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Introduction

1. Introduction

As the median survival of the population increases, the lifetime risk of developing
cancer does as well. This development is further accelerated by changes in
environmental and life-style derived factors which contribute to tumor development.
Well-known predisposing factors include smoking as a risk-factor for the development
of lung cancer, excessive UV-exposure as a risk-factor for the development of
melanoma or an unbalanced nutrition leading to obesity which has been shown to
increase the risk of developing different cancer types (Aggarwal et al., 2009b). Cancer
development can be divided into three distinct steps (Hanahan and Weinberg, 2000),
during the initiation step the cells acquire DNA mutations either spontaneously or by
chemical or physical mutagens which lead to the inactivation of tumor suppressor genes
or to the activation of oncogenes. To date there are different mutations known which
predispose to the development of different cancer types. The initiated cells divide
unregulated during tumor promotion due to a dysregulation in their genetic program
governing proliferation and apoptosis. This promotion phase of tumorigenesis can be
further accelerated by inflammatory cytokines. During recent years the significance of a
proinflammatory tumor microenvironment has been recognized during tumor
promotion, but as well as an initiating cause of cancer development (Grivennikov et al.,
2010), for example in hepatocellular carcinoma (Schiitte et al., 2009), gastric cancer
(Chao & Hellmich, 2010) or colorectal cancer (Wu et al., 2009). In the last step of
tumor progression the cells acquire additional mutations leading to invasion of
surrounding tissue and possibly to metastasis. As general hallmarks of malignant cells
different traits have been described: evasion from apoptotic signals, self-sufficiency in
growth signals, insensitivity to anti-growth signals, limitless replicative potential, an
increase in angiogenesis and tissue invasion and metastasis (Hanahan & Weinberg,

2000).
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1.1 Role of the tumor microenvironment in cancer development

Growing evidence provides a link between inflammation and carcinogenesis, suggesting
that not only chronic inflammation predisposes to the development of malignant
disease, but also that genetic events causing neoplasia as well lead to the expression of
inflammation-related programs establishing an inflammatory microenvironment.
Therefore cancer-related inflammation has been proposed to be the seventh hallmark of
cancer (Colotta et al., 2009).

The tumor microenvironment is composed of a heterogeneous mixture of cell types.
This includes fibroblasts, cells of the innate immune system such as macrophages,
neutrophils, natural killer (NK) cells, mast cells and dendritic cells (DC), as well as cells
of the adaptive immune system, such as T-and B-cells; the mixture is completed by
endothelial cells (deVisser et al., 2006).

The origin of fibroblasts in the tumor stroma is not yet clearly defined, these cells could
result from epithelial to mesenchymal transition of tumor parenchyma, but could as well
result from bone-marrow derived cells which are recruited from the circulation to the
tumor microenvironment where they differentiate into fibroblast-like cells; resting
fibroblast from the normal tissue could as well get activated at the tumor site (Spaeth et
al., 2009). These tumor-associated fibroblasts have been shown to play an important
role during tumor formation, growth and metastasis. For example in a study analyzing
the correlation between the degree of tumor-associated fibroblast infiltration in
colorectal cancer and the period of disease-free survival, a negative correlation for this
marker could be shown (Tsujino et al, 2007).

Tumor-associated fibroblasts are a potent source of different cytokines, such as
Interleukin (IL)-6, Vascular Endothelial Growth Factor (VEGF) and Transforming
Growth Factor (TGF)-p (Silzle et al., 2004; Spaeth et al., 2009), thereby shaping the
activation profile of other components of the tumor microenvironment. Furthermore
they are responsible for the secretion of proteases such as matrix-metalloproteinases
(MMP) 2 and 3, as well as pro-metastatic factors chemokine ligand C-C motif (CCL)-5
and chemokine ligand C-X-C motif (CXCL)-12/14, which have been shown to be
important for the recruitment of bone-marrow derived cells and immune cells into the
tumor (Ostman and Augusten, 2009; Tsujino et al., 2007). In a recent study, loss of the
tumor suppressor Pten specifically in stromal fibroblasts led to an acceleration of tumor

initiation and promotion in a mouse model of mammary epithelial tumorigenesis by



Introduction

regulation of the remodelling of the extracellular matrix, innate immune cell infiltration
and angiogenesis (Trimboli et al., 2009).

The cells of the innate immune system can have favourable, but also unfavourable
effects on tumor development. Tumor associated macrophages (TAMs) are mainly
associated with tumor promoting effects (Solinas et al., 2009). They often represent
together with T-cells the main class of tumor infiltrating immune cells (Sica et al.,
2008) and are recruited to the tumor site by tumor cell derived CCL-2 and different
other chemokines (Balkwill, 2004; Pollard, 2004; Mantovani et al., 2006). TAMs show
a M2-like activation profile characterized by secretion of high amount of IL-1 and IL-6
and impaired antigen-presenting ability (Sica et al, 2008). Tumor cell invasion and
metastasis are fueled by TAMs by secretion of different MMPs as well as by factors
facilitating angiogenesis (Siveen und Kuttan, 2009). A high number of infiltrating
TAMs in different tumor types has been associated with a poor prognosis (Murdoch et
al., 2008).

Another cell type of the innate immune system whose activation profile is shaped by the
tumor microenvironment, is represented by tumor associated neutrophils. In the
presence of TGFf signaling, neutrophils were shown to have an unfavourable effect on
tumor growth and intra-tumoral CD8-T-cell activation (Fridlender et al., 2009). The
blockade of this signaling pathway turned neutrophil infiltration of the tumor into a
favourable event, illustrated by an influx of tumor-associated neutrophils which were
more cytotoxic to tumor cells and secreted higher levels of proinflammatory cytokines
(Fridlender et al., 2009). Neutrophils are recruited to the tumor environment mainly by
CXCL-8 (Xie et al., 2001), as well as by CXCL-5 and 6 (Wislez et al., 2004; Gijsbers et
al., 2005). They are involved in the generation of reactive oxygen species, which can
lead to an increase in genomic instability, as demonstrated for Tp53 mutations (Yu et
al., 2002). Additionally neutrophils are believed to play a potent role in tumor
angiogenesis by stimulating the tumor cells to secrete VEGF. Additionally they secrete
Tissue Inhibitors of Metallo-Proteinase (TIMP)-free MMP 9 leading to the remodeling
of the extra-cellular matrix and the release of bound pro-angiogenic factors VEGF and
Fibroblast Growth Factor (FGF)-2 (Tazzyman et al., 2009).

DCs belong to the innate immune system, but represent together with macrophages and
B-cells the class of antigen-presenting cells, thereby activating the cells of the adaptive
immune system. Dendritic cells are the most potent antigen-presenting cells among the

three groups and are responsible for the induction of adaptive anti-tumor immune
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responses, but as well for the induction of tolerance to established tumors (Chaput et al.,
2008). Traditionally the main role of tumor-associated DCs was believed to be the
uptake of apoptotic tumor cells and the presentation of tumor associated-antigens to
CDS8" and CD4"- T-cells, as well as the secretion of activating cytokines such as I1L-12,
IL-15 and IL-18 which lead to the activation and proliferation of natural killer cells
(Ullrich et al., 2008). Quite recently it has been shown by different groups that a special
subset of DC, called killer DCs, is capable of directly killing tumor cells (Chan and
Housseau, 2007; Taieb et al., 2006). On the other hand, tumor-derived IL-10 was shown
to modulate antigen-presentation by DC to induce anergy (Steinbrink et al., 1999) to
tumor antigens. Differentiation of DC can as well be impaired by tumor-derived IL-6,
leading to a predominant differentiation of monocytes into macrophages instead of DC
(Chomarat et al., 2000).

NK cells, cytotoxic CD8" T-cells and T-helper cells are the main components of the
anti-tumor immune response. NK cells can be directly activated by cell surface
molecules and are not dependent on activation by antigen-presenting cells. For example
the NKG2D receptor of human NK cells binds directly to the stably expressed proteins
MICA/B which are upregulated in response to cellular stress as exerted by infection
with Mycobacterium tuberculosis, but are as well upregulated in human lung, breast,
prostate and colon carcinoma. This overexpression leads to recognition, secretion of
Tumor Necrosis Factor o (TNFa), Interferon-y (IFNy) and other chemokines and direct
killing of the cell (Backstrom et al., 2004). Natural killer cells recognize tumor cells by
their down-modulated expression of Major Histocompatibility Complex (MHC) class-I
which is sensed by the lack in binding of inhibitory NK-cell receptors to the MHC
class-I complexes on the cancer cells (Purdy and Campbell, 2009). This downregulation
of MHC class-I on the other hand leads to a lack of induction of cytotoxic T-
lymphocytes (CTL) which depend on activating stimuli via MHC class-I either directly
by tumor cells or by cross-presentation of tumor-derived antigens by antigen-presenting
cells (Huang et al., 2007a). CTLs secrete IFNy, perforin and granulysin upon activation,
and can upregulate FasL expression on their cell surface leading to target cell apoptosis
(Janssen et al., 2010).

Cells of the T-helper class can have different impacts on tumor development. Thl cells
whose differentiation is induced by IFNy, IL-12 and IL-27, are associated with an anti-
tumor immune response driven by the secretion of IFNy and TNFa (Wan and Flavell,

2009). Shifting of the balance towards a Th2 responses by IL-4 and IL-25 leads to
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secretion of IL-4, IL-5, IL-13 and IL-25, associated with a humoral immune response
and a less potent anti-tumor immune response (Wan and Flavell, 2009). A fairly
recently discovered T-helper cell subset, the Th17 cells, are induced by IL-6 and TGF,
and have been implicated in autoimmune disease such inflammatory bowel disease
(IBD), as well as in driving tumor growth (Wu et al., 2009), presumably by modulating
Stat3 activation via IL-6 levels (Wang et al., 2009). Regulatory T-cells (Treg) are
induced by TGFP and IL-2, and are responsible for the secretion of IL-10 and
TGFB (Weiner, 2001; Stassen et al.,, 2004), thereby downregulating different
components of the anti-tumor immune response.

The effect of the tumor microenvironment on tumor promotion is not solely determined
by the cell types present, but mainly depends on the cytokines secreted by these cells
(see Figure 1.1). Main tumor promoting cytokines include TNFa., IL-1, IL-6, IL-10, IL-
17 and TGFp, with TNFa, IL-1, IL-6 and IL-17 having a direct effect on tumor cell
proliferation, while secretion of IL-10 and TGFf has an adverse effect by suppression

of the anti-tumor immune response.
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Figure 1.1: The inflammatory tumor microenvironment, its cell types and the cytokines secreted.
(adapted from Lin and Karin, 2007) Tumor cells secrete different cytokines and chemokines, which
then attract and/or activate cells of the tumor microenvironment. NK cells, Th1, cytotoxic T-cells as well
as dendritic cells are associated with an anti-tumor immune response, while macrophages, Th2, Th17 and
regulatory T-cells (Treg), fibroblasts and endothelial cells contribute to tumor promotion.
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Interestingly, in the early stages of tumor development TGFf has also been reported to
have an inhibiting effect on tumor development in colitis-associated carcinogenesis by
modulating IL-6 signaling (Becker et al., 2004).

On the other hand, IL-10 can as well have positive effects by dampening inflammation,
thereby reducing the secretion of different other proinflammatory cytokines which are
important in driving hyperproliferation of initiated cells. Cytokines important in driving
the anti-tumor immune response include IL-12, IFNy and TNF-Related Apoptosis
Inducing Ligand (TRAIL).

Important signaling pathways in regulating cytokine secretion, but as well in regulating
the intrinsic activation statuts of different cell types within the tumor microenvironment
are represented by Nuclear Factor Kappa B (NF-kB) as well as the Signal Transducer
and Activator of Transcription (Stat3) signaling pathway. NF-kB activation in
macrophages leads to the secretion of IL-1B, TNFa and IL-6, which then in turn
activate NF-xB and Stat3 signaling in intestinal epithelial cells (IEC) during colitis-
associated cancer (CAC) (Greten et al., 2004). TNFa and IL-6 also play important roles
in hepatocellular carcinogenesis (HCC). TNFa and lymphotoxin [ promote tumor
growth in mouse models of HCC (Pikarsky et al., 2004; Haybaeck et al., 2009).
Ablation of IL-6 signaling leads to a reduction in tumorigenesis in an injury-dependent
HCC model (Naugler et al., 2007). IL-10 activates the Stat3 signaling pathway in
macrophages and deletion of IL-10 signaling leads to the development of spontaneous
colitis (Takeda et al., 1999). IL-17 is expressed in a Stat3-dependent manner by T-cells
and modulates IL-6 signaling leading to Stat3 activation in tumor cells (Wang et al.,
2009). The diverse network regulated by Stat3 signaling in tumors has been illustrated
by Kortylewski and colleagues (2009), who showed that Stat3 activation in tumor-
derived macrophages leads to expression of IL.-23. This inhibits IL12p35 expression in
tumor-associated DC and induces the transcription of the Foxp3 gene in regulatory T-
cells, leading to the secretion of immune suppressive IL-10. The results mentioned here
represent only some examples which demonstrate the importance of the aforementioned

signaling pathways in tumor cells, as well as in tumor infiltrating immune cells.
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1.2 Inflammatory bowel disease as a predisposing factor for colorectal cancer
development

Inflamatory bowel disease (IBD) comprises the two disease types of chronic intestinal
inflammation: Crohn’s disease (CD) and ulcerative colitis (UC). Both are characterized
by persistent and recurrent inflammation of the gastrointestinal tract. In CD the
inflammation is predominantly located to the terminal ileum and colon, but can as well
localizes to any part of the gastrointestinal tract between mouth and anus, and can
involve all layers of the tissue. Symptoms of UC often start from rectum then spreading
across the whole mucosa to the proximal colon (Abraham & Cho, 2009). For CD and
UC the causative factors are not well defined, it seems that a combination of genetically
predisposing factors in combination with environmental factors leads to the
development of these diseases. The notion of a genetic predisposition present in patients
suffering from IBD is underlined by the findings that the risk of developing these
diseases increases in people with a first—degree relative suffering from IBD (Baumgart
and Carding, 2007).

Genetically predisposing factors for the development of IBD include alterations in
genes of pattern recognition receptors, such as NOD mutations (Strober et al., 2008),
genes governing the differentiation of Th17 lymphocytes or are involved in the IL-17
signaling pathway (Franke et al., 2010), autophagy and maintenance of epithelial barrier
integrity (Van Limbergen, 2009). Environmental factors potentially modulating IBD
include dietary factors, as well as smoking or the use of hormonal contraceptives.
Another important role seems to be played by gut commensals colonizing the large
intestine, as the distribution of bacterial species distinctly changes in patients suffering
from IBD. A conclusive result on the relationship between bacterial colonization and
the development of IBD remains to be established.

In IBD, T-cells were shown to be resistant to apoptosis leading to an expansion of the
number of T-lymphocytes in the intestine of these patients. An expansion of effector as
well as regulatory T-cell subsets can be observed, however more importantly the
activation profile of these cells seems to differ significantly in IBD (Neurath and
Finotto, 2009). Traditionally Crohn’s disease has been associated with a cytokine
milieu resembling a Thl response, being dominated by the secretion of IFNy. This view
has recently been challenged by the discovery of a new subset of T-cells, the Th17 cells
(Fujino et al., 2003; Kobayashi et al., 2008). The predominant cytokines secreted by

antigen-presenting cells in Crohn’s disease comprise IL-1f3, IL-6 and IL-23, which can
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induce the development of Th17 cells out of naive T-cells, and the latter two are potent
inhibitors of regulatory T-cell formation (Brand, 2009). Furthermore, the secretion of

IL-12 by  antigen-presenting  cells leads to he  induction  of

L1, L&, IL23 ILE IL23

IL1CI

Proinflammatory cytokines Antiinflammatary cytokines

Figure 1.2.: The imbalance of pro- and anti-inflammatory cytokines in Crohn’s disease (taken from
Brand, 2009). In Crohn’s disease an hypersecretion of the pro-inflammatory cytokines IL-1p, IL-6, IL-12
and IL-23 is secreted by antigen-presenting cell (APC) leading to a hyperactivated state of Th1 and Th17
cells while suppressing the activity of regulatory T-cells (Treg).

Th1 cells. These activated subsets of the adaptive as well as the innate immune system
lead to an oversupply of proinflammatory cytokines such as IL-1, IL-6, IL-17a and f,
IL-18, IL-21 and IL-23, as well as IFNy and TNFa, whereas the secretion of the anti-
inflammatory cytokines IL-10 and TGFp is reduced (see Figure 1.2) (Brand, 2009). To
date it seems that both subsets of activated T-cells play an important role in the
development of Crohn’s disease.

In UC, the dominating cytokines seem to be IL-5, IL-13 and TNFa which are associated
with a Th2 dominated T-cell response. In a recent study IL-33, a member of the IL-1
cytokine family, was reported to be upregulated in patients with UC (Seidelin et al.,
2010) and was shown to be able to raise a Th2-like response in immunocompetent cells.
Treatment of IBD consists of an unspecific suppression of the immune system by
administration of immune modulating drugs such as prednisone, azathioprine, TNFa-
blocking antibodies and methotrexate (Baumgart, 2009). Severe cases may require
surgical intervention. As IBD represents a chronical, non-curable disease, therapy aims

at keeping the disease in a state of remission and early therapeutic intervention at times
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of active outbreak of the disease. Research on new treatment options for IBD tries to
find ways to modulate the immune response by administration of recombinant
cytokines, such as IL-10 or cytokine blocking antibodies active against TNFa, IFNy,
IL-6R. Another strategy involves the modulation of the intestinal flora by
administration of probiotic bacteria or even genetically modified bacterial strains
(Neurath and Finotto, 2009).

IBD significantly impairs the life qualitiy, of the patient although fatale courses of the
disease are rare and mostly caused by surgical complications. Patients suffering from
IBD represent one of the groups with the highest risk of developing colon cancer,
although this group only accounts for 1 % of all colorectal cancer cases which is due to
a tight monitoring of IBD patients. Nonetheless, longstanding inflammation increases

the risk of developing CRC to 20 % after 30 years (Eaden et al., 2001).

1.3 Colon cancer

Among human cancers, colon cancer was the third most common cancer type to be
developed in the USA in 2009 (Jemal et al., 2009). Significant global variations in the
distribution of colon cancer have been observed with higher rates in developed
countries (USA, Europe, Oceania) and rising rates in Eastern Europe, resulting from
growing “westernization” in these regions (Center et al., 2009). Risk factors for the
development of colon cancer include smoking, physical inactivity, alcohol abuse and
diet.

Colon cancer can be broadly classified into cases associated with a predeposition for the
development of colon cancer, which include IBD and the hereditary syndromes: familial
adenomatous polyposis (FAP) and hereditary nonpolyposis colorectal cancer (HNPCC),
accounting for about 10 % of all colon cancer cases and sporadic cases which make up

90 % of all cases.
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1.3.1 Molecular events in the development of colon cancer

The pathways leading to the development of sporadic, as well as colitis-associated colon
cancer are similar. The initiation step of colon cancer is a result of genetic instability,
which is mainly resulting from chromosomal instability (CIN) or microsatellite
instability (MSI). Chromosomal instability, such as structural chromosomal instability
(translocations, deletions, telomeric associations) or numerical instability, can be found
in 85 % of all colon cancer cases and lead to abnormal segregation of the chromosomes
during mitosis (Itzkowitz and Yio, 2004). This may lead to the inactivation of essential
tumor suppressor genes, such as Adenomatous Polyposis Coli (APC). Mutations of APC
can be found in 60 % of sporadic colorectal adenomas (Powell et al., 1992). APC was
found to be mutated less frequently in UC-associated dysplasia and colitis-associated
cancer cases, one study reported a mutation frequency of 30 % (Greenwald et al., 1992).
The KRAS gene represents another frequently mutated gene in CIN tumors. Mutations
were found in 47 % of sporadic adenomas larger than 1 cm (Vogelstein et al., 1988).
For CAC mutation rates vary between 3 and 50 % (Fujii et al., 2002). The incidence for
alterations in the tumor-suppressor gene TP53 as well arise due to CIN and can be
found in 50-80 % of human colorectal cancer cases (Fujii et al., 2002), as well as
alterations of the TGFf3 signaling pathway.

The second pathway leading to intestinal carcinogenesis is caused by microsatellite
instability (MSI), which goes along with an inactivation of genes involved in mismatch-
repair during DNA replication, such as MSH2 and MLH1. This inactivation of DNA
mismatch repair genes gives rise to DNA replication errors throughout the whole
genome for example in microsatellite regions. These microsatellites represent DNA-
repeat sequences of defined length, insertions or deletions within these microsatellites
can lead to frameshift mutations. In colon cancer they can often lead to mutations in
TGFARII, IGF2R and BAX (Itzkowitz and Yio, 2004), while mutations concerning the
WNT-signaling pathway play an inferior role in tumors resulting from MSI. This
pathway accounts for about 15 % of CRC cases.

Apart from the CIN and MSI pathways a minor share of colonic tumors arises via
alternative routes which are as well independent of mutations of the WNT signaling
pathway, but can involve mutations in DNA-mismatch-repair enzymes. These tumors
develop via the serrated pathway and often harbour mutations of the KRAS or BRAF

gene.
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1.3.2 Wnt signaling: a commonly hyperactivated pathway in colon cancer

The Wnt signaling pathway plays a key role in the development and tissue homeostasis
of the intestine as well as in colon cancer (Funayama et al., 1995; Willert and Nusse,
1998; Arias et al., 1999; Polakis, 2000). Wnt signaling is initiated by binding of Wnt
proteins to the extra-cellular domains of the Frizzled family of seven transmembrane
receptors. Although hyperactivation of the Wnt pathway is a common finding in human
carcinogenesis, an oversupply of Wnt ligands accounting for this hyperactivation has
never been demonstrated. The activated Frizzled receptor recruits the protein
Dishevelled to the membrane and mediates its phosphorylation (Axelrod et al., 1998;
Lee et al., 1999). Dishevelled in turn disrupts the GSK-33/Axin/APC complex, resulting
in an inhibition of phosphorylation and targeting for degradation of B-Catenin (see
Figure 1.3). Accumulation of B-Catenin in the cytoplasm finally leads to nuclear
translocation and initiation of target gene transcription via TCF/LEF (Behrens et al.,
1996). In colorectal cancer, hyperactivation of the Wnt signaling pathway commonly
results from mutations in the APC gene. Stabilizing mutations in the CTNNB1 gene
have as well been described, but in a much smaller fraction of tumors mainly in the

presence of MSI (Mirabelli-Primdahl et al., 1999).

Frlzzled
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® |
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| )
Figure 1.3.: The canonical Wnt signaling pathway (adapted from Behrens, 2005) Binding of Wnt
protein to the extracellular domain of the Frizzled receptor leads to activation of Dishevelled, which
disrupts the Axin/GSK/APC complex. This prevents phosphorylation of 3-Catenin, which is the signal for
its ubiquitinylation (Ub) and proteasomal degradation. Stabilized B-Catenin translocates to the nucelus
and initiates TCF-dependent gene expression.

Interestingly, inactivating mutations of APC and activating mutations of the CTNNB1

gene never seem to coexist in one tumor (Kolligs et al., 2002). It has been shown

11
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recently that tumor formation via APC mutations is mainly exerted via c-Myc and

deletion of this gene can inhibit the tumor formation (Sansom et al., 2007).

1.4 The Stat3 signaling pathway
1.4.1 Components and its functions

Stat3 was first identified in liver cells as a transcription factor involved in the acute
phase response and has been shown to be induced by IL-6 (Wegenka et al., 1993). Since
its discovery growing knowledge has evolved about its role in epithelial and immune
cells under steady state and inflammatory conditions.

Induction of the Stat3 pathway can be achieved cell-type dependent by a variety of
cytokines and growth factors. The main known activators of the pathway are cytokines
of the IL-6 protein family (IL-6, IL-11, Leucocyte Inhibitory Factor (LIF), Oncostatin
M (OSM), Ciliary Neutrophic Factor (CNTF) (Heinrich et al., 2003), members of the
IL-10 protein family (Radaeva et al., 2004) and different growth factors (Hepatocyte
Growth Factor (HGF), Epidermal Growth Factor (EGF), Platelet Derived Growth
Factor (PDGF)) (see Figure 1.4). Activation of the Stat3 pathway occurs through di-or
trimeric receptors. Members of the IL-6 cytokine family signal through gp130, which
can associate with different cytokine specific subunits. Growth factors activate Stat3 in
a gp130 independent way, relying on the expression of different growth factor receptors
on the cells (e.g. EGFR, PDGFR).

Although expression of the IL-6 receptor subunit is restricted to hepatocytes,
neutrophils, monocytes/macrophages and some lymphocytes, IL-6 signaling is activated
in a variety of cell types. In cells not expressing the IL-6 receptor, signaling is initiated
by a soluble form of the receptor which is either formed by proteolysis of the
membrane-bound receptor (shedding) or by translation of an alternatively spliced form
of the mRNA (Heinrich et al., 2003), this process is known as IL-6-trans signaling
(Jones et al., 2001). A comparable mechanism has been shown for IL-11.

Dimerization of the different receptor types induced by ligand-binding leads to
activation of receptor-associated Janus kinases (Jakl1, Jak2, Tyk2) (Zhong et al., 1994).
If two Jaks are brought into close proximity they are able to phosphorylate and thereby
activate each other. Activation of the Jaks leads subsequently to phosphorylation of
their major target Stat3 on a conserved tyrosine residue and to a lesser extent also to

phosphorylation of Statl. Phosphorylated Stat3 is able to dimerize over its SH2 domain
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and is actively imported into the nucleus where it induces the transcription of target
genes (Aggarwal et al., 2009a).

Tyrosine phosphorylation of Stat3 can also be achieved by non-receptor kinases, such as
Src and Abl (Yu et al., 1995; Ilaria and Van Etten, 1996). Stat3 can also be
phosphorylated on a serine-residue, while different kinases have been shown to mediate
serine-phosphorylation of Stat3 (Jain et al., 1999; Aziz et al., 2007), the physiological
role of it is not fully understood to date. Serine phosphorylation was suggested to be
involved in the regulation of the duration and extent of the transcription of Stat3 target
genes (Yokogami et al., 2000). These target genes include a vast diversity of genes
controlling apoptosis, proliferation, angiogenesis and invasion (Alvarez and Frank,

2004).

L8 family cytokines: Growth factors:
IL6, IL11, OSM, LIF R EGF, PDGF, VEGF,
tyrosine kinases HGF

JAK

Figure 1.4: The Stat3 signaling pathway. Stat3 can be activated by different growth factors, non-
receptor tyrosine kinases, as well as IL-6 family cytokines. Growth factors signal through dimerized
cytokine receptors, whereas IL-6 family cytokines signal through hetero-trimers of gp130 and specific
cytokine receptor subunits. This leads to phosphorylation of Stat3 at a tyrosine residue, which enables
dimerization of the monomers. These translocate to the nucleus and initiate transcription of target genes.

Negative regulation of the Stat3 pathway occurs via different mechanisms: the
phosphatase Shp2 is rapidly recruited to tyrosine-phosphorylated gp130, activated by its
binding to the receptor and is able to dephosphorylate Stat3, gp130 and Jaks (Schaper et
al, 1998). Suppressor of cytokine signaling 3 (Socs3) that is transcriptionally induced by
Stat3 itself binds to the phosphorylated tyrosine residue of gp130 in a classical feedback
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inhibitory manner (Lang et al., 2003). Furthermore Socs3 is also able to target the
receptor and Jaks to the ubiquitin proteasome pathway. The other negative regulator of
Stat3 signaling protein inhibitor of activated Stat3 (Pias3) carries out its function by

binding to Stat3 and preventing its DNA association (Groner et al., 2008).

1.4.2 The Stat3 pathway in cancer development

Stat3 activation has been observed in a diverse set of human cancers, including
haematological malignancies such as Hodgkin’s disease, Non-Hodgkin’s lymphoma and
multiple myeloma, and solid tumors such as breast, prostate, lung, liver, pancreatic and
colon cancer (Frank, 2007), although no activating mutations for the transcription factor
itself could be identified. Constitutive activation of the pathway has been attributed for
example to an oversupply of activating cytokines e.g. IL-6 in the case of colitis-
associated carcinogenesis (Grivennikov et al., 2009), hyperactivation of Src-family
kinases in breast carcinoma (Garcia et al., 2001), mutations in the gp130 receptor in
hepatocellular carcinoma (HCC) (Rebouissou et al., 2009) or to impairment mutations
in genes encoding negative regulators of Stat3 signaling e.g. Socs3 in lung cancer (He et
al., 2003). Negative regulators of the Stat signaling pathways have as well been shown
to be insufficiently induced due to promoter methylation in HCC and multiple myeloma
(Yoshikawa et al., 2001; Galm, 2003), rendering even a weak phosphorylation signal to
have a pronounced effect on gene expression. In the case of HCC, an infection with
hepatitis C virus can be an initiating event and it could be shown that a core protein of
the virus is able to mediate tyrosine phosphorylation of Stat3 by a yet unidentified
mechanism (Hosui et al., 2003).

In 1999, Bromberg et al could demonstrate that expression of a constitutive active form
of Stat3 (Stat3C) resulted in cellular transformation of immortalized fibroblasts, leading
to anchorage-independent growth and tumor formation of these cells in nude mice.
Since then important target genes of Stat3, which play a major role in tumor cell growth
have been identified. It could be shown that Stat3 induces cell cycle progression by
induction of CyclinD1/CyclinE (Sinibaldi et al., 2000) and c-Myc (Bowman et al.,
2001) in v-Src transformed fibroblasts. Primary target genes of Stat3 leading to
protection from apoptosis include Mcll, Bcl-x, Bcl-2 and Survivin, which were shown
to be regulated in different cell types. Apart from regulation of proliferation and
apoptosis, activated Stat3 is also capable of regulating angiogenesis by controlling the

expression of VEGF (Niu et al., 2002) and remodeling of the extracellular matrix by
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regulating the expression of MMP-2 and -9 (Xie, 2004; Dechow et al., 2004). In an
approach to identify the role of Stat3 in carcinogenesis, Stat3 target genes were
identified by microarray expression analysis after transfection of fibroblasts cells with
Stat3C. The expression of these target genes was then analyzed in various tumor data
sets. Using this approach a genetic signature of 12 Stat3 target genes could be identified
that were co-expressed in human cancers (Alvarez et al., 2005). These signature target
genes revealed that activation of Stat3 can control all hallmarks of cancer cells
necessary for malignant progression.

Stat3 signaling in tumor cells as well plays a role in shaping the tumor
microenvironment. If tumor cells in which Stat3 signaling was disrupted were injected
into mice, a tumor-specific T-cell dependent immune response could be shown (Wang
et al., 2004). This was mediated by an increased expression of Rantes, [FNf3, IL-6 and
TNFa by the tumor cells.

1.4.3 The Stat3 pathway in colon cancer

IL-6 plays together with IL-1 and TNFa a key role in driving acute inflammatory
responses. A dysregulation of this signaling network has been shown to contribute to a
diverse set of inflammatory conditions such as obesity and insulin resistance,
inflammatory arthritis, sepsis and IBD. More recently an important role in driving
different tumorigenesis, as well as in regulating the innate-adaptive immune response
could be demonstrated.

In a mouse model of CAC, IL-6 were to be secreted by myeloid cells (Greten et al.,
2004) in a NF-xB depending manner as well as by T-cells (Becker et al., 2004). When
classical NF-kB signaling was genetically ablated, tumor number and size was reduced,
presumably by a reduced IL-6 secretion by macrophages (Greten et al., 2004). This
notion is supported by findings that loss of Socs3 expression during CAC leads to an
increase in tumor number and size (Rigby et al., 2007). Colon cancer patients as well
exibit elevated levels of IL-6 (Chung and Chang, 2003). The importance of IL-6-Stat3
signaling in sporadic colon carcinogenesis is underlined by experiments using mice with
acitvating mutations in the APC gene. In mice lacking the Toll Like Receptor (TLR)-
adaptor protein MyD88 decreased tumor numbers were observed, accompanied by a

reduced expression of [L-6 (Rakoff-Nahoum and Medzhitov, 2007). Modulation of IL-6
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trans-signaling can as well be achieved by T-cell specific overexpression of TGFf and

this leads to protection from CAC (Becker et al., 2004).

1.5 Mouse models of colon cancer

Mouse models are important tools for understanding the molecular events leading to the
development of colorectal cancer, one can differentiate, between models mimicking
colitis-associated colon cancer and sporadically occuring colon cancer.

The existing mouse models of inflammatory bowel disease all do not represent the full
complexity of the human disease, but mimic different aspects of disease cause and
progression, and only some of them lead to the development of CAC. Among them are
the IL-10 knock-out mice, which show an increase in reactive T- and B-cells numbers,
an upregulation in immunoglobulin secretion and aberrant expression of MHC-class 1.
This dysregulation of the activation state of immune cells is caused by an unbalanced
secretion of TNFa and IL-12 and leads to the development of IBD and subsequently to
the development of adenocarcinomas in the colon and rectum (Berg et al., 1996). In
these mice a germfree housing protects from IBD and CAC development underlining
the role of the enteric microflora in these disease. In a similar model the conditional
ablation of the Stat3 signaling pathway in myeloid and lymphoid cells leads to a
dramatic inflammatory response in the intestine and tumor formation at a similar
frequency to that observed in human IBD patients. Interestingly these mice even
develop invasive carcinomas driven by Stat3 activation in the colonic epithelium (Deng
et al., 2010) The importance of the microflora for cancer development was as well
unveiled by the Gpx1/Gpx2 mouse model, showing that oxidative stress contributes to
inflammation and cancer development (Chu et al., 2004).

DSS-induced colitis relies on its toxicity to epithelial cells, which leads to a disruption
of the epithelial barrier, allowing invasion of commensal microbiota into the lamina
propria. The resulting inflammatory response resembles many features of human UC
(Clapper et al., 2007) and is characterized by an upregulation of proinflammatory
cytokines such as IL-2, IL-4 and IL-6. Repetitive administration induces a chronic
colitis which in combination with the pro-carcinogen azoxymethane (AOM) leads to the
development of adenomas in the distal colon with a penetrance of 100 % (Clapper et al.,
2007). These adenomas exhibit nuclear B-Catenin translocation, which is also frequently

observed in human CAC (Aust et al., 2001).
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Hyperactivation of the Wingless (Wnt) signaling pathway by mutational modification of
components of this pathway are proposed to be the initiating mutations in most sporadic
colorectal cancer cases. Different APC mutant mice mimic these cases. These mice
carry heterozygously an inactivating mutation of the APC gene and upon spontanous
loss of the second functional copy of the APC gene develop multiple tumors
predominantly in the small intestine and to a lesser extent in the large intestine. There
are different mouse strains carrying different mutations of APC which all lead to the
development of adenoma and occasionally also adenocarcinoma of the small intestine.
The different mutations greatly vary in the number of tumors that are formed, the
APC*""® mouse for example develops around 300 polyps (Oshima et al., 1997) whereas

C'**N mutation only develop around 3-6 tumors (Smits et al.,

mice carrying the AP
1997). Quite recently a model of conditional ablation of APC function with the help of
Cdx2-NLS-Cre recombinase has been established which limits adenoma/carcinoma
formation to the large intestine and distal ileum (Hinoi et al., 2007).

Another mutation leading to the activation of the Wnt signaling pathway is represented
by B-Catenin stabilizing mutations, which can as well been found in a subset of human
colon tumors, that do not carry APC mutations. Depending on the promotor driving the
expression of the mutant B-Catenin form, these mice develop between a few (calbindin

promotor) and 700-3000 polyps (CK19 promotor) in the small intestine (Taketo and
Edelmann, 2009).
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2. Objective of this study

Among human cancers, colon cancer was the third most common cancer type to be
developed in the USA and Europe in 2009. Although a big effort is made to improve the
survival probability, the cumulative 5-year survival rate still remains as low as 50 %.
One field in colorectal cancer research includes the effort to improve the diagnostic
options, another big field aims at understanding the molecular events leading to
colorectal carcinogenesis to improve therapeutic as well as preventive options. Known
risk factors for the development of colon cancer include smoking, physical inactivity,
alcohol abuse and diet. All these risk factors lead or can contribute to the establishment
of an inflammatory environment which can promote or even initiate tumor growth.
Important pathways involved in the regulation of inflammation in immune cells as well
as in epithelial cells include the Nuclear Factor Kappa B (NF-«kB) as well as the Signal
Transducer and Activator of Transcription 3 (Stat3) signaling pathway.

NF-kB regulates for example secretion of Interleukin (IL)-1f3, Tumor Necrosis Factor a
(TNFa) and IL-6 by activated macrophages. The Stat3 signaling pathway controls in
immune cells mainly anti-inflammatory signals. In mice devoid of Stat3 signaling in
macrophages, neutrophils as well as dendritic cells, this leads to a hyperactivation of the
immune system and the development of spontaneous colitis.

During carcinogenesis, NF-kB has been shown to play a major role by protecting
initiated cells from apoptosis in colitis-associated carcinogenesis (CAC) as well as in
hepatocellular carcinogenesis (HCC). NF-xB activation in cells of the tumor
microenvironment can lead to a secretion of IL-6, thereby activating the Stat3 signaling
pathway. The role of Stat3 signaling in epithelial cells during colorectal carcinogenesis
remains still ill defined. To address the function of Stat3 during different phases of
tumor development as well as in sporadic and inflammation-associated cancer, we took
advantage of mice carrying an intestinal epithelial cell (IEC)-specific deletion of Stat3
(StatBA'EC) and employed different models: In a model for CAC, we exposed these mice
to a mutagenic challenge by azoxymethane (AOM) administration followed by the
repeated administration of dextrane-sulfate sodium in the drinking water to induce
chronic inflammation, this leads to tumor formation in the distal colon within 12 weeks.
To assess the role of Stat3 signaling during sporadic colorectal carcinogenesis, we
crossed Stat3*'¥¢ mice to mice carrying an inducible mutation of the Ctnnb gene as a

model for early tumor promotion during sporadic carcinogenesis.
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3. Materials and Methods

3.1 Mice
3.1.1 Mouse models

CD11c-DTR (Jung et al., 2002)

The CD11c-DTR mouse constitutes a mouse model for the specific deletion of CD11c
expressing cells. In order to generate these mice a transgene for the simian diphtheria
toxin receptor was placed under the control of the Itgax (CD11c) promotor. This results
in the expression of the receptor by CD11c expressing cells which are depleted upon
intraperitoneal injection (i.p.) of diphtheria toxin (Merck) at a dosage of 4 ng/g
bodyweigth in sterile PBS every second day.

Ctnnb®*™ (Harada et al., 1999)

These mice carry a mutant Ctnnb allele whose exon 3 is sandwiched by loxP sequences.
When these mice are crossed to Vvillin-CreER™ mice, tamoxifen induced villin-Cre
expression results in a truncated [-catenin protein, which lacks the serines and
threonines encoded by exon 3, which are normally phosphorylated by glycogen
synthase kinase 3 [ (GSK3p) to target the protein for degradation. This leads to a

stabilization of B-catenin protein specifically in intestinal enterocytes.

IFNy”~ (Dalton et al., 1993)
A targeting vector containing a neomycin gene was introduced into exon 2 of the
IFNy gene, which introduces a termination codon after the translation of the first 30

amino acids and results in the expression of an immature protein.

IL6" (Kopf et al., 1994)
A targeting vector was designed to place a neomycin resistance cassette into the first
coding exon (exon 2) of the IL-6 gene, thus ablating the expression of a functional

protein.
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Socs3"Mo% (yagukawa et al., 2003)

A targeting vector was designed to place l0xP sites in intron 1 and the 3' untranslated
region of exon 2 of the targeted Socs3 gene. When these mice are crossed to villin-
CreER™ mice, tamoxifen induced villin-Cre expression results in the specific ablation

of functional Socs3 protein in intestinal epithelial cells.

Stat3"M°% (Takeda et al., 1998)

A targeting vector was designed leading to a floxed architecture of exon 21 of the Stat3
gene. This results in the expression of a truncated protein lacking the phosphorylation
sites necessary for activation of the transcription factor upon crossing with mice

expressing Cre recombinase.

Villin-Cre (Madison et al., 2002)

Mice wich are hemizygous for this transgene express Cre recombinase under the
direction of the mouse villin 1 promoter. Intercrossing with a strain containing a loxP-
flanked sequence of interest leads to Cre-mediated recombination and tissue-specific

deletion of the targeted sequence.

Villin-CreER™ (El Marjou et al., 2004)

Transgenic mice bearing a tamoxifen dependent Cre recombinase expressed under the
control of the villin promoter were created to perform targeted spatiotemporally
controlled somatic recombination. In these mice a mutated ligand binding domain of the
human estrogen receptor is fused to the Cre recombinase transgene leading to the
inhibition of Cre expression in the absence of tamoxifen. Intercrossing with a strain
containing a loxP-flanked sequence of interest leads to tamoxifen dependent Cre-

mediated recombination and tissue-specific deletion of the targeted sequence.

3.1.2 LPS measurement

In order to measure the LPS level, serum was collected, diluted 1:4 with water and
subsequently heated to 70°C for 10 min. Then the LPS-serum level was determined
using the Limulus Amebocyte Lysate kit (Lonza) according to the manufacturer’s
instructions. This detection method is based on the fact that gram-negative infection of
Limulus polyphemus, the horseshoe crab, results in intra-vascular protein coagulation.

This coagulation is based on the activation of a proenzyme by endotoxin, which in turn
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cleaves a colorless substrate into a peptide. This can be photometrically measured at
405-410 nm allowing the quantification of the endotoxin present in a given sample

compared to a standard curve.

3.1.3 Bone marrow transplantation

Mice were subjected to whole body y-irradiation of 9 grey, which represents a lethal
dose. Bone marrow from a CD11cDTR donor mouse was isolated from femoral bones
by flushing with sterile PBS. The total cell number was determined and adjusted to a
concentration of 2*10” cells/ml. 100 pl of this cell solution was injected into the tail
vein of irradiated mice. The transplanted animals were kept on antibiotic water (1,4
mg/ml Ciprobay (Bayer)) for two weeks, followed by two more weeks on normal water

to reconstitute.
3.1.4 Genotyping of mice

In order to genotype the mice tail samples were taken and lysed overnight in 95 ul tail
lysis buffer supplemented with 5 pl Proteinase K (Qiagen) at 60°C. The enzymatic
tissue digestion was stopped by heat inactivation at 95°C for 10 min. Samples were
diluted with distilled water 1:10 and centrifuged for 10 min at 13200 rpm to remove

insoluble parts. Supernatants were directly used for polymerase chain reaction (PCR).

General PCR reaction: 10x PCR buffer (Invitrogen) 2 ul
50 mM MgCl, (Invitrogen) 0,6-0,8 ul
100 mM dNTP Mix (Invitrogen) 0,4 ul
20 pMol Forward Primer 0,5 ul
20 pMol Reverse Primer 0,5 ul
Taq Polymerase (5U/ul) (Invitrogen) 0,15 ul
DNA 1,5 ul
H,O 14,15 ul
Tail lysis buffer: 1,5 M tris (pH 8,5)
200 mM NaCl
0,2% SDS
5 mM EDTA
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PCR conditions:

(35 cycles each, plus an initial denaturation period at 94°C

for 5 min and a final elongation for 10 min at 72°C)

Ctnnb:

wt-PCR (2 mM MgCl,) 94°C 30 s
58°C30s
72°C30s

B-catenin F: 5°-TTC CCA GTC CTT CAC GCA AG-3’
B-cateninwt R: 5’-GCA AGT TCC GCG TCA TCC T-3’

flox-PCR (1,5 mM MgCl,) 94°C 30s

58°C30s

72°C 60 s
B-catenin F: 5’-TTC CCA GTC CTT CAC GCA AG-3’
B-cateninflox R: 5’-CTG AAT GAA CTG CAG GAC
GA-3

CD11cDTR: (2 mM MgCly) 94°C 30 s

62°C 60s

72°C 60 s
CD11cDTRwt: 5>-F CAA ATG TTG CTT GTC TGG
TG-3’
CD11c¢DTRwt R: 5°-GTC AGT CGA GTG CAC AGT
TT-3’
CD11cDTRtg F: 5-GGG ACC ATG AAG CTG CTG
CCG-3’
CD11cDTRtg R: 5°-TCA GTG GGA ATT AGT CAT
GCC-3’

Cre: (2 mM MgCly) 94°C 30 s

58°C 30 s

72°C 30 s
Cre F: 5’-ACC TGA AGA TGT TCG CGA TTA TCT-3’
Cre R: 5°-ACC GTC AGT ACG TGA GAT ATC TT-3’
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IFNy: (2 mM MgCl,) 94°C 30 s

58°C30s

72°C30s
I[FNywt F: 5°-CTG AAT GAA CTG CAG GAC GA-3’
IFNyko F: 5’-AGA AGT AAG TGG AAG GGC CCA
GAA G-¥
IFNy R: 5°-AGG GAA ACT GGG AGA GGA GAA ATA
T-3

IL6: (2 mM MgClL) 94°C 30 s

61°C 60's

72°C 60 s
IL6 F: 5>-TTC CAT CCA GTT GCC TTC TTG G-3
IL6wt R: 5>-TTC TCA TTT CCA CGA TTT CCC AG-3’
IL6ko R: 5’-CCG GAG AAC CTG CGT GCA ATC C-3°

Stat3: (2 mM MgCl,) 94°C 30 s

58°C30s

72°C30s
Stat3 F: 5°-CCT GAA GAC CAA GTT CAT CTG TGT
GAC-3’
Stat3 R: 5’-CAC ACA AGC CAT CAA ACT CTG GTC
TCC-3’

Socs3: (2 mM MgCly,) 94°C 30 s

58°C30s

72°C30s
Socs3 F: 5’-GCG GGC AGG GGA AGA GAC TGT CTG
GGG TTG-3’
Socs3 R: 5’-GGC GCA CGG AGC CAG CGT GGA TCT
GCG-3’
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3.1.5 Mouse treatment

AOM injections/DSS administration

In order to induce colonic tumor formation mice were injected with AOM (Sigma) i.p.
at a dose of 10 mg AOM per kg bodyweight of the mice. AOM was dissolved in sterile
0,9% sodium chloride to a concentration of 0,5 mg/ml. Dextran sulfate sodium (DSS,
MP Biomedicals) was dissolved in the drinking water at concentrations between 2,5 and
3,5% (W/v).

Tamoxifen administration

In order to induce Cre expression in the Cre-ER" model mice were administered 1 mg
tamoxifen (Sigma) per day dissolved in 100 pl 10% ethanol/90% sunflower oil mixture
for 5 consecutive days by oral gavage.

a-CD8/4 antibody administration

Recombinant CD8 (clone 2.43) and CD4 (clone GK1.5) was kindly provided by Dr. J.
Gamrekelashvili and PD Dr. T. Greten (MHH Hannover). Mice received on 3
consecutive days 150 pg antibody in 100 pl sterile PBS by i.p. injection, followed by
the administration of tamoxifen for 5 days. After the tamoxifen administration the mice
were again injected for 3 consecutive days with 150 ug of antibody. Then mice were
injected every 7 days for 3 consecutive days. This treatment results in depletion of
CD8'/CD4" cells.

a-AsialoGM1 antibody administration

20 pul of a-AsialoGM1 antibody (Wako) dissolved in 180 pl of sterile PBS was injected
i.p. on the first day of tamoxifen gavage. This injection was repeated every 4 days,
resulting in depletion of AsialoGM1 expressing cells, a surface marker mainly present

on natural killer cells.
3.1.6 Sacrifice of mice

1,5 h before they were sacrificied the mice were injected i.p. with 75 mg/kg
bromodesoxyuridine (BrdU, Sigma) in PBS. BrdU represents an analogue of the base
thymidine and can be incorporated in the DNA of proliferating cells instead of
thymidine. The incorporation of BrdU and thereby the proliferating cells can

subsequently be identified by immunohistochemical staining.
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Depending on the purpose, the colon and the small intestine as well as other organs
were removed after the sacrifice of the animals. The different parts of the intestine were
flushed with PBS to remove feces.

In order to process the different parts of the intestine for histological analysis it was cut
open longitudinally and rolled to form a “swiss roll” (Moolenbeek and Ruitenberg,
1981). These as well as whole organs were incubated overnight in 4%
paraformaldehyde (Electron Microscopy Science) in PBS at 4°C, dehydrated (Leica
ASP 300 S) and embedded in paraffin.

For the molecular biological analysis whole parts of intestinal mucosa were snap frozen
in liquid nitrogen and stored at -80°C until further use. To isolate intestinal epithelial
cells (IEC) the cleaned intestines were cut into small pieces and incubated gently
shaking in 7,5 ml HBSS (Invitrogen) supplemented with 30 mM EDTA (Fluka) for 10
min at 37°C. Subsequently, the solution was vigorously vortexed for 30 s and then put
on ice. The supernatant containing the detached epithelial cells was removed and
transferred to a new falcon tube, which was centrifuged at 1500 rpm for 10 min at 4 °C.
The pellet was resuspended in PBS and transferred to Eppendorf tubes. After another
centrifugation step (5000 rpm, 5 min, 4°C), the supernatant was removed, the pellets
were snap frozen in liquid nitrogen and stored at -80°C.

For fluorescence activated cell sorting (FACS) analysis spleen and mesenteric lymph
nodes were removed and mechanically minced between two glass slides in PBS. The
suspended cells were poured over a cell strainer (40 pum, BD Falcon) and the resulting
single cell suspension was centrifuged at 1200 rpm at 4°C for 5 min. The pellet was
resuspended in 1 ml of red blood cell lysing buffer (Sigma) and incubated at RT for 5
min. 10 ml of PBS were added to dilute the buffer and the cell suspension was again
centrifuged at 1200 rpm at 4°C for 5 min. The pellet was resuspended in FACS buffer

and kept on ice until stained for FACS analysis.
FACS buffer: 5% FCS (Biochrom)

2 mM EDTA
PBS (Invitrogen)
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3.1.7 T-cell stimulation and intracellular staining for Fluorescence Activated Cell
Sorting (FACS)

For FACS analysis cells were divided into 96-well plates with plate-bound o-CD3
antibody (1 pg/ml, clone 145-2C11, ebioscience), centrifuged at 1200 rpm for 5 min at
4°C and resuspended in RPMI (Gibco) supplemented with 10% FCS (Biochrom) and 1
ug/ml a-CD28 antibody (clone 37.51, eBioscience). Cells were incubated for 48 h in a
37°C incubator at 5% CO,. Then the medium was changed to RPMI containing golgi
plug (1:1000, IFN-y staining kit, BD) and incubated for another 6 h. If the cells had not
been stimulated with a-CD3/CD28 antibody, stimulation was carried out using phorbol
12-myristate 13-acetate (PMA, Sigma) at a concentration of 20 ng/ml and ionomycin
(Sigma) at a concentration of 1 pg/ml in RPMI supplemented with 10% FCS for 6 h. In
this case the golgi plug was directly applied while stimulating the cells (1:1000). After
either stimulation step the cells were centrifuged at 1200 rpm for 5 min at 4°C, washed
once with FACS buffer, and then centrifuged again. Cells were resuspended in o-
CD16/CD32 (BD) blocking antibody at a dilution of 1:100 in FACS buffer on ice for 10
min. The cells were centrifuged at 1200 rpm for 5 min at 4°C and washed once with
FACS buffer. Subsequently, the cells were dissolved in antibody dilutions of required
cell surface antibodies (a-CD4-FITC: clone H129.19, BD; a-CD8-APC: clone 53-6.7,
eBioscience; a-CD11¢-FITC: clone HL3, BD) in FACS buffer at a dilution of 1:200
and incubated on ice for 10 min. Cells were washed twice with FACS buffer and then
resuspended in fixation/permeabilization buffer (IFNy staining kit, BD). After an
incubation for 30 min at 4°C the cells were washed twice with washing buffer (IFN-y
staining kit, BD) and resuspended in a-IFNy-PE (BD) antibody or a-IL-12-PE (BD)
diluted at 1:100 in washing buffer. The cells were again incubated for 30 min at 4 °C
and then washed once with washing buffer, and once with FACS buffer. Then the cells
were analysed on a FACS Calibur (BD).
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3.2 Histology

3.2.1 Haematoxylin & Eosin staining (H&E)

H&E staining was performed for a general examination of the tissue and the organs.
Therefore, 3 pm thick cuts of paraffin embedded tissues were made, mounted on
adherent glass slides (Thermo Scientific), and left to dry overnight at room temperature.
The paraffin cuts were deparaffinized two times for 10 min in xylol (X-TRA Solv,
Medite) and rehydrated in descending dilutions of ethanol (100%, 96%, 80%, 70%,
50%) in which the slides were incubated for 2 min each. Finally, the cuts were
incubated for 5 min in PBS. The tissue was stained for 1 min in a ready-to-use
haematoxylin solution (Vector Laboratories) and was washed twice with distilled water.
Afterwards the tissue was stained for 10 s in a 3% eosin (Sigma) solution in water
(acidified with 10 drops acetic acid per 100 ml) and again washed twice with distilled
water. Dehydration occurred in ascending dilutions of ethanol (50%, 70%, 80%, 96%,
100%, 2 min each) and was terminated by incubating the tissue for 5 min in xylol.
Finally the tissue was air dried and covered with cover slips with the help of mounting

medium (Vector Laboratories).

3.2.2 Alcian Blue staining

The preparation of tissue cuts and deparaffinization, rehydration and dehydration were
carried out as described for H&E staining. After the rehydration, the slides were
incubated for 20 min in a 1% alcian blue (Sigma) solution dissolved in 3% acetic acid.
Then the slides were washed in distilled water and counterstained with ready-to-use
nuclear fast red (Vector Laboratories) for 1 min. After an additional wash in PBS, the

tissue was dehydrated and embedded with mounting medium.

3.2.3 Azure Eosin staining

The preparation of tissue cuts, deparaffinization and rehydration was carried out as
described for H&E staining. After the rehydration, the slides were incubated for 2 hours
in a 0,05% azure II (Sigma)/0,01% eosin in water (acidified with 10 drops acetic acid
per 100 ml). Subsequently, slides were washed twice with distilled water and

dehydrated for 1 min in 96% and 100% ethanol each, followed by a 5 min incubation in
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xylol. Finally, the tissue was dried and covered with cover slips with the help of

mounting medium.

3.2.4 Immunohistochemical staining (IHC)

Tissue cuts were deparaffinized and rehydrated as described for the H&E staining. For
antigen retrieval, the cuts were heated for 20 min in a microwave in a sodium citrate
buffer (antigen unmasking solution, Vector Laboratories). Slides were washed 3 times
for 5 min in PBS. In order to block endogenous peroxidases, slides were incubated for
10 min with 3% H,0, (Sigma) and again washed 3 times with PBS. The unspecific
binding of the antibody was blocked for 30 min with 3% BSA (Sigma)/PBS plus avidin-
block (2 drops per ml, vector), then the first antibody was applied (for dilutions see
table 3.1) in 3% BSA/PBS plus biotin-block (2 drops per ml, Vector Laboratories). At
the end of the incubation time, the slides were washed 3 times for 5 min each in PBS.
Secondary biotinylated antibody (Vector Laboratories) was applied in a dilution of
1:1000 in 3% BSA/PBS for 1 hour, followed again by 3 washing steps in PBS. Then the
slides were incubated for 30 min with ABC complex (of avidin dehydroxygenase and
biotinylated horseradish peroxidase, Vector Laboratories), which has been prepared out
of 2 drops of solution A and 2 drops of solution B in PBS 30 min prior to use and
incubated at 4°C. For the DAB (3,3’-diaminobenzidine) colour reaction, 2 drops of
buffer were mixed with 4 drops of DAB and 2 drops of peroxidase (DAB Kit, Vector
Laboratories) in 5 ml of distilled water. This solution was then applied on the slides for
30 s- 10 min. Counterstaining was carried out by incubation with haematoxylin for 1

min. The slides were washed, dehydrated, and embedded as described for the H&E

staining

Table 3.1: First antibodies used in IHC
Antibody Company # Working Dilution
BrdU Amersham Bioscience | RPN 201 | 1:400
CD3 Dako 1S503 undiluted
cleaved Caspase 3 Cell signaling 9661 1:300
Cyclin Bl Santa Cruz 752 1:300
phospho-Histone H3 | Cell signaling 9701 1:100
Interferon-y R&D BAF 485 |1:50
MbI2 R&D AF 2208 |1:50
Reg3/PAP Algiil et al., 2007 1:100
phospho-Stat3 Cell signaling 9145 1:100
Survivin Cell signaling 2808 1:400
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3.2.5 TUNEL staining (TdT-mediated dUTP-biotin nick end labeling)

TUNEL is a staining to label apoptotic cells with a fluorescent dye. It is based on the
DNA fragmentation in apoptotic cells which is identified by the terminal
deoxynucleotidyl transferase. This enzyme adds dUTP, which is labeled with a
fluorescent marker to the nicked DNA, thus marking the cell.

The staining was carried out with the commercial Kit ApoAlert DNA-Fragmentation
Assay (Clontech) using the protocol for PFA-fixed, paraffin embedded samples. Tissue
cuts were deparaffinized and rehydrated as described for the H&E staining. Samples
were incubated for 5 min with a 0,85% sodium chloride solution, followed by washing
with PBS. Subsequently, the samples were fixed in 4% paraformaldehyde in PBS for 15
min, washed again and incubated for 5 min with a 20 pg/ml proteinase K solution. The
tissue was washed 3 times with PBS and then incubated with the equilibration buffer for
15 min, directly followed by application of the enzyme/nucleotide mix in equilibration
buffer (30 pl equilibration buffer, 3 pl nucleotide mix, 0,33 ul TdT enzyme per slide)
onto the slides. The reaction was carried out at 37°C in the dark for one hour. The
enzymatic reaction was terminated by incubation in 2x SCC buffer for 15 min at room
temperature in the dark, followed by two washes with PBS. The tissue was embedded in
DAPI containing conservation medium (ProLong Gold, Invitrogen) and stored at 4°C in

the dark.

3.3 RNA analysis

3.3.1 RNA-isolation from epithelial cells or tissue

The RNeasy Mini Kit (Qiagen) was used to isolate total RNA from epithelial cells or
tissue. Epithelial cell pellets were directly lysed in RLT buffer + 1% B-mercaptoethanol
by pipetting vigorously up-and down. To ensure complete homogenization of the lysate
it was applied to a QIAshredder column (Qiagen) and the following steps were carried
out by using the flow-through. Total intestinal tissue was as well placed in RLT buffer
+ 1% B-mercaptoethanol followed by mechanical disruption of the tissue (Polytron PT
1200 E). The resulting lysates or the flow-through in the case of RNA isolation from
epithelial cells were mixed with an equal amount of 70% ethanol and applied to the
column. After the centrifugation at maximum speed for 30 s and the removal of the

flow-through, the column-bound RNA was washed once with buffer RW1 followed by
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2 washes with buffer RPE. The flow-through was removed again and the column was
centrifuged at maximum speed for an additional 2 min to remove residual buffer. 30 pl
of RNase-free water was applied directly on the column and the RNA was eluted into a
clean tube by centrifugation at maximum speed for 1 min. The RNA was stored at -

80°C until further use.

3.3.2 cDNA synthesis

For cDNA synthesis, the concentration and purity of RNA was determined. Generally 1
ng of RNA was used for cDNA synthesis. First, the RNA was incubated with 1 pl of
OligodT (50 uM, Invitrogen) and 1 pl of ANTP-mix (10 mM each, Invitrogen) in a final
volume of 11 pl filled up with RNase-free water at 65°C for 5 min. Then the mix was
incubated on ice for 2 min and 7 pl of the mastermix consisting of 4 ul 5x buffer, 1 pul
DTT (0,1 M), 1 pl RNaseOUT (40 units/ul, Invitrogen) and 1 pl SuperscriptIl (200
units/pl, Invitrogen) were added. The mix was briefly centrifuged and incubated at 50°C
for 60 min. The resulting cDNA was diluted 1:4 with RNase-free water and stored at -
20°C.

3.3.3 Realtime (RT) -PCR

The RT-PCR was carried out on a StepOnePlus Real Time PCR system (Applied
Biosystems) using the appropriate primers (see table 3.2) and the SYBR Green
MasterMix (Roche). The primers were designed with the software Primerexpress 1.0
and used as a primermix with a final concentration of 20 mM of each primer. For a
single well 12,5 pl of SYBR-Green MasterMix was first diluted with 9,5 pl of distilled
water, then 0,5 ul of cDNA as well as 2,5 pl of primermix were added. The samples
were analyzed on the standard program: 50°C for 2 min, 10 min 95°C, followed by 40
cycles of 95°C for 30 s and 60°C for 1 min. The results were analyzed using the
StepOne Software v2.0.2 and normalized according to the expression observed for the

house keeping gene Cyclophilin. This was done using the equation 2ACTCyC10phﬂin'

ACT
targetgene-
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Table 3.2: Primer sequences of RT-PCR primers employed

Primer Sequence

Bel-x F GGT CGC ATC GTG GCC TTT

Bel-x R TCC GACTCA CCAATACCTGCAT
C2TAF GAC AGA GCG CCA GCT AGC C
C2TAR CTC TCC TGG TCG CCT GCA

CD4F GAG GCT CAG ATT CCC AAC CA
CD4R GCA GCA AGC GCC TAA GAG AG
CD8F CGT GGT GGT GCA TGC CT

CD8 R CCT CGA ACT CAGAGA TCC GC
CDl1IcF AAC AGA GGT GCT GTC TAC ATATTT CAT G
CDlIcR TGC TGA AAT CCT CTG GCT GG

Cdc2 F TCG CAT CCC ACG TCA AGA

Cdc2 R GTT TGG CAG GAT CAT AGA CTA GCA
cMyc F AAC TAC GCA GCG CCT CCC

cMyc R ATT TTC GGT TGT TGC TGA TCT GT
Cox-2 F CAG CCA GGC AGCAAATCCT

Cox-2 R CTT ATA CTG GTC AAA TCC TGT GCT CA
Cryptdin F CAG CCA GGA GAA GAG GAC CAG
Cryptdin R TAG CAT ACC AGA TCT CTC AAC GAT TC
Cxcl9 F GAACGGAGATCAAACCTGCC

Cxcl9 R TCTTTTCCCATTCTTTCATCAGC
CyclinBF ACT TCA GCC TGG GTC GCC

Cyclin BR ACG TCA ACC TCT CCG ACT TTA GA
Cyclin D1 F CCCTGA CACCAATCT CCTCAAC
Cyclin DI R GCA TGG ATG GCA CAA TCT CCT
CyclinEF ATG TGG CCG TGT TTT GCA

Cyclin ER GGT CTG ATT TTC CGA GGC TGA
Cyclophilin F ATG GTC AACCCCACCGTGT
Cyclophilin R TTC TGC TGT CTT TGG AAC TTT GTC
F4/80 F CTT TGG CTA TGG GCT TCC AGT C

F 4/80 R GCA AGG AGG ACA GAG TTT ATC GTG
Foxp3 F TAG GAG CCG CAA GCT AAA AGC
Foxp3 R TCCTTG TTT TGC GCT GAG AGT
GBPF TCTAAAGAGCCTGGTGCAGACC

GBPR CTCTATCTGGGCCAAAGTCAGC

Grl F GCA ATG CAG CAGTTC CCA CT

Grl R ATT GAA TGG ATC ATC AGA GAA AGG TC
Hsp70 F GGT CTC AAG GGC AAG CTC AG

Hsp70 R CGT GTT GGA GTC CAGCCA G
ICAM-1F GCA GTC CGC TGT GCT TTG A
ICAM-1R CTC CGG AAA CGA ATA CAC GGT
IDOF AGCTGCCCGACGCATACA

31



Materials and Methods

IDOR AGCTGCCCGTTCTCAATCAG

IFNy F TTA CTG CCA CGG CAC AGT CA

IFNy R AGT TCC TCC AGA TAT CCA AGA AGA GA
IL-1B F GTG GCT GTG GAG AAG CTG TG
IL-1BR GAA GGT CCA CGG GAA AGA CAC
IL-2F AGC AGG ATG GAG AAT TAC AGG AAC
IL-2R TGT GGC CTG CTT GGG C

IL-4 F ACA GGA GAAGGGACGCCAT

IL-4 R GAA GCC CTA CAG ACG AGC TCA

IL-6 F ATG GTA CTC CAG AAG ACC AGA GGA
IL-6 R GTA TGA ACA ACG ATG ATG CAC TTG
IL-10 F GGT TGC CAA GCC TTA TCG GA

IL-10 R ACCTGCTCC ACT GCCTTG CT

IL-11F CTG CAC AGA TGA GAG ACA AAT TCC
IL-11R GAA GCT GCA AAG ATC CCA ATG
IL-12p35 F CAC GCT ACCTCCTCT TTT TG
1IL-12p35R CAG CAG TGC AGG AAT AAT GTT
1L-12p40 F AAA CCA GAC CCG CCC AAG AAC
IL-12p40 R AAA AAG CCA ACCAAG CAGAAGACAG
IL-13 F AGG ACC CAG AGGATATTG CATG
IL-13R GGG AGG CTG GAG ACCGTA G
IL-17AF AAG TGA GCT CCA GAA GGC CC
IL-17A R TCA TTG CGG TGG AGA GTC C

IL-17F F CCA GGG TCA GGA AGA CAG CA
IL-17F R CCC TCC GAA GGA CCA GGA

MPa2 F CCG TAC AGG GAA GTC CTA TTTGAT
MPa2 R ACG GTG GAG CCC AGA GG

Muc2 F TCG CCC AAG TCG ACA CTC A

Muc2 R GCA AAT AGC CAT AGT ACA GTT ACA CAGC
OASF CAA GGT GGT GAA GGG TGG C

OAS R TCA AAG CTG GTG AGA TTG TTA AGG
p21 F ATT CAG AGC CAC AGG CAC CAT

p21 R TCT CCG TGA CGA AGT CAAAGTT
RegllIB/PAP F CTC CTG CCT GAT GCT CTT AT
ReglIIb/PAP R TTG TTA CTC CAC TCC CAT CC
SOCS1F CCG TGG GTC GCG AGA AC

SOCS1 R AAG GAA CTC AGG TAG TCA CGG AGT A
STATI1 F GAC CCT GCA GCA GATCCGT

STAT1 R GGT CGG GCT CAT AGG TGA ATT
Survivin F CCT GCA CCCCAGAGCGAAT

Survivin R AGA AAA AAC ACT GGG CCA AAT CAG
Synaptophysin F TTC GTG AAG GTG CTG CAG TG
Synaptophysin R TCT CCG GTG TAG CTG CCG
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TGTP F AGG TGC AGC CCC CACTG

TGTP R TCA CGT TGG GAA GCTTTG G

TNFa F ACT CCA GGC GGT GCCTAT G

TNFo R GAG CGT GGT GGC CCCT

Uspl8 F TTC GTC CAG CCC AAA GAGTTA
Uspl8 R GGC AGA TGA GTC AGC TTC AGA AC

3.3.4 RNA microarray analysis

The RNA microarray analysis was carried out by probing the Affymetrix Gene ST

GeneChip (~ 28.000 genes) with RNA from epithelial cells isolated as described above.

The nalysis was carried out using the SAM 3.0 software (significance analysis of

microarray).

3.4 Protein analysis

3.4.1 Epithelial cell lysis for protein lysates

Epithelial cell pellets were lysed in 200 pl ice cold protein lysis buffer by mechanical

homogenization with a micro-pistill. In order to ensure a complete lysis, homogenates

were incubated on ice for 10 min. Finally, homogenates were centrifuged at 13200 rpm

at 4°C for 10 min to pellet cell debris on the bottom of the tube. Lysates were stored at

-80°C.

Protein lysis buffer (1x): 50 mM tris (pH 7,5) (Roth)

250 mM Nac(l (Sigma)

30mM EDTA

30 mM EGTA (Sigma)

25 mM sodiumpyrophosphate (Sigma)
1% triton-X 100 (Sigma)

0,5% NP40 (Sigma)

10% glycerol (Merck)

1 mM DTT (Sigma)

50 mM B-glycerophosphate (Sigma)
25 mM sodium fluoride (Sigma)

5 mM sodium orthovanadate (Sigma)

2 nM PMSF (Sigma)
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1 tablet of complete-protease inhibitor cocktail tablets

(Roche)/50 ml

3.4.2 Immunoblot analysis

For immuoblot analysis, acrylamide gels (8 to 12 %) were casted using the “BioRad
Mini Protean Gel System” (BioRad). In order to assess the protein concentration, 2ul of
the lysates were mixed with 1 ml of 1:5 diluted BioRad protein assay, which was
measured quantitatively in a spectrophotometer (BioRad SmartSpec Plus) at a
wavelength of 595 nm. In comparison with a BSA standard curve, the protein
concentration of the lysates was determined, 50 pg of protein were adjusted to a volume
of 24 nl by filling up with protein lysis buffer, and 8 pl of 4x Laemmli buffer was
added. The samples were heated to 95°C for 5 min, cooled down on ice, briefly

centrifuged and loaded onto the gel. The gel was run at 120 volt in 1x running buffer.

Gel 8-15%: 2-3,75 ml 40% acrylamide (Merck)
5,5-3,75 ml distilled water
2,5 ml stacking/resolving gel buffer
62,5 ul/50 pl 10% APS (Sigma)
12,5 pl/5 pl TEMED (Sigma)

Stacking gel buffer: 1,5 M tris (pH 8,8)
0,4% (w/v) SDS (Fluka)
Resolving gel buffer: 0,5 M tris (pH 6,8)

0,4% (w/v) SDS

Laemmli buffer: 200 mM tris (pH 6,8)
40% (v/v) glycerol
8% (w/v) SDS
0,4% (w/v) bromphenole blue (Sigma)
5% (v/v) B-mercaptoethanol (Sigma)

Running buffer (10x): 9,5 M glycine (Roth)
0,25 M tris
35 mM SDS
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The gel was blotted for 60 min at 350 mA onto a PVDF membrane (Immobilon P, Zefa
Laborservice), after activation of the membrane for 15 s in methanol, in transfer buffer.

The Mini Trans-Blot Cell system (BioRad) was used for the transfer

Transfer buffer stock (10x): 9,5 M glycine
0,25 M tris

Transfer buffer: 100 ml transfer buffer stock
200 ml methanol (Merck)
700 ml distilled water

After the transfer the membrane was washed briefly in PBS-T followed by a 30 min
incubation in PBS-T+ 5% (w/v) skim milk (Fluka) to block unspecific binding of
antibody. This was then followed by incubation with the primary antibody overnight
(for antibodies and dilutions, see table 3.3). The membrane was washed 3 times for 5
min with PBS-T, followed by incubation with a 1:3000 diluted HRP-labeled secondary
antibody (a-rabbit/a-mouse/a-goat, GE Healthcare) in PBS-T+ 5% (w/v) skim milk for
1 h. The membrane was washed again 3 times for 5 min with PBS-T. For detection, the
membrane was incubated for 5 min with ECL solution (Super Signal West Pico or
Super Signal West Femto, Thermo Scientific), briefly dried between two Whatman
papers and incubated with a X-ray film (Thermo Scientific) between 10 s and 10 min.

Development of the film was done using the Hyperprocessor (Amersham Bioscience).

PBS-T: PBS (Invitrogen)
0,1 % (v/v) TWEEN 20 (Sigma)
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Table 3.3: Antibodies employed in western blot

Antibody Company # Dilution First Antibody in
B-Actin Sigma A4700 |1:1000 3 % skim milk/PBS-T
Bak Santa Cruz 832 1:500 3 % skim milk/PBS-T
Bax BD Pharmingen | 554106 | 1:500 3 % skim milk/PBS-T
Bcl-2 BD Pharmingen | 610539 | 1:1000 3 % skim milk/PBS-T
Bcel-xL BD Pharmingen | 556499 | 1:1000 5 % BSA/PBS-T
Caspase 9 Cell Signaling [9504 1:1000 5 % BSA/PBS-T

Fas Santa Cruz 1024 1:500 3 % skim milk/PBS-T
Hsp70 Stressgen SPA-810 | 1:500 3 % skim milk/PBS-T
MbI2 R&D AF 2208 | 1:50 5 % BSA/PBS-T
Mcl-1 Santa Cruz 819 1:500 3 % skim milk/PBS-T
phospho-Stat3 | Cell Signaling | 9145 1:200 5 % BSA/PBS-T
Statl Santa Cruz 346 1:1000 3 % skim milk/PBS-T
Stat3 Santa Cruz 482 1:500 3 % skim milk/PBS-T
Survivin Cell Signaling |2808 1:1000 3 % skim milk/PBS-T

3.4.3 Kinase assay

The kinase assay is a method which is used to determine the activity of a defined kinase
within a protein lysate. To do so the kinase is immunoprecipitated with an antibody and
then incubated with a recombinant substrate of the kinase together with radioactively
labelled ATP. This leads to radioactive labelling of the substrate, which can be
visualized on a X-ray film after the separation of the different proteins via
polyacrylamide gel electrophoresis, and blotting of the proteins on a membrane.

Firstly, 15 pl of Sepharose ProteinA beads (GE Healthcare) per sample were washed 3
times with 100 pl of protein lysis buffer. Between the washing steps the beads were
centrifuged at 2000 rpm for 2 min and the supernatant was discarded. Subsequently,
beads were resuspended in 50 pl of protein lysis buffer, to which 1 pl of specific
antibody (a-Cdc2, sc-54; a-Cdk4, sc-163, Santa Cruz) and 200-300 pg of total protein
lysate were added. The volume was adjusted to a total of 500 pl with protein lysis
buffer. For immunoprecipitation this mixture was incubated while being rotated for 4
hours or overnight at 4°C. Following this, the beads were washed twice with 500 ul
protein lysis buffer, resuspended in 500 pl 1x kinase assay buffer and incubated while
being rotated for 20 min at 4 °C. The samples were centrifuged again at 2000 rpm for 2
min and resuspended in 15 pl 2x kinase assay buffer. 15 ul of the mastermix consisting
of 1 pg substrate (RB (Santa Cruz) for Cdk4, Histone H1 (Boehringer) for Cdc2), 10
mM ATP-solution, 0,5 pl [y-32P]-ATP (Perkin Elmer) per sample were added and
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incubated for 20 min at 37°C. To stop the kinase activity 7 pl of Laemmli buffer per
sample were added and the samples were heated for 5 min to 95°C. After the
centrifugation at 13000 rpm for 5 min to pellet the beads, 20 pl per sample were loaded
on a 10 %polyacrylamide gel. The gel was run and the proteins were subsequently
blotted on a PVDF membrane as described for immunoblot analysis. Signal detection

occurred overnight by autoradiography at -80°C.

Kinase assay buffer (10x): 0,25 M HEPES (pH 7,5) (Invitrogen)
1,5 M NaCl
0,25 M B-glycerophosphate
0,1 M MgCl, (Fluka)

ATP-solution: 100 mM tris (pH 7,5)
10 mM ATP (Roche)
50 mM MgCl,
10 mM DTT (Sigma)

3.5 Mutation analysis for Ctnnb mutations

To isolate DNA from paraffin embedded tissues, we used a laser capture microscope
(Nikon Eclipse TE200). The paraffin tissue cuts were mounted on special slides for
microdissection (membrane slides for microdissection, Medite), dried over night and
H&E stained as described above without the final dehydration and embedding steps.
Adenomas and intraepithelial neoplasias were identified with the help of the microscope
and cut out using the laser. From these tissues, DNA was isolated using the Qiamp
DNA Micro Kit (Qiagen) according to the manufacturer’s protocol. In brief, the tissue
was lysed in proteinase K containing buffer overnight at 56°C, the DNA was bound to a
column, repeatedly washed, and eluted in distilled water. We designed primers specific
for exon 3 of the mouse Catnbl gene, containing restriction sites for EcoR1. The PCR
was carried out using approximately 5-10 ng of genomic DNA isolated from the tumors
as a template as well as the specific primers at an annealing temperature of 60°C using
Taq polymerase (Invitrogen). The PCR products were analysed on a 1,5% agarose gel,
the specific band was cut out and cleaned up using the Qiaquick Gel Extraction Kit
(Qiagen). The PCR products as well as 2 pg of the cloning vector pBluescript 1T KS+
were digested by adding 2 ul of EcoR1 buffer and 20 units of EcoR1 enzyme (New
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England Biolabs) in a total volume of 20 ul for 1 h at 37°C. The cloning vector was
additionally dephosphorylated by adding 2 pl of calf intestinal phosphatase (CIP, New
England Biolabs) to the restriction sample and incubating it for another 20 min at 37°C.
The vector as well as the PCR products were purified using the Qiaquick Gel Extraction
Kit and ligated using 400 units of the T4 ligase (Invitrogen) in a total volume of 20 pl
overnight at 4°C. For the transformation 100 pl of XL-1 bacteria were thawed on ice, 2
ul of the ligation was added and the bacteria were incubated on ice for 30 min. Heat
shock was performed at 42°C for 45 s in a water bath, subsequently the bacteria were
incubated for 2 min on ice and 1 ml of LB-broth was added. Cells recovered at 37°C for
1 h. Finally, the bacteria were plated on agar plates containing 100 pg/ml ampicillin

(Sigma) and incubated overnight at 37 °C.

Beatex3 F: 5°-GCG AAT TCG CTG ACC TGA TGG
AGT TGG A-3°

Beatex3 R: 5°-GCG AAT TCG CTA CTT GCT CTT GCG
TGA A-3°

LB-broth and agar plates: 10 g tryptone (BD)
5 g yeast extract (BD)
10 g NaCl
1 1 distilled water

15 g agar-agar (Roth) for plates

Single colonies were inoculated in 2 ml of LB-broth containing 100 pg/ml ampicillin
and incubated overnight while shaking at 37 °C. Plasmid DNA was isolated using the
Qiaprep Spin Miniprep Kit (Qiagen), therefore 2 ml of the overnight culture were
transferred into an Eppendorf tube and centrifugung it at 13200 rpm for 10 min. The
supernatant was discarded and the pellet was resuspended in buffer P1. By addition of
buffer P2 cells were lysed, buffer P3 was added and the precipitate was pelleted by
centrifugation at 13200 rpm for 10 min. The supernatant was loaded onto the column
and the column-bound DNA was washed 2 times with buffer RPE. The column was
dried by 2 min centrifugation and DNA was eluted with 50 pl of buffer EB. The

inclusion of the PCR product into the vector was verified by the restriction analysis and
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the vector insert was sequenced (GATC Biotech, Konstanz) using M13 primers and

compared to the unmutated sequence.

M13 F: 5°-TGT AAA ACG ACG GCC AGT-¥’
MI13 R: 5’-CAG GAA ACA GCT ATG ACC-3°

3.6 Statistics

Counting of proliferation and apoptosis was carried out in a blinded fashion. Results are
expressed including their standard error, significances were calculated by Student’s T-

test, p-values < 0,05 were considered to be significant. *< 0,05; **<0,01; ***<0,001.
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4. Results

4.1 Intestinal epithelial cell (IEC)-specific ablation of Stat3 does not induce any
overt phenotype in unchallenged animals

In order to clarify the role of Stat3 signaling in intestinal epithelial cells during colitis-
associated tumorigenesis, we crossed Stat3 floxed mice (Takeda et al., 1998) to villin

cre transgenic mice (called in the following Stat3*'=¢

). This results in excision of exon
21 of the Stat3 gene leading to the expression of a truncated protein lacking the site of
tyrosine phosphorylation which is important for the activation of the transcription
factor. We confirmed ablation of full-length Stat3 protein in all epithelial lineages by
immunoblot analysis of isolated intestinal epithelial cells (IEC) from the small and large
intestine (Figure 4.1 A). IEC-specific Stat3 deficiency does not induce any overt

phenotype, mice bred normally and Stat3*'¥C mice were born at a normal Mendelian

ratio.
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Figure 4.1: Lack of Stat3 in IEC does not affect basal proliferation rate or intestinal differentiation.
(A) Immunoblot analysis of Stat3 and Statl protein expression in IEC isolated from jejunum (J) or colon
(C) from Stat3"™ and Stat3*'® mice. (B) Cell number per villus in unchallenged Stat3"™ and Stat34'=C.
(C,D) Azure Eosin staining on sections of small intestine of Stat3"™ and Stat3*'® mice indicating the
presence of normal numbers of Paneth cells. (E,F) Alcian Blue staining on colon sections of Stat3"* and
Stat3“'¥¢ mice indicating the presence of normal numbers of goblet cells. (G) Relative mRNA expression
of markers for neuroendocrine (Synaptophysin), Paneth (cryptdin) and goblet cells (MUC2) in IEC
isolated from of Stat3"™ and Stat3*'¥ mice.
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Stat3“'® mice were healthy and fertile, and showed no differences in the development
of the intestine concerning the cell numbers per villus (Figure 4.1 B) as well as the
differentiation of the enterocytes into the different lineages shown here by an Azure
Eosin (Figure 4.1 C &D) staining demonstrating equal differentiation of Paneth cells in
small intestine of Stat3"™ and Stat3*“ mice and by an Alcian Blue staining
demonstrating equal differentiation of goblet cells in large intestine of Stat3"™* and
Stat3*'=¢ mice (F igure 4.1 E & F). Normal differentiation of epithelial precursors into
the intestinal lineages was further confirmed by analysis of the relative mRNA
expression levels of synaptophysin, cryptdin and MUC2 as markers for the presence of

neuroendocrine, Paneth and goblet cells (Figure 4.1 G).

4.2 Lack of Stat3 in IEC protects from tumor formation in a mouse model of CAC

In order to analyze the role of Stat3 during colitis-associated carcinogenesis, we
exposed Stat3"™, Stat3*'=¢ and gp130¥”"F mice to the CAC challenge. Gp130™"""
animals carry a mutated cytokine receptor subunit resulting in an exaggerated Statl and
Stat3 activation in response to ligand binding (Jenkins et al., 2005; Tebbutt et al., 2002).
Experiments using gp130” """ mice, were carried out in collaboration with Dr. T. Phesse
and other group members of the working group of Prof. M. Ernst (Ludwig Institute for
Cancer Research, Melbourne) and are displayed here with his permission. In response to

the CAC challenge, all Stat3"™ mice showed formation of 2-6 tubular adenomas in the

3AIEC

distal colon while Stat mice were almost completely protected from tumor

formation (Figure 4.2 A). Only 2 out of 8 Stat3“'¢ animals developed two tumors,
which were significantly smaller than the average tumors in Stat3"™ mice (Figure 4.2
A, B, C & D). In accordance with the results observed in Stat3“'¥ mice, the gp130Y7°™
mice exhibited an increase in tumor frequency and size (Figure 4.2 A, B & E). To
examine the reasons for the observed differences in tumor size and number, we

determined the intra-tumoral proliferation rate (Figure 4.2 F) by staining for BrdU

incorporation. We observed a reduction in the epithelial proliferation in Stat3*= mice
QY757

while gp13 mice exhibit an increase of 25 % compared to the proliferation rate

3flox

determined for Stat mice. Reciprocally, TUNEL analysis revealed an increase in

apoptosis in tumors occurring in Stat3“'F¢

Stat3"™ and gp130""°"F mice (Figure 4.2 G & 1).

mice (Figure 4.2 H) compared to tumors in
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Figure 4.2: Stat3 is essential for colitis-associated tumor development. (A, B) Tumor incidence (A)
and mean tumor size (B) in Stat3"™ Stat34'® and gp130"""F mice after completion of the colitis-
associated cancer (CAC) challenge on day 84. (C, D, E) Haematoxylin and Eosin (H&E)-stained sections
of colons from mice at the end of the CAC challenge (day 84) showing representative adenomatous
polyps protruding into the colonic lumen in Stat3"™, Stat3*'E¢ and gp130""*"F mice. Scale bars= 200 pm.
(F) BrdU proliferation index of epithelial cells in polyps protruding into the lumen of Stat3"™ Stat34'EC
and gp130""°"F mice. (G, H, 1) Assessment of apoptosis by TUNEL staining of tumors from Stat3"™ (G),
Stat3“'¥ (H) and gp130""*"" (I) mice on day 84 of the CAC challenge. Scale bars= 100 pm. A magnified
view of the boxed area from the Stat3“'® mouse in (H) confirms that the TUNEL-positive signals
originate primarily from epithelial cells. Note that CAC-dependent tumor incidence in gp130¥">"" animals
was compared to that in wildtype littermate controls, which showed tumor incidence and size comparable
to Stat3"™ mice and were therefore omitted from the graphs. Data are mean + SEM. Differences between
groups were analyzed by one-way ANOVA.

The results obtained with the direct Stat3 loss-of-function (StatBA'EC) and the indirect
Stat3 gain-of-function (gp130'">"") model indicate a dose-dependent relationship
between epithelial Stat3 activation and colonic tumor incidence and growth in the CAC
model. Although Stat3“'® mice exhibited a reduction in tumor frequency and size, these
mice suffered from more severe mucosal inflammation accompanied by an increased

tissue damage in response to the CAC challenge (Figure 4.3 B-F).
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Figure 4.3: Increased epithelial damage and infiltration of inflammatory cells in Stat34'5¢ mice after

completion of the CAC challenge. (A) Schematic representation of the CAC model. (B, C) Histological
damage (B) and number of ulcers (C) in Stat3", Stat3*'® and gp130"">"" mice analyzed on day 84 of the
CAC model. Data are mean + SEM, n=8. (D, E, F) Representative H&E-stained sections demonstrating
varying degrees of inflammation in mice of the indicated genotypes. Scale bars= 200 pum. (G, H)
Representative H&E-stained sections of mulitfocal flat low-grade intraepithelial neoplasia (indicated by
dashed line) frequently found in Stat3*'¥C mice at the end of the CAC challenge (G) as well as a larger
magnification of this tumor precursor (H). Scale bars= 100 pm.

AIE . .
34EC mice, while

Scoring of mucosal tissue damage revealed an increase in Stat
gp130Y757F mice were more protected from mucosal damage in response to DSS
treatment (Figure 4.3 B, D-F) compared to wildtype mice. This result was as well
illustrated by the presence of ulcers only in Stat3*'5¢ mice (F igure 4.3 C) at the endpoint
of the CAC regimen. To determine if this increase in mucosal damage was due to the
initial mutagenic challenge by administration of AOM, the regimen was carried out
without the injection of AOM and the animals were sacrificed on day 84 of the model.
This treatment as well resulted in an increased mucosal damage and ulcer number
(Figure 4.4 A-D) in Stat3*'¥ compared to Stat3"™ mice. These results confirm that the

3AIEC

more severe inflammation observed in Stat animals is independent of AOM

treatment in Stat3'® mice illustrating the protective function of Stat3 during colitis.
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Figure 4.4: Stat3 protects from chronic DSS-induced colitis. (A,B) Histological damage (A) and ulcer
number (B) in Stat3"™ and Stat3*'*“ mice analyzed on day 84 after 3 cycles of DSS in analogy to the
CAC challenge, but without prior AOM injection. Data are mean £SEM; n>7; ***p<0.001, *p<0.05 by t-
test. (C,D) Representative H&E-stained sections.

AOM is a pro-carcinogen which is metabolically activated, leading to missense
mutations for example in exon 3 of Ctnnb. These mutations can lead to stabilization and
nuclear translocation of B-Catenin, thereby activating the Wnt/ B-Catenin pathway
(Greten et al., 2004). These mutations initiate the formation of colonic flat low-grade

intraepithelial neoplasias in the CAC model which subsequently progress into tubular

3f|OX 3A| EC

adenomas in Stat mice. Stat animals seldomly develop these advanced tubular
adenomas at the end of the CAC regimen, instead these mice displayed numerous low-
grade intraepithelial neoplasias at the end of the model (Figure 4.3 G, H). We
hypothesized that these lesions represent initiated cells with stabilizing Ctnnb mutations
which did not progress. To verify the early premalignant state of these lesions, we
performed laser capture microdissection from these intraepithelial neoplastic lesions
from six different animals as well as from advanced tubular adenomas from six Stat3"™
mice and isolated epithelial cell DNA. We performed a mutation analysis on exon 3 of
the Ctnnb gene, as this is the important genetic region for phosphorylation and
subsequent degradation of the protein. In both analyzed groups we found activating

34'EC mice represent early

mutations confirming that the intraepithelial neoplasias in Stat
tumor precursors which leads to the conclusion that Stat3 is an important modulator of

Wnt signaling—initiated tumorigenesis in CAC.
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4.3 Stat3 is an essential factor for the protection of enterocytes from apoptosis
during early tumor promotion

It was described previously that ablation of IKKf in IEC reduces the tumor incidence
by increasing IEC-apoptosis, thereby modulating the early stages of tumor promotion
(Greten et al., 2004). To assess the molecular mechanisms of the increase in apoptosis

(Figure 4.2 H) in the few tumors present in Stat3“'=¢

mice, we examined the apoptosis
rate at an early time point of the CAC regimen. We injected Stat3"™ and Stat3*'¥® mice
with AOM and sacrificed them 3 days after starting the DSS administration, which
corresponds to day 8 of the CAC model (Figure 4.5 A). Activation of the Stat3 signaling
pathway occurs in IEC in response to DSS treatment predominantly in the luminal
enterocytes at this time point, as revealed by immunohistochemical staining for
phospho-Stat3 (Figure 4.5 B) and is absent in epithelial cells of Stat3'¥ mice (F igure
4.5 C). Efficient induction of apoptosis was confirmed by immunhistochemical staining
for cleaved Caspase 3, as well as by TUNEL staining (Figure 4.5 D-G). Enhanced
apoptosis in Stat3“'=® mice is accompanied by cleavage of Caspase 9, which remains
uncleaved in Stat3"™ mice, as visible in an immunoblot analysis of lysates of
colonocytes from Stat3"™ and Stat3*'=¢ mice (Figure 4.5 H). In Stat3 proficient mice
immunoblot analysis for Bcl-Xp , Survivin, Hsp70, Mcl-1 and Fas revealed an induction
of expression of these proteins in AOM and DSS treated compared to untreated mice.

This induction was absent in colonic lysates from Stat3“'EC

mice for the anti-apoptotic
proteins Bcl-Xp , Survivin and Hsp70. This is consistent with previous results showing
that Bcl-x, Survivin and Hspala (encoding Hsp70) can be transcriptionally induced by

Stat3 (Yu and Jove, 2004).
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Figure 4.5: Loss of Stat3 in intestinal epithelial cells sensitizes enterocytes to apoptosis early after
AOM and DSS administration. (A) Schematic representation of the early steps in the CAC challenge
that result in maximal apoptotic response on day 8 of the CAC regimen. (B-G) Immunohistochemical
analysis of phospho-Stat3 (B, C), cleaved Caspase 3 (D, E) and TUNEL staining (F, G) of colons from
Stat3"™ mice (B, D, F) and Stat3*® mice (C, E, G). Insets in (B) and (C) demonstrate nuclear
localization of phoshpo-Stat3 in Stat3"™ mice (B) that is absent in Stat3'¥® mice (C). Scale bars= 100
pm. (H) Immunoblot analysis for the indicated proteins in lysates prepared from isolated enterocytes
from Stat3"™ and Stat3*'=® mice at day 0 and day 8 of the CAC challenge.

The expression of other presumed Stat3 regulated genes such as Mcl-1 and Bcl-2

remained unchanged compared to Stat3"™

mice. The pro-apoptotic proteins Bax and
Bak were constitutively expressed in unchallenged, as well as in challenged Stat3"** and
Stat3*'®¢ mice. These results imply that the increase in the apoptotic response in
Stat3'¥ mice is rather dependent on an impaired induction of Bcl-xp, Survivin and

Hsp70 expression than on differential regulation of Bcl-2, Mcl-1, Bak and Bax.

4.4 Stat3*'®C mice develop more severe acute colitis in response to DSS treatment
and show an impaired wound healing response

DSS-induced apoptosis leads to a disruption of the intestinal epithelial barrier and
thereby to a translocation of commensal bacteria into the lamina propria. This puts
immune cells present in the lamina propria in contact with commensal bacteria and
leads to the initiation of an inflammatory response. Upon termination of the DSS
treatment the colonic epithelium starts to regenerate and inflammation resolves. This
process of mucosal regeneration represents a wound-healing response which mainly

involves hyperproliferation of the epithelial cells to restore normal crypt architecture in
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response to the secreted inflammatory cytokines by immune cells. Termination of the
inflammatory reaction is achieved by restoration of the epithelial barrier and

AEC .
3 mice

upregulation of immune-suppressive cytokines. We hypothesized that Stat
would develop more acute colitis in response to the more severe apoptotic response in
these animals. This could be confirmed by the body weight curve during the first cycle
of AOM/DSS administration, Stat3'®® mice loose significantly more body weight than
Stat3"™ mice (Figure 4.6 A) and also show an impairment in regaining their initial body
weight after termination of the DSS treatment. This delay in the induction of the healing
phase is also visible in H&E stained sections from mice sacrificed 5 days after

termination of the DSS treatment (corresponding to day 15 of the CAC model).

Stat34'¥¢ clearly show a widespread destruction of the epithelial architecture
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Figure 4.6: Stat3*'=¢ mice develop more acute ulcerative colitis during the CAC regimen and show
impaired mucosal wound healing. (A) Changes in body weight of Stat3"™ and Stat3'% mice during the
first cycle of acute DSS-induced colitis. Five days after AOM treatment, mice were administered 3,5 %
DSS in the drinking water for 5 days, followed by a 5 day recovery phase on normal drinking water. All
mice were sacrificed and analyzed on day 15 of the CAC regimen. Data are mean £ SEM, n>7,;
**p<0,01;***p<0,001 by t-test. (B, C) Histological damage (B) and number of ulcers (C) in Stat3"™ and
Stat3“'¥® mice analyzed at day 15 of the CAC model. Data are mean = SEM; n>7;***p<0,001 by t-test.
(D-H) Representative H&E- stained sections (D, E) and immunohistochemical analysis of phospho-Stat3
(F, G, H) of colons from Stat3"™ (D and F) and Stat3*'¥® mice (E and H) at day 15 of the CAC model or
in an unchallenged Stat3"™ mouse. Scale bars=100 pm. (I) Relative expression levels of mRNAs
encoding for the indicated cytokines determined from whole colonic mucosa of Stat3"™ and Stat3*'=C
mice at day 15 of the CAC model and analyzed by real-time PCR. Data are mean + SEM, n>3. (J) BrdU
proliferation index in colonic enterocytes of Stat3"™ and Stat3'¥® mice on day 0 and day 15 of the CAC
challenge. Data are mean + SEM, n>7; *p<0,05 by t-test.

47



Results

(Figure 4.6 B & E) which is replaced by large areas of inflammatory cells and large
numbers of ulcerations (Figure 4.6 C) compared to Stat3"™ mice which show a more
preserved epithelial structure (Figure 4.6 D & E). We confirmed activation of the Stat3
signaling pathway by immunohistochemical staining for phospho-Stat3 which revealed
positive staining in Stat3">" colonocytes (Figure 4.6 F) which is absent in Stat3*'=® and

3f|0X

untreated Stat mice (Figure 4.6 H & G). Consistent with the more severe

AlIE
3 C

inflammation in Stat mice in response to the increased epithelial damage, the

mRNAs encoding IL-18, IL-6, IL-11, Cox-2, ICAM-1 and IL-10 were elevated in the
colonic mucosa compared to Stat3"™ mice (Figure 4.6 I) while TNFa and IFN-y levels
were equally elevated in Stat3'® and Stat3"™ mice compared to untreated animals of
the same genotypes. BrdU incorporation studies revealed an impairment in proliferation

at this time point in Stat3*'=

mice (Figure 4.6 J). To address the question whether these
changes in the expression of inflammatory cytokines are mediated by or lead to changes
in the composition of the inflammatory cells in the lamina propria of these mice, we
measured the expression levels of mRNAs coding for different cell surface markers or
transcription factors as a mean to assess the number of different cell types present. We
measured the mRNA coding for CD4, CDS, Foxp3 and CD1 1c representing the relative
presence of T-helper, cytotoxic, regulatory T-cells and dendritic cells within the lamina

propria of Stat3"™ and Stat3*¥“ mice on day 15 of the CAC model. These did not

reveal any differences between the two genotypes (Figure 4.7).
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Figure 4.7: Loss of Stat3 in IEC leads to a reduction in Gr1* expression in the lamina propria after
DSS treatment. Relative expression levels of cell surface markers of different immune cell subsets from
whole colonic mucosa of Stat3" and Stat3*'¥ mice at day 15 of the CAC model analyzed by real-time
PCR. Data are mean = SEM, n>3. *p<0,05 by t-test.

48



Results

The expression of the mRNA encoding the surface marker Grl, representing neutrophils
within the lamina propria, was significantly decreased in Stat3*'¥¢ mice after DSS
treatment, while the expression level of the mRNA coding for F4/80 as a marker for the
presence of macrophages was insignificantly upregulated (Figure 4.7) on day 15 of the

model.

4.5 Stat3 controls cell cycle progression by regulating key factors at G1/S and
G2/M phase transition

To analyze the target genes involved in the hyperproliferative response in tumors of the
gp130""F mice (Figure 4.2 F), we isolated RNA of IEC at day 12 of the CAC model
(Figure 4.8 A), at the height of the proliferative response elicited in response to the DSS
treatment, and performed quantitative PCR analysis for the expression of mRNAs
encoding the cell-cycle regulating proteins Cyclin D1, Cyclin D2, Cyclin E, c-Myc,
Cdc2, Cyclin B and p21 (Figure 4.8 B). We observed a marked increase in the
expression of the mRNA encoding the G1/S phase proteins Cyclin D1 and c-Myc, while
the expression of the mRNAs encoding Cyclin D2 and Cyclin E remained unaltered
between gp130"°"" mice and wildtype animals. Looking at the G2/M phase proteins

Cyclin B1 and Cdc2, a transcriptional increase was observed.
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Figure 4.8: Stat3 controls expression of G1/S and G2/M regulators. (A) Schematic representation of
the initial steps of the CAC challenge that results in maximal proliferative response on day 12 of the CAC
regimen. (B) Expression of the cell-cycle and apoptosis regulators in isolated IEC of wildtype (wt, black
bars) and gp130Y”°"" mice (white bars) before or at day 12 of the CAC challenge. Relative expression
levels of mRNAs were determined by real-time PCR. Data are mean + SEM. (C) Immunoblot analysis of
Cyclin D1 and immunocomplex kinase assay of Cdk4 and Cdc2 prepared from isolated IECs of wt,
gp130Y7*"F and Stat3*'*“ mice before or at day 12 of the CAC challenge. (D) Relative expression levels of

mRNAs encoding ¢c-Myc and p21 in Stat3™™ (black bars) and Stat3*™ mice (grey bars) at day 12 of the
CAC challenge. Data are mean + SEM.

This suggests a stimulatory effect of Stat3 for transition from G1 into S-phase and G2
into M-phase and is consistent with the downregulation of the mRNA coding for the
Cdk inhibitor p21°P. To confirm this effect on protein level, we performed immunoblot
analysis of Cyclin D1 and immunocomplex kinase assay of Cdk4 and Cdc2 on protein
lysates prepared from wildtype, gp130""’F, Stat3"™ and Stat3'= mice on day 12 of the
regimen. This revealed an increase in Cyclin D1 protein expression in gp130"">"" mice
and a lack in induction of expression in Stat3'¥¢ mice (Figure 4.8 C), as well as a more
pronounced kinase activity for Cdk4 and Cdc2 in gp130""°"" mice compared to an

impaired induction in Stat3*'¥ mice.
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Figure 4.9: Loss of Stat3 induces a mitotic arrest in preneoplastic lesions. (A-H)
Immunohistochemical analysis of Cyclin B1 (A and B), phospho-Histone H3 (C and D) , Survivin (E and
F), RegllIb/PAP (G and H) in tumors from Stat3™* (A, C, E, G) and intraepithelial neoplasias found in
Stat3*"* mice (B, D, F, H) at the end of the CAC model on day 84. Scale bars= 100 pum.

This result was accompanied by an impaired induction of c-Myc and a lack in
downregulation of the mRNA encoding p21 (Figure 4.8 D) in Stat3“'¥° mice, further
underlining our findings that the expression of these are dependent on the extent of
Stat3 activation. Meanwhile, a strong nuclear expression of Cyclin B1 in the epithelial
components of the AOM-induced tumors in Stat3"™ mice was almost completely absent

34IEC mice, as visible in an immunohistochemical

from the polyp precursors in Stat
analysis of paraffin sections from day 84 of the model (Figure 4.9 A & B).
Intraepithelial neoplastic lesions from Stat3“'¢ mice showed an accumulation of the M-
phase cell cycle marker phospho-Histone H3 (Figure 4.9 D) compared to the adenomas

3flox

formed in Stat mice (Figure 4.9 C). This strongly suggests that lack of Stat3 in

AOM-mutagenized IEC leads to a mitotic growth arrest and the persistence of the polyp
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precursors without progression into adenomas as shown in Stat3 proficient mice.
Finally, we wished to analyze whether the anti-apoptotic response observed in Stat3-
proficient mice during the early phase of DSS challenge would persist throughout the
phase of maximal wound healing. We could verify this by analyzing the mRNA
expression levels of the anti-apoptotic proteins Bcl-x; and Survivin which were
transcriptionally induced in wildtype mice in response to DSS treatment and which
showed a significant increase in expression in gp130"""F mice (Figure 4.8 B). At this
time point a more pronounced induction of the mRNA of RegllIb/PAP was noted.
Expression of ReglIIb/PAP and Survivin was strongly decreased in intraepithelial

neoplastic lesions from Stat3*=¢

mice (Figure 4.9 F, H), while adenomas from Stat3-
proficient mice showed a highly induced expression of these proteins (Figure 4.9 E, G)

on day 84 of the CAC model.

4.6 The hyperproliferative effect in gp130"°"" mice is dependent on non-
haematopoietic cells and is induced by IL-6, as well as by IL-11

Gp130"""F mice show an enhanced hyperproliferative response to DSS administration,
this was confirmed by BrdU incorporation studies after one cycle of DSS administration
(Figure 4.10 A, B). We took advantage of this finding to verify that the
hyperproliferative response in these animals is dependent on hyperactivation of the
signaling pathway in the epithelial cell compartment and not in the haematopoietic
compartment. Therefore we performed reciprocal bone-marrow transplantation,
challenged these animals with one cycle of DSS and determined the change in BrdU
positive epithelial cells in colonic crypts compared to wildtype animals. Gp130'">""
mice exhibited an increase of about 70% more BrdU-positive cells compared to

Y757F
0

wildtype animals. This value remained between 60 and 70% for gpl3 mice

Y757F
0

receiving bone-marrow either from wildtype or gpl13 mice, it was only reduced to

Y757F
0

a value of about 20% in wildtype animals receiving bone-marrow from gp13 mice

Y757F .
0 mice

(Figure 4.10 C). This indicates that the hyperproliferative response in gpl3
mainly results from hyperactivation of the pathway in the epithelial cell compartment.
Previous work using the gp130Y">"" mice in a mouse model of inflammation-associated
gastric cancer demonstrated that rather IL-11 than IL-6 signaling drove tumorigenesis
(Ernst et al., 2008), while IL-6 has been proposed to play this role in the CAC model
(Becker et al., 2004). We therefore wished to examine if IL-11 as well contributes to the
hyperproliferative response observed in colonocytes of gp130">"" mice. To address this

question, we generated gp130Y"°"7/1111r" and gp130"°"/1167" double mutants, as well
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as triple mutant gp130">"/1111r"/116” mice. While double mutant mice showed no
significant reduction in their hyperproliferative response to DSS treatment compared to
gp130"°"F mice, triple mutant mice lacking IL-6 as well as IL-11 signaling exhibited a
significant reduction in BrdU-positive IECs after DSS challenge (Figure 4.10 D),
suggesting a redundant activity for these two cytokines in eliciting a gpl130/Stat3-
dependent proliferative mucosal response. To address the question which cell type is
mainly responsible for the secretion of these cytokines in the colonic mucosa in
response to DSS challenge, we transplanted bone-marrow from mice carrying a
transgene for the expression of the diphtheria toxin receptor under the control of the
CD11c promoter, enabling the targeted deletion of these cells by multiple injections of
the toxin. After DSS administration on day 6, the expression of the mRNA encoding for
IL-11 was markedly reduced in the colonic mucosa of animals depleted for CD1l1c
positive cells, while the mRNA encoding for IL-6 showed only a slight reduction
compared to levels in wildtype animals (Figure 4.10 E). This implies that dendritic cells
which most highly express the cell surface marker CD11c are the main producers of IL-
11 in response to DSS challenge and that these cells as well contribute to IL-6

production.
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Figure 4.10: The hyperproliferation observed in gp130"*"" mice during DSS-induced colitis is
mediated by non-haematopoietic cells and is dependent on IL-6 as well as on IL-11.

(A, B) BrdU incorporation in colonic crypts of wildtype (A) and gp130"""" (B) mice after one cycle of
DSS-induced colitis, 1 day after termination of DSS administration. Scale bars = 100 um. (C) Relative
change of BrdU incorporation in colonic crypts of gp130"*"" mice or respective bone marrow-
transplanted mice compared to wildtype mice after one cycle of DSS-induced colitis (wt >>Y757F
indicates wildtype bone marrow transplanted into gp130'">"" recipient mice). (D) Relative change in
BrdU incorporation in colonic crypts of gp130""/II11r", gp130"°"F/1167, and gp130""""/1I11r"/Il6™"
compound mutants compared to single-mutant gp130"°"" mice after one cycle of DSS-induced colitis.
BrdU-positive cells were only determined in well-orientated crypts. Data are average of 15 crypts/mouse,
n>5. Data are mean = SEM. Differences between genotypes were analyzed by one-way ANOVA. (E)
Relative expression levels of mRNAs for IL-6 and IL-11 in total tissue of unchallenged wildtype mice,
DSS-treated wildtype mice and DSS-treated mice depleted of CD11c-positive cells were determined by
real-time PCR. Data are mean = SEM.
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4.7 Lack of Stat3 prolongs survival in a model of sporadic intestinal carcinogenesis

B-Catenin activation and thereby hyperactivation of the Wnt signaling pathway is
thought to be an early event during sporadic intestinal carcinogenesis. To address the
question if Stat3 as well plays a role during sporadic intestinal carcinogenesis, we
crossed Stat3"™ mice to mice carrying a floxed Ctnnb1l allele together with a tamoxifen-
inducible villin Cre. Activation of the Cre recombinase upon tamoxifen gavage leads to
excision of exon 3 of the Ctnnb1 gene, resulting in the expression of a stabilized protein
which fails to undergo GSK3B-mediated proteolysis (Harada et al., 1999). Thereby [3-
Catenin becomes constitutively activated in all epithelial cell lineages resulting in an
almost complete loss of differentiated absorptive enterocytes and to an expansion of
highly proliferative cells (Figure 4.12 B & D). Due to this hyperproliferative effect and
loss in IEC function, single mutant villin CreER™/Ctnnb'™®*™! (called S-cat “*) show a
medium survival of 23 days, whereas double mutant mice for B-Catenin and Stat3 (/-
cat®*Stat3*5“) exhibit a medium survival of 31 days (Figure 4.11 A). Interestingly
mice of both genotypes revealed no overt histological differences at time of death

(Figure 4.11 B-E).
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Figure 4.11: Lack of Stat3 in intestinal epithelial cells leads to prolongation of survival after
conditional activation of B-Catenin by tamoxifen administration. (A) Kaplan-Meier survival curve of
Bcat™® (n= 15) and Scat™® Stat3*'EC (n= 7) animals. **p<0,01 by log rank test. (B-E) Representative
H&E stained sections from small intestine of S-cat®® (B, D) and f-cat®® Stat3*'© (D, E) animals at time
of death. Scale bars (B)= 100 um , (D)= 50 um.
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As we observed changes in the proliferation rate and induction of apoptosis in colonic
epithelial cells in our CAC model, we wanted to address if these mechanisms as well
account for the survival advantages after tamoxifen induced B-Catenin activation in /-
cat®*Stat3*'¢ animals. As we could not observe any histological differences at time of
death, we carried out our analysis at an earlier time point. We chose day 15 after
tamoxifen gavage, 5 days before the death of the first fcat “* animal. The proliferation
rate at this time point did not reveal any differences between A-cat”® and S
cat®®Stat3*'¢ animals (Figure 4.12 I, E-F), but histologically we observed distinct
differences between the two genotypes. A-cat “® animals as well as B-cat“*Stat34¢
animals show hyperproliferation and villus elongation (Figure 4.12 A, C, E),

additionally in the latter group of mice the villi are highly infiltrated by leukocytes
(Figure 4.12 B, D).
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Figure 4.12: IEC-specific ablation of Stat3 does not lead to changes in proliferation rate after
induction of B-Catenin activation but leads to an increase in apoptotic cell number on day 15 after
administration of tamoxifen. (A-D) Representative H&E stained sections from duodenum of A-cat®
(A, C) and Scat®*Stat3*'= (B, D) animals on day 15 after tamoxifen administration showing infiltration
of leukocytes in villi of ﬂ-catc'a'StatSA'EC animals. Scale bars (A)= 100 um, (C)= 50 um. (E, F) BrdU
incorporation in epithelial cells in -cat®® (E) and B-cat®*Stat3*'® (F) animals on day 15 after tamoxifen
administration. Scale bar= 50 um (G, H) Cleaved Caspase 3 staining on sections of A-cat“® (G) and /-
cat®*Stat3'¥® (H) animals on day 15 after tamoxifen administration. Scale bar= 25 pm. (1) BrdU
proliferation index of IEC from Acat®® and p-cat®®Stat3”€C animals on day 15 after tamoxifen
administration. (J) Quantification of apoptotic IEC in f-cat®® and S-cat®*Stat3*'¥C animals by staining
for cleaved Caspase 3 on day 15 of the model; n=6 of each genotype, 20 fields per animal, *p<0,05 by t-
test.
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Furthermore, determination of the apoptosis rate by staining for cleaved,and thereby
activated, Caspase 3 revealed a significant increase in apoptotic cells especially in the
villus region of S-cat®*Stat3'= animals compared to f-cat®® animals (Figure 4.12 G,
H, J). To elucidate the molecular reasons for the increase in the apoptosis rate in f-
cat®®Stat3*'=¢, we performed quantitative PCR analysis for the previously identified
target genes of Stat3, which we found to be responsible for the increased apoptosis in
colonocytes of Stat3*'¥C in response to DSS treatment. Surprisingly the mRNAs
encoding Bcl-xp, Survivin and Hsp70 showed no significant regulation between
wildtype, Stat3*'5¢, gcat®?, f-cat**Stat3*'¥* mice on day 15 of the model (Figure 4.13
A), although there seemed to be a slight downregulation in the expression of the mRNA
encoding for Survivin in Stat3*'E¢ and ﬂ-catc'a'StaBAIEC animals. To confirm Stat3
activation in epithelial cells we performed immunoblot analysis of lysates from IEC on
day 15 of the model, which showed activation of Stat3 by phosphorylation in p-cat“?%,
which was absent in lysates of ﬂ-catc'a'StaBAIEC animals (Figure 4.13 B). A low level of
Stat3 phosphorylation was as well observable in lysates from IEC of wildtype animals.
Immunoblot analysis for total Stat3 expression level confirmed absence of protein

expression in Stat3*'¥¢ and S-cat®®Stat3*'EC.
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Figure 4.13: Molecular analysis of Stat3 target genes involved in regulation of apoptosis. (A)
Relative expression levels of mRNA of apoptosis-related Stat3 target genes analyzed by real-time PCR.
Data are mean + SEM, n>4. (B) Immunoblot analysis for the indicated proteins in lysates prepared from
isolated small intestinal enterocytes from wildtype, Stat3*'€¢, Bcat®® and p-cat**Stat3*'= on day 15
after administration of tamoxifen.

Levels of Bel-x; and Hsp70 were not significantly downregulated in B-cat“®Stat34=¢

compared to A-cat® animals although expression of both proteins seemed to be slightly

57



Results

downregulated compared to wildtype and Stat3*'= animals. Expression of Survivin
showed an increase in Stat3*'=® animals compared to wildtype animals and a decrease in
Bcat**Stat34'=C compared to B-cat>® on day 15 of the model (Figure 4.13 B). Equal

loading of protein amounts was confirmed by probing with a.-B—actin antibody.

4.8 Survival advantage is not dependent on cell autonomous changes in
proliferation or induction of apoptosis in IEC, but on activation of haematopoietic
cells

As expression analysis of different Stat3 target genes which could hold responsible for
the increase in apoptosis observed in p-cat®® Stat3*'¥¢ mice only revealed a minor
downregulation in the expression of Survivin compared to S-cat“® animals, we wished
to further elucidate the molecular mechanisms responsible for the prolongation in
survival in A-cat®? Stat3*'¥ animals. Therefore we isolated RNA from f-cat®® and
cat®® Stat3*'¥“ duodenal enterocytes on day 15 of the model and performed a RNA-
Microarray analysis. Out of 28.000 analyzed genes 128 were upregulated > 2,5 and 177
genes were downregulated < 0,5 in S-cat®Stat3”'® compared to A-cat®® animals.
Among the upregulated genes, 23 % were involved in the regulation of immune
response and inflammation, while only 5 % and 1 % were found to be involved in the
regulation of apoptosis and cell cycle control respectively (Figure 4.14 A). The other
upregulated genes could be grouped in the regulation of metabolism, transcription,
signal transduction, proteolysis, DNA repair and adhesion. Interestingly, in Stat3*'=
animals 195 genes were as well > 2,5 upregulated and 340 genes were < 0,5
downregulated. Among the upregulated genes, only 6 % were involved in the regulation
of the immune response and inflammation. The biggest groups of genes included genes
regulating metabolism (15 %) and transcription (13 %), while a minor share of the
upregulated genes could be grouped into transport, proteolysis, signal transduction and
adhesion regulating genes (Figure 4.14 A). The biggest group of upregulated genes in
the ﬂ-catc'aStatii‘"EC include several genes involved in regulation of immune recognition
(such as C2TA) and IFNy-inducible genes (such as Socsl, Cxcl9, TGTP), we verified the
upregulation of some of these by quantitative real-time PCR analysis (Figure 4.14 B)
which also revealed an insignificant upregulation of most of these genes in Stat34'=¢

animals compared to wildtype mice.
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Figure 4.14: RNA-Microarray analysis of IEC of Bcat*?Stat34'5¢ animals reveals an induction of
immune response/inflammation regulating genes. (A) Genes upregulated in Acat®Stat3*'¥® compared
to Scat® animals and in Stat3*¥C compared to wildtype animals on day 15 grouped according to
biological process. (B) Relative expression levels of mRNA encoding for immune response and IFNy
induced target genes in IEC analyzed by real-time PCR on day 15 of the model. Data are mean + SEM,
n>4. *p<0,05, **p<0,01 by t-test.

We verified upregulation of IFNy expression in the lamina propria of S-cat“*Stat3*'=¢
on day 15 by isolation of RNA from total tissue and subsequent quantitative real-time
PCR analysis (Figure 4.15 A). We as well checked the mRNA expression of different
other inflammatory cytokines such as IL-2, IL-4, IL-6, IL-10, IL-12 p35, IL-12p40, IL-
13, IL-17 a and f (Figure 4.15A and data not shown) and found only the mRNA
encoding IL-6 to be as well significantly upregulated in S-cat®?Stat3*'=C animals. IFNy
secretion was verified by immunohistochemical staining of paraffin sections (Figure
4.15 B-F) and revealed positive cells in the lamina propria and predominantly in cells
infiltrating the villus epithelium of ﬂ-catc'aStat3‘"EC animals which were only seldom
observable in f-cat®® animals (Figure 4.15 D-F). Occasionally positive stained cells
were visible infiltrating the lamina propria and the villus epithelium of Stat3*'*® animals

(Figure 4.15 C).

59



Results

Ix
g 000044, o — 00008 IFMNy
o 0.0003 0.0005 .
o 0.0002 00004
2
T 0 2.0002
[ 0 o
WT Shabs™ WT stats™ WT Bhats ™ WT Etats ™
h-oat= fi-oat ab™ [T

]

W

H

SO TR CDA%)

s .8 F 100
- a0
E VoS g 8
A, 5 80
) - ' & ap
i g
s s o Ca

. f 5 .
Jid-dack o 0 R
f‘?fh? FANEE &

ey T~ 5 s
fcat °* B-cat =* Stat3"=

el

A

Figure 4.15: Intestinal epithelial deletion of Stat3 leads to IFNy secretion in the lamina propria on
day 15 after B-Catenin activation by tamoxifen administration. (A) Relative expression levels of
mRNA encoding for IL-6 and [FNy in the lamina propria in animals of the indicated genotype on day 15
of the model analyzed by real-time PCR. Data are mean + SEM, n >4. *p<0,05, **p<0,01 by t-test. (B-F)
Immunohistochemical analysis of IFNyin sections of wildtype (B), Stat3*c¢ (C), fcat"¥(D), £
cat**Stat3”¥C animals. (F) Magnified view of inset in (E). Scale bar= 100 pm. (G-J)
Immuohistochemical analysis of CD3 in sections of f-cat**(G&I) and S-cat®*Stat3*'¥ animals (H&J).
Scale bar (G)= 100 um, (I)= 50 pm. (K) FACS analysis of T-cells isolated from spleen and mesenteric
lymph node (MLN) of f-cat®® and f-cat“*Stat3*'= animals on day 15 of the model, stimulated for 48
hours with CD3/CD28 antibody and co-stained for CD4/CD8 expression together with IFNy expression.
*p<0,05 by t-test.

IFNy is mainly produced by activated Thl-polarized CD4" T-cells, CD8" cytotoxic T-
cells, as well as by activated natural killer cells (Bach, 1997; Young & Hardy, 1990),
although it can also be secreted by different antigen-presenting cell types (Frucht,
2001). To analyze which cell type is responsible for the IFNy secretion in f-
cat®*Stat345¢, we performed CD3 immunohistochemical staining which showed a high
increase in lamina propria infiltrating CD3" cells (Figure 4.15 G-J). To test the
activation status of the T-cells, we isolated total spleenic cells and mesenteric lymph
node cells of S-cat®® and S-cat®Stat3*'™ on day 15 of the model, which revealed a
significant increase in IFNy producing CDS8 -positive cells in the mesenteric lymph
nodes (MLN) of ,B—Catc""‘Stc’:lBAIEC animals, as well as an insignificant increase in
spleenic CD4", IFNy producing cells (Figure 4.15 K). This raised the hypothesis that
activated T-cells are the source of the IFNy in the lamina propria of /3’-Cat°'aStat3AIEC

animals. To test this and to find out if the prolongation of survival observed in S
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cat®?Stat3“'® animals depended on IFNy secretion, we depleted CD4" as well as CD8"-
positive cells in Bcat®?Stat3*=C animals by intra-peritoneal administration of a-CD8
and a-CD4 antibody. This revealed complete reduction of survival to the same level of
f-cat”® animals treated with a-CD8 or a-CD4 antibody (Figure 4.16 A). S-cat™®
animals treated with a-CD8 antibody as well showed a significant, but much less

sustained reduction in survival compared to untreated A-cat®® animals.
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Figure 4.16: Survival advantage in B-cat**Stat34'5 animals relies on CD4" and CD8" T-cells, NK-
cells as well as CD11c" cells. (A) Kaplan-Meier survival curve of cat®® and Bcat®® Stat3*'¥ animals
untreated (black lines) and treated with a-CD8/a-CD4 (n>5) (red lines) antibody. (B) Kaplan-Meier
survival curve of Bcat®® and Bcat™® Stat3“® animals untreated (black lines) and treated with o-
asialoGM1 (red lines) (n> 4) antibody to deplete natural killer cells. (C) Kaplan-Meier survival curve of
B-cat®® and S-cat®® Stat3*C animals untreated (black lines) and f-cat®*Stat3'= transplanted with bone
marrow of CD11cDTR animals (n= 6) and treated diphtheria toxin (DT) (red line) to deplete CD11c"
cells. (D) Kaplan-Meier survival curve of f-cat®?- (n>7), f-cat*® Stat3*'¥¢ (n>7), p-cat®*IFNy" (n>3) and
Bcat®®Stat3*'=CIFN " (n>3) mice.*p<0,05, **p<0,01, ***p<0,001 by log-rank test.

These results indicate that IFNy production by activated CD8'- and CD4"-cells is an
important factor for the prolongation in survival of A-cat®Stat3*'¢ animals.
Furthermore, natural killer cells also seem to play an important role in this phenomenon
as depletion of these cells by administration of o-asialoGM1 antibody as well
completely reduces the survival time of A-cat®Stat3*'FC animals to the level of
untreated A-cat® animals. Curiously, depletion of these cells in A-cat® animals
prolongs the survival of these animals significantly (Figure 4.16 B). To test if the

immune cell activation in the S-cat®?Stat3*'® animals constitutes an adaptive immune

61



Results

response which is dependent on antigen presentation by dendritic cells, we performed
bone marrow transplantation of CD11cDTR animals into ﬂ-catc'aStatBA'EC animals and
depleted CDI11c" cells by intra-peritoneal administration of diphtheria toxin every
second day. This reduced survival of S-cat®?Stat3*'¥ animals to the level of S-cat™®
mice (Figure 4.16 C), illustrating the important role of CD11c" cells for the immune
activation in ﬂ-catc'aStatBA'EC animals. The dependence of the survival advantage
observed in ﬂ-catc'aStatSA'EC mice on IFNy production was further confirmed by [
Catc'aStat3A'ECIFN}/_/ “mice, which as well show a median survival comparable to [

cat®® mice (Figure 4.16 D). S-cat**IFNy”~ even show a significant, but much less

sustained reduction in survival compared to cat®® animals.
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Figure 4.17: Immune cell activation is as well observable in Stat3*'= animals, but only on day 6

after tamoxifen administration. (A-B) FACS analysis of T-cells isolated from spleen (A) and
mesenteric lymph node (MLN) (B) of wildtype and Stat3“'® animals on day 6, 8 and 15 of the model,
stimulated for 6 hours with PMA/Ionomycin and co-stained for CD4 or CD8 expression together with
IFNy expression and CD11c together with IL-12 expression. Depicted are 4 animals per experiment and
genotype compared to the matching wildtype animals.

RNA microarray analysis and mRNA expression analysis of different immune and
inflammation induced genes revealed induction of these genes in S-cat®?Stat3“'= mice,
but as well to a lesser extent in Stat3*'™® mice (Figure 4.14 A & B). Therefore we
wished to analyze if the immune activation observed in ﬁ-catc'aStatSA'EC was as well
present in Stat3'¥ mice on day 15. At this time point we could not show any increase
in the activation status of CD4", CD8" and CDI11c" (Figure 4.17 A & B) neither in
spleen nor in MLN compared to wildtype animals. Therefore we looked at different
time-points of the model and could show on day 6 after tamoxifen administration a

significant increase in IFNy secretion by CDS8" cells after PMA and Ionomycin
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stimulation in MLN and spleen. At the same time point as well occurred an insignificant
increase in IL-12 secretion by CD11c" cells in MLN and in IFNy secretion by CD4"
cells in spleen. This effect was not observable when looking on IFNy and IL-12
expression on day 8 of the model. Having shown a predominantly CD8-driven IFNy-
secretion in Stat3*'=¢ as well as in B-cat®?Stat3*'C animals, we wished to investigate

the cause of the immune activation in these animals.
4.9 What is causing the immune activation in g-cat**Stat3*'= animals?

IL-10 knock-out animals suffer from a barrier defect which leads to translocation of
commensals into the lamina propria and possibly to activation of the immune system,
therefore we hypothesized that this could as well be true in Stat3*'=¢ and Yoa
cat®?Stat3'¥ animals, thereby causing an immune response in these animals. Therefore
we measured the LPS-level in serum of Stat3*¥ on day 6, the time-point of the
observed immune activation (Figure 4.18 A), but could not show any differences
between wildtype and Stat3“'¥ animals. Additionally, we gavaged Stat3“'¥C with FITC-
Dextran and collected blood serum 4 hours later on day 6 of the model to address the
same question. Here again we could not show any differences between the two groups
(data not shown). This makes a barrier defect as the causing factor for the immune
activation in these animals unlikely, although it is possible that the defect is not
pronounced enough to be measured by the methods employed here. Among the genes
most highly upregulated in A-cat®?Stat3*'=C, as well as in Stat3“'= animals in our RNA-
microarray analysis, we found the gene encoding for the complement protein Mannose-
binding lectin (Mbl2). This protein is most commonly known for its role in serum to

opsonize bacteria for removal by the innate immune system (Ip et al., 2009) .
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Figure 4.18: Stat3#'%® animals do not show an increase in serum LPS levels, but exhibit an increased

expression of the complement protein Mannose-binding lectin (Mbl2). (A) LPS level in serum of
wildtype and Stat3*© on day 6 as determined by LAL assay. (B-E) Immunohistochemical analysis of
MbI2 in sections of wildtype (B), Stat3*'= (C), S-cat®® (D) and S-cat**Stat3*'=C (E) animals. Magnified
view of inset. Scale bar= 50 pm. (F) Immunoblot analysis for the indicated proteins in lysates prepared
from isolated small intestinal enterocytes from wildtype, Stat3*'=C, p-cat®® and f-cat**Stat3'= on day 15
after administration of tamoxifen.

In recent years, it has as well been implicated in the targeting of apoptotic cells for
removal by phagocytic cells (Pittoni and Valesini, 2002), specifically to macrophages
and DC which lead to a secretion of pro-inflammatory cytokines by these cells in vitro
(Nauta et al., 2004). We could verify upregulation of Mbl2 expression ﬂ-catc'aStat3A'EC,
as well as in Stat3“'=° by immunohistochemical staining and immunoblot analysis
(Figure 4.18 B-E, F). To check for an apoptotic event in unchallenged Stat3*'5C, we
performed immunohistochemical analysis for cleaved Caspase 3 on different time
points before the observed immune activation on day 6 in these animals and could show
that loss of full-length Stat3 protein in response to genetic recombination due to
tamoxifen treatment induces a short-lived apoptotic trigger in epithelial cells on day 3 of
the model (Figure 4.19 A-C, D) that resolved already on day 4 of the model. Ablation of
full-length Stat3 at this early time-point could be verified by immunoblot analysis
(Figure 4.19 E). In p-cat“® animals epithelial cell apoptosis takes place regularly in
response to hyperactivation of the Wnt pathway as revealed by immunohistochemical
analysis on day 15 of the model (Figure 4.12 G, J). We propose that epithelial cell
apoptosis at an early time point of the model in Stat3*'¥¢ and S-cat®Stat3“'® animals
constitutes an immunogenic event either by itself or in conjunction with the
overexpression of the complement protein Mbl2 and leads to priming of adaptive

immune cells.
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Figure 4.19: Apoptosis on day 3 in IEC of Stat3%'E¢ animals could be the reason for the immune
activation in these animals. (A-C) Immunohistochemical analysis of cleaved Caspase 3 in sections of
wildtype (A) and Stat3EC (B) animals. (C) Magnified view of inset in (B). Scale bar= 25 pm. (D)
Quantification of apoptotic IEC in wildtype and Stat3“'®C animals by staining for cleaved Caspase 3 on
day 3 of the model; n=6 of each genotype, 20 fields per animal, *p<0,05. (E) Immunoblot analysis for the
indicated proteins in lysates prepared from isolated small intestinal enterocytes from wildtype and
Stat3“'¥ on day 3 after administration of tamoxifen.

4.10 What are the factors responsible for hyperactivation of the Stat3 signaling
pathway in g-cat>® animals?

Finally, to address the question how activation of the Stat3 signaling pathway is

achieved in this model, we crossed S-cat®® to IL-67 knock-out mice, expecting to
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Figure 4.20: Hyperactivation of the Stat3 pathway is not induced via the 1L-6/gp130 signaling
pathway. (A) Kaplan-Meier survival curve of f-cat®®, f-cat“*IL6" (n= 5) and SB-cat* Stat3*'= animals.
#+%p<(,001 by log-rank test (B) Kaplan-Meier survival curve of f-cat®®, fcat®*Socs3*'5 (n= 6) and £
cat®® Stat3“'® animals.

achieve a similar prolongation in survival as in cat*®Stat3*'® animals as IL-6 proved
to be a major cytokine inducing signaling via this pathway in the CAC model.

Surprisingly, ablation of IL-6 did not prolong survival in the Acat®® model, but even

65



Results

significantly reduced survival to a small extent (Figure 4.20 A). This fits to the result
that IEC-specific ablation of the gp130 binding inhibitor Socs3 did not reduce survival
of Acat®® mice (Figure 4.20 B).
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5. Discussion

Both the NF-kB and the Stat3 signaling pathway is aberrantly activated in inflammation
as well as in different cancer types. In a mouse model of CAC, NF-kB activation in IEC
has been shown to protect these cells from apoptosis (Greten et al., 2004). Therefore,
ablation of IKKf in IEC leads to a reduction in tumor number. Ablation of the same
molecule in myeloid cells showed an impact on tumor number and size presumably by a
reduced secretion of cytokines inducing the Stat3 signaling pathway. These results and
others suggest that IL-6 family cytokines provide one of the missing links between
inflammation and cancer (Ernst et al., 2008; Naugler and Karin 2008; Park et al., 2010).
Stat3 plays a central role in the activation regulation in inflammatory cells by mediating
signaling through pro-inflammatory cytokines. It constitutes a main factor in the
differentiation of naive T-cells towards the Th17 subset driven by IL-6 and TGFp
(Nishihara et al., 2007). Additionally it mediates anti-inflammatory responses through
IL-10, which is an important factor for immune suppression in the intestine. IL-10
knock-out animals, which lack this anti-inflammatory response, develop spontaneous
enterocolitis which progresses into adenocarcinoma (Kiihn et al., 1993; Berg et al.,
1996). Targeted deletion of Stat3 in macrophages and neutrophils as well leads to
spontaneous enterocolitis driven by a polarized Thl immune response (Takeda et al.,
1999; Alonzi et al., 2004). The dampening role for the Stat3 signaling pathway is as
well important in the regulation of dendritic cell activation, as deletion in these cells
leads to a hyperactivation of the immune response and the development of ileocolitis
(Melillo et al., 2010). These findings are just some examples to illustrate the unique role
that Stat3 plays in inflammatory cells. In our experiments, we wanted to address the role
played by Stat3 in IEC during intestinal carcinogenesis.

As a main finding of our experiments we could demonstrate that ablation of Stat3 in
IEC during steady-state conditions does not induce any overt phenotype, while in a
colitis-associated carcinogenesis model as well as in a sporadic model of intestinal
carcinogenesis, deletion of Stat3 in IEC modulated tumor development. Surprisingly,
the mechanisms accounting for these differences in tumor formation differed

fundamentally between the two models.
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5.1 Stat3 signaling in CAC

5.1.1 Stat3 regulates apoptosis and cell-cycle progression of IEC during CAC

In the CAC model, deletion of IKKf in IEC leads to an increase of apoptosis which is
caused by the impaired induction of the anti-apoptotic protein Bcl-x;. This constitutes a
common finding between IEC-specific ablation of IKKf as well as Stat3. Additionally,
lack of Stat3 signaling results in an impaired induction of Hsp70 and Survivin. This is
in accordance with the observation that pharmacological inhibition of IKKf results in a
reduced phosphorylation of Stat3, as well as in an impaired induction of Hsp70 in mice
during acute colitis (Eckmann et al., 2008). It has been shown that Hsp70 is an
important anti-apoptotic factor for IEC (Sikora and Grzesiuk, 2007) and protects from
DSS-induced colitis (Tanaka et al., 2007). The anti-apoptotic protein Survivin has been
shown to carry out a dual function as it has as well an important function during cell
cycle regulation (Altieri, 2008). In untransformed cells, it is expressed in the G2/M
phase at the spindle (Li et al., 1998) and is phosphorylated in association with Cdc2
(O’Connor et al., 2000). Knock-down with the help of small-interfering RNAs induces
cell cycle arrest in human colorectal cancer cells (Rodel et al., 2005). Indeed, we could
verify an impact of Stat3 signaling on epithelial cell proliferation in the tumors
developed in response to the CAC regimen, as well as in the colonic epithelium directly
in response to DSS treatment. In contrast, NF-xB signaling in myeloid cells, but not in
IEC during the CAC model, influences epithelial cell proliferation presumably due to a
reduction in the production of pro-inflammatory cytokines (Greten et al., 2004). These
results suggest how myeloid NF-kB and epithelial Stat3 signaling together shape the
tumor microenvironment and thereby promote tumor growth during CAC. The observed
reduction in epithelial cell proliferation in Stat3 deficient animals in response to the
CAC regimen was caused by a reduced expression of Cyclin B1, Cyclin D1, ¢c-Myc and
decreased kinase activity of Cdc2 and Cdk2. Cyclin DI and c-Myc constitute known
Stat3 target genes (Masuda et al., 2002; Kiuchi et al., 1999), while Cyclin B1 and Cdc2
have been associated with G2/M phase arrest after Stat3 inhibition by cucurbitacin (Liu

et al., 2008; Su et al., 2008).
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5.1.2 Stat3 signaling in IEC as a central factor in mucosal wound-healing

The animals lacking Stat3 expression showed a higher degree of epithelial damage in
response to the CAC regimen as marked by the increase in epithelial ulcer formation
and the weight development of these animals in response to acute DSS treatment. This
more severe mucosal damage is not dependent on the initial mutagenic challenge by
AOM injection, as Stat3 deficient animals as well show a higher degree of mucosal
damage and a higher number of ulcers if AOM is omitted from the regimen. Hsp70
expression has been shown to be an important factor for epithelial balance protection
after DSS-induced colitis (Tanaka et al., 2007) and is induced in an IKK[3 dependent
manner in the colonic mucosa (Eckmann et al., 2008). The lack of Hsp70 induction
could account for the increased epithelial damage in Stat3 deficient animals. An
increase in epithelial damage could as well be observed in IKKf deficient mice in
response to DSS (Greten et al., 2004). These mice also exhibit an increase in apoptosis
due to a strong reduction in Bcl-xp expression. In this model, epithelial cell proliferation
remained unchanged between control and IKKf deficient animals. On the other hand, in
an in vivo wound-healing assay, in which wounds were induced by biopsy forceps and
healing was monitored via endoscopic recording of the sizes of the wounds, Stat3
deficient animals as well showed a delayed healing response (Pickert et al., 2009). This
indicates that the impaired induction of proliferation does play a role in the wound-
healing defect observed in Stat3 deficient animals, as this experiment is independent of
the induction of apoptosis. Another factor in the impaired mucosal wound healing
response in the Stat3 deficient mice is the lack in induction of epithelial Reg33/PAP
expression. Reg3p/PAP is upregulated during acute pancreatitis, but also in DSS colitis
and IBD in response to IL-6 and IFNy (teVelde et al., 2007) and in 60% of human
colorectal cancers (Macadam et al., 2000). It is presumably involved in the regulation of
cell cycle progression in human colorectal carcinoma (Cao et al., 2009) and has been
described to have anti-inflammatory functions (Closa et al., 2007). The incubation of
mucosal tissue from active Crohn’s disease patients with Reg3/PAP reduced the
secretion of pro-inflammatory cytokines and prevented TNF-o dependent NF-xB
activation in monocytic and epithelial cells (Gironella et al., 2005). Furthermore,
Reg3B/PAP has been shown in vitro to induce the aggregation of bacteria, implicating a
function in host defense (Iovanna et al., 1991). Therefore, the reduced expression of this

protein in colonic epithelial cells of Stat3 knock-out animals could also play an
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important role in the impaired termination of the inflammatory response after DSS
exposure. The differences in tumor formation between Stat3 proficient and deficient
animals, as well as the differences in the resolution of inflammation could be
theoretically caused by differences in the recruitment of inflammatory cells into the
lamina propria after DSS exposure. We could show that the composition of the main
inflammatory cell types macrophages, dendritic cells and T-cells in the lamina propria
remained largely unchanged between the two groups, as well as the recruitment of
regulatory T-cells. Only the mRNA encoding for the neutrophil surface marker Grl
showed a significant reduction in the mucosa of Stat3 deficient animals. It was shown
previously that IL6/Stat3 signaling constitutes an important pathway during the
clearance of neutrophil assimilation which leads to the resolution of inflammation. The
mRNA coding for IL-6 is highly upregulated in the lamina propria of Stat3*'=® animals.
This could be an explanation for the observed decrease in neutrophil number (Fielding
et al., 2008). Along with the wound-healing defect in these animals, they also show a
defect in the resolution of inflammation, as pro-inflammatory cytokines remain high in
the lamina propria for a prolonged time period after short term treatment with DSS.
Interestingly, we still observed a reduction in the epithelial proliferation compared to
wildtype animals despite the higher level of proliferation-inducing cytokines. This
underlines the importance for epithelial Stat3 activation during cell cycle progression.
Although the preneoplastic lesions found in Stat3 knock-out animals exhibit activating
B-Catenin mutations to the same extent as the tumors in Stat3 proficient mice, these
lesions show an accumulation of the M-phase cell-cycle marker phospho-Histone H3.
This suggests a cell cycle arrest in these cells rendering them incapable of progressing
into adenomas. These findings imply that the canonical Wnt signaling and the Stat3
pathway intersect on common molecular targets and are required to be induced together
to initiate the expression of their target genes above the threshold required for cell cycle
progression. This finding is consistent with previous work showing a reduction in tumor

load in APCM"/IL-6" animals (Baltgalvis et al., 2008).
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5.1.3 Stat3 is induced by IL-6 family cytokines in the CAC model

Stat3 signaling is induced by a plethora of cytokines and growth factor, but the main
cytokine implicated in driving hyperactivation of this pathway in IBD and colorectal
cancer is IL-6 (Mitsuyama et al., 2006; Becker et al., 2004). Deletion of IL-6 signaling
in the CAC model resulted in a significant reduction in tumor number (Grivennikov et

AIEC . ey . . .
3 animals exhibit an increase in

al., 2009), this is consistent with findings that Socs
tumor burden (Rigby et al., 2007), while inhibition of IL-6 trans signaling reduces
mucosal proliferation (Becker et al., 2004). Nevertheless, lack of IL-6 signaling did not
completely abolish phosphorylation of Stat3 in colonic epithelial cells in response to
treatment with DSS (Grivennikov et al., 2009), suggesting additional cytokines to be
involved in the activation of the pathway in this setting. Pickert and colleagues (2009)
suggested an important role for IL-22 in the induction of Stat3 signaling in this model,
interestingly in this study the authors did not observe any differences in Stat3
phosphorylation level in I1-6" animals after induction of colitis. This finding 1is
controversial to the findings by Grivennikov and colleagues (2009), who show a
significant reduction in Stat3 phosphorylation in II-6” animals in response to DSS
treatment. In gastric tumorigenesis, it was shown previously that Stat3 signaling plays a
driving role, induced by IL-11 (Ernst et al., 2008). This led us to the hypothesis that IL-
11 could as well play an important role in inducing the hyperproliferation in response to
DSS treatment. Indeed, gp130'"°"7/Il-11r"/1I-6" mutant mice show a significant

reduction in the hyperproliferative response observable in gp130'™'F

single mutant
mice. Interestingly, ablation of each of the cytokines alone was not sufficient to obtain a
significant reduction in hyperproliferation, indicating a collaborative role for IL-6 and
IL-11 in the induction of the Stat3 pathway in response to DSS treatment. Stat3
signaling as well plays an important role in the intrinsic regulation of different
inflammatory cells as mentioned previously. Therefore, we performed bone marrow
transplantation, and could verify that the hyperproliferation in the gp130'">"" mice is
dependent on epithelial Stat3 signaling and not resulting from a hyperactivation of the
pathway in the haematopoietic fraction.

IL-6 has been shown to be secreted by myeloid cells and neutrophils in response to
acute DSS treatment in a NF-xB dependent manner (Greten et al., 2004) (see Figure
5.1), depending on the time point of the model it is additionally secreted by dendritic
cells and activated T-cells (Grivennikov et al., 2009; Becker et al., 2004). The source of
IL-11 secretion in the colonic lamina propria remained to be defined. We could identify
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CDI11c"-cells as a major source of IL-11 secretion as the mRNA encoding for this
cytokine was greatly reduced in mice challenged with DSS and depleted of CD11c"
cells. Consistent with the finding by Grivennikov and colleagues, IL-6 is in part
secreted by dendritic cells, but is as well expressed by other cell types, therefore

depletion of CD11c¢" cells only partly reduces the expression of its mRNA.
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Figure 5.1.: NF-xB activation in IEC during CAC leads to recruitment and activation of myeloid
cells which in turn secrete pro-inflammatory cytokines which fuel NF-xB activation and Stat3
activation in IEC. This ensures the expression of pro-survival and pro-proliferative genes in IEC.
(taken from Bollrath and Greten, 2009)

These results suggest that dendritic cells contribute to Stat3 activation, although IL-6
production by macrophages constitutes probably the main factor in driving Stat3
activation in this model, as IKK[ deletion in myeloid cells as well significantly reduces

tumor number and size (Greten et al., 2004).
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5.2 Stat3 in sporadic intestinal carcinogenesis

In the model of sporadic intestinal carcinogenesis, we observed a prolongation of
survival in S-cat®Stat3*'® animals compared to S-cat®® animals. We could show that
this survival advantage did not depend on cell-autonomous differences in genes

regulating proliferation or apoptosis, but on the differential activation of immune cells.

5.2.1 In a model of sporadic intestinal carcinogenesis, Stat3 signaling does not control
proliferation, but induction of apoptosis

In accordance with our previous findings, we noted an increase in epithelial cell
apoptosis in our model of early tumor promotion during sporadic intestinal
carcinogenesis. Interestingly, we could not demonstrate a significant regulation of the
proteins presumably responsible for the induction of IEC apoptosis in our CAC model
Bcl-xp or Hsp70, only Survivin showed a moderately decreased expression in our
sporadic model. In sharp contrast to our data in the CAC model, we could not show any
impact on IEC proliferation in our sporadic model. This constitutes an interesting
finding as APC™™*/IL6" show a reduction in tumor number and size (Baltgalvis et al.,
2008). Curiously, tumors arising in APCM"*/Stat34'EC are supposed to show a higher
proliferation rate as well as tumor invasiveness resulting in a reduced survival time in

male mice, although a reduction in tumor number compared to APCM"*

single mutant
mice was observed. The authors of this publication claim that the increase in tumor
proliferation and invasiveness is due to the loss of the cell adhesion protein Ceacaml in
APCMI"™*/Stat34EC mice (Musteanu et al., 2009), which has been shown to modulate
Whnt signaling (Leung et al., 2008). Interestingly, Leung and colleagues demonstrate as
well an increase in tumor size and invasiveness in APC**®**/Ceacam™ (as shown for
the APCM™ +/StatB‘"EC), but they as well show an increase in tumor number and do not
observe changes in IEC proliferation, but account the changes in tumor size and number
to a decrease in IEC specific apoptosis rate. Stunningly, in our hands APCMI*Stat34IEC

cM"™ single mutant

mice exhibited a significant increase in survival compared to AP
mice (data not shown). Our results exhibit only limited validity as we could only obtain
a total of 8 APCM"*/Stat3*'¢ animals due to breeding problems of these mice, but still
raises the questions for the reasons of these very contradictory findings. A possible
explanation could be that the intestinal microflora has a deep impact on tumor formation

and differs distinctly between the two animal facilities.
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5.2.2 Survival advantages in 3-cat“*Stat3*'=® depend on activated immune cells

Although we observed a significant increases in apoptosis rate, we could not explain
this by major changes in the expression of previously identified Stat3 target genes
regulating cell survival in colonocytes during CAC. Therefore, we wished to further
elucidate the mechanisms behind the increase in apoptosis and in survival observed in
ﬂ-catc'z"StatBA"EC animals. RNA microarray analysis revealed a significant upregulation
in IFNy induced genes and in genes involved in antigen presentation. An increase in the
expression level of IFNy and IL-6 could be verified by mRNA expression analysis of
total tissue of S-cat®?Stat3*'= animals. IFNy can be expressed by activated cytotoxic
CDS8", Thl-activated CD4" cells or natural killer cells (Bach et al., 1997; Young and
Hardy, 1990). Recently, a secretion by antigen presenting cells has been described
(Frucht et al., 2001). We could show that lack in IFNy signaling reverses the survival
advantage in ,B—C&tc'aStatBA'EC animals, although the animal number in this experiment
was insufficient to draw a final conclusion out of it.

Of course, we wished to address which cell type is responsible for the expression of
IFNy in the lamina propria of ﬁ-catc'aStat3A'EC animals. We could show a high number
of CD3" cells infiltrating the lamina propria as well as the villus epithelium of S
cat®?Stat3'¥ animals. FACS analysis revealed a significant increase in IFNy secretion
by CD8" positive cells after stimulation in mesenteric lymph nodes of ﬂ-cat"""‘StaB‘"EC
on day 15. This hints at CD8" cells to be the main player in IFNy expression, although
in contrast to this, depletion of both CD4" as well as CD8" T-cells reverses the survival
advantage observed in ,B—catc'aStatBA'EC animals. This finding can be interpreted in two
ways: firstly, long-term administration of both antibodies also depletes the other cell
type as both cell types arise from a common precursor which initially co-expresses CD4
and CD8 (Haynes et al., 1988), secondly, even if the CD8" cells are the effector cells
responsible for IFNy secretion, CD4" cells are needed for the efficient activation of
CDS8" cells. The immune response observed was also dependent on NK cells, as
depletion of NK cells with a specific antibody also reverses the survival advantage.
Curiously, depletion of NK cells in Acat“? single mutant mice leads to a prolongation
of survival. This could hint towards a dual role for NK cells depending on their
activation status as it has been described for macrophages (Mantovani et al., 2002) and
neutrophils (Fridlender et al., 2009). NK and CDS8" cells can either be directly activated
by MHC class-I activation by epithelial cells (Huang et al., 2007b) or CD8" cells can be
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activated via MHC class-1 on professional antigen presenting cells and are capable of
co-activating NK cells (Sabel et al., 2007). To check if the effect observed here depends
on antigen presenting cells, we depleted CD11c" cells. CD11c is a marker for dendritic
cells, the cell type believed to be the most potent antigen-presenting cell type. In this
experiment we could as well show a reversal of the survival advantage.

Together these results imply that epithelial cell specific deletion of Stat3 in Bcat™®
animals does not change cell-autonomously proliferation or apoptosis, as depletion of
T-cells completely reverses the survival advantage, but leads to activation and
recruitment of immune cells which secrete IFNy. These activated immune cells -
presumably mainly cytotoxic T-cells, although an equally important role for NK-cells
and T-helper could not be ruled out by our experiments- then probably induce apoptosis
in epithelial cells via direct killing of these. Interferons were initially described to be
involved in defense against viral infections, but are now known to play additional roles
in the immune response to bacterial infections and tumors. IFNy has multiple functions,
it is able to induce antigen presentation on MHC class-1 as well as MHC class-2, it
induces the secretion of different other cytokines such as IL-12 to activate different
immune cell subsets and possibly inhibits proliferation by suppression of c-Myc and
induction of p21 and p27 expression (Schroder et al., 2004). Interestingly, in our model
we were not able to show differences in epithelial cell proliferation despite the
significant upregulation of IFNy. Either the stabilization of the B-Catenin protein leads
to such a dominant hyperproliferative response that the effect of IFNy is insufficient to
modulate epithelial cell proliferation or the level of IFNy expression does not reach the

threshold to modulate the proliferation rate.

AlEC
3

5.2.3 Why does immune cell activation occur in Stat mice?

It has been reported that IL-10 knock-out animals exhibit a barrier defect which could
lead to microbial translocation and activation of the immune system (Rennick et al.,
1995), this could also hold true for animals lacking Stat3 in IEC. As the immune
activation as well takes place to some extent in Stat3*=C animals, we sought to
determine the time point of this activation and found a significant increase in IFNy
secretion by CD8" cells in MLN on day 6 after ablation of full-length Stat3 gene by
tamoxifen gavage. This effect vanished already on day 8 and was not observable on day

15 any more. We found an insignificant increase in CD11¢" IL-12 producing cells at
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this time point. Therefore we checked for the serum LPS levels on day 6 as a marker for
an enhanced bacterial translocation across the epithelial barrier, but could not observe
any increase in serum LPS-level. This finding argues against a barrier defect as the
causing factor for the observed immune activation, on the other hand our experimental
set-up could be too insensitive to show a minor barrier defect. Furthermore, ablation of
Stat3 signaling in the colon carcinoma cell line CT26 has been shown to induce IL-6,
IFN-B, IP10 and Rantes expression (Wang et al., 2004), which could have an activating
function on the cells of the immune system. The authors of this publication could show
that cell culture supernatants from B16 cells expressing a dominant negative form of
Stat3 lead to an increase of IL-12 secretion by DC, and enhanced antigen presentation.
In our model, we could not identify any significant regulation for IFN-f, IP10 and
Rantes by mRNA analysis (data not shown), although we found IL-6 to be significantly
upregulated in total tissue of A-cat®*Stat3'= animals.

From our microarray data, we found several genes to be significantly upregulated in f-
cat®?Stat3*'*® animals. Among them was the gene encoding Mannose-binding lectin
(Mbl2), a protein predominantly known for its role in the innate immune response by
activating the complement system or acting as an opsonin (Anders et al., 1994; Ip et al.,
2009). Over the past years, it has been shown that it can also target apoptotic cells for
removal by phagocytic cells (Pittoni and Valesini, 2002), and this can lead especially in
macrophages and DC to a secretion of pro-inflammatory cytokines by these cells in
vitro (Nauta et al., 2004). As we could prove overexpression of Mbl2 in Stat3*'¥ and S
cat®?Stat3*'*® animals, we hypothesized that this could lead to antigen presentation of
epithelial antigen by DC in response to an apoptotic trigger. Furthermore, we thought
that a short-lived apoptotic response could be induced by the sudden loss of full-length

Stat3 protein. This could be verified on day 3 in Stat3“'F¢

animals, 3 days before the
observation of CDS" cell activation by FACS analysis.

Summing up, as a possible mechanism for the immune activation observed in Stat3“'F¢
and S-cat>?Stat3*=C animals, as well as for the survival advantage in S-cat®?Stat34¢
animals, we propose that an early apoptotic trigger during our model constitutes an
immunogenic event in these mice and leads to priming of immune cells. At later time

points reactivation of these immune cells occurs leading to CD8" and NK-cell

activation, IFNy secretion and induction of apoptosis in epithelial cells.
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5.2.4 What drives Stat3 signaling in this model?

Interestingly, in our sporadic model of intestinal carcinogenesis, IL-67 animals did not
show any survival advantage compared to single mutant mice. This suggests that in this
model, activation of the Stat3 signaling pathway is not driven by IL-6, on the contrary
ablation of IL-6 signaling even leads to a small but significant reduction in survival. IL-
6 plays an important regulatory role in the cells of the tumor microenvironment. It
suppresses the de novo development of adaptive regulatory T-cells (Dominitzki et al.,
2007) and is an important factor for the induction of Th17 cells (Bettelli et al., 2006),
furthermore it represses dendritic cell maturation while enhancing monocyte
differentiation towards the macrophage lineage (Gottfried et al., 2008) and is able to
activate B-cell activity. Some of these functions could account for the reduction in
survival in cat™?IL6™" animals. In the CAC model, crossing of the gp=*""*"F to IL6™
animals alone also did not significantly reduce hyperproliferation in response to DSS
treatment, only double mutants for IL-6 and IL-11 receptor together showed a
significant reduction in hyperproliferation. This could imply that Stat3 signaling in the
B-Catenin mouse model of intestinal tumorigenesis is also activated by a mixture of
different ligands in such a way that ablation of one of these ligands is not sufficient to
significantly alter the degree of protein phosphorylation. The finding that A-cat®*
Socs34¥" do not show any reduction in survival opposes this hypothesis and implies
that Stat3 activation in this model does not occur via the gpl130 receptor. Cytokines
signaling independently of the gp130 receptor include IL-10 family cytokines as well as
different growth factors, additionally the pathway can be activated by Src-family
kinases (Yu et al., 2007) which are commonly hyperactivated in different cancers types,
including colon cancer (Silva, 2004; Sirvent et al., 2010). Therefore other activating
cytokines and growth factors such as EGF should be tested, if they hold responsible for

the activation of the pathway in this model.
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5.3 Stat3 signaling in IEC is a key factor in intestinal carcinogenesis

We could show that in IECs activation of the Stat3 signaling pathway is an important
factor during carcinogenesis. In the CAC model, Stat3 mainly regulates cell survival

and proliferation (Figure 5.2).
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Figure 5.2.: 1L-6 and IL-11 induced Stat3 activation controls cell survival and proliferation in IEC
during CAC thereby modulating tumor promotion.

In our model of sporadic intestinal tumorigenesis, Stat3 ablation modified tumor
development by a completely different mechanism. In this model of early tumor
promotion, it seems that ablation of Stat3 signaling mainly leads to a prolongation in
survival by inducing an anti-tumor immune response. This immune response is
probably caused by an early apoptotic event leading to priming of immune cells with
epithelial antigen and resulting in IFNy secretion mainly by CD8" cells.

The reasons for these different findings in both models remain elusive. In both models
tumor initiation occurs via activating mutations in the Ctnnb gene which leads to
hyperactivation of the Wnt-signaling pathway. In our model of CAC, the mutations in
the Ctnnb gene and other genes occur randomly, while the mutation in the sporadic
model of one allele of the Ctnnb gene is well defined. One reason for the differences
could be that our sporadic model constitutes an early model of tumor initiation. The step
of tumor initiation was not found to be modulated in the CAC model. Animals in the
sporadic model succumb within approximately 30 days, this pevents polyp formation
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from taking place. In the B-Catenin model, initiated cells lead to an uncontrolled
expansion of crypt cells. In the CAC model, adenomas have 12 weeks time to develop.
Additionally, in our sporadic model every single cell carries the mutated protein leading
to hyperproliferation. This probably distinctly changes the epithelial microenvironment.
Furthermore, in the CAC model tumor formation occurs in the colon, while in the
sporadic model hyperproliferation is mainly restricted to the proximal small intestine.
On the other hand, APCM™*/IL-6" mice do show a reduction in epithelial proliferation
and tumor number (Baltgalvis et al., 2008). This finding makes it unlikely that the
mechanisms for tumor modulation in CAC and sporadic tumorigenesis are completely
unrelated and implies that in a longer sporadic model Stat3 would as well modulate
proliferation and apoptosis, our data derived from APCM"™*/Stat3*' ¢ support this
hypothesis. The question if in the CAC model Stat3 ablation also leads to a
hyperactivation of the immune system which would contribute to modulation of tumor
development remains unanswered. An upregulation in IFNy secretion in the lamina
propria was not observed after short term treatment with DSS, this makes a distinct shift
of the immune response towards IFNy secretion unlikely. On the other hand, animals
lacking Stat3 signaling do exhibit a higher and longer inflammatory response in the
CAC model. Possibly the cytokine profile in the CAC model is already shaped in a very
defined way leading to hyperactivation of all immune cell types, which could suppress

T-cell activation by any other factor.

79



Summary

6. Summary

Inappropriate activation of Stat3 has been shown in a wide range of human cancers.
Although no activating mutations could be identified for this gene, hyperactivation
results from overproduction of activating cytokines and growth factors, such as IL-6,
IL-11 and EGF. So far the importance of the activation of this signaling pathways
during colorectal carcinogenesis has not been demonstrated. In order to analyze the role
of Stat3 signaling during colorectal carcinogenesis, we employed two different mouse
models and compared tumor growth and/or survival in wild-type mice and mice lacking
Stat3 signaling specifically in intestinal epithelial cells (IEC).

In a mouse model of colitis-associated carcinogenesis comprising of mutagen injections
(azoxymethane) followed by induction of chronic inflammation by administration of
dextrane sodium sulfate (DSS) in the drinking water, the mice lacking Stat3 signaling in
IEC were almost completely protected from tumor formation while wild-type mice
developed 2-6 tumors in the distal colon. Consistently a distinct increase in tumor size
and number could be observed in a gain-of-function model represented by mice
carrying a mutated subunit of the cytokine receptor gp130 in all cell types which cannot
bind the negative regulator Socs3 thus leading to hyperactivation of Stat3 and Statl. We
could show that during early tumor promotion Stat3 suppresses apoptosis by
upregulation of the anti-apoptotic proteins Bcl-x;, Survivin and Hsp70 in IEC.
Furthermore, activation of epithelial Stat3 leads to an increase in IEC-proliferation by
induction of cell cycle regulating genes encoding Cyclin D1, Cdk4, Cyclin B1 and Cdc2
and a downregulation of the Cdk inhibitor p21, as well as upregulation of regeneration-
associated protein RegIIIb/PAP. These Stat3 mediated effects are triggered by both IL-6
and IL-11.

To assess the role of Stat3 signaling during sporadic colorectal carcinogenesis, we
crossed Stat3*'¥° mice to mice carrying an inducible mutation of the Ctnnb gene as a
model for early tumor promotion during sporadic carcinogenesis. Expression of the
truncated B-catenin protein in epithelial cells leads to hyperactivation and expansion of
crypt stem cells. In this model ablation of Stat3 signaling mediated an increased
survival compared to control animals which was accompanied by an increased IEC-
apoptosis, although this increase in apoptosis could not be related to distinct expression
changes in apoptosis regulating genes. Interestingly, in this model ablation of Stat3

signaling in IEC led to priming of immune cells and an anti-tumor immune response
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driven by CDI11c"-, CD4", CD8"- and natural killer cells. This activation of immune
cells resulted in secretion of Interferon-y and induction of IEC-apoptosis, thereby
prolonging survival of these animals compared to control animals. Priming of immune
cells presumably occurs by an early apoptotic event in IEC during the model in
conjunction with the overexpression of the C-type lectin protein Mannose-binding lectin
(MbI2) in IEC of Stat3“'=“-mice.

Collectively the results obtained here show that Stat3 represents an important regulatory

pathway during initiation and tumor promotion steps during colorectal carcinogenesis.
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8. Abbreviations

AOM
APC

Bel
BrdU

CAC
CCL
CD
CD
CIN
CK
CNTF
CRC
CTL
CXCL

DAPI
DC
DNA
dNTP
DSS
DTR

ECM
EGF

FACS
FAP
FCS
FGF

Gpx
gp130

h

H&E
HCC
HGF
HNPCC
HRP

K-RAS

azoxymethane
adenomatous polyposis coli

B cell lymphoma
bromodesoxyuridine

colitis-associated carcinogenesis
chemokine ligand C-C motif
Crohn’s disease

cluster of differentiation
chromosomal instability
cytokeratin

ciliary neutrophic factor
colorectal cancer

cytotoxic T-lymphocytes
chemokine ligand C-X-C motif

4',6-diamidino-2-phenylindole
dendritic cell
deoxyribonucleic acid
deoxynucleotide triphosphate
dextrane sulfate sodium
diphtheria toxin receptor

extra-cellular matrix
endothelial growth factor

fluorescence activated cell sorting
familial adenomatous polyposis
fetal calf serum

fibroblast growth factor

glutathione peroxidase
glycoprotein 130

hour

haematoxylin & eosin

hepatocellular carinogenesis

hepatocyte growth factor

hereditary nonpolyposis colorectal cancer
horseradish peroxidase

Kirsten-Ras
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Abbreviations

IBD
IEC
IFN
IHC
IKK
IL

Lp.
Jak
LIF

Mcl-1
MHC
min
MMP
MMR
MSI
MydS88

NF-xB
NK

OSM

PBS
PCR
PDGF
PFA
PIAS

RNA

SDS
SEM
SH2
Socs
Src
Stat

TAM
TGF

Th
TIMP
TLR
TNF
TRAIL
TUNEL

inflammatory bowel disease
intestinal epithelial cell
interferon
immunohistochemistry

I kappa B kinase
interleukin

intra-peritoneal

janus-associated kinase
leukemia inhibitory factor

myeloid cell leukemia sequence 1

major histocompatibility complex

minute

matrix-metalloproteinase

mismatch repair

microsatellite instability

myeloid differentiation primary response gene 88

nuclear factor kappa B
natural killer

oncostatin M

phosphate buffered saline
polymerase chain reaction
platelet derived growth factor
paraformaldehyde

protein inhibitor of activated Stat3

ribonucleic acid

second

sodium dodecyl sulfate

standard error of the mean

src-homology 2

suppressor of cytokine signaling

sarcoma kinase

signal transducer and activator of transcription

tumor associated macrophages

transforming growth factor

T helper

tissue inhibitors of metalloproteinase
toll-like receptor

tumor necrosis factor

TNF related apoptosis induced ligand
TdT-mediated dUTP-biotin nick end labeling
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ucC ulcerative colitis

uv ultra-violett

VEGF vascular endothelial growth factor
Wnt mouse homolog of wingless
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