin and eosin stain (H&E)

FFPE tissues were cut at 3 um, mounted on SuperFrost™ Plus slides (Menzel-Gléser),
and baked in a hybridization oven at 60 °C for 20 min. This was followed by a standard
protocol of deparaffinization in Roticlear” (Carl Roth) for three times 10 min and
rehydration by rinsing in absolute ethanol twice for 10 min, and descending dilutions of
ethanol (90%, 70%, 50%) and dH,O for each 5 min. Slides were stained with 5%
hematoxylin (Morphisto) for 6 min, followed by a quick rinse in tap water, and staining
with 1% eosin (Morphisto) for 6 min. Excess staining solution was washed off with tap
water and slides were dehydrated in ascending dilutions of ethanol (50%, 70%, 90%) for
each 1 min, twice in absolute ethanol for 5 min, and three times in Roticlear” (Carl Roth)

for 5 min. Slides were mounted with DPX mounting medium for histology (Sigma-
Aldrich).

2.9.2 RNA in situ hybridization (ISH)

RNA in situ hybridization (ISH) is a great tool to visualize mRNA expression in tissue
sections if no antibody is available to detect the protein of interest. This technique is
widely used in developmental biology and had a multitude of adaptions and
improvements over almost 50 years. The laboratory of Prof. Dr. Hans Clevers has adapted

the procedure to work particularly well in formalin-fixed paraffin embedded tissue
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sections of human and murine intestines and ISH was essentially performed as described

(Gregorieff and Clevers 2015).

2.9.2.1 Probes

To detect the mRNA of interest specific complementary RNA probes (riboprobes) needed
to be generated. An anti-sense and a sense probe were generated where the anti-sense
probe binds to the (sense) mRNA and the sense probe should not bind and thereby serves
as a negative control.

To this end, run-off in vitro transcription was performed. Vectors with viral RNA
polymerase promoters (T3/ T7/ SP6) at opposing sides of the multiple cloning site (MCS)
were used. cDNA of the target mRNA was either reversely transcribed from RNA (Table
2) or obtained through an .LM.A.G.E. clone (imaGenes GmbH, Berlin, Germany; now
Source Bioscience) and cloned into the MCS (Table 7). Preferentially the 3’ untranslated
region was included in the probe design given its potentially lower homology to other
genes.

Linearized plasmids as templates for run-off in vitro transcription were generated using
restriction enzymes so that the viral RNA polymerase promoter (T3/ T7/ SP6) would be
followed by the nucleotide sequence to be transcribed. The RNA polymerase would then
fall off at the end of the sequence where the restriction enzyme had cut. During
transcription digoxigenin-UTP will be incorporated for about every 3™ uracil which
subsequently can be detected by alkaline phosphatase (AP) coupled anti-digoxigenin
antibodies.

10 pg of plasmid DNA were digested with 30 units of restriction enzyme and 10 pl of
restriction enzyme buffer (10x) in a total volume of 100 ul RNAse free water. After
incubation for 3 h at 37 °C the digested DNA was cleaned up with the illustra GFX PCR
DNA and Gel Band Purification Kit (GE Healthcare) according to the manufacturer’s
instructions and eluted in only 10 pl of RNAse free water. Next, 1% agarose gel
electrophoresis of 2 pul digested DNA, 3 ul H,O, and 1 pl of 6x DNA Gel Loading Dye

(Thermo Scientific) was run to confirm complete linearization.
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2.9.2.2 Invitro transcription

In vitro transcription was set up in the following order in a 1.5 ml microcentrifuge tube:
7.5 pl of nuclease free water, 2 pl of linearized template DNA (~ 1-2 ug of DNA), 4 ul of
transcription buffer, 5 x (Promega), 2 pl of DTT 0.1 M (Promega), 2 ul of DIG RNA
Labeling Mix, 10 x (Roche), 1 pl of RNasin® Ribonuclease Inhibitor (Promega), and
1.5 pl of T3/T7/SP6 RNA polymerase (Promega). After incubation for more than 2 h at
37 °C, the sample was incubated with 1 ul of RNAse free DNase I (Roche) for 15 min at
37 °C.

It is paramount that the following steps are performed under RNAse free conditions to
avoid inadvertent degradation of the RNA probe. Gloves have to be worn at all times and
surfaces should be sprayed and wiped with RNase AWAY™ surface decontaminant
(Thermo Scientific). Dedicated RNAse free pipettors are encouraged and nuclease-free
pipette tips with aerosol filters have to be used. Further it is advisable to work as quickly
as possible. Therefore, one should have ice, dry ice, and all tubes including the final tubes
for permanent storage ready and labeled.

The RNA probe was purified using RNeasy Mini Kit (QIAGEN) following the
manufacturer’s instructions. Elution was carried out in a final volume of 50 ul RNAse
free water and the probe was immediately put on ice.

1.5 pl of probe were set aside to be quantified using the NanoDrop ND-1000
spectrophotometer (Thermo Scientific). 2 ul of probe were set aside to be run with 8 pl
of RNA Sample Loading Buffer (Sigma-Aldrich) and 2 pl of Orange DNA Loading Dye,
6X (Thermo Scientific) on a denaturing agarose gel (50 ml of 1% agarose in 1x TAE +
1 ml formaldehyde + 1.5 pl ethidium bromide). Before these quality control assays were
run, an equal volume of RNAse/DNAse free formamide (Sigma-Aldrich) was added to
the remaining 47 pl of probe, which was immediately placed on dry ice and subsequently

stored at -80 °C.

2.9.2.3 RNA hybridization

Preparation for in situ RNA hybridization starts days before the actual experiment. All
stock solutions and reagents, ideally all buffers, and sufficient amounts of DEPC (diethyl
pyrocarbonate)-treated water need to be available. Hellendahl staining jars made of glass

were baked at 200 °C overnight while wrapped in aluminium foil to inactivate RNAses.
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The day before in situ hybridization formalin-fixed paraffin-embedded (FFPE) human
and murine paraffin blocks were cut at a thickness of 8-10 pum, picked up onto
SuperFrost™ Plus slides (Menzel-Glidser), and baked in a hybridization oven at 70 °C
overnight.

The next day, tissue sections were deparaffinized by three rounds of fresh xylene
(AppliChem) or the less toxic Roticlear” (Carl Roth) for each 5 min. This was followed
by rehydration in a descending ethanol series of absolute (twice), 75%, 50%, and 25%
ethanol for each 5 min at RT and two rinses in DEPC-treated H,O. Ethanol absolute for
molecular biology (AppliChem) was used to prepare the dilutions. Of note, it is of utmost
importance that slides never dry out throughout the entire procedure. While performing
these steps the hybridization oven should be set to 68 °C with a sufficiently large beaker
cup of ddH,0 to establish an H,O-saturated atmosphere. Further, water baths should be
set to 37 °C and 70 °C and 4% PFA should be prepared freshly which takes a long time
to dissolve (heat to 70 °C in water bath, add a few drops of NaOH, followed by frequent
agitation). Tissue sections were pretreated with 0.2 N hydrochloric acid (HCI) for 15 min
at RT. Next sections were incubated with proteinase K (30 pg/ml; Merck Millipore) in
PBS at 37 °C for 20 min (time variable depending on tissue type). Afterwards, samples
were rinsed with 0.2% glycine (dissolved in PBS immediately before use) and twice with
PBS. Tissue sections underwent postfixation for 10 min with 4% PFA and samples were
subsequently rinsed twice with PBS. Acetic anhydride treatment (0.1 M triethanolamine
(pH 8) mixed with 0.25% acetic anhydride in DEPC-treated H,O, prepared right before
usage followed by vigorous shaking) was carried out twice for 5 min. Samples were rinsed
twice with PBS and twice with 5x SSC (pH 4.5).

For prehybridization and hybridization an improvised hybridization chamber was created
by placing slides horizontally in a plastic microscopy slide storage box. Paper towels were
folded, soaked in 5x SSC / 50% formamide, and placed at the bottom of the chamber to
create a humid atmosphere. During hybridization steps, small stripes cut from Parafilm
(Bemis Company) were placed on top of the slides, thereby floating on pre-/ hybridization
solution to prevent drying out of samples. In addition, for the 24-72 h hybridization, boxes
were placed in sealable plastic bags and excess air was removed by a laboratory vacuum
pump. For prehybridization, 400 pl of hybridization solution were carefully pipetted on
top of the samples ensuring that all tissue is covered and incubated at 68 °C for at least
1 h. For hybridization, usually 3 pl of probe (quickly thawed from stocks at -80 °C and

denatured at 95 °C for 5 min) were diluted in 100 pl of hybridization solution which were
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added to the 400 pl already on the slide. Hybridization was allowed to take place at 68 °C
for 24-72 h.

Post hybridization washes started with dipping excess hybridization solution off slides
and a rinse in 2x SSC (pH 4.5) followed by three washes for each 25 min in 50%
formamide / 2 x SSC (pH 4.5) at 65 °C or adapted empirically for best results (preheat
solution in water bath to ensure constant stringency of washes). Slides were rinsed five
times in TBST (TBS + 0.1% Tween20) and placed back into the hybridization chamber,
now humidified with TBST-soaked paper towels. Samples were covered in 400 pl of
blocking solution for at least 30 min at RT before 100 pl of anti-Digoxigenin-AP, Fab
fragments (1:2000; Roche) were added in a drop-wise fashion. Incubation was carried out
overnight at 4 °C.

The next day, slides were rinsed 5-7x in TBST followed by 2-3 rinses in NTM. A
NBT/BCIP Ready-to-Use Tablet (Roche) was diluted in 10 ml of water and 500 pl were
added to each slide. For most probes slides were kept in the dark and incubated overnight
at RT. But for probes producing a strong signal the incubation times was shortened to as
little as 30 min and slides were left in PBS until processed with the remaining slides.
The next day, slides were rinsed twice in PBS and coverslips mounted with Kaiser's
glycerol gelatine (Merck) which is an aqueous mounting agent thus avoiding xylene
containing mounting media that may lead to crystal formations of the color precipitates

(NBT/BCIP, manufacturer’s recommendation).

2.9.3 Immunohistochemistry (IHC)

Stains for murine KI-67 (rat anti-mouse KI-67, Dako, Hamburg, Germany) were
performed by A. Sendelhofert (Pathologisches Institut, LMU Miinchen). In brief, antigen
retrieval was achieved by sub-boiling sections for 20 min at 95 °C in 10 mM sodium
citrate buffer (pH 6.0, 10 mM) and antigen detection was performed with the Vectastain
ABC-Kit Elite Rat. DAB (Dako) was used as chromogen. Slides were counterstained with
hematoxylin.

Stains for human KI-67 and B-catenin were performed with clinically validated antibodies

at Pathologisches Institut, LMU Miinchen.
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2.9.3.1 Immunohistochemistry for RNF43

Tissue sections were cut at 4 um and underwent the standard protocol of deparaffinization
and rehydration outlined in the hematoxylin and eosin staining procedure. To expose
epitopes previously masked in the process of tissue fixation, heat induced epitope
retrieval (HIER) was performed by boiling slides in 0.01 M sodium citrate (pH 6) for
5 min in a domestic stainless-steel pressure cooker placed on a hot plate. Sodium citrate
was preheated, slides added to the boiling buffer, and the lid closed tightly. This was
followed by a slow cooldown for 30 min at RT. Next, slides were rinsed in dH»0,
assembled in a Sequenza™ Slide Rack and Coverplate™ system (Thermo Scientific), and
washed twice with PBS.

Endogenous peroxidases were blocked by incubation with 150 pl of 3% hydrogen
peroxide for 10 min (freshly prepared from 30% stock, diluted in dH,O). Slides were
rinsed twice in dH,O and once in TBS-T (0.1% (v/v) Tween 20 in 1x TBS). Sections were
blocked with 150 pl of 5% goat serum (Cell Signaling Technology) diluted in TBS-T for
1 h at RT.

After trying antibodies of various different suppliers RNF43 (HPA008079, Atlas
Antibodies AB) gave the best results for the detection of endogenous RNF43. The RNF43
antibody was diluted at 1:1000 in SignalStain® Antibody Diluent (Cell Signaling
Technology) and 150 pl of antibody solution were applied to sections and incubated
overnight at 4 °C.

Next morning, slides were warmed to RT for 10 min and rinsed four times in 0.1% TBS-T.
Subsequently, a secondary anti-rabbit IgG HRP (horseradish peroxidase)-conjugated
antibody (Promega) was diluted 1:200 in SignalStain® Antibody Diluent. 150 pl were
applied to each slide and incubated for 1 h at RT. This was followed by four rinses in
0.1% TBS-T (take care to periodically discard the flow-through). SignalStain® DAB
Substrate (Cell Signaling Technology) was added and slides were incubated for 7 min at
RT while periodically checking sections to make sure no grossly evident over-staining
occurs. The slide rack was disassembled and slides were transferred to dH,O. Sections
were briefly counterstained with 5% hematoxylin (Morphisto) for 1 min to yield only a
faint nuclear stain since immunohistochemistry for RNF43 also labels the nucleus. After
rinsing slides under running tap water, they were dehydrated as outlined in the
hematoxylin and eosin staining procedure and mounted with DPX mounting medium for

histology (Sigma-Aldrich).
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>sp|Q68DV7|RNF43 HUMAN E3 ubiquitin-protein ligase RNF43 OS=Homo sapiens
GN=RNF43 PE=1 SV=1

MSGGHQLQLAALWPWLLMATLQAGFGRTGLVLAAAVESERSAEQKATI IRVIPLKMDPTGKLNLTLEGVFAGVAEITP
AEGKLMQOSHPLYLCNASDDDNLEPGFISIVKLESPRRAPRPCLSLASKARMAGERGASAVLEFDITEDRAAAEQLQQP
LGLTWPVVLIWGNDAEKLMEFVYKNQKAHVRIELKEPPAWPDYDVWILMTVVGTIFVIILASVLRIRCRPRHSRPDP
LQORTAWAISQLATRRYQASCRQARGEWPDSGSSCSSAPVCAICLEEFSEGQELRVISCLHEFHRNCVDPWLHQHRT
CPLCMFNITEGDSFSQSLG PR OO i Ye T eelsIA H Y HL PAA Y LLGPSRSAVARPPRPGPFLPSQEPGMGP
RHHRFPRAAHPRAPGEQQORLAGAQHPYAQGWGLSHLOSTSQHPAACPVPLRRARPPDSSGSGESYCTERSGYLADGP
ASDSSSGPCHGSSSDSVVNCTDISLQGVHGSSSTFCSSLSSDFDPLVYCSPKGDPQRVDMQPSVTSRPRSLDSVVPT
GETQVSSHVHYHRHRHHHYKKRFQWHGRKPGPETGVPQSRPPIPRTQPQPEPPSPDQQVTRSNSAAPSGRLSNPQCP
RALPEPAPGPVDASSICPSTSSLFNLQKSSLSARHPORKRRIGGPSEPTPGSRPQDATVHPACQIFPHYTPSVAYPWS

PEAHPLICGPPGLDKRLLPETPGPCYSNSQPVWLCLTPRQPLEPHPPGEGPSEWSSDTAEGRPCPYPHCQVLSAQPG
SEEELEELCEQAV

signal peptide; ZINC FINGER domain; E and E truncating mutations
Immunogen: anti-RNF43 (HPA008079, Atlas Antibodies AB) and [EPIPFEETIAETIY] .

Figure 5: Anti-RNF43 (HPA008079 and 8D6) still bind to most truncated RNF43 proteins.
Isoform 1 — 'canonical' sequence of RNF43 (Length: 783bp, Mass: 85.722 kDa), derived from
http://www.uniprot.org/uniprot/Q68DV7.RNF43; signal peptide is underlined, ZINC FINGER
domain in bold; R and G indicate positions of most mutations that were truncating at p.Gly659fs
(41.7-48% of cases) and p.Argl 17fs (8.3-12% of cases) (Giannakis et al. 2014); in grey and black
background are the immunogens used to raise anti-RNF43 HPA008079 and 8D6, respectively.

2.9.3.2 Evaluation

Slides were digitally scanned with the Olympus Virtual Slide System VS120 (Olympus).
RNF43 immunohistochemistry was semiquantitatively scored by assigning an H-score
(Ishibashi et al. 2003) which takes into account proportions and respective staining
intensities and gives more weight to more intensely stained tumor cell populations.

Possible results range from 0-300.

H score = 1 x (proportion of cells stained at 1+ intensity) +
2 x (proportion of cells stained at 2+ intensity) +

3 x (proportion of cells stained at 3+ intensity)

KI-67 proliferative index assessed by immunohistochemistry was calculated as number
of positive tumor cells / number of total tumor cells and was therefore presented as percent

positive cells.
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2.10 Statistical analysis

Results are presented as mean + SD of at least three biologically independent
experiments, unless denoted differently. Statistical analysis of normally distributed data
was performed using Student's t-test. A result was considered statistically significant
when p < 0.05.

Genotyping results of pubs of Sox/7 ™"

to Villin-Cre matings were assessed for statistical
significance  with ~ the  online  chi-squared test of  independence.
(http://www.socscistatistics.com/tests/chisquare2/Default2.aspx; accessed January 3"

2018).
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3 Results

The Wnt/B-catenin pathway plays an important role in gastrointestinal tumorigenesis but
also in homeostasis. It was shown that knocking out the Wnt effector Tcf-4 in a mouse
model led to loss of intestinal regenerative capacity and was not compatible with life
(Korinek et al. 1998). Therefore, targeting the Wnt/B-catenin itself is not a viable
approach in treating human cancers.

With the intention of identifying Wnt target genes that are instrumental in tumorigenesis
but dispensable in homeostasis, gene expression arrays were performed of normal mucosa
vs. adenomas of a conditional mouse model of intestinal tumorigenesis Ahcre”; 4PC
(Sansom et al. 2004) and human colorectal carcinomas/adenomas (Van der Flier et al.
2007). Around 200 overexpressed genes were selected in preliminary work by Prof. M.
Gerhard based on structural prediction or published literature indicating that they might
be worthwhile therapeutic targets (transcription factors, kinases, role in development,
proliferation, cell cycle control, transmembrane receptors, ZINC/RING finger proteins).
Consecutively, in situ hybridization was performed on murine and human tissues to
identify deregulated genes that were expressed exclusively in the crypt and/or tumor.
Most of these genes could further be identified as direct Wnt target genes by the presence
of TCF4 binding sites discovered by whole genome CHIP with TCF4 specific antibodies
(Hatzis et al. 2008).

Of these, I chose to investigate Sox17, Axin2, and Rnf43 and analyze their roles in more

detail in different aspects of Wnt/B-catenin signaling.

Some of the results presented herein are published:

Schneider MR, Dahlhoff M, Horst D, Hirschi B, Triilzsch K, Miiller-Hocker J,
Vogelmann R, Allgduer M, Gerhard M, Steininger S, Wolf E, Kolligs FT.
A key role for E-cadherin in intestinal homeostasis and Paneth cell maturation.

PLoS One. 2010 Dec 14;5(12):e14325.

Loregger A, Grandl M, Mejias-Luque R, Allgiduer M, Degenhart K, Haselmann V,
Oikonomou C, Hatzis P, Janssen KP, Nitsche U, Gradl D, van den Broek O, Destree O,
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Ulm K, Neumaier M, Kalali B, Jung A, Varela I, Schmid RM, Rad R, Busch DH,
Gerhard M.
The E3 ligase RNF43 inhibits Wnt signaling downstream of mutated [-catenin by

sequestering TCF4 to the nuclear membrane.

Sci Signal. 2015 Sep 8;8(393):ra90.

McDuffie LA, Sabesan A, Allgacuer M, Xin L, Koh C, Heller T, Davis JL, Raffeld M,
Miettinen M, Quezado M, Rudloff U.
[-Catenin activation in fundic gland polyps, gastric cancer and colonic polyps in families

afflicted by 'gastric adenocarcinoma and proximal polyposis of the stomach' (GAPPS).
J Clin Pathol. 2016 Sep;69(9):826-33.

Berger E, Rath E, Yuan D, Waldschmitt N, Khaloian S, Allgduer M, Staszewski O,
Lobner EM, Schoéttl T, Giesbertz P, Coleman OI, Prinz M, Weber A, Gerhard M,
Klingenspor M, Janssen KP, Heikenwalder M, Haller D.

Mitochondrial function controls intestinal epithelial stemness and proliferation.

Nat Commun. 2016 Oct 27;7:13171.
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3.1 The Wnt/B-catenin pathway in gastrointestinal development

3.1.1 Sox17 shows crypt-restricted expression and is upregulated in

tumors

In order to learn more about the biological function of Sox17, I wanted to visualize its
spatial expression in murine and human intestinal samples. Of particular interest would
be a suprabasal/stem cell expression within the crypts and/or expression in tumors. One
study found Sox17 to be expressed in normal gut epithelium but reduced in adenomas of
APC ™™ mice (Sinner et al. 2007). Whereas in another study, Sox/7 was found to be
induced in gastric tumors developing in K/9-Wntl/C2mE mice and in human
gastrointestinal adenomas (Du et al. 2009) but downregulated by promoter methylation
in the course of malignant progression (Zhang et al. 2008). Since no reliable antibodies
were available to be used with regular IHC procedures, I resorted to in situ hybridization
for detection of Sox/7 mRNA.

Chromogenic RNA-in situ hybridization (ISH) for murine Sox/7 weakly labeled
epithelial cells at the base of the crypt in murine small intestine (Figure 6 A)
demonstrating low amounts of Sox/7 mRNA transcripts. Expression of Sox/7 was
upregulated in aberrant crypt foci of 4PC ™" mice (Figure 6 B) and in adenoma
developing in APC ™™ mice (Figure 6 C).

Human SOX77 mRNA transcripts could be visualized in a similar fashion at the base of
human colonic crypts (Figure 6 D). SOXI/7 was more abundant in human colonic
adenocarcinoma than in normal colonic mucosa (Figure 6 E, F).

Thus, in both mouse and human, SOX17 showed low levels of expression in intestinal

and colonic crypts under physiological conditions and was upregulated in tumorigenesis.
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mouse

human

Figure 6: Expression of murine and human SOX17 in intestine.

Riboprobes against murine and human SOX77 mRNA transcripts were detected by chromogenic
RNA-in situ hybridization in sections of murine normal small intestinal mucosa (A), aberrant
crypt focus of APC ™" mouse (B), small intestinal adenoma developing in an APC ™™ mouse
(C), human normal colonic mucosa (D), colonic mucosa to adenocarcinoma transition (E), and
colonic adenocarcinoma (F). Scale bars indicate 100 um (A, B, D, E, F) and 200 pm (C).

3.1.2 Conditional knockout of Sox77 in murine intestinal epithelium is

inconsequential for intestinal development

Sox17 was shown to be integral for proper formation of definitive endoderm (Hudson et
al. 1997, Sinner et al. 2004) and its deletion in a knockout mouse model led to defective
mid- and hindgut development at E8.5-9.5 (Kanai-Azuma et al. 2002).

In order to study the role of Sox17 at later stages of intestinal development and

homeostasis, a conditional knockout mouse model of Sox17 (Sox17 ™

) was obtained
(Kim, Saunders, and Morrison 2007). The entire coding sequence of Sox/7 was removed
upon Cre mediated recombination of flanking loxP sites.

To achieve tissue specific deletion in the intestinal epithelium, Sox/7 ™ mice were
crossed with Villin-cre mice harboring transgenic Cre recombinase under the Villin
promoter (el Marjou et al. 2004). In this mouse model, Cre mediated recombination was
reported to occur in visceral endoderm at E9 and by E12.5 in the epithelial lining of small
and large intestine. Renal cortex was the only other site were recombination events
monitored by reporter gene beta-galactosidase were detected (el Marjou et al. 2004).
Genotypes were determined by PCR (Figure 7). SoxI7 floxed alleles could be

distinguished from Sox/7 wild type based on the size of PCR products (480 bp vs.
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350 bp). PCR for Cre recombinase yielded a product when present and was otherwise

negative. Positive and negative controls were run with all genotyping reactions.

A Sox17 PCR B Cre PCR
4
£
[bp] [bp]
1000 s 1000 m—
750 s 750 s
500 mm— floxed allele (480 b — .
R — . < ( p) 500 —
e 8 <«— wild-type allele (350 bp)
250 e - 250 m—
fi/lwt ™M fi/fl  wt/wt M cre(+) cre(-)

Figure 7: Genotyping of SoxI7 "™ and Villin-Cre mice.

Genotyping PCR products run on agarose gels. Three representative examples of Sox/7 mice are
shown (A) and two mice genotyped for Cre recombinase (B). fl = Sox17 allele “flanked by LoxP
sites”; wt = Sox /7 wild type allele; M = marker. Y-axis indicates DNA length in base pairs.

All four possible genotype combinations occurred among pubs of Sox7 " to Villin-Cre
matings (Table 12). There was no statistically significant difference in encountered
genotypes by chi-squared test (p=0.41), indicating that deletion of Sox/7 in intestinal

epithelial cells did not lead to intrauterine demise.

n=51 Sox17"™*  Sox17"/"

+ 14 5 .

S| (27,5%) (9,8%) 37,3%

- 20 12

[J] %

S| (o2%  (235%  °¥7%
66,7 % 33,3% 100 %

Table 12: Genotypes of pubs of SoxI7""to Villin-Cre matings.

Numbers of live-born pubs of Sox17 " to Villin-Cre matings. Relative percentages of all live-
born pubs are given in brackets. fl = Sox/7 allele “flanked by LoxP sites”; wt = Sox/7 wild type
allele.
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To monitor for effects of intestinal epithelium specific deletion of Sox/7 starting with
Villin-Cre recombinase activity on E12.5, pregnant mice were sacrificed on days 13, 14,
16, and 17 post conception corresponding to embryonic days E13.5, E14.5, E16.5, and
E17.5. Embryos were retrieved, genotyped, and histologically processed.

Microscopic evaluation of Villin-cre’; Sox17 ™™ embryos confirmed regular intestinal
development at E13.5 (Figure 8 A) and E14.5 (Figure 8 B). Sections of stomach and
esophagus did not reveal any abnormalities at E14.5, E16.5, and E17.5 (Figure 8 C-E)
but changes would not be expected since Villin-Cre did not show any recombination

activity in the stomach (el Marjou et al. 2004).

A
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Figure 8: Regular development of gastrointestinal tract in Villin-cre®; Sox17 "™ embryos.
Cross sections of small intestines of Villin-cre”; Sox17 "™ embryos at E13.5 (A) and E14.5 (B).
Cross sections of stomach at E14.5 (C), E16.5 (D), and E17.5 (E). Asterisk marks esophagus.
H&E stain. Scale bars indicate 100 pm.

Comparison of small intestines in Villin-cre™; Sox17 Vi and Villin-cre* ;Sox17 Vi embryos
at E16.5 (Figure 9 A, B) and E17.5 (Figure 9 C, D) revealed regular development of

intestine and pancreas.

There were no morphologically discernible features nor a significant decrease in viability
between Sox17 V" mice and mice with a Villin-cre mediated knockout of Sox/7 indicating
that deletion of Sox17 in later endoderm formation is inconsequential for intestinal

development.
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Figure 9: No morphological difference in small intestinal development of Villin-cre ;
Sox17 "™ and Villin-cre* ; Sox17 "™ embryos.

Cross sections of small intestines of Villin-cre ; Sox17 "™ embryos at E16.5 (A) and E17.5 (C)
and Villin-cre" ; Sox17 " embryos at E16.5 (B) and E17.5 (D). Asterisk marks pancreas. H&E
stain. Scale bars indicate 100 um.

Since Sox17 deletion did not affect intestinal organogenesis I wanted to assess whether
there were any alterations in postnatal intestinal homeostasis. Litters were genotyped and
sacrificed at 4 weeks of age. Sections of stomach (Figure 10 A, C) showed regularly
formed gastric oxyntic/fundic mucosa without any pathological changes. Proliferative
activity (Figure 10 B, D) was restricted to the neck of gastric glands and did not

v - ) ) e )
M mice with or without Villin-cre recombinase.

significantly differ between SoxI7
Again, changes in stomach would not be expected since Villin-cre recombinase is not
active there.

Small intestine showed intact villous architecture without any pathological changes
(Figure 10 E, G). Proliferative activity by KI-67 was seen to be restricted to the crypts
(Figure 10 F, H). Additionally, lymphocytes within the submucosa of the villi were
labeled. There was no noticeable difference between SoxI7 ™ mice with or without

Villin-cre recombinase.
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Colonic sections revealed regularly formed colonic crypts (Figure 10 I, K) with crypt-

restricted proliferation (Figure 10 J, L). Again, no difference between Sox/7 ™™ mice
with or without Villin-cre recombinase was seen.
Overall, Villin-cre” ; Sox17 ™™ mice did not display any abnormal histomorphological

phenotype, but showed regular intestinal development and architecture.

Villin-cre *; Sox17 fI/fl

stomach

small intestine

colon

Figure 10: No morphological difference in adult gastrointestinal tract of Villin-cre ;
Sox17 "™ and Villin-cre* ; Sox17 1 adult mice.

Comparison of sections of stomach (A-D), small intestine (E-H), and colon (I-L) in Villin-cre”;
Sox17 " mice (A, B, E, F, 1, J) and Villin-cre” ; Sox17 "™ mice (C, D, G, H, K, L). H&E stain and
immunohistochemistry for KI-67. Scale bars indicate 100 pm.
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3.2 The Wnt/B-catenin pathway in gastrointestinal stemness and

homeostasis

The intestinal epithelium is exposed to mechanical, chemical, and infectious stressors. To
preserve its integrity, it undergoes constant, rapid renewal — in the mouse every 3-5 days
— and this process is largely driven by the Wnt/B-catenin pathway (Fevr et al. 2007, van
Es, Haegebarth, et al. 2012). Early studies in the 40ties established that intestinal crypts
were the origin of the intestinal self-renewal capacity (Friedman 1945). In the 70ties,
crypt base columnar (CBC) cells interspersed between Paneth cells were suggested to be
the stem cells of the intestine (Cheng and Leblond 1974). More recently, microarray
experiments of crypts and colon cancers turned up Lgr5 as being overexpressed in both.
Subsequently, it was found to show restricted expression in CBC, which were then shown
in in vivo lineage tracking experiments to represent adult intestinal stem cells (Barker et

al. 2007).

3.2.1 Challenges in detection of intestinal stem cell markers

When studying intestinal physiology in experimental mouse models and in human disease
it is of particular interest to highlight stem cells. One caveat is that Lgr5 is expressed at
very low levels. Antibodies for LGRS are not well established. In addition, detection is
hampered by low protein expression which has led some investigators to increase the
sensitivity by using fluorescence amplification systems (Yamazaki et al. 2015). In situ
hybridization that was used in the original paper (Barker et al. 2007) also remains a
challenge as acknowledged by the authors themselves. This led to the identification of
Olfm4 as a surrogate marker for LgrS+ stem cells (van der Flier, Haegebarth, et al. 2009,
Schuijers et al. 2014). Nevertheless, it should be mentioned that its validity has been
questioned in human colon and colon cancer as it was found to mark a larger proportion

of cells including some of the transit amplifying cells (Ziskin et al. 2013).

Despite many iterations and modifications of staining parameters, chromogenic RNA-in
situ hybridization for human LGRS (Figure 11 A) and murine Lgr5 (not shown) remained
challenging to perform with at best marginally above background staining. The sense-

control probe for LGRS (Figure 11 B) showed no specific staining indicating that the
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faint staining for human LGRS (Figure 11 A) in fact represented a valid signal. In the
murine intestine (Figure 14 A), hybridization to Olfm4 produced a strong and robust
signal at the position of CBC cells. However, hybridization to OLFM4 (Figure 11 C) in
the human intestine yielded a strong and robust signal at the position of CBC but also
stained additional cells further up the crypt-villus axis underscoring the notion that
OLFM4 might not be an ideal surrogate for Lgr5" stem cells in human tissues (Ziskin et
al. 2013). The dot-like positivity distributed randomly along the villi is a technical artifact

occasionally seen in ISH.

LGR5 probe LGR5 control-probe OLFM4 probe
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Figure 11: Establishing chromogenic RNA-in situ hybridization for LGRS and OLFM4.
Riboprobe against LGRS mRNA transcript (A), LGRS sense-control probe (B), and OLFM4 (C)
in sections of normal human small intestinal mucosa. Scale bars indicate 200 pm.

3.2.2 A key role for E-cadherin in intestinal homeostasis and Paneth

cell maturation

This collaborative project (Schneider et al. 2010) with Prof. Frank T. Kolligs’ group and
others (Department of Medicine II, Klinikum GroBhadern and Gene Center, University
of Munich) was investigating the role of E-cadherin — an integral protein to form
adherens junctions between epithelial cells — in intestinal homeostasis and Paneth cell
maturation.

E-cadherin’s intracellular binding partners include B-catenin, an integral component of
the Wnt/B-catenin pathway. Wnt signaling was further described as being involved in
maturation and positioning of Paneth cells (Schneider et al. 2010, Pinto et al. 2003,
Bastide et al. 2007). A knockout of B-catenin (Ireland et al. 2004) or its target gene EphB3
led to mispositioning of Paneth cells along the crypt-villus axis (Batlle et al. 2002).
E-cadherin was found to be downregulated in patients with inflammatory bowel disease

and contribute to pathogenesis (Jankowski et al. 1998, Gassler et al. 2001, Kucharzik et
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al. 2001, Bruewer, Samarin, and Nusrat 2006). Since E-cadherin is important in cell-cell
adhesion, it was found to be downregulated or substituted by N-cadherin contributing to
epithelial to mesenchymal transition with enhanced invasiveness and potential metastasis,
a hallmark of cancer (Halbleib and Nelson 2006, Islam et al. 1996). Prior to this study
E-cadherin’s function in the small intestine had not been directly investigated (Hermiston
and Gordon 1995, Smalley-Freed et al. 2010).

The Cdhl gene was therefore conditionally knocked-out in intestinal epithelial cells by
mating homozygous Cdhl ™™ mice (Boussadia et al. 2002), in which exons 6-10 of the
gene encoding E-cadherin are flanked by loxP sites, with an intestinal epithelial cell-
specific, tamoxifen-inducible cre mouse (Villin-cre-ER ).

Mice undergoing an intensive schedule of tamoxifen administrations on days 1-5 (short-
time model) suffered of hemorrhagic diarrhea and required euthanasia. To study the long-
term effects of E-cadherin deficiency a milder protocol of tamoxifen induction on days 1,
2, 5, and 8 was applied (long-time model). Immunohistochemistry confirmed largely lost
staining for E-cadherin apart from scattered cells at the crypt bottoms (Schneider et al.
2010).

The expression of Wnt target genes was also analyzed in these mice. Wild type mice
showed staining for Axin2 in crypts of proximal (Figure 12 A) and distal (Figure 12 E)
small intestine. Villin-cre-ER™; Cdhl ™ mice in the short-time model (E-cadherin
deficient) did not show any staining for Axin2 at day 4 (Figure 12 B, F) pointing to a
marked reduction of Wnt signaling activity at the bottom of the crypts. Staining was
reduced in the attenuated long-time recombination model (E-cadherin partially deficient)
on day 12 (Figure 12 C, G), and close to normal at day 20 (Figure 12 D, H).

In either model, Axin2 positive cells were only encountered at the crypt base but not in
other regions of the villi, where mispositioned Paneth cells were detected by
immunohistochemical stains, indicating that no active Wnt signaling took place in those.
This was confirmed by membranous, non-nuclear staining for f-catenin.

Olfm4 mRNA levels followed a similar course. Wild type mice showed strong staining at
the base of the crypts of proximal (Figure 13 A) and distal (Figure 13 E) small intestine
staining CBC cells.

Villin-cre-ER"?; Cdhl ™™ mice in the short-time model did not show any staining for stem
cell marker Olfm4 at day 4 (Figure 13 B, F) indicating a potential loss of stemness.
Staining of CBC was comparatively weak in the long-time model on day 12 (Figure 13

C, G) but close to normal at day 20 (Figure 13 D, H).
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Figure 12: Expression of Axin2, a Wnt target gene, as a surrogate marker of Wnt/B-catenin
pathway activity in Villin-cre-ER"; Cdh1 "™ mice.

Chromogenic RNA-in situ hybridization for Axin2 in wild type and E-cadherin deficient mice
(short-time model, sacrificed at day 4 post tamoxifen administration) and E-cadherin partially
deficient mice (long-time model, sacrificed at day 12 and day 20) of proximal (A-D) and distal
(E-H) small intestine. Photomicrographs taken at 100x (A-D) and 200x (E-H) original
magnification.
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Figure 13: Expression of Olfm4 in Villin-cre-ER"*; Cdh1 ™" mice.

Chromogenic RNA-in situ hybridization for Olfin4 in wild type and E-cadherin deficient mice
(short-time model, sacrificed at day 4 post tamoxifen administration) and E-cadherin partially
deficient mice (long-time model, sacrificed at day 12 and day 20) of proximal (A-D) and distal
(E-H) small intestine. Photomicrographs taken at 100x (A-D) and 200x (E-H) original
magnification.

This collaborative project showed that knockout of E-cadherin resulted in loss of adherens
junctions and desmosomes, which led to epithelial cell apoptosis followed by cell
shedding. Paneth cells and goblet cells did not mature properly, were misplaced, and

reduced in numbers. Active Wnt signaling — as would be seen in mature Paneth cells —
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assessed by ISH for Axin2 and IHC for B-catenin was not evident in these precursors.
Olfm4 expression was absent in the short-time model indicating loss of CBC or an
impaired stemness program. In the long-time model, staining was restricted to CBC while

misplaced Paneth or goblet cells did not show any expression of Olfm4.

3.2.3 Mitochondrial function controls intestinal epithelial stemness

and proliferation

This collaborative project (Berger et al. 2016) with Prof. Dirk Haller’s group (ZIEL—
Institute for Food & Health, TUM) was addressing the role of mitochondrial chaperone
HSP60 in the regulation of intestinal homeostasis. To this end, a conditional knockout

W was created. Upon recombination of loxP sites, integral regions

mouse model (Hsp60
of the Hsp60 gene were deleted resulting in absence of the HSP60 protein.

Breeding with intestinal epithelial cell (IEC)-specific, tamoxifen-inducible cre mice
(Villin-cre-ER"?) resulted in severe wasting necessitating euthanasia of mice at day 2 after

cessation of tamoxifen feeding.

Cre recombinase under the Villin promoter is known to not be consistently expressed in
all IEC (Madison et al. 2002). On occasion, single IEC could therefore escape deletion of
Hsp60 and give rise to hyper-proliferative HSP60-positive crypt foci (“escaper crypts”).
In order to delineate the cellular origin of these nodules and to investigate the status of
Whnt/B-catenin signaling, sections of small intestines of Hsp60 ™" and Hsp60 ~*'* mice
were subjected to chromogenic RNA-in situ hybridization for Olfm4 (Figure 14 A) and
Axin2 (Figure 14 B).

In Hsp60 "™ mice, Olfin4 expression recapitulated the normal, regular expression in wild
type mice with strong, uniform, crypt-restricted staining (Figure 14 A, left). In contrast,
Hsp60 ~* " mice showed only moderate crypt-restricted staining, most notably in only
a reduced number of crypts (Figure 14 A, right).

v
0 "M mice revealed

Expression levels of Axin2 showed similar characteristics. Hsp6
regular staining for Axin2 in all small intestinal crypts (Figure 14 B, left) whereas
Hsp60 “* "= mice did only show inconsistent crypt labeling for Axin2 (Figure 14 B,

right).
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Figure 14: Overview of expression of intestinal stem cell marker Olfm4 and Wnt target gene

Axin2 in small intestines of Hsp60 "™ and Hsp60 “* "€ mice.

Chromogenic RNA-in situ hybridization for Olfin4 (A) and Axin2 (B) in Hsp60 ™ and
Hsp60 “*™€ mice (at day 2 post tamoxifen administration). Scale bars indicate 250 pm.

Hyper-proliferative HSP60-positive crypt foci (“escaper crypts”) expressed Olfin4

indicating that expanding Olfin4" stem cells gave rise to these crypt-based nodules. Olfin4

was not detected in adjacent hypo-proliferative crypts. The dot plot (Figure 15) illustrates

the significant loss of Olfm4 expressing crypts in knockout animals.

Olfin4 served as a surrogate marker for Lgr5" stem cells indicated by the fact that mRNA

expression levels detected by qRT—PCR of both Olfin4 and Lgr5 were markedly reduced

comparing Hsp60 “* ™= to Hsp60 ™™ mice (Berger et al. 2016).

This shows that depletion of HSP60 led to widespread loss of stemness in intestinal

crypts.
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Figure 15: Quantification and extent of expression of Olfin4 in small intestines of Hsp60 ™"

and Hsp60 “* "™ mice.

Representative regions from Figure 14 of chromogenic RNA-in situ hybridization for Olfm4 in
Hsp60 "™ and Hsp60 “* ™ mice (at day 2 post tamoxifen administration). Proportion of Olfin4"
crypts in each 6 mice per genotype is given in dot plot. *** p<0.001. Contours of crypt epithelial
cells are outlined by dotted lines. Red arrows illustrate extent of Olfin4 expression. Scale bars
indicate 200 pm (top images) and 50 pm (bottom images).

Reprinted under Creative Commons Attribution 4.0 International License (CC BY) from Berger
et al. 2016. Copyright 2016 by the authors.

Wnt signaling is known to be essential for maintaining stemness and homeostasis of the
intestinal epithelium. Paralleling the loss of Olfin4, in situ hybridization confirmed
concomitant loss of expression of Wnt target gene Axin2. In contrast to the majority of
hypo-proliferative crypts, Axin2 expression was maintained and even expanded in hyper-
proliferative crypts. This indicates that Wnt signaling plays a functional role in causing
hyper-proliferation and long-term regeneration of intestinal epithelium.

Of note, hyper-proliferative crypts/nodules were not observed with an intestinal stem cell
specific knockout (Lgr5-EGFP-ires-cre-ER"?), which suggests that it was not the loss of
intestinal stem cells but rather paracrine (Wnt) signaling from HSP60-deficient IEC that

led to hyper-proliferative nodules.
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Figure 16: Expression of Wnt target gene Axin2 in small intestines of Hsp60
Hsp60 “* ™ mice.

Representative regions from Figure 14 of chromogenic RNA-in situ hybridization for Wnt target
gene Axin2 in Hsp60 "™ and Hsp60 ~* ™ mice (at day 2 post tamoxifen administration). Red
arrows illustrate extent of Axin2 expression. Scale bars indicate 200 pm (top images) and 100 pm
(bottom images).

Reprinted under Creative Commons Attribution 4.0 International License (CC BY) from Berger

et al. 2016. Copyright 2016 by the authors.
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3.3 The Wnt/B-catenin pathway in gastrointestinal carcinogenesis

3.3.1 RNF43 and its role in intestinal carcinogenesis

As a first step to gain additional insight into the function of RNF43, its spatial expression
in murine and human tissues was investigated. Due to the lack of a good, commercially
available antibody at the beginning of the project, chromogenic RNA-in situ hybridization
was initially employed. Once various antibodies for application on human tissue became
available and after rigorous testing and tweaking of reaction parameters, a reliable and

valid antibody could be used for further studies.

3.3.1.1 Rnf43 shows crypt-restricted expression in murine

intestine and upregulation in tumorigenesis

Since many published studies on Wnt signaling and more specifically RNF43 were
carried out in mouse models, I started out investigating Rnf43 expression in mice, both
wild type and the APC ™" mouse model that is characterized by the development of ten
to hundreds of benign adenomatous polyps in the small intestine (Moser, Pitot, and Dove

1990).

Chromogenic RNA-in situ hybridization (ISH) for Rnf43 yielded a blue precipitate at the
base of the crypt (Figure 17 A) indicating expression of Rnf43. In contrast to
immunohistochemical stains there is staining of the entire cytoplasm and no specific
compartments can be delineated since mRNA is detected. In our hands, when staining
normal mucosa, many genes show relatively low staining intensities that might just be
slightly above background staining. Therefore, negative controls are essential which were
run in parallel and were consistently negative. Again, scattered blue dots represent an
artifact.

Rnf43 expression in adenoma of APC ™™* mice (Figure 17 B) was markedly increased
in comparison to the normal weak expression at the base of the crypt. There was a sharp
demarcation between regular mucosa with only weak staining in the crypts and uniformly,

positively stained adenomatous tissue.
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Olfm4 expression was much stronger (Figure 17 C) which is why it is used as a robust
marker to highlight intestinal stem cells located at the bottom of the crypt. Axin2 (Figure
17 D) as a target gene of the canonical Wnt pathway was uniformly expressed throughout

the tumor and at the base of crypts although barely perceivable.
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Figure 17: Expression of Rnf43 in murine intestine by chromogenic RNA-in situ
hybridization.

Riboprobes against Rnf43 (A, B), Olfin4 (C), and Axin2 (D) mRNA transcripts in sections of
normal small intestinal mucosa (A, C) and small intestinal adenoma developing in an APC i/t
mouse (B, D). Scale bars indicate 200 pm (A, C) and 400 um (B, D).

3.3.1.2 RNF43 shows crypt-restricted, nuclear expression and
is overexpressed in human colorectal adenomas and

carcinomas

Since our ultimate goal is to better understand human disease, I next investigated RNF43

expression in anonymized human FFPE tissue samples.

Chromogenic RNA-in situ hybridization for RNF43 was performed with a probe that is
oriented anti-sense to the endogenous mRNA transcript (Figure 18 A, C). In parallel a
sense-oriented control probe was run (Figure 18 B, D).

The section of adenocarcinoma showed strong and uniform staining for RNF43 in
neoplastic epithelial cells (Figure 18 A) while the control (Figure 18 B) was entirely
negative. RNF43 was detected at the base of the crypts but with a lower intensity
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compared to the staining in tumor (Figure 18 C). The control probe did not yield any

specific staining (Figure 18 D).
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Figure 18: Establishing chromogenic RNA-in situ hybridization for RNF43.

Riboprobe against RNF43 mRNA transcripts (A, C) and sense-control probe (B, D) in sections of
human colorectal adenocarcinoma (A, B) and normal human small intestinal mucosa (C, D). Scale
bars indicate 500 pm (A, B) and 250 pm (C, D).

Once in situ hybridization was established I wanted to investigate the expression pattern
of RNF43 in normal healthy colon and colonic carcinogenesis from adenoma to
adenocarcinoma (Figure 19). RNF43 expression was detected in small intestinal and
colonic crypts. RNF43 expression was even more pronounced in colonic adenoma and
adenocarcinoma. In comparison OLFM4 staining showed much stronger staining in small
intestinal and colonic crypts. OLFM4 was uniformly expressed in neoplastic epithelia of

colonic adenoma but only in scattered areas of colonic adenocarcinoma.
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Figure 19: Chromogenic RNA-in situ hybridization for RNF43 and OLFMA4.

Riboprobe against RNF43 and OLFM4 mRNA transcripts in sections of normal human small
intestine and colon, as well as colonic adenoma and adenocarcinoma. Scale bars indicate 50 pm
(small intestine and colon), 500 um (colonic adenoma and adenocarcinoma), and 20 pum (insets).
Reprinted with permission from Loregger et al. 2015. Copyright 2015 AAAS.

In situ hybridization for RNF43 could successfully be established for murine and human
intestine. Nevertheless, detection of protein expression has additional advantages such as
determining subcellular localization, being more robust on clinical FFPE material, a
quicker turnaround time, and most importantly yielding more relevant information since
mRNA expression by ISH does not necessarily equate to protein expression.

Out of different antibodies tested, RNF43 (HPA008079, Atlas Antibodies AB), which
was developed for and used in the Human Protein Atlas (available from
www.proteinatlas.org (Uhlen et al. 2015)) turned out to yield strong yet clean nuclear
staining which was in line with data obtained through other experimental approaches

(immunofluorescence, nuclear fractionation).

Immunohistochemical staining required significant tweaking of parameters including
antigen retrieval solution (low pH of 6.0 and high pH 9.0), boiling time, antibody dilutions
(1:250, 1:500, and 1:1000) and primary antibody incubation time. Dilutions of primary
antibody were most critical since a low dilution like 1:250 (Figure 20 A) yielded labeling
of many epithelial cells and also chronic inflammatory infiltrates in the submucosa. Using
a dilution of 1:500 (Figure 20 B) and even better, but with reduced overall sensitivity at
1:1000 (Figure 20 C) led to increased specificity with reduced background staining.
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Figure 20: Establishing immunohistochemistry for RNF43.

Immunohistochemical staining of normal small intestinal mucosa with 1:250 (A), 1:500 (B), and
1:1000 (C) dilutions of primary antibody against RNF43 (HPA008079, Atlas Antibodies AB).
100x original magnification.

After further optimization, immunohistochemistry revealed crypt restricted expression of
RNF43 in sections of human small intestine (Figure 21 A, B). Of note, the staining
pattern was nuclear providing additional insight into the subcellular localization of
RNF43. Staining of colonic adenocarcinoma (Figure 21 C, D) showed strong and diffuse

nuclear staining throughout the tumor.
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Figure 21: RNF43 shows crypt-restricted, nuclear expression and is overexpressed in
human colorectal carcinogenesis.

RNF43 expression detected by immunohistochemistry in human small intestine (A, B) and
colonic adenocarcinoma (C, D). Scale bars indicate 20 um (B, D), 50 um (A), and 500 pum (C).
Adapted with permission from Loregger et al. 2015. Copyright 2015 AAAS.
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3.3.1.3 RNF43 inhibits Wnt/B-catenin signaling in colon cancer

cells

RNF43 showed crypt-specific expression, in stem cells and transit amplifying cells and
was upregulated in colorectal tumorigenesis, both processes which are known to be driven
by enhanced Wnt/B-catenin signaling (Krausova and Korinek 2014). In addition, RNF43
was found to be a direct target gene of the Wnt/B-catenin pathway (Hatzis et al. 2008).
Therefore, I wanted to see whether overexpression of RNF43 in HCT116, which have
mutated RNF43 (Table 14), would influence Wnt/B-catenin pathway activity. In addition,
a RING-mutant RNF43"**® was also investigated.

Transient transfection with RNF43 caused a decrease of TOPFlash luciferase activity
albeit not in a dose dependent manner in this experiment (Figure 22). Transfection with
the mutant RNF43"**® led to enhanced TOPFlash luciferase activity, FOPFlash
luciferase activity served as a negative control and showed low level background

luciferase activity.
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Figure 22: Wnt/B-catenin signaling activity after overexpression of RNF43 and mutant
RNF43"R,

TOP/FOP luciferase reporter assay in HCT116 human colon carcinoma cell line transiently
transfected with empty vector control (pcDNA4/TO) and indicated amounts of wild type or
mutant RNF43 (RNF43"%°F) expression plasmids. One representative experiment is shown.
(Firefly) Luciferase normalized to renilla luciferase and values expressed normalized to empty
vector control (pcDNA4/TO) luciferase activity. Solid bars: TOPFlash; shaded bars: FOPFlash.
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This experiment illustrated that RNF43 suppresses Wnt/B-catenin signaling while
RNF43"2R causes a transactivation of Wnt/B-catenin signaling. Additional experiments
to characterize RNF43’s function in colon cancer were carried out by A. Loregger and

M. Grandl (Loregger et al. 2015).

3.3.2 GAPPS — an example of Wnt-driven gastric carcinogenesis

This collaborative project (McDuffie et al. 2016) with Dr. Udo Rudloff’s group (Thoracic
and Gastrointestinal Oncology Branch, National Cancer Institute, NIH) was investigating
gastric adenocarcinoma and proximal polyposis of the stomach (GAPPS), an autosomal-
dominant cancer syndrome predisposing affected individuals to develop more than 100
fundic gland polyps (FGP) in the gastric fundus and corpus with sparing of the antrum
(Figure 23). Although most sporadic FGP are benign, these syndromic FGP have a
propensity to develop high grade dysplasia and progress to invasive carcinoma.

The genetic basis of GAPPS was only recently identified as point mutations in promoter
1B of APC (Li et al. 2016). APC is widely known to be mutated in patients with another
cancer-predisposition syndrome — familial adenomatous polyposis (FAP) coli.
Interestingly, GAPPS patients were found to develop FGP but usually no syndromic
polyps in the intestine (Worthley et al. 2012).

Figure 23: Endoscopic, macroscopic, and histopathological findings in patients afflicted by
GAPPS.

Upper endoscopy, retroflexed view, to show polyposis involving the gastric fundus (A).
Gastrectomy specimens of three patients (B, C, D) illustrating the classical phenotype: polyposis
of gastric fundus, cardia, and corpus with sparing of the antrum (asterisk). Fundic gland polyp
with high-grade dysplasia (E) (H&E, 100x original magnification, inset 200x). Early, well-
differentiated gastric adenocarcinoma, intestinal-type (F) (H&E, 200x original magnification).
Adapted with permission from McDuffie et al. 2016. Copyright 2016 BMJ Publishing Group Ltd.
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I had the chance to study the pathology of members of two GAPPS families. To
investigate whether GAPPS is linked to an increased incidence of colonic polyps, family
members at risk where compared to family members exhibiting the GAPPS phenotype.
9 GAPPS patients and 6 unaffected family members underwent colonoscopy, which
revealed colonic pathology in 7 GAPPS patients and in none of the unaffected family
members.

Positive nuclear staining for pB-catenin in fundic gland polyp (Figure 24 D), gastric
adenocarcinoma (Figure 24 E), and colonic adenoma (Figure 24 F) confirm the role of

active Wnt/B-catenin signaling in these pre-neoplastic and neoplastic processes.

Figure 24: Wnt/pB-catenin pathway activation assessed by immunohistochemistry for
B-catenin in patients afflicted by GAPPS.

H&E stains of fundic gland polyp (A), gastric adenocarcinoma (B), and colonic adenoma (C) in
patients afflicted by GAPPS. Corresponding immunohistochemistry for B-catenin (D-F). Area of
nuclear -catenin expression (asterisk). 100x original magnification (A, D), 200x (B, C, E, F).
Adapted with permission from McDuffie et al. 2016. Copyright 2016 BMJ Publishing Group Ltd.

3.3.3 RNF43 and its role in gastric carcinogenesis

The Wnt/B-catenin pathway plays a role in a subset of sporadic and syndromic gastric
cancers (like GAPPS). Since RNF43 was shown to be a Wnt target gene and negative
regulator of the Wnt/B-catenin pathway in colon cancer, I wanted to investigate its role in

gastric cancer since at that time there was no data published on RNF43 in gastric cancer.
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3.3.3.1 RNF43 is highly mutated in gastric tumors

The publicly available cBioPortal provided by Memorial Sloan Kettering Cancer Center
(MSKCC) is an elegant tool to query a multitude of genomic cancer studies including The
Cancer Genome Atlas (TCGA) for genetic alterations.

A search for RNF43 across sequencing datasets of gastrointestinal neoplasms (Figure 25)
showed that the most prevalent genetic changes were mutations followed by
amplifications, deletions, and fusions.

While RNF43 was most frequently altered in pancreatic neoplasms (IPMN, MCN), there
were three subtypes of gastric cancer among the top ten tumor entities with most RNF43
alterations: mucinous stomach adenocarcinoma, tubular stomach adenocarcinoma, and
stomach adenocarcinoma, not otherwise specified. The alteration frequency for these was
in excess of 10% of sequenced cases thereby constituting a substantial patient population
given how common gastric cancer is.

Therefore, it was deemed prudent to further investigate the role of RNF43 in gastric
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Figure 25: Genetic alterations of RNF43 across gastrointestinal neoplasms (cBioPortal).

Summary and visualization of genetic alteration data on RNF43 derived from 38 studies of
gastrointestinal neoplasms (Giannakis et al. 2016, Chen et al. 2015, Seshagiri et al. 2012, Cancer
Genome Atlas Research Network et al. 2017, Janjigian et al. 2018, Brannon et al. 2014, Song et
al. 2014, Dulak et al. 2013, Cancer Genome Atlas Research 2014, Kakiuchi et al. 2014, Lin et al.
2014, Wang et al. 2011, Cancer Genome Atlas 2012, Wang et al. 2014, Gingras et al. 2016, Chan-
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On et al. 2013, Ong et al. 2012, Li et al. 2014, Jiao et al. 2013, Pilati et al. 2014, Schulze et al.
2015, Ahn et al. 2014, Fujimoto et al. 2012, Jiao et al. 2014, Wu et al. 2011, Cao et al. 2013,
Biankin et al. 2012, Bailey et al. 2016, Witkiewicz et al. 2015, Jiao et al. 2011, Scarpa et al. 2017,
Yaeger et al. 2018) and provisional TCGA datasets of Colorectal Adenocarcinoma,
Cholangiocarcinoma, Esophageal Carcinoma, Liver Hepatocellular Carcinoma, Pancreatic
Adenocarcinoma, and Stomach Adenocarcinoma provided by the cBioPortal (Cerami et al. 2012,
Gao et al. 2013) (http://www.cbioportal.org; accessed December 19™ 2017). Gastric cancer
subtypes are indicated (asterisk).

3.3.3.2 Expression of RNF43 in the human stomach

Since RNF43 was upregulated in colorectal carcinomas the question was whether the
same held true for gastric cancers, especially in the context of abundant genetic
alterations. So far, expression of RNF43 in healthy stomach has not been assessed and
only one study compared a collective of gastric tumors but with suboptimal

immunohistochemical staining results (Niu et al. 2015).

Sections of morphologically normal oxyntic/fundic gastric mucosa showed nuclear
staining restricted to parietal cells (Figure 26), which was uniform ranging from strong
(4 cases) to moderate (5 cases). Sections that just contained antral mucosa and thereby no
parietal cells (3 cases) were negative. Four cases also showed additional weak-moderate
nuclear staining in mucous cells of gastric pits.

Morphologically normal appearing mucosa in sections adjacent to tumors showed nuclear
staining restricted to parietal cells, which was mostly strong and diffuse (10 cases), strong
but only focal (2 cases), and moderate and focal (1 case).

Overall, parietal cells showed strong and diffuse nuclear staining for RNF43 with

occasional, weaker staining of other epithelial cells.
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Figure 26: RNF43 is expressed in parietal cells of oxyntic/fundic glands.

RNF43 expression assessed by immunohistochemistry for RNF43 (HPAO008079, Atlas
Antibodies AB). Mucosal compartments with superficially located, mucin producing gastric pits
and deeper gastric glands are labeled. Scale bars indicate 200 um (large image) and 50 pm (inset).

Nine tissue sections bearing tumor had adjacent areas of intestinal metaplasia available
for evaluation. KI-67, a marker for proliferation, showed increased proliferation in glands
of intestinal metaplasia in comparison to adjacent normal oxyntic/fundic glands (Figure
27). B-catenin expression was uniformly membranous, non-nuclear and therefore not
indicating active Wnt/B-catenin pathway signaling. In all nine cases, glands of intestinal
metaplasia did not reveal RNF43 expression by immunohistochemistry whereas adjacent
oxyntic/fundic mucosa showed strong and diffuse staining for RNF43 restricted to

parietal cells.
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Figure 27: RNF43 is not expressed in areas of intestinal metaplasia.
KI-67, B-catenin, and RNF43 (HPA008079, Atlas Antibodies AB) expression assessed by
immunohistochemistry. Areas of intestinal metaplasia and regular oxyntic/fundic mucosa are
labeled. Scale bars indicate 100 um (top row) and 20 um (bottom row).

A collective of 26 cases of anonymized paraffin-embedded tissue samples of gastric
adenocarcinomas was assembled from the archives of the Institut fiir Pathologie,
Klinikum Bayreuth, Germany (Table 13).

Average age at time of surgery was 80.0 years (range 42-92) and sexes were equally
distributed (13 female, 13 male). Histology according to the Lauren Classification was
intestinal type (17/26), diffuse type (5/26), and mixed type (4/26). Tumor grade was G1
(4/26), G2 (9/26), G3 (11/26), and G4 (2/26). Primary tumor size/extent was mostly T1
(20/26), followed by T2 (5/26), and T4 (1/26). Regional lymph node status was largely
NO (20/26) with a few cases of N1 (2/26), N2 (1/26), N3 (2/26), and undetermined lymph
node status NX (1/26). Clinical stage was Stage I (23/26) and Stage IV (3/26). Reported
or pathologically confirmed H. pylori status was positive (20/26), ex-positive (4/26),
negative (1/26), and unknown (1/26).

The cases were immunohistochemically stained for KI-67, B-catenin, and RNF43

(HPAO008079, Atlas Antibodies AB). Proliferative index by KI-67 immunohistochemistry
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was on average 48% (range 10-99%). Immunohistochemistry for B-catenin revealed
membranous staining in most cases (21/26) and nuclear staining in a subset (5/26).
RNF43 staining of tumor cells was assessed both in intensity and proportion of tumor
cells stained and H-scores were calculated. Most cases did not show any positive staining
(19/26), some showed moderate staining (4/26), and a few (3/26) exhibited strong nuclear
staining for RNF43.

RNF43 expression levels (H-scores) did not correlate with any of the aforementioned

parameters.
A RNF43
# Age Sex Type Grade pT pN Stage H.pylori KI-67 (%) B-CATENIN
+ ++ +++ H-score

1 72 M 1&D G3 T2 N3 v + 20 m 10 30 30 30 180
2 42 M D G4 T2 N3 v + 60 m 50 10 30 10 100
3 75 M | Gl T1 NO | + (ex) 30 m 50 0 50 O 100
4 76 F I G2 T1 NO | +(ex) 40 n(>90%) 75 5 20 O 45
5 67 F D G3 T1 NO I + 30 m 80 5 10 5 40
6 70 M | G2 T1 NO | + (ex) 10 m 80 20 O 0 20
7 71 F D G3 T1 NO Ia + 10 m 9 0 10 O 20
8 77 M | G2 T2 NO b + 50 n (5%) 100 O 0 0 0
9 88 F | G2 T1 NO | + 60 m 100 O 0 0 0
10 75 M 1&D G3 T1 NO | + 20 m 100 O 0 0 0
11 92 F | G3 T2 NO b + 99 m 100 O 0 0 0
12 84 M | G3 T4 N2 \% + 30 m 100 O 0 0 0
13 73 M | G2 T1 NO |Ia + 90 m 100 O 0 0 0
14 80 M | G2 T1 NO |Ia + 20 m 100 O 0 0 0
15 57 M 1&D G3 T1 NO la + (ex) 80 m 100 O 0 0 0
16 76 M | G2 T1 NO | + 80 m 100 O 0 0 0
17 78 F | G2 T1 NO | + 90 m 100 O 0 0 0
18 79 F | G3 T1 NO | P 20 n (5%) 100 O 0 0 0
19 79 F | G1 T1 NO la + 20 m 100 O 0 0 0
20 52 M D G3 T1 N1 b + 10 m 100 O 0 0 0
21 65 M | G3 T1 NO Ia + 30 n (10%) 100 O 0 0 0
22 72 F | Gl T1 NO |Ia - 90 n (1%) 100 O 0 0 0
23 63 F 1&D G3 T1 N1 | + 60 m 100 O 0 0 0
24 52 F | G1 Tl NX | + 60 m 100 O 0 0 0
25 70 F | G2 T1 NO | + 60 m 100 O 0 0 0
26 60 F D G4 T2 NO |Ia + 80 m 100 O 0 0 0

Table 13: Characteristics of gastric cancer collective and results of immunohistochemical
stains for KI-67, B-catenin, and RNF43.

26 cases of gastric adenocarcinoma with details on age (in years), sex (m=male, f=female), type
according to Lauren Classification (I=intestinal, D=diffuse, I&D=intestinal and diffuse/mixed),
histopathological grade, pT (histopathologically determined tumor size/extent), pN
(histopathologically determined regional lymph node status), stage (overall clinical stage),
H. pylori infection status ([+]=positive histopathology/clinical testing; [+(ex)]=prior positive
histopathology/test result, now negative; [-]=negative histopathology/clinical testing), KI-67
proliferative index assessed by immunohistochemistry, B-catenin expression (m=membranous,
n=nuclear with percentage of positive tumor cells), RNF43 expression categorized according to
intensities ([0]=negative/no staining; [+]=minimal staining; [++]=moderate staining;
[+++]=strong staining) with percentage of positive tumor cells, and resulting H-score.
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Figure 28 shows photomicrographs of 3 cases that exhibited positive staining for RNF43:
A well-differentiated tubular adenocarcinoma (Figure 28 A; case #3 in Table 13) with a
proliferative index of 30% (KI-67), membranous staining for B-catenin, and moderate
staining for RNF43 in 50% of tumor cells. A moderately-differentiated intestinal type
adenocarcinoma (Figure 28 B; case #4 in Table 13) with a proliferative index of 40%
(KI-67), nuclear staining for B-CATENIN (> 90% of tumor cells), and minimal (5% of
tumor cells) to moderate (20% of tumor cells) staining for RNF43. A poorly-
differentiated mixed (intestinal and diffuse) type adenocarcinoma (Figure 28 C; case #1
in Table 13) with a proliferative index of 20% (KI-67), membranous staining for
B-catenin, and minimal (30% of tumor cells), moderate (30% of tumor cells), and strong

(30% of tumor cells) staining for RNF43.

intestinal type
|

diffusle type

Figure 28: RNF43 is expressed in a minority of gastric adenocarcinomas.

KI-67, B-catenin, and RNF43 (HPA008079, Atlas Antibodies AB) expression assessed by
immunohistochemistry. Two cases of intestinal type (A, B) and one case of diffuse type gastric
adenocarcinoma (C) are shown. Scale bars indicate 100 pm (A, B) and 20 um (C, all insets).
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3.3.3.3 RNF43 is expressed in human gastric cancer cell lines

The publicly available Cancer Cell Line Encyclopedia (CCLE) provided by the Broad
Institute is a good resource to investigate mRNA expression levels across a large set of
cancer cell lines. This can serve as a good starting point to assess the relevance of a gene
of interest for a specific type of tumor.

A query for RNF43 (Figure 29) showed that gastric cancer cell lines exhibited the second
highest mRNA expression levels by RNA sequencing and Affymetrix microarrays, only
to be trumped by colorectal cancer cell lines indicating that RNF43 likely is of some

relevance in gastric cancer.
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Figure 29: Gastric cancer cell lines exhibit high levels of RNF43 mRNA expression in
comparison to other human cancer cell lines (CCLE).

Summary and visualization of RNF43 mRNA expression levels assessed through RNAseq (RNA
sequencing) and Affy (Affymetrix microarrays) across 1457 cancer cell lines. Obtained from the
Cancer Cell Line Encyclopedia (CCLE) provided by the Broad Institute
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(https://portals.broadinstitute.org/ccle; accessed December 19™ 2017). Gastric cancer cell lines
(n=39) are indicated (asterisk). Dashed line within box represents the mean.

To specifically interrogate mRNA levels of RNF43 in our available gastric cancer cell
lines, I ran two independent qRT-PCRs (Figure 30) on 8 gastric cancer cell lines. Both
experiments showed comparable results. RNF43 transcripts could be detected in all cell
lines. KATOIII, NUGC4, ST2957, ST3051, and ST23132 showed higher expression
levels than AGS, MKN45, and MKN7.

0.16
0.14
0.12

0.1
0.08

0.06

Relative mRNA levels

0.04
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AGS MKN45  MKN7 KATOIlIl  NUGC4 ST2957 ST3051 ST23132

Figure 30: RNF43 is expressed at variable levels in human gastric cancer cell lines.
Relative mRNA expression levels of RNF43 in eight gastric cancer cell lines normalized to
expression of housekeeping gene GAPDH. Data of two independent experiments are shown
indicated by black and grey bars.

RNF43 protein expression was investigated in lysates of eight gastric cancer cell lines
(Figure 31). First, a commercially available polyclonal antibody raised in rabbit against
a peptide of RNF43 (LS-C102008, LifeSpan BioSciences) was applied and yielded some
prominent bands between 70-95 kDa despite apparent background staining. RNF43 has
four predicted isoforms (http://www.uniprot.org; accessed January 1% 2018) with
molecular weights of 85.7 kDa (‘canonical’ sequence), 81.2 kDa, 72.1 kDa, and 95.0 kDa.
Therefore, some of the observed bands might be due to the detection of these isoforms.
But they might also represent an off-target effect since polyclonal antibodies detect
multiple epitopes of the peptide used for immunization leading to a higher chance of
cross-reactivity with homologous proteins.

Next, a monoclonal antibody “8D6” (derived from immunizing rats and creating
hybridomas; screened and validated by M. Grandl, our group) was applied. In all cell

lines, there was only a single band detected at about 95 kDa.
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Both antibodies detected RNF43 protein in all cell lines. Most cell lines appeared to
express comparable amounts of RNF43 by western blot. AGS and KATOIII showed
lower levels of RNF43 since with both antibodies band intensities were weaker, despite
at least average amounts of loaded cell lysates when judging by B-actin intensities.
NUGCH4 also showed lower levels but giving potentially lower amounts of loaded cell

lysates by B-actin intensity this is difficult to state with certainty.
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Figure 31: Protein expression of RNF43 in human gastric cancer cell lines.

Protein expression of RNF43 in eight gastric cancer cell lines by western blot. A commercially
available polyclonal antibody against RNF43 (LS-C102008, LifeSpan BioSciences) and a
monoclonal antibody derived from rat hybridomas “8D6” (validated by M. Grandl, our group)
were run in parallel. B-actin served as loading control. A representative experiment is shown.
Numbers on y-axis indicate molecular weight in kilodaltons.

3.3.3.4 Basal Wnt signaling activity in gastric cancer cell lines

Nuclear translocation of B-catenin — also the immunohistochemical hallmark of active
Wnt/B-catenin signaling — associated with mutations rendering it resistant to
phosphorylation, has been reported in up to one third of gastric cancers (Clements et al.
2002, Ebert et al. 2002, Cheng et al. 2004).

Cytoplasmic levels of B-catenin are tightly regulated. In the absence of active Wnt
signaling, B-catenin is phosphorylated by glycogen synthase kinase 3 (GSK-3) and casein
kinase la (CKla) in a complex with APC and Axin. This marks it for subsequent
degradation via the ubiquitin—proteasome pathway (Angers and Moon 2009). Therefore,
one can assess Wnt/B-catenin pathway activity by investigating the phosphorylation

status of its key mediator -catenin.
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To this end, three different antibodies for the detection of different forms of B-catenin
were used (Figure 32) with expected bands at a molecular weight of 92 kDa. The
phosphorylated form of P-catenin was detected with an antibody specific for
phosphorylation at Ser33, Ser37, and Thr41, residues that are phosphorylated to mark
B-catenin for degradation. The non-phosphorylated, active form of B-catenin, which is
dephosphorylated on Ser33, Ser37, and Thr4l was detected with a different
phosphorylation site specific antibody. Lastly, an antibody detecting total B-catenin
irrespective of phosphorylation status was used.

Total B-catenin was detected in all cell lines at similar levels with the exception of
NUGC4, which showed noticeably lower levels. Non-phosphorylated -catenin was seen
at comparable levels in all cell lines but absent in NUGC4 as was reported before (Nojima
et al. 2007). On the western blot, two bands were visible but only the upper band was
regarded as specific since a band was expected at 92 kDa as seen in the blot of total
B-catenin. The western blot for phosphorylated -catenin did not lead to as robust signals
but showed slightly higher expression levels in AGS and NUGC4. All cell lines expressed
comparable amounts of TCF4 by western blot, yet the presence of TCF4 itself does not

signify active Wnt/B-catenin signaling.

In order to measure Wnt/p-catenin pathway activation in a functional assay, nine gastric
cancer cell lines were transfected with TOPFlash or FOPFlash luciferase reporter
plasmids (Figure 33). KATOIIl showed the highest TOP/FOP luciferase activity,
followed by AGS, N87, and MKN45. The remaining cell lines showed only rather low

levels of basal activity.
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Figure 32: High levels of active/non-phosphorylated B-catenin in most human gastric
cancer cell lines.

Protein expression of TCF4, phosphorylated, non-phosphorylated, and total B-CATENIN in eight
gastric cancer cell lines by western blot. f-actin served as loading control. A representative
experiment is shown. Numbers on y-axis indicate molecular weight in kilodaltons.
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Figure 33: Some human gastric cancer cell lines exhibit increased levels of Wnt/p-catenin
pathway activation.

TOP/FOP luciferase reporter assays in nine gastric cancer cell lines. TOPFlash luciferase activity
was divided by FOPFlash luciferase activity after both were normalized to Renilla luciferase
activity to control for transfection efficiency. Numbers on y-axis represent arbitrary units of
luciferase activity.
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3.3.3.5 RNF43 is wild type in gastric cancer cell lines used

Next, I wanted to check whether the observed increased levels of Wnt/B-catenin pathway
activation in gastric cancer cells were due to the presence of genetic mutations in key
components of the pathway and whether RNF43 was mutated. Table 14 lists all human
cancer cell lines used in this study with mutational status of selected Wnt pathway
components derived from the COSMIC database. AGS, MKN45, and to a lesser degree
KATOIII and ST23132 were primarily used for in vitro experiments.

The AGS cell line was derived from a stomach adenocarcinoma, not otherwise specified
and harbors a missense mutation in CTNNBI, the gene encoding B-catenin, leading to
amino acid exchange G34E. This affects a ubiquitination target motif (Suarez et al. 2015)
and renders the mutant protein resistant to degradation (Ganesan et al. 2008) leading to
accumulation of B-catenin and thereby to an increased activation of the Wnt/p-catenin
pathway (Caca et al. 1999).

MKN45 originates from a liver metastasis of a poorly differentiated adenocarcinoma and
was not found to have mutations in APC, CTNNBI1, or RNF43.

KATOIII was grown from a signet ring cell carcinoma causing a carcinomatous pleural
effusion. No mutations in APC, CTNNBI, or RNF43 were described. None of the cell
lines harbored mutation in genes encoding GSK-3, CK1a, or Axin.

ST23132 was established from a well-differentiated gastric adenocarcinoma but no
mutational data was available, most likely since these cell lines are not widely used.
HCTL116, a colorectal cancer cell line used as control in some experiments, contains a
mutant form of CTNNBI (c.131 133delCTT) removing amino acid Ser45, an important
phosphorylation site for GSK-3 (Morin et al. 1997) leading to accumulation of
B-catenin. It is also the only cell line in this study to harbor a mutation in RNF43

(p.R117fs*41).
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COSMIC (cancer.sanger.ac.uk)

Cell line Tumor Site Age Sex APC CTNNB1 RNF43
c.101G>A
AGS adenocarcinoma stomach 54 f wt p.G34E wt

substitution - missense

MKN45 poorly differentiated adenocarcinoma met. (liver) 62 f wt wt wt
p.Y1179Y
MKN?7  tubular adenocarcinoma met. (lymph node) 39 m €.3537T>C wt wt
silent
KATOIIl signet ring cell carcinoma met. (pleural effusion) 55 m wt wt wt
NUGC4 signet ring cell carcinoma met. (lymph node) 35 f wt wt wt
NCI-N87 well differentiated adenocarcinoma met. (liver) - m wt wt wt

ST23132 well differentiated adenocarcinoma stomach

ST3051 well differentiated adenocarcinoma stomach

ST2957 well differentiated adenocarcinoma met. (lymph node)

p.S45del p.R117fs*41
HCT116 colorectal carcinoma colon adult m wt c.131_133delCTT c.344delC
deletion - in frame deletion - frameshift

Table 14: RNF43 is wild type in used gastric cancer cell lines.

Summary of nine gastric and one colonic (HCT116) cancer cell lines listing histological tumor
type, site of procurement, patient demographics, and mutational status of selected Wnt/p-catenin
pathway components (derived from https://www.lgcstandards-atcc.org; http://en.bre.riken.jp;
http://cancer.sanger.ac.uk/cosmic (Forbes et al. 2017); all accessed December 18™ 2017). wt =
wild type allele.

3.3.3.6 RNF43 is expressed in the nucleus of gastric cancer cell

lines

As discussed, RNF43 was shown to exhibit diverse functions from ubiquitinating frizzled
receptors at the cell surface (Hao et al. 2012, Koo et al. 2012) to tethering TCF4 to the
nuclear membrane (Loregger et al. 2015) and was further described to interact with
various nuclear proteins (Sugiura, Yamaguchi, and Miyamoto 2008, Miyamoto, Sakurai,

and Sugiura 2008, Shinada et al. 2011, Nailwal et al. 2015, Xie et al. 2015).

Immunohistochemistry for RNF43 on human samples showed a nuclear staining pattern
(Figure 21, Figure 26). To provide additional in vivo evidence for its subcellular
localization, I conducted confocal immunofluorescence as an initial experiment.

Endogenous RNF43 could not be directly investigated due to the lack of a specific
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antibody working with immunofluorescence at that time. Therefore FLAG-tagged
RNF43 was transiently overexpressed.

Confocal immunofluorescence microscopy of AGS cells (Figure 34) showed FLAG-
tagged RNF43 to be localized along the nuclear membrane and in a distribution
reminiscent of the endoplasmic reticulum. B-catenin showed predominant nuclear and to
a lesser degree cytoplasmic staining indicative of active Wnt/B-catenin signaling.

In MKN45 cells, FLAG-tagged RNF43 was found in a similar perinuclear distribution.
B-catenin was not only seen in the nucleus but also along the cell membrane. The merged
image clearly showed that signals of FLAG-tagged RNF43 and B-catenin did not overlap
and that there was a spatial separation between the two signals. Since -catenin is known
to interact with E-cadherin at the cell membrane, it can be concluded that FLAG-tagged
RNF43 did not localize to the cell membrane.

The HCT116 colonic carcinoma cell line that was run as a positive control showed similar

staining patterns as MKN45.

merge Hoechst B-CATENIN RNF43-FLAG

Figure 34: Transiently overexpressed RNF43 localizes to nuclear membrane and
endoplasmic reticulum in gastric and colonic carcinoma cell lines.

Confocal immunofluorescence microscopy of FLAG-tagged RNF43 that was overexpressed in
AGS, MKN45, and HCT116 cell lines. The Hoechst dye (blue) specifically bound to DNA and
thereby highlighted the nucleus. Antibodies against B-CATENIN (green) and FLAG-tag (red)
were applied. Scale bars indicate 10 pm.
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In order to assess whether a mutation of the RING domain has an influence on subcellular
localization, FLAG-tagged RING domain mutated RNF43"**® was also transiently
overexpressed.

Confocal immunofluorescence microscopy of AGS cells (Figure 35) showed FLAG-
tagged RNF43"**® to be localized in a similar distribution to RNF43 wt: along the
nuclear membrane and in the distribution of the endoplasmic reticulum. B-catenin showed
nuclear staining. In MKN45 and HCT116 cells FLAG-tagged RNF43"**® was found in
a similar perinuclear distribution. -catenin staining was also not altered in comparison
to transfection of RNF43 wt yielding nuclear and membranous staining. Again, the

H292R
3

merged image clearly showed that the FLAG-tagged RNF4 and PB-catenin did not

overlap.
Taken together, a mutation of the RING domain had no influence on subcellular

localization of RNF43"***® and yielded similar staining patterns as RNF43 wt.

merge Hoechst B-CATENIN H292-FLAG

E——
——

H292R

AGS

MKN45

HCT116

Figure 35: Transiently overexpressed mutant RNF43 shows comparable expression
patterns to wild type RNF43 in gastric and colonic carcinoma cell lines.

Confocal immunofluorescence microscopy of FLAG-tagged RING domain mutated RNF43
that was overexpressed in AGS, MKN45, and HCT116 cell lines. The Hoechst dye (blue)
specifically bound to DNA and thereby highlighted the nucleus. Antibodies against B-CATENIN
(green) and FLAG-tag (red) were applied. Scale bars indicate 10 um.

H292R
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Since I could establish a working antibody for immunohistochemistry on human tissue
FFPE samples, I thought to apply the same technique to FFPE cell pellets of gastric cancer
cell lines to further substantiate the subcellular distribution of endogenous RNF43 which
was wild type in the gastric cancer cell lines used (Table 14). This was important since
confocal immunofluorescence experiments were carried out under overexpression of

RNF43. Of note, this is also true for most of the aforementioned published studies.

RNF43 immunohistochemistry revealed a nuclear staining pattern in all four cell lines
(Figure 36) with varying intensities and proportions of cells stained. ST23132 showed
the highest proportion of labeled nuclei, followed by AGS, KATOIII, and MKN45,
corroborating the results of confocal immunofluorescence experiments.

B-catenin was membranous, cytoplasmic, and nuclear in AGS and KATOIII, while it was
mostly membranous in MKN45 and ST32132.

TCF4 showed nuclear staining with the largest proportion of cells stained in MKN45 and
ST32132, followed by AGS and KATOIII.

Taken together, RNF43 showed nuclear distribution in all cell lines.
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Figure 36: RNF43 shows strong nuclear expression in gastric cancer cell pellets.

FFPE cell pellets of gastric cancer cell lines AGS, MKN45, KATOIII, and ST23132 were
prepared and immunohistochemistry for RNF43 (HPA008079, Atlas Antibodies AB), B-catenin,
and TCF4 was performed. Scale bars indicate 50 pm.
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Subcellular fractionation of four gastric cancer cell lines was performed to shed further
light on the localization of endogenous RNF43.

The cleanest fractionation was achieved with ST23132 (Figure 37) and is thus described
in more detail. CDC5L showed a strong band in the nuclear fraction and minor
contaminations in the membranes and cytoplasm fractions. CALNEXIN showed strong
bands in membranes and nuclear fractions indicating the presence of endoplasmic
reticulum in both. a-TUBULIN was not detected in the nuclear fraction confirming the
absence of cytoplasm, only to a small degree in the membranes fraction, and largely in
the cytoplasm. B-actin showed strongest expression in the cytoplasm with some in the
membranes fraction, but none in the nuclear fraction. RNF43 showed a strong band in the
nuclear fraction. In light of the presence of endoplasmic reticulum marker CALNEXIN
in the nuclear fraction it can be concluded that RNF43 is expressed in the nucleoplasm
and/or endoplasmic reticulum in ST23132 cells.

AGS cells revealed a weak signal for RNF43 exclusively in the nuclear fraction as
confirmed by the presence of CDC5L and absence of a-TUBULIN. Again, the nuclear
fraction contained components of endoplasmic reticulum as evident by CALNEXIN.
Interestingly, B-actin was detected in the nucleus (also for KATOIIl and MKN45) which
could represent either a (low level) contamination, which is a possibility given the
abundance of B-actin, or could be real since B-actin was described to be present in the
nucleoplasm (Olave, Reck-Peterson, and Crabtree 2002, McDonald et al. 2006).
KATOII and MKN45 cells showed similar results with strong and moderately strong
bands for RNF43 in the nuclear fraction, respectively. The nuclear fraction was
characterized by presence of CDC5L and absence of a-TUBULIN. Only a weak band for

CALNEXIN was detected indicating minimal amounts of endoplasmic reticulum.

Taken together it can be stated that endogenous RNF43 is expressed in the nucleus of

gastric cancer cell lines and not at the cell membrane.
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Figure 37: RNF43 is detected in the nuclear fraction of gastric cancer cell lines.
Subcellular fractionation of gastric cancer cell lines. RNF43 was detected with a monoclonal
antibody derived from rat hybridomas “8D6” (established by M. Grandl, our group). The
following markers were used to validate subcellular fractions: CDCS5L (98 kDa; nuclear fraction),
CALNEXIN (bands at 75-90 kDa; endoplasmic reticulum), and a-TUBULIN (55 kDa; cytoplasm,
to a lesser degree membranes). B-actin served as a generic loading control. Representative
experiments are shown. Numbers on y-axis indicate molecular weight in kilodaltons. RL=raw
lysate; S1=supernatant 1 (cytoplasm+ membranes); S2=supernatant 2 (cytoplasm); P2=pellet 2
(membranes); P1= pellet 1 (nucleoplasm).

3.3.3.7 BRNF43 does not inhibit Wnt/B-catenin signaling in

gastric cancer cells

RNF43 was found to act in a negative feedback loop (Loregger et al. 2015) and suppress
Wnt/B-catenin signaling in HCT116 colorectal cancer cells (Figure 22). Therefore, the
question arose whether it would have a similar function in gastric cancer cells.

Transient overexpression of RNF43 in AGS (Figure 38 A) did not lead to a decrease of
TOPFlash luciferase activity, unlike to what was observed in HCT116 colon cancer cells
(Figure 22). Transfection of AGS with the RING domain mutated RNF43"°*} Jed to
significantly enhanced TOPFlash luciferase activity at a higher dose of 250 ng.
Likewise, transient expression of RNF43 in MKN45 (Figure 38 B) did not lead to a
decrease of TOPFlash luciferase activity. Transfection of MKN45 with the RING domain
mutated RNF43"*R led to significantly enhanced TOPFlash luciferase activity at a
higher dose of 250 ng.
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Figure 38: Wnt/B-catenin signaling activity after overexpression of RNF43 and mutant
RNF43"R in AGS and MKN45.

TOP/FOP luciferase reporter assay of AGS (A) and MKN45 (B) human gastric carcinoma cell
lines transiently transfected with empty vector control (pcDNA4/TO) and indicated amounts of
RNF43 and RING domain mutated RNF43"% expression plasmids. Results are presented as
mean + SD of three biologically independent experiments. (Firefly) Luciferase normalized to
renilla luciferase and values expressed normalized to empty vector control (pcDNA4/TO)
luciferase activity. Solid bars: TOPFlash; FOPFlash negative control was within background
signal range, not shown. *p <0.05; **p < 0.01 by Student's t-test.

3.3.3.8 RNF43 and TCF4 do not interact in gastric cancer cell

lines

RNF43 was found to inhibit Wnt/B-catenin signaling in a negative feedback loop in
colorectal cancer. While it has been proposed that this works via increased turnover of
frizzled receptors — cell surface receptors for Wnt ligands — by ubiquitination (Hao et al.
2012, Koo et al. 2012), our group discovered that RNF43 inhibits Wnt signaling in colon
cancer cell lines by sequestering TCF4 to the nuclear membrane (Loregger et al. 2015).
RNF43 did not appear to be a regulator of Wnt/B-catenin signaling in the stomach since
transient overexpression of RNF43 did not inhibit Wnt signaling in gastric cancer cell
lines. To further substantiate this, I wanted to check whether any interaction between
RNF43 and TCF4 occurs in gastric cancer cells.

By employing confocal immunofluorescence, I wanted to see whether there is
colocalization of RNF43 and TCF4. Due to the lack of specific antibodies working with
immunofluorescence at that time, HA-tagged TCF4 and FLAG-tagged RNF43 or RING

domain mutated RNF43"*°*® were transiently overexpressed.



Chapter 3 Results 105

Confocal immunofluorescence microscopy of AGS and MKN45 cells (Figure 39)
showed FLAG-tagged RNF43 to be localized along the nuclear membrane and
endoplasmic reticulum. HA-tagged TCF4 was localized to the nucleus exhibiting a
punctate staining pattern. Similar findings were obtained with RING domain mutated
RNF43"27%,

To conclude, there was no alteration of the regular distribution of TCF4 (Cuilliere-
Dartigues et al. 2006) in gastric cancer cell lines, unlike to our group’s observations in

colon cancer cell lines (Loregger et al. 2015).
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Figure 39: RNF43 and TCF4 do not colocalize in gastric cancer cell lines.

Confocal immunofluorescence microscopy of HA-tagged TCF4 and FLAG-tagged RNF43 or
RING domain mutated RNF43"?® which were transiently overexpressed in AGS and MKN45
cell lines. The Hoechst dye (blue) specifically bound to DNA and thereby highlighted the nucleus.
Antibodies against HA-tag (green) and FLAG-tag (red) were applied. Scale bars indicate 10 pm.

To further investigate a possible interaction between RNF43 and TCF4, the AGS cell line
was transiently transfected with FLAG-tagged RNF43 and protein complex

immunoprecipitation (Co-IP) was performed.
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Co-IP with anti-TCF4 (Figure 40) did not yield any detectable FLAG-tagged RNF43 but
B-catenin as expected. Co-IP with anti-FLAG did not precipitate f-catenin, which also

provided albeit weaker indirect evidence that it also did not bind TCF4.

To conclude, no direct interaction between [-catenin and overexpressed RNF43 could be
shown in AGS cells. Further there was no evidence of an interaction between
overexpressed RNF43 and TCF4 in AGS cells indicating that RNF43 might not play a

role in gastric Wnt signaling but might fulfill other functions.

pcDNA4/TO RNF43-FLAG
IP: - lgG TCF4 FLAG - IgG TCF4 FLAG
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Figure 40: RNF43 and TCF4 do not interact in gastric cancer cell line AGS.

Protein complex immunoprecipitation (Co-IP) of AGS cell line which was transiently transfected
with empty vector control (pcDNA4/TO) or FLAG-tagged RNF43. Co-IP with antibodies against
IgG (isotope control), TCF4, and FLAG, followed by western blot. [-] = raw lysate.
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4 Discussion

In the present thesis, I investigated the Wnt/B-catenin pathway in all its functional
domains — development, homeostasis, and tumorigenesis. Setting out I looked into the
role of Sox/7 in intestinal development by employing a mouse model with intestinal
epithelium-specific knockout of Sox/7. Through collaborative projects, I was involved in
characterizing two conditional mouse models Cdhl "™ and Hsp60 ™™ — both of which
showed a marked disturbance of intestinal homeostasis and also its key pathway, the
Wnt/B-catenin pathway. Lastly, and most stimulating were the investigations around
RNF43, a recently described negative regulator of Wnt/B-catenin signaling in colorectal
cancer, which our group has also published on (Loregger et al. 2015). Building upon the

findings in colorectal cancer I wanted to further explore RNF43’s role in gastric cancer.

4.1 The Wnt/B-catenin pathway in gastrointestinal development

As outlined, Sox/7 was among those genes that were identified through microarray
experiments to be upregulated in tumors of two mouse models (4PC """ and Ahcre";
APC'™") and in human colorectal tumors (Van der Flier et al. 2007). It was found to be a
target gene and negative regulator of Wnt/B-catenin signaling by interacting with
B-catenin and TCF/LEF transcription factors (Sinner et al. 2004). Since then, several
studies have confirmed its negative regulation of P-catenin levels and its tumor
suppressive function in breast, lung, bile duct, and liver carcinomas (Fu et al. 2010, Yin
et al. 2012, Merino-Azpitarte et al. 2017, Jia et al. 2010). In order to study Sox17, I first
needed to establish a good tool for its detection and chose in situ hybridization (ISH).

Data on the expression of Sox17 in murine and human intestine during homeostasis and
tumorigenesis had been conflicting and incomplete, mostly due to the absence of reliable
antibodies for murine and human tissues. One group employed an antibody they had
developed themselves for western blot (Sinner et al. 2004) and used for
immunofluorescence before (Park et al. 2006). Their experiments revealed Sox17 to be
expressed in the crypt and along the entire crypt-villus axis and downregulated in

C min/+

adenomas of AP mice (Sinner et al. 2007). However, they did not use a

conventional DAB-based detection system for immunohistochemistry but fluorescence
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based signal detection (tyramide substrate amplification kit) that is usually used to
amplify weak signals. This might indicate that their antibody was not ideally suited for
IHC, yielding only weak signals, and there is a potential that unspecific staining was
amplified. A later study showed, with a then commercially available antibody, that Sox17

was upregulated in gastric tumors developing in K7/9-Wntl/C2mE mice, in intestinal

A716 A716

adenomas of Apc mice, but down-regulated in invasive carcinomas of cis-Apc
Smad4 mice but they did not describe expression in normal intestinal mucosa (Du et al.
2009). Sox17 upregulation in adenomas and downregulation in early-invasive carcinomas
of APC ™™ mice was also confirmed in another microarray study (Paoni et al. 2003). In
human colorectal tumorigenesis, SOX17 was found to be upregulated in gastrointestinal
adenomas (Du et al. 2009) but downregulated by promoter hypermethylation in the course
of malignant progression, indicating that SOX17 is able to antagonize Wnt signaling in
early stages of tumor development but then tumor cells with epigenetically silenced
SOX17 gain a growth advantage (Zhang et al. 2008). SOXI/7 was found to be
hypermethylated in additional malignancies including breast cancer (Fu et al. 2010), lung
cancer (Yin et al. 2012), cholangiocarcinoma (Goeppert et al. 2014, Merino-Azpitarte et
al. 2017), and hepatocellular carcinoma (Jia et al. 2010).

Since Prof. M. Gerhard had successfully applied the versatile tool of chromogenic RNA-
in situ hybridization (Gregorieff and Clevers 2015) during his postdoctoral work and we
were lacking a working antibody for SOX17, I was implementing it in our laboratory.
Here it bears notice that while ISH can be a powerful tool when one is lacking a specific
antibody, it does quite often not produce as clear-cut results as one is used to see with
IHC. Furthermore, while I was successful in implementing some self-designed and
published RNA-probes, there were many more attempts targeting other genes that were
unfruitful.

In the mouse, Sox/7 was weakly expressed at the base of the crypts and most notably
upregulated in aberrant crypt foci and adenomas developing in APC ™t mice which was
in line with some studies (Du et al. 2009, Paoni et al. 2003) but conflicting with the first
mentioned study (Sinner et al. 2007).

In human tissue samples, I could detect SOX17 expression at the base of colonic crypts
but also to be overexpressed in human colorectal tumors. This is in contrast to findings
that SOX17 was downregulated by promoter CpG island hypermethylation in 100% of
colorectal cancer cell lines, 86% of adenomas, and all stage I and II and 89% of stage III

colorectal cancers investigated (Zhang et al. 2008, Voorham et al. 2013). In breast cancer,
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hypermethylation of SOX17 promoter CpG islands was associated with higher clinical
stage and lymph node metastases but still occurred in about 60-80% of cases (Fu et al.
2010). As noted, it is plausible that SOX17 as a Wnt-antagonist is silenced in the course
of tumor progression. A study on hepatocellular carcinoma showed that cases with
promoter CpG island hypermethylation were associated with enhanced Wnt signaling
activity as seen by nuclear accumulation of f-catenin on immunohistochemistry (Jia et
al. 2010). The observed difference of my ISH results to published data might be a matter
of sample size since I only investigated SOX17 expression in a few cases of colon cancer
and not in a well-stratified cohort. A larger collective might have resulted in a number of
cases with loss of SOX17 expression.

Only after I had concluded my investigations into SOX17 expression, a more reliable yet
still not ideal antibody became available which was used for investigating seminomas

(personal communication with the authors) (Bode et al. 2011, Weissferdt et al. 2015).

Sox17 was shown to be key for definitive endoderm formation and to act as a negative
feedback loop on Wnt signaling, but no one had studied the effect of a Sox17 knockout
on later stages of intestinal development and homeostasis (Hudson et al. 1997, Sinner et
al. 2004). A Sox17 knockout mouse model led to defective mid- and hindgut development
at E8.5-9.5 (Kanai-Azuma et al. 2002) prohibiting the study of Sox17 at later stages of
intestinal development and homeostasis. To avoid this lethal phenotype, I obtained a
conditional knockout mouse model — Sox /7" (Kim, Saunders, and Morrison 2007) and
crossed it with transgenic Villin-cre mice (el Marjou et al. 2004) to achieve recombination
restricted to the epithelial lining of small and large intestine by E12.5. Cre recombinase
under the Villin promoter has been shown to be expressed in all epithelial cells of the
intestine including stem cells (Madison et al. 2002, el Marjou et al. 2004). Initial
breedings led to the impression of a lethal phenotype since no villin-cre *; Sox17" pubs
were encountered. This prompted me to analyzed embryos in utero but no developmental
differences were found. As additional breedings were conducted, homozygous knockout
mice (villin-cre *; Sox17/"") were born at the expected mendelian ratios. To see whether
deletion of Sox/7 would cause a phenotype after several weeks into life, I studied the
gastrointestinal tract of 4-week old mice but could not see any morphological differences
or changes in proliferation. In retrospect, I would also assess mice at later time points

since changes could be quite subtle after only 4 weeks.



110 Discussion Chapter 4

A study published after my experiments on Sox17 sheds new light onto the here described
findings. The group of Prof. H. Lickert created a mouse model (Sox/7-mCherry) in which
the fluorescent reporter gene mCherry is fused to the open reading frame of Sox/7,
thereby allowing tracking of Sox17 expression (Burtscher et al. 2012). While its
previously identified expression in early endoderm development could be confirmed, it
was found that by E12.5 Sox17 was only expressed in endothelia of intestinal vessels but
not the intestinal epithelial cells themselves. The same group further established this in
another knock-in mouse model — Sox/7 ““*®2_ The stop codon of Sox17 was replaced
with a 2A sequence followed by CreER'™® which results in expression of a bicistronic
mRNA and translation of equal amounts of Sox17 and Cre under the promoter of Sox/7
(Engert et al. 2013). These mice were bred to Rosa26-Cre reporter lines that express
B-galactosidase upon Cre-mediated excision of a stop cassette. While administration of
tamoxifen at E7.0 resulted in lacZ staining of all endoderm-derived organs including
intestinal epithelium, administration of tamoxifen at E9.0 only stained mesoderm derived
structures including blood vessels within the intestinal wall but not intestinal epithelial
cells. Unfortunately, these two studies did not further investigate Sox17 expression after
birth. Assuming that Sox17 is not re-expressed in intestinal epithelial cells under
physiologic conditions, it is not surprising that deletion of Sox/7 by Villin-cre —mediated
recombination at E12.5 did not cause an abnormal phenotype.

In light of these new data one might also question the rather weak, crypt-based expression
of Sox17 detected by ISH. However, since ISH detects mRNA, Sox/7 might still be
expressed at the mRNA level but not actively translated into protein. These new data also
raise the question whether the mouse is an adequate model to study the function of SOX17

since in human I found it to be prominently expressed in intestinal crypts.

4.2 The Wnt/B-catenin pathway in gastrointestinal stemness and

homeostasis

Though the project on Sox/7 already touched upon Wnt/B-catenin in intestinal
homeostasis, the two collaborative projects of characterizing Cdhl ™" (Schneider et al.
2010) and Hsp60”™" (Berger et al. 2016) conditional mouse models primarily addressed
intestinal homeostasis in the context of Wnt/B-catenin signaling. Interestingly, both genes
are involved or affect mechanisms of altered homeostasis in patients with inflammatory

bowel disease (IBD).
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E-cadherin was found to be downregulated in IBD and to contribute to its pathogenesis
(Jankowski et al. 1998, Gassler et al. 2001, Kucharzik et al. 2001, Bruewer, Samarin, and
Nusrat 2006). HSP60 deficiency leads to mitochondrial unfolded protein response (MT-
UPR) that results in mitochondrial dysfunction, which was shown to play a role in
intestinal inflammation and repair (Treton et al. 2011, Waldschmitt et al. 2014). In
addition, MT-UPR was linked to endoplasmic reticulum unfolded protein response
(ER-UPR) which was shown to be involved in the pathogenesis of IBD (Shkoda et al.
2007, Kaser et al. 2008, Treton et al. 2011).

In both studies, adult and phenotypically healthy mice were subjected to sudden intestinal
epithelium-specific gene deletion by tamoxifen administration. This led to a marked
hemorrhagic diarrhea (Schneider et al. 2010) and severe wasting (Berger et al. 2016)
necessitating euthanasia in both cases. I contributed with my expertise in performing in
situ hybridization to characterize parts of these phenotypes by assessing expression of
intestinal stem cell marker Olfm4 (Schuijers et al. 2014) and Wnt target gene Axin2 (Jho
et al. 2002).

Currently, two intestinal stem cell populations are described. Crypt base columnar (CBC)
cells interspersed between Paneth cells and cells residing at the +4 position that might
represent a quiescent pool of stem cells recruited during repair (Beumer and Clevers
2016). CBC are characterized by expression of marker Lgr5 but only at low levels, posing
technical difficulties to detection by both IHC (Yamazaki et al. 2015) and ISH (Barker et
al. 2007). This led to the validation of Olfm4 as a surrogate marker for Lgr5" stem cells
in mice (van der Flier, Haegebarth, et al. 2009, Schuijers et al. 2014). Olfm4 was also
used as a surrogate in humans but was found to mark a larger proportion of intestinal
crypt cells including some of the transit amplifying cells questioning its validity as a stem
cell marker in humans (Ziskin et al. 2013).

Axin2 is a target gene and also a negative regulator of the Wnt pathway (Yan et al. 2001,
Jho et al. 2002, Lustig et al. 2002). By assessing its expression one can infer active Wnt/f3-
catenin signaling and it might be the optimal promoter to construct Wnt reporter mouse
models (Nusse 2018). Another method is immunohistochemistry to check for
nuclear/cytoplasmic expression of -catenin indicating active signaling.

Tamoxifen induced recombination in Villin-cre-ER™; Cdhl " 1ed to loss of E-cadherin
expression, with resulting impairment of adherens junctions and desmosomes, causing
increased epithelial cell apoptosis and shedding. An intense short-time model of

tamoxifen induced recombination (E-cadherin deficient) led to hemorrhagic diarrhea and
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required euthanasia. On a molecular level, ISH for Axin2 revealed absence of
physiological Wnt signaling at the bottom of the crypts. This was paralleled by loss of
staining for Olfm4 indicating a loss of stemness. In a less intense “long-term” induction
protocol (resulting in partial E-cadherin deficiency), mice were less symptomatic,
allowing for a longer period of investigation into altered homeostasis. Axin2 showed
reduced expression at day 12 but regained close to normal levels at day 20 which was
identical to staining for Olfm4. Of note, Axin2 and Olfm4 positive cells were only
encountered at the crypt base but not in other regions of the villi, where mispositioned
Paneth cells were detected by immunohistochemical stains. This indicates that either the
correct position/microenvironment is important for Wnt signaling in and maturation of
Paneth cells or it is proper anchoring by E-cadherin.

After villin-Cre mediated abrogation of HSP6(0 expression, HSP6(0 deficient crypt
intestinal epithelial cells were found to release Wnt signaling enhancer R-spondin-1 and
HSP60 deficient Paneth cells secreted Wnt signaling protein Wnt-10a (Berger et al.
2016). In addition, occasional hyperproliferative crypt-based nodules were identified. By
ISH I could show overexpression of Axin2 in these nodules indicating active Wnt
signaling. Adjacent crypts did not reveal any staining showing that Wnt signaling had
ceased there. Staining for Olfm4 revealed that these nodules expressed Olfm4, implying
that they arose from intestinal stem cells. Since these nodules were of stem cell origin but
only occurred in a minority of crypts it was concluded that they originated from stem cells
that did not undergo villin-cre mediated recombination of the Hsp60 locus (“escaper
crypts”).

Repopulation by residual intestinal stem cells was described in response to radiation
injury (Hua et al. 2012) and in studies similar to the current one in which essential genes
like Ascl2, c-Myc, or TCF4 were acutely deleted by inducible Cre-mediated
recombination (Muncan et al. 2006, van der Flier, van Gijn, et al. 2009, van Es,

Haegebarth, et al. 2012).

4.3 The Wnt/B-catenin pathway in gastrointestinal carcinogenesis

Studies by The Cancer Genome Atlas Research Network (TCGA) showed that the Wnt/j3-
catenin pathway was altered in greater than 9 of 10 cases of colorectal cancer, mostly due
to biallelic inactivations of APC or activating mutations of CTNNBI, the gene coding

B-catenin (Cancer Genome Atlas 2012). Initially, no significant number of RNF43
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mutations was found, but later two independent patient cohorts (Nurses' Health Study
(NHS) and the Health Professionals Follow-Up Study (HPFS)) showed mutations in
18.9% of cases which prompted careful reanalysis of TCGA datasets, revealing that
around 1/5 of cases harbored RNF43 mutations, half of which were truncating frameshift
mutations (Giannakis et al. 2014).

Although Wnt/B-catenin signaling is not as prominent in the pathogenesis of gastric
cancer, some studies described activation in around 30% of gastric carcinomas (Park et
al. 1999, Clements et al. 2002), and nuclear localization of [-catenin by
immunohistochemistry was found to be associated with gastric cancer progression
(Miyazawa et al. 2000). Furthermore, mutations and loss of heterozygosity in APC were
detected in 18% and 21% of cases, respectively (Tahara 2004), implying an important
role for Wnt signaling in gastric carcinogenesis. The TCGA showed that in gastric
adenocarcinoma, RNF43 alterations were mostly found in two subtypes —
non-hypermutated and hypermutated gastric cancers. In non-hypermutated gastric
cancers, frameshift and non-sense mutations of APC (7% of cases) and RNF43 (3% of
cases) and missense mutations of CTNNBI (4% of cases) were found. 33% of
hypermutated gastric cancers showed frameshift mutations of RNF43 but there was no
significant number of APC or CTNNBI mutated cases (Cancer Genome Atlas Research
2014). A high number of RNF43 mutations, 62.5% of which were truncating, was found
in 54.6% of MSI-H (microsatellite instability-high) versus 4.8% of MSI-L (microsatellite
instability-low) gastric adenocarcinomas in another study (Wang et al. 2014). It is
noteworthy, that cases with MSI-H showed a marked enrichment for RNF43 mutations
and it might be that RNF43 is involved in the pathogenesis of these highly mutated
tumors. In fact, there was one publication associating RNF43 with DNA damage response
(Gala et al. 2014) and other RNF proteins were also described to be involved in DNA
repair and remodeling (Takagi et al. 2005, Mailand et al. 2007, Campbell et al. 2012,
Bohgaki et al. 2013, Nakada 2016).

RNF43 was shown to be a target gene of the Wnt signaling pathway (Takahashi et al.
2014, Loregger et al. 2015) and it was attributed contradictory roles in colorectal
carcinogenesis. In early reports, it was described as an oncogene (Yagyu et al. 2004,
Miyamoto, Sakurai, and Sugiura 2008) but more recently it was shown by us and others

to exhibit tumor suppressive properties (Koo et al. 2012, Loregger et al. 2015). Despite a
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high frequency of genetic alterations nothing on its function in gastric cancer was
published at the beginning of my investigations.

At first, I contributed to our studies of RNF43 in colorectal cancer. Since initially there
was no good antibody available, I designed an in situ hybridization probe for both murine
and human RNF43. ISH revealed crypt-restricted expression in murine intestine and

upregulation in tumors developing in APC min/+

mice, which showed Wnt activation by
positive staining for Wnt target gene Axin2. Results on human tissue were similar. RNF43
was expressed in the crypt compartment including intestinal stem cells showing
comparable expression patterns to OLFM4, a surrogate stem cell marker which in the
meantime has come under some scrutiny since its expression is more extensive including
also transit amplifying cells (Ziskin et al. 2013). RNF43 was found to be overexpressed
in human adenomas and colorectal cancers, which is in line with previously published
studies in mouse and human (Lin et al. 2002, Yagyu et al. 2004, Van der Flier et al. 2007).
Since the mainstay for cancer diagnostics is immunohistochemistry, a major effort was
to identify an antibody which could be used for detecting RNF43 in FFPE sections. IHC
is more robust and also yields additional information on subcellular protein location plus
of course, detects the protein and not only mRNA. Anti-RNF43 (HPA008079, Atlas
Antibodies AB) turned out to be working quite well for [HC after extended optimization.
In human colon, it yielded crypt-restricted, nuclear staining and extensively stained nuclei
of human colorectal adenomas and carcinomas. Since RNF43 is a target gene of Wnt
signaling it was not surprising to observe its overexpression in colorectal tumorigenesis,
which is Wnt driven in the majority of cases. In light of many truncating mutations one
might wonder why the antibody still recognized RNF43 in colorectal carcinoma. A
sequence analysis reveals that the immunogen used to raise anti-RNF43 (HPA008079,
Atlas Antibodies AB) is not affected by the most common (truncating frameshift)
mutations at p.Gly659fs (41.7-48% of cases) but only by p.Argl17fs (8.3-12%of cases)
(Giannakis et al. 2014) (Figure 5). Some of the remaining 40-50% of mutations, that are
distributed along the entire open reading frame (Loregger et al. 2015), might cause loss
of immunoreactivity and it would be interesting to compare expression of RNF43 by
immunohistochemistry to mutational status to see whether an immunohistochemical stain
could have any diagnostic or clinical use.

Next, I investigated the expression of RNF43 in healthy human stomach, which until very
recently was not looked at before. One study described cytoplasmic and nuclear

expression of RNF43 in epithelial cells of the lower 1/3 to 1/2 of the gastric mucosa but
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did not observe restriction to specific epithelial cell types (Gao et al. 2017). Interestingly,
I found that RNF43 stained almost exclusively parietal cells of fundic/oxyntic gastric
mucosa, which can morphologically be recognized by their comparatively large size,
centrally placed nucleus, and finely granular cytoplasm. These cells are known to produce
hydrochloric acid (HCl) and release intrinsic factor. Hydrochloric acid denatures ingested
proteins and activates pepsinogen. Intrinsic factor aids in the absorption of vitamin B12
and its deficiency e.g. due to loss of parietal cells in autoimmune/atrophic gastritis leads
to pernicious anemia. Exclusive expression of RNF43 in parietal cells could be explained
by higher Wnt activity in these cells. However, accumulation of nuclear -catenin in
parietal cells was not observed. Not much is known about Wnt signaling and its influence
on gastric homeostasis but the general concept is that the gastric mucosa — unlike
intestinal mucosa — does not rely on constant Wnt signaling. In fact, it appears that
repression of Wnt signaling is a requirement for organogenesis of stomach and lung as to
avoid the default of intestinal differentiation under influence of Wnt/B-catenin (Verzi and
Shivdasani 2008). In contrast to that, a recent study showed that Wnt signaling was
essential to induce formation of fundic epithelium (with parietal cells) and not antral
epithelium (without parietal cells) when creating gastric organoids from human
pluripotent stem cells (hPSCs) and that high-Wnt and high-FGF (Fibroblast Growth
Factor) culture medium was necessary to maintain fundic glands (McCracken et al. 2017).
Areas of intestinal metaplasia, often regarded as a precancerous lesion, did not stain for
RNF43. A small collective of mostly stage I gastric adenocarcinomas revealed staining
in about a quarter of cases. Comparing other parameters, one can see that these positive
cases comprised a pretty heterogeneous group and no correlation could be drawn.
Interestingly, RNF43 expression was mostly associated with membranous staining for -
catenin indicating absence of active Wnt signaling. Since the mutational status of RNF43
in our collective was not known, it is possible that RNF43 was either not expressed or not
recognized by our antibody due to the presence of mutations. There are two other studies
that assessed RNF43 expression by IHC in gastric cancer. In the first study, 77 cases of
gastric carcinoma and matched normal mucosa were assessed by IHC with an antibody
yielding cytoplasmic staining for RNF43 (ab129401, Abcam) (Niu et al. 2015). In
contrast to my set of cases, their collective comprised more advanced patients, as 75%
were poorly differentiated tumors and included mostly cases at stage II (39%) and
stage 111 (40%). Interestingly, RNF43-negative patients experienced shorter survival. It

was further found that RNF43 expression was downregulated in tumors compared to
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normal tissue especially with less differentiated tumors, increasing depth of invasion, and
local lymph node metastases. Another study showed by transcriptome sequencing that
RNF43 was significantly upregulated in adenomas and subsequently downregulated in
carcinomas (Min et al. 2016). A randomly chosen set of 19 early gastric cancers was
stained by IHC (again ab129401, Abcam) and loss of staining was evident in 80% of
cases that harbored frameshift mutation Gly659fs. Since the antibody is no longer
available, I could not check against which part of RNF43 it was raised and whether
frameshift mutation Gly659fs would abrogate its binding site while the RNF43 protein is
still expressed. As discussed at the beginning of this section, RNF43 was found to be
mutated in up to 30% of certain molecular subtypes of gastric cancer. A survey of 38
published datasets using the cBio portal revealed that gastric cancer is among the
gastrointestinal neoplasms with the highest rate of genetic RNF43 alterations ranging
from less than 5% for diffuse type gastric cancer up to 25% for mucinous stomach
adenocarcinoma, which might be one explanation why only a smaller fraction of my cases
stained for RNF43 by IHC.

In order to study the function of RNF43 in vivo, I conducted a baseline assessment of
gastric cancer cell lines available in our laboratory. qRT-PCR showed that RNF43
transcripts could be detected in all cell lines, which was in agreement with the Cancer
Cell Line Encyclopedia (CCLE) that showed mRNA levels of RNF43 to be second
highest among all cancer cell lines. The presence of RNF43 protein in all cell lines could
be confirmed by both using a commercially available polyclonal antibody and
monoclonal antibody “8D6” which M. Grandl from our group had established from
immunized rats. The monoclonal antibody 8D6 appeared to only recognize isoform 4 of
RNF43 at 95 kDA but showed robust performance and very little background. While the
commercial antibody (LS-C102008, LifeSpan BioSciences) might recognize all 4
different isoforms it also showed increased background staining and did not show as
robust performance. A search in the COSMIC databank revealed that none of the gastric
cancer cells lines that I used and had sequencing data available, harbored mutations in
RNF43 and thereby of course also none of the described truncating frameshift mutations
(Giannakis et al. 2014, Wang et al. 2014) which could interfere with protein detection by
antibodies in IHC or western blot.

Further queries on the COSMIC databank did not bring up any mutations in Wnt/[-
catenin pathway components Axin, CKla, or GSK-3. APC showed a silent mutation in

MKN7. Only AGS harbored a missense mutation in CTNNBI, the gene encoding
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B-catenin, leading to amino acid exchange G34E which renders it resistant to degradation
causing its accumulation and thereby increased activation of the Wnt/B-catenin pathway
(Caca et al. 1999, Ganesan et al. 2008).

Our group and others showed that RNF43 inhibits Wnt signaling in colon cancer cell
lines, which show high levels of Wnt signaling activity. Since I only found AGS cells to
be mutated in a key component of the Wnt/B-catenin pathway, I wanted to investigate
what the overall Wnt signaling activity was in the gastric cell lines I had available. This
information was helpful when I decided which cell lines to use for subsequent functional
assays.

At first, I assessed basal Wnt signaling activity by western blot with phosphorylation
specific antibodies for B-catenin. Non-phosphorylated -catenin, which represents the
‘active’ form that does not undergo proteasomal degradation, was seen at comparable
levels in all cell lines but absent in NUGC4 as was reported before (Nojima et al. 2007).
Higher amounts of non-phosphorylated B-catenin appeared to correlate with higher
amounts of RNF43, which would make sense given the fact that RNF43 is a target gene
of Wnt signaling. However, differences in band intensities were subtle and there is always
a risk that unequal loading of protein lysates is not fully accounted for by comparing
B-actin intensities. Along that line, it needs to be said that at least in my small collective
of gastric cancers, IHC for B-catenin and RNF43 did not show a positive correlation,
which is in contrast to observations in colon cancer where we showed that a knockdown
of B-catenin led to a significant reduction of RNF43 mRNA expression (Loregger et al.
2015). One explanation might be that RNF43 could have still been expressed but maybe
not detected anymore by IHC due to mutations interfering with antibody binding.

Most gastric cancer cell lines showed rather low Wnt activity by TOP/FOP assay but
KATOII, followed by AGS, N87, and MKN45 showed the highest activities, which is in
line with published data (Nojima et al. 2007). While I did not analyze colon cancer cell
lines in parallel, it has been shown that TOP/FOP luciferase activity of AGS is
comparable to HCT116 and KATOIII showed higher activity closer to that of SW480
(Caca et al. 1999).

RNF43 has been ascribed different functions and correspondingly was detected in various
subcellular compartments. RNF43 and its homologue ZNRF3 were prominently
published to be localized at the cell membrane and promoting turnover of Wnt-receptors,
which currently is the most widely accepted function and localization of RNF43 (Hao et

al. 2012, Koo et al. 2012). However, RNF43 was also described to interact with several
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nuclear proteins (Sugiura, Yamaguchi, and Miyamoto 2008, Miyamoto, Sakurai, and
Sugiura 2008, Nailwal et al. 2015), suggested to be involved in DNA damage response
(Gala et al. 2014), and shown by us to suppress Wnt signaling by tethering TCF4 to the
nuclear membrane (Loregger et al. 2015), all functions that would imply a nuclear
localization.

Studies so far have mostly investigated RNF43 under conditions of artificial
overexpression since an antibody for detection of endogenous protein was lacking.
Therefore, I also conducted overexpression experiments initially and used confocal
immunofluorescence microscopy to detect FLAG-tagged RNF43 or the RING domain
mutated RNF43"#*® which both localized along the nuclear membrane/the nuclear
envelope and in a distribution reminiscent of the endoplasmic reticulum and clearly not
at the cell membrane as published (Hao et al. 2012, Koo et al. 2012). But overexpression
does not adequately recapitulate endogenous protein levels, which is further complicated
when an expression plasmid with strong CMV promoter is used like here. As it is nicely
outlined in a review article on transient overexpression (Gibson, Seiler, and Veitia 2013),
one needs to be careful not to fall victim to interpreting artifacts like aggregation of
overexpressed proteins, aggregation of fluorophore-tags, or subcellular mislocalization
as real. Therefore, it is most important to study expression of endogenous RNF43 protein,
which has been done by our group in colon cancer (Loregger et al. 2015) while others
have employed overexpression systems (Hao et al. 2012, Koo et al. 2012).

IHC for RNF43 turned out to be another method to elucidate RNF43’s subcellular
localization. Human tissue samples showed clear and strong nuclear staining. Nuclear
staining by IHC was observed by some (Sakamoto et al. 2015) while others detected
cytoplasmic and nuclear staining (Bond et al. 2016, Gao et al. 2017). It needs to be
addressed that the stain was nuclear and not perinuclear as seen in immunofluorescence.
This might be attributable to the fact that confocal microscopy allows imaging of thinner
layers, while in conventional IHC one is looking at 3.5 um thick sections and so
perinuclear stains might appear to involve the entire nucleoplasm. In addition, IHC might
more easily overstain the entire nucleus. On the other hand, overexpressed protein might
have localized to the ER in large amounts and generated high intensities of fluorescence
when detected by fluorophore coupled anti-FLAG antibodies. This in turn might have led
to decreasing the sensitivity of microscope settings leading to possible lower intensities

of nuclear staining not being perceived.



Chapter 4 Discussion 119

I also applied IHC to cell pellets obtained from non-transfected gastric cancer cell lines
and could confirm nuclear localization of RNF43. AGS and KATOIII showed nuclear
and cytoplasmic staining for B-catenin which was in line with observed increased
TOP/FOP luciferase activity and activating f-catenin mutations in AGS.

In order to further substantiate the subcellular localization of endogenous RNF43 by a
biochemical approach, I conducted subcellular fractionation with differential
centrifugation of AGS, KATOIII, MKN45, and ST23132. Experiments showed that
endogenous RNF43 was expressed in the nucleus of gastric cancer cell lines and not at
the cell membrane, which was in line with an early study of overexpressed RNF43
(Sugiura, Yamaguchi, and Miyamoto 2008) and its described interactions with various
nuclear proteins and a suggested role in DNA damage response based on an UV-
irradiation experiment. The question arises why RNF43 was described in different
localizations and attributed various functions. The antibodies and tags [ used for detection
of RNF43 were located towards or at the C-terminal end, respectively. This is also where
two nuclear localization sequences are encoded. A N-terminally located ectodomain was
described to interact with R-spondin proteins and frizzled receptors at the cell surface.
One could speculate that RNF43 is either enzymatically cleaved and one part goes to the
nucleus whereas the other part goes to the cell membrane or that post-translational
modifications direct it to different compartments.

Our group had worked out that RNF43 acted in a negative feedback loop and suppressed
Wnt/B-catenin signaling in colorectal cancer by sequestering TCF4 to the nuclear
membrane (Loregger et al. 2015). Thus, I wondered whether it would have a similar
function in gastric cancer cells. KATOIII showed the highest Wnt signaling activity of
tested gastric cancer cell lines by TOP/FOP luciferase assay. Therefore, they would have
been a good model system to assess suppression of Wnt signaling by RNF43. However,
transfection efficiency and TOP/FOP assays were technically suboptimal due to a
substantial amount of KATOIII cells growing in suspension. AGS and MKN45 still
showed above average Wnt signaling activity plus AGS is known to harbor an activating
mutation in CTNNBI1 rendering B-catenin resistant to degradation. However, I did not
observe any significant suppression of Wnt/B-catenin signaling in AGS or MKN45 upon
overexpression of RNF43 despite many iterations and variations. In contrast, RING-
mutant RNF43"? caused significant transactivation of Wnt/B-catenin signaling at
higher doses thereby turning tumor suppressor RNF43 to acting as an oncogene. The

COSMIC database did not list any mutations for RNF43 in AGS and MKN45. It is
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possible that I did not see an inhibition of Wnt/B-catenin signaling as cells already had
wild type RNF43 and adding additional copies by overexpression did not increase its
inhibitory function. This is in line with observations made in pancreatic cancer cell lines
where expression of wild-type RNF43 blocked proliferation of cells harboring mutant
RNF43 but not wild-type RNF43 (Jiang et al. 2013)

Since I did not see a suppression of Wnt signaling by overexpression of RNF43, it was
not surprising that I could not repeat observations our group has made in colorectal cancer
(Loregger et al. 2015). There was no colocalization of overexpressed RNF43 and TCF4
by confocal immunofluorescence microscopy nor co-precipitation by protein complex

immunoprecipitation in gastric cancer cell lines.

In order to further explore the function of endogenous RNF43, different attempts were
made to generate a stable lentiviral-mediated knockdown of RNF43 over several months.
At the end of my experimental work, this approach was not successful but was further
pursued in the lab. Of note, RNF43 was later shown in our lab to have tumor suppressive
functions and it was also shown by others that RNF43 inhibits gastric cancer cell
proliferation, promotes apoptosis, impairs stemness of gastric cancer stem cells, decreases
chemoresistance, attenuates tumorigenicity in vivo, and downregulates Wnt target genes

(Niu et al. 2015, Gao et al. 2017).
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4.4 Conclusion

In this work, I could expand the current body of knowledge of Wnt/B-catenin signaling
in its various facets.

By specifically knocking out Wnt/B-catenin antagonist Sox17 in the intestinal epithelium
and not noticing an abnormal phenotype, I could show that Sox17 does not appear to have
a role in intestinal epithelium under physiologic conditions, which was subsequently
indirectly confirmed by the demonstration that Sox17 is not expressed in intestinal
epithelium of the mouse.

The contribution of Wnt/B-catenin signaling to intestinal homeostasis and restoration
thereof could be demonstrated in two conditional mouse models Cdh ™" and Hsp60”™",
where in situ hybridization enabled detection of Wnt target gene Axin2 and stem cell
marker Olfm4.

By establishing in situ hybridization and immunohistochemistry for RNF43 I could
further characterize its expression in human and murine gastrointestinal tissue samples.
A databank search of published studies revealed that RNF43 was highly mutated in gastric
cancers and that cell lines showed high expression of RNF43 which I could confirm by
qRT-PCR and western blot. Only about one quarter of gastric tumors revealed positive
staining for RNF43 by IHC and I could detect strong nuclear staining of parietal cells in
normal gastric mucosa. I could demonstrate by IHC of tissue samples and cell pellets as
well as subcellular fractionation that endogenous RNF43 was expressed in the nucleus of
human tissue samples and gastric cancer cell lines. In contrast to our prior findings in
colon cancer, I did not see a suppression of Wnt/B-catenin signaling upon transient
overexpression of RNF43 nor could I demonstrate a colocalization or co-
immunoprecipitation of RNF43 and TCF4. The RING-mutant RNF43"*%® till
demonstrate transactivation of the Wnt/B-catenin pathway. To conclude, I could detect
the endogenous RNF43 in the nucleus of gastric cancer cells but did not detect Wnt/[3-
catenin pathway inhibition by additional overexpression of RNF43. RNF43 might carry-

out different biological functions based on its subcellular distribution and tissue.
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4.5 Outlook

To characterize the function of endogenous RNF43, the generation of knockdown and/or
knockout cells is necessary. Notably, these models have more recently been established
in our lab by using specific short hairpin (sh)RNAs as well as by CRISPR/Cas9 mediated
knockout. Proliferation, colony formation, and invasion assays have allowed us to
confirm RNF43’s tumor suppressive function in colon and gastric cancer cells. In
addition, the introduction of mutations in cells or human gastric organoids will further
help to understand how mutations in RNF43 contribute to gastrointestinal tumorigenesis.
The introduction of a Tag into the endogenous locus of RNF43 by CRISPR/Cas9 would
be a good strategy to confirm the subcellular localization of RNF43 and to identify
interaction partners until better antibodies against RNF43 are established.

To further characterize the function and the impact of mutations on endogenous proteins
the generation of animal models is of great importance. Therefore, two mouse models
were created. One to study the effect of RNF43 loss of function by introducing a 57-base
pair long deletion in the RING domain, the other one to study the effect of Wnt

transactivating RING-mutant Rnf43"1292R/H293R

. These two animal models are currently
being analyzed not only under basal conditions, but also after challenge with
inflammatory agents, since inflammation highly contributes to the development of tumors

of the gastrointestinal tract.

Together these strategies will contribute to determine whether RNF43 is important to
maintain gastrointestinal homeostasis and to understand how mutations so frequently

observed in human tumors disrupt it.
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°C degree Celsius

AAAS American Association for the Advancement of Science
ab antibody

ACF aberrant crypt foci

amp ampicillin

APC adenomatous polyposis coli
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bp base pairs

BSA bovine serum albumin

Ca*’ calcium
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CTNNB1 gene encoding B-catenin
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FFPE formalin-fixed paraffin-embedded
floxed 'flanked by LoxP sites'

fwd forward
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fz frizzled
g gram
gastric adenocarcinoma and proximal polyposis of the
GAPPS
stomach
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h hour
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ug microgram
ul microliter
uM micromolar
pm micrometer
n number of replicates
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nm nanometer
OLFM4 olfactomedin 4
PBS phosphate-buffered saline

PCR polymerase chain reaction
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PFA paraformaldehyde
qRT-PCR quantitative real-time PCR
rev reverse
RING really interesting new gene
RNA ribonucleic acid
RNAse ribonuclease
RNF RING finger
RNF43 ring finger protein 43
rpm revolutions per minute
RT room temperature
SD standard deviation
sec second
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TBS tris-buffered saline
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TCGA The Cancer Genome Atlas Research Network
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TP53 tumor protein 53
TUM Technical University of Munich
w/v weight per volume
WB western blot
wt wild type
ZNRF3 zinc and ring finger 3
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