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Abstract

Abstract

Colorectal cancer (CRC) is the third leading cause of cancer death worldwide. Despite
extensive studies that resulted in many treatment and preventive measures, the overall CRC
survival is still very low. Therefore, there is an urgent need for the identification of new

therapeutic targets.

Liver receptor homolog-1 (LRH-1) is an important transcriptional regulator of developmental,
metabolic and inflammatory pathways. In the intestinal mucosa, LRH-1 regulates intestinal
homeostasis by regulation of epithelial barrier regeneration as well as inducing local
glucocorticoid (GC) synthesis under immunological stress. LRH-1 is also associated with CRC
development via controlling tumor cell proliferation. Recently it has been shown that tumor-
derived GCs suppress the activation of T cells, and thus could contribute to suppression of

immune surveillance resulting in tumor immune escape.

Although GC synthesis is demonstrated in the intestinal mucosa and colorectal tumors, it
remains unknown whether local GCs play a role in the tumor onset. Moreover, the functional
relevance of tumor-derived GC is hardly investigated. Nevertheless, we provide the first

functional in vivo study for investigating the role of GCin the initiation and progression of CRC.

In this study we used the azoxymethane (AOM) and dextran sodium sulphate (DSS)-induced
mouse model of inflammation-driven colon carcinogenesis, to induce tumors in mice with
intestine-specific deletion of the enzyme that catalyzes the last step in the synthesis of
bioactive GC, Cyp11b1, to study the direct role of GC in CRC development. Tumors were also
induced in intestine-specific LRH-1 knockout mice and mice deficient of the nuclear receptor
and the potent inhibitor of LRH-1, small heterodimer partner (SHP), to study the role of LRH-
1in CRC development.

We could show that intact local GC synthesis regulates intestinal epithelium homeostasis and
attenuates the initiation of CRC, whereas enhanced GC synthesis abrogates CRC development.
Moreover, we were able to show that LRH-1-induced proliferation and tumor-derived GCs are
critical for the progression of CRC. Furthermore, we could show an unexpected role of SHP
deficiency in the control of CRC development, not via the control of LRH-1-promoted tumor
proliferation, but rather via the regulation of intestinal inflammation and associated
tumorigenesis. Additionally, we report a possible role of LRH-1-mediated GC synthesis in CRC

tumors as an important immune escape mechanism.

\



Abstract

Taken together, our data provide the first evidence for the role of local GC synthesis in the
initiation and progression of CRC development. Additionally, we identified the nuclear
receptors LRH-1 and SHP as important therapeutic targets for the treatment of CRC.
Furthermore, we could show a critical role of tumor-derived GCs in the regulation of anti-

tumor immune responses that could possibly represent an important immune escape
mechanism.

Vi



Zusammenfassung

Zusammenfassung

Darmkrebs ist weltweit die dritthaufigste Krebserkrankung. Obwohl durch umfangreiche
Forschung zahlreiche Behandlungs- und PrdaventionsmaRBnahmen entwickelt wurden, ist die
Uberlebensrate von Darmkrebspatientin nach wie vor sehr niedrig. Daher ist es wichtig
weitere therapeutisch relevante Proteine zu identifizieren, um erfolgreichere

Behandlungsansatze zu entwickeln.

Liver receptor homolog-1 (LRH-1) ist entscheidend an der Regulation verschiedener
Entwicklungs-, Stoffwechsel- und Entziindungsprozesse beteiligt. In der Darmschleimhaut
reguliert LRH-1 die Regeneration der Epithelbarriere sowie die lokale Glucocorticoid-Synthese
und tragt somit zur intestinalen Homdostase bei. Durch die Steuerung der
Tumorzellproliferation wird LRH-1 jedoch auRerdem mit der Entwicklung von kolorektalem
Krebs (KRK) assoziiert. Erst kiirzlich konnte gezeigt werden, dass von Krebszellen gebildete
Glucocorticoide (GCs) die Aktivierung von T-Zellen unterdriicken. Dies fuhrt zur

Unterdrickung einer lokalen Immunantwort und damit zur Tumor-Immun-Escape.

Obwohl die GC-Synthese in der Darmschleimhaut sowie in kolorektalen Tumoren
nachgewiesen werden konnte, ist bisher unklar, ob lokale GCs eine Rolle in der Entstehung
von Darmkrebs spielen. Auch Uber die funktionelle Relevanz Tumor gebildeter GCs ist bisher

wenig bekannt.

Diese Thesis ist die erste in vivo Studie, die die Rolle von GCs als Ausloser und die
Fortschreitung von Darmkrebs untersucht. In einer Mauslinie, in der darmspezifisch Cyp11b1,
das Enzym, welches fiir den letzten Syntheseschritt zur Bildung aktiver GCs, deletiert ist, wurde
mittels Azoxymethan (AOM) und Natrium-Dextransulfat (DSS) entziindungsvermittelte
Kolonkarzinogese ausgelost. Dieses Modell wurde verwendet um die direkte Rolle von GCs in
der Entstehung von KRK zu untersuchen. Um die direkte Rolle von LRH-1 in der KRK-
Entstehung zu untersuchen, wurden Tumore ebenso in Mdausen mit einem darmspezifischen
LRH-1 Knockout sowie in Madusen mit einer Deletion des nukldaeren Rezeptors und potenten

LRH-1 Inhibitors small heterodimer partner (SHP) induziert.

Es konnte gezeigt werden, dass eine intakte lokale GC-Synthese die intestinale Homdostase
reguliert und die Entstehung von KRK vermindert, wahrend eine erh6hte Produktion von GCs
die Entwicklung von Darmkrebs komplett verhindert. Dartiberhinaus wurde eine kritische
Beteiligung von LRH-1 induzierter Proliferation und von Tumor gebildeter GCs am

Fortschreiten von Darmkrebs nachgewiesen. Die Deletion des SHP Gens offenbarte eine

VI
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unerwartete Rolle von SHP in der Kontrolle der KRK-Entwicklung durch die Regulation der
Entzlindungsprozesse, die zur Tumorgenese im Darm fiihren und nicht iber die Hemmung
LRH-1-vermittelter Tumorproliferation. Weitere Ergebnisse sprechen aullerdem fiir eine
mogliche Funktion der LRH-1-vermittelten GC-Synthese in Darmkrebstumoren als wichtiger

Immun-Escape-Mechanismus.

Zusammengenommen liefert diese Thesis den ersten Beweis fiir eine Rolle der lokalen GC-
Synthese bei der Initiation und dem Fortschritt von KRK. Es konnte aulerdem gezeigt werden,
dass die beiden nukledren Rezeptoren LRH-1 und SHP wichtige therapeutische Targets fir die
Behandlung von Darmkrebs sind. Darliber hinaus wurde eine entscheidende Funktion Tumor
gebildeter GCs fiir die Regulation der Tumor gerichteten Immunabwehr aufgezeigt, die

moglicherweise einen bedeutenden Immun-Escape-Mechanismus darstellt.
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Introduction

1 Introduction

Glucocorticoids (GCs) are steroid hormones synthesized in response to stress in order to
mediate a wide range of activities, primarily anti-inflammatory and immunosuppressive
(Liberman et al., 2018; Rhen and Cidlowski, 2005). GCs secretion was classically thought to
be exclusively confined to the adrenal glands. However, it has been shown that various
other extra-adrenal organs are capable of producing GCs, including the primary lymphoid
organs, the skin, the brain, the vascular system as well as the intestine (reviewed in (Taves
et al., 2011)). Evidence for local GCs synthesis comprises the detection of steroidogenic
enzymes and high levels of local GCs, even upon adrenalectomy (Cima et al., 2004; Croft et
al., 2008; Hostettler et al., 2012; Taves et al., 2011). The locally synthesized GCs regulate
immune cells activation and result in a highly specific action. Whereas, systemic adrenal-

derived GCs coordinate multiple organ functions (Reichardt and Schiitz, 1998).

In the intestinal mucosa, GCs are synthesized in response to immunological stress to
regulate local immune responses (Cima et al., 2004; Kostadinova et al., 2014). Interestingly,
colorectal cancer cells as well as primary colon tumors were also reported to synthesize GCs
(Sidler et al., 2011). The synthesis of GCs in the intestine as well as colorectal tumors is
regulated by the nuclear receptor Liver Receptor Homolog-1 (LRH-1) (Mueller et al., 2007;
Sidler et al., 2011).

Nuclear receptors are important regulators of gene transcription and therefore their
dysfunction is linked to pathological conditions such as obesity, diabetes and cancer
(Bookout et al., 2006; Zhang and Wang, 2011). There is increasing evidence for a role of LRH-
1in the development of several human cancers (Benod et al., 2011; Schoonjans et al., 2005;
Thiruchelvam et al., 2011; Wang et al., 2008), thus LRH-1 is emerging as an important

therapeutic target for cancer treatment (Nadolny and Dong, 2015).

In the intestinal epithelium, LRH-1 is highly expressed in the proliferating cells at the bottom
of the crypts. LRH-1 regulates epithelial cell renewal, by inducing cell proliferation through
the induction of cell cycle proteins, namely cyclin D1 and E1 (Botrugno et al., 2004).
Furthermore, LRH-1 regulates intestinal immune homeostasis by regulating intestinal

steroidogenesis (Mueller et al., 2007; Noti et al., 2010a).

Although LRH-1 was extensively studied in the field of cancer, the relevance of LRH-1-

mediated GC synthesis in the development of colorectal tumors awaits further

1



Introduction

investigation. Furthermore, although Sidler et al. described for the first time a novel LRH-1-
dependent GCs production by colorectal tumors (Sidler et al., 2011), it remains unknown

whether tumor derived GCs play a role in tumor progression.

In this introduction GCs will be discussed with regards to the synthesis, functions, as well as
extra-adrenal production. Furthermore, intestinal immune homeostasis as well as intestinal
GCs synthesis and its role in inflammatory conditions will be discussed. Moreover, an
introduction to colorectal cancer including etiology, development and treatment will be
deliberated. The introduction will also consider nuclear receptors conferring their
mechanism of action, functions and regulation, focusing on LRH-1 and its transcriptional
regulation, especially by small heterodimer partner (SHP), and LRH-1 as a potential

therapeutic target.

1.1 Glucocorticoids

Glucocorticoids (GCs) are immunoregulatory hormones that regulate essential body
functions in mammals, such as control of cell metabolism, growth, differentiation, immune
function, and apoptosis (Bereshchenko et al., 2018; Oakley and Cidlowski, 2013). GCs are
predominantly produced in the adrenal glands. Emotional, physical and immunological stress
induces the production and release of GCs from the adrenal glands, which mediate
immunoregulatory, mostly immunosuppressive, activities on distant target tissues and cells.
GCs have an important immunosuppressive activity on T cells and T cell-mediated immune
responses (Cima et al., 2004), thus synthetic GCs are used therapeutically for the treatment

of autoimmune and inflammatory diseases (reviewed in (Rhen and Cidlowski, 2005)).

1.1.1 Synthesis

GCs are synthesized and released by the zona fasciculata of the adrenal cortex in a circadian
manner and in response to environmental as well as immunological stress. The secretion of
these hormones is controlled by the hypothalamic-pituitary-adrenal (HPA) axis (Nicolaides et
al., 2017). Stress signals trigger the hypothalamus to release corticotropin releasing hormone
(CRH), which acts on the anterior pituitary to stimulate the synthesis and secretion of
adrenocorticotropic hormone (ACTH). ACTH then acts on the adrenal cortex to stimulate the
production and secretion of GCs. Afterwards, GCs target the hypothalamus and anterior

pituitary to inhibit the production and release of CRH and ACTH, thereby limit both the
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magnitude and duration of the GCincrease in a negative feedback loop (Oakley and Cidlowski,
2013; Rhen and Cidlowski, 2005).

1.1.2 Mechanism of action

GCs play a fundamental role in the maintenance of basal and stress-related homeostasis
(Nicolaides et al.,, 2017). The GCs act via genomic (transcriptional) and non-genomic
(transcription-independent) mechanisms. Most cellular actions of GCs are mediated by
binding to the glucocorticoid receptor (GR), a transcription factor of the nuclear receptors
(NR) superfamily which is expressed in virtually all cells and it is essential for life
(Bereshchenko et al., 2018; Oakley and Cidlowski, 2013; Rhen and Cidlowski, 2005;
Vandewalle et al., 2018).

The GR is sequestered predominantly in the cytoplasm in a complex formed by chaperonic
molecules, such as heat shock proteins Hsp90, 70, 23 and immunophilins (Baschant and
Tuckermann, 2010; Lazarus et al., 2012a). Upon binding to endogenous or synthetic GC, the
GR undergoes a structural rearrangement resulting in conformational changes that allow an
efficient and rapid translocation of the GR to the nucleus. Following translocation to the
nucleus, the GR positively or negatively regulates the transcriptional responses of target
genes, either by direct DNA-binding or by interaction with other proteins (Bereshchenko et
al., 2018; Oakley and Cidlowski, 2013).

GCs are acting on nearly every tissue and organ in the body and their function is to maintain
physiological homeostasis both in response to normal diurnal changes in metabolism, as well
as under stress conditions (Oakley and Cidlowski, 2013). GC effector function involve a wide
variety of fundamental processes, such as metabolic homeostasis, blood pressure regulation,
mental health, cognition, reproduction, cell proliferation, development and inflammation
(reviewed in (Vandewalle et al., 2018)). Another mechanism of action of GC includes
induction of proteins with anti-inflammatory activities, such as glucocorticoid-induced
leucine zipper (GILZ) (Bereshchenko et al., 2018). Non-genomic pathway of GCs signaling is
through direct interaction with membrane-associated receptors and second messengers
(Rhen and Cidlowski, 2005).

1.1.3 Anti-inflammatory actions of GCs

Inflammation is a physiological response of the body to tissue injury, pathogen invasion and

irritants. During inflammation, immune cells of the innate and adaptive immune system are
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activated and recruited to the site of inflammation (Schonthaler et al., 2011). Although
categorically distinct, the innate (the relatively non-specific immediate host defense system
that provides a rapid reaction to infection and tissue damage) and adaptive (the more slowly
acquired, highly antigen-specific response) immune systems interact and often overlap
during an inflammatory response. Indeed, although acute inflammation is largely mediated
by the innate immune system, the adaptive immune system often plays a major role in
chronic inflammatory disease, with deregulated lymphocyte responses (Coutinho and
Chapman, 2011).

The activation and recruitment of immune cells is mediated via cytokines and chemokines,
that are regulated by inflammatory transcription factors (TFs) including the nuclear factor
'kappa-light-chain-enhancer' of activated B-cells (NF-kB), Signal transducer and activator of
transcription proteins (STATs) and activator protein 1 (AP-1) (Schonthaler et al., 2011). The
aforementioned TFs are crucial regulators of a variety of cellular functions comprising cell
survival, proliferation, differentiation and apoptosis (Ameyar et al., 2003; Hankey et al., 2018;
Pasparakis, 2012; Rawlings et al., 2004). Upon inflammation these TFs trigger activation of
pro-inflammatory genes, such as tumor necrosis factor alpha (TNF) among others, to induce

inflammation and promote cell survival (McEwan et al., 1997).

GR was reported to interact directly with NF-kB (McEwan et al., 1997), STAT3 (Zhang et al.,
1997), STATS5 and AP-1 leading to their inhibition, hence repressing the expression of pro-
inflammatory genes. Furthermore, GC-mediated induction of GILZ exerts anti-inflammatory
actions comprising inhibition of mitogen-activated protein kinase (MAPK) pathway activity
(Bereshchenko et al., 2018). MAPK activation is associated with cell proliferation,
differentiation, migration, senescence and apoptosis (reviewed in (Sun et al., 2015)). GILZ
also inhibits NF-kB and AP-1 activities (Bereshchenko et al., 2018; Vandevyver et al., 2013).
The inhibition of these important inflammatory pathways by GCs results in the resolution of

inflammation (Baschant and Tuckermann, 2010).
1.1.4 Modulation of immune responses by GCs

GCs mediate immunosuppressive functions by acting on almost all types of immune cells
(Liberman et al., 2018). They control the function of various innate immunity cells, such as
neutrophils (the major infiltrating cell type in acute inflammation), macrophages, natural
killer cells and dendritic cells (DCs) (Bereshchenko et al.,, 2018). GCs can regulate the

phenotype, survival, and functions of monocytes and macrophages, thereby playing crucial

4
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roles in tissue homeostasis and innate immunity (Liberman et al., 2018). GCs efficiently
suppress classical pro-inflammatory macrophage (M1) activation, as evidenced by the
inhibition of the pro-inflammatory cytokines TNF, interferon gamma (IFNy) and interleukin
1B (IL-1B) (Ehrchen et al., 2007). The mentioned cytokines were reported to be highly
upregulated in many inflammatory disorders, suggesting a role in these pathophysiologies
(Bode et al., 1998). Upon GC treatment an alternative anti-inflammatory macrophage (M2)
phenotype was observed, evident by the induced expression of the immunomodulatory
cytokine IL-10 (Ehrchen et al., 2007). Moreover, GCs promote the survival of anti-
inflammatory macrophages via prolonged activation of the MAPK pathway resulting in
inhibition of caspase activities, the central executers of apoptotic cell death, and expression

of anti-apoptotic genes (Barczyk et al., 2010).

Furthermore, GCs potently inhibit DCs functions via different mechanisms including
promoting apoptosis (Baschant and Tuckermann, 2010), disturbing maturation demonstrated
by strong reduction in the capacity of GC-treated DCs to stimulate T cells (Woltman et al.,
2000). In addition to inducing a tolerogenic DCs phenotype via downregulation of major
histocompatibility complex class Il (MHCII), of co-stimulatory molecules, and of cytokine
expression (Baschant and Tuckermann, 2010), such effects on DCs are associated with
reduced proliferative and T helper 1 (Th1) responses and an increase in immunosuppressive

regulatory T cells (Treg) (Chen et al., 2017).

Effects of GC on adaptive immune cells include induction of apoptosis in developing
thymocytes as well as circulating and tissue resident T cells, mediated by the pro-apoptotic
proteins Puma and Bim (Brunner et al., 2001; Erlacher et al., 2006; Mittelstadt et al., 2018).
GCs were also reported to promote the shift from Thl to Th2 immune responses by
differentially regulating apoptosis of Th1 and Th2 cells (Ashwell et al., 2000; Ramirez et al.,
1996). Moreover, GCs upregulate the expression of the master regulator of Treg cells, FoxP3,
thereby leading to expansion of immunosuppressive Treg population (Chen et al., 2006; Ugor
et al., 2018).

The resulting immune reaction in pathophysiological conditions depends on the balance
between effector cells producing inflammation and its modulation by regulatory mechanisms
(Souza et al., 2016). In this context, the discussed anti-inflammatory and immunosuppressive
properties of GCs are necessary to restore homeostasis following successful elimination of
the injurious agent, ultimately leading to the resolution of inflammation and tissue repair by

preventing tissue damage caused by excessive inflammation (Coutinho and Chapman, 2011).
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1.2 Adrenal GC synthesis and regulation

Adrenal GC synthesis is substantially regulated by the transcriptional control of steroidogenic
enzymes of the cytochrome P450 gene family (CYP), as well as hydroxysteroid dehydrogenase
(HSD) enzymes (Bouguen et al., 2015a). GCs are synthesized from the precursor cholesterol,
and the pathway is depicted in Figure 1. Briefly, side-chain cleavage cytochrome P450;
P450scc (CYP11A1) converts cholesterol to pregnenolone, which is the first and rate-limiting
step in steroid synthesis. Type | 3B hydroxysteroid dehydrogenase (HSD3B1) converts
pregnenolone to progesterone. Next, 21-hydroxylase (CYP21) converts progesterone into 11-
deoxycortisol, and 11B-hydroxylase encoded by the CYP11B1 gene catalyzes the last step in
GC synthesis. The last step comprises the conversion of 11- deoxycortisol to cortisol in
humans, while 11- deoxycorticosterone to corticosterone in rodents due to the lack of Cyp17

enzyme in the rodents adrenals (Miller, 2008; Noti et al., 2009).

Most of the secreted cortisol in the blood (approximately 90%) is bound to corticosteroid-
binding globulins, this binding regulates the general availability of steroids to tissues, and/or

direct the delivery of hormones to specific sites (Breuner and Orchinik, 2002).

GC metabolism is regulated by the isoenzymes of 11R-hydroxysteroid dehydrogenase (11-
HSD encoded by HSD11B gene). Free cortisol, the biologically active form, is converted from
the inactive cortisone via HSD11B1, while HSD11B2 converts active cortisol to inactive
cortisone. These enzymes regulate the target cell adjustment between the active and the
inactive form of GCs. Thus, HSD11B1, which is expressed in a wide range of tissues mainly in
the liver, facilitates GC hormone action, whereas the major role of HSD11B2 is to prevent
cortisol from gaining access to high-affinity mineralocorticoid (MC) receptors. Hence, the
enzyme is predominantly expressed in the MC responsive cells of the kidney and other MC
target tissues (colon, salivary glands) and the placenta (Nicolaides et al., 2000). Variations in
the 11B-HSD enzyme system in relation to levels of expression and regulation has been shown

to play a role in the pathogenesis of inflammatory bowel disease (IBD) (Hussey et al., 2017).

Adrenal GC synthesis is regulated by the NR steroidogenic factor 1 (SF-1 encoded by the
NR5A1 (nuclear receptor subfamily 5, group A, member 1) gene), which is an essential
regulator of endocrine development and function via induction of the expression of
steroidogenic enzymes, such as CYP11A1, CYP17, CYP21, CYP11B1 and HSD3B2 (Schimmer
and White, 2010).
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Figure 1 Glucocorticoid synthesis pathway in rodents and humans

Glucocorticoids are synthesized from cholesterol by cytochrome P450 (CYP) as well as hydroxysteroid
dehydrogenase (HSD) enzymes. Rodents do not express CYP17 gene in the adrenals, therefore the active
GCin rodents is corticosterone while in humans it is cortisol. Red lines indicate inhibition of the enzymes
by metyrapone. The name of the protein and the corresponding gene are indicated for each step and the
GC synthesis steps are explained in the text (Modified from Kostadinova et al. 2014).

1.3 Therapeutic uses of GC

Natural and synthetic GCs are used either locally or systemically for the treatment of both
endocrine and non-endocrine disorders (Busillo and Cidlowski, 2013; Nicolaides et al., 2000).
Endocrine indications via systemic GCs are mainly two: as replacement therapy in patients
with primary or secondary adrenal insufficiency, and as adrenal suppression therapy in

congenital adrenal hyperplasia and GC resistance (Nicolaides et al., 2000).

As a result of their potent anti-inflammatory and immunosuppressive properties, synthetic
GCs are widely used in anaphylaxis (Liyanage et al., 2017), autoimmune and chronic
inflammatory diseases, such as rheumatoid arthritis (Bijlsma et al., 2015), asthma (Alangari,
2014), sepsis (Annane et al., 2009), lupus erythematosus, dermatitis (Nicolaides et al., 2000),

in immunosuppressive regimes following organ transplant (Coutinho and Chapman, 2011),
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multiple sclerosis (Ciccone et al., 2008), as well as IBD (De ludicibus et al., 2011). Furthermore,
in hematology, GCs are used, along with chemotherapy, for the treatment of lymphomas and

leukemias (Nicolaides et al., 2000).

1.4 Extra-adrenal GC synthesis

There is now increasing evidence that GCs are not only produced by the adrenal glands, but
also by other tissues. In the past two decades the thymus (Gomez-Sanchez, 2009; Lechner et
al., 2000; Vacchio et al., 1994), the skin (Nikolakis and Zouboulis, 2014; Slominski et al., 2013),
the brain (Croft et al., 2008; Gomez-Sanchez, 2009), the vasculature (Takeda et al., 1994), the
lung (Hostettler et al., 2012) and the intestine (Cima et al., 2004; Mueller et al., 2006, 2007)
have been reported to produce substantial amounts of GCs and thereby, regulate local
immunological responses. Unlike systemic GCs which regulate multiple organ functions, local
GCs have been described to act with a high spatial specificity to regulate distinct organ
functions (Taves et al., 2011). Supporting this notion, the ability to therapeutically target local
GC synthesis could be of advantage to avoid systemic side effects. This is exemplified by the
improvement of skin wound healing following local administration of the GC synthesis

inhibitor, metyrapone (Talabér et al., 2013).

1.5 Intestinal epithelium

The epithelium of the small and large intestine (colon) represents the largest mucosal surface
of the human body with a surface area of broadly 300 m? (Walter and Ley, 2011). This surface
is in constant contact with harmless commensal bacteria and food antigens as well as
potential harmful pathogens (Hooper and Macpherson, 2010). The main function of the
intestinal epithelium is the absorption of nutrients and water, as well as the maintenance of
barrier function (physical and biochemical barrier) in order to prevent luminal

microorganisms from invading the body (Delgado et al., 2016; Peterson and Artis, 2014).

The intestinal epithelium comprises of several distinct layers: the mucosa, submucosa,
muscularis propria and connective tissue-composed serosa (Gaifulina et al., 2016; Humphries
and Wright, 2008). The intestinal mucosa is composed of a single layer of columnar epithelial
cells, in addition to the underlying lamina propria and muscularis mucosa (Turner, 2009). The
architecture of the intestine is organized into crypts of Lieberkiihn and villi in the small
intestine, whereas the colon consists only of crypts but does not display villi (Spit et al., 2018).

The villi in the small intestine are specialized units for the absorption of nutrients, while the
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function of the colon is largely dedicated to the compaction of stool (Clevers and Batlle,

2013). The different layers of the colon are depicted in Figure 2 (Gaifulina et al., 2016).

Figure 2 Histology of the colon

Structure of transversely cut H&E-stained colon section showing the different layers of the colon epithelium; M:
mucosa (composed of; C: crypt columnar cells containing G: goblet cells, LP: lamina propria and MM: muscularis
mucosa), S: submucosa that contains BV: blood vessels, and MP: muscularis propria (Modified from Gaifulina et
al. 2016).

The intestinal barrier function is mediated by the single layer of intestinal epithelial cells
(IECs), composed of different cell types that cover the main functions of the intestine
(Delgado et al., 2016). IECs are constantly and rapidly newly generated from the intestinal
stem cells (ISCs) residing at the bottom of the crypt columnar cells (Haegebarth and Clevers,
2009). With a turnover of less than 5 days, the entire epithelial layer is constantly renewed
(Clevers and Batlle, 2013; Sato and Clevers, 2013). ISCs are able to replenish the whole crypt-
villus axis, generating all differentiated cell types required for the physiological function of
the intestine in the crypts (Spit et al., 2018). Intestinal epithelium structure is depicted in
Figure 3.

ISCs give rise to rapidly proliferating subset of progenitor cells, also known as transient

amplifying (TA) cells, that occupy the crypts and migrate upwards while differentiating into
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one of the specialized epithelial lineages. Among the differentiated cells, absorptive epithelial

cells, or enterocytes, constitute the majority of the IECs (van der Flier and Clevers, 2009).

Other major lineages comprise secretory cell types such as mucus producing goblet cells, that
generate a protective barrier from luminal bacteria (Johansson et al.,, 2013), and
enteroendocrine cells that secrete various hormones to coordinate digestion and metabolism
(Gerbe et al., 2012). Other epithelial cell types are the pyramidal-shaped Paneth cells, which
are present at the bottom of the small intestine crypt and absent in the colon. These cells
escape the upward migration and instead, they migrate downwards to constitute the niche
for ISCs at the crypt base (Sato et al., 2011a). Paneth cells secrete anti-microbial peptides,
such as lysozymes and defensins to prevent bacterial infection (Sato et al., 2009).
Furthermore, two more rare cell types are produced in the epithelium, including secretory
tuft cells that act as sensor for luminal contents (Gerbe et al., 2012), and microfold (M) cells
that reside in specialized epithelium overlying Peyer’s patches to communicate with the gut
immune system (Spit et al., 2018). The continuous proliferation and migration of the IECs is
ultimately balanced by cell death resulting from loss of attachment at the tip of the villus and
subsequent shedding into the lumen. This process of apoptotic cell death is known as anoikis
(Haegebarth and Clevers, 2009).

Moreover, a very interesting population of cells that reside within the epithelium are the so-
called intraepithelial lymphocytes (IELs). These cells are one of the main branches of the local
immune system, a unique population of mostly CD8* T cells. Upon encountering antigen, |IELs
immediately release immunoregulatory cytokines or mediate killing of infected target cells.
They are involved in the host defense, while maintaining tolerance to innocuous antigens
from the diet or resident non-invasive commensals (Cheroutre et al., 2011). Additionally, the
lamina propria also contains immune cells, including resident macrophages, DCs, plasma
cells, lamina propria lymphocytes, and neutrophils (Rakoff-Nahoum et al., 2004; Turner,
2009).

Contributing to the effective epithelium barrier function are the Tight Junctions (TJs) proteins,
which are junctional complexes that connect epithelial cells to each other, supporting the
polarity of the epithelial layer by forming tight intercellular seals. Disturbance of intestinal

epithelial TJs is implicated in the pathogenesis of IBD (Boivin et al., 2007).
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Figure 3 The intestinal epithelium
Epithelial cell types of both the small intestine and colon are organized following a bottom-to-top axis

into three compartments: the stem cell compartment, the transient-amplifying (TA) compartment, and
the differentiation zone. Different cell types of intestinal epithelial cells and their functions are explained
in the text. The colon consists mainly of crypts (Modified from Clevers and Battle 2013).

1.5.1 Intestinal stem cell niche

Several populations of ISCs have been described based on their location in the crypts and
expression of markers. Among these cells are the crypt base columnar stem cells, marked by
leucine-rich-repeat containing G-protein coupled receptor 5 (Lgr5) (Barker et al., 2007).
Additionally, a slow dividing, reserve stem cell population was identified, the so-called
position 4/+4 cells or label-retaining cells (LRCs). These cells account for the plasticity of the
ISCs (Tian et al., 2011). Furthermore, several secretory progenitors showed the ability to de-
differentiate and revert to stem-like cells to replenish the crypt upon extensive tissue

damage, as recently shown for Paneth cells following irradiation (Yu et al., 2018).
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The complex and tightly regulated process of intestinal renewal and homeostasis is governed
by a variety of signaling pathways that maintains the balance between cell proliferation and
differentiation through maintaining the ISC niche. Signaling in ISCs include Wnt/B-catenin,
Notch, hedgehog, bone morphogenetic protein (BMP), epidermal growth factor (EGF) and
Ephephrin signaling cascades (reviewed in (Spit et al., 2018)).

In the intestine, Wnt signaling is the main driving force for crypt proliferation (Haegebarth
and Clevers, 2009; Kuhnert et al., 2004; Pinto et al., 2003). Wnt ligands, such as R-spondin,
produced by Paneth cells and surrounding stromal cells, and following binding to their
cognate Frizzled receptor, leads to activation of canonical Wnt pathway. This results in the
nuclear translocation and accumulation of [-catenin (Clevers, 2013). Wnt-induced
stabilization of B-catenin involves the inactivation of a large multi-protein destruction
complex composed of the scaffold proteins Axin and adenomatous polyposis coli (APC), as
well as the kinases glycogen synthase kinase 3B (GSK3f) and casein kinase 1 (lkeda et al.,
1998). In the nucleus, B-catenin binds to the TF T-cell factor (TCF4), thus induces expression

of Wnt target genes involved in proliferation of cells (Nusse and Clevers, 2017).

EGF signals exert strong mitogenic effects on stem and TA cells (Wong et al., 2012). The EGF
receptor (EGFR) is expressed on all epithelial and stromal cells. EGFR signaling has pleiotropic
effects, including mitogenesis or apoptosis, enhanced cell motility, protein secretion, and
differentiation or dedifferentiation, in addition to morphogenesis and repair. EGFR executes
these functions by activation of multiple signaling pathways including the MAPK pathways
(reviewed in (Wells, 1999)).

BMPs are a class of signaling molecules. They belong to the transforming growth factor-p
(TGF-B) superfamily of proteins. BMP signaling is mediated via the canonical SMAD-
dependent pathway (Heldin et al., 1997). TGF-B signaling through SMAD proteins regulates a
wide range of biological processes, including cellular proliferation, migration, differentiation,
apoptosis and extracellular matrix deposition (Zhang et al., 2010a). In the intestine, BMP
pathway negatively regulates intestinal epithelial proliferation and restrict the number of
stem cells in the crypt (Kosinski et al., 2007). Noggin, the BMP antagonist, sequester BMP

ligands resulting in crypt proliferation (Haramis et al., 2004).

1.5.2 Intestinal organoids

Recently, Sato et al. utilized the knowledge about ISC niches, and successfully employed it in

the long-term culture of three-dimensional (3D) intestinal organoids in vitro, from a single
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small ISC. They referred to these organ-like structures as mini-guts. Interestingly, these mini-
guts retain the hallmarks and cellular composition of the in vivo epithelium (Sato et al., 2009).
The growth requirements of the 3D organoids include the addition of several growth factors
to imitate the niche for epithelium development, such as R-spondin, EGF, and noggin.
Furthermore, since isolated intestinal cells undergo anoikis outside the normal tissue context,
it is critical to grow the organoids in a laminin and collagen-rich matrix that mimics the basal
lamina (Grabinger et al., 2014; Sato and Clevers, 2013; Sato et al., 2009).

This breakthrough technology opened the door for an exciting new field of research. Of higher
interest is the application in the stem cell research especially in the field of cancer.

Extensive research resulted in the optimization of the culture conditions for colon organoids
as well. It has been shown that, colon organoids require additionally N-acetylcysteine, A83-
01 (TGF-B inhibitor), and Rho kinase (Rock) inhibitor (O’Rourke et al., 2016; Sato et al., 2011b).
The rationale of using Rock inhibitor in organoid culture emerged from the reports that it
extends the life span of epithelial cells (Liu et al., 2012).

The great success in the culture of small intestinal and colonic organoids (O’Rourke et al.,
2016; Sato et al., 2009, 2011b), stimulated further research to optimize and extend the
culture conditions to primary colon tumors.

Indeed, further studies applied this state-of-the-art organoid technology in the isolation and
culture of organoids from primary mouse and human tumors (O’Rourke et al., 2016; Sato et
al., 2011b; Xue and Shah, 2013). The advantage of growing tumor organoids would be of great
importance in cancer diagnostics and therapeutics. Furthermore, the use could be extended
to personalized medicine.

Recent advances in the exciting technology of tumor organoids field was followed by
extensive research to better understand the molecular mechanisms of colorectal tumor
initiation and progression, in an attempt to identify new therapeutic targets (Canli et al.,
2017; Melo et al., 2017; O’Rourke et al., 2017; Roper et al., 2017; Xie and Wu, 2016).

1.5.3 Intestinal GC synthesis and regulation

The Brunner lab was the first to describe and characterize the de novo synthesis of
immunoregulatory GCs in the intestinal mucosa that occurs in response to immunological
stress. They used adrenalectomized mice to exclude the role of systemic GCs (Cima et al.,
2004). Corticosterone synthesis was proven to be in situ, since the GC release from the tissue

was blocked by metyrapone; a potent inhibitor of CYP11B1 and HSD11B1 enzymes (Cima et
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al., 2004; Kaminski and Rogawski, 2011; Sampath-Kumar et al., 1997). Cima et al.
demonstrated that, the murine intestinal mucosa strongly upregulates the steroidogenic
enzymes (Cypl1b1, Cypllal, and Hsd11b1), and release the GC corticosterone in response
to anti-CD3- or viral-activated T cells (Cima et al., 2004). Likewise, stimulation of the innate
immune system with lipopolysaccharide (LPS), induces intestinal GC synthesis in a
macrophage-dependent manner (Noti et al., 2010b). Local GCs in turn provide a negative
feedback on the activation of local immune cells and inflammatory processes to avoid tissue
damage (Cima et al., 2004; Kostadinova et al., 2014; Noti et al., 2010b). Inhibition of intestinal
GC synthesis results in accelerated expansion of intestinal antigen-specific cytotoxic T
lymphocytes (CTL) during viral infection, further confirming the immunosuppressive role of
locally produced GCs (Cima et al., 2004; Huang et al., 2018).

Furthermore, intestinal GC synthesis was also shown to control colonic peroxisome
proliferator-activated-receptor-gamma (PPARy) expression. PPARy plays an important role in
the regulation of intestinal immune homeostasis and was reported to be impaired in
inflammatory bowel disease (Bouguen et al., 2015b).

Additionally, In vitro data suggested the importance of GCs in the maturation of the IECs (Lu
et al., 2011). GCs were also implicated in the regulation of the expression of TJ proteins and
maintaining the intestinal epithelial barrier, especially antagonizing the TJ-destructing effect

of TNF during inflammation (Boivin et al., 2007).

Interestingly, intestinal GC synthesis is dependent on TNF, since it was absent in TNF or TNF
receptor-deficient mice treated with the inflammatory agent DSS or the hapten 2,4,6-
trinitrobenzenesulphonic acid (TNBS). Furthermore, oxazolone, a hapten that promotes a Th2
cytokine-mediated intestinal inflammation with no TNF, fails to promote intestinal GC
synthesis (Cima et al., 2004; Noti et al., 2010b, 2010a). This clearly indicates that
inflammation per se is not sufficient to promote intestinal steroidogenesis, but rather the
type of inflammation appears to be critical (Kostadinova et al., 2012). In this regard, TNF plays
an anti-inflammatory action, by the induction of GC synthesis, in addition to its apoptosis-

inducing effect in immune cells (Noti et al., 2010a).

In contrast to the regulation of GC in the adrenals via SF-1, SF-1 expression was absent in the
intestinal epithelium (Mueller et al., 2007). Interestingly, SF-1 activity in the intestine was
replaced by its close homolog, the NR liver receptor homolog-1 (LRH-1, NR5A2) (Atanasov et
al., 2008; Botrugno et al., 2004; Mueller et al., 2007).
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The expression of CYP11B1 and CYP11A1 is linked to cell cycle, thus implicating a restriction
of the intestinal GC synthesis to the proliferating cells at the bottom of the crypts (Atanasov
et al., 2008; Bouguen et al., 2015a). Similar to steroidogenic enzymes, LRH-1 expression is
confined to the proliferating cells of the crypts, suggesting a cell cycle-dependent regulation
of intestinal GC synthesis (Atanasov et al., 2008; Botrugno et al., 2004; Mueller et al., 2006).
Thus far, the importance of locally synthesized GCs has been reflected by the impairment of
cortisol production as well as decreased LRH-1 expression in colonic epithelial cells from

ulcerative colitis patients (Bouguen et al., 2015b).

1.5.4 Intestinal immune homeostasis

Intestinal mucosal epithelium functions as a barrier to maintain the balance between nutrient
absorption while preventing the entry of pathogens and responding to harmful contents of
the lumen, in order to maintain tissue homeostasis (Salim and Séderholm, 2011).

A single layer of IECs provides the physical barrier that separates from the underlying lamina
propria and the rest of the body, 10'* microorganisms (mostly commensal bacteria) living in
the intestinal lumen. These lumen-resident microorganisms are termed gut microbiota
(Cario, 2008; Mukheriji et al., 2013).

Under steady-state conditions, the microbiota provides constitutive signals to the innate
immune system through the activation of Toll-like receptors (TLRs), a family of pattern-
recognition receptors that detect conserved molecular products of microorganisms such as
LPS. TLRs expressed on macrophages and DCs play a crucial role in host defense against
microbial infection (Rakoff-Nahoum et al., 2004). Activation of TLRs by commensal microflora
is critical to maintain a healthy inflammatory tone within the intestinal mucosa, thus
enhancing the resistance to infection with enteric pathogens (Cario, 2008; Hooper and
Macpherson, 2010).

This direct contact of intestinal epithelium with a large number of immune cells (about 70%
of all lymphocytes in the body, in addition to B cells, macrophages and DCs) (Lee et al., 2008a)
and microbiota, with great potential to stimulate these immune cells, requires the intestinal
epithelium to find the appropriate balance between protective immune responses against
pathologic microorganisms and tolerance towards microbiota. The synthesis of
immunoregulatory GCs seems to play a novel and important role in the maintenance of
intestinal immune homeostasis under physiological as well as pathological conditions
(Ballegeer et al., 2018; Noti et al., 2009).
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Several other immune mechanisms were described to limit contact between the dense
luminal microbial community and the IEC surface, including secretion of mucus by goblet
cells. Furthermore, epithelial cells such as enterocytes, Paneth cells and goblet cells secrete
anti-microbial proteins that further help to eliminate bacteria that penetrate the mucus layer.
Additionally, Lamina propria plasma cells secrete IgA across the epithelial layer to limit the
numbers of mucosa-associated bacteria and prevent bacterial penetration to the host tissue

(Hooper and Macpherson, 2010).

The intestinal mucosa has also been described to contain high levels of the
immunosuppressive cytokines TGF-B and IL-10 produced by the Tregs, DCs and even
epithelial cells. The importance of these immunoregulatory cytokines isillustrated by the fact
that TGF-B and IL-10-deficient mice develop spontaneous inflammation (Nagamine et al.,
2008; Powrie, 1995).

Inappropriate activation of immune cells from either the innate and/or adaptive immune
system may result in chronic inflammatory reactions and associated tissue destruction, as
observed in IBD (Cario, 2008; McGuckin et al., 2009).

1.5.5 Inflammatory bowel disease

IBD comprises ulcerative colitis (UC) and Crohn's disease (CD) (Roda et al., 2010; Zhang and
Li, 2014). UC causes inflammation of the mucosa of the colon and rectum, whereas CD causes
inflammation of the full thickness of the bowel wall and may involve any part of the digestive

tract from the mouth to the anus (Haggar and Boushey, 2009).

Although the etiology of IBD remains largely unknown, it involves a complex interaction
between the genetic, environmental or microbial factors and the immune system (Roda et
al., 2010; Shaw et al., 2018; Zhang and Li, 2014). These diseases are characterized by chronic
relapsing inflammation of the intestine thought to be caused by inappropriate activation of
the immune system (Rakoff-Nahoum et al., 2004). IBD result from disruption of the intestinal
epithelium barrier integrity, thus leading to permeability defects and subsequent interaction
between environmental factors in the intestinal lumen and cells of the immune system. The
epithelium barrier breach exacerbate inflammation leading to severe tissue damage, which
impairs the reconstitution of the intestinal epithelial barrier resulting in increased exposure
to products of the microbiota, ultimately prolonging intestinal inflammation (Kinnebrew and
Pamer, 2012; Salim and Séderholm, 2011).
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Chronic inflammation is emerging as one of the hallmarks of cancer. Many cancers arise
following prolonged inflammation or display inflammatory characteristics throughout
progression (Hanahan and Weinberg, 2011; Lasry et al., 2016). In fact, the relative risk of
colorectal cancer in patients with IBD has been estimated to increase by up to 20 folds (Gillen
et al., 1994; Haggar and Boushey, 2009; Levin, 1992). The risk correlates directly with the

duration and extent of inflammation (Eaden et al., 2001; Jess et al., 2012).

1.5.6 Tumor necrosis factor alpha

TNF is a pro-inflammatory cytokine, which presents a wide range of pleiotropic functions,
including induction of inflammation, cell survival, proliferation, and cell death (Wang et al.,
2017). In the intestinal epithelium, TNF demonstrates variable and very complex functions in
physiological and pathological conditions (Leppkes et al., 2014). On the one hand, it
drastically promotes epithelial cell death and hence is implicated in the pathogenesis of IBD
(Grabinger et al., 2017). Moreover, it promotes intestinal inflammation and therefore drives
colon tumor formation after sustained chronic colitis (Popivanova et al., 2008). On the other
hand, TNF regulates intestinal GCs synthesis, which represents an important mechanism for
intestinal immune homeostasis (Noti et al., 2010a). In this regard, TNF plays an anti-
inflammatory role, that could also be through sensitizing activated T cells to undergo

apoptosis resulting in accelerated resolution of the inflammation (Zhou et al., 1996).

Immune cells, such as monocytes, macrophages, natural killer (NK) and T cells are the main
sources of TNF. Additionally, TNF is produced by fibroblasts and epithelial cells (Roulis et al.,
2011). Macrophage and T cell activation results in massive release of TNF, which contributes
to the damage of the epithelial layer (Marini et al., 2003). Therefore TNF-neutralizing
antibodies have a strong therapeutic effect in the treatment of IBD (Bradley, 2008; Fries et
al., 2008). This is mainly due to inhibition of IEC cell death, but also due to the downregulation
of pro-inflammatory processes that might contribute to local tissue damage (Delgado et al.,
2016).

TNF has also been shown to suppress LRH-1 and thereby reduce local GC synthesis resulting
in a sustained chronic colitis (Huang et al., 2014). Interestingly, the significant increase in TNF
MRNA levels in colon tumors was reported to be inversely correlated with a decrease in LRH-
1 mRNA (Schoonjans et al., 2005). However, the relevance of this inverse correlation is so far

unknown and requires further investigation.
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1.6 Colorectal cancer (CRC)

Cancer is a leading cause of death worldwide, and half of all deaths caused by cancer are due
to lung, stomach, liver, colorectal and female breast cancer (Ferlay et al., 2010; Lascorz et al.,
2011). Colorectal cancer (CRC) is the most common malignant cancer in the gastrointestinal
tract, with more than 1.2 million patients diagnosed every year globally (Brenner et al., 2014;

Granados-Romero et al., 2017).
1.6.1 CRC epidemiology: incidence, mortality and etiology

CRC is the third most prevalent malignancy and the fourth leading cause of cancer death
worldwide (Bray et al., 2018; Haggar and Boushey, 2009; Mdarmol et al., 2017). Incidence
considerably varies globally, it is higher in developed countries and in males than in females.
In addition, incidence strongly increases with age. The 5-year prognosis ranges between 50—
65%, and drastically reduces in advanced disease stages reaching 10% in patients diagnosed
for distant metastasis (Arnold et al., 2017; Brenner et al., 2014; Haggar and Boushey, 2009).
Metastases represent the main cause of CRC-related mortality, and the most common

metastatic sites are the liver and the lungs (Vatandoust et al., 2015).

Although the etiology and pathogenic mechanisms underlying CRC development appear to
be complex and heterogeneous, several line of evidence identified various risk factors that
are associated with CRC development (Fearon, 2011; Fleet, 2014). These include family
history of CRC, IBD, smoking, excessive alcohol intake, high consumption of red and processed
meat, obesity, and diabetes (Erhardt et al., 2002; Huxley et al., 2009; Larsson et al., 2005;
Marchand et al., 1997). Moreover, overexpression of EGFR is common in 60-80% of CRC and
it is associated with poor prognosis (Pabla et al., 2015). Of interest, EGF activates LRH-1, a NR
that emerged as an oncogene and is a major focus of this study (Lee et al., 2006; Schoonjans
et al., 2005).

CRC symptoms include abdominal pain, bloody diarrhea, weight loss, anorexia and abdominal

distension (Granados-Romero et al., 2017).

Carcinogenesis is a multistep process starting with the formation of a benign adenoma that
progresses over a course of several decades to malignant carcinoma (Fearon and Vogelstein,
1990; Fleet, 2014).

Genomic instability is an important feature underlying CRC development. The pathogenic

mechanisms leading to this situation can be included in three different pathways: namely
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i) chromosomal instability (CIN), characterized by imbalances in the number of chromosomes,
thus leading to aneuploidic tumors and loss of heterozygosity (LOH), ii) microsatellite
instability (MSI), and iii) CpG island methylator phenotype (CIMP) (Marmol et al., 2017).

CRC progresses due to the sequential acquisition of genetic mutations in pluripotent stem
cells in the intestinal epithelial crypts (Davies et al., 2005). These include loss of function
mutations of tumor suppressor genes, such as APC, TP53, DCC, BRAF, AKT, TGFB, and SMAD4,
as well as activating mutations of oncogenes such as KRAS, B-catenin, and c-myc (Fearon and
Vogelstein, 1990; Granados-Romero et al., 2017; He et al., 1998; Markowitz et al., 1995;
Marmol et al., 2017; Melo et al., 2017). CRC also develops from epigenetic changes in DNA
such as methylation (llyas et al., 1999; Smith et al., 2002). In addition, CRC arises following
chronic inflammation in the intestine as in patients with IBD (Lasry et al., 2016; Rowan et al.,
2000). Although CRC is often sporadic with unknown hereditary basis, nevertheless
hereditary cases account for 20-30% of all CRC cases (Kerber et al., 2005; Rustgi, 2007).

1.6.2 Hereditary colorectal cancer

The most common forms of hereditary CRC are familial adenomatous polyposis (FAP), and

hereditary nonpolyposis colon cancer (HNPCC) or Lynch syndrome (Fearon, 2011).

FAP is an autosomal dominant inherited syndrome characterized by the progressive
development of hundreds to thousands of small adenomatous polyps throughout the colon,
some of which inevitably progress to cancer (Powell et al., 1993; Rustgi, 2007). FAP is caused
by germline nonsense mutation in the APC gene (a component of the Wnt signaling pathway)
at chromosome 521, that lead to premature truncation of APC protein synthesis (Kinzler et
al., 1991). APC is affected by CIN that leads to LOH (Marmol et al., 2017).

The APC protein, together with GSK3[B, phosphorylates cytoplasmic B-catenin, thereby
leading to its degradation (Korinek et al., 1997). However, germline or somatic APC mutations
render cytoplasmic B-catenin stable, resulting in its nuclear translocation, where B-catenin
binds TCF4 and thereby activates transcription of Wnt target genes including c-myc and cyclin
D1. These genes are implicated in cell proliferation (Korinek et al., 1997; Rustgi, 2007).
Accumulating evidence has shown that c-myc is often overexpressed in colorectal tumors (He
et al., 1998).

Another mechanism by which APC dictates its tumor suppressor function is the transcription-
independent acceleration of apoptosis-associated caspase 3 activity (Qian et al., 2007;
Steigerwald et al., 2005).
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Progression of FAP to CRC occurs by mutations or epigenetic deregulation of KRAS and TP53
genes (Fearon and Vogelstein, 1990; Lynch and de la Chapelle, 2003).

HNPCC syndrome is marked by an autosomal dominant mode of inheritance. Multiple
generations are affected with CRC at an early age, approximately 45 years, with an 80%
lifetime risk to develop CRC. HNPCC is characterized by germline mutations in DNA mismatch
repair (MMR) genes (Lynch and de la Chapelle, 2003; Rustgi, 2007). MLH1, MSH2, MSH6, and
PMS2 are among the genes that produce MMR proteins. An estimated 70-90% of Lynch
syndrome is attributable to deleterious mutations in MLH1 and MSH2, with the remaining
10-30% distributed approximately equally between MSH6 and PMS2 (Cohen and Leininger,
2014).

1.6.3 Sporadic colorectal cancer

Approximately 70% of sporadic CRC cases follow a specific succession of mutations. As shown
in Figure 4A, the first mutation occurs in APC gene and triggers the formation of non-
malignant adenomas, also called polyps (Brenner et al., 2014; Fearon, 2011; Powell et al.,
1992). The APC mutation is followed by mutations in KRAS and TP53, that further promote
these adenomas to the carcinoma state (Fearon, 2011; Marmol et al., 2017; Smith et al., 1994;
Yamashita et al., 1995). DNA damage in cycling cells induces stabilization of p53 which then
activates genes such as the cell cycle inhibitor, p21, to cause cell cycle arrest in G1 phase (the
phase after which the cells are committed to undergo cell cycle progression). This allows for
repair of the DNA before proceeding to S-phase. However, if the damage is too great for
effective repair, p53 mediated activation of genes such as BAX results in apoptosis.
Consequently, mutation of TP53 leads to apoptosis resistance (Harris and Levine, 2005; llyas
et al., 1999).

These characteristic gene mutations are frequently accompanied by MSI (Lengauer et al.,
1997). Nearly 70-80% of sporadic colorectal adenomatous polyps harbor somatic APC
mutations (llyas et al., 1999; Powell et al., 1992, 1993).

CRC with high rates of MSI has been demonstrated to harbor inactivation mutations in the
type Il TGFPB receptor gene (Markowitz et al., 1995). This mutation render tumors insensitive

to the growth suppression mediated by TGFB (Kinzler and Vogelstein, 1996).
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Figure 4 Molecular genetics of colorectal cancer

(A) Sporadic colorectal cancer follows the adenoma-carcinoma sequence, an early event is mutation of the
tumor suppressor gene APC triggering adenoma formation, accompanied by loss of cell polarity and tight
junctions, which enables bacteria invasion and the production of proinflammatory cytokines IL-17 and IL-23.
Followed by mutations in the oncogene KRAS and loss of function mutation of TP53, which enable the
progression of adenoma to carcinoma. (B) Colitis-associated colon carcinogenesis follows the inflammation-
dysplasia-carcinoma sequence, an early event is the mutation in p53 as a result of inflammation and the
associated production of proinflammatory cytokines TNF and IL-6 and reactive oxygen species (ROS). Which
leads to prolonged activation of NF-kB and enhanced inflammation. Barrier dysfunction enables the invasion
of bacteria, which further promotes inflammation. The inflammatory environment generates ROS and
subsequent DNA damage, finally resulting in mutation of KRAS and APC and the development of carcinoma
(Modified from Lasry et al. 2016 and De Lerma Barbaro et al. 2014).

1.6.4 Colitis-associated colorectal cancer (CAC)

CRC has long been described as one of the cancers tightly linked to chronic inflammation.
Strikingly, even hereditary cases that are not often preceded by inflammation can be
prevented by treatment with anti-inflammatory drugs suggesting an important role of
inflammation in the tumor onset (Burn et al., 2011; Lasry et al., 2016).

Inflammation can function in all three stages of tumorigenesis: initiation, promotion, and

progression (Hanahan and Weinberg, 2011; Korniluk et al., 2017).
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Inflammation disturbs the normal wound healing process, resulting in a vicious interplay
between excessive mucosal injury and tissue remodeling through sustained immune cell
recruitment, proliferation, and migration (Cario, 2013). It involves interaction between
various immune cells, chemokines, cytokines, reactive oxygen and nitrogen species (ROS and
RNS) produced by neutrophils and macrophages, and pro-inflammatory mediators, such as
cyclooxygenase (COX) and lipoxygenase (LOX) pathways. These collaborate to signaling
towards tumor cell proliferation, growth, and invasion (Janakiram and Rao, 2014; Marmol et
al., 2017; Meira et al., 2008).

Moreover, inflammation may directly damage cells and promote malignant transformation
by inducing CIN and MSI, CIMP, epigenetic alterations, and posttranslational modifications
(Cario, 2013; Meira et al., 2008; Philip et al., 2004). Additionally epithelial barrier breach
further enhances inflammation and malignant transformation due to invasion of luminal
bacteria, suggesting that the gut microbiota may have a role in CRC development (Lasry et
al.,, 2016). Indeed, accumulating evidence confirmed that, under germ-free conditions,
genetically engineered mice predisposed to CRC showed a lower tumor incidence (reviewed
in (Kostic et al., 2013)).

Once a tumor is initiated, intra-tumoral immune cells and their secreted growth factors and
proteases can contribute to tumor progression, invasion, and metastasis by preventing

malignant cells from undergoing apoptosis (Grivennikov and Karin, 2010; Kostic et al., 2013).

Remarkably, the sequence of mutations that occurs in CAC is in sharp contrast with that of
familial or sporadic CRC. CAC follows the inflammation-dysplasia-carcinoma pathway as
depicted in Figure 4B. Interestingly, APC mutation occurs at a later stage preceded by TP53
and followed by KRAS mutations (De Lerma Barbaro et al., 2014; Waldner and Neurath, 2014).
The reason for early selection of TP53 mutations is unknown, but one possibility is that it
represents a means of escaping from apoptotic stresses imposed by the inflammatory

cytokines and cells during the periods of inflammation (llyas et al., 1999).

NF-kB has been identified as one of the main participants in the transition from intestinal
inflammation to malignancy (Greten et al., 2004; Shaked et al., 2012). NF-kB activation
induces the pro-inflammatory cytokines TNF and IL-6. (Lasry et al., 2016). The role of these

cytokines in CRC will be discussed in more details below.
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1.6.5 NF-kB activation and the IL-6-STAT3 axis in CRC

Inflammatory signals activates pro-survival and proliferative pathways such as NF-kB and
STAT3 (Lee et al., 2009a; Waldner and Neurath, 2014). Activation of either NF-kB or STAT3 is
demonstrated in over 50% of all cancers (Grivennikov and Karin, 2010).

Tissue injury, resulting in DNA damage, is the initial step required for neoplastic
transformation (Hoesel and Schmid, 2013). Loss of p53 has been shown to activate NF-kB in
IECs, as well as in surrounding stromal cells, due to loss of barrier function and invasion of
bacteria. It also induces epithelial-mesenchymal transition, in addition to promotion of CRC

invasion and metastasis (Lasry et al., 2016; Schwitalla et al., 2013).

Activation of NF-kB in IEC leads to induction of TNF expression, that is required for the initial
growth of the resulting neoplastic cells and thereby activates an oncogenic immune response
(Burstein and Fearon, 2008). Subsequent NF-kB activation in myeloid cells regulates the
expression of multiple inflammatory and tumor-promoting cytokines, including TNF, IL-6 and
IL-1B (Grivennikov and Karin, 2010; Wang et al., 2009a). Which in turn activates NF-kB in
malignant cells. Much of the growth stimulating cross-talk between immune and malignant
cells is mediated by TNF and IL-6 that activate the oncogenic transcription factors NF-kB and
STATS3, respectively (Grivennikov, 2013). In line with this, reduced NF-kB activity in myeloid
cells or IECs in vivo alters the expression of the anti-apoptotic genes Bcl-xL and Bcl2, resulting
in increased levels of apoptosis and decreased tumor load (Kostic et al., 2013). Moreover,
TNF has been shown to be upregulated in the colons of mice after CAC. Consequently, mice
lacking the TNF receptors or treated with etanercept, a specific pharmacological inhibitor for

TNF, were protected from CAC (Popivanova et al., 2008).

Additionally, NF-kB-induced IL-6 enhances the development of CRC in vivo (Becker et al.,
2005). IL-6 has been shown to drive STAT3 activation in IECs, leading to the upregulation of
Bcl-xL and Bcl2, cell-cycle regulators cyclin D1 and c-myc, and the angiogenic factors basic
fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF). Thereby,
promoting CAC development through the activation of MAPK and phosphoinositide 3-kinase
(PI3K)-Akt pathways (Bollrath et al., 2009; Kostic et al., 2013; Yu et al., 2009). MAPK can
activate downstream TFs including LRH-1, and thus could contribute to its tumorigenic effects
(Mueller et al., 2007; Schoonjans et al., 2005). Indeed, STAT3 IEC-specific ablation results in
profound reduction of CAC tumor growth and multiplicity (Grivennikov et al., 2009).
Interestingly, persistent STAT3 activation has been shown to maintain constitutive NF-kB

activation in both, tumors as well as tumor associated immune cells (Lee et al., 2009a).
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1.6.6 CRC tumor immunology

CRC are infiltrated by diverse cell types that form the tumor microenvironment (TME)
including stromal cells, fibroblasts, endothelial cells, cytokines and chemokines as well as
innate and adaptive immune cells (Grizzi et al., 2018; Sica et al., 2008a; Vinay et al., 2015).
Many cancer cells overexpress cellular proteins or neoantigens, which can be recognized by

the immune system and provoke anti-tumor immune responses (Sidler et al., 2011).

A vast number of cytokines were reported to infiltrate CRC including TNF, IL-6, IL-183, IL11, IL-
17, 1L23, IL-8, IL-10 and TGFB, among others (Ferrone and Dranoff, 2010; Lasry et al., 2016;
Waldner and Neurath, 2014). The immune cells infiltrating CRC tumors include tumor
infiltrating lymphocytes (TILs), such as CD8" CTLs and the CD4* helper subpopulation; Thi,
Th2, Th17 and FoxP3* Treg cells, as well as DCs, NK cells and tumor associated macrophages
(TAMs) (Ferrone and Dranoff, 2010; Grizzi et al., 2018; Tosolini et al., 2011).

TAMs closely resemble M2 phenotype and represent the most abundant immune cells at the
TME. Although their role in CRC is controversial, recent studies provide strong evidence that
TAMs promote CRC tumor growth (reviewed in (Zhong et al., 2018)). In addition, FoxP3* Tregs
has been shown to antagonize anti-tumor toxicity and thereby foster tumor growth (Ferrone
and Dranoff, 2010).

In a large CRC patients’ cohort, it has been demonstrated that absence of signs of early
metastasis and increased survival is markedly correlated with high expression of CD8*
effector memory cells particularly of Th1l and CTL types (Pages et al., 2005). Camus et al. also
observed that increased densities of CTLs and effector memory T cells within the primary
tumor of CRC patients were associated with a significant protection against tumor recurrence
(Camus et al., 2009). Moreover, another patient cohort has shown that patients with high
expression of the Th17 responses have a poor prognosis, whereas patients with high
expression of the Th1l responses and CTLs have prolonged disease-free survival (Tosolini et
al., 2011). Taken all together, it is conceivable that the type of immune responses at the TME
is @ major determinant of CRC development and progression. Thus, modulation of these

responses represents a promising therapeutic approach.
1.6.7 CRC prevention and treatment

The choice of first-line treatment in CRC follows a multimodal approach based on tumor-

related characteristics and usually comprises surgical resection followed by chemotherapy
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(e.g. 5-fluorouracil and irinotecan) and combined with monoclonal antibodies against VEGF
(e.g. Bevacizumab), and EGFR (e.g. Cetoximab or Panitumumab). In advanced stages,
radiotherapy is also included in the treatment regimen (Granados-Romero et al., 2017;
Mdrmol et al., 2017; Pabla et al., 2015). Strikingly, several line of evidence have proven the
efficiency of nonsteroidal anti-inflammatory drugs (NSAIDs) in the prevention and treatment
of CRC even in advanced disease stages (Gupta and Dubois, 2001; Ng et al., 2015; Sandler et
al., 2003; Williams et al., 1999). NSAIDs such as sulindac and aspirin are non-selective
inhibitors of COX-2 (Hawkey, 1999). It is conceivable that the anti-carcinogenic effect of
NSAIDs stems at least in part from their anti-inflammatory properties (Lasry et al., 2016).
Supporting this notion, expression of COX-2 was reported to be markedly elevated in 85-90%
of human colorectal adenocarcinomas, reflecting the inflammatory state at the TME
(Williams et al., 1999).

The preventive effect of NSAIDs was first demonstrated in reduced polyp formation in FAP
patients treated with sulindac for 1 year (Waddell et al., 1989). Furthermore, another study
has shown an overall reduction of 40-50% in the risk of CRC in patients following long-term
use (more than 5 years) of low-dose aspirin (Sandler et al., 2003). Herein, aspirin also shows
a positive effect in patients with advanced CRC, evidenced by reduced tumor recurrence (Ng
et al., 2015).

An emerging therapeutic strategy for solid tumors, is to target the anti-tumor immunity by
reactivating the adaptive immune system against tumors. The negative regulators of the
immune system called immune checkpoints play a key role in limiting anti-tumor
immunologic responses. For this reason, immune checkpoint inhibitors, such as those
targeting cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed death-1 receptor (PD1)
and its ligand PD-L1, have been developed for CRC treatment. However, whereas preliminary
clinical trial results on PD1 and PD-L1 blockade appear promising, CTL-4 inhibitors fail to show

any significant activity (reviewed in (Passardi et al., 2017)).

Despite all these treatment and preventive measures, the overall CRC survival is still very low,
especially in advanced disease stages. In addition, due to the high toxicity of the currently
used therapies, there is an urgent need for the elucidation of the molecular mechanisms for
CRC development, in order to identify new therapeutic targets that could ultimately lead to

the development of more effective therapies while minimizing the side effects.
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1.6.8 Mouse models of CRC

In order to mimic the features of colon carcinogenesis and to study the mechanisms
underlying the initiation and progression of CRC, several mouse models have been developed
that recapitulate the adenoma-carcinoma sequences that occurs in humans (Rosenberg et
al., 2009; Tong et al., 2011). These can be classified into genetically engineered, chemically
induced and xenoplant models (Tong et al., 2011). Among the transgenic mice, the APC/
multiple intestinal neoplasia (Apc™") mouse model has been used to recapitulate the human
sporadic CRC. These mice develop numerous adenomas in the small intestine while few in
the colon (Leclerc et al., 2004; McCart et al., 2008). One of the most widely used chemically
induced CRC model is the azoxymethane/dextran sodium sulphate (AOM/DSS) model (Fazio
et al., 2011; Neufert et al., 2007; Tanaka et al., 2003).

1.6.9 AOM/DSS inflammation-driven CRC model

In order to elucidate the molecular mechanisms of inflammation induced CRC, a highly
reliable and reproducible chemically induced mouse model of colon carcinogenesis was
developed (Tanaka et al., 2003). Based on a single dose of the mutagenic agent, AOM,
followed by repeated administration of the inflammatory agent, DSS, in the drinking water.
AOM/DSS model rapidly shortened the time to CRC induction and recapitulated the aberrant
crypt foci-adenoma-carcinoma sequence that occurs in human CRC. Consequently, causing
rapid growth of multiple colon tumors per mouse within 8 - 10 weeks of exposure (Fazio et
al., 2011; Neufert et al., 2007; Tanaka et al., 2003).

AOM is a pro-carcinogen that exerts its mutagenic action after activation, it can initiate cancer
by alkylation of DNA, thus leading to base mispairing. Stepwise activation of AOM following
intraperitoneal injection includes a hydroxylation step in the liver mediated by CYP2E1l
enzyme resulting in methylazoxymethanol (Neufert et al., 2007; Sohn et al., 2001).
Methylazoxymethanol is transported via the bile to the intestine, where further activation to

methyldiazonium occurs promoted by factors of the bacterial flora (Neufert et al., 2007).

DSS is an inflammatory agent that acts as a tumor promoter after AOM injection. After
administration of DSS, it induces alterations in intestinal barrier function leading to a
macrophage/granulocyte-driven type of intestinal inflammation. Consequently, mice exhibit
weight loss, diarrhea and sometimes rectal bleeding and colon shortening paralleled by

increased MmRNA expression of pro-inflammatory cytokines with acute inflammatory
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properties such as IL-1B, IL-6 and TNF, interestingly the immunomodulatory cytokine, IL-10,
was also reported to be upregulated (Egger et al., 2000; Kim et al., 2012; Kostadinova et al.,
2014). Histopathological analysis of the inflamed colons revealed frequent formation of
lymphoid follicles as well as multiple erosions and inflammatory changes including crypt
abscesses, a phenotype that mimic the characteristics of UC in human patients (Okayasu et
al., 1990; Viennois et al., 2013). Tumor development after DSS-induced inflammation strongly

confirm that chronic inflammation in IBD plays a critical role in CRC as mentioned earlier.

1.7 Nuclear receptors

NRs are a superfamily of ligand-activated TFs that utilize lipophilic ligands to mediate their
function (Crowder et al.,, 2017). NRs regulate the expression of genes involved in
reproduction, development and metabolism. They play critical roles in mammalian
physiology and regulation of immune responses (Bookout et al., 2006). Therefore, it comes
as no surprise that NRs signaling dysfunction leads to pathological conditions such as

diabetes, obesity and cancer (Zhang and Wang, 2011).

The most important distinction of NRs from other TFs is their ability to function as ligand-
dependent sensors of fat-soluble hormones, vitamins and dietary lipids. Members of this
group includes receptors of endocrine steroids, fat soluble vitamins, thyroid hormones, fatty
acids, oxysterols, bile acids and xenobiotic lipids (Bookout et al., 2006). The NR superfamily
comprise of 48 members in the human genome, approximately half of the superfamily have
well characterized endogenous ligands (Burris et al., 2012). Whereas the remaining half
composed of a distinct subset of NRs called “orphans”, lacking a defined endogenous ligand
(Huang et al., 2010).

The NRs can be broadly classified into three sub-groups based on their physiologic ligands
and potential functions: i) The classical, also called endocrine NRs, with well-known hormone
ligands such as the receptors for androgen (AR), estrogen (ER), GR, thyroid hormone (TR) and
progesterone (PR). ii) The adopted orphan NRs: whose ligand has been identified as a natural
compound or an endogenous metabolic product, however the functional relevance of the
ligand is still unclear. This sub-group include the farnesoid X receptor (FXR), retinoid X
receptor (RXR), pregnane X receptor (PXR), liver X receptor (LXR), PPAR, SF-1 and LRH-1.
iii) The true orphan NRs, with no defined ligand, and these include SHP, dosage-sensitive sex
reversal and adrenal hypoplasia congenital critical region gene on the X chromosome gene-1

(DAX-1), chicken ovalbumin upstream promoter transcription factor (COUP-TF), and nerve
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growth factor-inducible protein B (NGFI-B, also called Nurr77) (Lee et al., 2007; Sonoda et al.,
2008).

1.7.1 Structure

All NRs share a common structure consisting of five to six distinct domains denoted A to F,

starting from the N- to C-terminus of the protein as depicted in figure 5 (Zhang et al., 2011).
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Figure 5 Nuclear receptors common structure

Classical nuclear receptor (NR) contains five major functional domains: The N-terminal ligand-independent
transactivation domain (AF-1 or A/B domain), the DNA-binding domain (DBD or C domain), hinge region (D
domain), the C-terminal ligand-binding domain (LBD or E domain), and the ligand-dependent transactivation
domain (AF-2 or F domain) (Modified from Zhang et al. 2011).

NR structure consists of a highly variable N-terminal region that contains a ligand-
independent activation function-1 (AF-1, A/B). The central DNA-binding domain (DBD, C),
represents the most conserved domain consisting of two highly conserved zinc-finger motifs
unique to NRs, that targets the receptor to specific DNA sequences called hormone response
elements (HRE). The hinge region (D) confers structural flexibility in the receptor dimers
allowing a single receptor dimer to interact with multiple HRE sequences. The C-terminal
ligand-binding domain (LBD, E) is functionally very unique to NRs and responsible for: i)
receptor dimerization, ii) ligand recognition and iii) cofactor interaction. The LBD consists of
approximately 12 helices; the last helix is called the ligand-dependent activation function-2
(AF-2, F) or Helix12 and it is structurally dynamic (Kojetin and Burris, 2013; Sonoda et al.,
2008; Zhang et al., 2011).

1.7.2 Mechanism of action

NRs interact with a wide family of co-regulator molecules (coactivators and corepressors).
Coactivators are generally recruited to ligand bound NRs and enhance gene expression.
Corepressors fulfill the opposite role and mainly bind to un-liganded NRs and repress
transcription (Wang et al., 2009b). In the absence of ligand, NRs are either present in the

cytoplasm forming a complex with Hsp and immunophilin chaperones (Pratt and Toft, 1997).
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Or in the nucleus bound to the respective HRE, forming a repressive complex with a
corepressor such as silencing mediator of retinoid and thyroid hormone receptors (SMRT)
and nuclear receptor corepressor (NCoR) complexed with histone deacetylase enzymes
(HDAC) (Rosenfeld et al., 2006; Watson et al., 2012). Binding of ligand in the ligand-binding
pocket induces conformational changes in the AF-2, which mechanistically facilitates the
release of corepressors and HDAC complexes and the recruitment of coactivators and histone
acetyltransferases (HAT) complexes. In some cases, the AF-2 peptide is fixed in an active
conformation, resulting in constitutive receptor activation. In these cases, the activity of the
NR is regulated by nuclear availability of the receptor itself or coactivators, or by signal-
induced receptor modifications such as phosphorylation or acetylation (Sonoda et al., 2008).
NRs can act through i) direct activation or repression of their target genes by binding to the
HRE in the promoter region via DBD. ii) binding to specific activating molecules via LBD and
thereby interact with other coactivators and corepressors to exert transcriptional regulation
(Bookout et al., 2006; Zhang and Wang, 2011).

1.7.3 Nuclear receptors in intestinal immune homeostasis

Anatomical profiling of NR expression revealed that a subset is abundantly expressed in
different areas of the gastrointestinal tract. These NR include the GR, PPARy, LRH-1, SHP, FXR
and LXR (Bookout et al.,, 2006). Many of these NRs have been described before to play
regulatory functions in metabolism and immune homeostasis of the gut (Bayrer et al., 2018;
Bouguen et al., 2015b; Coste et al., 2007) and some of these receptors are established
therapeutic targets for the treatment of IBD (Fernandez-Marcos et al., 2011). For example
the use of GCs to activate the GR (De ludicibus et al., 2011; Raddatz et al., 2004) and the use
of 5-aminosalicylic acid to activate PPARy (Dubuquoy et al., 2006) have a known therapeutic
benefitin IBD.

Recently, Huang et al. investigated the role of the NRs SHP and LRH-1 in the regulation of
local intestinal GC synthesis and its relevance in intestinal immune homeostasis in the context
of viral infection. They could show that systemic deficiency of SHP results in increased
intestinal GC synthesis during viral infection that suppressed the expansion and altered the
activation of virus-specific T cells. In contrast, intestinal-specific deletion of LRH-1 reduced
intestinal GC synthesis and accelerated the expansion of cytotoxic T cells upon viral infection

(Huang et al., 2018). Furthermore, another recent study has shown that LRH-1 mitigates
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intestinal inflammatory disease using intestinal organoids as a model system (Bayrer et al.,
2018).

1.8 Liver receptor homolog 1

The nuclear receptor LRH-1, also known as nuclear receptor subfamily 5, group A, member 2
(NR5A2), is a member of the NR superfamily (Fayard et al., 2004). Due to the identification of
LRH-1 independently by different research groups, different names are assigned to LRH-1,
including fetoprotein transcription factor (FTF), since it was characterized as a NR related to
the Drosophila fushi tarazu factor 1 (FTZ-F1) receptor (Galarneau et al.,, 1996), CYP7A
promotor-binding factor (CPF) (Nitta et al., 1999), and human B1-binding factor (hB1F) (Li et
al., 1998), among others.

LRH-1 is expressed in tissues derived from endoderm including intestine, liver and exocrine
pancreas, as well as in the ovary (Fayard et al., 2004). Additionally, LRH-1 is expressed in

macrophages (Lefévre et al., 2015) and T cells (Schwaderer et al., 2017).

LRH-1 plays vital roles in early embryonic development as evidenced by the embryonic lethal
phenotype of the LRH-1-null mice (Paré et al., 2004). This phenotype results from the loss of
LRH-1-maintained octamer-binding transcription factor 4 (Oct4) expression, which is required
to sustain the pluripotency of embryonic stem cells (Gu et al., 2005). LRH-1 is also important
for cholesterol and bile acid homeostasis, glucose metabolism and steroidogenesis in
adulthood (Cobo et al., 2018; Lazarus et al., 2012b). The human gene encoding LRH-1 spans
more than 150 kb of chromosome 1g32.11 and has eight exons (Lazarus et al., 2012a).

1.8.1 LRH-1 signaling and regulation

LRH-1 structure follows the classic NR structure as described in 1.7.1. The Ftz-F1 box in the C-
terminus of the DBD dictates LRH-1 binding. It binds the DNA as a monomer (Lazarus et al.,
2012a). Activation of LRH-1 induces conformational change that results in the dissociation of
corepressor complexes and the recruitment of coactivator complexes. The coactivator
complexes typically contain proteins that inhibit or induce the initiation of transcription
(Fayard et al., 2004). As LRH-1 is constitutively active, its function must be regulated by
several mechanisms. Those include, interactions with coactivators and corepressors, as well
as posttranslational modifications such as phosphorylation and SUMOylation (Lazarus et al.,
2012a; Nadolny and Dong, 2015). Additionally, LRH-1 has been shown to be activated by
phospholipids as potential endogenous ligands (Crowder et al., 2017; Krylova et al., 2005).
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Coactivators of LRH-1 contain an LXXLL motif in the receptor interaction domain that binds
to LRH-1 LBD (Lazarus et al., 2012a). These include PPAR-y-co-activator-1 alpha (PGC-1a) in
the ovary (Yazawa et al., 2010), FXR (Hoeke et al., 2014), and multi-protein bridging factor
(MBF-1) in the liver (Brendel et al., 2002), as well as steroid receptor coactivators (SRC-1 and
SRC-3) (Lazarus et al., 2012a). Interestingly, B-catenin was also reported to activate LRH-1
(Yumoto et al., 2012).

Several corepressors were reported to inhibit LRH-1 transcriptional activity. For instance,
interactions with other NRs such as SHP (Lee and Moore, 2002) and DAX-1 inactivates LRH-1.
Furthermore, prospero-related homeobox 1 (Prox-1), protein inhibitor of activated signal
transducer and activator of transcription-y PIASy and SMRT also repress LRH-1 activity

(Fernandez-Marcos et al., 2011; Lazarus et al., 2012a).

LRH-1 activity is also regulated by posttranslational modification such as phosphorylation of
the serine residues 238 and 243 located within the hinge region by phorbol 12-myristate 13-
acetate (PMA) via MAPK/ERK (extracellular-signal regulated kinase) pathway.
Phosphorylation was shown to be important for transactivation of LRH-1 (Lee et al., 2006),
whereas SUMOQylation of the hinge region inhibits LRH-1 (Benod et al., 2013).

1.8.2 LRH-1 in intestinal immune homeostasis

In the intestinal epithelium, LRH-1 is predominantly expressed in the proliferating crypt cells,
where it regulates epithelial cell proliferation as well as barrier integrity and immune
homeostasis via induction of cell cycle proteins on the one hand (Botrugno et al., 2004), and
the transcriptional regulation of steroidogenic enzymes and intestinal steroidogenesis on the
other hand (Mueller et al., 2006; Noti et al., 2010b) (Figure 6).

LRH-1 induces cell proliferation through the concomitant induction of cyclin D1 and E1, which
is further potentiated by its interaction with B-catenin. Whereas B-catenin coactivates LRH-1
after direct binding of LRH-1 to the cyclin E1 promoter, LRH-1 acts as a coactivator for B-

catenin/TCF4 on the cyclin D1 promoter (Botrugno et al., 2004).
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Figure 6 Dual roles of LRH-1 in the regulation of intestinal epithelium homeostasis

Right panel: A simplified scheme illustrates the dual role of LRH-1 in the intestine by promoting cell proliferation
to maintain epithelial barrier integrity and by inducing intestinal steroidogenesis. Left panel: local GC synthesis
regulation and function; activated macrophages and Th1 cells secrete the proinflammatory cytokine TNF, which
upregulates the transcription factor LRH-1 in epithelial cells of the intestinal crypt. LRH-1 induces local production
of glucocorticoids, which down- regulate immune cell activation and resulting inflammation (Modified from Noti
et al. 2009 and Taves et al 2011).

In humans, LRH-1 transcriptionally regulates the expression of the steroidogenic enzymes
CYP11A1, CYP17, HSD3B2, and CYP11B1 as well as steroid acute regulator (StAR), the
transporter of cholesterol with in the cell, hence supplying the steroid synthesizing machinery

with the substrate for GC synthesis (Sirianni et al., 2002).

LRH-1-mediated local GC synthesis in the intestine is promoted in response to inflammation
and subsequent immune cell stimulation in mice. GCs then exert anti-inflammatory effects
on the activated immune cells in order to suppress inflammation (Cima et al., 2004; Huang et
al., 2018; Noti et al., 2010b, 2010a). In line with these important functions, it has been shown
that haplodeficiency or intestinal-specific deletion of LRH-1 results in defective intestinal GC
synthesis and renders mice more susceptible to experimental colitis (Coste et al., 2007;
Mueller et al., 2006). And more recently evidence for reduced control of anti-viral immune
responses was provided (Huang et al., 2018). Furthermore, colon biopsies from IBD patients
showed reduced expression of LRH-1 and genes involved in steroidogenesis (Coste et al.,

2007), implicating an important role of defective local GC synthesis in the etiology of IBD.

Moreover, restoration of LRH-1 restored epithelium homeostasis in organoids and protected
mice from T-cell-induced colitis (Bayrer et al., 2018). Taken all together, these findings
provide convincing evidence that LRH-1 is an essential mediator of epithelial homeostasis and

thereby represent an attractive therapeutic target in intestinal disease.
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1.8.3 LRH-1: an oncogene

LRH-1 has been identified as an oncogene implicated in the development of a variety of
cancers due to its role in proliferation and maintenance of pluripotency. These include breast
(Chand et al., 2010; Thiruchelvam et al., 2011), pancreatic (Benod et al., 2011), prostate (Xiao
et al., 2018), gastric (Wang et al., 2008) and colorectal cancer (Kramer et al., 2016; Schoonjans
et al., 2005). LRH-1 has also been shown to contribute in the development of metastasis in
pancreatic cancer (Benod et al., 2011). LRH-1 exhibited an increased expression pattern in
high-grade prostate cancer, and has been reported to promote prostate cancer growth by

inducing intra-tumoral steroidogenesis (Xiao et al., 2018).

In the intestinal mucosa, LRH-1 promotes epithelial cell proliferation and crypt cell renewal
by the induction of cell cycle proteins such as cyclin D1 and E1, thus postulated to play a role
in the development of colon carcinoma (Botrugno et al., 2004).

LRH-1 aberrant activity is associated with tumorigenesis by affecting cell cycle control and
proliferation in synergy with the B-catenin/TCF4 signaling pathway (Botrugno et al., 2004;
Schoonjans et al., 2005). Additionally, LRH-1 drives colon cancer cell growth by repressing the
expression of p21 in a p53-dependent manner (Kramer et al., 2016). The importance of LRH-
1 in CRC development has been demonstrated by the fact that heterozygous LRH-1 mice
developed significantly less tumors compared to wild type, using two different models of CRC:
APC™"* mice and AOM-induced (Schoonjans et al., 2005). Contrary to the expectation and
the known role of LRH-1 in intestinal tumorigenesis, LRH-1 expression has been shown to be
significantly downregulated in adenoma tissue compared to adjacent normal mucosa in mice
(Modica et al., 2010; Schoonjans et al., 2005). The expression of LRH-1 gene was reduced in
tumors that express elevated levels of the proinflammatory cytokine TNF. Reciprocally,
decreased LRH-1 expression in heterozygous LRH-1 mice attenuates TNF expression

(Schoonjans et al., 2005).

As predicted in humans, positive LRH-1 expression determined by IHC was drastically
enhanced in colon cancer samples compared with adjacent non-cancerous tissue from the
same patients. That was correlated with a more advanced disease stage. Furthermore, the
overall survival rate of patients with positive LRH-1 expression was significantly lower than
that of patients with low expression (Wu et al., 2018). Elsewhere, another patient study
confirmed the marked overexpression of LRH-1 in CRC tissue compared to paired non-
cancerous tissue (Qu et al., 2018). Wu et al. suggested LRH-1 as a possible prognostic marker

in CRC patients and a novel therapeutic target for the treatment of CRC (Wu et al., 2018).
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1.8.4 LRH-1 as a therapeutic target

Since LRH-1 is an important regulator of pathways involved in metabolism, steroidogenesis,
cancer and regulation of pluripotency, it has recently emerged as a novel therapeutic target.
Accumulating evidence from extensive research has shown the therapeutic potential of LRH-
1 modulators (Lazarus et al., 2012a). These include the antidiabetic and lipotropic effects of
the in vitro and in vivo LRH-1 agonist dilauryl phosphatidylcholine (DLPC) in mice. In this study,
DLPC treatment increased bile acid levels and lowered hepatic triglyceride and serum
glucose. Furthermore, DLPC decreased steatosis and improved glucose homeostasis in two
mouse models of insulin resistance. All these effects were LRH-1-dependent (Lee et al., 2011;
Musille et al., 2012).

Further confirming the role of LRH-1 in intestinal homeostasis, it has been shown recently
that LRH-1 restoration mitigates inflammatory damage in murine and human intestinal
organoids, including organoids derived from IBD patients. Moreover, LRH-1 greatly reduces
disease severity in T-cell mediated murine colitis (Bayrer et al., 2018). Indicating the

therapeutic potential of LRH-1 in the treatment of IBD.

Additionally, since LRH-1 was shown to be upregulated in many tumors and to contribute in
tumor formation as mentioned previously, suppression of LRH-1 activity in tumors would
potentially exert anti-proliferative effects. This has been shown by the impaired proliferation
of the CRC cell lines HT29 and Caco2 upon LRH-1 knockdown (Bayrer et al., 2015). Similarly,
knockdown of LRH-1 inhibits pancreatic cancer cell proliferation in vitro (Benod et al., 2011).
Furthermore, it has been shown that targeting LRH-1 using microRNA in vitro inhibits
proliferation and invasion of the colon cancer cell lines HCT116 and SW480, an effect that
was abolished by LRH-1 overexpression (Qu et al., 2018).

Taken all together, LRH-1 represents a novel and promising therapeutic target for the

treatment of cancer.

1.9 Small heterodimer partner

The orphan nuclear receptor SHP, also known as nuclear receptor subfamily O, group B,
member 2 (NROB2), is a unique NR that contains the dimerization and LBD but lacks the highly
conserved DBD present in all other NR superfamily as shown in Figure 7 (Seol et al., 1996).
SHP exerts its regulatory function through protein-protein interaction with a wide variety of

NRs and TFs in a tissue-specific manner (reviewed in (Zhang et al., 2011)).
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SHP represses other NRs via at least three suggested mechanisms: i) Inhibition of DNA binding
via heterodimerization, ii) Direct antagonism of coactivator function via competition, and iii)
Transrepression via recruitment of putative corepressors (Johansson et al., 2000).

The ability of SHP to bind directly to other NRs is critical for its function as an inhibitor of gene
expression (Lee and Moore, 2002; Zhang and Wang, 2011). In contrast to its repressive
function, SHP has been described as a novel coactivator of NF-kB in macrophages treated
with oxidized low-density lipoprotein (Kim et al., 2001). SHP also enhances the transcriptional
activity of PPARy (Nishizawa et al., 2002).

1.9.1 SHP gene structure and function

The genomic structure of SHP consists of two exons interrupted by a single intron spanning
approximately 1.8 kb in humans and 1.2 kb in mouse. Human SHP gene is located at
chromosome 1p36.1, while mouse and rat SHP reside in chromosome 4 and 5 respectively
(Chanda et al., 2008; Zhang et al., 2011). SHP binds to AF-2 domain of other NRs through two
functional LXXLL-related motifs called NR-boxes, which are located in the putative N-terminal
helix 1 of the LBD and in the C-terminal region of helix 5 as shown in Figure 7 (Johansson et
al., 2000).

The NRs SF-1 and LRH-1 have been shown to transactivate SHP (Lee et al., 1999).

SHP is predominantly expressed in the gallbladder and liver and at lower levels in the
pancreas, adrenal, brain, heart, ovary, kidney and gastrointestinal tract (Bookout et al., 2006).
SHP expression was also reported in the spleen and bone marrow-derived macrophages (Yuk
etal., 2011).

SHP regulates diverse physiological and pathological functions via interacting with other NRs
and TFs. These include gluconeogenesis, insulin secretion, bile acid and cholesterol
metabolism, lipid metabolism, steroidogenesis, and cancer (Chanda et al., 2008; Zhang et al.,
2011).
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Figure 7 SHP domain structure

SHP contains the ligand binding domain (LBD) and the ligand-dependent transactivation domain (AF-2) but lacks
the conserved DNA binding domain (DBD) commonly present in other nuclear receptors. SHP represses target
genes by utilizing two functional LXXLL-related motifs, which are located in the putative N-terminal helix 1 of
the LBD and in the C-terminal region of helix 5 (Modified from Zhang et al. 2011).

1.9.2 SHP as an inhibitor of LRH-1

SHP is a direct target and at the same time a potent inhibitor of LRH-1 (Chanda et al., 2010;
Lee et al., 1999). The repressive effect of SHP on LRH-1-mediated transcriptional activation
has been extensively studied. Structural studies have shown that SHP preferentially inhibits
LRH-1 over other NRs, including its close homolog SF-1 (Li et al., 2005; Ortlund et al., 2005).
SHP inhibits LRH-1 via interacting with the AF-2 transactivation domain of LRH-1, thereby
competing with coactivators binding. In addition, the C-terminal domain in SHP represses
LRH-1 via direct transcriptional repression (Lee and Moore, 2002; Zhang and Wang, 2011).
Furthermore, SHP inhibits LRH-1 transactivation via recruiting HDAC. Consistent with this,
inhibition of either SHP or HDAC drastically diminished the strong SHP repressive effect on
LRH-1 (Chanda et al., 2010).

In the liver, it has been shown that binding of bile acids to FXR leads to transcriptional
activation of SHP. Elevated SHP protein results in the inactivation of LRH-1 by forming a
heterodimer complex, hence repressing the LRH-1-mediated expression of CYP7A1, the rate
limiting enzyme in bile acid biosynthesis. This heterodimer complex leads to promoter
specific repression of SHP in an autoregulatory negative feedback loop in order to maintain
hepatic cholesterol catabolism (Goodwin et al., 2000; Lu et al., 2000).

Interestingly, SHP inhibits LRH-1-induced CYP11A1 and CYP11B1 expression and GC synthesis
in the intestinal epithelial cell line mlICcl2 (Mueller et al., 2007). Indicating a potential role of
SHP in the regulation of intestinal immune homeostasis.

Furthermore, SHP is a potent inhibitor of LRH-1-induced aromatase transcription and
estrogen production in breast adipose tissue (Clyne et al., 2002; Kovacic et al., 2004).
Downregulation of SHP in the adrenocortical cell lines H295R, ACC-T36 and Y-1 increases LRH-

1 expression and its target cyclin E1 leading to increased proliferation (Franga et al., 2015).
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1.9.3 SHP in disease and Cancer

Because SHP is implicated in the regulation of a wide array of biological processes as
discussed previously, its dysfunction is associated with the development of many diseases.
For example, loss of function mutation in the SHP gene is demonstrated to influence the risk
of metabolic diseases such as obesity, diabetes (Hung et al., 2003; Nishigori et al., 2001), and
fatty liver disease (Zou et al., 2015). Moreover, due to the inhibitory effect of SHP on
angiotensin ll-stimulated plasminogen activator inhibitor-1 expression in vascular smooth
muscle cells (a major effector molecule in the development of cardiovascular disease (Lee et

al., 2009b)), loss of SHP protects mice from atherosclerosis (Kim et al., 2013).

Interestingly, SHP has been described to play a rather controversial role in the regulation of
NF-kB function. Whereas it activates NF-kB in macrophages treated with oxidized low-density
lipoprotein (Kim et al., 2001), SHP has been shown to play a previously unrecognized role in
regulating innate immune responses after LPS-induced septic shock. In this regard, SHP acts
as a negative regulator of systemic inflammation triggered by TLRs-mediated activation of
NF-kB (Yang et al., 2013; Yuk et al., 2011). These facts suggest that the regulatory function of
SHP on NF-kB might be context and stimulus dependent.

Accumulating evidence suggested that SHP acts as a potent tumor suppressor, by inhibiting
tumorigenesis and cell proliferation through suppressing transcription of cyclin D1 (Zhang et
al., 2008) and activating apoptosis (Zhang et al., 2010b). In line with this, it has been shown
that SHP expression is diminished in HCC pathologic specimens and cell lines due to
epigenetic silencing that leads to decreased LRH-1 binding to the SHP promoter (He et al.,
2008). Similarly, SHP expression was downregulated in lung, stomach and renal tumor tissues
compared to adjacent healthy mucosa from the same patients (Kudryavtseva et al., 2018;
Prestin et al., 2016).

SHP demonstrated antitumor role in HCC by playing pleiotropic role in regulating cell
proliferation, apoptosis, DNA methylation and inflammation (reviewed in (Zou et al., 2015)).
In contrast, SHP has been implicated in the initiation and progression of cancer, particularly
breast and liver cancer (Zhang et al., 2011). In line with this, inhibition of SHP in vivo causes
regression of hepatoma (Zhang and Wang, 2011).

Taken all together, tissue-specific modulation of SHP activity represents an attractive area of
research for potential clinical application in the treatment of cancer, inflammatory diseases,

and several metabolic diseases.
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1.10 Tumor immune escape mechanisms in cancer

The concept that the immune system can recognize and destroy nascent transformed cells is
known as cancer immunosurveillance. However, recently it was replaced by the term cancer
immunoediting to describe the immune system dual roles in promoting host protection
against cancer and facilitating tumor escape from immune destruction (Dunn et al., 2002;
Smyth et al., 2006).

Cancer cells exploit several mechanisms to evade the immune system. Those include: i)
Immune suppression in the TME, mostly mediated by FoxP3* Tregs, myeloid-derived
suppressor cells, modulated DCs and M2 macrophages. Immune suppression seems to be the
major mechanism of tumor immune escape. ii) Defective antigen presentation, thus CTLs can
no longer recognize target antigens on the tumor cells. iii) Immunosuppressive mediators
such as TGFp and IL-10. iv) Tolerance and immune deviation. Most tumor cells fail to express
costimulatory molecules and can thereby induce anergy or tolerance in T cells. Moreover,
tumors can shift the balance from Thl to Th2 (immune deviation) in a TGFB- and IL-10-
dependent manner. Additionally, tumor expression of inhibitory molecules like PD-L1 and
CTLA-4 has been shown to cause deletion or anergy on tumor reactive cells. v) Deletion of

tumor-specific CTLs through apoptosis (reviewed in (Vinay et al., 2015)).

Accumulating evidence suggests that TGFB produced by tumor cells, among other cells,
causes conversion of CD4* T cells into suppressive Tregs in situ. Tregs dampen T-cell immunity
to tumor-associated antigens and represent the main obstacle tempering successful
immunotherapy and active vaccination (reviewed in (Zou, 2006)). In addition, M2
macrophages produce high levels of TGFB, IL-10, and VEGF and thereby promote tumor
progression and metastasis (Qian and Pollard, 2010; Sica et al., 2008b).

These facts clearly indicate that the immune reactions at the TME play a critical role in
determining the fate of cancer. Interactions at the TME can either induce anti-tumor immune
responses and thereby limit the tumor development or shape the TME to create an

immunosuppressive microenvironment that fosters the tumor growth.
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1.11 GC synthesis in colorectal tumor: a potential immune escape

mechanism

Due to the immunogenic nature of CRC, anti-tumor immune responses may significantly limit
tumor development and growth. In particular in CRC, a strong correlation between anti-
tumor immune responses and patient survival has been demonstrated (Camus et al., 2009;
Pages et al., 2005). On the other hand, immune escape mechanisms have been recognized as
one of the hallmarks of cancer by significantly limiting the efficacy of anti-tumor immune

responses (Finn, 2008; Hanahan and Weinberg, 2011).

Of interest, it has been shown that colon cancer cells express steroidogenic enzymes and
synthesize immunoregulatory GCs. Remarkably, primary tumors from CRC patients
maintained the capability to synthesize GCs, regulated by LRH-1 (Sidler et al., 2011).
Considering the immunomodulatory activities of GCs discussed in section 1.1.4, it is
stimulating to postulate that, CRC synthesize GCs as a mechanism to control anti-tumor

immune responses.

While the immunoregulatory role of GCs in the intestinal mucosa is well investigated
(reviewed in (Kostadinova et al.,, 2012)), its role in CRC is studied only indirectly. The
immunosuppressive activities of CRC-derived GCs have been shown by the inhibitory effect
of CRC supernatant on the activation of T cells. Likewise, CRC-derived supernatant promoted
apoptosis in murine T cells. These effects were GC-dependent, since they could be reversed
by GR inhibition (Sidler et al.,, 2011). Taken together, LRH-1-mediated synthesis of

immunoregulatory GCs in CRC could represent a novel immune escape mechanism.
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2 Aims of the study

The nuclear receptor LRH-1 promotes colorectal tumor formation through affecting cell cycle
control and proliferation via induction of cyclin D1 and E1 in synergy with B-catenin (Bayrer
et al., 2015; Botrugno et al., 2004; Schoonjans et al., 2005). In addition to its repressive
activity on the expression of the cell cycle inhibitor p21 (Kramer et al., 2016). LRH-1 also
regulates intestinal homeostasis by inducing local GC synthesis (Coste et al., 2007; Mueller et
al., 2006). Nevertheless, it remains unknown whether local GCs play a role in tumor initiation
and/or progression. Furthermore, interesting data from Sidler et al. described for the first
time LRH-1-dependent GC production in colorectal tumors (Sidler et al., 2011). However, the
functional relevance of tumor-derived GCs remains to be elucidated. In this study we
hypothesized that tumor-derived GCs could serve as an important immune escape

mechanism by suppressing anti-tumor immune responses.

Therefore, to address these so far not answered questions about GCs in colorectal cancer, we
aimed at investigating the role of intestinal GC synthesis in inflammation-derived
tumorigenesis. For this purpose, we employed an inflammation-driven colon carcinogenesis

model.

Consequently, colorectal cancer was first induced in LRH-1 intestine-specific knockout mice

to confirm the role of LRH-1 in colorectal tumor development.

Next, since SHP has been shown to potently inhibit the transcriptional activity of LRH-1 (Lee
and Moore, 2002), a second aim was to study the effect of unleashing LRH-1 activity in
carcinogenesis. For this reason, colorectal cancer was induced in SHP-deficient mice,

hypothesizing that, SHP deficiency will increase LRH-1-induced tumor formation.

Moreover, to study the direct effect of GC synthesis in colorectal tumor development,

colorectal cancer was induced in Cyp11b1 intestine-specific knockout mice.

Another aim of this study was to dissect the proliferation phase of carcinogenesis from the
inflammation phase, and to test the immunosuppressive activity of tumor-derived GCs. For
this purpose, the growth capacity of tumor organoids derived from all the above-mentioned
three genotypes was investigated after subcutaneous injection in immunocompetent wild

type mice.
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3 Material and Methods

3.1 Material

Culture media and additives

Product Supplier Cat. No
A83-01 (TGF inhibitor) Sigma Aldrich SML0O788
N-acetyl cysteine Sigma Aldrich A9165
Bovine serum albumin (BSA) Sigma Aldrich 8076-3
Dulbecco’s Modified Eagle’s Medium (DMEM)- high Sigma Aldrich D0572
glucose
DMEM/F12 Sigma Aldrich D6421
Fetal Bovine Serum (FBS) Sigma Aldrich 032M3395
Gentamicin solution Sigma Aldrich G1272
L-Glutamine solution Sigma Aldrich G7513
Nicotinamide Sigma Aldrich N0636
PBS Sigma Aldrich RNBF0297
RPMI 1640 Medium Sigma Aldrich R8758
Trypsin-EDTA solution Sigma Aldrich T3924
B-27 Supplement (50X) serum free Fisher Scientific 17504044
Chir99021 (GSK-3 inhibitor) Axon Medchem 1386
Cultrex Pathclean Reduced Growth factor BME Trevigen & R&D  3533-010-02
N-2 Supplement (100X) Fisher Scientific 17502048
Penicillin/Streptomycin (100X) PAA laboratories P11-010
Recombinant murine EGF Peprotech 315-09
Recombinant murine Noggin Peprotech 250-38
TrypLE™ Express (1X), no phenol red (gibco) Thermo Fisher 12604-021
Y-27632 Dihydrochloride (Rho kinase inhibitor) Selleckchem $1049
Reagents
Product Supplier Cat. Number
1,4-Dithiothreitol (DTT) Roth 6908.2
6x DNA Loading Dye Thermo Fisher RO611
2-Mercaptoethanol Sigma Aldrich M-6250
Acetone VWR UN1090
Ammonium persulfate (APS) Roth 9592.2
Agua Ad Iniectabilia Braun Braun VO7AB
Azoxymethane (AOM) Sigma Aldrich A5486
Biozym LE Agarose Biozyme 840004

Calciumchlorid Merck 2379



Material and Methods

Charcoal, activated
Chloroform

Cotricostertone

D (+)-Glucose

Dextran

Dextran sulphate sodium salt (DSS)
Diethylpyrocarbonate (DEPC)
Dispase 5000U (Corning)
Dimethyl sulfoxide (DMSO)
dNTP Solution Mix

Ethanol

Eosin

Fast SYBR®Green Master Mix

Formaldehyde solution 37%
GeneRuler 1 kb Plus DNA Ladder
Glycerol

Glycine

Glycyl-glycine

Goat Serum

HDGreen+ DNA Stainer

Hematoxylin solution

HEPES

Hot corticosterone

Hydrogen peroxide 30%

ImmPACT DAB

Isopropanol

Magnesium chloride hexahydrate
Methanol

Metyrapone

MicroScint 40 (scintillation liquid)
Organo/Limonene Mount™ (mounting medium)
PageRuler™ Prestained Protein Ladder
peqGOLD Tri FastTM

Potassium chloride

Potassium phosphate dibasic
Proteinase K

RedSafe™ Nucleic Acid Staining Solution
Rotiphorese® Gel 30 (37,5:1)

Sodium azide

Sodium chloride

Sodium citrate tribasic dihydrate
Sodium dodecyl sulfate (SDS)

Sodium phosphate dibasic dihydrate

Riedel-de Haen
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
MP Biomedicals
Sigma Aldrich
Fisher scientific
Roth

NEB

VWR Chemicals
Roth

Applied Biosystems

by Thermo Fisher
Roth

Thermo Scientific
VWR

Roth

Roth

Sigma Aldrich
Intas

Sigma Aldrich
Sigma Aldrich
Perkin Elmer
Merck

Biozol

Fisher Scientific
Merck

Sigma Aldrich
Sigma Aldrich
Perkin Elmer
Sigma Aldrich
Thermo Scientific
VWR

Roth

Merck

Sigma Aldrich
Hiss Diagnostic
Roth

Riedel-de Haen
Roth

Riedel-de Haen
Bio-Rad

Sigma Aldrich

18002

SZBD1630V
C2505-500MG9
16325

D-1390
0216011090-500g
D-5758

11553550

A994-1

N0447S

X883.1
10447494

7398.1
SM1331

3908.2
HN74.2
G9023
ISII-HD Green Plus
51275
9105.3
NET399250UC
8597
SK-4105
1288393
5833
32213-1I
856525
6013641
08015
26616
30-2010
6781.1
A877573
P2308
21141
3029.1
13412
3957.2
32320
161-0302
4272
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Sucrose Roth 4661.2
Tag DNA Polymerase NEB M0267X
Tetramethylethylenediamine (TEMED) Sigma Aldrich 1766
Thermopol Reaction buffer (10X) NEB B9004S
Tris BRL

Tris Base Sigma T1503
Tris hydrochloride Roth 9090-2
TritonX-100 Sigma Aldrich X-100
Trypan Blue Solution Sigma Aldrich 93395
Tween 20 Sigma Aldrich P-1379
Xylene Roth 4436.1

Plastic ware

Product Supplier
0.2 ml PCR SingleCap soft stripes Biozyme
0.2 ml 96-well PCR plate, semi-skirted, AB1 FAST systems (QPCR STARLAB
plates)

1.5 ml tube Sarstedt

2 ml tube Sarstedt
15 ml falcon tube Sarstedt
50 ml falcon tube Sarstedt
60 x 15 mm Petri dishes Greiner Bio-one
EASYstrainer™ Cell Strainer (40 um) VWR
EASYstrainer™ Cell Strainer (70 um) VWR

Pipet tips Sarstedt
PVDF Western Blotting Membranes Roche
Scintillation tubes Sarstedt
Serological pipettes (5ml, 10ml, 25 ml) Sarstedt
StarSeal Advanced Polyolefin Film STARLAB
Syringe (Inject 20 ml) Braun
Syringe-Filter 0.45 um TPP

TC Flask T175, Stand.,Vent. Cap Sarstedt
TC Plate 24 Well, Standard, F Sarstedt
TC Plate 96 Well, Standard, F Sarstedt
Tissue embedding cassettes (blue, white, green) Medite
Glass ware

Product Supplier
Object slide Histobond+ blue Roth
Object slide microscope cover glasses Marienfeld
Object slides superfrost plus Thermo Scientific
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Antibodies
Antibody (clone) Supplier Cat. No Dilution
Immunohistochemistry primary Antibodies
1:100
anti-mouse CD3 (ab5690) abcam ab5690
1:400
anti-mouse F4/80 (IgG2a) eBioscience 14-4801 1:100
anti-mouse Ki-67 Cell Signaling 12202 1:400
Immunohistochemistry secondary Antibodies
Jaksons
biotinylated goat anti-rabbit 111-095-144 1:100
immunoresearch
biotinylated goat anti-rat Biozol PK-6104 1:100
Immunohistochemistry isotype control Antibodies
anti-rabbit IgG isotype Cell signaling 3900S 1:400
anti-rat IgG2a isotype (eBR2a'  eBioscience 14-4321-85 1:100
Western blot primary Antibodies
anti-Myc - - 1:1000
anti-tubulin Sigma T5168 1:4000
Western blot secondary Antibody
Jakson
anti-mouse IgG (HRP) 115-035-146 1:5000
ImmunoResearch
RIA antibody
anti-corticosterone Millipore AB1297 1:60 000

Species

Rabbit

Rat
Rabbit

Goat

Goat

Rabbit
Rat

Mouse

Mouse

Goat

Sheep
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Primer sequences

The following primers were provided by metabion international AG.

Product Sequence (5' = 3')
e Primer for gPCR
forward  TAT TGG CAA CGA GCG GTT CC

mB-actin - Jerse  GCA CTG TGT TGG CAT AGA GG
mCvelin D1 forward GAG CGT GGT GGC TGC GATGCA A
y reverse GGCTTG ACT CCA GAA GGG CTTCAAT
. forward TTCTGC AGC GTCATCCTCTC
mCyclin E1
reverse TGT GCC AAG TAG AACGTCTC
forward CTT TGA GTC CATCAG CAGTGTT
mCypllal
reverse TGG TAG ACA GCATTG ATG AACC
MGAPDH forward  CGT CCC GTA GAC AAA ATG GT
reverse TCT CCATGG TGG TGA AGA CA
forward GCC AGC AAA GGG ATT GGA AG
mHsd11b1l
reverse CGA GTT CAA GGC AGC GAG AC
L6 forward CACAAGTCCGGAGAGGAGAC
reverse TTGCCATTGCACAACTCTTT
mIL-10 forward GACTTTAAGGGTTACTTGGGTTGC
reverse GCCTGGGGCATCACTTCTAC
mLRH-1 forward TCA TGC TGC CCA AAG TGG AGA
reverse TGGTITTGG ACAGTTCGCTT
mTNE forward  TAGCCCACGTCGTAGCAAAC

reverse ~ ACAAGGTACAACCCATCGGC
e Primer for genotyping
forward  GAA CCT GAT GGA CAT GTT CAG G

Villin-Cre - erse  AGT GCG TTC GAA CGC TAG AGC CTG T
. forward TTA CGT CCA TCG TGG ACA GC
Myogenin
reverse TGG GCT GGG TGT TAG CCTTA
1 TTGAGTCATCCGATAAAGGGCATCC
cp 2 AACCTTGACTCCAGAAGTCACGTTC
3 TAGTTGCTTGTGGAAAGGACCAACC
4 CTAGGAAGTGAAGTGGCCTTGTCTG

The following Quantitect primers were provided by Qiagen.

Product Sequence (5' = 3')
e Primer for qPCR

mCypllb1l

mCyp21 -

mHsd11b2
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Plasmid

Plasmid name Backbone

pcDNA3.1 (+) hRspol mh (kl.9)

Kits
Product Supplier
FastPlasmid™ Mini Kit Eppendorf

High capacity cDNA Reverse Transcription Applied Biosystems by

Kit Thermo Fischer
ImmPACT DAB Peroxidase Substrate kit Biozol

Pure Yield Plasmid Midiprep System Promega

SV Total RNA isolation system Promega

Thermo scientific Pierce BCA Protein Assay

Vectastain ABC Kit (vector laboratories) Biozol

Devices

Device

AXIO Observer.Z1 Microscope, Laser Capture microdissection

(LCM) Microscope
AxioCamICcl1 camera
BD Plasticpak™ 1 ml sub-Q with 26G needle
Electronic balance AE 240
Image Quant LAS 4000
Infinite® 200 PRO series (i.control 1.10 software)
Nanodrop 2000 spectrophotometer
peQStar 2X Gradient PCR (thermocycler)
StepOnePlus™ Real- Time PCR System Thermal Cycling Block
Tissue lyser Il
Rotor microtome Hyrax M40
Scintillation and Luminescence Counter
Sliding caliper
Spin Tissue Processor Microm STP 120
Stainless steel surgical blades

pcDNA3.1 (+) C myc/his

Thermo scientific

Insert
h Rspondinl

Cat. No
2300000
10400745

SK-4105
A2495
723100
23225
PK-4000

Supplier
Zeiss

Zeiss

BD Biosciences
Mettler

GE Healthcare
TECAN

Thermo Scientific
peQlab

Applied Biosystems
Qiagen

Zeiss

Perkin Elmer
Thermo Scientific
Swann Motion
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Buffers

Buffer
1x PBS

20x Proteinase K solution
12% resolving gel

1x TAE

1x TBS

1x TBS-T

2x HEPES-buffered saline
(HBS)

5% stacking gel

5x loading buffer

Antibody dilution buffer
(IHC)

ECL solution (pH 8.5)

NP-40 lysis buffer
Radioimmunoassy (RIA)
buffer

SDS Running buffer (pH 8.3)
Sodium citrate buffer

Tail lysis buffer

TE buffer
Transfer Buffer

Material and Methods

Content

137 mM NaCl, 2.7 mM KCI, 10 mM NazHPO4, 1.8 mM
KH2P04 in Hzo

400 pg/ml proteinase K in TE buffer (pH 8.0)

4 ml Rotiphorese® Gel 30, 2.5 ml 1.5 M Tris (pH 8.8), 100 ul
10% SDS, 100 pl 10% ammonium persulfate, 12 pl TEMED,
3.3 ml H,0

40 mM Tris acetate, 1 mM EDTA (pH 8.0)

8 g/l NaCl, 0.2 g/l KClI, 3 g/I Tris base in H,0

8 g/l NaCl, 0.2 g/l KCl, 3 g/I Tris base, 0.1% Tween in H,0
280 mM NaCl, 10 mM KCl, 1.5 mM Na;HPO4*2H,0, 50 mM
HEPES, 12 mM glucose in H,0 (pH 7.0)

830 ul Rotiphorese® Gel 30; 630 pl 1.0 M Tris (pH 6.8), 50 pl
10% SDS, 50 pl 10% ammonium persulfate, 12 pl TEMED,
3.4 ml H,O

250 mM Tris-Cl (pH 6.8), 500 mM DTT, 10% SDS, 50%
glycerol, 0.5% bromophenol blue

5% goat serum, 5% mouse serum in 1x TBS (F4/80)

5% goat serum, 5% BSA in 1x TBS (CD3)

5% goat serum in 1x TBST (Ki67)

2.5 mM Luminol, 0.4 mM p-Coumaric acid, 10 mM Tris in
H,0 (add fresh: 0.015% H,0,)

150 mM NaCl, 50 mM Tris (pH 7.6), 1ImM EDTA, 1% NP-40
50 mM Tris-Hcl, 0.1 M NaCl, 0.1% NaNs in H,O (pH 8.0)

25 mM Tris, 250 mM glycine, 0.1% SDS (w/v) in H,0

10 mM C5H5N3307*2H20 in Hzo (pH 6.0)

50 mM KClI, 1.5 mM MgCl,, 10 mM Tris-HCI (pH 8.3), 0.45%
NP-40, 0.45% Tween 20, 100 pg/ml Proteinase K in H,0
50 mM tris, 1 mM EDTA in H,0 (pH 8.0)

192 mM glycine, 25 mM Tris base, 0.1% SDS, 21.5%
methanol
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3.2 Methods
3.2.1 Mice

Mice were bred at the animal facility of the University of Konstanz. All animal experiments
were performed in compliance with the German laws and guidelines of the Care and Use of

Laboratory Animals and approved by local ethics committee (Regierungsprasidium Freiburg).

Mice were group housed and accustomed to a 12 h- light/dark cycle under specific pathogen-
free conditions with free access to standard chow and water ad libitum. Pathogen-free 7-11
weeks old, age and sex-matched mice were used for the experiments. All mice lines were

kept under C57BL/6 genetic background.

3.2.1.1 SHP-deficient mice

SHP-deficient mice (SHP -/-) were described previously (Volle et al., 2007). The mice were
kindly provided by Prof. Dr. K. Schoonjans (EPFL Lausanne, Switzerland).

SHP -/- mice were kept under C57BL/6 genetic background, and wild-type C57BL/6 mice (SHP

+/+) were used as controls.

3.2.1.2 LRH-1 intestine specific knockout mice

Mice with a floxed LRH-1 gene (LRH-1L2L2) (Coste et al., 2007) and villin-Cre transgenic mice
(EI Marjou et al., 2004) have been described previously. The mice were kindly provided by

Prof. Dr. K. Schoonjans (EPFL Lausanne, Switzerland).

LRH-1 Intestinal epithelial cell conditional knockout (IEC KO) mice were generated using the
Cre-mediated recombination (El Marjou et al.,, 2004). Therefore, LRH-1 L2L2 mice were
crossed with villin-Cre transgenic mice; offspring mice harboring the Cre gene (villin-Cre x
LRH-1 L2L2) were the IEC KO and termed LRH-1'E¢ KO hereafter, whereas mice lacking the Cre
expression while expressing the floxed LRH-1 allele are referred to as LRH-1%f and used as

controls.

3.2.1.3 Cypllbl intestine specific knockout mice

The mice line was generated in house at the animal facility of the University of Konstanz. A
conditional Cyp11b1 allele with loxP sites flanking exons 3-5 was generated by homologous
recombination. Consequently, Cyp11lbl floxed mice (Cypllbl L2L2) were generated using
C57BL/6 embryonic stem cells. Cypllbl IEC KO mice were generated following Cre-
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recombination as described in section 3.2.1.2. Thus, Cyp11b1 L2/L2 mice were crossed with

Villin-Cre transgenic mice resulting in Cyp11b1'¥¢X%and Cyp11b1"/f mice.

3.2.1.4 Mice genotyping

Genotypes of mice were verified via PCR using genomic DNA extracted from tail biopsies of
4-5 weeks old mice. Tail biopsies were lysed in 400 ul of tail lysis buffer and incubated
overnight at 55°C on shaker. After that, Proteinase K was inactivated for 10 min at 95°C. 5 ul
of the supernatant was used as DNA template. Standard genotyping protocol was performed
using Tag DNA polymerase on peQlab PCR cycler.

For SHP -/- genotyping, 3x reaction master mixes were used:

1: Primer 1 and 2 for genotyping of the first loxP site.

2: Primer 3 and 4 for genotyping of the second loxP site.

3: Primer 1 and 4 for genotyping of the recombined allele.

Expected PCR product of the SHP knockout allele is at 500 bp, of the first loxP site is 225 bp
and of the second loxP site is 365 bp.

Genotyping PCR for SHP -/-

Temperature Time

95°C 5 min

95°C 30 sec

62°C 30 sec 35X
72°C 30 sec

72°C 5 min

4°C oo

Intestine specific LRH-1 and intestine specific Cyp11b1 knockout mice lines were genotyped

for Cre/Myogenin. Mice positive for the Cre gene at 320 bp were referred to as the IEC KO.

Genotyping PCR for Cre/Myogenein

Temperature Time

95°C 10 sec

95°C 30 sec

62°C 60 sec 5X pre-cycle
72°C 45 sec

95°C 30 sec

62°C 60 sec 35X

72°C 45 sec

95°C 30 sec

4°C oo
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3.2.2 AOM/DSS colon carcinogenesis model

The inflammation-driven AOM/DSS colon carcinogenesis model was established as described
previously (Neufert et al., 2007). Therefore, 7-11 weeks old age and sex- matched mice were
injected intraperitoneally (i.p.) with 12ug/g body weight AOM dissolved in phosphate
buffered saline (PBS) 5 days before the first cycle of DSS. Then, 2.2% (w/v) DSS (colitis grade:
36-50 kDa) was given in the drinking water for 5 consecutive days followed by 16 days normal
drinking water. This cycle was repeated 3 times. Body weights were measured every day after
DSS administration in the acute colitis phase and every second day in the recovery phase.
Besides body weight, mice were also observed for clinical signs of illness, persistent distress
or pain as well as general behavior and activity, accordingly a score is recorded. Mice were
humanely euthanized according to stop criteria when a certain score is reached as described

in the German guidelines of the Care and Use of Laboratory Animals.

Mice were sacrificed by CO; euthanasia at the indicated time points after the first DSS

treatment for macroscopic examination, histologic analysis and total RNA extraction.

Upon sacrifice, colons were collected from the anal verge to the caecum to maintain
consistent measurement of the colon length, and then colon length was measured. Colons
were opened longitudinally and washed with ice cold PBS several times. Afterwards pictures
were taken, tumor numbers and size were recorded. Tumor diameter was measured with a
sliding caliper and the volume was calculated using the following formula: V = 4/3 mr3. (v:

volume, 1t constant = 3.14 and r: radius = diameter/2).

For RNA extraction tumors and adjacent normal mucosa were collected using sharp surgical
blades, washed with cold DEPC H,O and immediately snap frozen in liquid nitrogen,
afterwards stored at -80° C for further analysis. The colon tissue was then “Swiss rolled” and
fixed overnight at freshly prepared 10% formalin in PBS for histological examination.

In some experiments colon tumors as well as normal mucosa from SHP -/- and SHP +/+ mice
were collected at day 64 following DSS treatment and ex vivo cultured for measurement of

glucocorticoid synthesis.
3.2.3 DSS acute colitis

Female mice were treated with 2.2% DSS in drinking water for 5 days followed by normal
drinking water, then mice were sacrificed as indicated in the respective experiments at days

5, 7 and 10, or at day 7 only, after DSS treatment for histologic analysis (Swiss rolls), ex vivo
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culture of colon tissue and total RNA extraction. Control mice received normal drinking water

for this experiment. Body weights were measured every day after DSS administration.

3.2.4 Histology

3.2.4.1 Tissue preparation

Freshly resected tissues were fixed overnight in 10% formalin at RT for paraffin embedding.
Tissues were dehydrated in ascending ethanol series and embedded in paraffin using the spin
tissue processor Microm STP 120. Paraffin-embedded sections were cut with a rotary
microtome at 4 um thickness and mounted on glass slides (Superfrost plus for H&E and F4/80

(macrophage) staining, or Histobond for CD3 (T cell) and Ki-67 (proliferation) staining).

3.2.4.2 Hematoxylin and eosin (H&E) staining

Slide sections were heated on a warm plate at 60°C to liquify the paraffin, then sections were
deparaffinized in xylene (3x for 5 min) and rehydrated using graded ethanol series (3x 100%,
90%, 80% then 70% for 5 min each) followed by washing in running tap water for 5min.
Afterwards sections were stained for 5 min with hematoxylin, washed for 5 min in running
tap water, then stained for 4 min with eosin and washed again for 5 min in running water.
Finally, sections were dehydrated in ascending ethanol series (70%, 90% and 2x 100%, 20 sec
each) followed by 3x immersion in xylene for 5 min. Slides were subsequently coverslipped
with mounting medium (Organo/Limonene Mount™) and dried overnight.

H&E stained slides were used to examine intestinal pathology and colon adenoma

development.

3.2.4.3 Histological colitis score

Hematoxylin and eosin stained Swiss roll sections were scored microscopically for colitis using
a scoring method as previously described (Horino et al., 2008). The colitis score was graded
according to 4 parameters: inflammation severity, inflammation extent, crypt damage as well
as the percent involvement. Minimum total colitis score was set to 0 and maximum total

colitis score was 40.

3.2.4.4 Immunohistochemistry (IHC)

Sections were deparaffinized in xylene (3x, 5 min) and rehydrated in graded ethanol series
(3x 100%, 90%, 80% then 70%, 5 min each) followed by washing in running tap water for 5
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min then washed in 1x TBS or 1x TBST for 5 min for immunohistochemical detection of F4/80-
, CD3-, and Ki67-positive cells.

F4/80 staining

F4/80 as a macrophage marker was detected via IHC. Therefore, following rehydration of the
sections, antigen retrieval was performed via incubation with 1x Proteinase K in TE buffer for
3 min at RT. Afterwards, slides were washed with 1x TBS for 5 min. Endogenous peroxidase
activity was blocked by 1% H,0; for 10 min, washed by immersion in 1x TBS, followed by
incubation with the antibody dilution buffer (5% goat serum + 5% mouse serum) for 1 h at RT
to block non-specific staining. The slides were dried carefully and incubated with the primary
antibody (rat anti-mouse F4/80 diluted 1:100 in antibody dilution buffer) overnight at 4°C in
a humified chamber, one control section was stained with anti-rat 1gG2a isotype control
diluted 1:100 in antibody dilution buffer to confirm the staining specificity. Next morning,
sections were immersed briefly in 1x TBS then washed 3x with 1x TBS for 10 min on a shaker.
For detection of F4/80 immunostaining, sections were incubated with the secondary
antibody (biotinylated goat anti rat diluted 1:100 in antibody dilution buffer) in the dark for
2 h in a humified chamber. Afterwards sections were washed 3x with 1x TBS for 10 min on a
shaker. Immune complexes were amplified using horseradish peroxidase coupled avidin-
biotin conjugate (Vectastain ABC Kit, Vector Laboratories) according to manufacturer’s
protocol, accordingly ABC reagent was incubated on the section for 30 min at RT. After that
sections were washed 3x with 1x TBS for 10 min on a shaker. Immune complexes were
developed and visualized with peroxidase Substrate 3,3’-diaminobenzidine (DAB) using
Peroxidase substrate Kit (ImmPACT DAB, Vector Laboratories) according to the
manufacturer’s instructions. Next, sections were washed with tap water for 5 min. The slides
were counterstained with hematoxylin for 10 sec, rinsed with water for 5 min and dehydrated
in ascending ethanol gradient (70%, 90%, then 2x 100% for 20 sec each) followed by 3x
immersion in xylene for 5 min. Lastly slides were coverslipped with mounting medium and

dried overnight.
CD3 staining

For the staining of the T cell marker CD3, slides were placed in a glass container filled with 10
mM sodium citrate buffer (pH 6.0) and containing 6 boiling chips. Antigen retrieval was
mediated by boiling the sections 3x for 5 min at a microwave (400 W) as described before

(Jakob et al., 2008). Afterwards, the sections were let to cool down for 30 min at RT. Next,
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slides were washed with 1x TBS for 5 min. Endogenous peroxidase activity was blocked as
described above. Nonspecific bonds were also blocked as described above by incubation in
the antibody dilution buffer (5% goat serum + 5% BSA in 1x TBS). Then, the sections were
incubated with the primary antibody (rabbit anti-mouse CD3 diluted 1:100 or 1:400 in
antibody dilution buffer) overnight at 4°C in a humified chamber. Anti-rabbit IgG was used as
isotype control. Next morning, sections were immersed briefly in 1x TBS then washed 3x with
1x TBS for 10 min on a shaker. For detection of CD3-positive cells, sections were incubated
with the secondary antibody (biotinylated goat anti rabbit diluted 1:100 in antibody dilution
buffer) in the dark for 2h in a humified chamber.

Afterwards signal amplification, development, counter staining as well as dehydration were

performed as described above. Then, sections were coverslipped and dried overnight

Ki67 staining

Proliferative status was assessed by performing IHC for the nuclear proliferation marker Ki-
67 (Schliter et al., 1993). Antigen retrieval was performed as described for CD3 staining. Next,
slides were washed 3x with running water for 5 min. Nonspecific bonds were blocked as
described above by incubation with 3% H,0: followed by antibody dilution buffer (5% goat
serum in 1x TBST). Then, sections were incubated with the primary antibody (rabbit anti-
mouse Ki-67 diluted 1:400 in antibody dilution buffer) overnight at 4°C in a humified chamber.
Anti-rabbit IgG was used as isotype control. Next morning, sections were immersed briefly in
1x TBST then washed 3x with 1x TBST for 10 min on a shaker. For detection of Ki-67-positive
cells, sections were incubated with the secondary antibody (biotinylated goat anti rabbit
diluted 1:100 in antibody dilution buffer) in the dark for 2h in a humified chamber. After that
sections were washed 3x in TBST for 10 min on a shaker. Signal amplification, development,

counter staining, dehydration and slides covering were performed as described above.

3.2.4.5 Microscopy

Pictures were acquired at a laser capture microdissection (LCMD) device (Zeiss) using

palmRobo v 4.6. software via AxioCamICcl1 camera.

3.2.5 Measurement of intestinal corticosterone synthesis

Ex vivo corticosterone synthesis in the intestinal mucosa or tumors and normal mucosa was

assessed by radioimmunoassay (RIA) as described previously (Cima et al., 2004).
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Tissue preparation for ex vivo culture

Mice were euthanized with CO; and a third of the colons or total number of isolated tumors
and adjacent normal mucosal tissue, as indicated for the respective experiments, were
isolated, cutted into 5-mm pieces, washed extensively in ice cold PBS, then pieces were
equally distributed in a 24 well plate and cultured in RPMI medium supplemented with 10 %
steroid free FBS and 1 ml gentamicin. Tissues were cultured in the absence or presence of
400 pg/ml metyrapone; the GC synthesis inhibitor. After 6- 16 hours of incubation, cell-free
supernatant was harvested, and corticosterone was measured by radioimmunoassay. To
correct for contamination from serum GCs i.e to present only locally synthesized GCs, results
were expressed as the metyrapone-blockable corticosterone in nanogram per gram tissue
weight (ng/g).

Radioimmunoassay (RIA)

Samples were boiled at 90° C for 15 min to separate the bound corticosterone from
corticosteroid-binding globulins. Then samples were centrifuged at 14.000 RPM for 10 min at
4° C and the supernatant was used for the assay. Duplicate samples (100 ul) were incubated
with 100 ul anti-corticosterone antibody (working dilution 1:20.000 in 0.1% BSA in RIA buffer)
for 15 min at 4° C on a shaker. Next, 100 ul hot corticosterone (working dilution: 2 pl/ml in
RIA buffer) was added to the samples and incubated overnight at 4° C on a shaker. Next
morning 100 pl 1x dextran/charcoal was added to the samples followed by vigorous vortex
mixing, then samples were incubated for 10 min at 4° C. Afterwards the samples were
centrifuged at 2500 x g for 15 min at 4° C. Meanwhile scintillation tubes containing 1.5 ml of
scintillation liquid were prepared, then 300 ul samples were added to the tubes and the
mixture was vortexed vigorously. Lastly, the radioactivity was measured using a Scintillation

and Luminescence Counter.
Preparation of the steroid free FBS

In order to reduce the contamination of steroids from the culture medium, tissues were
cultured in RPMI medium containing charcoal-stripped FBS prepared as previously described
(Cao et al., 2009). Firstly charcoal/dextran mix containing 0.25% activated charcoal, 0.0025%
dextran, 0.25 M sucrose, 1.5 mM MgCl,*6H,0 and 10 mM HEPES in H,O was prepared.

To activate the charcoal, the mixture was transferred to 50 ml tubes and incubated overnight
at 4 °C while shaking. Subsequently, the activated charcoal was pelleted by centrifugation at

500 x g for 10 min. Afterwards, the supernatant was decanted and replaced by an equal
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amount of heat-inactivated serum and vortexed. Then the mixture was incubated overnight
at 4 °C while shaking. The charcoal was pelleted by centrifugation at 500 x g for 10 min and

the steroid-free FBS was sterile filtered and stored at -20 °C.

3.2.6 Colorectal tumor organoids transplant
3.2.6.1 Colorectal tumor isolation, digestion and culture

Colon tumors were isolated as described previously (Xue and Shah, 2013) with minor
modifications. Colorectal tumors were isolated from mice at day 56 following first DSS
treatment. The mice were euthanized with CO;. Colons were collected, opened longitudinally
and washed with ice cold PBS, colon tumors were dissected using scissor and sharp surgical
blades and washed 3 times with ice cold PBS. Tumors were then incubated in 10 ml digestion
buffer (2.5% fetal bovine serum, 1 unit/ml penicillin, 1 ug/ml streptomycin, 200 U/ml type IV
collagenase, 125 pug/ml type 1 dispase in Dulbecoo’s Modified Eagle Medium) for 1 hr at 37
°C with gentle shaking at 15 min intervals. The tumor fragments were allowed to settle under
gravity for 1 min, and then supernatant was collected in a 15 ml falcon. The supernatant
containing tumor cell suspension was pelleted by centrifugation at 200 x g for 3 min at 4 °C
and washed once with 10 ml PBS. Then filtered through a 70-um followed by a 40-um cell
strainer to obtain single cells. Cells were pelleted by centrifugation at 200 x g for 3 min and

supernatant was discarded.

For culture, tumor cells were resuspended with 500 pl PBS. Isolated single cells were counted
using a hemocytometer. Tumor cells were then resuspended in BME diluted 3:4 with crypt
basal culture medium (Advanced DMEM/F12 medium containing 0.1% bovine serum
albumin, 2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin and
1mM N-acetyl cysteine stored at -20 in 48.5 ml aliquots, after thawing of one aliquot, medium
was freshly supplemented with 1x N2 (500 ul), 1x B27(1 ml), stored at 4°C and used within 4
weeks). Tumor cells were seeded at a density of 15.000 cells per 50 pul BME in 24 well plate
at 37° C, 5% CO; incubator.

The BME was let to polymerize for 20 min at 37 °C. After polymerization, 500 ul/well colon
tumor organoid culture medium was added (crypt basal culture medium containing 50 ng/ml
EGF, 20% R-Spondin conditioned medium, 100 ng/ml mNoggin, 10uM Y-27632 (ROCK
inhibitor), 500 nM A83-01 (TGFp inhibitor), 3 uM Chir99021 (GSK3 inhibitor) and 10 mM
Nicotinamide) as described previously (Canli et al., 2017). Then the plate was incubated at

37° C, 5% CO; incubator. Culture medium was changed every 2 days.
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3.2.6.2 Colorectal tumor organoid passage and storage

To passage organoids, the organoids and the BME were mechanically disrupted using a P1000
pipette with cutted tips and transferred to a 50 ml falcon. The suspension was centrifuged at
200 x g for 3 min. Afterwards the supernatant was removed, and the pellet was incubated
with 5 ml phenol red free TrypLE Express for 5 min at 37 °C with shaking every 2 min to digest
the BME and the organoids into small cells clusters. Afterwards 10 ml of DMEM medium was
added and the cells were pelleted by centrifugation at 200 x g for 3 min. The supernatant was
aspirated, and cells were washed with PBS and pelleted by centrifugation at 200 x g for 3 min.
Cells were then passaged at a 1:4 ratio and seeded as described above.

To freeze the organoids, they were recovered from BME plugs and dissociated as described
above, then the cell pellet was resupended in DMEM medium containing 40% FBS and 10%
DMSO and transferred into 1.5 ml cryo tubes. The tubes were stored immediately in a
Nalgene Mr. frosty freezing container and stored at -80°C. After overnight incubation, tubes

were transferred to liquid N2 tank for long-term storage.

3.2.6.3 Recovery of established organoids

To recover the organoids; frozen cells were recovered from N2 tank and kept at room
temperature until the sides are thawn while the center is still frozen, then immediately
transferred to a 50 ml falcon containing pre-warmed DMEM medium and washed. The tube
was then centrifuged at 200 x g for 3 min and medium was removed, cells were seeded as
described above (3.2.6.1).

3.2.6.4 Generation of R-spondin conditioned medium for organoid culture

HEK293 T cells were seeded at a density of 4.6 x 10° cells in DMEM medium containing 10%
FBS, 2 mM L-glutamine and 1 ml Gentamicin in T175 cell culture flask and let to grow
overnight at 37° C, 5% CO; incubator. Cells were then transiently transfected with 10 ug myc
tagged hR-spondin expression plasmid (pcDNA3.1 (+) hRspol mh (kl.9)) using Calcium-
Phosphate method. For transfection 2 tubes of transfection solutions were prepared: Tube 1
containing 100ul CaCl; (2.5M) and 10ug plasmid DNA in 300 pl H,0, while tube 2 contained
400 pl 2x HBS buffer. DNA/CaCl; solution was added drop wise to tube 2 while gently
vortexing and then incubated for 30 min at room temperature to form the fine precipitates
of calcium phosphate- DNA complexes. Meanwhile medium was removed from cells and cells
were washed with PBS. Fresh medium (20 ml) was added, and the complexes were then

added to the cells drop wise. After overnight incubation, supernatants were collected in 50
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ml falcon and new medium was added to the cells. Next morning, supernatants were
collected at the same 50 ml falcon and tested for functionality on organoid growth, moreover
cells were lysed, and western blot was performed using Myc antibody to confirm the

transfection efficiency.

3.2.6.5 Colorectal tumor organoids subcutaneous transplantation

Subcutaneous transplantation was performed as described previously with minor
modification (Melo et al., 2017). Organoids were collected from BME and dissociated into
small clusters of cells as descried for passaging. Approximately 2 x 10° cells were resuspended
in organoid basal media, admixed with 50% BME to a final volume of 200 ul, and injected
subcutaneously in the flanks of C57BL/6 wild-type mice; the knockout tumor organoids were
injected in the right flank while the control tumor organoids were injected in the left flank of
the same mouse. Tumor dimensions were measured using sliding caliper every three days
and tumor volume was calculated as 0.523 x length x width x width. Animals were humanely
euthanized according to the following criteria: clinical signs of persistent distress or pain,
significant body weight loss (>20%), tumor size exceeding 2.500 mm3, or when tumors
ulcerated. In none of the transplant experiments the stop criteria was reached. At day 12 or
24 after subcutaneous transplant, mice were euthanized with CO,, Subcutaneous tumors
were collected, and individual tumor weight and volume was measured. Afterwards, tumors
were fixed overnight at freshly prepared 10% formalin for histological analysis and stained

with H&E as described previously.

3.2.7 Quantitative real-time PCR (qPCR)

To analyze gene expression quantitative polymerase chain reaction (qPCR), also known as

real time polymerase chain reaction (RT-PCR) was performed.
RNA isolation

Total RNA was extracted from tissues using TriFast reagent according to the manufacturer’s
instructions. 1 ml of TriFast was added to tissue sample in a 2 ml tube containing
homogenizing beads and homogenized at a frequency of 300 Hz for 4 min in a tissue lyser.
The lysates were transferred into a 1.5 ml tube, incubated for 10 min at RT and shaken.

Afterwards to separate phases 200 ul of chloroform was added and the tube was shaken
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strongly for 1 min followed by incubation at RT for 3 min and shaken again. Samples were
then centrifuged at 12.000 x g, 4° C for 15 min.

For RNA precipitation, the aqueous phase was transferred into a new 1.5 ml tube and equal
volumes of isopropanol (500 ul) were added and pipetted up and down. Samples were
incubated for 15 min on ice, then centrifuged at 12.000 x g, 4 °C for 15 min. For RNA washing,
the supernatant was removed, and the pellet was washed twice with 1 ml ice-cold 75%
ethanol in DEPC H,0 and centrifuged at 7.600 x g, 4 °C for 5 then 8 min).

To solubilize the RNA, the RNA pellet was air-dried for 10 min at 56 °C and subsequently
dissolved in 20 ul pre-warmed DEPC H,0 (56 °C) and incubated at 56 °C for 15 min.

For DSS-treated tissue, RNA was isolated using SV Total RNA isolation kit according to
manufacturer’s instructions.

RNA quality and concentration were determined using a NanoDrop spectrophotometer.

Samples were stored at -80°C until analysis.
Reverse transcriptase PCR (RT-PCR)

For the conversion of RNA into complementary DNA (cDNA), a High Capacity cDNA reverse
transcription kit was used according to the manufacturer’s protocol. A total amount of 1 pg
RNA in 10 pl H,O was combined with 10 pul reverse transcription master mix (2 pl 10x RT-
buffer, 0.8 pl 25x dNTP mix, 2 ul 10x RT random primer mix, 1 pl transcriptase and 4.2 ul H,0)
in @ 0.2 ml PCR tube. The reaction was run in a peqStar PCR machine using the following
settings: lid 110 °C, 25 °C for 10 min, 37 °C for 120 min, 85 °C for 5 min. Obtained cDNA
samples were stored a -20 °C.

1 pl of the resultant cDNA was used to amplify mMGAPDH control gene combined with 19 pl
PCR master mix (2 ul 10x buffer, 0.5 ul dNTP mix, 2.5 ul primer mix, 0.125 pl Tag DNA
Polymerase and 13.875 H,0) using the following settings: lid 110 °C, 95 °C for 30 sec, 55 °C
for 30 sec, and 72 °C for 30 sec 72°C for 5 min. The PCR products were fractionated on 1.5%

agarose gel and visualized by red safe staining.

qPCR

Quantitative real time PCR was performed to quantify mRNA levels of the desired genes in
comparison to B-actin as an internal control using SYBR Green (a fluorescent dye that has an
excitation of 485 nm, SYBR Green binds double stranded DNA; upon binding the fluorescence
is enhanced >1.000-fold (Dragan et al., 2012)) on Applied Biosystems StepOne Real-Time PCR

System that detects the fluorescence emitted by the excited SYBR Green at real-time.
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To each well of 96 well PCR plate, duplicates of 2 ul diluted cDNA was added to 18 pl master
mix (for all primers except quantitect: 7 pl H.0, 1 ul primer mix, since quantitect primers were
provided as 10x stocks, 2 pl from the primer mix and 6 pl H,O were used instead, then 10 pl
Fast SYBR®Green Master Mix was added). Plates were sealed with polyolefin film and
centrifuged at 1000 x g for 10 sec. Afterwards the gPCRs were run in a StepOnePlus Real-Time
PCR System and analyzed using StepONE software. The threshold cycles (CT) were
determined for each gene and gene expression was calculated by the comparative CT
guantization method, therefore CT values of B-actin were subtracted from CT values of the
target genes (A CT) (Schmittgen and Livak, 2008) and relative gene expression was calculated

as 2—ACT

3.2.8 Western Blot

Western blot was used to quantify and detect proteins from cell lysates. Following extraction,
proteins were separated by their size and detected with specific antibodies before they were

visualized with a chemiluminescence reaction.

Protein extraction for western blot

HEK293 T cells were lysed in ice cold NP-40 lysis buffer. The lysates were incubated with the
lysis buffer for 10 min on ice. Next, lysates were centrifuged at 13.000 RPM for 10 min at 4°
C. Then supernatant was transferred into a fresh tube and protein concentration was
measured using the Pierce BCA protein assay kit according to manufacturers’ protocol.
Afterwards proteins were diluted in a 5x loading buffer and denatured by boiling at 95° C for

5 min.

Western Blot and SDS- polyacrylamide gel electrophoresis (SDS-PAGE)

Polyacrylamide gels consisting of a 5% stacking gel and a 12% resolving gel were prepared.
After gels polymerized, they were transferred to electrophoresis chamber and filled with SDS
running buffer. Equal amounts of proteins were loaded into the gels, moreover a protein
standard (PageRuler Prestained Protein Ladder) was loaded with the samples to determine
the molecular size of the proteins. Afterwards samples were run at 70 V through the stacking
gel until the resolving (separation) gel was reached, then the voltage was increased to 120 V.
The separated proteins were then transferred by wet blotting onto polyvinylidene difluoride
(PVDF) membranes. For protein transfer, an assembly of a sponge, 2 whatman papers, the

PVDF membrane, the SDS-PAGE gel, 2 Whatman papers and another sponge on top was
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prepared and fixed, then transferred to a running chamber filled with transfer buffer and

placed on ice. Western blot was performed for 1.5 h at 350 mA.

Immunoassay

Following protein transfer, the membranes were blocked in 5% milk powder in TBS-T for 1 h.
Subsequently; the membranes were incubated with the primary antibodies for the detection
of Myc and Tubulin as a loading control diluted in 5% milk powder in TBS-T. After overnight
incubation at 4° C on a shaker, membranes were washed 3x for 5 min in TBS-T. Then
incubated with a horse radish-coupled secondary antibody diluted in 5% milk powder in TBS-
T for 1 h at RT. Afterwards, membranes were washed 3x in TBS-T on a shaker. Finally, the
development of the specific bands was achieved by chemiluminescence after addition of 1 ml
ECL solution containing H,O; directly to the membranes. Chemiluminescent signals were
detected with an Image Quant LAS 4000 (GE Healthcare).

3.2.9 Statistical analysis

Results are expressed as means * SD. Alternatively, individual values and the mean of the
group are shown. Statistical parameters including the exact value of n, dispersion and
precision measures (mean + SD) and statistical significance and the tests used are reported
in the figure legends. GraphPad PRISM 6 software was used for statistical analysis. Statistical
tests used were unpaired student’s t-test when comparing two groups and two-way ANOVA
followed by Tukey’s multiple comparison test when comparing multiple groups. The Kaplan-
Meier method was used to estimate survival distribution between the groups and log-rank
tests were applied to compare survival rates.

A p value < 0.05 was set as the level of significance. The p values were represented in the
figures and indicated in the legends as * p < 0.05, ** p< 0.01, *** p <0.001, **** p < 0.0001.
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4 Results

4.1 Conditional deletion of LRH-1 in the intestinal mucosa exacerbates DSS

induced colitis

Accumulating evidence has shown that intestinal inflammation and subsequent immune cell
activation promotes the local synthesis of glucocorticoids (GCs), which in turn suppress
intestinal immune cells and associated inflammatory processes (Cima et al., 2004; Huang et
al., 2018; Noti et al., 2010b, 2010a). It is also known that intestinal GCs synthesis and
steroidogenic enzyme expression is regulated by LRH-1 (Mueller et al., 2006, 2007).
Moreover, LRH-1-mediated GCs synthesis protects against intestinal inflammation (Coste et
al., 2007). Hence, in order to further investigate the role of LRH-1-induced steroidogenic
enzymes in the regulation of intestinal inflammation, we used a well-established murine
model of experimental colitis, the dextran sodium sulphate (DSS) colitis model, in mice with
a conditional deletion of LRH-1 in the intestinal epithelial cells (LRH-1'€¢X%). Consequently,
conditional LRH-1-deleted mice and wild type control mice (LRH-1%f) were exposed to 2.2%
dextran sodium sulfate (DSS) in the drinking water for 5 days followed by 2 days of normal
drinking water, while untreated control LRH-1'¥¢ X0 and LRH-1"f mice received normal

drinking water (Figure 8A).

DSS is an inflammatory agent that causes damage in the epithelium compromising the barrier
integrity (Egger et al., 2000; Kim et al., 2012), thus exposing the epithelium immune cells to
the luminal microbiome. Consequently, an acute inflammation occurs that peaks at day 7 and
subsequently resolves (Noti et al., 2010a).

Supporting previous findings (Coste et al., 2007) a significantly increased inflammatory
response following DSS treatment at day 7 was observed in the LRH-1'¥¢X° mice compared to
their LRH-1"f counterparts. This was evidenced by increased shortening of the colons (Figure
8B and C) and paralleled by increased colitis score (Figure 8D). Histological analysis of the
Swiss-rolled colon sections from DSS-treated mice at day 7 revealed severe tissue damage in
the LRH-1"8¢*O mice, characterized by crypt loss and complete destruction of the mucosa and
accompanied by massive immune cells infiltrating into mucosal layers (Figure 8E, right panel).
In contrast, LRH-1%f mice suffered from moderate signs of inflammation, with restored crypt
architecture and reduced inflammation in the mucosa (Figure 8E, left panel). Our results
clearly indicate that LRH-1 is required for intestinal epithelium homeostasis, as the loss of

LRH-1 in the IECs exacerbated intestinal inflammation.
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Figure 8 LRH-1 deletion exacerbates intestinal inflammation

(A) Scheme of colitis induction. Colitis was induced in 8-9 weeks old LRH-17/f and LRH-1"¥¢¥° female mice (n = 4
per group) by administration of 2.2% (w/v) DSS in the drinking water for 5 days followed by normal drinking
water for 2 days. Control mice received normal drinking water (n = 6 per group), mice were analysed at day 7.
(B) Representative macroscopic pictures from colon samples of DSS-treated mice at day 7. (C) Colon length and
(D) Histological colitis score of DSS-treated mice at day 7. (E) Representative H&E staining of Swiss-rolled colon
sections of mice treated with DSS at day 7. Scale bars: 300 um overview, 150 um inlay. Data are mean * SD.
Statistical analyses were performed using unpaired student’s t-test with p value: *<0.05.

Next, in order to investigate the role of LRH-1 in the regulation of basal and colitis-induced
expression of steroidogenic enzymes, we isolated colon tissue from DSS-treated LRH-1'E¢ KO
and LRH-1"f mice at the peak of inflammation (day 7) and from untreated mice. mRNA was
extracted and the expression of the steroidogenic enzymes and their key transcriptional
regulator, LRH-1, was analyzed. Consistent with LRH-1 deletion in the intestinal epithelium,
decreased expression of LRH-1 was shown in colons from LRH-1'€¢ kO mice (Figure 9A). In
agreement with increased LRH-1 activation and function upon inflammation (Coste et al.,
2007), significant upregulation of the steroidogenic enzymes required for the de novo
synthesis of corticosterone including Cypl1al (Figure 9B), Cyp11b1 (Figure 9C) and Cyp21
(Figure 9D) was observed in LRH-1%f mice upon induction of inflammation. However, due to
the deletion of LRH-1, LRH-1"8¢ XO mice failed to upregulate these normally colitis-induced

enzymes (Figure 9B-D).
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Recently, it has been shown that in IBD patients, the GCs metabolism pathway is
dysregulated. This has been demonstrated by a significant downregulation in the expression
of HSD11B2 (the inactivating enzyme of cortisol). Whereas, a trend towards a higher
expression of HSD11B1 (the reactivating enzyme of cortisol from the inactive form cortisone)
was observed in colon samples from IBD patients (Hussey et al., 2017). These results suggest
a potential role of the dysregulation of GCs metabolism in the pathogenesis of IBD.
Supporting this notion, we were able to monitor a significant colitis-induced upregulation of
Hsd11b1 expression that appears to be lower in the LRH-1'E¢ KO mice (Figure 9E), while a
downregulation of Hsd11b2 in both mice lines was observed (Figure 9F). Thus far, we have
shown that colitis-induced expression of steroidogenic enzymes in the colon is dependent on
LRH-1, since intestinal deletion of LRH-1 strongly reduced Cypllal, Cypllbl and Cyp21
colitis-induced expression. Moreover, the colitis experiment clearly showed that LRH-1
activity is critical for suppressing inflammation and maintaining epithelial homeostasis after
acute tissue damage, as evidenced by increased inflammatory response and tissue damage

in LRH-1 conditional knockout mice.
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Figure 9 LRH-1-dependent regulation of steroidogenic enzymes

Gene expression of (A) LRH-1, (B) Cypl1lal, (C) Cypllbl, (D) Cyp21, (E) Hsd11b1l and (F) Hsd11b2 from colons
of LRH-1"" and LRH-1""¢X© untreated mice (n = 6 per group) or mice treated for 5 days with 2.2% DSS followed
by 2 days of normal drinking water and analysed at day 7 (n = 4 per group). Data was measured by quantitative
PCR and normalized to the level of f-actin mRNA. Data are mean + SD. Statistical analyses were performed using
Two-way ANOVA followed by Tukey’s multiple comparison test with p values: * <0.05, ** <0.01, *** <0.001,
*¥*%%* <0.0001. UT = untreated. ns = not significant.
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4.2 LRH-1 intestine-specific knockout mice develop reduced incidence and

size of inflammation-driven colon tumors

LRH-1 has also been described as an oncogene that derives intestinal tumorigenesis by
affecting cell cycle and proliferation in synergy with the B-catenin/TCF4 signaling pathway.
This was evident by the fact that heterozygous LRH-1 mice develop less intestinal tumors
(Schoonjans et al., 2005). Considering the fact that colon cancer development is linked to
chronic inflammation (Lasry et al., 2016) and since we have seen a critical role of LRH-1 in
controlling inflammation, we next aimed at investigating the role of LRH-1 in inflammation-
derived tumorigenesis. Therefore, we applied an inflammation-driven colon carcinogenesis
model, the chemically induced Azoxymethane (AOM)/DSS model (Neufert et al., 2007), to

induce tumors in the LRH-1 intestine-specific knockout mice.

Firstly, due to differences in strain susceptibility to AOM/DSS colitis-induced colon
carcinogenesis in mice (Suzuki, 2005), we aimed at optimizing the dose of AOM and DSS for
our inbred strains. Therefore, we treated wild type C57BL/6 mice with a single intraperitoneal
(i.p.) injection of 12 pg/g AOM followed by 2 cycles of 2.2% DSS in the drinking water for 5
days with intermittent normal drinking water for 16 days and observed the tumor growth.
AOM/DSS treatment resulted in the development of dysplastic lesions or microadenoma (< 1
mm) extended in the proximal to distal part of the colons of wild type mice at day 28 (data
not shown), as described previously for the AOM/DSS treatment (Robertis et al., 2011).

According to the published histopathological scoring system (Boivin et al., 2007)., histological
and immunohistochemical analyses of the Swiss-rolled colon sections at day 28 after
AOM/DSS treatment revealed excessive inflammation characterized by crypt loss, epithelial
erosion, hyperplasia and the development of focal areas of high-grade dysplasia also known
as carcinoma in situ (Figure 10A). Development of dysplasia represents the first step in
carcinoma development after chronic colitis (De Lerma Barbaro et al.,, 2014). These
microadenomas were characterized by excessive proliferation as evidenced by the positive
staining for the proliferation marker Ki-67 (Figure 10B). Furthermore, the microadenomas
were infiltrated with massive numbers of mononuclear inflammatory cells (Figure 10A). Solid
tumors including colon tumors are typically infiltrated with leukocytes, mostly lymphocytes
and macrophages, which account for up to 50% of the tumor mass (Sica et al., 2008a). Indeed,
we observed mainly F4/80-positive macrophages (Figure 10C) and CD3-positive T cells (Figure

10D) infiltrating the inflamed tissue especially the microadenoma.

64



Results

This experiment clearly showed that the AOM/DSS doses used are optimum for the

development of colon neoplasia in our inbred mice.

Figure 10 AOM/DSS treatment induced colon tumor formation in wild type mice characterized by massive
immune cell infiltration

Wild type C57BL/6 mice (7-8 weeks old) were treated with i.p. injection of 12 ug/g AOM, followed by two cycles
of 2.2% DSS for 5 days in the drinking water which was interrupted by 16 days normal drinking water. Colons
were collected at day 28 following AOM/DSS treatment. Swiss-rolled colon sections stained for (A) H&E and IHC
for (B) Ki-67, (C) F4/80 and (D) CD3. Representative result from 3 independent mice is shown. Scale bars:
overview 300 um, inlay 150 um.

After optimization of the AOM/DSS treatment for our inbred mice, we next aimed at
investigating the role of LRH-1 in inflammation-derived tumorigenesis at a later time point of
the AOM/DSS treatment, namely day 56, at which multiple macroscopic colorectal tumor
development was reported (Neufert et al., 2007). Consequently, we treated LRH-1'8¢ KO gnd
LRH-1%f control mice with 12 pg/g AOM followed by 3 cycles of 2.2% DSS in the drinking
water for 5 days with intermittent normal drinking water for 16 days and then analyzed the
tumor growth at day 56 following AOM/DSS treatment (Figure 11A). In line with the previous
results, LRH-1'5¢ X0 mice suffered from exacerbated colitis compared to LRH-1f mice during
DSS treatment that persisted in all the 3 cycles, as evidenced by an increased weight loss and
a delayed recovery (Figure 11B). Supporting the role of LRH-1-mediated proliferation and
consequent tumorigenesis (Schoonjans et al., 2005), LRH-1"8¢ KO mice developed reduced
number of colitis-associated colorectal tumors at day 56 (Figure 11C and D) that were
significantly smaller in size compared to LRH-1%f (Figure 11E and F). Since we analyzed the

mice after they recovered from the chronic inflammation at day 56, and as both mice lines
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recovered to almost 100% of initial body weight (Figure 11B), no differences in colon length
were detectable as expected (Figure 11G).

Our results clearly indicate that chronic inflammation is not the only driver of colon
carcinogenesis, since although the LRH-1'8¢ *O mice suffered from severe colitis, yet they

developed significantly smaller tumors compared to control mice.
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Figure 11 Deletion of LRH-1 in the intestinal epithelium attenuates colitis-associated colorectal cancer
development

(A) Scheme of the AOM/DSS treatment is shown. Colitis-associated cancer was induced in 8-11 weeks old
LRH-1"" and LRH-1""¢X° mice by i.p. injection of 12 pg/g AOM, followed by three cycles of 2.2% DSS for 5
days in the drinking water which was interrupted by 16 days of normal drinking water. (B) Percent body
weight change normalized to initial body weight at day 0 of mice treated as in A, (n =5 per genotype). Data
show representative results from 3 independent experiments. (C) Macroscopic pictures of colonic tumor
development (arrows) in representative mice at day 56 following AOM/DSS treatment. (D) Total tumor
numbers, (E) Tumor numbers according to size, (F) Tumor volume and (G) Colon length of AOM/DSS treated
mice at day 56. (D-G) n = 7-8 mice per group. Data are mean * SD from 3 independent experiments. Statistical
analyses were performed using unpaired student’s t-test with p values: * <0.05, ** <0.01. ns: not significant.
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Our previous result suggests a more dominant role of LRH-1-induced proliferation in this
phenotype. Confirming this hypothesis, histopathological and immunohistochemical analyses
of Swiss-rolled colon sections from AOM/DSS-treated mice at day 56 revealed that LRH-1/f
mice exhibited increased Ki-67 staining further supporting the increased tumor formation in
these mice (Figure 12B, left panel). Moreover, LRH-1"f mice displayed severe tissue
pathology as shown by massive formation of high-grade tubular adenoma mostly
accompanied by mucosal hyperplasia and increased immune cell infiltration into the mucosal
layers (Figure 12A, left panel). In contrast, LRH-1'¥¢XO mjce suffered from moderate intestinal
pathology as shown by low-grade adenoma, mucosal hyperplasia with more prominent
aberrant crypt foci (ACF) and a few normal crypt structures, we also monitored immune cell
infiltration into mucosal layers (Figure 12A, right panel). Moreover, due to the loss of LRH-1,
colons from LRH-1 '8¢ X9 mice exhibited reduced proliferation (Figure 12B, right panel). Our
findings emphasize an important role of LRH-1-induced proliferation in the development of
colorectal tumors, since LRH-1 deletion resulted in reduced proliferation and subsequent

tumor formation despite the increased inflammation during the three DSS cycles (Figure 11B).

H&E
Ki-67

Figure 12 Deletion of LRH-1 in the intestinal epithelium results in reduced proliferation and associated
colorectal tumor development

Colitis-associated cancer was induced in 8-11 weeks old LRH-1"f and LRH-1"5¢® mice by i.p. injection of 12 ug/g
AOM, followed by three cycles of 2.2% DSS for 5 days in the drinking water which was interrupted by 16 days of
normal drinking water. Swiss-rolled colon sections stained for (A) H&E and (B) IHC for Ki-67. Representative
results from AOM/DSS treated mice at day 56 are shown. n = 7-8 mice per genotype. Scale bars: overview 300
pm, inlay 150 pm.
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4.3 SHP-deficiency abrogates inflammation-driven colorectal tumor

development

We have clearly seen that LRH-1 is required for colon tumor development. Therefore, an
exciting question came along: what will happen if we have an enhanced activity of LRH-1
utilizing the same inflammation-driven colon carcinogenesis model? In an attempt to answer
this valid and very interesting question we next used the AOM/DSS model to induce colitis-
associated colorectal cancer in mice deficient for the nuclear receptor and the potent
inhibitor of LRH-1, SHP (Lee and Moore, 2002). Recently, it has been shown that deficiency of
SHP results in increased intestinal GC synthesis following viral infection (Huang et al., 2018).
Furthermore, unpublished data from C. Reinhold at the group of Prof. Dr. Brunner (University
of Konstanz, Department of Biochemical Pharmacology) demonstrated that SHP-deficient
mice have an enhanced LRH-1 activity at the intestinal epithelium, as evidenced by increased
target genes expression, such as cyclin D1 and E1 (Unpublished data, data not shown).
Therefore, wild type control mice (SHP +/+) as well as SHP-deficient mice (SHP -/-) were
treated with AOM/DSS as described previously and the mice were analyzed at days 56 and
64 following treatment (Figure 13A).

In line with potentiated LRH-1 activity and given the role of LRH-1 in intestinal homeostasis
after inflammation, indeed SHP-/- mice displayed more resistance to DSS-induced colitis
compared to their wild type counterparts. This was evident by significant protection of the
SHP-/- mice from weight loss. This protection was already shown after the first cycle of DSS
accompanied by improved recovery. The differences in body weight loss were even more
pronounced after the third DSS cycle (Figure 13B). The severity of the weight loss in wild type
mice required us to humanely euthanize some mice before the end point (days 56 and 64).
As a consequence of attenuated chronic colitis, SHP-/- mice showed extended survival (Figure
13H). Surprisingly and contrary to our expectations, SHP-/- mice developed remarkably
reduced inflammation-driven colorectal tumors, which were also smaller in size when
compared to the wild type counterpart (Figure 13C-G). Interestingly, some SHP-/- mice were
completely protected from tumor development (Figure 13C). Noteworthy to mention, a very
interesting finding was that among the few tumors that developed in the SHP-/- mice, there
were extremely big tumors with a diameter of 5 mm (Figure 13C, lower panel), whereas the

biggest tumor diameter from wild type observed was 3 mm.
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Although we did not except differences in colon length in the recovery phase at days 56 and
64 where both mice lines recovered to almost 100% of initial body weight (Figure 13B),

increased shortening of the colons of control mice was monitored (Figure 13l).
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Figure 13 SHP- deficiency abrogates inflammation-driven colorectal tumor development

(A) Colitis-associated cancer was induced in 7-11 weeks SHP +/+ and SHP -/- mice by i.p. injection of 12 pg/g
AOM, followed by three cycles of 2.2% DSS for 5 days in the drinking water which was interrupted by 16 days of
normal drinking water. Scheme of the AOM/DSS treatment is shown. (B) Percent body weight change
normalized to initial body weight at day 0 of mice treated as in A, results from 4 independent experiments.
(C) Macroscopic pictures of colonic tumor development (arrows) in representative mice at day 64 following
AOM/DSS treatment. Quantification of (D) Total tumor numbers and (E) Tumor volume in mice at days 56 and
64 following AOM/DSS treatment. Quantification of tumor numbers according to size in AOM/DSS treated mice
at days (F) 56 and (G) 64. (H) Survival curve describing the percentage of mice survived until the end point of
the experiment at day 64 (n = 8 per group), representative result of 3 independent experiments. () Colon length
of mice at days 56 and 64 following AOM/DSS treatment. (D-G, 1) day 56 (n = 7 mice per group), day 64 (n = 6-
10 mice per group). Data are mean + SD from 3 independent experiments. Statistical analyses were performed
using unpaired student’s t-test with p values: * <0.05, ** <0.01, *** <0.001, **** <0.0001.
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Histopathological analysis of H&E stained Swiss-rolled sections showed a massive tumor
development in wild type mice at days 64 (Figure 14), and 56 (Figure 15A) following AOM/DSS
treatment. The wild type tumors showed prominent high-grade tubular adenomas, extensive
mucosal hyperplasia and immune cell infiltration in all epithelial layers (Figure14 and 15A). In
contrast, a striking protection of the SHP-/- mice epithelium from AOM/DSS-induced tissue
damage and subsequent tumor formation was observed. This was evidenced by moderate
inflammation of the mucosa and more prominent normal crypt structures, while few ACF,
dysplastic epithelium and low-grade adenomas was shown in SHP-/- mice (Figure 14 and
15A). In line with the increased tumor formation in wild type mice, immunohistochemical
analyses of stained sections from AOM/DSS-treated mice at day 56, revealed increased
proliferation as visualized by higher numbers of Ki-67-positive cells in sections from wild type
mice compared to SHP-/- mice (Figure 15B). Additionally, a remarkable proportion of cells
infiltrating the tumors from wild type were CD3-positive T lymphocytes that was reduced in
sections from SHP-/- mice (Figure 15C), further confirming the increased inflammatory state
in colons from wildtype mice compared to SHP-/- upon AOM/DSS treatment. However, due

to technical issues we were not able to detect macrophages.

Taken all together, SHP-deficiency abrogates inflammation-driven colon carcinogenesis by

suppressing inflammation and associated tumorigenesis.

Figure 14 SHP-deficient mice exhibit mild intestinal pathology following AOM/DSS treatment
Colitis-associated cancer was induced in 7-11 weeks SHP +/+ and SHP -/- mice by i.p. injection of 12 pg/g AOM,
followed by three cycles of 2.2% DSS for 5 days in the drinking water which was interrupted by 16 days of normal
drinking water. Representative H&E stained Swiss-rolled colon sections from AOM/DSS treated mice at day 64
are shown. n= 6-10 mice per group. Scale bars: overview 300 um, inlay 150 um.
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SHP +/+ SHP -/-

Figure 15 SHP-deficient mice show reduced AOM/DSS-induced tumor formation and immune cell infiltration
Colitis-associated cancer was induced in 7-11 weeks SHP +/+ and SHP -/- mice by i.p. injection of 12 pug/g AOM,
followed by three cycles of 2.2% DSS for 5 days in the drinking water which was interrupted by 16 days of normal
drinking water. Representative results of Swiss-rolled colon sections stained for (A) H&E and IHC for (B) Ki-67
and (C) CD3 from AOM/DSS treated mice at day 56. n = 7 mice per group. Scale bars: 5x overview (left panels)
300 um, 20x inlay (right panels) 150 pm.

4.4 SHP-deficient mice are protected from chronic colitis

We have now seen that SHP-/- mice are protected from colitis-associated cancer. Therefore,
we next aimed at investigating an earlier time point of the AOM/DSS treatment, namely day
49 since it represents the peak of chronic inflammation, as evidenced by the highest weight
loss that mice exhibited during the three cycles of DSS exposure (Figure 13B). Consequently,
SHP-/- and wild type control mice were treated with AOM/DSS as described previously and
analyzed at day 49 (Figure 16A). Supporting previous results (Figure 13A), SHP-/- mice
exhibited ameliorated DSS-chronic colitis (data not shown) and subsequent tumorigenesis
(Figure 16B). This was evident by a significant reduction in the shortening of colon length
(Figure 16C) and colorectal tumor formation (Figure 16D) compared to wild type.
Furthermore, although histopathological analysis of H&E stained Swiss-rolled sections

revealed excessive tissue damage and inflammatory cells infiltrating the mucosa, submucosa
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and muscularis in both mice lines, SHP-/- mice showed few ACF and carcinoma in situ. In

contrast, wild type mice showed formation of high-grade tubular adenomas (Figure 16E).

These results confirm that SHP-deficiency protects mice from the formation of colonic
neoplasia by resisting tissue damage even after chronic colitis and thereby suppressing tumor

initiation and progression.
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Figure 16 SHP-deficiency protects mice from chronic colitis and associated tumorigenesis following AOM/DSS
treatment

(A) Colitis-associated cancer was induced in 7-11 weeks SHP +/+ and SHP -/- mice by i.p. injection of 12 pg/g
AOM, followed by three cycles of 2.2% DSS for 5 days in the drinking water which was interrupted by 16 days of
normal drinking water. Scheme of the AOM/DSS treatment is shown, mice were analysed at day 49. (B)
Macroscopic pictures of colonic tumor development (arrows) in representative mice at day 49 following
AOM/DSS treatment. (C) Colon length and (D) Total tumor numbers of mice at day 49 following AOM/DSS
treatment. (E) Representative H&E stained swiss-rolled colon sections from AOM/DSS-treated mice at day 49.
Scale bars: overview 300 um, inlay 150 um. n=4-5 mice per group. Data are mean + SD. Statistical analyses were
performed using unpaired student’s t-test with p values: * <0.05, ** <0.01.
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4.5 SHP-deficient mice develop ameliorated colitis

In order to investigate the mechanism underlying the resistance of SHP-/- mice to chronic
colitis and associated carcinogenesis, we performed an acute colitis experiment to investigate
the effect of SHP-deficiency on inflammatory processes. Therefore, colitis was induced in
SHP-/- and wild type control mice by 2.2% DSS in the drinking water for 5 days followed by 5
days of normal drinking water, colons were collected from mice at days 5,7 and 10 following
DSS exposure for analysis (Figure 17A). These time points represent the peak of inflammation
and GC synthesis (days 5 and 7), and recovery from inflammation (day 10) following DSS
treatment (Noti et al., 2010a). As before, control mice received normal drinking water. In line
with previous results, SHP-/- mice developed ameliorated colitis compared to wild type mice
(Figure 17B-E). This was evidenced by significant resistance to DSS-induced weight loss

(Figure 17C), reduced colon shortening (Figure 17D) and colitis score (Figure 17E).

The intestinal mucosa is a potent source for the production of immunoregulatory GCs upon
inflammation (Cima et al., 2004). Furthermore, unpublished data from C. Reinhold at the
Brunner lab. demonstrated an increased expression of LRH-1 target genes (Cyclin D1 and E1)
in SHP-/- intestinal mucosa, suggesting an increased LRH-1 activity (Unpublished data). In line
with this, it has recently been shown that SHP-/- mice exhibit increased LRH-1-induced GC
production upon viral infection compared to control mice (Huang et al., 2018). Therefore, we
hypothesized that SHP-/- mucosa resist inflammation due to increase of LRH-1-induced GC
production upon DSS treatment, leading to reduced inflammation and associated tissue
damage. In order to test this hypothesis, we proceed to measure the local GC produced
during the DSS treatment as described previously (Cima et al., 2004). Consequently, a third
part of the colons from untreated or DSS-treated mice at days 5,7 and 10 were ex vivo
cultured in the presence or absence of the GC synthesis inhibitor metyrapone, to correct for
serum GC contamination. Supporting our hypothesis, indeed SHP-/- mucosa produced
significantly higher levels of immunoregulatory GCs at the peak of inflammation (day 7)

compared to wild type mice (Figure 17F).
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Figure 17 SHP-deficient mice develop ameliorated colitis due to increased local GC synthesis

(A) Scheme of colitis induction. Colitis was induced in 7-11 weeks old SHP +/+ and SHP -/- female mice by
administration of 2.2% (w/v) DSS in the drinking water for 5 days followed by normal drinking water for 5 days.
Control mice received normal drinking water, mice were analysed at days 5, 7 and 10. (B) Representative
macroscopic pictures from colon samples of untreated and DSS-treated mice at days 5 and 7. (C) Percent body
weight change normalized to initial body weight at day 0 of mice treated as in A, results from 2 independent
experiments. (D) Colon length and (E) Histological colitis score of untreated and DSS-treated mice at days 5,7
and 10. (F) Colons from untreated and DSS-treated mice at days 5,7 and 10 were cultured ex vivo for 6 h in the
presence or absence of metyrapone. Corticosterone in the cell-free supernatant was measured by RIA. n = 3-6
mice per group. Data are mean * SD. Statistical analyses were performed using unpaired student’s t-test with p
values: * <0.05, ** <0.01. UT = untreated. ns = not significant.

Analysis of the Swiss-rolled H&E stained sections revealed nicely that SHP-/- mice suffered
from moderate inflammation compared to wild type mice following DSS treatment,
characterized by few altered crypts and inflammation in the mucosa and the submucosa with
restored crypts architecture at days 5, 7 and 10 (Figure 18, right panels). Instead, wild type
mice suffered from severe tissue damage at day 5 evidenced by complete destruction of the

mucosa and crypt loss accompanied by massive immune cells infiltrating all the mucosal
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layers in some parts of the colon, which was even more pronounced at the peak of
inflammation (day 7) and persisted at day 10 (Figure 18, left panels).
We conclude that SHP-deficient mice are protected from colitis due to increased local GC

production upon inflammation compared to wild type.

SHP +/+

Figure 18 SHP-deficiency protects mice from acute colitis

Colitis was induced in 7-11 weeks old SHP +/+ and SHP -/- female mice by administration of 2.2% (w/v) DSS in
the drinking water for 5 days followed by normal drinking water for 5 days. Control mice received normal
drinking water, mice were analysed at days 5, 7 and 10 following DSS treatment. Representative H&E stained
Swiss-rolled colon sections are shown. Scale bars: overview 300 um, inlay 150 um. n= 3-6 mice per group.
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Next, in order to investigate the effect of SHP deficiency in the expression of steroidogenic
and inflammatory factors upon colitis induction, we proceed to isolate colon tissue from SHP-
/- and wild type DSS-treated mice at days 5,7 and 10 and from untreated mice, then mRNA
was extracted, and the expression of steroidogenic and inflammatory factors was analyzed.
As shown previously (Coste et al.,, 2007), LRH-1 expression was not changed upon DSS-
induced inflammation in both genotypes (Figure 19A). However, in line with increased LRH-1
activity and associated GC synthesis (Figure 17F), we monitored significant increased
expression of the steroidogenic enzymes Cyp11al (Figure 19B) and Cyp11b1 (Figure 19C) in
colons from DSS-treated SHP-/- mice at day 7 compared to wild type mice. It has been
described previously that the pro-inflammatory cytokines Tnf and II-6 are elevated following
DSS colitis (Coste et al., 2007). Indeed, we observed upregulation of Tnf and 1I-6 in both
genotypes upon colitis induction (Figure 19D and E). Consistent with reduced inflammation,
reduced expression of Tnf and II-6, while a significant increase in the expression of the anti-
inflammatory cytokine 1I-10 was observed in colons from SHP-/- DSS-treated mice at day 7
(Figure 19D-F).

Taken together, SHP-/- mucosa produce more immunoregulatory GCs upon inflammation

due to increased LRH-1 activity, and thereby suppress inflammatory immune responses and
subsequent tissue damage.
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Figure 19 SHP-deficient colonic mucosa exhibit increased steroidogenic enzymes expression and reduced
inflammatory responses upon colitis induction

Gene expression of (A) LRH-1, (B) Cyp11al, (C) Cyp11b1, (D) Tnf, (E) II-6 and (F) 1110 from colons of SHP +/+ and
SHP -/- mice treated for 5 days with 2.2% DSS followed by 5 days of normal drinking water and analysed at days
5,7 and 10. Data was measured by quantitative PCR and normalized to the level of B-actin mRNA. n =3-6 per
group. Data are mean * SD. Statistical analyses were performed using Two-way ANOVA followed by Tukey’s
multiple comparison test with p values: * <0.05, ** <0.01, *** <0.001, **** <0.0001. UT = untreated.

4.6 SHP-deficient tumors produce more immunoregulatory GCs

Recently Sidler et al. described a previously unrecognized LRH-1-dependent de novo GC
synthesis by colorectal tumor cell lines as well as primary tumors. Moreover, they could show
that the tumor-derived GCs exerted immunoregulatory function by suppressing T cell
activation and inducing T cell apoptosis (Sidler et al., 2011). The interesting observation we
made that some of the SHP-deficient tumors developed were extremely big, prompted us to
ask whether this increased growth is due to i) LRH-1-induced proliferation, ii) and/or as a
consequence of an enhanced resistance of these tumors to anti-tumor immune responses.
We assumed that resistance to anti-tumor immune responses might be mediated via LRH-1-
dependent GCs synthesis, as we have seen an increased GC production in the SHP-/- mucosa
upon inflammation (Figure 17F). Therefore, we aimed at investigating the local GC synthesis
by AOM/DSS-induced tumors. Consequently, we collected tumors and adjacent normal
mucosa from SHP-/- and wild type mice at day 64 following AOM/DSS then ex vivo cultured
the tissues for 6 h, as described previously (Cima et al., 2004). Due to the few numbers of the
tumors from SHP-/- mice, we pooled tumors from 2 mice in each group for the culture. As
expected and consistent with an LRH-1 enhanced activity in SHP-/- tumors, a two-fold
induction of GC synthesis was observed compared to wild type (Figure 20). Furthermore,
tumors from both genotypes exhibited increased GC synthesis compared to adjacent non-
tumor tissue (Figure 20). This result suggests that tumors synthesize immunoregulatory GCs
as a possible immune escape mechanism, since increased GC production was observed in

SHP-/- tumors showing increased tumor size than the wild type counterparts.
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Figure 20 SHP-deficient mice tumors produce more immunoregulatory glucocorticoids

Colon tumors and adjacent non tumor tissue from SHP +/+ and SHP -/- mice at day 64 following AOM/DSS
treatment (n=2 per group) were ex vivo cultured for 6 h in the presence or absence of metyrapone.
Corticosterone in the cell-free supernatant was measured by RIA. Results are expressed as fold induction of GC
from SHP +/+ non tumor tissue.

4.7 LRH-1 gene expression is reduced in tumors that express elevated levels

of the proinflammatory cytokine TNF

TNF has been shown to be associated with colitis-induced colon carcinogenesis (Popivanova
et al., 2008), moreover, it was reported to be upregulated in tumor tissues compared to
adjacent normal mucosa (Schoonjans et al., 2005). Thus, next we investigated the expression
of TNF in tumor tissues from SHP-/- and wild type mice. Therefore, we isolated adenoma
tissue and adjacent normal mucosa from SHP-/- and wild type mice at day 64 following
AOM/DSS treatment. mRNA was extracted, and the expression of TNF was analyzed.
Consistent with previous reports (Schoonjans et al., 2005), we observed upregulation of TNF
expression in tumors from both genotypes compared to adjacent normal mucosa (Figure
21A). Interestingly, tumors from SHP-/- exhibited significantly reduced TNF expression
compared to wild type tumors (Figure 21A), suggesting less inflammation. As shown
previously (Schoonjans et al., 2005), LRH-1 expression was reduced in tumors that express
elevated levels of TNF (Figure 21B). Additionally, increased levels of Cyclin E1 and D1 was
shown in tumors from both genotypes with a tendency to reduced expression from SHP-/-
tumors suggesting less tumor development (Figure 21C and D). These findings indicate
reduced inflammation and TNF expression in tumors from SHP-/- mice compared to wild type

that correlated with reduced LRH-1 expression.
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Figure 21 The proinflammatory cytokine TNF decreases LRH-1 expression in AOM/DSS-induced tumors
Colitis-associated cancer was induced in 7-11 weeks SHP +/+ and SHP -/- mice by i.p. injection of 12 pug/g AOM,
followed by three cycles of 2.2% DSS for 5 days in the drinking water which was interrupted by 16 days of normal
drinking water. Gene expression of (A) TNF, (B) LRH-1, (C) Cyclin E1 and (D) Cyclin D1 from colon tumors and
adjacent non tumor tissue from SHP +/+ and SHP -/- mice at day 64 following AOM/DSS treatment. Data was
measured by quantitative PCR and normalized to the level of B-actin mRNA. n =5-6 per group. Data are mean +
SD. Statistical analyses were performed using Two-way ANOVA followed by Tukey’s multiple comparison test
with p values: * <0.05, ** <0.01, *** <0.001, **** <0.0001.

4.8 Conditional deletion of Cyp11b1 in the intestinal mucosa sensitizes mice

to colitis-associated tumor initiation

Our previous results clearly indicate a critical role of LRH-1-induced GCs in the initiation and
progression of inflammation-driven colorectal cancer. However, besides LRH-1 role in the
regulation of GC synthesis (Mueller et al., 2006), it also regulate epithelial proliferation
(Botrugno et al., 2004). Therefore, in order to investigate the direct role of local GC synthesis
in colorectal tumor initiation and progression, we utilized a mouse model with a conditional
deletion of the enzyme that catalyzes the last step in GC synthesis, that is the conversion of
11- deoxycorticosterone to corticosterone in mice (Miller, 2008) ,Cyp11b1, in the intestinal
epithelial cells (Cyp11b1'E€k9), while mice with a floxed Cyp11b1 gene (Cyp11b1™/f) were used
as controls. Consequently, Cyp11b1%/fand Cyp11b1'E€ KO mice were treated with AOM/DSS
and colons were collected for analysis at different time points, namely days 28, 35 and 56, as

previously described.
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As a first step, we tested the initiation phase of carcinogenesis. Figure 22 showed that,
Cyp11b1'E€XO mice suffered from more severe colitis and subsequent tumor development at
days 28 and 35 compared to Cyp11b1f/f control mice, as evidenced by increased shortening
of colons (Figure22B and E) and paralleled by increased weight loss (Figure 22G) and tumor
numbers (Figure 22C and F) in Cyp11b1'®¢ X0 compared to control mice. This observation
suggested the Cyp11b1'¥¢ X0 mice were more susceptible to intestinal inflammation due to
reduced colitis-induced GC production. In order to test this, colons were collected from mice
at the peak of inflammation, day 28 following AOM/DSS. Third of the colons were ex vivo
cultured for 16 h, as described previously (Cima et al., 2004). In line with the deletion of
Cyp11b1lin the intestinal mucosa, Cyp11b1'¥¢XO mice mucosa exhibited less GC production in

response to inflammation (Figure 20H).

Histopathological analysis of the Swiss-rolled H&E stained sections revealed severe
inflammatory response in Cyp11b1'E¢X° mice characterized by destructed mucosa infiltrated
with massive numbers of immune cells and the presence of frequent crypt abscess, low-grade
adenoma and mucosal hyperplasia (Figure 22l, right panels). Instead, Cyp11b1"/f mice
exhibited moderate inflammation, that was shown by dysplastic epithelium, ACF with few
low-grade adenomas and destructed mucosa infiltrated by immune cells (Figure 221, left

panels).

Collectively, our data provide the first evidence for the role of local GC synthesis in the
initiation of inflammation-driven colon cancer, since the deletion of Cyp11b1 sensitized mice

to intestinal inflammation and subsequent tumorigenesis.
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Figure 22 Deletion of Cyp11b1 in the intestinal mucosa sensitizes mice to colitis-associated colorectal cancer
development

Colitis-associated cancer was induced in 7-11 weeks Cyp11b1™""and Cyp11b1¥¢¥° mice by i.p. injection of 12
ug/g AOM, followed by two cycles of 2.2% DSS for 5 days in the drinking water which was interrupted by 16
days of normal drinking water, mice were analysed at days 28 and 35. (A) Representative macroscopic pictures
of colonic tumor development (arrows) of AOM/DSS treated mice at day 28. (B) Colon length and (C) Total tumor
numbers at day 28. (D) Representative macroscopic pictures of colonic tumor development (arrows) of
AOM/DSS treated mice at day 35. (E) Colon length and (F) Total tumor numbers at day 35. (G) Percent body
weight change normalized to initial body weight at day 0 of AOM/DSS treatment, representative result from 3
independent experiments. (H) Colons from mice treated with AOM/DSS at day 28 were cultured ex vivo for 16
h in the presence or absence of metyrapone. Corticosterone in the cell-free supernatant was measured by RIA.
(1) Representative H&E stained Swiss-rolled colon sections from AOM/DSS-treated mice at days 28 and 35. Scale
bars: overview 300 um, inlay 150 um. n= 6 mice per group. Data are mean +* SD. Statistical analyses were
performed using unpaired student’s t-test with p value: * <0.05, ** <0.01. ns = not significant.

81



Results

4.9 Cypl1bl intestine-specific mice develop reduced tumor burden following

inflammation-driven colon carcinogenesis

In a next step, we sought to investigate the role of local GC in tumor progression in Cyp11b1'&¢
KOtumors hypothesizing that in the absence of Cyp11b1, tumors will have more difficulties to
grow since they lack GC production and associated immune suppression. Thus, we analyzed
tumor development at a later time point of AOM/DSS exposure (day 56). Supporting previous
results, we monitored an increased susceptibility of Cyp11b1'€¢X0 mice for DSS-induced colitis
in the first 2 cycles of DSS compared to their control counterparts (Cyp11b1™/f), this was
shown by increased weight loss in Cyp11b1'¥¢ *©, On the contrary, Cyp11b1't¢ KO mice
exhibited a decreased weight loss at the third DSS cycle suggesting less disease susceptibility
and associated tumor burden (Figure 23A). Indeed, we observed reduced tumor
development in Cyp11b1'5¢ O mice at day 56 following AOM/DSS (Figure 23B), as shown by
significant reduction in tumor number and tumor volume (Figure 23C and E) compared to

Cyp11b1%f mice. However, no differences in colon length were detectable (Figure 23D).

Histopathological analysis of Swiss-rolled colon sections from AOM/DSS-treated mice at day
56 revealed that CYP11b1%"f mice displayed severe tissue pathology characterized by massive
formation of high-grade adenoma in addition to mucosal hyperplasia and increased immune
cell infiltration into the mucosal layers (Figure 23F, left panel). Instead, Cyp11b1'¥¢ KO mice
showed moderate intestinal pathology as shown by frequent ACF, mucosal hyperplasia while
less high-grade adenomas and the presence of few normal crypt structures and increased
immune cell infiltration into the mucosal layers (Figure 23F, right panel). In line with the
increased tumor burden, Cyp11b1/f mice exhibited increased Ki-67-positive cells in the
adenoma tissue indicating increased proliferation compared to Cyp11b1'¥¢ XO mice (Figure
23G). Interestingly, although Cyp11b1't¢ X0 mice developed less tumors, these tumors were
infiltrated with increased numbers of CD3-positive T cells (Figure 23H) probably due to the

lack of GC-induced T cell apoptosis in these mice.

Taken all together, our findings provide the first evidence for the role of local GC synthesis in
the progression of colitis-associated carcinogenesis, as seen by decreased tumor burden in

mice with a conditional deletion of Cyp11bl enzyme in the intestinal epithelium.
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Figure 23 Cyp11b1 intestine-specific knockout mice suffer from reduced tumor burden at later time points of
inflammation-driven colon carcinogenesis

Colitis-associated cancer was induced in 7-11 weeks Cyp11b1"f and Cyp11b1'¥¢X° mice by i.p. injection of 12
ug/g AOM, followed by three cycles of 2.2% DSS for 5 days in the drinking water which was interrupted by 16
days of normal drinking water, mice were analysed at day 56. (A) Percent body weight change normalized to
initial body weight at day 0 of AOM/DSS treatment, representative result from 3 independent experiments. (B)
Representative macroscopic pictures of colonic tumor development (arrows) of AOM/DSS treated mice at day
56. (C) Total tumor numbers, (D) Colon length and (E) Tumor volume of AOM/DSS treated mice at day 56. (F)
H&E and IHC from Swiss-rolled colon sections stained for (G) Ki-67 and (H) CD3 from AOM/DSS treated mice at
day 56. Representative results are shown. Scale bars: overview 300 um, inlay 150 um. n= 7 mice per group.
Data are mean = SD. Statistical analyses were performed using unpaired student’s t-test with p value: * <0.05.
ns = not significant.
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4.10 Colorectal tumor organoids as a model to study tumor progression

phase and tumor-derived GC as a potential immune escape mechanism

After confirming the role of LRH-1 and LRH-1-mediated GC synthesis in the development of
inflammation-driven colorectal cancer, we next wanted to study the ability of these tumors
to proliferate in a non-inflamed environment. And to investigate the role of tumor-derived
GC synthesis as a potential immune escape mechanism. Therefore, in order to dissect the
proliferation phase from the inflammation phase we isolated tumors from SHP-/-, LRH-1'E¢X0,
Cyp11b1't¢ X0 mice and their respective counterparts and ex vivo cultured these tumors to
grow tumor organoids as described previously (Xue and Shah, 2013). Briefly, tumors were
isolated at day 56 following AOM/DSS treatment, digested into single cells and ex vivo
cultured to grow organoids, tumor organoids were then injected subcutaneously (s.c.) into
the flanks of immunocompetent mice where knockout tumor organoids were injected in the
right flank while the wild type tumor organoids were injected in the left flank of the same
mouse to control for interindividual variability, consequently the tumor growth was
monitored over time (Figure 24A). Unlike organoids from normal epithelium that retain the
hallmarks and cellular composition of the in vivo epithelium (Sato et al., 2009), tumor
organoids started to grow in vitro already day 2 after culture and grow substantially by day 6
in an undifferentiated organoids forming a balloon-like structures with the accumulation of

apoptotic cells in the lumen (Figure 24B).
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Figure 24 Ex vivo culture of colorectal tumor organoids

(A) Scheme of colorectal tumor organoid culture. Colitis-associated cancer was induced in 7-11 weeks old mice
by i.p. injection of 12 ug/g AOM, followed by three cycles of 2.2% DSS for 5 days in the drinking water which
was interrupted by 16 days of normal drinking water. Tumors were isolated from mice at day 56 following
AOM/DSS treatment, underwent enzymatic digestion to single cells, then seeded in BME to grow organoids.
Following growth and expansion, organoids were injected into flanks of wild type mice and the tumor growth
was observed. (B) Representative pictures of ex vivo cultures of colorectal tumor organoids from wild type
colorectal tumors growing in vitro.

As a first step, we injected tumor organoids from SHP-/- and wild type tumors in the right and
left flank, respectively, of the same mouse to avoid interindividual variability. Hypothesizing
that SHP-/- tumor organoids will have a growth preference over wild type tumor organoids
due to increased LRH-1-mediated proliferation and GC immune suppression. As expected,
following s.c. injection, tumor organoids from SHP-/- grew exponentially, indicating a higher
resistance to the host immune system-mediated growth suppression. Whereas tumor
organoids from wild type were not able to grow (Figure 25A-E). SHP-/- tumor organoids
exhibited significant higher tumor growth rate compared to wild type as evidenced by a
significant increase in tumor volume over time (Figure 25A) and significant increase in tumor
weight at day 24 following s.c. injection (Figure 25E). Histological analysis of H&E stained
sections from s.c. tumor organoids at day 24 following injection, revealed a remarkable
growth of s.c. injected SHP-/- tumor organoids characterized by moderately differentiated
phenotype that contains cellular composition, such as goblet cells in marked contrast to the
tumor organoid in vitro phenotype (Figure 25F, right panel). This was paralleled by massive
inflammatory cell infiltration surrounding the tumor organoids (Figure 25F, right panel) with
more frequent eosinophils (data not shown) indicating an ongoing allergic reaction.
Moreover, apoptotic cells shedding into the lumen was also observed in the s.c. injected
organoids from both lines (Figure 25F, blue arrows). In contrast, few growing tumor organoids
from wild type were detected that retained the same differentiated phenotype described for
SHP-/- s.c. tumor organoids and the same inflammatory response (Figure 25F, left panel).

Interestingly, we could show some areas in section from both genotypes that appeared to be
eliminated organoid (Figure 25F, black arrows) indicating an ongoing anti-tumor immune

response that limited the growth of those organoids.
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Figure 25 Increased growth rate of tumor organoids from SHP-deficient mice

Tumor organoid cells (2*10°) from SHP+/+ and SHP-/- were injected subcutaneously (s.c.) into the flanks of wild
type mice (n=12 mice). (A) Growth rate of s.c. injected tumor organoids. Mean tumor volumes + SD (n=12 mice).
(B) Individual growth rate (tumor volume) of s.c. injected tumor organoids. SHP+/+ (blue circles) and SHP-/- (red
circles). (C) Representative picture of s.c. injected tumor organoids from SHP-/- (right flank) and SHP+/+ (left
flank), growing in wild type mouse at day 24 following injection. (D) Representative pictures of s.c. tumor
organoids excised at day 24 following injection. (E) Tumor weight at day 24 following s.c. injection. (F)
Representative H&E stained sections of s.c. tumor organoids at day 24 following injection. Arrows indicate
eliminated organoids (Black) and apoptotic cells in the lumen (Blue). Scale bars: overview 300 um, inlay 150 um.

(A and E) Data are mean = SD. Statistical analyses were performed using unpaired student’s t-test with p value:
* <0.05, ** <0.01.
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Following, we aimed at investigating the growth rate of tumor organoids from LRH-1'E¢ KO
tumors. Therefore, we injected tumor organoids from LRH-1'¥¢ X0 and LRH-1%f tumors as
before and we expected to see reduced growth rate of LRH-1'¥¢XOtumor organoids compared
to LRH-1"f due to the loss of LRH-1-induced proliferation and GC-synthesis. Indeed, following
s.c. injection, tumor organoids from LRH-1'¥¢XO were not able to grow and the growth rate,
as measured by tumor volume over time, started to decline already at day 12 following s.c
injection, possibly due to an ongoing anti-tumor immune response that prevent the growth
of these tumors. On the other hand, tumor organoids from LRH-1f started to grow at day 6
but the growth rate remained stable that might be due to a growth limitation by anti-tumor
immune responses (Figure 26A-E). LRH-1'"¢X0 tumor organoids exhibited significantly reduced
tumor volume (Figure 26A), in addition to significant decrease in tumor weight at day 24
following s.c. injection (Figure 26E). Histological analysis of H&E stained sections from s.c.
tumor organoids at day 24 following injection revealed the detection of few growing tumor
organoids from LRH-1%f that retained the same differentiated phenotype described before
for wild type s.c. tumor organoids and the same inflammatory response, the black arrows
indicate eliminated organoids (Figure 26F, left panel). Instead, tumor organoids from LRH-1'E¢
KO were not detected in the stained sections, while immune infiltration was monitored in the
stromal tissue, that could be due to increased anti-tumor immune response that prevented

the growth of these tumor organoids (Figure 26F, right panel).
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Figure 26 Reduced growth rate of tumor organoids from LRH-1 intestine-deficient mice

Tumor organoid cells (2*10°) from LRH-1%f and LRH-1"¥X° were injected subcutaneously (s.c.) into the flanks of
wild type mice (n=12 mice). (A) Growth rate of s.c. injected tumor organoids. Mean tumor volumes + SD (n=12
mice). (B) Individual growth rate (tumor volume) of s.c. injected tumor organoids. LRH-1%f (blue circles) and
LRH-1'E€K0 (red circles). (C) Representative picture of s.c. injected tumor organoids from LRH-1"5¢X0 (right flank)
and LRH-1%/ (left flank), growing in wild type mouse at day 24 following injection. (D) Representative pictures
of s.c. tumor organoids excised at day 24 following injection. (E) Tumor weight at day 24 following s.c. injection.
(F) Representative H&E stained sections of s.c. tumor organoids at day 24 following injection. Black arrows
indicate eliminated organoids. Scale bars: overview 300 um, inlay 150 um. (A and E) Data are mean +* SD.
Statistical analyses were performed using unpaired student’s t-test with p value: * <0.05, ** <0.01, *** <0.001,
*E** <0.0001.
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In a next experiment, in order to confirm that the observed effect is due to the direct effect
of tumor-derived GC, we injected tumor organoids from Cyp11b1'¥¢X®and Cyp11b1™/f as we
have seen previously reduced GC production upon inflammation in Cyp11b1't¢ KO mijce
compared to Cyp11b1™" counterparts (Figure 22H). Our hypothesis was that Cyp11b1'Ec kO
tumor organoids will exhibit less tumor growth compared to Cyp11b1™/f controls because
they lack GC-induced immune suppression. Since we have seen a reduced tumor growth rate
of LRH-1 tumor experiment starting at day 12 (Figure 26A), we sought to investigate 2
different time points namely day 12 and 24 that represent the onset and the peak of anti-
tumor immune responses, respectively. Figure 27 shows reduced growth rate of tumors from
Cyp11b1'E€ KO compared to Cyp11lb1f/f controls following s.c. injection as Evidenced by
reduced tumor volume (Figure 27A) and tumor weight at days 12 (Figure 27D) and 24 (Figure

27F) following s.c. injection.
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Figure 27 Reduced growth rate of tumor organoids from Cyp11b1 intestine-deficient mice

Tumor organoid cells (2*10°) from Cyp11b1™"f and Cyp11b1'5¢k° were injected subcutaneously (s.c.) into the
flanks of wild type mice (n=12 mice). (A) Growth rate of s.c. injected tumor organoids. Mean tumor volumes +
SD (n=6-12 mice). (B) Individual growth rate (tumor volume) of s.c. injected tumor organoids. Cyp11b1™/f (blue
circles) and Cyp11b1'¥ X0 (red circles). (C) Representative pictures of s.c. tumor organoids excised at day 12
following injection. (D) Tumor weight at day 12 following s.c. injection (n=6). (E) Representative pictures of s.c.
tumor organoids excised at day 24 following injection. (F) Tumor weight at day 24 following s.c. injection (n=6).
(A, D and F) Data are mean + SD. Statistical analyses were performed using unpaired student’s t-test with p
value: * <0.05, ** <0.01, *** <0.001, **** <0.0001.
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Collectively, our finding speaks for an unrecognized and important role of tumor-LRH-1-
mediated proliferation and GC synthesis in counteracting anti-tumor immune responses that

limit tumor growth, thus suggesting a possible role of tumor-derived GCs as tumor immune

escape mechanism.
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5 Discussion

GCs are steroid hormones synthesized in response to stress in order to mediate a wide range
of activities, primarily anti-inflammatory and immunosuppressive. Therefore, synthetic GCs
are frequently used in the treatment of wide range of inflammatory diseases (Rhen and
Cidlowski, 2005) including IBD (De ludicibus et al., 2011). GCs are predominantly produced by
the adrenal glands, however increasing line of evidence has shown that various other organs
are capable of not only de novo synthesis of bioactive GCs, but also of reactivating the inactive
dehydrocorticosterone into the active form, corticosterone (Cima et al., 2004; Hostettler et
al., 2012). These extra-adrenal GC-synthesizing tissues include the primary lymphoid organs,
the skin, the brain, the vascular system as well as the intestine as discussed in this thesis

(reviewed in (Taves et al., 2011)).

Intestinal mucosal epithelium functions as a barrier to maintain the balance between nutrient
absorption while preventing the entry of pathogens and responding to harmful contents of
the lumen, in order to maintain tissue homeostasis (Salim and Séderholm, 2011). This
function is mediated by single layer of IECs, that separates from the underlying lamina propria
and the rest of the body, the 10 gut microbiota cells (Cario, 2008; Mukherji et al., 2013).
The intestinal epithelium also hosts the largest number of immune cells in the body (Lee et
al., 2008b). This direct contact of these immune cells with the microbiota requires fine-tuning
in order to find the appropriate balance between protective immune responses and tolerance
towards microbiota. The synthesis of immunoregulatory GCs has been reported to play an
effective and novel role in regulating intestinal immune homeostasis under physiological as
well as pathological conditions (Ballegeer et al., 2018; Cima et al., 2004; Huang et al., 2018;
Noti et al., 2009). Supporting this notion, several lines of evidence indicate that local GC
synthesis or metabolism in the intestinal epithelium is involved in the pathogenesis of
intestinal inflammation (De ludicibus et al., 2011; Hussey et al., 2017; Noti et al., 2010a).

The NR LRH-1 regulates intestinal homeostasis by the regulation of epithelial barrier
regeneration and inducing the expression of steroidogenic enzymes and local GC synthesis
(Botrugno et al., 2004; Mueller et al., 2006). Consequently, the deletion of LRH-1 renders
mice more susceptible to experimental colitis induction (Coste et al., 2007). Furthermore,
LRH-1 is also associated with CRC development via controlling tumor cell proliferation in
synergy with the B-catenin/TCF4 signaling pathway (Botrugno et al., 2004; Schoonjans et al.,

2005). Recently it has been shown that tumor-derived GCs suppress the activation of T cells,
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and thus could contribute to suppression of immune surveillance, resulting in tumor immune
escape (Sidler et al., 2011).

Although GC synthesis is demonstrated in the intestinal mucosa and colorectal tumors, it
remains unknown whether local GCs play a role in the tumor onset. Moreover, the functional
relevance of tumor-derived GC is hardly investigated. Therefore, the main goal of this study
was to provide the first functional in vivo study for investigating the role of GCin the initiation

and progression of CRC.

5.1 The role of LRH-1 in intestinal epithelium homeostasis and carcinogenesis

Confirming previous findings (Coste et al., 2007), we could show that deletion of LRH-1 in the
intestinal mucosa exacerbated intestinal inflammation after colitis induction. Furthermore,
in line with previous reports (Atanasov et al., 2008; Cima et al., 2004; Coste et al., 2007;
Mueller et al., 2006; Noti et al., 2010a), we observed that LRH-1 and steroidogenic enzymes
are detectable in colon tissue of mice, and that colitis induces the expression of the enzymes
required for de novo GC synthesis, Cypllal, Cypllbl and Cyp21. Additionally, we could
confirm that LRH-1 is a critical regulator of the mentioned enzymes since the deletion of LRH-
1 significantly inhibited the induction of these enzymes. In line with previous findings (Coste
et al., 2007), we have shown that LRH-1 expression was not changed upon colitis induction in
both mice lines, however LRH-1 activation and function was induced as shown by the

increased target genes expression.

Interestingly, LRH-1 expression was not completely absent from the colons of intestinal
epithelium-specific knockout mice, suggesting another source for the expression, for example
it has been shown that LRH-1 is expressed in T cells (Schwaderer et al., 2017) as well as

macrophages (Lefévre et al., 2015).

Interestingly, defective GC metabolism by HSD11B enzymes was reported in IBD patients
(Hussey et al., 2017). However, whereas CYP11A1 and CYP11B1 were identified as direct
transcriptional targets of LRH-1 (Sirianni et al., 2002), little is known about the role of LRH-1
in the regulation of HSD11B enzymes. Here we could show that, while the expression of
Hsd11b1 was upregulated upon colitis induction, Hsd11b2 was downregulated. However,
both enzymes were not affected by the deletion of LRH-1 suggesting another mechanism of

regulation, possibly by inflammatory mediators such as TNF (Noti et al., 2010a).
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Moreover, it is interesting to note that the intestinal mucosa aims to maintain high levels of
local GC by increasing the Hsdllbl-mediated reactivation, while limiting the Hsd11b2-
mediated inactivation of GC as we have seen in this study. Therefore, our findings suggest an
important underlying mechanism of defective GC reactivation, as well as LRH-1-regulated GC

production in the development of intestinal inflammation.

Besides regulation of GC synthesis, LRH-1 also contributes to intestinal homeostasis by
regulating epithelial regeneration (Botrugno et al., 2004). Further supporting the role of LRH-
1-mediated proliferation and GC synthesis in immune homeostasis (Noti et al., 2010a), Bayrer
et al. recently showed that intestinal organoids lacking LRH-1 exhibit reduced expression of
the LRH-1 target genes including Shp, Cypllal and Cypl1bl, as well as increased crypt cell
death and epithelial permeability (Bayrer et al., 2018). They also showed that overexpression
of LRH-1 mitigates inflammatory damage in murine and human intestinal organoids, including
those from IBD patients and decreases the disease severity in a T cell transfer model of colitis
(Bayrer et al., 2018).

This study clearly underlines the druggability of LRH-1 in the treatment of intestinal
inflammation. Although LRH-1 is considered an orphan NR, structural-based studies identified
DLPC as a potential ligand that has been Shown to enhance LRH-1 transcriptional activity
(Krylova et al., 2005). Interestingly, DLPC has been shown to exert antidiabetic effects by
activating LRH-1 when used in a therapeutic setting (Lee et al., 2011; Musille et al., 2012).

Similarly, LRH-1 ligands could be used in IBD models in order to activate endogenous LRH-1.

CRC is one of the most reported cancers linked to chronic inflammation. Interestingly, anti-
inflammatory drugs can prevent the onset of hereditary cases that are not often preceded by
inflammation (Burn et al.,, 2011), indicating an important role of inflammation in CRC
development. Inflammation leads to DNA damage and genomic mutations that represent the
first step in the adenoma formation (Hoesel and Schmid, 2013). Chronic inflammation also

promotes CRC development (Lasry et al., 2016; Schwitalla et al., 2013).

Solid tumors including colon tumors are typically infiltrated with lymphocytes and
macrophages, which account for up to 50% of the tumor mass (Sica et al., 2008a). Indeed, in
this study we observed massive inflammation accompanied by infiltration of immune cells,
these were mostly macrophages and T cells in adenomas from wild type mice treated with

the AOM/DSS inflammation-driven colon carcinogenesis model.
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Furthermore, we could also show that LRH-1 deletion increased the susceptibility of mice to
chronic colitis using the AOM/DSS model. Remarkably, despite the exacerbated colitis during
the 3 cycles of DSS exposure, yet intestine-specific LRH-1 knockout mice developed less
tumors that were significantly smaller in size than their wild type counterparts. Since LRH-1
is an important mediator of CRC cell proliferation (Kramer et al., 2016) and it has been shown
that LRH-1 heterozygosity significantly reduces CRC multiplicity (Schoonjans et al., 2005), we
hypothesized that a predominant role of LRH-1-mediated proliferation and subsequent
tumorigenesis is responsible for this phenotype. Supporting this hypothesis,
Immunohistochemical analysis revealed reduced Ki-67-positive cells in tumors from the
knockout mice. In line with this, expression analysis of human CRC tumors indicate a frequent
overexpression of the LRH-1 target genes and cell-cycle regulators cyclin D1 (Tetsu and
McCormick, 1999), cyclin E1 (Donnellan and Chetty, 1999) and c-myc (Sikora et al., 1987).
Additionally, EGFR was reported to be upregulated in 60-80% of CRC tumors and it is
associated with poor prognosis (Pabla et al., 2015). Of note, EGF activates LRH-1 (Lee et al.,
2006; Schoonjans et al., 2005), thus it is stimulating to speculate that EGFR upregulation could
activate LRH-1 that further contributes to CRC development.

Further supporting the role of LRH-1 as a driver of CRC development, it has been shown that
LRH-1 inhibits the cell cycle inhibitor p21 (Kramer et al., 2016). Moreover, silencing LRH-1 in
CRC cell lines impairs proliferation (Bayrer et al., 2015). Additionally, targeting LRH-1 using
microRNA in vitro inhibits proliferation and invasion in CRC cell lines, an effect that was

reversed by restoration of LRH-1 (Qu et al., 2018).

Besides, recently in two independent CRC patients cohort, a marked upregulation of LRH-1
expression was reported in colon cancer samples compared to adjacent non-cancerous tissue
from the same patients (Qu et al.,, 2018; Wu et al., 2018). Interestingly, increased LRH-1
expression correlated with a more advanced disease stage and a significant reduction of
overall survival rate (Wu et al.,, 2018). Consequently, LRH-1 was proposed as a possible

prognostic marker in CRC patients and a novel therapeutic target (Wu et al., 2018).

Structural-based studies identified many small molecule antagonists for LRH-1 including 3d2
(Benod et al., 2013) and SR1848 (Corzo et al., 2015). Both inhibitors inhibited LRH-1 activity
in vitro and in vivo and exerted antiproliferative effects on variety of cancer cell lines (Benod
et al., 2013; Corzo et al., 2015; Schwaderer et al., 2017), further indicating the therapeutic

potential of LRH-1 inhibition in cancer treatment.
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Taken together, it is stimulating to speculate that LRH-1 inhibitors could potentially treat CRC
in LRH-1-expressing tumors by inhibiting LRH-1-induced proliferation.

5.2 SHP deficiency protects mice from colitis and associated carcinogenesis

The NR SHP is a direct target and at the same time a potent inhibitor of LRH-1 (Lee et al.,
1999). Several line of evidence identified SHP as a potent tumor suppressor by inhibiting cell
proliferation and tumorigenesis through suppressing the transcription of the LRH-1 target
cyclin D1 (Zhang et al., 2008) and activating apoptosis (Zhang et al., 2010b). Consistent with
this, SHP expression is downregulated in many cancers (He et al., 2008; Kudryavtseva et al.,
2018; Prestin et al., 2016).

The repressive effect of SHP on LRH-1 has been shown in intestinal epithelial cell line (Mueller
et al., 2007). Furthermore, SHP-deficient mice were reported to produce increased colonic
GC upon viral infection compared to wild type controls (Huang et al., 2018) indicating an
increased LRH-1 activity. Besides, unpublished data from C. Reinhold demonstrated that SHP-
deficient mice have an enhanced LRH-1 activity at the intestinal epithelium, as evidenced by

increased expression of the LRH-1 targets cyclin D1 and cyclin E1 (Unpublished data).

As discussed before, LRH-1-induced proliferation is important for CRC tumor progression and
SHP acts as a tumor suppressor by suppressing LRH-1-induced proliferation. Hence, we asked
a valid question: what will be the effect of SHP deficiency on the regulation of LRH-1 activity
upon inflammation-driven colon carcinogenesis induction? And the prediction was that, we

would see a more tumor burden in SHP-deficient mice compared to wild type controls.

Surprisingly, we here show that SHP-deficiency substantially abrogated inflammation-driven
colon carcinogenesis. In line with increased tumor formation in wild type mice, we could show
formation of high-grade adenoma that showed increased Ki-67-positive cells compared to
adenomas from SHP-deficient mice. Additionally, we could also show massive inflammation
and immune cell infiltration in wild type adenomas, among which we were also able to detect
T cells, but due to technical problems we could not detect macrophages. We have also seen
that SHP-deficient mice were protected from DSS-chronic colitis and associated

carcinogenesis. That indicates an increased LRH-1-mediated suppression of inflammation.

Of note, among the few tumors that developed in the SHP-deficient mice, we observed some
extremely big ones compared to tumors from wild type mice. This could be due to an

increased LRH-1-induced proliferation in these tumors.
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We could also show by analyzing the peak of the chronic inflammation at day 49 following
AOM/DSS that, although both mice lines suffered from severe inflammation, an increased
formation of high-grade adenoma in wild-type mice whereas few ACF was observed in SHP-
deficient mice. Interestingly, the severe inflammation at day 49 lead to the substantial growth
of tumors in wild type mice by days 56 and 64, whereas this inflammation was almost
resolved in SHP-deficient mice at the same time points. This result underlines a possible
increased LRH-1-induced proliferation and epithelial layer regeneration in SHP-deficient mice

compared to wild type.

These results confirm that SHP-deficiency protects mice from the formation of colonic
neoplasia by resisting tissue damage even after chronic colitis and thereby suppressing tumor

initiation and progression.

In an attempt to elucidate the mechanism by which SHP-deficient mice resist inflammation
we performed DSS acute colitis experiment hypothesizing that: Due to increased LRH-1
activity, SHP-deficient mice mucosa produces more immunoregulatory GCs that suppress the

inflammation and associated tissue damage, thus leading to reduced colitis-induced tumors.

Indeed, we could show that upon colitis induction, SHP-deficient mice produced more GCs
compared to wild type. Furthermore, we could also show that while wild type mice suffered
from severe tissue damage with complete destruction of the mucosa in some parts of the
colon, SHP-deficient mice exhibited mostly moderate inflammation at the peak of DSS-

induced inflammation (day 7).

Consistent with previous findings (Cima et al., 2004; Coste et al., 2007; Noti et al., 2010a) and
our own results in the previous section, we observed a colitis-induced upregulation of the
steroidogenic enzymes Cypl1lal and Cypllbl. In line with increased GC production in SHP-
deficient mice, we show that these enzymes were significantly upregulated in SHP-deficient
mice compared to wild type. As shown in our previous results, LRH-1 expression was not

changed upon induction of colitis.

In line with previous reports (Coste et al., 2007; Huang et al., 2014; Noti et al., 2010a), we
were able to show significant upregulation of the proinflammatory cytokines Tnf and II-6
upon colitis induction, that appeared to be attenuated in the SHP-deficient mice compared
to wild type controls. Interestingly, we could also show a significant upregulation of the
expression of the anti-inflammatory cytokine 11-10 in SHP-deficient mice compared to wild

type mice upon colitis.
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The colitis experiment clearly shows that, SHP-deficient mice produce more
immunoregulatory GCs upon inflammation due to increased LRH-1 activity, and thereby
suppress inflammatory immune responses and subsequent tissue damage. Furthermore, this
experiment further emphasizes an important role of LRH-1-mediated GC synthesis in the

regulation of intestinal immune homeostasis.

In addition, TNF and IL-6 activates the pro-survival and proliferative pathways NF-kB and
STAT3, respectively. Thus these cytokines are implicated in the development and progression
of CRC (Grivennikov, 2013). Activation of either NF-kB or STAT3 is demonstrated in over 50%
of all cancers (Grivennikov and Karin, 2010) indicating an important role in cancer onset.

Supporting this notion, reduced NF-kB activity in myeloid cells or IECs in vivo alters the
expression of the anti-apoptotic genes Bcl-xL and Bcl2, resulting in increased levels of

apoptosis and decreased CRC tumor load (Kostic et al., 2013).

Additionally, NF-kB-induced IL-6 enhances the development of CRC in vivo (Becker et al.,
2005). Moreover, activation of STAT3 leads to the upregulation of cyclin D1 and c-myc in
addition to Bcl-xL and Bcl2 as well as bFGF and VEGF (Bollrath et al., 2009; Kostic et al., 2013;
Yu et al., 2009). Furthermore, It has been shown that STAT3 IEC-specific ablation results in
profound reduction of colitis-induced tumor growth and multiplicity (Grivennikov et al.,
20009).

Taken together, SHP-deficient mice resist intestinal inflammation by synthesizing increased
levels of LRH-1-mediated GCs compared to wild type mice. Consequently, GCs suppress the
proinflammatory cytokines TNF and IL-6 that are essential for the initial neoplastic
transformation. Moreover, GCs also protects the SHP-deficient mice from chronic

inflammation and thereby prevent inflammation-driven tumor progression.

Considering the fact that SHP acts as a potent tumor suppressor in many tumors (Zhang et
al., 2008), modulation of SHP activity could represent a promising therapeutic approach for
CRC treatment.

CRC are often immunogenic and therefore successful anti-tumor immune responses could
limit tumor growth. However, immune escape mechanisms can significantly limit the efficacy
of anti-tumor immune responses and favor tumor growth (Finn, 2008; Hanahan and
Weinberg, 2011). Of note, in CRC a strong correlation between anti-tumor immune responses

and patient survival has been demonstrated (Camus et al., 2009; Pagés et al., 2005).
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Furthermore, as discussed previously, the type of immune responses at the TME represents

a major determinant of CRC outcome.

Recently Sidler et al. described a previously unrecognized LRH-1-dependent de novo GC
synthesis by CRC tumors. Moreover, they could show that the tumor-derived GCs exerted
immunoregulatory function by suppressing T cell activation and inducing T cell apoptosis
(Sidler et al., 2011). Considering the observation we made about the increased tumor size of
some of the SHP-deficient tumors, and taking into account the increased GC synthesis by SHP-
deficient mice compared to wild type upon inflammation, we hypothesized that: The SHP-
deficient tumors produce more immunosuppressive GCs and thereby escape the anti-tumor
immune responses. Indeed, we could show that ex vivo cultured SHP-deficient tumors
exhibited 2-fold higher GC production compared to wild type tumors indicating a potential

role of tumor-derived GCs in the tumor progression.

Further supporting a role of anti-tumor immune responses as an important predictor of
tumor outcome, pages et al. observed a strong correlation between high expression of
effector memory T cells and the survival of CRC patients (Pages et al., 2005). Moreover, in
another study increased densities of CTLs and effector memory T cells within the primary
tumor of CRC patients were associated with a significant protection against tumor recurrence
(Camus et al., 2009). Furthermore, patients with high expression of Th17 responses showed
poor survival. This clearly indicate a critical role of the inflammatory responses at the TME in

CRC development.

In line with an inflammatory response in the TME and the reported role of TNF as a tumor
promoter (Grivennikov and Karin, 2010), AOM/DSS induced tumors from both SHP-deficient
and wild type mice showed upregulation of TNF expression compared to adjacent non-tumor
tissue. We could show that TNF expression was significantly lower in SHP-deficient tumors
compared to wild type tumors confirming the reduced inflammation in SHP-deficient mice
reported before. Contrary to our expectations and the role of LRH-1 in tumor development,
we observed significant downregulation of LRH-1 expression compared to non-tumor tissue
in both mice lines. As reported before (Schoonjans et al., 2005), we could also show an inverse

correlation between LRH-1 and TNF in tumors from both lines.

Interestingly, in the intestinal mucosa TNF demonstrate a very complex functions in
physiologic and pathologic conditions (Leppkes et al., 2014). While it drastically promotes

epithelial cell death (Grabinger et al., 2017) and promotes CRC after sustained chronic colitis
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(Popivanova et al., 2008). TNF also regulates intestinal GC synthesis (Noti et al., 2010a), which
represents an important mechanism for intestinal immune homeostasis as discussed
previously. In this regard, TNF plays an anti-inflammatory role. Moreover, TNF was also
reported to suppress LRH-1 to sustain chronic colitis (Huang et al., 2014). Therefore, due to
the complex interactions between LRH-1 and TNF, this inverse correlation remains to be

further investigated.

Additionally, we could show a significant upregulation of cyclin E1 and cyclin D1 in tumors
from both lines, with a reduced expression in tumors from SHP-deficient mice in line with the

reported reduced tumors in these mice.

5.3 Cypllbl intestine-specific knockout mice exhibit biphasic tumor

development following inflammation-driven colorectal carcinogenesis

We have clearly seen an important role of LRH-1 in the initiation and progression of CRC.
Nevertheless, LRH-1 also regulates proliferation besides GC synthesis. The investigation of a
direct role of GC synthesis in intestinal homeostasis was hampered by the availability of the
proper genetically modified mouse model, hence we generated a knockout mouse with a
conditional deletion of the rate limiting enzyme required for the synthesis of bioactive GCs,
Cypllbl. Therefore, in order to answer the question: Whether the observed effects
described before on the tumor development are GC-mediated? we investigated CRC

development in the cypl1lbl intestine-specific knockout mouse.

In line with the critical role of GCs in intestinal immune homeostasis (Cima et al., 2004; Huang
et al., 2018; Noti et al., 2010a) that was also shown by us in this study, we could show that
Cyp11lb1 knockout mice were more susceptible to inflammation and subsequent tumor
formation compared to wild type mice at days 28 and 35 of AOM/DSS treatment. We could
also show that during the 2 cycles of DSS treatment, Cyp11b1 knockout mice suffered from
excessive inflammation that was shown by formation of large follicles of immune cells with
subsequent formation of more tumors at days 28 and 35 of AOM/DSS treatment compared

to wild type mice.

These observed results suggested that, due to the loss of Cyp11b1, Cyp11b1 knockout mice
are not able to synthesize immunosuppressive GCs and thereby have an increased

inflammatory response compared to wild type. Indeed, following ex vivo culture of colons
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from AOM/DSS-treated Cyp11b1 knockout and wild type mice at day 28, we could show a
reduced GC production in the Cyp11b1 knockout mice compared to wild type.

We here provide the first evidence for the role of local GC synthesis in the initiation of
inflammation-driven colon cancer, since the deletion of Cyp11b1 sensitized mice to intestinal

inflammation and subsequent tumorigenesis.

In another study, it has been shown that intestinal epithelium-specific knockout of the P450
reductase gene (Cpr) exacerbates DSS-induced colitis (Zhu et al., 2015). Zhu et al. could also
show that Cpr conditional knockout mice suffered from severe inflammation compared to
wild type counterparts upon DSS-induced colitis due to reduced GC production. Interestingly,
they report that oral administration of GC to Cpr conditional knockout mice abolished the

hypersensitivity of these mice to DSS-induced colitis (Zhu et al., 2015).

Additionally, GCs has been shown to regulate the expression of TJs and to antagonize the TJ-
destructing effect of TNF (Boivin et al., 2007). Moreover in vitro data suggested an important
role of GCs in the maturation of the IECs (Lu et al., 2011). Furthermore, intestinal GC synthesis
was also shown to control colonic PPARy expression, a NR that regulates intestinal immune

homeostasis and is impaired in IBD (Bouguen et al., 2015b).

Taken together our results further confirms the importance of a direct role of GC in intestinal
epithelium homeostasis. In line with this, GCs have long been used for the treatment of IBD
(De ludicibus et al., 2011).

Next, we proceeded to investigate the role of Cyp11b1 in the progression of CRC by analyzing
day 56 following AOM/DSS treatment. We hypothesized that, tumors from Cypllbl
knockout mice will be smaller in size compared to wild type since they lack tumor-derived GC
production and associated immune suppression. Indeed, although Cyp11bl knockout mice
developed more tumors in the initial phase of tumorigenesis (days 28 and 35) compared to
wild type mice, we could show that these mice developed significantly reduced tumor
numbers and size compared to wild type mice at an advance stage of tumorigenesis (day 56).
In line with increased tumor number in Cyp11b1 knockout mice at day 56, we here showed
an increased Ki-67-positive cells in tumors from Cyp11b1 knockout, that was infiltrated with
less T cells compared to wild type. This could indicate a possible GC-mediated apoptosis, since

T cells are sensitive to GC-induced apoptosis (Brunner et al., 2001; Mittelstadt et al., 2018).
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We here report a biphasic tumor development stages in the Cypllbl knockout mice: an

initiation phase driven by local GC and a progression phase mediated by tumor-derived GC.

Taken all together, we provide the first evidence for a direct role of local GC synthesis in the
initiation and progression of CRC and propose tumor-derived GCs as a possible tumor

immune escape mechanism.

5.4 Potential role of colorectal tumor-derived GCs as an immune escape

mechanism

In the previous discussion we could show that LRH-1-mediated proliferation and GC synthesis
plays important roles in the modulation of intestinal inflammation and associated
tumorigenesis. However, because an inflammation-driven colon carcinogenesis model was
used and given the dual roles of LRH-1 in the intestine i.e regulation of inflammation and

proliferation, it was not possible to distinguish between these two roles in this context.

Therefore, we proceed to study the ability of the already formed AOM/DSS-induced tumors
to grow in a non-inflamed environment. We also aimed at investigating the role of tumor-
derived GC synthesis as a potential immune escape mechanism. For this purpose, we utilized

the exciting technology of the 3D in vitro organoid culture (Sato et al., 2009).

The advantage of using intestinal organoids stems from the fact that these so-called mini-
guts retain the cellular structure and composition of the in vivo epithelium (Sato et al., 2009),
thus provide more relevance for the in vivo situation. These organoids could be applied for
the identification of the molecular mechanisms of CRC development and can be used as

powerful tools for drug testing.

Consistent with previous reports regarding the growth of malignant organoids (Sato et al.,
2011b; Xue and Shah, 2013), we could show that AOM/DSS-induced tumors are able to grow
in vitro. Unlike organoids from normal epithelium that retain the hallmarks of the in vivo
epithelium (Sato et al., 2009), we could show that tumor organoids grew in an
undifferentiated organoids forming a balloon-like structures. This observation further
confirms that these organoids are originated from cancer stem cells that proliferate but do
not differentiate (Melo et al., 2017).
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Following the successful growth of tumor organoids, we next proceed to use the model as a
tool to study the proliferation of the tumor organoids in a non-inflamed condition. For this
purpose, tumor organoids were injected s.c. into the flanks of immunocompetent mice to
study the effect of an intact immune system on the growth potential of the tumor organoids
from the abovementioned genotypes. In order to avoid interindividual variability knockout
tumor organoids were injected in the right flank while the wild type tumor organoids were
injected in the left flank of the same mouse, consequently the growth rate was observed over

time.

We firstly investigated the growth rate of tumor organoids from SHP-deficient tumors
hypothesizing that SHP-/- tumor organoids will have a growth preference over wild type
tumor organoids due to increased LRH-1-mediated proliferation and GC immune
suppression. Supporting our hypothesis, we could show that whereas SHP-deficient
organoids grew exponentially over time, tumor organoids from wild type were not able to
grow. Moreover, histological analysis of the s.c. tumors 24 days following injection showed a
remarkable growth of tumor organoids from SHP-deficient tumors compared to wild type. In
marked contrast to the balloon-like organoid structures growing in vitro, we have seen
differentiated organoids growing at day 24 following s.c injection in both genotypes as seen
by epithelial-like organoid structure that contained cellular composition including goblet
cells. This phenotype could be due to mutations acquired following the dissociation of the

tumor organoids from the 3D stroma and the following s.c. injection.

Interestingly, we also observed some structures that appeared to be eliminated organoid,
indicating an ongoing anti-tumor immune response that limited the growth of those

organoids.

Recently, Melo et al. identified a distinct role for Lgr5+ stem cells in the development of
primary and metastatic CRC using intestinal organoids as a model system (Melo et al., 2017).
Unpublished data from C. Reinhold showed an increased Lgr5+ expression in the SHP-
deficient intestinal mucosa compared to wild type further indicating increased proliferation
(Unpublished data). Therefore, the increased growth potential of the SHP-deficient organoids
could be due to an increased pool of cancer stem cells in these organoids, besides the LRH-1-

induced GC production.

102



Discussion

Next, we aimed at investigating the growth rate of tumor organoids from LRH-1 knockout
tumors. We expected that due to the lack of LRH-1-induced proliferation and GC synthesis
these tumors will exhibit reduced growth rate compared to wild type organoids. Indeed, we
could show that although wild type tumors did not grow exponentially like SHP-deficient
organoids, we could see a stable growth rate that started to decline after 12 days following
s.c. injection. In contrast, LRH-1 knockout mice were not able to grow and the growth rate
drastically declined after 12 days following s.c. injection. In line with this, histological analysis
of sections at day 24 following injection indicated few growing organoids in wild type mice

while no LRH-1 knockout organoids were detected.

LRH-1 plays vital roles in maintenance of stemness and pluripotency by regulating the
expression of Oct4 (Gu et al., 2005), this fact is underlined by the embryonic lethal phenotype
of the LRH-1-null mice (Paré et al., 2004). Therefore, the hindered growth phenotype of the

LRH-1 knockout tumor organoid might be due to reduced LRH-1-induced proliferation.

Next, we aimed at investigating the direct effect of tumor-derived GC on the growth rate of
tumor organoids. For this purpose, we used the Cypl11lbl knockout tumor organoids, since
we have shown that Cyp11lb1 have a defective GC production. Our hypothesis was that
Cyp11b1 knockout tumor organoids would exhibit less tumor growth compared to wild type
counterparts due to the loss of GC production, however since they have active LRH-1 the
effect would not be as drastic as seen in LRH-1-knockout tumor organoids. Indeed, we
observed that tumor organoids from Cypllb1l knockout exhibited a reduced growth rate

compared to wild type counterparts.

As discussed previously, GCs can modulate both innate and adaptive immune cells
(Bereshchenko et al., 2018; Liberman et al., 2018). GCs mediate the shift of the tumor
suppressive M1 macrophages to the tumor promoting M2 phenotype (Ehrchen et al., 2007).
Furthermore, GCs inhibit DCs function (Baschant and Tuckermann, 2010) resulting in a
reduced proliferative Thl responses and an increase in immunosuppressive Treg (Chen et al.,
2017). GCs also induce T cell apoptosis (Brunner et al., 2001; Mittelstadt et al., 2018). All these
GC-mediated mechanisms are associated with suppression of anti-tumor immune responses
and represent the major mechanisms by which tumors escape the immune surveillance
(Vinay et al., 2015). In line with this and due to the massive macrophage and T cell infiltration
we have seen in AOM/DSS-induced tumors, and since TAMs and T cells represent the majority

of immune cells infiltrating CRC (Ferrone and Dranoff, 2010; Tosolini et al., 2011), it is
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stimulating to propose that tumor-derived GCs could module the TME by suppressing these

immune cells and thereby inhibit anti-tumor immune responses.

In summary, we provide the first functional in vivo study for investigating the role of GC in
the initiation and progression of CRC. we could show that intact local GC synthesis regulates
intestinal epithelium homeostasis and attenuates the initiation of CRC, whereas enhanced
GC synthesis abrogates CRC development. Moreover, we were able to show that LRH-1-
induced proliferation and tumor-derived GCs are critical for the progression of CRC.
Furthermore, we could show an unexpected role of SHP deficiency in the control of CRC
development, not via the control of LRH-1-promoted tumor proliferation, but rather via the
regulation of intestinal inflammation and associated tumorigenesis. Additionally, we report a
possible role of LRH-1-mediated GC synthesis in CRC tumors as an important immune escape
mechanism.

Taken together, our data provide the first evidence for the role of local GC synthesis in the
initiation and progression of CRC development. Additionally, we identified the nuclear
receptors LRH-1 and SHP as important therapeutic targets for the treatment of CRC.
Furthermore, we could show a critical role of tumor-derived GCs in the regulation of anti-
tumor immune responses that could possibly represent an important immune escape

mechanism.

104



Outlook

6 Outlook

Although our data provide the first functional in vivo study that show substantial evidence
for the role of local GC synthesis in the initiation and progression of CRC, many questions are

still opened and remained to be answered.

In this study we show phenotypically the role of LRH-1 and LRH-1-induced GC synthesis in the
development of CRC, however future studies are required to elucidate the molecular

mechanisms underlying the observed phenotypes.

Most importantly, analysis of GC synthesis and the expression of the steroidogenic enzymes

and regulators should be performed.

Additionally, expression of genes that correlate with T cell activity could be performed

including perforin and granzyme B.

Since we have seen that immune interaction at the tumor microenvironment play a critical
role in determining the fate of CRC. Immunohistochemistry for specific markers of tumor
infiltrating immune cells could be performed to identify the immune responses in each mouse

model.

Furthermore, tumors could be dissociated and stained for different immune cell markers and
subjected to FACS analysis to identify the immune cell composition in tumors from each

genotype.

Tumor organoids could also be tested for GC production, moreover co-culture experiments
with activated T cells could be performed to test the potential of tumor-derived GCs to inhibit

T cell activation and function.

Furthermore, since cell death at the tumor microenvironment is a critical regulator of the
tumor outcome apoptosis could be tested for example by performing immunohistochemistry

staining or western blot for cleaved caspase 3.

Moreover, since genetic instability is an important driver of carcinogenesis, it would be

relevant to identify the mutations in tumors from different genotypes.
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