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ABSTRACT

In this thesis, the role of IKKa in colorectal tumorigenesis was investigated by the use of
chemical and genetic mouse models of colorectal tumors. To do this, an inactive IKKo mutant
mouse was used in conjunction with these tumor models and the development of colorectal
tumors were monitored for morphological and physiological differences. As a result of these
experiments, a distinct phenotype of tumor growth retardation and extended survivals of the
animals were observed in all tcumor models with IKKa inactivation.

Molecular analysis of reduced tumor growth in IKKo mutants resulted in a clear IFNy
upregulation due to myeloid cell recruitment by epithelial secreted factors and autocrine myeloid
cell activation by intrinsic factors like MCP-1 and IL-12. NF-kB activity was found to be crucial
for activation of myeloid cells to release IFNy, which further caused growth arrest in IKKa
mutant enterocytes.

In conclusion, phospho-activation of IKKa is characterized as an important regulator of
immune responses in colorectal tumorigenesis. Therefore, the primary role of IKKa in colorectal
tumorigenesis is to suppress IFNY release. However, this role adversely promotes tumor growth in
colorectal cancers. In this respect, these results strongly suggest that IKKa phospho-inactivation

can be a potent therapeutic strategy for the therapy of colorectal tumors.



ZUSAMMENFASSUNG

In der vorliegenden Arbeit die Funktion von IKKa bei der Tumorentstehung wurde durch
chemische und genetische murine kolorektale Karzinom-Modelle untersucht. Inaktivierung von
IKKa fiithrte in allen Modellen durch eine Verzogerung des Tumorwachstums zu einer
signifikanten Verlingerung des Uberlebens der Versuchstiere.

Molekularbiologische Untersuchungen zeigten in IKKa defizienten Miusen eine deutlich
gesteigerte IFNy Hochregulation aufgrund der Rekrutierung von myeloischen Zellen durch
epithelial sekretierte Faktoren sowie durch autokrine myeloische Zell-Aktivierung durch
intrinsische Faktoren wie MCP-1 und IL-12. Die NF-kB Aktivitit ist von entscheidender
Bedeutung, fir die Aktivierung der myeloischen Zellen zur Freisetzung von IFNy, was in Folge
zu konsekutivem Wachstumsstop in IKKa defizienten Enterozyten fiihrt.

Zusammenfassend demonstrieren die Ergebnisse dieser Arbeit, dass die Aktivierung von
IKKa die kolorektale Karzinomentstehung durch Suppression der IFNy Expression mafigeblich
fordert. Die Moglichkeit einer pharmakologischen Inhibition der IKKo abhingigen IFNy
Suppression kénnte demnach in Zukunft eine neue potentielle Strategie in der Therapie des

kolorektalen Karzinoms darstellen.
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INTRODUCTION

1. INTRODUCTION

Medicine is an important division of the life sciences which enables us to apply the knowledge
we obtained from basic research to patients to save their lives or to improve their life quality.
Before the establishment of aseptic theory or discovery of microscopes to find out basic
organization units of life, cells, medicine and molecular biology evolved quite separately.
Traditional medicine relied on symptomatic treatment of diseases or surgical removal of the parts
that cause problem. Although improvements in surgery enjoyed many patients, the real
breakthrough of medicine came after aseptic theory and identifying microscopic pathogens by the
studies of Lister, Koch and Pasteur (Exner et al., 2001). Then molecular biology and medicine
united to form today what we know as molecular medicine. Studies in biochemistry and cell
biology proved very important findings in understanding cellular or molecular origins of human
diseases. However, it was only after the discovery of genetic material (its structure (Watson and
Crick, 1953) and function (Watson and Crick, 1953)) and understanding the importance of
mutations (Freese, 1959), humankind started to truly understand very basis of every disease. Use
of mutational models in experimental animals (Capecchi, 1989) and use of stem cells (Evans and
Kaufman, 1981) enabled us to understand development of many diseases and now even make it
possible to find non-symptomatic therapeutic interventions at the molecular level to treat
diseases. The future of molecular medicine lies within understanding initiation and development
of diseases by very good understanding of molecular pathways to give rise to pathological
conditions. Only after then we will be successfully addressing our treatments specifically and
personally to deal with today’s dreadful diseases.

Once learnt the importance of molecular medicine in finding therapies to the diseases, let us
turn our attention to the very basis of molecular machinery that give rise to pathological
disorders. Within any organisms organ systems are the important labor of division to handle daily

requirements of living (Sadava et al., 2006). Although there are problems with physical
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obstructions or traumatically injuries, most of the problems occurring in the systems are affected
from molecular problems that occur in the basic building blocks of tissues and organs, cells. Cells
manage complex molecular functions that vary from metabolism to growth, signaling to
interaction with different cells or environment. All these functions are made by the use of
thousands of proteins whose interaction is controlled via absolute concentrations that is managed
via genetic material again by the use of regulatory enzymes. Cellular functions are orchestrated
with a group of molecules called transcription factors (Karin, 1990) that are able to translocate
into nucleus upon delivery of upstream stimuli in the form of effectors molecules or direct
interaction with receptors (Rensing, 1972). Collectively these molecules form the signaling
pathways to deliver messages into nuclear response elements via transcription factors. According
to concentration and the strength of the stimuli one pathway may dominate or alternative
signaling pathways can collaborate in cellular functions. Transcription factors are the key
elements of any signaling machinery and their regulation is utmost importance to cellular
functions or survival (Latchman, 1997). A loss of a structural protein may have profound effects
in a specific genetic disease while loss or dysfunction of molecules in signaling pathways can have
dramatic effects in many different mechanisms and can threaten the life of whole organisms in
several different ways (Karin and Greten, 2005; Li et al., 2006; Massagué, 1998). Therefore
understanding signaling pathways and crosstalk between each other is indispensable to
understand development of diverse pathological outcomes (Chen et al., 2003; Greten et al.,
2004).

NF-«B Signaling is central to many signaling mechanisms connecting inflammation to cell
survival in pro and anti-apoptotic responses (Karin and Greten, 2005). According to the source
and latency of the upstream signal, the downstream effects of NF-kB can be tumor promoting or
suppressing as shown in different cancer models (Greten et al., 2004; Lawrence et al., 2005).
IKKP is widely studied regulator or canonical NF-kB activation and known to have important
roles in inflammation and cancer (Greten et al., 2004). IKKa. is on the other hand is less studied
and known to have roles in dominantly in alternative NF-kB activation (Senftleben et al., 2001).
Recent studies have shown that IKKa has significant roles in cell differentiation (Descargues et

al., 2008), immune regulation (Lawrence et al., 2005) and cancer formation (Lamberti et al.,
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2001) related to alternative or canonical NF-kB activation (Hacker and Karin, 2006). Especially,
it has been shown to translocate into cell nuclei (Lamberti et al., 2001), regulate proliferative
proteins like B-catenin (Carayol and Wang, 20006), repress NF-kB subunit binding (Lawrence et
al., 2005) to their respective promoters to resolve inflammation gave us the idea that IKKa has a
great potential to regulate cancer initiation and development especially related to immune
activation.

After all these observations, we were convinced that IKKa is a potentially important molecule
which is at the junction of molecular pathways leading to diverse background of cancers.
Therefore, we believed that IKKo should have a major contribution to the development of
colorectal tumorigenesis due to its potent regulatory function on NF-kB dependent or non-
dependent pathways leading to proliferation or the control of inflammation. For this purpose, we
used CRC models where IKKa is inactivated or totally removed. By doing so, we will learn how
this molecule is regulating the course of CRC development. In the following sections we will give
basic information regarding colorectal tumorigenesis and its association with inflammation in the
context of NF-kB or IKKa activation. Finally, we will present our experimental results and
discuss them in the light of current literature to address the role of IKKa in colorectal

tumorigenesis.
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1.1. BACKGROUND

1.1.1. Intestinal Cell Development and Differentiation

Intestine is the place where nutritious polymers are digested into basic subunits and absorbed
along with water, minerals and vitamins for energy and catalysts requirements (Sizer and
Whitney, 2005). Being one of the most important bodily functions, digestion requires a lot of
energy and maintenance (Sadava et al., 2006). Yet maintenance of gastrointestinal (GI) track is
another vital issue since it is an important place after our skin which is continuously in contact
with outside pathogens. Unlike to most other tissues, GI epithelial cells needs to be renewed since
they are more prone to mechanical wearing (Sadava et al., 2006). Although innate immune
system has a series of physical barriers and measures against potentially invading pathogens, there
are still possibilities of leakages in the system that may lead to immune activation to cause
inflammation (Sadava et al., 2006). Although inflammation is marked by an important mediator
of adaptive immune activation, it is still one of the most important causes of diverse pathological
problems including inflammatory diseases and cancer (Greten et al., 2004). For these reasons
learning about GI system its interaction with the surrounding environment and other tissues like
immune cells has utmost importance in developing our understanding for the cause of these

problems.
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Figure 1.1: Human Gastrointestinal System. (Wikipedia, 2009)

Intestine in human and mice shows similar morphology, physiology and differentiation
pattern from embryonic layers. Basically intestine is divided into two morphologically distinct
parts as small intestine and colon. Intestine is composed of at least four different tissue; epithelia,
surrounding smooth muscle tissue, blood vessel endothelia and hematopoietic cells (Sadava et al.,
2006). Lamina propria is the loose connective tissue lies beneath the epithelia and is rich in
muscle cells and also blood vessels. Epithelia together with lamina propria are collectively called as
mucosa (Sadava et al., 2006). The plane that removes epithelia from lamina propria is called
basal membrane. There are also numerous capillary growth into epithelia outgrows and lymph
nodes are frequently seen between epithelia and lamina propria (Sadava et al., 2006). Small
intestine shows a specific organization outgrowing hair like structure of cells called as villi while
cavities called crypts are shared characteristic of small intestine and colon (Sadava et al., 2006).
Here crypt contains epithelial stem cells and is the place for proliferating and differentiating cells.
Villi are mostly composed of differentiated cells (Gregorieff and Clevers, 2005). Colon does not

have villi but only consist of crypts and has a smoother surface (Sadava et al., 2000).
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Figure 1.2: Architecture of Small Intestine and Colon: H&E staining of mouse small intestine and
colon showing general morphology of the crypts in both tissues and villus only in duodenum.

The different cell types that can be observed in intestinal epithelia are stem cells, paneth cells,
enterocytes, enteroendocrine cells and goblet cells (Gregorieff and Clevers, 2005). As mentioned
above stem cells are the progenitor cells of any other cell type in the intestine and they have high
potential to proliferate to renew of all cells from crypt to villus in 5-7 days (Gregorieff and
Clevers, 2005). Wnt signaling plays important role in the development and differentiation of
intestinal cell lineages. Wnt is signaling is highly active during embryogenesis and in the
differentiation of intestinal epithelial stem cells. Wnt signaling is constitutively active in stem cells
and recently discovered stem cell markers like LGR5, OLEM4 and ASCL2 are all targets of Wnt
signaling and B-catenin (Barker et al., 2007; van der Flier et al., 2009; van der Flier et al,,
2009). LGRS is the first marker for stem cells and made us possible to track stem cells and their
localization (Barker et al., 2007). It was found that 6-8 stem cells are found in the bottom of the
crypts and are surrounded by paneth cells as one cell apart with neighboring paneth cells (Barker

et al., 2007; van der Flier et al., 2009). Then OLFM4 a target of Wnt signaling is also
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discovered as stem cell marker and this protein gives colocalization in intestinal epithelial stem
cells only (van der Flier et al., 2009). The last stem cell marker, ASCL2 is actively expressed in
stem cells and its absence in the animals via conditional knockout may cause the loss of stem cells
within days from intestine (van der Flier et al., 2009). Therefore, ASCL2 is the ultimate target of
Wnt signaling to give cells stem cell properties. We also recently discovered that highly
proliferating cells in -catenin and NF-kB constitutively active cells retain ASCL2, OLFM4 and
LGRS5 expression and show dysfunctional differentiation in crypt like pockets (Fingerle et al.,
2009).

Stem cell give rise to transit amplifying cells which will form all other cell lineages in
intestinal epithelia. These cells bear cyclins and c-Myc as marker for identification and these cells
have high rate of proliferation. Transit amplifying cells give rise to secretory lineage of cells like
paneth, goblet or enteroendocrine cells via Wnt signaling and specific marker for them is
MATHI1 (Yang et al., 2001). The remaining transit amplifying cells will form enterocytes by
Notch signaling but not by Wnt signaling anymore (Jensen et al., 2000). The first cell lineage in
secretory transit amplifying cell lineage is paneth cells and they are restricted to the bottom of the
crypts with their bactericide production function (Sadava et al., 2006) for the defense of crypts
from invading pathogens. Paneth cell lineage have specific markers of Wnt targets cryptidin and
defensin (Andreu et al., 2005; Van Es et al., 2005). The second secretory cell type, goblet cells,
are ubiquitous to whole crypt to villus axis and are best known with their mucous production
which provides protection of epithelial cells from chemical and mechanical stress of stool via
neutralizing or softening (Sadava et al., 20006). They share the common secretory cell marker
MATHI1 with enteroendocrine and Paneth cells (Yang et al., 2001) but KLF4 and ELF3 mutants
were found to be specifically lacking goblet cells (Katz et al.,, 2002; Ng et al., 2002).
Enteroendocrine cells are another secretory cell type which produces hormones that initiate
enzyme secretion into intestine (Sadava et al., 2006). They have specific markers of lineage
commitment such as NGN3, BETA2, PAX4 and PAXG6 in the absence of which this cell lineage
is diminished (Schonhoff et al., 2004). The remaining cells are called enterocytes and they are
basic structural connective cells between all others cell types and they are responsible from the
absorption of digested food, mineral, vitamins and water from intestinal cavity (Sadava et al.,

20006). They are noted by extensive microvilli formation on their cell membranes to increase
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diffusion efficiency (Sadava et al., 2006). They have cell specific marker HES1, a Notch signaling
target which antagonizes MATHI1 of secretory cell lineages (Jensen et al., 2000).
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/ /\Z N
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Figure 1.3: Intestinal Epithelial Cell Differentiation. Cell specific markers are indicated inside the
boxes. Please see the main text for specific reference of each molecule and pathway involved. Adapted from

(Gregorieff and Clevers, 2005).

Overall, intestinal architecture shows quite simple organization of cells from well defined
precursor cells which make it easier to follow the initiation and progression of tumors and to
target different genes and pathways with high precision in favor of developing promising
therapeutic interventions (Clarke, 2006). Colorectal carcinogenesis is well studied and there exist
sound information about genes that are involved in the initiation and development of tumors
from single benign adenoma to metastatic adenocarcinoma (Fodde et al., 2001; Schneikert and

Behrens, 2007). For these purposes, colorectal carcinogenesis is a very good model to generate
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gene specific tumor models to understand underlying mechanism of tumorigenesis not only in

CRC but also in any other cancer with epithelial origin.

1.2. COLORECTAL CANCER

1.2.1. Epidemiology of CRC

Colorectal cancer is among the leading causes of death in the developed/developing countries
(Jemal et al., 2008; Parkin et al., 2005). According to statistics it is 4™ most lethal cancer in
western countries and its incidence is increasing in the rest of the World as well with over 1
million cases every year (9.4% all cancers in 2002) (Parkin et al., 2005). Although mortality rates
are decreasing due to new therapeutic interventions especially in developed countries (529
thousand deaths in 2002) (Parkin et al., 2005), incidence rates are still on the rise especially in
the developing countries (Parkin et al., 2005). It ranks 4™ in men and 3™ in women incidence
frequency in all cancers (Parkin et al., 2005). Average onset of incidence is higher than 60 in
most countries but it is decreasing due to environmental and socioeconomic differences (Jemal et
al., 2008; Parkin et al., 2005). Especially higher socioeconomic classes have higher incidence rate
than that of lower classes (Tappenden et al., 2007). Although diagnostic tools and therapeutic
techniques have improved considerably in the last decades, average diagnosis of treatable
colorectal tumors, which is the leading cause for 50% life expectancy 5 years after diagnosis, is
still as low as 37%. Understanding the molecular pathways which leads to initiation, development
and metastasis of colorectal carcinogenesis is invaluable to develop therapeutic agents to treat this

noteworthy disease.
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1.2.2. Etiology of CRC

Colorectal cancers arise from a diverse background of cases. There is a 20 fold difference
between high and low-geographical risk areas which makes us think that environmental and
dietary factors play and important role in predisposition of mutations that lead to colorectal
tumorigenesis. Sporadic CRC is predominantly caused by environmental factors that result in
mutations in genetic material (being exposed to carcinogenic chemicals and cigarette smoking) or
increased oxidative stress which results in inflammation or DNA damage as well (such as high fat
intake, obesity, lack of physical activity) (Fodde et al., 2001; Martinez et al., 2008; Tappenden
et al., 2007). Hereditary susceptibility, on the other hand, only has a small percentage in all
colorectal tumorigenesis yet can dramatically increase chances of developing metastatic colorectal
tumors in affected individuals.

Sporadic colorectal carcinoma are 85% of the cases (some of which is associated with history
of colitis for more than 5 years) while hereditary colorectal carcinomas comprise remaining 15%
(Fodde et al., 2001) including nonpolyposis CRCs (Tappenden et al., 2007). Incidence rate is
very high in older adults especially with sporadic CRCs. Sporadic CRCs usually requires complex
interaction of environmental factors and hereditary background over a long time period. It is
believed that it takes about 10 years to form evasive CRC from preexisting adenomas. Mutations
that alter genetic material are effective in several mechanisms that regulate cell survival and
proliferation which give rise to colorectal carcinogenesis. Generally, mutations leading to
chromosomal instability (CI) increase the susceptibility to further mutations. CI was first
described as a result of cell cycle checkpoint genes Bubl and 7rp53 mutations (Cahill et al.,
1998) yet later on evidence suggested that CI occurs early in the adenoma formation (Shih et al.,
2001) suggesting the important role of Apc gene. Following the loss of chromosomal instability
further mutations can block apoptosis, increase proliferation via deregulation of protooncogenes
or can increase mutational rate by targeting oncogenes or tumor suppressors (Cahill et al., 1999;
Stoler et al., 1999). Chromosomal instability is very common in sporadic cancers and is the

leading cause of FAP disease due to loss of Apc gene (Kinzler et al., 1991). Microsatellite
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instability (MSI) is another common problem that is observed in CRC. On the other hand, MSI
is caused by dysfunction or deletions of DNA mismatch repair enzymes like Msh2 or Mih1 via
hereditary or sporadic mutations. Since these regions are the simple repeats of several nucleotides
any problem with mismatch repair machinery provides susceptibility to accumulate mutations as
in the case of CI. MSI leads to a hereditary disease called HNPCC (Potter, 1999). HNPCC
disease is related to mutations in DNA mismatch repair genes and more likely to be associated
with family history of CRC in predicting risk factor (Potter, 1999; Tappenden et al., 2007).
Since complex interactions and accumulation of genetic problems are required, incidence of
sporadic tumor formation is very low with younger population (0-49 years). However, most
CRCs observed in younger people are hereditary origin like FAP or HNPCC (Fodde et al.,
2001). In FAP disease, due to loss of Wz signaling regulation by a truncation mutation in APC
protein, development of a tumor burden with hundreds of polyps throughout the intestine is a
common feature within the ages of 10 to 30 in affected patients. From these polyps a significant

percentage can turn into carcinoma in the colons of affected individuals by the age of 40 (Fodde

etal., 2001; Tappenden et al., 2007).

1.2.3. Genetics and Pathology of CRC

Sporadic colorectal carcinogenesis occurs via a well defined sequence of genetic alterations
which were first described by Fearon and Vogelstein (Fearon and Vogelstein, 1990). Normal
intestinal epithelia is formed by continuously dividing pluripotent intestinal stem cells (Fearon
and Vogelstein, 1990) which sit at the base of crypts and sequestered by paneth cells (Barker et
al., 2007). Without any genetic abnormality these cells produce all other intestinal cell types.
There are four common genes as targets of mutations that give rise to colorectal carcinogenesis
(Fodde et al., 2001). Mutations in one oncogene (K-ras) and three tumor suppressor genes (Apc,
Smad3/4 and Trp53) are enough to predispose intestinal malignancy (figure 1.4). Usually Apc
mutation is the priming event that initiate cascade of events that leading to chromosomal
instability and deregulation of Wnt signaling (Fearon and Vogelstein, 1990). Once Apc gene is

lost mutational rates are increased due to chromosomal instability which may result in the
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mutation of further genes like K-Ras (activating), Smad or T7p53 (deactivating) (Fodde et al.,
2001; Pinto and Clevers, 2005). Deregulated Wnt signaling leads to increase in the proliferation
of intestinal cells and formation of aberrant crypt foci by the fusion or duplication of crypts
(Fearon and Vogelstein, 1990; Fodde et al., 2001).

As described in Vogelstein model, proliferating cells follow a top-down model of proliferation
(Shih et al., 2001). According to this model, mutations in proliferating cancer stem cells up in
the villi increase in number in the villi and move into crypts to replace proliferating crypts or to
form new ones. However, others also argued that proliferating undifferentiated cells can move
from crypt to villi and form microadenomas (Preston et al., 2003). The latter model is called as
bottom-up model of proliferation and it is generally accepted mechanism of adenoma formation.
We have recently show that NF-kB signaling acting on Wnt signaling via B-catenin and p65
interaction may regulate a de-differentiation program in which adenomatous crypts in villi are
observed (Fingerle et al., 2009). These adenomatous crypts regain stem cell properties and can
expand tumor cell numbers while retaining intestinal stem cell marker expression (Fingerle et al.,
2009). Our recent work has revealed that these two models do not exclude each other and can co-
exist where this alternative model is also possible in proliferation of cancer stem cells (Fingerle et

al., 2009).

Carcinoma

KRA, SMADZ/SMADA P53
Other cncogenss? Chromosome  Chromosome
189 LOH 17p LCH

Figure 1.4: Genetics of CRC. Apc mutation is usually the first step for sporadic colorectal tumorigenesis.
Mere Apc mutation is enough for increased proliferation and aberrant crypt foci. However, further
mutations are required to complete adenoma to carcinoma shift (taken from (Fodde et al., 2001)).
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An extra K-ras activating mutation is required for the increased apoptosis leading to adenoma
formation (Fearon and Vogelstein, 1990). Adenomatous polyps or non-adenomatous tumors
require further modifications in pro-apoptotic tumor suppressor genes (like Smad2/4 and Trp53),
which prevent metastasis, to exceed the barrier between adenoma and carcinoma (Fodde et al.,
2001). All of these proteins are involved in the control of critical mechanisms like proliferation,
apoptosis or anchorage factors, which are important in vascularization, metastasis and resulting

carcinoma formation.

1.2.3.1. Apc and Wnt Signaling

Most frequently the first step in familial and sporadic CRC is the deactivation of Apc gene,
which comprises about 90 per cent of all cases (Fodde et al., 2001). Apc (adenomatosis polyposis
coli) is an important tumor suppressor gene and is named after familial adenomatous polyposis
(FAP) due this hereditary disease of multiple polyp formation in the absence of this gene
(Gardner, 1951; Groden etal., 1991; Moser et al., 1990). Its product APC protein is one of the
components of P-catenin destruction complex under Wnt signaling which drives cells into
hyperproliferation when activated (Fodde et al., 2001). APC also interact with microtubules that
take part in chromosome attachment to spindle fibers during cell division (Mimori-Kiyosue et al.,
2000; Munemitsu et al., 1994). Any problem or mutation that prevents this interaction causes
chromosomal instability and increased mutation rate that increases tumor initiation or
progression susceptibility (Shih et al., 2001). Altogether, Apc is the major target of different
mutations that give rise to colorectal adenoma formation yet further mutations are required to
complete tumor progression towards carcinoma. Since we have discussed the importance of CI in
increased mutational rate in CRC etiology chapter, here we will focus on increased proliferation

due to deregulated Wnt signaling in the absence of APC.
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To better understand the role of APC we should first acquire an overall understanding of
Whnt signaling and its importance in the cell cycle and proliferation. Wnt signaling is a key
molecular pathway in development and cell differentiation in a number of different tissues
including hematopoietic, skin, mammary and gastrointestinal epithelia (Clarke, 2006; Kenny et
al., 2005; Pinto and Clevers, 2005; Pinto et al., 2003; Schneikert and Behrens, 2007). As we
have previously described, Wnt signaling is crucial for the development of intestinal architecture
and it is also important for the maintenance of stem cells which give rise to different cell types of
the intestinal epithelia (Batlle et al., 2002; Pinto et al., 2003; Van de Wetering et al., 2002).
This role in cell differentiation inevitably brings about its proliferative potential in many tissues
primarily including intestinal epithelia (Korinek et al., 1997; Morin et al., 1997; Van Es et al.,
2005). Cell differentiation requires cell division and any deviation from cell division machinery
will result in malignancy (Andreu et al., 2005). For this reason, loss of control in Wnt signaling
machinery is the most common point for tumor initiation for sporadic intestinal cancers (Fodde
et al., 2001). In normal intestinal epithelia Wnt signaling is usually kept under control by a
group of proteins whose primary role is to bind or phosphorylate transcription factor 3-catenin
(Clarke, 2006) (see figure 1.5.A). B-catenin is a membrane bound protein in interaction with E-
cadherin (Kitagawa et al., 1999) yet it is cycled to cytoplasm where it is controlled via destruction
complex consisting of APC, axin and GSK3 (Amit et al., 2002). Phosphorylation primes f3-
catenin for ubiquitionation and proteasomal degradation. In the presence of Wnt ligand (figure
1.5.B), activated GBP inhibits GSK3[ phosphorylation of B-catenin (Amit et al., 2002; Liu et
al., 2002) which leads to B-catenin accumulation in the cytoplasm and finally B-catenin
translocates to nucleus where it binds to TCF/LEF to act as a transcriptional coactivator to drive
cell into proliferation (Behrens et al., 1996). Here APC is a structural protein which directly
binds to B-catenin (Rubinfeld et al., 1996) and provides its recruitment to principal -catenin
kinases CKI and GSK3 for sequential phosphorylation (Amit et al., 2002). This association is
the priming event of B-catenin degradation and without this event B-catenin degradation

complex cannot form.
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Figure 1.5: WNT signaling. (A) In the absence of Wnt ligand cytoplasmic B-catenin levels are kept
under the control of destruction complex and proteasomal degradation after ubiquitination (Gregorieff
and Clevers, 2005). (B) When Whnt ligand binds to its receptor downstream effectors repress -catenin
phosphorylation (Chen et al., 2003; Wong et al., 2003; Yost et al., 1998) and its cytoplasmic
concentration is elevated to help its nuclear translocation (Waterman, 2004).

As we described in previous sections, Wnt signaling is important for the intestinal cell
polarization, differentiation and proliferation. All these functions are passing through B-catenin

activation and nuclear localization. The intestinal cell polarization is specifically dependent on
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TCF4 activation (Van de Wetering et al., 2002) while the rest of the machinery in intestines is
dependent on oncogenic c-Myc protein. c-Myc has been shown to be important for the crypt
progenitor cell formation (Muncan et al., 2006) so all Wnt signaling in stem cell targets pass
through c-Myc dependent manner. Eventually, c-Myc deletion can revert all the phenotype

associated with Apc loss in a Apé™ mouse model of adenoma formation (Sansom et al., 2007).

1.2.4. Inflammation and Colorectal Cancer

As early as 19™ century, Virchow noted that association of inflammation with increased cancer
predisposition (cited in (Karin, 2008)). With recent findings, we understood that inflammation
is a driving force for a number of different cancers and has an important share in the initiation
and progression process. Especially persistent inflammation paves the way to tumor tolerance and
tumor promotion via production of immune cell derived factors like angiogenic cytokines and
matrix remodeling enzymes (reviewed in (Balkwill and Mantovani, 2001; Prendergast and
Jaffee, 2007)). Up to date, the relation between inflammation and cancers in Stomach due to H.
pylori infection (Roder, 2002), HCC due to HCV infection (Fattovich et al., 2004) and CAC
(Ekbom, 1998) has been clarified via epidemiological associations. Moreover, early data
suggested strong association of inflammatory factors with skin (Moore et al., 1999), SCC (Arnott
etal., 2002) and mammary carcinoma (Lin et al., 2002) regardless of the lack of epidemiological
support (Karin, 2008).

So far different experiments have shown the association of various inflammatory factors and
immune cells with cancer initiation or progression in different cancer models (Karin, 2008). The
first molecular association of inflammation with CRC was suggested by showing that NSAIDs
that inhibit COX-2 activation has blocked the adenoma to carcinoma progression and reduced
overall tumor burden in Apc™* model of CRC (Oshima et al., 1996). Then the basis of this
association was identified as NF-kB (COX-2 upstream) activation in a colitis associated CRC
(CAC) model by Greten et al. They describe this association such that IKKf links inflammation

to CRC (Greten et al., 2004). Although it was suggested in the same paper that proliferative
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potential of intestinal epithelia is arising from inflammatory factors like IL-6, this phenomenon
was later confirmed by IL-6 and Stat3 KO mice (Grivennikov et al., 2009). Finally, Bollrath et
al. showed that Stat3 activation is important not only in proliferation but also in the survival of
the epithelial cells in a similar CAC model (Bollrath et al., 2009). Other factors like TNF-a
(Eckmann et al., 2008; Nenci et al., 2007) and IL-1 (Greten et al., 2007) are also suggested to
be important in immune activation that can be pronounced in CRC development in the case of
colitis.

In summary, these experiments and many others not only provided us to associate
inflammation to colorectal tumorigenesis but also provided underlying mechanistic details how
inflammation is related to tumor initiation and promotion in CRC. The common point in all
these mechanisms that regulates the association between inflammation and CRC is NF-kB
signaling. NF-kB signaling is central to cytokine production related to inflammation, immune
regulation and apoptosis. Therefore understanding about NF-kB regulation in inflammatory
pathways is crucial to develop alternative therapies tipping the balance between persistent
inflammation and tumor specific responses. In the following sections we will briefly explain
recent findings about general immune regulation pathways in relation to the cancer and finally we
will finish our introduction with the specific roles of NF-kB and its regulatory kinases in

inflammation and cancer.

1.2.4.1. Tumor Immunosurveillance, Immunotolerance and Escape

The concept of tumor immunosurveillance is rooted from numerous experimental
observations in which it was evident that immune system can effectively eliminate tumor cells
before they are clinically identified, which was first described as early as Ehrlich in 1909
(Prendergast and Jaffee, 2007). Moreover, experiments with elimination of certain immune cells
or immune activation specific models promoted tumor growth in sporadic and chemical models
of tumor formation nearly a century later than Ehrlich’s initial proposal (Street et al., 2001).

Most sporadic tumors are highly immunogenic and effectively eliminated by immune cells via
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different pathways of molecular processing (Smyth et al., 2006). However, tumors usually evolve
in such a way that they can suppress immunogenic activity of hematopoietic cells (Darrasse-Jeze
et al., 2009) in their advantage to suppress their antitumor activity or to provide growth
advantage to tumor cells (Zitvogel et al., 2006). By understanding mechanism leading to
immune activation and suppression we may direct immune responses towards tumor growth
regression or complete tumor elimination. Below we will explain the involvement of different
hematopoietic cell lines in initial elimination of tumor cells to tolerate or promote them to

prevent self destruction of own tissues.

1.2.4.1.1. Innate Immunity in Tumor Surveillance

Most tumors bear tumor specific antigens which are recognized by innate immune system and
processed for antigen presentation to invoke further adaptive immune responses. Tumor
associated antigens (TAA for short) (Burnet, 1958) are usually proteins overexpressed in
transformed cells or highly induced tumor derived soluble factors (TDSF) in malignant cells to
promote growth, mobility, migration, vascularization or matrix deformation (Kim et al., 20006).
APCs may recognize elevated levels of these proteins or transformed cells can also present them
via MHC class I dependent manner to provoke adaptive immune cell activation (Smyth et al.,
2001).

APCs like macrophages or dendritic cells complete their maturation and produce further
cytokines or translocate to myeloid organs to induce adaptive immunity towards tumor cells
(Prendergast and Jaffee, 2007). In different tumors dendritic cells or macrophages can directly
evoke antitumor responses to eliminate tumor cells. Phagocytosis or cytokine induced cytotoxicity
by macrophages (Hicks et al., 2006) or TRAIL mediated apoptosis via IKDCs (Taieb et al,,
2000) can directly eliminate tumor without further adaptive immune response in some cancers.
Macrophages have two distinct phenotypes according to the source of stimuli or the stage of
external events. These phenotypes are called M1 and M2 and the neutral phase is usually called as

MO (Condeelis and Pollard, 2006). M1 macrophages are proinflammatory macrophages that
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produce cytokines that can induce Th1 lymphocytes to produce higher amounts of IFNy . They
can be induced by bacteria derived factors like LPS (Martinez et al., 2008). Moreover, activation
of M1 macrophages makes them more proficient in phagocytosis and they can produce cytokines
like MCP-1 and IL-8 for further recruitment of other macrophages or neutrophils to the site of
inflammation (Condeelis and Pollard, 2006; Lu et al., 1998). They are characterized by their
increased iNOS, TNF-a., IL-6 and IL-12 production (Condeelis and Pollard, 2006; Kopf et al.,
1994; Martinez et al., 2008). Alternatively activated macrophages, also called as M2
macrophages, are regulatory macrophages that take role in alternative immune processes
(Condeelis and Pollard, 2006). They are analogous to Th2 lymphocytes and they are activated as
a feedback regulation of immune responses by IL-4 (Martinez et al., 2008). Their alternative
functions regulate other immune reactions that usually oppose M1 phenotype while important
for the regulation of immune responses and tissue repair after inflammatory reactions (Van
Ginderachter et al., 2006). They are marked by the production of cytokines like IL-10 and IL-13
(Ma et al., 2004; Martinez et al., 2008). M1 macrophages can promote tumor suppression by
the activation of Th1 cells while M2 macrophages have an opposite role and they promote tumor
growth (Condeelis and Pollard, 2006; Van Ginderachter et al., 2006). Neutrophils, albeit less
common, can also activate adaptive immune responses or tumor cytotoxicity early in tumor
development (Curcio et al., 2003) yet their antitumor potential is surpassed by tumor promoting
activities by them in extended inflammation via tissue remodeling and angiogenic cytokines
(Prendergast and Jaffee, 2007). Some innate immune cells like NK cells can also directly
recognize tumor antigens via NKG2D receptor dependent manner (Smyth et al., 2000) to
mount perforin or TRAIL dependent assault (Smyth et al., 2000). NK cells and y8T cells are
other first line defense against tumor cells with their unique ability to recognize cells via MHC
Class I dependent antigen presentation (Raulet, 2003). NK cells recognize tumor cells via MHC
or NKG2D dependent manner and they respond via IFNy, perforin, granzyme or TRAIL
secretion to eliminate tumor cells directly (Dunn et al., 2004). Also, IFNy production may
further induce adaptive immune cells infiltration especially CD8* T-cells to extend adaptive
immunity against tumor cells (Dunn et al., 2002). y8T cells are on the other hand are localized

within the tissue and can recognize tumor cells via NKG2D dependent manner and they can
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secrete IFNY or localize to lymph nodes to further activate adaptive immune responses towards

tumor (Brandes et al., 2005).

1.2.4.1.2. Adaptive Immunity in Tumor Surveillance

Adaptive immune responses heavily depend on induction via dendritic cells. DCs are the
pioneers of adaptive immune activation via IL-12 production (Dunn et al., 2002). In other cases
IFNo or TNFa production may also weakly induce adaptive immune responses (Prendergast and
Jaffee, 2007). Upon activation by IL-12, CD4* T-cells starts to produce a large array of cytokines
which further induce adaptive immune responses by T-cells especially towards Thl phenotype
(Smyth et al., 2006). On the other hand, CD4* T-cells can also induce B-cell activation via
antigen presentation and B-cells can mount anti-tumor antibodies which may contribute better
activation of T-cell responses (Dhodapkar et al., 2002). CD8* T-cells shift to cytotoxic
phenotype and can directly mount tumor cell specific killing via granzymes and perforin (Smyth
et al., 2000). Both cell types can secrete large amounts of IFNYy to suppress tumor growth, to
propagate further adaptive immune cell activation and to complete DC maturation to increase
IL-12 production efficiency (Hung et al., 1998). In turn, tumor specific immunity via adaptive
immune cells provides the most effective and long lasting antitumor responses to remove most
tumors before they become a threat (Hung et al., 1998).

Most tumor cells are eliminated via innate or adaptive immune cells and this may lead to
complete elimination or regression of tumor (Prendergast and Jaffee, 2007). Here vast amount
of data accumulated to support that molecules like RAG2 (Shankaran et al., 2001) (for T-cell
and B-cell maturation (Shinkai et al., 1992)), NKG2D (Smyth et al., 2000) (for NK and NKT
activity via FasL dependent (Zou, 2005) or perforin dependent apoptosis (Street et al., 2001)),
IFNyR1 (Billiau et al., 1988) (for NK activity, T-cell activation or tumor specific suppression),
STAT1 (Kaplan et al,, 1998; Shankaran et al., 2001) (for IFNy downstream activation
(Shankaran et al., 2001)), IL-12p35 (Langowski et al., 2006; Smyth et al., 2005) (for tumor

specific T-cell activity), TNFa (Takeda et al., 2002) (for T-cell activation and TRAIL dependent
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apoptosis), TCRy and TCRp (Girardi et al., 2001) (for y8T and afT cell activation
respectively) are important for tumor elimination and when they are absent tumor rejection is
significantly reduced or completely abrogated in different cancer models (reviewed in

(Prendergast and Jaffee, 2007; Zitvogel et al., 2000)).

1.2.4.1.3. Immunotolerance and Immune Escape

Not all tumor cells in a tumor are composed of uniformly immunogenic cells. Instead the
tumor cells are evolved in such a way that highly immunogenic and less immunogenic tumor cells
coexist and immune cells usually eliminate highly immunogenic tumor cells while tolerating less
immunogenic species (Dunn et al., 2002). This phenomenon is called as equilibrium. In extreme
cases, immune cells may promote their growth as well. This phenomenon of selection is called
immunotolerance and immune cells favor growth of some tumor cells while inhibit others
according to effectiveness of antigen presentation, recognition and complications to avoid
autoimmune disorders (Willimsky and Blankenstein, 2005). This is most likely due to
overlapping signaling mechanisms and activation of immune cells in different roles like infection
or wound healing which in turn compete each other for addressing best suitable response
(Zitvogel et al., 2006). It is known that elongated inflammation may cause tumor formation in
different tissues while wound healing process is also a very good model of immune tolerance for
promoting tumor growth (Condeelis and Pollard, 2006). Here tumor cells are the key factor to
manipulate immune reactions against them and they can change the series of immune reactions
from tumor eliminating factors to tumor promoting factors. Less immunogenic tumor cells are
usually tolerated by immune cells and their growth are promoted due to unresolved inflammation
(Balkwill and Mantovani, 2001). Further, they can synthesize or induce immune cells to secrete
factors like EGF, VEGF (Toi et al., 1996), TGF (Hasegawa et al., 2001; Saito et al., 1999;
Shariat et al., 2001), MMPs and their receptors to remodel extracellular matrix which enhance

tumor growth and metastasis (Kim et al., 2006; Li et al., 2001). They are important in growth
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and vascularization of the tumor to meet high nutrition requirements of fast growing tumor cells
(Prendergast and Jaffee, 2007).

The last important concept of immunoediting is the escape of tumor cells from immune
attack. It is a known fact that specific Th1 activation and downstream activation of IFNYy related
factors are very important in tumor regression and in most tumors it was observed that cytokines
that inhibit Thl activation are highly increased the tumor growth (Prendergast and Jaffee,
2007). Actually inhibition of adaptive immune cells specific tumor regression may occur in
several different ways. One of them is Th2 activation in which Th2 cells inhibit tumor specific
reaction via cytokines like IL-4 and IL-10 dependent manner (Fiorentino et al., 1989). Innate
immune cells can also inhibit T-cell activation via IL-23 (Hunter, 2005). IL-23 is an important
cytokine that can transform T-cells into a specific subset called Th17 which is able to produce
proinflammatory cytokines such as IL-17, IL-6 and TNF-a. Especially IL-23 is reported to be
important regulator of Th1 and Th2 activities and IL-23 specifically inhibits IL-12 dependent T-
cell activation (Hunter, 2005). Even loss of function experiments have shown that IL-12p40 is
dominant over IL-12p35 and IL-12p40 depletion has positive effect on tumor regression while
IL-12p35 depletion has reserved effect (Langowski et al., 2006) which shows that IL-23 can
successfully antagonize IL-12 stimulation and its role in tumor progression is more prominent
(Prendergast and Jaffee, 2007). On the other hand, TGF-B is an important factor which
promotes tumor growth and regulatory CD4*CD25* T-cell activation and its production can be
upregulated via tumor cells to promote regulatory T-cell activity via TGF-3 production (Curiel et
al., 2004). Moreover, tumor environment contains factors that interferes APC differentiation and
lead to APC dysfunction which results in Treg infiltration. DCs can also induce Treg infiltration
in tumors and draining lymph nodes (Sakaguchi et al., 2001; Shevach, 2004). Also, regulatory
T-cells are capable of expressing cytokines like CCL22 and its receptor CCR4 (Curiel et al.,
2004) to further propagate conversion of normal T-cells into Tregs and infiltration of Treg to the
tumors as evident in numerous cancers (Liyanage et al., 2002).

Although many immune activation mechanisms favor tumor clearance, the most
important challenge is immune tolerance towards destruction of self cells which in turn results in

suppression of tumor specific immunity. Tumor cells produce different cytokines which favor
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immune suppression and tip the balance from immunosurveillance to immunotolerance which
end up escape of tumor cells from specific immune targeting. Therefore, understanding about
immune regulation at different regulatory levels is crucial to develop strategies favoring specific
immune reactions in different diseases. As for cancer, we should focus on activation of adaptive
immunity by better antigen presentation or by activated cytokine production via eliminating
regressive anti-inflammatory signaling pathways. Hence, understanding the control mechanisms
over cytokine production is invaluable to develop tools for specific immune activation against

cancer.

1.2.4.2. NF-xB Signaling

Central hub of signal transduction machinery governing inflammatory responses, the
regulation of cell growth and apoptosis is known as Rel or nuclear factor-kappa B (NF-«xB) family
of transcription factors. These factors are activated via many different signals such as
proinflammatory cytokines, bacterial lipopolysaccharide (LPS), UV radiation, oxidative stress,
viral proteins, double-stranded RNA and mitogens (Ghosh et al., 1998; Miyamoto and Verma,
1995; Pahl, 1999; Siebenlist et al., 1994). NF-kB can increase the expression of inhibitory
proteins of apoptotic machinery (c-IAP 1 and c¢-IAP 2) and it also affects the proteins involved in
cell cycle (Chu et al., 1997; Guttridge et al., 1999; Wang et al., 1998). Moreover, NF-xB
controls the expression of genes involved in invasion and metastasis (Huang et al., 2000; Huang
etal., 2001; Wang et al., 1996).

In the cell, NF-kB may be found as a homodimer or heterodimer made up of Rel family
member proteins p50/105, p52/p100, RelA (p65), RelB and c-Rel (figure 1.6). However, it is not
active in these forms since its activity is blocked by an inhibitory protein family called IxB which
in turn regulate the activity of NF-kB (Baeuerle and Baltimore, 1996; Baldwin, 1996; Gilmore,
1999). Phosphorylation of these inhibitory molecules are required for subsequent proteolytic
activity of proteasome for complete or partial degradation certain subunits (like p105 to p50 and

pl100 to p52) to activate NF-kB dimers to translocate into nucleus (Senftleben et al., 2001).

23



INTRODUCTION

These phosphorylations are regulated via different effector proteins (according to the type of
receptor) which in turn activate IKK complex. Phospho-activation of IKK catalytic subunits
prime the events starting with IkB phosphorylation, ubiquitination and degradation leading to

activation of NF-kB subunits (figure 1.7).
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Figure 1.6: Rel Family of Proteins. Taken from (Hayden and Ghosh, 2008)

The source signal and activated effector proteins determine which NF-kB subunits to be
activated. According to effector proteins different combinations of NF-kB heterodimers are
activated while others are suppressed (reviewed in (Hayden and Ghosh, 2008; Hicker and Karin,
2006)). Canonical NF-kB activation via death receptors, toll like receptors and DNA damage
strongly induce activation of RelA/p50 heterodimers through phosphoactivation of IKKf (Karin
and Greten, 2005). Though active IKKal can also induce canonical NF-kB activation albeit
much weakly, its major function is to determine promoter specificity of NF-kB heterodimers to
various NF-kB target promoters (Chariot, 2009; Gloire et al., 2007). Depending on the signal
IKKo can promote or regress promoter activity of these dimers (Gloire et al., 2007; Lawrence et
al., 2005). On the other hand IKKa is the major IKK subunit which governs alternative NF-xB
activation through cytokine and growth receptor signaling pathways (Hayden and Ghosh, 2008).

The specific examples of each of these activation pathways will be given in the following sections.
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In cancer, NF-kB can act as tumor promoting or repressing according to the source of signal
and the mechanisms involved in tumorigenesis (Hayden and Ghosh, 2008). In most cancers NF-
KB is regarded as a tumor promoter due to its role its role in proliferation and survival (Karin and
Greten, 2005). It is well established that NF-kB co-regulates proliferative pathways in Wnt
signaling in CRC and breast cancer (Fingerle et al., 2009). On the other hand, NF-«B is also
take role in the regulation of p53 regulation (Huang et al., 2007; Tergaonkar et al., 2002) in
addition to its anti-apoptotic role in most cancers. Only, this potential explains why NF-kB
inhibition is targeted in most cancers to overcome apoptotic resistance in tumor cells. Especially,
in CRC, NF-«B is an important target for elimination of drug (Greten and Karin, 2004) or
radiation resistance (Egan et al., 2004). NSAIDs, especially acetylsalicylic acid (Elwood et al.,
2009), are reported to have protective effect on CRC through suppression of NF-kB targets like
COX-2 (Oshima et al., 1996). Similarly, NF-«kB is reported to be important in association of
persistent inflammation with cancer in a model of CAC where tissue specific IKK deletion from
epithelia induced increased apoptosis (Greten et al., 2004). In a similar setting we have also
observed that tissue specific IKKP deletion or pharmacologic inhibition improved effectiveness of
chemotherapeutic agents and prolonged the survival of animals through increased apoptotic rate
in a genetic model of CRC (unpublished data). Although inflammation is regarded as tumor
promoting in persistent forms, it is also crucial for initiation of adaptive immune responses
against tumors (Hung et al., 1998). Moreover, NF-kB has been shown to regulate adaptive
immune responses in immunosurveillance and tumor rejection (Karin and Greten, 2005).
Activation of tumor specific responses by macrophages and lymphocytes are strictly regulated by

NF-xB by these cytokines and absence of NF-kB signaling may promote tumor progression in

other circumstances (Karin and Greten, 2005; Li et al., 2001; Li et al., 2005).
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Figure 1.7: NF-xB Activation Pathways. Schematic representation of classical and alternative pathway
of NF-«B activation. IKK complex and primarily IKK is responsible for the classical pathway in which
IkB is phosphorylated and further degraded via proteasome. On the other hand, IKKa homodimers
phosphorylate p100 to degrade p52 and p52/RelB dimer goes into nucleus where it activates alternative
NEF-«B signaling cascades. Adapted from (Senftleben et al., 2001).
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Although NF-kB is described as proinflammatory and anti-apoptotic in general, these two
mechanisms can cause diverse results according to the target tissue and other factors involved. For
example, the loss of IKKPB in myeloid cells is associated with reduction in inflammation and
tumor sizes through suppression of epithelial proliferation (Greten et al., 2004) due to decline in
factors like IL-6 and STAT3 as previously described (Bollrath et al., 2009; Grivennikov et al.,
2009). However, the same mutation in myeloid cells in DEN induced HCC had totally different
outcome where the loss of NF-xB increased tumor growth and metastasis due to elevated
inflammation (Maeda et al., 2005). Here anti-apoptotic potential of NF-kB protects kupfer cells
from anti-oxidant caused apoptotic stress while in the absence of active NF-kB they actively
undergo apoptosis leading to exerbated inflammation which ultimately resulted in increased
tumor development (Maeda et al., 2005). Other experiments prove opposing functions of NF-
kB in acute and chronic inflammation in the colon (Eckmann et al., 2008). Inhibition of NF-xB
through IKKP led to exerbated inflammation in acute colitis model due to the loss of NF-xB
which would otherwise provide apoptotic protection in epithelial cells and would facilitate
recruitment of immune cells that can produce cytoprotective agents for mucosal regeneration. On
the other hand, inhibition of IKKP in myeloid cells in chronic inflammation reduced
proinflammatory immune cell recruitment which make the tissue damage (Eckmann et al,
2008). Yet there are evidence that NF-kB is an important partner in activation of tumor specific
immunity and loss of NF-xB activity may abrogate innate and adaptive immune responses
through elimination of NF-xB target proinflammatory cytokines and rapid elimination of
activated immune cells via apoptosis (Lawrence et al., 2005; Maeda et al., 2005). All these
examples make it clear that even basic roles of NF-kB in proinflammatory and anti-apoptotic
functions can be diverse and have opposing effects in immune reactions regarding inflammatory
diseases and cancer. These and other examples of NF-«kB activations will be discussed in detail in

the context of the source IKK complex.
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1.2.4.2.1. IKK Complex

As we have described above the primary role of the IKK complex is to phosphorylate IkB or
IkB like proteins for the activation of different NF-kB dimers (Mercurio et al., 1997). However,
their function is not limited to this important cellular signaling machinery (Hicker and Karin,
2006). Before going into further details of its specific roles, we want to give an introduction in the
structure and functioning of IKK complex. Inhibitory kB kinase complex or IKK for short is a
multi-protein complex that consists of two serine/threonine kinase named IKKa and IKKp
(Mercurio et al., 1997; Zandi et al., 1997) and a structural subunit called IKKy or NEMO
(Rothwarf et al., 1998; Yamaoka et al., 1998). Structural association of two catalytic subunits
and attachment of structural subunit is found to be essential for the proper functioning of the
complex (Yamaoka et al., 1998) and also for individual roles of the subunits (Hicker and Karin,
2006; Karin, 2008) (with the exception of IKKa homodimers which is able to translocate to

nucleus in different circumstances (Karin, 2008)).
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Figure 1.8: IKK Subunits. Taken from (Hayden and Ghosh, 2008)

Catalytic subunits IKKa and IKK[ show a high degree of sequence, structural and functional
similarities (Hacker and Karin, 2006), perhaps most notable difference being in the substrate
specificity (Karin, 2008). They both contain N-terminal kinase domains and C-terminal leucine
zipper (LZ), helix-loop-helix (HLH) and NEMO binding domain (NBD) structures (Hacker and
Karin, 2006). 50% sequence and 70% amino acid similarity and being able to coprecipitate in

larger complexes of 3 or 4 make them very unique among all other kinases (Hécker and Karin,
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2006). They associate IKKy by NBD (May et al., 2000) and they polymerize by binding with LZ
domains (May et al., 2002). Further IKKy can form oligomers of 3 or 4 in a similar fashion
which can account for 700-900kDa (3-4x 220kDa of single complex) size of the complexes in the
cell (Agou et al., 2002; Rothwarf et al., 1998) which may incorporate other proteins like Hsp90
as well (Hacker and Karin, 2006). However the role of this multi oligomer association is yet to
be identified (Tegethoff et al., 2003). Kinase domains of catalytic subunits contain an activation
loop that contains two serine residues 4 amino acids apart (S177&S181 in IKKP and
S176&S180 in IKKa) (Delhase et al.,, 1999; Johnson et al., 1996). Phosphorylation of these
residues are crucial for activation of IKK complex (Delhase et al., 1999). Mutational studies have
shown that replacement of serines by alanines inactivates IKKf while replacement by phospho-
mimicking glutamates renders it constitutively active (Delhase et al., 1999). The same
replacements in IKKo have no effect on classical but alternative NF-kB activation (Hu et al.,
1999; Takeda et al., 1999). While HLH domain contain other serine residues phosphorylation
of which negatively regulates IKK activity, which is considered as a control to terminate transient

activation of IKK catalysts (Zandi et al., 1997; Zandi et al., 1998).
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Figure 1.9: Model for IKK dimerization and phospho-activation. Taken from (Hicker and Karin,
2000)
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1.2.4.2.2. IKKP Specific Roles

Having discussed the major role of IKKf (a.k.a. IKK2) in NF-kB activation, here we will give
some further information about IKKf specific roles in cancer, inflammation and immune cell
modulation. The role of IKK is almost always exclusively associated to NF-kB activation. Yet
there are also NF-kB independent targets for IKKf like TCR and apoptotic factors (reviewed in
(Chariot, 2009)). The difference in the downstream targets is usually dependent on the upstream
source of activation that leads to different responses depending on the situation and cell type
(Hayden and Ghosh, 2008). IKKP can be activated by numerous upstream stimuli including
death receptors, cytokine receptors and toll like receptors to activate downstream targets of
various cytokines, transcription factors, immune cell markers and inhibitors of apoptosis to
orchestrate major pathways in inflammation, immune cell interactions and maturation, cell
growth and survival (Hicker and Karin, 2006).

IKKB is important in cytokine signaling and survival of the cells to different stimuli like
opposing IL-1B or TNF-a induced apoptosis (Greten et al., 2007). These stimuli also induce
IKKP and following NF-kB activation opposes these pro-apoptotic signals by the elevation of
anti-apoptotic Bcl-2 family of proteins (Bax, Bad, Bcl-x1) or inhibitors of apoptosis like c-FLIP
(Hicker and Karin, 2006). These proteins basically prevent caspase activation and leading
mitochondrial apoptotic pathway (Karin and Greten, 2005). Another important role of IKKf3
activation is seen in immune cells upon induction by various stimuli including toll-like receptors
or cytokines NF-kB activation leads to production of further proinflammatory cytokines like IL-
1, IL-2, IL-12 and even TNF-o (Hicker and Karin, 20006).

NF-kB activation is prominent in most tumors and is one of the leading causes of resistance
towards drug or radiotherapy. NF-kB is important in blocking necrotic pathway that is induced
by these factors (Karin, 2008). For similar reasons, IKKf activation is crucial for suppressing
inflammation in different pathological conditions which lead to more severe conditions like colitis
induced cancer when NF-kB signaling is active. In a CAC model of CRC induced by AOM and
DSS in distal colon, conditional epithelial IKKB knock-out has reduced tumor burden 80%

(Greten et al., 2004). However, the reduction in tumor occurrence was not due to reduced
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proliferation but increased apoptosis due to downregulation in the expression of inhibitors of
apoptosis like Bel-xi (Greten et al., 2004). The proliferation is later found out to be driven by
macrophages which produce tumor growth cytokines in response to inflaimmation  and
macrophage specific IKKB deletion reduced tumor sizes and numbers dramatically (Greten et al.,
2004). Recently it was suggested that IL-6 produced by macrophages promotes tumor growth by
STAT3 activation (Grivennikov et al., 2009). STAT3 has also shown to be an important
regulator of tumor growth in CAC tumor model (Bollrath et al., 2009) which can explain
increased tumor growth due to IL-6 production as a result of IKKP action.

As a contrasting example, IKKf plays an important role in inhibiting DEN induced HCC
(Karin, 2008; Maeda et al., 2005). DEN is a carcinogen which causes cell death by DNA
damage and necrosis of hepatocytes (Fausto, 1999). However, IKKP deletion in hepatocytes
increased HCC burden dramatically (Maeda et al., 2005). It was understood that this
mechanism differs from CAC model due to higher regeneration potential of hepatocytes where
NF-xB plays an important protective role against damage induced cell death and following
compensatory proliferation in liver injury (Maeda et al., 2005). DNA damage triggers p53
induced apoptosis (Tergaonkar et al., 2002) and NF-«B represses this mechanism in hepatocytes
(Maeda et al., 2003; Maeda et al., 2005). NF-kB activates SOD which removes ROS stress in
the cell (Pham et al., 2004), in the absence of NF-kB activation ROS leads to activation of JNK
(Sakurai et al., 2006) which leads cells to undergo apoptosis. Extensive hepatocyte death triggers
proliferation of others to regenerate and to protect the liver from chemical induced injury and
function efficiently (Maeda et al., 2005). Due to increased DNA damage and mutations,
compensatory proliferation may lead to HCC in the absence of control (Karin, 2008). However,
like in CAC model, DEN induced HCC is also inhibited by macrophage specific deletion of
IKKP (Maeda et al., 2005). Kupfer cells are resident liver macrophages and they are induced by
dying hepatocytes to secrete inflammatory cytokine IL-6 which drives proliferation of hepatocytes
similar to CAC (Maeda et al., 2005; Naugler et al., 2007).

IKKP has also shown to be an important negative regulator of IL-1f secretion in macrophages
(Greten et al., 2007). Lately we have shown that IKKB has opposing roles in acute and chronic

colitis (Eckmann et al., 2008). The outcome can be protection from apoptosis in intestinal
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epithelial cells coupled to activation of inflammatory cell that take part in the tissue regeneration
as in the case of acute proliferation. However, this mechanism has negative effect on CAC as we
explained above. On the other hand, in chronic colitis (via 7/10") the effect is reversed and IKKf}
in myeloid cells increase proinflammatory activities of immune cells that cause extended tissue
damage (Eckmann et al., 2008). Altogether IKKp is a major player in inflammatory pathways to
which leads to different outcomes according to source of the signal and the target tissues involved.
In conclusion, these observations clearly suggest that IKKB has opposing but not exclusive

functions in inflammation or cancer in a context, upstream signal and time dependent manner.

1.2.4.2.3. IKKa Specific Roles

Recent evidence shows that IkB kinases (IKKs) may have other substrates than IxBs (i.e.,
alpha and beta variants). Especially, IKKa (a.k.a. IKK1, CHUK) has been shown to play wide
variety of other roles in diverse other mechanisms (Karin, 2008). One of the first identified roles
was phosphorylation of p100 to degrade into p52 by IKKa homodimers in alternative NF-xB
activation (Senftleben et al., 2001). This mechanism is observed downstream of different TNF
family receptors; BAFF-R (Claudio et al., 2002) or CD40 (Coope et al., 2002) or in B-cells or
LTBR (Dejardin et al., 2002) in spleenic cells (Bonizzi and Karin, 2004). Upon stimulation of
BAFF-R, NIK is released and can phospho-activate IKKa dimers (Ling et al., 1998) which
results in downstream phosphorylation of p100 and translocation of p52/RelB heterodimers to
induce genes related to B-cell maturation and activation (Claudio et al., 2002; Xiao et al., 2001).
Actually this mechanism has been first time shown in RANK signaling where in the absence of
IKKa activation (provided by previously described alanine replacements) mammary epithelia
cannot complete development (Cao et al., 2001; Senftleben et al., 2001). Consequently, adult
female mice were found to be deficient in milk production due to impaired cyclin D1 activation
(Cao et al., 2001). With this publication it has been shown that RANK-L activated NF-xB

signaling and cyclin D1 production is linked by alternative NF-kB activation but TNF-a
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activated NF-kB signaling remained intact in cultured mammary gland cells (Cao et al., 2001).
Close examination of this alternative signaling revealed that this mechanism occurs regardless of
the absence of IKKP or NEMO and exclusively depends on activation of kinase activity of IKKa
(Senftleben et al., 2001). Interaction of IKKa dimers with NIK is not clear and yet to be
clarified (Hicker and Karin, 20006).

Keeping in mind that effect of NF-kB on cyclin D1 expression is rather indirect (Cao et al.,
2001); to further understand this association and underlying mechanism, another group
presented that IKKa and IKKP physically interact (colP studies) and phosphorylate 3-catenin
(Lamberti et al., 2001). However, IKKa is more important for the activation of B-catenin as
suggested by absence of B-catenin nuclear localization in IKKo”- MEFs (Lamberti et al., 2001).
Further analysis of IKKo and IKKP deficient MEF cells with luciferase activity assays has shown
that IKKa is required for the normal levels of B-catenin expression while its overexpression does
not alter TCF/LEF activity (Lamberti et al., 2001). In the light of these findings, they expanded
their findings to activation of TCF/LEF and cyclin D1 are both increased with active form of
[KKoS182ES186E gyerexpression in DU145 cells (Albanese et al., 2003). Given the fact that IKKa
phosphorylates (most probably stabilizes -catenin) and cyclin D1 is important for cell cycle entry
upon mitogenic induction, they have hypothesized that IKKo associates the regulation of
mitogenic signaling through transcriptional induction of cyclin D1 via TCF (Albanese et al,,
2003). Furthermore, another group has presented evidence that IKKo stabilizes B-catenin in
both canonical and non-canonical degradation pathways (Carayol and Wang, 2000).

Although these findings shed light onto the role of IKKa in mammary gland development via
cyclin D1 regulation and also given the fact that WNT signaling is important for the
development of many different cancers, the role of phospho-stabilization of B-catenin by IKKa. or
other specific roles in different cancers still need to be clarified via in vivo and in vitro models. To
do so, Schneider and his colleagues proposed that IKKow controls p52/RelB at the Skp2 gene
promoter to regulate G1 to S progression (Schneider et al., 2006). In their model they have
transfected pancreatic cancer cell line MiaPaCa2 with siRNA for IKKa and they have observed
increased levels of cyclin-dependent kinase inhibitor p27<¢' (Schneider et al., 2006). This

increase was due to downregulation of p27*?! regulating F-box protein S-phase kinase associated
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protein (Skp2) as shown by promoter activity assay coupled to IKKa knockdown (Schneider et
al., 2006). By doing so, they have identified a role for IKKa in pancreatic cancer where
alternative NF-kB activation regulates p27 via SKP2 rather than cyclin D1 as shown in mammary
gland development (Cao et al., 2001).

IKKa has very unique roles in the skin cells unrelated to NF-kB signaling or its catalytic
ability. Zkkor” mice found to be seriously defected in skin and limb development (Hu et al.,
1999). Then It was reported that IKKa is found to be mutated in melanomas (Liu et al., 2006).
Recent publications have shown that skin problems in /kka” mice are due to differentiation
problem in keratinocytes (Descargues et al.,, 2008). Basal cells cannot complete their
differentiation into keratinocytes. Instead, they continue to proliferate in undifferentiated state
which explains the melanoma formation in the absence of IKKa (Descargues et al., 2008). Here
IKKa is described as a cofactor of TGFB/Smad4 signaling which regulates terminal
differentiation of keratinocytes that gives rise to keratin accumulation and basal membrane
formation (Descargues et al., 2008). Another group has reported that epithelial specific ablation
of IKKat has resulted in normal epidermal differentiation yet impaired basal membrane formation
due to regulation of retinoic acid receptor targets (Gareus et al., 2007). This supports the
structural role of IKKa in complete development of keratinocytes and suppression of skin cancer
yet showing that kinase function is important in the basal membrane formation of the skin.

For the involvement of IKKa in prostate cancer and interaction of immune system with
normal cancer environment, very recently, it has been shown that nuclear mitogen activated
IKKa controls prostate cancer metastasis via suppressing metastatic inhibitory protein Maspin in
a RANKL dependent manner (Luo et al., 2007). In a mouse model of prostate cancer with
TRAMP mice, it was observed that mice lacking IKKa phospho-activation (lkko'8457864 op
Tkko'¥*) were bearing less distant site metastasis than WT mice although all mice died
eventually (Luo et al., 2007). Close examination revealed that tumor initiation was not affected
whereas WT mice have more RANKL and LTa expression (Luo et al., 2007). Furthermore,
IKKa nuclear translocation correlated with decreased levels of Maspin (Luo et al., 2007).
Eventually they hypothesized that upon the necrosis of core tumor cells in a progressing tumor T-

cells are attracted to the site and they produce pro-inflammatory cytokines including RANKL
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which further initiates nuclear localization of IKKa where it associates with the maspin promoter
as shown by ChIP studies (Descargues et al., 2008; Luo et al., 2007). This study has shown how
important the immune cell interaction with cancer cells to provide upstream activation for IKKa
via proinflammatory cytokines.

After observing the importance of IKKat in the downstream of proinflammatory signals in the
cancer cells, we will describe how IKKa regulates inflammatory signals in the immune cells with
specific examples. As we have described above IKKo was found to be essential in regulation of
immune cells bearing TNF family of receptors, yet its role is not limited with those cells. Recent
evidence shows that IKKoa limits macrophage activation and contributes to the resolution of
inflammation (Lawrence et al., 2005). They have used an activation deficient 7kkar knock-in
mouse model which is not able to be phosphorylated via upstream targets to activate downstream
events. These mice when challenged with bacteria were better in clearing bacteria from the blood
but more prone to get septic shock due to elevated proinflammatory response (Lawrence et al.,
2005). They have found that IKKa is crucial in limiting macrophage activity via limiting
extended promoter binding of RelA and c-Rel (Lawrence et al., 2005). Their turnover rate
increased in the nucleus and cytoplasm. When IKKo upstream activation is not possible,
increased promoter binding of these NF-kB subunits on proinflammatory genes like iNos, IL-
12p40 and Bfl-1 causes an increased macrophage activation while macrophages are protected from
apoptosis which in turn leads to prolonged inflammation resulting in septic shock which causes
loss of animals regardless of better bacterial clearance (Lawrence et al., 2005).

All above examples in IKKa specific roles clearly show that IKKa is a very potent molecule in
any cancer at different stages due to its power to regulate differentiation and inflammatory
signaling through NF-«kB. Although, IKK is well studied and targeted for pharmacological
inhibition, there is little evidence for the outcomes of IKKa specific inhibition in disease models.
Given that intestinal epithelia have very simple organization and differentiation pattern and colon
cancer is very well defined in pathological development and genetic basis in terms of sequence of
mutational alterations occurred, looking the role of IKKa in this model of cancer will both ease
our job in understanding cancer development and will give idea to reflect our knowledge to more

complicated cancers where immune system regulation is predominantly involved.
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2. PURPOSE OF THE STUDY

Colorectal cancer is an important disease with over 1 million new diagnosis and over half
million mortality every year. Regardless of improvements in diagnosis and therapy, the 5-year-
survival is as low as 50% which forces us to develop better therapeutic interventions to deal with
this bitter disease. To develop superior therapies we need to know about initiation and
development of colorectal carcinogenesis. The relation between inflammation and cancer is well
established in CRC and in many others yet the power of immunotherapy has been proven with
numerous experimental trials. For this purpose, understanding immune regulation in
inflammation and cancer is crucial in expanding our possibilities with new therapeutic strategies.

NF-«B is an important transcription factor that regulates cytokine production that governs
immune cell maturation, survival and inflammation. For this reason, any machinery that controls
NF-kB signaling can have gross regulatory effect on immune system leading to control of tumor
suppression or growth. IKKa is a molecule that is known to regulate both canonical and
alternative NF-kB signaling under different upstream signals. It has been shown to have
significant roles in cell differentiation, immune regulation and proliferation in NF-kB dependent
or independent manner. For this reason, understanding the role of IKKo in colorectal
tumorigenesis can prove to be crucial in understanding immune cell regulation leading to tumor
specific responses that are controlled via NF-kB. Therefore, we aimed to understand the role of
IKKa in CRC by the use of IKKa inactivation within chemical or genetic murine models of

colorectal tumorigenesis.
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3. MATERIALS AND METHODS

3.1. MATERIALS

3.1.1. Chemicals

All chemicals were supplied by Amresco, Applichem, Fluka (Switzerland), CalBiochem (USA),
Merck (Germany), Riedel de Haen (Germany), and Sigma-Aldrich (Germany)

Antibiotics: Ciprobay 500mg (Bayer, Germany) #8242.02.00; penicillin, ampicillin, kanamycin

(Sigma, Germany) Penicillin-Streptomycin (Gibco)
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3.1.2. Mouse Models

Mouse Model Reference

Aper (Moser et al., 1990)

Vil-Cre-ER™ (El Marjou et al., 2004)
il-Cre-

Crnnb ] (Harada et al., 1999)
nn

T4 (Cao et al., 2001)

Li L., 2
bk (Liueta 008)

Tkkb™? (Park et al., 2002)

Nfeb2"* (Paxian et al., 2002)

Relb"" Unpublished

Ifart” (Miiller et al., 1994)

(Dalton et al., 1993)

Ifng”

Table 3.1: Mouse Models used in this Study.

Tkka"*4 and Tkkb6™ mice by Prof. Michael Karin (Univ. of Calif. San Diego, USA), lkkd" by
Prof. Yinglin Hu (Univ. of Texas MD Anderson Cancer Centre, USA), Nfkb2" mice by Roland
M. Schmid (TUM Klin. r. d. Isar, Germany), Re/b™ by Prof. Falk Weih (Leibniz Institut fiir
Alterforschung, Ctnnb "3 mice by Makato M. Taketo (Kyoto University, Japan), and Vil-Cre-
ER™ mice by Prof. Sylvie Robin (Institut Curie, France) were kindly provided. All other mouse
models were purchased from Jackson Laboratories (USA).
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3.1.3. Cell Lines

Cell Line Grown in
CT26 RPMI1640
HT116 DMEM
HEK293 DMEM
CaCo2 DMEM
SW48 DMEM
SW480 DMEM
MEF DMEM
MEEF-Tkkor" DMEM
MEF-1kkf" DMEM
MEF-Ikky" DMEM
BMD macrophages RPMI1640
BMD dendritic cells RPMI1640
Peritoneal macrophages RPMI1640

3.1.5. Commercial Kits

Apo Alert DNA Fragmentation Kit (Clontech)

Streptovivin/Biotin Blocking Kit (Vector Lab)

Peroxidase Sustrate DAB Kit (Vector Lab)

Vectastain ABC Kit (Vector Lab)

Super Signal West Pico WB Chemiluminescence Kit (Thermo)
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Qiaquick Gel Extraction Kit (Qiagen)

Qiaprep Spin Miniprep Kit (Qiagen)

DNeasy Blood and Tissue Kit (Qiagen)

RNeasy Mini Kit (Qiagen)

PurelinkTM HiPure Plasmid Maxiprep Kit (Invitrogen)

QuikChange Site Directed Mutagenesis Kit (Stratagene)

Luciferase Assay System 10 Pack (Promega)

Luciferase Assay System with Reporter Lysis Buffer (Promega)

Super Signal West Pico-Stable Chemiluminescence Kit (Thermo)

3.1.6. Bacterial Strains

Strain Use
E.coli DH5 for general cloning and re-transformation
E.coli XL-1 Blue super-competent for first line cloning and blunt-ended

ligation cloning

E.coli BL21 for overexpression of proteins
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3.1.7. Buffers and Solutions

3.1.7.1. Culture Media

3.1.7.1.1. LB broth

Luria Bertani (LB) broth (Sigma, Merck or Applichem) is used as the liquid culture for the
bacteria. It contains tryptone, yeast extract, and chemical salts in appropriate amounts. For 11 of
LB broth, 20g of the LB powder is added to distilled water and mixed well. Then the culture is
autoclaved for sterility. In case a selective media is required, ampicillin or kanamycin is added to

obtain a final concentration of 100uM or 50uM respectively.

3.1.7.1.2. LB agar

LB agar is used as solid media for the bacteria. It is used as differential screening of bacteria in
transformation by the use of appropriate antibiotics. 11 LB agar is prepared by mixing 40g LB-
broth-mix with 11 distilled water. After sterilization in the autoclave, liquid agar is cooled for
antibiotic addition if required. Before solidifying, the liquid agar must be poured into appropriate
plates in 20-25ml amounts. Then they should be let harden in the fume hood. Then these plates
are sealed and can be stored at 4°C for months. In case a selective media is required, ampicillin or

kanamycin is added to obtain a final concentration of 100 M or 50 M respectively.
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3.1.7.2. Buffers

All buffers indicated in this section are filter-sterilized as otherwise stated.

3.1.7.2.1 DNA Assay Buffers

3.1.7.2.1.1 TE Buffer

10mM TrisHCI pH 8.0

3.1.7.2.1.2 Tail Lysis Buffer

100mM TrisHCI
200mM NaCl
5mM EDTA
0.2% SDS

3.1.7.2.1.3 Agarose Gel Buffer: TAE (50x)

2M Tris
5.71% Acetic acid
50mM EDTA
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3.1.7.2.2 Protein Assay Buffers

3.1.7.2.2.1 Lysis Buffer (for Protein Isolation)

For Stock preparation:

50mM TrisHCI pH 7.5
250mM NaCl

3mM EDTA

3mM EGTA

1% Triton

0.5% NP40 (Igepal)

10% Glycerol

25mM Sodium pyrophosphate
Freshly add:

25mM Sodium fluoride

5mM Sodium orthovanadate
5mM Glycerol-2-phosphate
1mM DTT

2mM PMSEF

3.1.7.2.2.2. Western Blot Buffers and Gels

3.1.7.2.2.2.1. SDS-PAGE Running Buffer (10x)

250mM Tris
2M Glycine
1% SDS

3.1.7.2.2.2.2. Western Blotting Buffer (10x)

12mM Tris
96mM Glycine
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*add methanol to make 20% of the final concentration while preparing 1x buffer

3.1.7.2.2.2.3. Sample Buffer (Laemmli Buffer)

62.5mM TrisHCI pH 6.8
25% Glycerol

2% SDS

5% -mercaptoethanol
0.01% Bromophenol blue

3.1.7.2.2.2.4. SDS-PAGE Buffers and Gels

Running Gel Buffer

1.5M TrisHCI pH 8.8
0.4% SDS

Stacking Gel Buffer

0.5M TrisHCI pH 6.8
0.4% SDS

Running Gel

Acrylamide-
Percentage of bisacrylamide ~ Running Gel Distilled TEMED
the Gel (40% stock) in  Bufferin ml  water in ml (in pl)
ml

8% 2.5 5.5
10% . 2.5 5
12% 2.5 4.5
15% 2.5

Stacking Gel

Acrylamide-
bisacrylamide
(40% stock) in
ml

5% 1.25 2.5 6.25

Percentage of

Stacking Gel Distilled

Buffer in ml water in ml

the Gel

Table 3.2: SDS-PAGE Buffer Recipes.

10% APS
(in pl)

50
50
50
50

10% APS
(in pl)

50
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3.1.7.2.2.3. Kinase Assay Buffers

3.1.7.2.2.3.1. Kinase Assay Reaction Buffer (10x)

0.25M HEPES pH 7.5

1.5M NaCl

0.25M B-Glycerophosphate
0.1M MgCl, (0.95g/100ml)

3.1.7.2.2.3.2. Kinase Assay ATP Solution

10mM ATP
100mM Tris pH 7.5
50mM MgCl,
10mM DTT

3.1.7.2.2.4. Enzymatic Mobility Shift Assay (EMSA) Buffers

3.1.7.2.2.4.1. EMSA Reaction Buffer (10x)

100mM TrisHCl pH 7.6
500mM KCl

10mM EDTA

50% Glycerol

3.1.7.2.2.4.2. EMSA Loading Buffer (10x)

250mM TrisHCI pH7.6
40% Glycerol
0.2% Bromophenol blue
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3.1.7.2.2.4.3. TBE Buffer (5x)

500mM Tris
500mM Boric acid
10mM EDTA

3.1.7.2.2.4.4. EMSA Gel (5%)

Concentration amount in 50ml chemical

20% 10ml 5x TBE

12.5% 6.25ml 40% acrylamide/bisacrylamide
0.069% 34.5ul TEMED

0.674% 337ul 10% APS

3.1.7.2.2.5. Protein Overexpression and Dialysis Buffers

3.1.7.2.2.5.1. Base buffer

1mM EDTA
5mM DTT
0.5% TritonX100

dissolved in 1x PBS

3.1.7.2.2.5.2. Buffer I
0.3M Ammonium sulfate
dissolved in the Base Buffer



MATERIALS AND METHODS

3.1.7.2.2.5.3. Suspension Buffer
ImM PMSF

Protease inhibitor tablet (1tablet in 50ml buffer)

dissolved in the Buffer I

3.1.7.2.2.5.4. Elution buffer

100mM Tris

20mM Glutathione
dissolved in PBS and adjusted to pH 8.0

3.1.7.2.2.5.5. Dialysis Buffer

20mM TrisHCI pH 8.0
0.1IM NaCl

0.2mM EDTA

10mM B-Glycerophosphate
10% Glycerol

3.1.7.2.2.6. Coomassie Staining Solutions

3.1.7.2.2.6.1. Staining Solution

50% methanol
10% acetic acid
0.025% coomassie brilliant blue
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3.1.7.2.2.6.2. Destaining Solution

50% methanol
10% acetic acid

3.1.7.2.2.6.3. Quick Coomassie Staining Solution

35mM HCI
0.006% Coomassie Brillant Blue

let Coomassie dye water mixture stay at RT for 2-3 hours before addition of HCl and keep in the
dark for later uses.

3.1.7.3. Histological Staining Buffers and Solutions

3.1.7.3.1. Alcian Blue Solution

3% glacial acetic acid

1% Alcian blue 8GX

Mix well and adjust to pH2.5 with acetic acid

3.1.7.3.2. Nuclear Fast Red Solution

1% Nuclear Fast Red
5% Ammonium sulfate

Dissolve ammonium sulfate in the water and add nuclear fast red slowly while boiling. Cool

down the mixture, filter and add a grain of thymol as preservative (use commercially available
nuclear fast red solution)
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3.1.7.3.3. Azure-Eosin Solution

20ml 0.1% eosin solution
18 drops of acetic acid

10ml 0.1% azure II solution
170ml distilled water

Mix well and filter

3.1.7.4. Solutions for Animal Experiments

3.1.7.4.1. Bromo Uridine Solution
25mM Bromo uridine in PBS

76.7mg bromouridine is dissolved in 10ml PBS and filter sterilized. It is stored at 4°C until use.

3.1.7.4.2. Tamoxifen solution

1% (w/v) Tamoxifen
15% (v/v) Ethanol
all dissolved in plant based oil

50mg tamoxifen is dissolved in 750ul ethanol via vortexing and the total volume is completed to

5ml with plant based oil and aliquoted in microcentrifuge tubes and stored at -20°C.

3.1.7.4.3. Azoxymethane (AOM)

0.05% AOM in PBS

49



MATERIALS AND METHODS

50mg AOM is dissolved in 100ml sterile PBS (0.5mg/ml) and aliquoted in 5ml and stored at -
20°C.

3.1.7.4.4. Thioglycollate
3% thioglycollate

dissolved in water, filter sterilized and stored at RT and in a dark place

3.2. METHODS

3.2.1. Animal Treatments

3.2.1.1. Animal Handling

All mice are grown and treated in pathogen free environment in dedicated animal facility
according to German national and EU regulations. All mice are fed with rodent food with 5% fat
and handled in pre-sterilized cages with autoclaved water. Bone marrow transplanted mice are
handled in special air filtered units throughout the experiment. All injections are done with sterile
injectors. All chemical for feeding and injection are pre-sterilized via filtering before

administration.
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3.2.1.2. Genotyping of Mice

DNA obtained from tail or any other tissues were used or genotyping PCR with the following

recipe (all reagents from Invitrogen):

10xPCR buffer 2ul
50mM MgCl2 0.8ul
10mM dNTP mix 0.4ul
20mM forward primer 0.5ul
20mM reverse primer 0.5ul
Taq polymerase (5U/pl) 0.15ul
DNA (20-100ng/ml) 1.5ul
Distilled water 14.15ul
Total 20ul

Additional primers were added (where it is possible) to make genotyping for mutant and wild
type alleles together. All reaction conditions for each gene will be given in the appendixes (see
appendix xx). Finally, each sample is loaded to 1.5-2% agarose gel containing 0.005% ethidium
bromide and visualized under UV light to check the size of the bands.

3.2.1.3. Proliferation Index via Bromouridine Injections

100ul 25mM BrdU is injected i.p. to achieve a concentration of 75mg BrdU/kg body weight

90 minutes pre-sacrifice of the animals to incorporate BrDU into S-phase cells.
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3.2.1.4. Inducing Distal Colon Tumors via Azoxymethane (AOM)

200ul of 0.5mg/ml AOM stock per 10g body weight is injected i.p. to mice to obtain a
concentration of 10mg/kg body weight once a week for six consecutive weeks. Then mice are
controlled for 20 weeks by weighing and physical examination. Finally, mice are sacrificed and

their colon are collected, rolled and fixed in 4% PFA for immunohistological practices.

3.2.1.5. Induction of Cre Recombinase via Tamoxifen

As described in materials conditional knock-out model Vi/CreER™ mice requires tamoxifen as
estrogen analog to activate Cre recombinase in villin expressed tissues (intestinal enterocytes here).
To achieve this activation Vi/CreER™ mice are orally fed with 100pl oil containing 15% ethanol
(to dissolve tamoxifen) and 1% (w/v) tamoxifen for 5 consecutive days so each animal gets 1mg
tamoxifen per day. This solution is prepared by dissolving tamoxifen in ethanol via vigorous

shaking and completing the volume by oil to have 1 mg tamoxifen per 100ul solution.

3.2.1.6. Blood Serum and Culture Media Supernatant Isolation

For ELISA of circulating cytokines or cytokines produced in the intestinal tissue in a given
time, we have gathered blood sera or IEC culture media supernatants. Blood samples are collected
from tail or from aorta (post-mortem). Then centrifuged 3krpm for 10 min to precipitate blood
cells and clot. Serum is collected, aliquoted and frozen at -80°C before use. For IEC culturing,
half of the duodenum is minced into small pieces and cultured in 400ml DMEM containing

10%FCS and 1%P/S for 2 hours in an incubator with 5% CO2 supply at 37°C. Then all
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intestine and media are collected in a microcentrifuge tube and centrifuged at Skrpm for 5
minutes. The supernatants are collected, aliquoted and frozen at -80°C. Intestinal pellets are

weighed for mass normalization.

3.2.1.7. Cell Isolation and Primary Cell Culturing

3.2.1.7.1. Epithelial Cell and Lamina Propria Isolation

After sacrifice of the animals, intestine is divided into four parts as duodenum, jejunum, ileum
and colon and each part is treated separately. Each part is flushed with PBS at RT. Then
intestines are cut open along their long axis washed more to get rid of fecal remnants then they
are cut into two along their long axis half is used for histological fixation while the remaining half
is minced into small pieces by the help of an operation scissor. These pieces are put into 5-10ml
of HBSS-EDTA (30mM) and shaken at 37°C for 10 minutes to get epithelial tissue softened and
easy to remove by physical effect. After that, the tube containing epithelia were vortexed
vigorously for 30 seconds to remove lamina propria and epithelia. Epithelia are suspended in the
buffer while lamina propria forms precipitate quickly. By pipetting suspension epithelia are
collected in a 15ml tube while lamina propria remaining in the bottom can be collected in
microcentrifuge tubes and frozen in liquid nitrogen directly. Epithelial cells are harvested at
1.5krpm for 5 minutes at 4°C and washed with ice-cold PBS and recollected in microcentrifuge
tubes at Skrpm for 5 minutes at 4°C. Washouts are discarded and dry pellet of the cells are frozen

in liquid nitrogen and stored at -80°C until use.

3.2.1.7.2. Peritoneal Macrophage/Neutrophil Isolation
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Mice are injected i.p. with 2ml 3% thioglycollate 3 days/3 hours (macrophages and
neutrophils respectively) before to induce peritoneal inflaimmation and macrophage
accumulation. Then mice are sacrificed and their fur is skinned without damaging peritoneal
membrane. Peritoneal cavity is filled with 10ml ice cold PBS by injection. Then peritoneal
suspension is drawn back via using a syringe and cells are harvested at 1.5krpm for 5 minutes at
RT. Then cells are washed with PBS, harvested and counted before seeding for desired assay. For
cytokine induction assays, 10° macrophages/vial for 6-well plate were seeded in RPMI1640 while

neutrophils are not stable for extended assays and used for FACS analysis only.

3.2.1.7.3. Isolation of MEF from mouse embryos

MEEF cells should be isolated from D12-D14 embryos. For this purpose pregnant female mice
are sacrificed and their whole uterus is excised from the peritoneal cavity. Uterus is placed into a
Petri dish containing PBS and washed in PBS under sterile flow. One embryo at a time is
homogenized by putting embryo into a 20G needle with 2ml typsin. By drawing in and out of
the needle several times the embryo is homogenized. Then embryo trypsin suspension is
incubated 5 min in the 37°C incubator for complete detachment of the cells. Then 5 ml DMEM
with 10%FCS and 1%P/S is added to inactivate trypsin and cells are harvested at 1.5krpm for 5
minutes. Finally cells are resuspended in fresh DMEM with FCS and P/S and seeded to 6 well

plates to expand their numbers (one embryo per well).

3.2.1.7.4. Bone Marrow Isolation and Transplantation

Tkko4 mice are backcrossed to FVB line mice at least x generation and these mice are used
as donors for bone marrow transplantation. After sacrificing the mice femoral bones are removed

from the ilium without damaging the head of femur and cleaned from skin and fur and placed in

54



MATERIALS AND METHODS

ice cold PBS. Then moved to a sterile hood and rest of isolation is performed there. All remaining
muscles are removed carefully and the joint under patella (connecting femur and tibia) is
dislocated without damaging the head of the bones. Then by the use of an alcohol sterilized
scissors head and the bottom of femur are cleaved to expose bone marrow. By using a 24G needle,
bone marrow is flushed out into a falcon tube with 5ml PBS. This procedure can be repeated
with tibial bone marrow as well. Bone marrow is resuspended in PBS and filtered with a 70pum
filter to get rid of skeletal particles and stromal cells. The volume of suspension is completed to
20ml with extra PBS and cells are counted to determine total number of nucleated cells. Then
cells are harvested at 1.5krpm for 5 minutes at 4°C and resuspended in an appropriate volume of
PBS to achieve 4-10° cells/100ul PBS concentration prior to transplantation. On the other hand
mice to be transplanted are pre-radiated with lethal 9Gy radiation to clear immune cells in their
body. Then 4-10° bone marrow cells in 100pl PBS are injected into the tail veins of the receiver
mice. The mice are directly put into air ventilated sterile mice facility and given with large
spectrum antibody (Ciprobay, Bayer) in their drinking water to protect from infections for two
weeks post-transplantation. After two weeks they were returned to normal drinking water and
their cages were changed with other mice periodically every two days to regenerate their intestinal

flora for two weeks prior to experiments.

3.2.1.7.5. Isolation and Culture of Mouse Bone Marrow-Derived Macrophages

Mononuclear phagocyte progenitor cells derived from femoral and tibial bone marrow are
propagated in the presence of M-CSF. This macrophage growth factor is secreted by L929 cells
and is used in the form of 1929 cell conditioned medium. The progenitor cells proliferate and
differentiate through monoblast, promonocyte and monocyte stages before maturing to
macrophages. At this time the cells become firmly adhered to the culture vessel.

Day 1:
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Animals are sacrificed and bone marrows are isolated as described in the previous section. Then
bone marrow cells are resuspended in 50ml RPMI (with 10%FCS, 1%Antibiotics and 20% M-
CSF (1929 cell supernatant). Cells are seeded into 10 15cm plates per mice and an additional
10ml medium is added to each plate.

Day 4:

Growth and adherence of the cells are checked under microscope and the media are refreshed.
Day7:

Cells are washed with PBS and cells are trypsinized with 3ml trypsin per plate for 5 minutes in
the incubator. Cells are collected and resuspended in 10ml RPMI1640. Cells are harvested at
1.5krpm for 5 minutes and counted to determine their numbers. Then 5.10° cells are seeded into

plate one day before stimulation experiments.

3.2.1.7.6. Isolation and Culture of Mouse Bone Marrow-Derived Dendritic Cells

Dendritic cell progenitors derived from femoral and tibial bone marrow are propagated in the
presence of GM-CSF or Flt3L. The progenitor cells proliferate and differentiate to form
immature mDC or pDC populations respectively. At this time pDC become firmly adhered to
the culture vessel or form suspensions like mDC:s.

Dayl:

Animals are sacrificed and their bone marrows are isolated as described in BMD macrophage
isolation. mDCs can strongly attach to normal tissue flasks and should be kept in suspensions.
For this purpose we used bacterial Petri dishes for culturing mDCs. To induce dendritic cell
propagation from immature bone marrow cells, we used either GM-CSF or Flt3L to induce
mDC or pDC maturation respectively. For mDCs maturation, we seeded half of the BMD cells
in 10ml GM-CSF (10ng/ml) containing RPMI1640 into a Petri dish and incubated o/n. On the
other hand remaining BMD cells are incubated in 1ml RBC lysis buffer for 5 minutes at RT and
washed in PBS, counted and seeded 3.10° cells/vial on 6-well plates in Fle3L (100ng/ml)
containing RPMI1640 and incubated a week for pDC growth.
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Day 2:

mDC suspension are flushed in their own medium and harvested at 1.5krpm for 5 minutes at
4°C and counted. Then they are seeded 7.10°cells/well into bacterial petridishes in 1:10000 GM-
CSF containing 10ml RPMI1640.

Day 5:

Another 10ml 1:10000 GM-CSF containing RPRMI1640 media are added into each culture for
mDCs.

Day 8:

Both mDCs and pDCs are flushed to remove from their dishes, harvested at 1.5krpm for 5
minutes at 4°C, counted and seeded 10°cells/well of 12-well plates in RPMI1640 before cytokine

stimulations.

3.2.1.7.7. Cell Stimulations

Working Concentrations of Chemokines and Cytokines:

GM-CSF 10ng/ml
Flt3L 100ng/ml
LPS 100ng/ml
Poly I: C 125ug/ml
Pam3CSK4 1pg/ml

A type CpG 1pM

B type CpG 1uM
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3.2.2. Histological Protocols

3.2.2.1. General Histological Preparations

3.2.2.1.1. Preparation of Tissues for Histological Examinations

After the sacrifice of the animals, tissues are collected and fixed overnight in 4%
paraformaldehyde (PFA) at 4°C. The following day the fixed samples were dehydrated in Leica
dehydrator with the following program:

70% ethanol for 45 minutes
86% ethanol 45 minutes

96% ethanol 45 minutes

96% ethanol 60 minutes

100% ethanol 60 minutes
100% ethanol 60 minutes
100% ethanol 60 minutes
xylene 45 minutes

xylene 70 minutes

xylene 75 minutes

paraffin wax 60 minutes at 62°C
paraffin wax 60 minutes at 62°C
paraffin wax 60 minutes at 62°C

and dehydrated samples are paraffin embedded and stored at RT. Before histological examination
3-5um thick sections were cut via a microtome and these sections are fixed on glass slides prior to

histological preparations.

3.2.2.1.2. H&E Staining

Rehydrate the slides through washing
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2x in xylol for 5 minutes each

2x in 100% ethanol 2 minutes each
2x in 96% ethanol 2 minutes each
2x in 80% ethanol 2 minutes each
2x in 70% ethanol 2 minutes each
2x in 50% ethanol 2 minutes each
Once in PBS for 5 minutes

Stain slides in hematoxylin for 2 minutes and rinse them with distilled water and stain them in
cosin solution (1% eosin and 20 drops of glacial acetic acid in 200ml)
for 30 seconds and rinse in two different distilled water bath thoroughly. Then dehydrate the

slides through washing:

2x in 50% ethanol 2 minutes each
2x in 70% ethanol 2 minutes each
2x in 80% ethanol 2 minutes each
2x in 96% ethanol 2 minutes each
2x in 100% ethanol 2 minutes each
2x in xylol for 5 minutes each

Dry the slides in air and mount them with coverslips

3.2.2.1.3. Alcian Blue Staining

Rehydrate slides as described in H&E staining. Stain in Alcian blue solution for 30 minutes.
Wash under tap water (carefully not rip off the tissue) for 2 minutes. Rinse thoroughly in distilled
water. Counter stain in nuclear fast red solution for 5 min (use a few drops per slide). Wash
under tap water (carefully not rip off the tissue) for a minute. Dehydrate the slides as described in

H&E staining. Finally, dry the slides in air and mount them with coverslips.
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3.2.2.1.4. Azure Eosin Staining

Rehydrate slides as described in H&E staining. Stain in Azure-Eosin solution for 2 hours and
dehydrate the slides through washing

2x in 96% ethanol 2 minutes each
2x in 100% ethanol 2 minutes each
2x in xylol for 5 minutes each

Dry the slides in air and mount them with coverslips.

3.2.2.2. Immunohistochemistry

Slides are rehydrated as described in H&E staining. Then slides are washed 5 minutes in PBS;
10 minutes in 3% hydrogen peroxide in PBS and again 5 minutes in PBS. Slides are heated to
just under boiling temperature (e.g., 95°C) for 20 minutes in unmasking solution prepared with
3.75ml unmasking solution (Vector Lab)/400ml distilled water. Slides are let cooling in the
unmasking solution up to RT and washed 5 min in PBS. Slides were blocked first with Avidin-
biotin Blocking Kit (as instructed in manufacturer’s manual-Vector Lab) and then washed in PBS
for another 5 minutes. Then they are blocked again 30 minutes in 3% BSA in PBS and slides are
incubated with primary antibody (normal or biotinylated) 1:100 to 1:400 in 3% BSA for 90
minutes or overnight. Slides are washed 3 times 5 minutes in PBS and (incubated with ABC
solution if it is a biotinylated antibody) incubated with biotinylated secondary antibody of 1:1000
dilution in 3% BSA for 30 minutes. Slides are washed three times 5 minutes in PBS. Then apply
slides with ABC mixture (prepared 15 minutes prior to application) for 30 minutes. Then slides
are washed three times 5 minutes in PBS. Finally slides are stained with coloring reagent DAB
(which is prepared from DAB coloring reagent kit (Vector Labs)) for 30-180 seconds until
desired part of the cells are specifically stained. Slides are washed in distilled water and
counterstained with hematoxylin for 2 minutes. Finally, they are dehydrated as described in H&E

staining and covered with coverslips before examination under microscope.
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3.2.2.3. Immunohistofluorescence

Rehydrate slides as described in H&E staining. Then permeabilize and block the slides as
described in normal immunohistochemistry protocol. Primary antibody is used either directly
fluorescent tag or without if it has fluorescent tag then 2° antibody is unnecessary. Otherwise
fluorescent tagged 2° antibody is used to detect specific primary antibody. 1° antibody with 1:100
to 1:200 dilutions used for various nonfluorescent antibodies otherwise 1:400 of lesser dilutions
preferred for fluorescent antibodies. Antibodies are diluted in 3% BSA and incubated 90 minutes
to overnight for binding. Then wash 3 times in PBS for 5 minutes each. 2° antibody (if necessary)
is diluted 1:500 to 1:1000 according to primary antibody dilution and incubated 30 minutes.
Here all fluorescent antibodies are bound in the dark and the rest of the experiment carried in the
dark to preserve light sensitive fluorescent tags. Finally the slides are washed 3x in PBS for 5
minutes each and tissues are covered with a small drop of DAPI for nuclear counterstaining.

Usually FITC, PE, PC-tagged antibodies are used for detection of specific proteins.

3.2.2.4. TUNEL Assay

This assay makes use of fluorescent nucleotide binding to defragmenting DNA via terminal
transferase activity to visualize them. Rehydrate slides as described in H&E staining. Then wash
them 5 minutes in 0.85% NaCl and 5 minutes in PBS. Then fix the slides 15 minutes in 4%PFA
and wash them 5 minutes in PBS. Then cellular DNA disfragmentation is labeled by the use of
DNA fragmentation kit (Clontech) (the rest of the procedure is also performed in the dark). The
reaction is stopped by the addition of equal amount of 2xSSC buffer and kept another 15
minutes in the dark. Finally slides are washed in PBS for 5 more minutes and samples are covered
with a small drop of DAPI for nuclear counter staining. Slides examined under UV light with

FITC filter for apoptotic cells.
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3.2.3. Cell Based Assays

3.2.3.1. Mammalian Cell and Tissue Culture Based Assays

3.2.3.1.1. Mammalian Cell Culture

All cell lines are grown in their specific cell media supplied with 10%FCS and 1% penicillin-
streptomycin. Then they are grown in an incubator at 37°C and providing 5% CO.. The cells
were washed with 1xPBS prior to trypsinizing and they are detached at confluency by cell culture
grade trypsin. As required, they are frozen in FCS with 10% DMSO (Sigma). After
trypsinization, the cells and harvesting them in an Eppendorf 5702R centrifuge at 1.5krpm. The
frozen stocks were kept at -80°C for short term and in liquid nitrogen for longer periods. These

stocks were thawed in 37°C water bath to avoid damage from crystallization.

3.2.3.1.2. Transfection

3.2.3.1.3. Lipovesicle Based Chemical Transfection

All cell lines are transfected by the use of Lipofectamine 2000 (Invitrogen) transfection
reagent transfection kit (Invitrogen). For Lipofectamine transfection, cells were inoculated into 6-
well (at 2-5-10° cells per well), 12-well (1-2-10° cells) or 24-well (at 5-10.10¢ cells) to guarantee
the cells will be still in the growth phase at the day of transfection and not confluent more than
50-60%. For the transfection antibiotic free OptiMEM (Gibco) is used in place of the media
mentioned in the previous section. The transfection is carried according to the manufacturer’s
protocol by putting transfection reagent (2-10ul) directly into serum and antibiotic free medium.

Then appropriate amount of (0.5-5pg) plasmid vector or 25-100nM siRNA (final concentration
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in the cell culture) is added into another vial of medium and they were let for standing 5 minutes
at RT. Once they are equilibrated with the room temperature plasmid or siRNA and
Lipofectamine 2000 containing media are mixed and tapped to assure homogenous dispersal.
Then the mixture was incubated further 20 minutes for the incorporation of the plasmids to the
Lipofectamine 2000 reagent. This mixture is added into the medium containing the cells to be
transfected drop wisely. The plate or the dish is lent back and forward to provide even dispersal.
The cells were left to grow in an incubator for 6 hours and their media are changed with normal
antibiotics one. A total of 24 or 48 hours waited for the expression of the vectors or knockdown
of the target genes respectively. Then cells are harvested and lysed. The transfection efficiency is
indirectly measured by the use of EGFP containing plasmid. Then the transfection efficiency is
assumed to be comparable to the cells expressing GFP which was observed under fluorescent
microscope. Also, the success of the transfection was checked via expression of overexpressed or

knockdowned proteins indirectly.

3.2.3.2. Bacterial Cell Based Methods

3.2.3.2.1. Chemically Competent Bacterial Cell Preparation

Overnight grown bacterial plates are used to pick up a single colony and it is transferred to
100ml LB medium. The culture is incubated at 37°C for 3 hours to obtain an ODgy of 0.4 for
10® cells/ml. Then the culture is cooled on ice for 10 minutes and aliquoted into 50ml tubes
before harvesting cells at 2700g for 10 minutes at 4°C. All traces of medium are removed by
decanting the supernatant and inverting the flask at least one minute on a piece of paper. The
cells are resuspended in 30ml ice cold MgCl,-CaCl, solution (80mM: 20mM). Cell are harvested
again at 2700g for 10 minutes at 4°C and supernatant are decanted and removed as described
before. Finally cells are resuspended in in 2ml CaCl, solution per tube and either directly used for

transformation or mixed with 200 ] DMSO, aliquoted in 100 | and snap frozen for longer storage

at -80°C.
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3.2.3.2.2. Transformation of E.coli

E.coli DH5a., XL-1 Blue or BL-21 chemically competent cells were used for transformation.
Competent stock were removed from freezer and thawed on ice. Each of the vials was divided
into two prechilled microcentrifuge tubes and 2-50ng of each plasmid was added to competent
bacteria. These mixtures were incubated on ice for 45 minutes and they heat shocked at 42°C
water bath for 30-90 seconds. After heat shock, tubes are immersed into ice and rested for 5
minutes. Then 1ml of LB broth (non-selective) was added to each tube and they were incubated 1
hour at 37°C at 250rpm for the expression of the plasmid DNA. Finally, bacteria were plated

onto selective LB agar for the selection of transformants.

3.2.4. Nucleic Acid Based Assays and Preparations

3.2.4.1. DNA Isolation Mouse Tails and Tissues

Tails from 3-4 weeks old mice are collected and lysed 4 hours to overnight in 100pl tail lysis
buffer containing 5% Proteinase K at 56°C. Then the tail lysates are vortexed vigorously for 15
seconds and diluted with 900pl of distilled water and mixed well. Cell debris and hair remnants
are collected via centrifugation at 13.2krpm for 10 minutes at 4°C. Supernatants containing
DNA were transferred to new tubes and cleaned-up with Qiagen Blood & Tissue kit as described
by the manufacturer and used for genotyping. All other tissues are used with Qiagen Blood &

Tissue kit as described by the manufacturer.
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3.2.4.2. Mini and Maxiprep of Plasmid DNAs

Transfectant bacterial cells were inoculated into appropriate amount of selective medium with
antibiotics (5-100ml) in appropriate aerated containers. They were incubated overnight at 37°C
at 250rpm. After an absorbance value of about 3 is obtained at ODeo, the cells were removed
from the incubator and harvested at 4.4krpm in an Eppendorf 5702R centrifuge. Then we
followed the instruction manual’s directions for Qiagen mini and Invitrogen maxiprep kits for the

isolation of the plasmid DNA:s.

3.2.4.3. RNA Isolation

Animal tissues are homogenized via microcentrifuge pistils or dedicated electronic
homogenizers in RLT buffer (Qiagen RNeasy kit) containing 1% [-mercaptoethanol. RNAs are
isolated with Qiagen RNeasy kit as described in manufacturer’s manual. RNAs are stored at -

80°C until use.

3.2.4.4. cDNA Synthesis

500ng to 1pug RNA is used per sample and pipetted into a clean tube via using filter tips.

Then following mixture is prepared

0.5-1ug RNA
1ul oligodT
1ul dNTP

total volume is completed to 13l with RNase free water
This mixture is incubated at 65°C for 5 min for binding of oligodT primers to mRNAs.

Immediately they were centrifuged shortly to preserve condensed water and immersed in ice at

least for a minute. On the other hand a mixture containing
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4ul distilled water

1l 0.IMDTT

1l RNaseOUT

1l DS III reverse transcriptase

is prepared per each sample and added to the annealed primer-RNA mixture to complete volume
to a working volume of 20pl and incubated at 50°C for 1 hour. Finally, they are diluted 1:4 with

60l distilled water and stored at -20°C.

3.2.4.5. Real Time PCR (RT-PCR)

Specific TagMan primers were designed for each gene using PrimerExpress™ software (see
appendixes fort he list of primers). After reconstitution in distilled water forward and reverse
primers are combined in 20mM and these will be used as 10x primer stocks. Then for each

sample following mixture is prepared for the PCR reaction:

10ul 2x Sybr mix
0.5ul cDNA

2ul 10x primer
7.5 MI dH,O

These mixes are transferred to an optically transparent 96 well plates and PCR reactions run with

the following protocol:

Stepl 50°C 2min
Step2 95°C 10min
Step3 95°C 30sec
Step4 60°C 1 min
Step5 Return to Step3 40 times
Step6 Keep at 25°C
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Reading from the RT-PCR machine is analyzed in ABI’s StepOne™ Software to obtain Ct values
which were used to calculate absolute expressions of each probe and these data is normalized with

housekeeping Cyclophilin expressions with following formula:

(1) Absolute expression = 2 A (Crhousekeeping - Crigene))

3.2.4.6. Restriction Enzyme Digestion of Plasmids

For cloning of different genes and to make various expression vectors restriction enzymes
from NEB was used as instructed in their specific manuals. Digestions were carried for 1-1.5
hours depending on DNA amount and 3 hours for double digests. The digestions were stopped

by insertion of reaction tubes into ice and the digests were analyzed on 0.8% agarose gel.
y g Yy g g

3.2.4.7. Agarose Gel Electrophoresis

Agarose gel was prepared by mixing 1xTAE buffer with 0.8-2% (w/v) agarose and by
cooking the mixture in a microwave oven at 600W for 3 minutes (seldom shaken). The gel was
left to cold-down to about 60°C for the addition of ethidium bromide (0.005%). Then
immediately gel was poured into its tray to cast and appropriate combs were placed for the
formation of wells. On the other hand, samples were prepared by mixing 6x loading dye with
appropriate plasmid DNA and water volumes (loading dye: plasmid DNA  1:5 mixtures were
applied). Once the gel gets polymerized, combs were removed and the gel was put into
electrophoresis chamber. After the addition of 1XTAE to cover the gel, samples along with 10ul
1:10 diluted 1kb marker (Invitrogen) was loaded to wells and gel was run at 100V for 30-60
minutes. Then the DNA bands were observed under UV-light and they were photographed by

using appropriate imaging system (Biorad).

67



MATERIALS AND METHODS

3.2.4.8. DNA Chip Assay and Evaluation of Microarray Data

Mouse duodenal epithelia from 1 c¢cm after stomach to 6 cm after stomach is isolated as
described before. Then RNA was isolated with Qiagen RNeasy kit with manufacturer’s protocol.
Then RNA is labeled as recommended by the manufacturer. 1-5pg of labeled RNA was
hybridized to mouse expression gene chip arrays (Affymetrix Mouse Genome 430A 2.0 Array)
according to Affymetrix protocols. Gene chips were scanned and analyzed using Affymetrix
Microarray Suite 5.0 software (MAS 5.0). K-means clustering is used to group significantly
altered genes. Then raw data is also analyzed in GSEA to question association of our significantly

regulated genes to major pathways.

3.2.5. Protein Based Assay and Preparations

3.2.5.1. Protein Isolation

3.2.5.1.1. Total Protein Isolation

Freshly collected or frozen animal tissues are homogenized via a small microcentrifuge tube
type pistil or electronic homogenizer properly in an adequate amount of cell lysis buffer.
Homogenized animal tissues were let stand on ice for complete lysis for 20 minutes. For cell
cultures, cells grown on culture plates were washed thoroughly with ice-cold PBS. Appropriate
amount of cell lysis buffer (100pl for 6 well plates) is added and the culture plates were rocked to
evenly disturb the buffer. Then cells are scrapped from the plates and collected in microcentrifuge
tubes and lysed on ice for 20 minutes. After cell lysis vials were vortexed vigorously to burst
remaining intact cells. Cell debris was removed by centrifugation 10 min at 13krpm and

supernatant contains total proteins. These proteins should be stored at -80°C.
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3.2.5.2. Protein Content Assay

Protein concentrations were determined with Bradford protein assay (Biorad). Bradford
reagent is diluted 1:5 with distilled water. 1ml of the diluted Bradford reagents were put into
microcentrifuge tubes and 2pl of each protein samples are added to them. Additionally, a group
of vials should be prepared as standards from known concentration of BSA solution. Then
protein concentrations are determined via measurement in a spectrophotometer (Biorad) at

595nm wavelength.

3.2.5.3. SDS-PAGE

Biorad Mini Protean gel systems were used for protein electrophoresis. 8-15% running
gels were casted by mixing the ingredients that were given before (table 3.2). Here APS should be
added last to prevent immature polymerization. Then gels were overlaid with isopropanol. Once
the gel was formed then the isopropanol was removed and 5% stacking gel (table 3.2) was poured
onto the running gel. Finally well combs were placed for the formation of wells. Fully
polymerized gels were put into gel tanks and 10x running buffer is diluted to 1x with distilled
water and added into the tanks. Equal volumes of 2x sample buffer was added to each sample (10-
40pg proteins) and proteins were denatured in a 95°C water bath for 5 minutes. Then each of the
samples was loaded to SDS-PAGE gel along with a 10pl of appropriate marker. Stacking of the
gels was performed at 60V for 30 minutes while the complete run of the proteins were performed

at 120V for 1-1.5 hours with the help of a proper power supply.
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3.2.5.4. Immunoblotting

Once the proteins were run on a SDS-PAGE, gels are removed from the electrophoresis
tanks and put into a blotter surrounded by one PVDF membrane, two Whatman papers and
finally with two sponges (membrane facing towards anode). Here all these components were
prewetted with transfer buffer while activation of the PVDF membrane was achieved by 30
seconds methanol wash followed by rinsing in distilled water. Then proteins were blotted onto
PVDF membranes by applying 300-350mA current. The membranes were then blocked with 3%
skim milk in PBS-Tween 20 (0.1%) for 2 hours at RT and incubated with appropriate primary
and horseradish peroxidase (HRP)-conjugated secondary antibodies. After required washes with
PBS-Tween 20 (3x10 minutes after blocking and primary antibody and 3x10 minutes after
secondary antibody), membranes were overlaid with enhanced chemiluminescence mixture
(Thermo) for 5 min and exposed to x-ray film for 10 seconds to10 minutes to obtain specific
bands for the protein of interest which will be further obtained via chemical development of the

films in an automated developer.

3.2.5.5. EMSA

3.2.3.5.1. Probe Preparation:

i. Annealing

Oligonucleotide stocks (40nM) are diluted 1:10 in distilled water (10pl each forward and reverse

oligos and 80pl distilled water). Then they are annealed at 80°C for 10 minutes and cooled down

to RT and stored at -20°C.
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ii. Oligo Labeling

Reaction mixture is prepared as follows

2ul annealed oligos
2ul 10x PNK buffer
1ul 3Py-ATP

1ul T4 PNK

14ul dH,O

Above mixture is mixed well and incubated 20 minutes at 37°C. The reaction mixture is applied
into the middle of resin in the prespinned sepharose columns for size exclusion and spinned at
3krpm for 2 minutes. Elute contains labeled oligos while free ATPs are mostly retained in the

resin.

3.2.5.5.1.2. Binding Assay:

Protein concentrations are determined and total volume of each sample with proteins should
be adjusted to 10-12 pl with lysis buffer (this part is called protein mixture). On the other hand

reaction mixture is prepared as follows

2ul 10x EMSA reaction buffer
2ul polydl:dC

1l 20mM DTT

0.2ul 32P-y-labeled oligo

2.8-48ul  dH,O

These two mixtures are mixed and assay mixture is incubated at RT for 30 minutes. Reaction is
concluded by the addition of 2l 10x EMSA loading buffer to each sample. All reaction mixture
is loaded into a native 5% EMSA gel (which was prerun at 120V for 20 minutes in 0.5x TBE
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buffer) and run for 1-1.5 hours at 200V. Then the gel should be removed carefully and be stuck
on a Whatman paper and covered with a saran wrap from one side facing up and placed into gel
dryer and dried for 90 min at 80°C. Finally, dried gel is put into a cassette containing intensifying
screen and exposed to radioactivity film overnight or longer and the film is developed in an

automated developer.

3.2.5.6. Coomassie Staining

After SDS-gels are run they are stained for 4 hours in Coomassie Staining solution and

destained in destaining solution overnight with continuous shaking at 30-50rpm.

3.2.5.7. Quick Coomassie Staining

The SDS-PAGE is removed from the chamber after the run and it is washed 3x in distilled
water for 5 minutes. At the beginning of each wash it is heated in the microwave oven for 30
seconds at 600W power without boiling. After the last wash the Quick Coomassie Staining is
added and heated for 10 seconds in the microwave oven. And let washing on a shaker for at least

15 minutes before the protein bands are observable.

3.2.5.8. Co-Immunoprecipitation

To identify physical interaction between two proteins (denoted by X and Y here for
simplicity) immunoprecipitation is performed. The first step is to immunoprecipitate the protein
of interest. For this purpose about 500 g total protein of cell lysate for protein Y of interest
(endogenous or overexpressed protein) is immunoprecipitated with specific antibody against

protein X whose interaction is questioned as follows:
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15ul protein A sepharose beads (Roche)
2ug anti-protein X antibody
50ul lysis buffer

Protein A sepharose beads are prewashed in fresh lysis buffer and centrifuged 1 minute at 3krpm
to collect the beads. Above mixture is mixed well and pipetted to each sample with protein Y via a
cut-tip. Then total volume is adjusted to 600l and the tubes are rotated at least 4 hours to
overnight at 4°C. After immunoprecipitation, samples are added with 10l sample buffer heated
5 min at 95°C and 20pl of each sample is loaded to a suitable SDS-gel. Immunoblotting is
performed as described before and specific antibody for protein Y is used to investigate if this
protein is also precipitated along with the protein X which was precipitated with specific antibody
before. If any interaction is observed, the reverse co-immunoprecipitation is done. It is performed

by precipitation of protein Y with its specific antibody and detection of protein X in immunoblot.

3.2.5.9. Kinase Assay

To measure activity of endogenous kinases or to identify unique phosphorylation events
kinase assays are utilized. The first step is to immunoprecipitate the kinase of interest. For this
purpose about 500ug of cell lysate is immunoprecipitated with specific antibody against our

kinase with the following recipe:

15ul protein A sepharose beads (Roche)
2ug anti-kinase of interest antibody
50ul lysis buffer

as described above. Then they are added with 500pl 1x kinase buffer and beads are equilibriated
to this buffer 30 minutes in a rotating wheel at 4°C. Then the beads are harvested at 3krpm for 1
minute and added with 15pl 2x kinase buffer prior to kinase assay. For the kinase assay following

kinase reaction mixture is prepared:
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0.3ul ATP
0.5ul 32P-y-ATP
1-1.5ug substrate

completed to  15pl with distilled water

This mixture is added to each of the beads containing 2x kinase assay buffer and the kinase
reaction is run 30 minutes at 30°C. The reaction is concluded via addition of 10pl sample buffer
to each vial and samples are denaturated via heating to 95°C for 5 minutes. The beads are
collected via centrifugation at 14krpm for 2 minutes and 20pl of supernatants from each sample
is loaded to a suitable percentage of SDS-PAGE along with 10ul protein molecular weight
marker. Then the gel is run as described in normal immunoblotting procedure. The run is
stopped before the free radioactivity probes run into the buffer (usually a red color guides the
place of free probes). Then the gel is cut to get rid of free probes and blotted onto a PVDF
membrane as described previously and the blotted membrane is wrapped with a saranwrap and
exposed to an X-ray film (Kodak BioMax etc.) overnight or longer at -80°C. After development of

the film the membrane can be used for immunoprobing of kinases to check loading.
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4. RESULTS

To understand the role of IKKa in colorectal tumorigenesis, three independent tumor models
were utilized to create pharmacological and genetic models of colorectal tumorigenesis. AOM was
the chemical/pharmacological model of colorectal tumorigenesis to mimic sporadic tumor
formation in distal colon while Apc™* and Vil-Cre-ER™Ctnnb1"©> models were inducing
sporadic tumorigenesis through genetic basis. Regardless of the model used, distinct phenotypes
associated with IKKa activation deficient mice were observed. In this chapter, all the observations
regarding the loss of IKKal activation will be presented and further evidence will be given to
explain underlying mechanism behind IKKa involvement in colorectal tumorigenesis. In the
beginning, a short description of Zkka*** and wt mice will be presented by the use of histological
observations. Then basic observations with three different colorectal cancer models will be shown
to present detailed phenotypical observations related to IKKa activation loss. Finally, molecular
evidence that explains the detailed machinery of IKKa involvement in the described phenotype
will be given to propose a model to explain the role of IKKa in the context of colorectal cancer

initiation and progression.
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4.1. CHARACTERIZATION OF Ikkca'v44 MICE

Tkko44 mice are born healthy and fertile. However, they are characterized as having

problems in mammary gland development and deficiency in intestinal Peyer’s patches formation

yet no other anomaly is observed during the course of intestinal development or function. H&E

stainings show normal architecture of crypts and villi while basic histological markers for goblet

cells, paneth cells or proliferating cells which do not show any difference to wild type animals

(figure 4.1). Furthermore, basic immunohistological analysis did not suggest any difference in

proliferation or apoptosis in C57/BL6 or FVB/N background (figure 4.1).
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Figure 4.1 Basic Characterization of Ikka*** mouse intestine. H&E staining for basic morphology,
BrdU IHC for proliferation, Alcian blue staining for goblet cell distribution and cl. Casp3 ITHC for

apoptosis in WT and Zkkar™”** mouse small intestines show no difference in morphology and proliferation

of ITkko™* mice. Yet there is no significant difference in differentiation or apoptotic response at the base

line.
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4.2. BASIC OBSERVATIONS WITH SPORADIC AND FAMILIAL CRC MODELS

4.2.1. Azoxymethane Induced Sporadic CRC

To understand IKKa involvement in sporadic colorectal carcinogenesis, Ikkor™**4 mice were
crossed to FVB/N background for four generations and injected with AOM as described in the
Materials and Methods to induce sporadic tumor formation. The mice were followed for weight
loss and checked general health and sacrificed after 20-24 weeks when they show the first signs of
sickness and discomfort due to blocking of intestinal passage by growing tumors (which may
threat life of the mice if unchecked). Average weight measurements did not differ between the
two groups in the course of 20-24 weeks (figure 4.2). Both group gained weight albeit 3 weeks

older Tkko***4 mice gained weight slower.

_AOM Mice Weight Difference - kko

/kkO(AA/AA

N W A O
A 2 A

weight difference (%)
3

o
o =&

Figure 4.2: AOM Induced Mice Weight Difference Curve

4.2.1.2. Tumor Number, Size and Proliferation in AOM Induced CRC

Although mice did not show an observable weight loss pattern in any group in AOM induced

CRC tumorigenesis model, histological examination of colons from these animals proved that
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Tkko™** mice had less tumor burden (3.00+0.71 vs. 5.80+0.86, p=0.0361) and smaller tumors

(0.16+£0.04mm? vs. 1.00+0.27mm?, p=0.0343) compared to the control group (figure 4.3.A and

B respectively). Tumor distribution according to size was suggesting that control group has any

size of tumors with more or less equal distribution while Zkko***4 mice had only smaller tumors

of 0.5mm? or smaller (figure 4.3.C). Further examination via serial sections showed that

proliferation index of tumors were lower in Zkka*¥** mice albeit being insignificant (0.35+0.01

vs. 0.3820.05, p=0.5859) and average proliferation in normal crypts was also less yet statistically

insignificant (0.12+0.01 vs. 0.14+0.01, p=0.1497) (figure 4.3.D).
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Figure 4.3: Basic Tumor Characterization in AOM Induced Mice. (A) Average tumor number; (B)
average tumor size; (C) tumor distribution by size; (D) proliferation in normal colon and tumor in AOM

induced WT and Zkko "4 mice.

78



RESULTS
4.2.1.3. Tumor Morphology in AOM Induced CRC

Comparison between tumor sizes and morphology in these two groups can be seen in figure
4.4.A where a typical Tkka¥* tumor was usually much smaller than wt tumors (as it was
presented in figure 4.3.B). Proliferating cells in tumors was marginally different and microscopic
observation of proliferating cells by BrdU IHC does not reveal a significant difference either
(figure 4.4.B). Furthermore, apoptotic response of tumors was checked by TUNEL assay and it

demonstrated a marginal increase in apoptosis in control mice (figure 4.4.C).

Tkkot* TkkoAVAA

Figure 4.4: Tumor Morphology in AOM induced Mice. H&E staining (A); BrdU IHC (B) and
TUNEL assay (C) in AOM induced Zkko*”* and control mice in FVB/N background.
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4.2.2. APC Loss Induced Genetic Intestinal Adenocarcinoma

4.2.2.1. Survival in Apc™* Mice

To understand IKKa involvement in this genetic model of adenocarcinoma we crossed
Tkko' 44 mice to Apc™™* mice to generate C57/BL6-Apc™ Ikkor***4 mice while using C57/BL6-
Apc"Ikkar’* mice as control group. The mice were monitored until theydeveloped rectal
prolapse or rectal bleedings due to tumors. Survival curves for these two groups of animals have
shown a big difference with Apc™™*Ikko** mice had an extended survival advantage over
control group (median survival of 236.5 vs. 166 respectively, p<0.0001) (figure 4.5).
Interestingly, mice heterozygous for Tkko (Ikkor™*) also had a slight survival advantage over
control mice (median survival of 184.5 vs. 166, p=0.0365) (figure 4.5). However, extended
survival with heterozygous mice was only limited to this observation and no other significant

differences in further analysis were obtained.
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Figure 4.5: Survival of Apc™Ikka¥4 mice. Apc™Ikka** mice showed a remarkable survival
advantage over wt Apc™™* or heterozygous Apc"™* Ikka™** mice (236.5 vs. 166 vs 184.5 respectively,
p<0.0001).
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4.2.2.3. Tumor Number, Size and Distribution in 4 Months Old Apc™* Mice

Although a decrease in tumor numbers was observed, tumor sizes were still comparable at the
time of sacrifice (data not shown) so we wanted to investigate earlier time points in the course of
polyp development. Then month 4 was identified as the time of separation in Zkka* and
control group not only in tumor numbers but also in tumor sizes and overall health as measured
by anemic status of the animals (see figure 4.6.A for representative tumor morphologies). Tumor
numbers were already remarkably different (29.27+7.49 n=22 vs. 4.17+0.98 n=19, p=0.0279)
(figure 4.6.A) so do tumor sizes (1.70+0.34 vs. 0.58+0.08, p=0.0471) (figure 4.6.B). Tumor
distribution by compartment, unlike to dying animals, has shown great reduction in tumor

numbers in each compartment of the intestine in 7kka¥* mice as well (figure 4.6.C).

4 month 4 month

(:'\2.5"

A 401

g
=)
L

-
o
L

-
o
1

Average Tumor number
N
(=]
L
Average Tumor Area (mm
o
w0
L

o
L
o
=)
L

Average Tumor Number by Compartment
4 month

-
o

W o0 kKo
D APC+/mmIkk(XAA/AA

Average Tumor Number
N » 2] 0

=)
o
v
/
(4]

Figure 4.6: Basic Tumor Characterization in Apc™"*Tkko/*** Mice at month 4. (A) Average tumor
number; (B) average tumor area; (C) tumor distribution by intestinal compartment (D: duodenums; ]J:
jejunum; I: ileum; C: colon.

81



RESULTS

4.2.2.4. Anemia in 4 Months Old Apc™* Mice

At month 4 control mice were already highly anemic while /kkor***4 mice were having normal
hemoglobin (9.16x+1.24g/dL vs. 14.04+0.17g/dL, p=0.0085), and hematocrit (HCT) (32.46+
4.27% vs. 48.00+£0.48%, p=0.0128) levels with little deviation from healthy control animals.
These observations were proving that Zkka'*** mice were healthy compared to already anemic

controls (figure 4.7) most probably due to reduced tumor sizes and resulting decreased intestinal

bleedings.
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Figure 4.7: Anemic Status in Apc™*Ikko/**4 Mice at month 4. Apc""" [kko*** animals were observed
to be in a better health condition and with no anemia compared to Apc”"* controls as measured by above

blood values (both hemoglobin and hematocrit values in Apc™" Ikko*”** mice were as high as wt animals).

4.2.2.5. Proliferation in Apc™™* Mice Tumors at Month 4

A great difference in the tumor sizes between Ikka*** and control group of animal were
observed in Apc”*model (figure 4.6.B and 4.9.A). To understand if this difference is arising
from proliferative differences, BrdU IHC is performed and proliferating cells per crypt and
proliferation index of the tumors were measured. BrdU IHC for proliferating cells (figure 4.9.B)
has shown a slight decrease in proliferation index (0.3195 + 0.004315 n=2 vs. 0.2772 + 0.008544
n=2, p=0.0475) in the tumors from colon at 4 month for Zkka*¥* (figure 4.8.C). Furthermore,

an insignificant decrease of proliferation (11.00+1.00 vs. 9.40+0.40, p= 0.2757) in the adjacent
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non-tumor colonic crypts was observed (figure 4.8.A). Nevertheless, in the duodenum, no
difference in proliferation rate was observed in normal crypts (15.50+0.70 vs. 15.75+0.65,
p=0.8180) (figure 4.8.B) yet considering the size difference in the duodenal tumors this result is
most probably due to lack of comparable sized tumors which were quite few to derive a
statistically significant conclusions. Apoptosis as measured by TUNEL assay positive cells
suggested not a major difference in controlled cell death yet more apoptotic cells were evident in
the control group (figure 4.9.C). This observation with less apoptosis in Tk intestinal
tumors suggests that dying cells do not contribute regression of tumor development or any

specific cell killing is debatable by current observations.
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Figure 4.8: Proliferation in Apc™"*Ikko*“4 Mice Intestines at Month 4. Average proliferation per
crypt in normal colon (A) is slightly reduced in Zkke** mice but not affected in duodenum (B).
Proliferation index in colon tumors from Apc™”* mice shows a significant decrease in Zkko** mice

compared to WT (C) n=3 for all groups.
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Ikko™ Tkkor##4

Figure 4.9: General morphology of Apc™™*Ikka**4 tumors at 4 months. (A) H&E staining for
general tumor morphology and tumor size (B) BrdU for proliferation in tumors (C) TUNEL staining for

apoptosis in Apc””* tumors in wt and Zkko"** animals.

4.2.3. Constitutive B-catenin Activation Induced Genetic Intestinal Adenoma

4.2.3.1. Vil-Cre-ER™Ctnnb1*"**3as a Good Representation of Apc™"* Model

Because of the long time requirements for generation of Apc™* mice and combination of
these mice to other genetic backgrounds, we have utilized another genetic model of intestinal
tumorigenesis to identify underlying molecular mechanism behind the phenotype we observed in
previous models with Zkka** mice. This model comprises constitutive activation of B-catenin

via conditional and tissue specific deletion of phosphoregulatory domain. Villin-CreER'™ mice
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previously described with its enterocyte specificity and tamoxifen dependent induction properties.
By the use of this model otherwise lethal to embryos B-catenin activation is achieved in the
intestines of adult mice. Vil-Cre-ER™?Ctnnb1** (for short p-car) is a fast model for
mimicking the hyperproliferative phenotype similar to the loss of Apc. This model is a good
representative of Apc”" mice as shown by GSEA (Subramanian et al., 2005) with a very high
confidence (figure 4.10) yet we obtained results in very short time and with high confidence
interval due to sensitivity of the model to different phenotypic or chemical interventions. Once
the animals are induced, they survive with a median survival of 21 days (mean survival is 21.36+
0.66) (figure 4.11). Histological examinations revealed high proliferation throughout duodenum
and partially in jejunum at the time of sacrifice (figure 4.12). Especially proliferation and cell
cycle markers show a great difference due to highly elevated proliferation (see below in figure 4.14

and 4.15).
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Figure 4.10: GSEA Enrichment Plot for Comparing f-cat“ Model with Apc™” Upregulated Genes.
Here Vil-Cre-ER™Ctnnb1""*“Pat day 15 and wt mice microarray data analyzed against WNT targets in
Apd” mice (Sansom et al., 2007) and control group shows a high correlation showing good
representation of the model (NES= 2.891, nominal p<0.001, FDR q<0.001). Therefore, S-caz* model is a
good representation of Apc™.
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4.2.3.2. Survival of f-cat““Ikko’¥44 Mice

To understand the role of IKKo involvement in this genetic model of intestinal
tumorigenesis, we crossed Zkko** mice to C57/BL6 background f-cat“’ mice to generate
tamoxifen inducible enterocytes specific B-catenin activation system with activation deficient
IKKo (Ikko¥#4). Similar to Apc™™* model we observed a survival advantage in Zkko¥* mice
(median survival of 21 days n=11 vs. 34.5 n=10, p=0.0002) of about 60.87% (figure 4.12).
Unlike to Apc™™* mice Tkko™** did only provide a small survival advantage (figure 4.12) implying
that heterozygousity does not have a significant contribution to the phenotype (median survival
of 23 days n=7, p=0.3491). When we compared the weight difference curves for the both groups
(until the median survival of f-cat“* mice) we observed a rapid decrease in S-cat™ animal weights
while S-cat“Ikkco*** mice sustained a stable weight for a couple of more days before
hyperproliferation becomes dominated at a later time point. Therefore, B-car“Ikko*** mice had

a survival advantage with better health condition in the early stages of hyperproliferation.
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Figure 4.11: Survival of f-cat““Ikko*** mice. (A) Survival curves for f-cat™, f-cat“'Ikkc/"* and f-
cat““Ikko** animals show a clear survival advantage for S-cat““Ikko*”** animals compared to other groups
(median survival of 34 days vs. 21 or 23 days with p=0.0068 (S-cat“*Ikkc’*** vs [-cat™* p<0.0001). (B)
Difference in weight curve for the first 21 days indicates great weight loss for f-cat“! mice after day 15

while S-cat“ Tkko™* mice are still stable (S-cat“' Tkl vs B-cat™ p=0.056).

86



RESULTS

4.2.3.3. Morphology of S-car““Ikka’4* Mice

Although we observed a sharp difference in survival of these two groups, histological
examination of f-cat“* mice did not give any hints about underlying mechanism at the time of
their sacrifice. General morphology (figure 4.12), proliferation and apoptosis were all looking
similar in histological sections (not shown). Yet basic examination via RT-PCR of cell cycle,
differentiation and apoptosis markers has yielded similar results for both groups (data not shown).
Hence we could not see any differences at the end of survival and continued our experiments in

early time points.

Figure 4.12: Morphology of duodenum at the time of sacrifice in f-catr“Ikko**4 mice. Regardless
of the extended survival we could not see any difference in duodenal morphologies in terms of
proliferation or apoptosis (further stainings were done but no difference was observed as well).

4.2.3.4. General Morphology of f-cat““Ikko*44 Mice at Day 15
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Alrogether, above data has suggested no sign of decrease in initiation or tumor progression at
the time of sacrifice, regardless of the extended survival at the time, hence we extended our
experimentation whether we can find a time point where we can see a difference in the
phenotypes of both groups. After checking mice at different time points we have found that day
15 (figure 4.11.B) is the time where control group is already showing major differences in
proliferation and resulting weight loss to those of wild type animals. However, f-cat“‘Ikko'*4
mice were still very low in hyperproliferation with only a few animals shown hyperproliferative
phenotype limited to only a fraction of the duodenum (usually proximal duodenum) while most
of the animals did not show extensive hyperproliferation observed in f-cat“* mice (figure 4.13,
and 14).

H&E stainings show that S-cat“Ikko™ villi were still quite intact with the exception of
extended proliferative crypt area. Control group in most cases have shown aberrant villi formation
due to increased proliferation rate (figure 4.13). Further examination with proliferation marker
BrdU and c-Myc has confirmed our histological examinations and proved that proliferation was
still ‘highly limited to crypt area (figure 4.14.A and B respectively). Furthermore, cell cycle
markers like cyclin D1 and cyclin D2 were also reduced in the histological sections of 15-day /-
cat““Ikko* animals (former was only slightly reduced compared to control group see in figure
4.15.A and B respectively). Altogether these observations were suggesting decreased proliferation
in f-cat“*Tkko’** as a possible reason for retarded proliferation leading to better health outcomes

in these mice.
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Figure 4.13: H&E Staining of f-cat“Ikka’¥** Mice at Day 15. Villi in S-car“* and f-cat™ Ikko/ "
mice 15 day after B-catenin induction demonstrate a big difference due to increased proliferation in the

control group while S-cat“‘Tkkc** mice has little increase in proliferative disturbance limited to crypt
area. Non-induced controls (day 0) were also included for reference.

day O

Figure 4.14: BrdU (A) and c-Myc (B) IHC of S-car““Ikko*4 Mice at Day 15. Although day 0
samples show thicker crypts in non-induced 7kka”** mice, at day 15 much less proliferation is observed

in B-cat“ Ikko** mice compared to control group (all pictures are from 100x magnification).
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day O

day 15

Figure 4.15: Cyclin D1 (A) and Cyclin D2 (B) IHC of f-cat““Ikka’*** Mice at Day 15. -
cat“ Tkko™** mice at day 15 had reduced Cyclin D1 and D2 levels supporting reduced cell cycle entry
and proliferation (all pictures are from 100x magnification).

4.3. IDENTIFICATION OF MOLECULAR MECHANISM BEHIND IKKa
INACTIVATION IN CRC

4.3.1. Involvement of Alternative NF-kB Activation in IKKa Inactivation

To check the possibility of the alternative NF-kB activation in the epithelial cells to explain
observed phenotype, baseline NF-kB2 activation levels were checked via immunoblotting in
epithelial samples of f-car* mice. Similar levels of NF-«kB activation for both groups were
observed (figure 4.16.C). According to the expression data f-car“‘Tkko’** mice did show have
any difference of activation of alternative NF-kB activation as marked by proteolytic cleavage of
p100 to p52 to that of f-car“ mice. To further investigate the role of its involvement whole body

knockout for p52 and enterocyte specific Rel6™ were crossed to f-cat™ background and survival
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curves for these animals were generated (figure 4.16.A and B). Both model provided marginal
survival advantages over [-cat“’ (f-car“p527"*¢: median of 23 vd. 21; n=8, p=0.2357/p-
cat“*Relb™; median of 24 vs. 21; n=6, p=0.0338) while they were still way too less than /-
cat““Tkko™** mice survival (vs. 34.5 p=0.0019 and p=0.004 respectively). Therefore, the
contribution of alternative NF-kB activation should be marginal and not enough to explain full

phenotype associated with reduced proliferation and tumors sizes in f-cat“‘Ikkor™*** mice.
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Figure 4.16: Survival of B-car“p52" and f-car™Relb™ mice. Survival curves for f-cat™,
cat™ bk and f-car™p52" animals (A) again show a clear survival advantage for B-cat™ Ikko/*
animals compared to other p52 KO (23 vs. 34.5days with p=0.0019). (B) On the other hand f-
cat“Relb™™ mice has a slight survival advantage over B-cat“* mice (24 vs. 21 p=0.038) while it is still much
less than f-cat“Ikko’** mice (24 vs. 34.5 days with p=0.004). (C) Alternative NF-kB activation was also

the same in IEC samples from 15-day animals as checked by immunoblot.
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4.3.2. General Expression Analysis in f-cat“4 Mice

4.3.2.1. Hightroughput Expression Analysis in f-cat“* Mice via Microarray

To explain proliferation difference we observed in f-car“‘Ikker ¥ mice, we decided to screen
overall gene expression profiles in a DNA chip based assay. For this purpose we used Affymetrix
20K mouse chip and screened over 23K transcript expressions in 1: WT 2: Ikka'¥ 3: f-cat™
(day 15) 4: f-cat“‘Ikka¥* (day 15) mice with 2 samples per group. GSEA of all gene profiles to
Wnt signaling targets (Sansom et al., 2007) has shown that S-cat“* mice resembles more to Apc™
phenotype (figure 4.10) while almost all of the genes normally upregulated in Apc”’ mice were

downregulated in f-cat“‘Ikko*** mice.

4.3.2.1.1. Hierarchical Clustering of Expression Data

To identify possible mechanisms hierarchical clustering of the significantly regulated genes by
Z-score to plot a heat map of relative expressions (figure 4.17) or by k-means (figure 4.18) to plot
relative rank score graphs were done. Hierarchical clustering with k-means algorithm yielded 10
clusters with differential expression patterns. Among these clusters, f-cat“* at day 15 (cluster IV
and VI) or f-cat“Ikko*** at day 15 (cluster VIII) upregulated ones were further analyzed to
identify targets of B-catenin activation (in general) and reduced proliferation (in f-cat“ Ikko
mice). Clusters upregulated in f-cat“ mice but downregulated in f-cat“lkko*** mice were
suggesting direct involvement of IKKa in Wnt signaling. However, the Wnt target genes
downregulated in f-cat“‘Ikko*** at day 15 were quite different from that of described before
(Fingerle et al., 2009) and were not suggesting a clear role in the control of Wnt signaling unlike

to the correlation described in that manuscript. Consequently, these results suggested that neither
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[-catenin (by protein expression) nor c-Myc (via promoter activity assays-data not shown) was
directly affected from IKKa. This phenomenon will be clarified by the comparison of Wnt target

gene expression to that of analyzed in Fingerle et al. in related discussion chapter (see section

5.2.2).

&1

—_——_——— — — e

Figure 4.17: Hierarchical Clustering of 732 Significantly Regulated Genes in Heatmap and
Dendogram. Microarray data is filtered for significantly regulated genes and 732 genes were found to be
altered at least in one of the groups (p<0.05). Then these genes were hierarchically clustered and plotted
for similarly expressed genes according to their Z-scores (a score for relative expression). Yellow is used for
upregulation and blue for downregulation (Z-scores between -3.12 to 3.13). Above for each cluster: 1: WT
2: Tkko ™ 3: Bcat™ (day 15) 4: f-cat“Tkka*¥* (day 15).
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Figure 4.18: K-Means Clustering of Significantly Regulated 732 Genes in Microarray Analysis.
Microarray data is filtered for significantly regulated genes and 732 genes were found to be altered at least
in one of the genotypes (p<0.05). Then these genes were hierarchically clustered with k-means algorithm
according to expression patterns. The algorithm divided these genes into 10 expressional co-regulated
clusters (these graphs are regenerated by faithfully preserving the original data to exclude some genotypes
unnecessary for this project).
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Figure 4.19: Closer look at the cluster with 79 transcripts that are upregulated in 15 day S
cat““Tkko**4 mice. The above cluster shows 79 genes with significant upregulation in S-cat“Ikko "
mice. These genes are uniquely upregulated in f-cat“Ikko™** mice while all other phenotypes have

similar levels of regulation. 1: WT 2: Tkka/ ™ 3: f-cat™ 4: [-cat““Ikko* mice.

4.3.2.1.2. Functional Classification of Expression Data and Identifying Molecular
Signatures

When we analyzed f-cat“Ikko™*4 upregulated genes we have found that a cluster of 79 genes
(cluster VIII in figure 4.18 and 19) 42% of the genes within this cluster (figure 4.20 table 4.1) are
involved in immune response or inflammation (see gene identities in supplementary microarray

data in Appendices chapter).
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Figure 4.20: Functional Classification of the Genes in S-cat“Ikka’”*4 Mice Upregulated Cluster.
Functional classification of the genes in this cluster made it apparent that most of these genes are related to
immune response or inflammation (41.89%).

Gene Function Number of Genes

Immune Response/Inflammation

Metabolism

Transcrip tion

Signal Transduction

Transport
Cell Cycle
Apoptosis
DNA Repair
Adhesion

Table 4.1: Data for functional classification of S-cat“'Tkkc™** mice upregulated cluster (supplementary
to figure 4.21). Only genes with known functional associations are included and some genes may have
more than one function.

Since previously known IFN targets were found within this cluster, GSEA (Subramanian et
al., 2005) was performed with molecular signatures from previously confirmed molecular targets
of IEN stimulation in various human epithelial cell lines to verify these associations. These
signature genes were chosen on the basis of their availability in GSEA MSigDB and their

relevance due to their coverage of epithelial tissue IFN downstream upregulation. Although there
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were other IFN signature lists related to downstream upregulation which gave similar results as we
will present shortly, we have just used these representative analysis for the sake of clarity. We have
found signature genes that are upregulated in mice upon IFNa, B or y stimulation and run an
analysis for our chip results to compare f-car“'Ikka’*¥* with all the rest. In all runs we have
obtained significant association of upregulation of these signatures only with f-cat“Ikko’
samples (figure 4.21). For IFNa signature genes (Radaeva et al., 2002) we compared f-
cat“‘Ikko ¥ with all the rest and we obtained a high correlation of upregulated genes almost
exclusively in f-cat“‘Ikko*** mice (with NES score of 2.228, p<0.01). Similarly IFNB (Der et
al., 1998) and IFNy (Sana et al., 2005) signatures were again exclusively upregulated in f-
cat““Ikko** mice (NES of 2.232 and 1.736 respectively, p<0.01 for both). Here the NES scores
were lower due to smaller population size of our significantly regulated genes. Still these results
suggested that the genes in cluster VIII can be of utmost importance because of belonging to

interferon signaling which is central to immune regulation and responses.
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Figure 4.21: GSEA of Microarray Data with Interferon Induction Signature Genes. Genesets were
used from previously described signatures of interferon induction gene profiles. Genes upregulated upon
(A) IFN-a (B) IFN-B (C) IFN-y stimulations from respective signature sets (Der et al., 1998; Radaeva et
al., 2002; Sana et al., 2005) were selected and analyzed against our significantly regulated gene list. On
the left always f-cat“'Ikko™*** mice were compared to the all other groups and we have found almost all

the hits of upregulation obtained in S-car“‘Ikka’*** mice with high enrichment scores and statistical
significance (p<0.01, FDR<0.01 for all analysis).

Similarly GSEA was run for Ape™ mice upregulated genes to associate B-cat“Ikko**** mice
with Wnt target expression. As a result of this analysis, f-car mice has shown a great correlation
with Wnt targets while f-car“Ikko*** mice at day 15 were showing downregulation or negative
correlation with almost all Wnt signature genes with very high NES score and significance

(NES=2.628, nominal p<0.001, FDR q<0.001) (figure 4.22) which was quite similar to the result

98



RESULTS

we obtained in wt mice (figure 4.10). Although some of these genes were also upregulated in 4

cat“ Tkko** mice, a general downregulation of Wnt targets was evident relative to f-cat“* mice.
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Figure 4.22: GSEA Enrichment Plot for Comparing f-car** Model with Apc™” Upregulated Genes
(WNT_TARGETS). These two models are looking highly correlated in upregulated gene hits so our
model is good representation of Apc™". Here Vil-Cre-ER™Ctnnb1"*and Vil-Cre-ER"?Ctnnb1*"*

Tkko*##4 15 day induced mice microarray data analyzed against WNT targets in Apc” mice (Sansom et al.,
2007) and control group shows a high correlation showing good representation of the model.

4.3.2.2. Expression Analysis in f-cat“* Mice via RT-PCR

Following our initial Microarray analysis results, we performed a series of RT-PCR expression
analysis with highly upregulated genes of interferon downstream targets to verify our observations
(figure 4.23). Results were mostly supporting our initial observation of interferon downstream
activation from the cluster of S-cat“Ikkco™** upregulated genes or general upregulated genes in

S-cat“Tkko**4 mice. Almost all the genes we looked in f-cat“‘Ikka*** mice were upregulated

relative to f-car’ mice. Consequently, we thought interferon signaling and immune cell
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activation may play a role in extended survival as a result of reduced proliferation in f-
cat““Ikko”* mice. Especially increase in IFNY targets were more notable and indicating a strong

[FNy downstream activation in f-cat“Ikka'*44 TEC.
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Figure 4.23: RT-PCR Analysis in Interferon Targets in f-cat““Tkkca¥44 JEC. Interferon downstream
target upregulations were confirmed in IEC from f-cat“‘Ikke/** mice at day 15 by RT-PCR analysis.
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Figure 4.24: IFNy production is increased in f-car“Ikka’*** mice. RT-PCR analysis results from

whole mucosa samples.
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4.3.2.3. Expression Analysis in f-cat“* Mice via Protein Immunoblotting

[-catenin activation was complete in f-cat“ mice at day 15 and there were no change in their
relative expression in f-cat“‘Ikko** mice (figure 4.25). Still we observed a decrease of c-Myc
which was parallel to decrease in proliferation as shown by histology (figure 4.14). IKKa levels
were also not affected by the specific knock-in. We further checked IFNy downstream activation
in IEC lysates from f-car“* mice samples. Similar to our previous observations with mRNA
expressions we observed a strong IFNy downstream activation unique to f-cat“‘Ikko**4 mice.
Hence these results have verified that IFNYy secretion via activated immune cells were either
increased or more effective in f-cat“‘Ikko** mice. Again there was an increase in STAT1 and
IRF1 levels while specifically STAT1 phosphorylation or iNOS activation were specifically
occurred in Tkka'¥*4 mice samples (increased upon P-catenin activation) while STAT3 levels and
activation was unaffected. Still we thought that our expression data was solid enough to conclude
the upregulation of IFNy levels in f-car“‘Ikko*** mice. Exclusion of IFNa or B involvement
will be much clear when we will present further data regarding whole body knockouts and
hematopoietic cell characterization in the following sections. We will continue exploring the
mechanism regarding IFNy downstream targets upregulation and the importance of this

upregulation in tumor growth suppression in the following parts.
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Figure 4.25: WB Analysis in S-cat“Ikka**4 Mice at day 15. Decrease in proliferation and c-Myc
levels were not due to -catenin expression and knock-in did not affect IKKo expression in IEC samples.
On the other hand, IEC cell lysates have shown upregulation of IFNy downstream targets like STAT1,
IRF-1 and activation of iNOS and phosphorylation of STAT1 in f-cat“lkka*** mice while STAT3

activation was indifferent in both groups.

Gene expression levels for IFNy downstream targets like IRF-1 and STAT1 were also checked
in Apc™™" and Apc™ Ikko**** mice tumors collected at month 4 (figure 4.26). Once more
upregulation in these targets were observed for Apc”*Ikko/'¥** mice tumors. These observations
strongly suggested that interferon signature observed in f-cat“‘Tkko’¥** mice is model
independent and a general phenomenon for the reduced proliferation and resulting extended

survival in these mice.
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Figure 4.26: WB analysis in Apc™™"* tumors at month 4. Duodenal and colon tumors (D and C
respectively) were analyzed for IRF-1 and Statl expression in Apc”* and Apc™" Ikke** mice. These
IFNYy downstream targets were also upregulated in Apc™"* Ikko/** mice as in the case of f-cat“lkko**
mice. Therefore, previous observations with IFN signature is model independent and elongated survival

and reduced proliferation in AOM and Apc”* mice should be due to the same phenomenon in -
cat“Tkke ™" mice.

4.2.3.4. Cell Cycle Arrest as a Result of IFNy Upregulation in f-cat“Ikko*44 Mice

Once it becomes apparent that a strong IFNy downstream activation is ongoing in f-
cat“‘Ikko** mice, we wanted to know how the proliferation in f-car“‘Ikkor***4 mice is reduced
in the absence of IKKa activation. Furthermore, it is also known that IFNy induced cell cycle
arrest may be the key mechanism in reduced proliferation in S-cat“Ikko*** mice. Therefore,
kinase activities of major IFNy downstream targets regulating cell cycle were checked. Finally, it
was confirmed that Cdkl (Cdc2) and Cdk2 kinase activities on histone H1 were reduced (figure
4.27) in IEC lysates of f-cat“lkko”** mice at day 15 relative to f-cat™! at day 15 and were
comparable to baseline levels in control animals (figure 4.27.A and B). Consequently, IFNy was

acting on IEC:s to cause cell growth arrest which was the reason for reduced proliferation observed

in f-cat“Ikko’*4 mice.
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Figure 4.27: Cell Cycle Arrest in f-cat“ Tk Mice at day 15. (A) KA for CDK1 (Cdc2), CDK2
and CDK4 were performed by pulling them down from IEC lysates against using Histine H1 or Rb as
substrates. CDK1 and CDK2 kinase activities were reduced in 15-day f-cat“lkko’*** mice but Cdk4
activity was retained. This shows that IFNy acts on Zkka** tumor cell via causing GO or S phase cell
cycle arrest. (B) Normalized relative kinase activities in bar graphs as measured by light densitometry.

4.3.3. Understanding Regulation of Downstream Targets of IKKa Inactivation

4.3.3.1. Reversion of Extended Survival in f-cat“Ikko44 Mice via Ifng Deletion

After the observation of increased IFNy downstream targets in f-cat“‘Tkko’ ™ mice and
proving that reduced proliferation is due to cell cycle arrest caused by increased IFNy downstream
effectiveness in IECs, we wanted to identify whether the whole 7kko***4 phenotype is dependent
on IEN activation. For this purpose, Ifny” and Ifnarl” knock-out (see discussion for this model)
mice were crossed to f-cat“Ikko”* background to generate triple mutants. As a result of these
breedings and formed survival data upon B-catenin activation, only /fzy” knock-out completely
reverted the Tkka'** phenotype after -catenin activation and survived as short as control group
(median survival of 20.5 vs. 21 (f-cat“’) p=0.2812 vs. 34.5 (f-cat“Ikko’**") p<0.0001) (figure
4.28). Therefore, IFNy should be the ultimate target of 7kka'¥* phenotype leading to decreased

proliferation and cell cycle arrest in f-cat“‘Ikkor¥* mice intestines.
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Figure 4.28: Ifny” but not Ifnarl” Reverts Extended Survival in f-car“Ikko’*** Mice. When we
coupled Ifny” mice to our Vil-Cre-ERCtnnb1*"“IIkkco™* it reverts all extended survival and mice
behave like control group (median survival of 20.5 vs. 21 p=0.2812) (A) but we did not see the same
phenomenon in [fnarl” mice coupled to our f-cat“Ikko/*** model (median survival of (median 31.5 vs.
21 p<0.0001) which was similar to f-car“ Ikko** survival (31.5 vs. 34.5 p=0.1717) (B).

4.3.3.2. Contribution of Epithelial and Hematopoietic Cell Compartments

Initially observing that the interferon downstream targets are strongly upregulated in f-
cat“‘Ikko** mice, this regulation was tried to be identified whether it is due to activated
hematopoietic cells or increased sensitivity to interferons in epithelial cells. To separate these roles
conditional Zkko™ mice were mated to S-cat“ background to generate epithelial specific deletion
of Tkka and activation of B-catenin at the same time. After generating these mice Tkka/"
mutation and B-catenin activation were induced by tamoxifen and survival data was obtained to
compare with previous phenotypes. It is observed that IEC specific deletion only marginally
increased (median survival of 24 vs 21 p=0.07) (figure 4.29.A). This shows that epithelial IKKa

has a partial contribution in the increased survival but not enough to explain whole phenotype.

To separate the roles of epithelial and hematopoietic cells bone marrow (b.m.) transplantations
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were performed from ko to WT mice in B-catenin activation model. BMD cells were
isolated and transplanted from uninduced S-cat“Ikkco*** to uninduced f-car“* mice while using
[S-cat“ bone marrow transplants as control. After confirming successful replacement of bone
marrows by genotyping animals from blood samples (figure 4.29.C) to check myeloid cell DNA,
[-catenin activation was induced by tamoxifen injections. Upon sacrifice of the animals, survival
curves were plotted and it was observed that 7kka** b.m. transplanted mice had extended
survival advantage over control group (27 vs. 21 p=0.03) (figure 4.29.B) yet still not as much as
S-cat““Ikko*** mice. Therefore, these results suggested that IKKow dysfunction in both IEC and
hematopoietic cells has contribution in extended survival of these mice and neither of them is

self-sufficient to recapitulate the phenotype.
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Figure 4.29: Survival Graphs for intestinal specific Zkka deletion model B-car“Ikka/’™ mice (A)
and Tkka/**4 bone marrow transplanted mice (B). Both Zkka’* mice (median survival of 24 vs. 21
p=0.007) and 7Tkke’** bone marrow transplanted f-cat“* mice (median survival of 27 vs. 21.5 p=0.0286)
had extended survivals compared to control groups but not as long as whole body knock-in f-
cat““Tkko** mice (median survival of 34.5 vs. 21) suggesting that the effect we see is additive of both
tissues. Genotypings from blood isolated genomic DNAs confirms complete reversion of hematopoietic

cell line to Tkka™* in bone marrow transplanted mice (C): M marker C control (WT transplanted
sample), E no DNA and S1-§4 AA transplanted samples.
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4.3.3.3. Analysis of Hematopoietic Cells to Identify Molecular Machinery behind IFNy

Activation

Once it is proven that IFNY is the ultimate target of Jkko*** phenotype by the reversion of
the phenotype, the next step was to identify upstream events leading to increased IFNy secretion.
The first job was to identify the source and then the type of activation that leads to immune
responses. For this purpose, a series of expression analysis were performed to identify molecular
pathways leading to IFNY secretion. In epithelial cells IFNy downstream was active and there was
an increased IFNY secretion in whole mucosa samples (figure 4.24). Furthermore, these results
showed that hematopoietic compartment contributes more to the survival of f-cat“Ikkor¥*4
mice. Primary source of IFNy production is known to be activated Thl cells and NK cells. For
this purpose in the following parts this possibility of adaptive immune cell involvement in

upregulated IFNYy levels in f-car“‘Ikkor¥** mice will be investigated.

4.3.3.3.1. Lack of Th1 Activation Regardless of Increase in IL-12

Activation of T-cells by tumor specific antigens and induction of Th1 phenotype in CD4* T-
cells can induce maturation of APCs and better IL-12 production which leads to increased IFNy
production by CD8* T-cells and NK-cells. Further, these activations may initiate adaptive
cytotoxic immunity towards tumor cells. Therefore, T-cells and Th1 activation is the principal
source of IFNYy production in pro-inflammatory environment. For this purpose, activation of T-
cells was the first mechanism to be checked to understand upregulated IFNy signaling. T-cell
specific marker expression is checked by RT-PCR or FACS (figure 4.30.A and B). A sharp
increase in CD4" cells were observed in RT-PCR but only a slight increase was evident in FACS

results in f-cat“Ikko’*”** mice MLN. On the other hand, CD8* T-cells were not higher in the
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whole mucosa but slightly lower in MLNs of f-cat“‘Tkko’ 4 mice. These initial observations
suggested no CD8* T-cell amplification. Still a better way to understand their activation was
looking activation markers rather than absolute numbers. For this purpose, CD4* or CD8* T-cells
were sorted for different activation markers which have shown that there were increase in CD69*
and FoxP3* in CD4* T cells (figure 4.30.C) in f-cat“‘Ikko’** mice at day 15. These FACS data
coupled to increase in CD4 cells in RT-PCR and in MLN suggested that there can be an increase
in CD4" activities which should be investigated with further analysis. However, increase in FoxP3
regulatory cells do not help explaining tumor specific cytotoxicity inf-cat“*Ikko’¥** mice yet RT-
PCR data did not support its increase in whole mucosa samples (figure 4.30.E). On the other
hand no significant activation was observed for CD8+ cells except from a prominent increase in
activation signal Ly6c in mucosa isolated cells. However, this upregulation was absent in MLN
samples to support any activation in their status. Still further data is required to conclude about

their tumor specific activities.
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Figure 4.30: Investigation of T-cell Activation in f-cat“Ikko’*“4 Mice. Similar to innate immune
cells, we sorted CD4" and CD8* isolated from MLN or intestinal mucosa with different markers for
activating or suppressing phenotypes via using FACS. Interestingly we observed an increase in suppressive
T-cells in S-cat““Tkka*”** mice while there was no evidence of CD8* activation. (D) Neither CD4" nor
CD8" cells were producing higher amounts of IFNy. Coupled to their slight or no increase in numbers, T-
cells cannot explain the increase in IFNy production in S-cat“Tkka** mice. (E) Foxp3 expression in
whole mucosa samples as measured by RT-PCR.

After observing some signals with T-cell activation, it was further checked if they were really
shifting to Th1 phenotype to mount tumor specific immunity. To verify this, cytokines profiles
related to Th1/Th2 were obtained. Cytokines responsible for Th1 and Th2 were checked by RT-
PCR and no preference into any of the phenotypes was observed (figure 4.31) in f-cat“*Ikko 4
mice whole mucosa samples at day 15. Even increase in IL-4 and IL-10 in f-car“‘Tkko’*¥** was
contradictory to expected Thl phenotype. Therefore, tumor specific adaptive immunity was
seemed not be to be induced in S-cat“‘Ikko™* mice since there was no expected cytokine

signature to identify Th1 shift.
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Figure 4.31: Interleukin Expressions in f-cat“Ikka’*** Mice at day 15. Interleukin expression profiles
were obtained from whole mucosa samples. There was no clear shift towards Th1l or Th2 phenotypes
evident.
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Still, there was an increase in IL-12 levels as measured by RT-PCR and ELISA (figure 4.32).
Since no activation in T-cells to shift into Th1 phenotype was observed by the above cytokine
profiles, it was unlikely to observe any effect as a result of elevated IL-12. Lacking T-cell deficient
mutant data (Rag/” mice) to rule out their involvement, it was addressed whether increase in IL-
12 was inducing T-cell activation in f-cat“‘Tkko’** mice leading to increased IFNY production.
Upon activation, f-cat“‘Ikko** mice were injected with anti-IL-12p40 neutralizing antibody
(every 5™ day 250ug Ab) to deplete IL-12 in their body. Nevertheless, IL-12p40 neutralization
did not affect f-cat“Ikko’ ¥4 mice survival (survival of 37 days vs. 34.5 in f-cat“‘Ikko™** mice,
p=0.5118) (figure 4.33). Therefore, increase in IL-12 in f-cat“‘Ikka’¥** mice does not account
for the decreased proliferation in S-cat“Ikkco*** mice and most probably there is no tumor
specific adaptive immune activation by T-cells. Finally, FACS analysis of CD4+ and CD8+ cells
for IFNy production made it clear that they are not involved in IFNy production in f-

cat“‘Ikko ¥ mice at day 15 (figure 4.30.D).
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Figure 4.32: IL-12 Expression in Whole Mucosa of S-cat“Ikka*** Mice. RT-PCR (A) and ELISA
in f-cat“ mice whole mucosa samples (B) shows slight increase in IL-12p40 in Zkko™*** mice while IL-
12p70 ELISA does not confirm increase we observed in IL-12p35 in mRNA analysis. On the other hand,

IL-23p19, specific IL-23 subunit, is slightly decreased in Zkka*** samples. All results are representative of
3 independent experiments.
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Figure 4.33: Survival of f-cat“Ikko’¥4* Mice is not affected from IL-12 neutralization. Ultimately
we neutralized IL-12p40 in S-cat“‘Ikko™* mice via injection of anti-IL-12p40 Ab (250pg/mouse) every
5% day until the end of their survival. Neutralization did not affect the survival. Therefore, IL-12
activation does not play any role in canonical T-cell activation and probably in upregulation of IFNy
production.

4.3.3.3.2. NK Cell Involvement and Lack of Tumor Specific Cytotoxicity

NK cells are know with their high capacity to recognize tumor cells and secrete IFNy and can
be an important source of it in f-cat“‘Ikko™*** mice in the absence of T-cell responses. Although
NK cells did not show any upregulation of activation like other cells of innate immunity, they are
still important to cause strong cytotoxic response due to their activity via different cytotoxic
agents. Therefore, they were checked for IFNy production and shown that they were not
increased their IFNYy production in f-cat“‘Ikka¥** mice (figure 4.34.F) suggesting that NK cells
do not further activate T-cell responses by IFNy. Still they could be a strong source of anti-tumor
cytotoxicity by different agents. Different cytotoxicity markers like perforin, granzyme, FasL and
killer did not show any increase in whole mucosa samples from f-car“‘Tkko’** mice (figure
4.34.A). Only TRAIL and Klrklb (NKG2D) exhibited increase in their expression in -

cat“‘Ikko** mice. More interestingly there was no increase in apoptotic rates inf-c ar“Ikko ¥4
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mice as shown by TUNEL or Casp3 IHC stainings (4.34.B) (confirming the previous
observations with AOM and Apc™ mice) Finally, NK involvement is in f-cat“‘Ikko/*** mice
phenotype is ruled out by NK depletion. NK cells are depleted in f-cat“‘Ikko’** mice via using
injection of anti-asialo GM1 (Habu et al., 1981) Ab (a-ASGM1) every 4* day as 200ug per
mice. Although a rapid loss of NK cells from f-car“‘Ikker*** mice spleen samples were achieved
(figure 4.34.D), no difference in the survival of f-cat“lkkc*** mice (35.5 vs. 34.5 in f-
cat“ Ikko™* mice, p=0.4039) (figure 4.34.C) were observed. This reflected that NK cell also do
not play a role in Zkko™*** phenotype. In conclusion, the data strongly suggested that tumor

specific adaptive immune responses and cytotoxicity are absent in f-car“‘Tkko** mice.
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Figure 4.34: Tumor Cytotoxicity and Apoptosis in f-cat“Ikko**4 mice at day15. (A) Cytotoxic gene
expression profiles has shown an increase for TRAIL and Klrk1b but more important cytotoxicity factors
like perforin and FasL were absent (B) there was no increase in apoptosis in S-cat“'Ikka’** mice as shown
by TUNEL and Casp3 stainings (C) Quantification of apoptotic cells per unit area showing slightly more
apoptosis in f-cat“* samples at day 15 (D) NK Cells Are Not Responsible from IFNy Related Phenotype
in Vil-Cre-ER™Ctnnb 1" [k o**** Mice. Depletion of NK cells via anti-asialo GM1 antibody did not
revert survival in f-cat“Ikko** mice (35.5 vs. 34.5 p=0.5795) unlike in the case of Ifny KO. (E) NK
depletion after anti-asialo Ab as measured by FACS. (F) NK cells from spleen had more IFNY secreting
cells in S-cat““Tkka”* mice at dayl5 yet no such relation was observed in NKs isolated from MLN
samples.

4.3.3.3.3. Myeloid Cell Activation and Expansion in f-cat““Ikko*44 Mice

Having ruled out adaptive immune cell or tumor specific cytotoxicity in S-cat“Ikko™*4 mice,
there was only one more potential source for IFNy secretion to be investigated. Activation of
myleloid cells could be the source of IFNY production in f-cat“‘Ikkor*** mice at day 15. For this
purpose, the next step was to identify whether myeloid cells were activated and amplified to
produce higher levels of IFNy. Relative numbers of all myeloid cells were observed to be increased
in f-cat“‘Ikko*** mice as measured by cell specific cell surface marker expressions (figure
4.35.A). Increases in macrophages and DCs were further confirmed by FACS where macrophages

were showing a dramatic increase in f-cat“‘Ikko*** mice MLNG (figure 4.35.B) at day 15.
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Figure 4.35: Increase in Myeloid Cells in S-catr“Tkka’*4* Mice at day 15. (A) RT-PCR or (B) FACS

analysis for APC specific markers has shown overall increase in numbers in f-cat“lkko/*** mice.

Since we observed an overall increase in macrophage and dendritic cell numbers, we wanted to
clarify if their numbers are increased due to better recruitment by the cytokines secreted from
hyperproliferating IECs. Histological examination of DCs did not give a specific pattern for any
of the groups and DCs did not show increased numbers in hyperproliferating areas of f-
cat“‘Ikko** mice (not shown). However, macrophages and neutrophils showed distinct
intraepitlelial localization in S-car“‘Tkkco*** mice samples (figure 4.36). This observation was

strongly suggesting the preferred recruitment of macrophages to the target tissue.
gly sugg g g g
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Figure 4.36: Intraepithelial Localization of Macrophages and Neutrophils in f-car“Ikka’*44
Intestines at day 15. Immunofluorescent stainings of duodenal sections show that in f-car™ Tkko/
mice samples macrophages and neutrophils had distinct localization to within enterocytes (at 400x

magnification).
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Furthermore, macrophages and neutrophils were checked for activation specific marker. For
this purpose, macrophages and neutrophils were isolated from spleen (only M®) and MLNs and
were sorted for activation specific markers like TNF-a, IL-10 and IL-12. (figure 4.37). From this
analysis macrophages did not exhibit any difference in activation (slight decrease in IL-10 was not
supported by further regulation of TNF-o and IL-12) whereas neutrophils were actively secreting
TNEF-a, IL-10 and IL-12 in increased amount in S-cat“‘Ikka¥*4 mice. Moreover, activation of
M1/M2 phenotypes were further examined in Zkka™*** or WT BMD (G-CSF induced)
macrophages by arginase and citrulline assays and we could not observe any kind of shift towards

expected M1 phenotype for the adaptive immune activation (data not shown).
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Figure 4.37: Macrophage and Neutrophil Activation in S-cat“Ikka’** mice at day 15. (A)
Hematopoietic cells isolated from spleen or MLNs are sorted for macrophage or neutrophil markers
coupled to different activation signals in FACS. Macrophages has shown a decrease in IL-10 for f-
cat“ Ikko"** mice while neutrophils were looking active with increased IL-10, II-12 and TNF-a levels for
the same group (all percentages are given as the fraction of the whole F4/80" or Gr1* cell populations).

Similarly, DCs were checked for their activation status from 15 day S-car“‘lkko*** mice
samples (figure 4.38). This time DCs isolated from MLN or whole mucosa were sorted for DC
activation markers. CD11¢"B220* cells are pDC population and CD11¢*CD86* matured DCs.

These markers has shown that there is similar levels of maturation and activation in both groups
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On the other hand, IL-10 and TNF-o was higher for MLN but lower for mucosal DCs (figure

4.38).
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Figure 4.38: Dendritic Cell Activation in S-cat“Ikko’**4 Mice at day 15. After looking expression of
stimulated DCs, we also isolated hematopoietic cells from spleen, MLN or intestinal mucosa and sorted
them for different DC activation markers in FACS. For Dc classes only CD8+ DCs were elevated yet
expression of TNF-a (in whole mucosa) and IL-12 was higher in S-cat“Ikko™”** mice.

Alrogether, above data suggested that amplification and intraepithelial localization of myeloid
cells is a good indicator of their activation upon hyperproliferative stress in f-cat“Ikkor***4 mice.
They were also shown to be the source of IL-12 production which does not translate into adaptive
immune activation. If adaptive immunity is not responsible from IFNy production, dramatic
amplification of APCs should account for the increase in IFNy levels. Although they are lesser
sources of IFNy in proinflammatory environment, still dramatic increases in macrophages
secreting IFNYy can explain increased IFNYy levels in f-cat“‘Ikkcor¥* mice. To examine if APCs are
the source of IFNY, hematopoietic cells isolated from spleen or MLN and they were sorted for cell
APC specific markers and IFNy expression at the same time (figure 4.39). According to this
analysis only CD11c¢*B220"Dx5* cell population, called as IKDCs, were highly increased in their
IFNy production in f-cat“‘Ikkor*** mice. These cells are specified with their IFNy production
and NK cell like properties within pDC population. However, they only constitute 5% of all DCs

even in 10 times increased amounts in S-cat“‘Ikko'*** mice. Therefore, they alone may not be
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enough to explain increased IFNYy production. However, this increase in IFNY can trigger already
amplified macrophages to express IFNy. Already macrophages were shown to be massively
increased in number (about 8 times in f-car“‘ITkko’*¥* mice (figure 4.35.B)). Although IFNy
production per cell may not be increased, still such an increase in macrophage numbers can
contribute increased IFNy levels. Consequently, activated IKDCs and amplified macrophages are

the only source of IFNy in S-cat“*Ikko*** mice.
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Figure 4.39: Activated Myeloid Cells are the Source of IFNy. After showing that activated adaptive
cells are not the main source of IFNy we have sorted all immune cell types responsible from IFNy
production and identified CD11c'B220"NK1.1* (DX5) IKDCs as a major source of IFNy production
(almost all IKDCs are positive for IFNy as well). The other and more prominent source should be

macrophages, their massive amplification should account for increase in IFNy levels in whole mucosa.

4.3.3.3.3.1. Recruitment of Myeloid Cells to the Site of Hyperproliferation

So far the results has shown that myeloid cells are activated and amplified in f-car“ Tkko 4
mice and this relative increase in their numbers account for IFNy upregulation. However, still it
was not answered how myeloid cells are activated upon hyperproliferation. As mentioned before,
increased sensitivity towards epithelial secreted cytokines may be the other pathway leading to
myeloid cell activation and amplification in tumor specific responses. For this purpose, epithelial

secreted monocyte chemoattractant expressions were examined in epithelial and whole mucosa

119



RESULTS

samples. Chemoattractants like Cc/20, Ccl28, Cxcll, Cxcl2, Cxcl5 and Tslp were highly elevated in
S-cat““Tkko*** mice both in epithelial and whole mucosa samples (figure 4.40.B and A
respectively). These observations were suggesting that all these chemokines are secreted by the
hyperproliferating epithelia in f-cat“Ikkor**** mice. Finally, Mcp-1 is only upregulated in whole
mucosa samples and its upregulation was absent in epithelial total RNA samples from f-
cat““Ikko*** mice. Especially, Mcp-1 activation is important for the activation and amplification
of macrophages and account for increased macrophage numbers in f-car“lkko ¥ mice.
Similarly, all other chemokines secreted by the epithelia should account for specific recruitment of
the myeloid cells to the hyperproliferating area leading to increased numbers and specific

localization observed with macrophages and neutrophils.
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Figure 4.40: RNA Expression profiles for NF-kB Target Cytokines. Whole mucosa (A) and IEC (B)

expression profiles immune cell attracting chemokines show increased expression levels for most of the

factors leading to better recruitment of myeloid cells and their amplification in S-cat“'Tkko’** mice.
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4.3.3.4. Requirement of Active NF-kB Signaling in IKKa Inactivation

So far activation of myeloid cells by epithelia secreted chemokines is shown to be followed by
monocyte induction and amplification by Mcp-1 caused increase in the production of IFNy that
result in cell cycle arrest on hyperproliferating cells in f-car“‘Tkko***4 mice. Although all the
downstream machinery regarding IFNy production and cell cycle arrest was identified, still no
evidence for the exact machinery concerning chemokine productions and the exact role of IKKa
in this machinery were presented. Close examination of these chemoattractants secreted by IEC
reveals that most of them are regulated by pro-inflammatory NF-xB signaling. Since it was
previously shown in bacteria challenged mice that IKKB compensates IKKa loss to prime
immune activation via extended promoter binding of NF-«kB subunits (but not increased binding
activity) (Lawrence et al., 2005) it was investigated whether the same mechanism is responsible
from increased NF-kB target production to mount immune cell recruitment and activation. For
this purpose, f-cat“Ikkor™*** mice were crossed with Zkkf” conditional knock-outs to introduce
epithelial specific deletion of IKKB in our model (766" to verify if these effects are the result
of NE-kB activation. As a result of this extra knock-out, S-cat“Ikko44 [k mice did not
survive as long as f-cat“‘Tkko 4 mice (28 vs. 34.5, p=0.0015) (figure 4.41.A). Nevertheless, this
observation only made sense when we compared it to the results of f-car“ Ik ¢ mice (figure
4.41.B) (Fingerle et al., 2009) which had similar survival (27 vs. 28 p=0.6141, figure 4.41.C) to
our triple mutants. Consequently, extended survival of f-cat“‘Tkko’ 44 mice was dependent on
IKKP and in the absence of active NF-kB signaling the mice were behaving as if they are only
Tk B¢ knock-outs. So these observations made it clear that IKKB is required and compensates
the loss of IKKa to generate starting signals for extended survival and its role should be crucial for

immune activation.
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Figure 4.41: Survival Graphs for Ikkf'™ Knock-out with or without Ikka'¥* in Vil-Cre-
ER™ZCtnnb1*"=» Model. [-cat“*Ikko/*** mice were crossed with TkkfZ"™ to generate doubly mutant
mice for lkka and Ikkf. We observed that they were not surviving as long as /kka single mutants (median
survival of 25.5 vs. 34.5) (A) yet more than control grup (25.5 vs. 21 p=0.0097). When we compared their
survival to that of Zk£B"E° alone (B) we observed that they were almost the same (C) (median survival of

25.5 vs. 26 p=0.G141).

If the hypothesis with NF-kB activation and the involvement of IKKa in this activation is
correct then it should be observed that all upregulations in these genes should be absent in /-
cat“‘Tkko* Tkkf " mice. To investigate this, whole mucosa samples from 15-day f-
mt(‘”[/ekaw“[/ekﬂd ¢ mice were isolated, and were compared for gene expression to that of /-
cat““Ikka mice (figure 4.42). As expected, all the immune activations from myeloid
chemoattraction to IFNy production were lost in f-cat“‘Ikko™* Ikk5 mice. Therefore, intact
NF-kB activation is required for the production of these monocyte chemoattractants secreted by
IEC and myelod cells (like Mcp-1). In turn, these chemoattractants activate myeloid cells and
they secrete either higher amounts of IFNy (IKDCs) or increase in numbers (M®s) which

suppress tumor growth in Jkko ™4 mice.
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Figure 4.42: Active NF-xB Signaling is Required for Myeloid Cell Recruitment. Additional 7k£S"E¢
has cancelled upregulation of almost all chemoattractants in S-car“‘Ikko**** mice as shown by RT-PCR
(B). As a result of chemoattractant decline all amplified hematopoietic cell lines were diminished in -

cat“ Tkko " Thk B mice (A).
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5. DISCUSSION

5.1. CHARACTERIZATION OF PHENOTYPE ASSOCIATED WITH IKKa
INACTIVATION IN CRC

Given the potential role of IKKa in colorectal tumorigenesis, we started our experimentation
with examining IKKa activation deficient mice (Cao et al., 2001) in three different cancer
models. The first model was featuring a sporadic distal tumor formation via a chemical
carcinogen AOM (Druckrey and Lange, 1972). The latter two models were relying on
conventional genetic model of CRC development. Both models were initiating tumorigenesis via
elimination of control over Wnt signaling either via Apc loss (Moser et al., 1990) or via B-catenin
stabilization (Harada et al., 1999). Regardless of the model used a reduction in tumor sizes,
numbers and proliferation rate were observed in JTkka** mice models of colorectal
carcinogenesis. As a result of elimination of IKKa activation, longer survival and better health in
Tkko 4 mice were among the other observations. Following all these observations, a series of
analysis were performed to understand molecular mechanism behind retarded tumor growth.
Extension of analysis to further gene knockout models was utilized to obtain genetic evidences to
molecular hypotheses derived from these observations. As a result of these experiments, the major
molecular pathways and vast amount of details regarding the role of IKKa in colorectal
tumorigenesis were identified and mostly clarified. In the following sections results obtained

during this project will be presented in a sequential manner.
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5.1.1. AOM Induced 7kkoa¥44 Mice Have Tumors with Reduced Size and Number

AOM is a well established chemical carcinogen for rodent colorectal carcinogenesis. This
model is a very good approximation for sporadic nature of human colorectal tumorigenesis which
occurs in later ages due to requirement of different mutations (Druckrey and Lange, 1972).
Further studies have shown that AOM causes DNA mutations by causing double strand breaks
and by interfering in DNA repair machinery (Caderni et al., 1997). Increased mutation rates lead
to quicker accumulation of mutations (Fearon and Vogelstein, 1990) which in turn disturb the
control over cell cycle and apoptosis in a similar way as sporadic carcinogenesis develops (Taketo,
2006). This model has been used in many different studies to develop sporadic cancers. When
combined with DSS it can be a useful model to mimic colitis associated carcinogenesis (Tanaka et
al., 2003).

By applying AOM induced colorectal carcinogenesis to genetic model of activation deficient
IKKa mutants, a great deal of reduction in colorectal tumor numbers and slow down in tumor

growth were observed. Although weight curves for WT and Zkko*** animals did not differ

significantly, a considerable decrease in tumor sizes and numbers in 7kko** mice at the end of
24 weeks of induction was evident. 24 weeks was chosen effective for tumor development while
the animals were still alive. Tumor sizes were reduced in Zkka**** mice considerably and no large
tumors were observed. Since both groups of animals had the same time to develop tumors, a
decrease in proliferation index in Zkka™**4 mice was expected. Decreased proliferation in Jkko 44
mice indicates that tumor promotion is delayed in these mice so that fewer and smaller tumors
were observed. Another important factor that may contribute to tumor suppression is apoptosis
which can be important (Townson et al., 2003) if there is any activation in apoptotic machinery
by upregulation of cell death machinery by intrinsic factors (Chu et al., 1997) or hematopoietic
cytotoxic effect (Hung et al., 1998). For this purpose, apoptotic rates were also checked and
found not to be increased in Tkka**** mice. This phenomenon suggested that cell death cannot

account for the regressed tumor sizes while proliferation rate was marginally decreased both in
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tumor and non-tumor epithelia. Consequently, smaller and fewer tumors in 7kka¥4 mice were

observed due to suppression of proliferation rather than induction of apoptosis.

5.1.2. Apc™ Ikk o444 Mice Have Retarded Tumor Initiation and Development

Applications of other genetic models were required at this point to understand the mechanism
behind this phenomenon and possible life extending potential of elimination of IKKoa phospho-
activation. The most important target of sporadic colorectal tumorigenesis is the loss of control
over Wnt signaling which provides homeostasis and differentiation in intestinal epithelia
(Gregorieff and Clevers, 2005; Pinto et al., 2003). APC and B-catenin are the most prominent
molecules in this regulation (Liu et al., 2002; Morin et al., 1997). It is known that -catenin is
an important transcription factor that controls proliferation and differentiation of intestinal
epithelial cells (Van de Wetering et al., 2002). Since our initial observation with AOM mice was
the reduction in proliferation rather than increased apoptotic rate, any control over B-catenin
activation would be invaluable to investigate.

The next model used for understanding the role of IKKa in colorectal tumorigenesis was
widely used genetic model of Apc loss. Apc™™* mice were previously reported to develop multiple
intestinal neoplasia which result in early loss of the mice at around month 6 (Moser et al., 1990).
This phenotype is morphologically and pathologically very similar to heritable FAP disease seen
in human juveniles (Su et al., 1992). Indeed, both are caused by the orthologous Apc gene mice
and human. For this purpose use of Apc™** mice is a very good model for understanding genetic
basis of colorectal carcinogenesis (Taketo, 2006) and the results will most probably applicable to
human disease as well. Most sporadic colorectal cancers has APC loss as a distinctive background
(Fodde et al., 2001). Still they require further mutations to make tumors cross adenoma to
carcinoma barrier (Fearon and Vogelstein, 1990). It was also shown that loss of APC is a priming
event for CI (Powell et al., 1992). Moreover, CI is an important propelling force behind
increased mutational rate (Fodde et al., 2001; Munemitsu et al., 1994). Therefore, Apc™™* mice

can be regarded as a good model for both genetic and sporadic colorectal tumorigenesis.
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Apc™™* mice were crossed to Tkko™*4 background and monitored until the first signs of
sickness. Once the survival curves for these animals were derived, a 42.5% increase in the survival
of these animals than that of control group (236.5 vs. 166) was observed. Even heterozygous
Apcm " Tkka”s mice have proved a marginal increase in survival (184.5 vs. 166: 11.1%)
suggesting that the effect of 7kka'¥* is dose dependent yet not proportional and requires the loss
of both activation alleles to fully pronounce the effects on survival. These results strongly
suggested that the extended survival observed in Apc™™*Ikko** mice was independent of the
model used but influenced by the loss of IKKa activation. Although one can argue that the time
required to attain similar sized tumors are much longer in Apc™Ikka™*** mice, it was still
required to show that the proliferation of tumors were less in Apc™™" Ikko**** mice and this was
the reason for fewer tumor in these mice. For this purpose, an earlier time point where differences
in proliferation and tumor sizes can be readily seen was to be found.

Indeed, it was month 4 where the differences in proliferation which resulted in smaller tumor
sizes and fewer tumor numbers were readily observed. Investigation of proliferative rates yielded
that Apc"™" Ikko'** mice had reduced proliferation but not increased apoptosis. This reduction
in proliferation was explaining the differences in tumor numbers leading to better survival of the
animals. Due to this retardation in proliferation not only tumor numbers were fewer but and
their sizes were smaller at month 4. Another support for the reduction in tumor sizes at month
for was the almost reversed anemic status of the animals. Since Apc™* animals suffer from
chronic anemia caused by intestinal hemorrhages (Hinoi et al., 2007; Taketo, 2006), anemia is a
good indication of tumor development and general health. Measurement of different blood values
yielded that Apc™Ikko** mice had better overall HGB and HCT levels than that of Apc™™*
mice at month 4. Given the fact that chronic anemia is an intrinsic property of Apc™™* mice,
increased anemia can be only explained by bleeding into intestinal lumen in WT mice due to
larger tumors while Apc™* Ikkor*#** mice were still non-anemic due to diminished tumor size and
reduced tumor numbers. Moreover, Apc™Ikke'*** mice attained similar anemic level 2-3
months later than wt mice just before their death. However, tumor numbers were almost halved

in Apcm ™ Ikko*¥** mice at death. Altogether, these observations suggested that chronic anemia is
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inevitable yet reduction in tumor numbers lessened the tumor burden of Apc™* Ikke/ 4 mice

and improved their life quality.

5.1.3. Extended Survival and Reduced Proliferation of S-cat“AIkko¥*4 Mice

The use and generation of Apc™™* mice require long time periods due to time of adenoma
formation and poor breeding with homozygous males (Hinoi et al., 2007). For this purpose,
another model of genetic colorectal carcinogenesis was utilized to shorten adenoma formation and
to maximize different genetic combinations to understand molecular basis of IKKo involvement
in colorectal carcinogenesis. This model was previously described Vil-Cre-ER"-Ctnnb1*"« (-
cat“* for short) (Harada et al., 1999) to generate conditional and intestinal specific activation of
[-catenin which cannot be phospho-regulated due to lacking phosphorylation sites. Continuously
active [-catenin molecule is active and freely translocates into nucleus to activate a
hyperproliferative program in enterocytes (Harada et al., 1999). This model is extremely severe
when used homozygous that is why it is used in heterozygous form to ease follow up of the mice
(Fingerle et al., 2009). Also, Analysis of Microarray data for gene expression profiles confirmed
that B-catenin activation in these mice is quite similar to APC loss in Ap¢™ mice in terms of Wnt
targets regulation (Fingerle et al., 2009). Still a median survival of 21 days is considerably rapid
and sensitive to the changes that are contributed by other genetic alterations. Rapid production of
this colorectal carcinogenesis model enabled us to produce mice with different genetic
backgrounds and to question contribution of different genes or pathways easily by obtaining
survival curves and producing high numbers of samples to perform further biochemical analysis.
For these purposes, the rest of the analysis was performed in this model.

To investigate molecular mechanism behind IKKa. inactivation, Zkka™¥*4 mice were crossed
to f-cat“* mice (Harada et al., 1999) for the generation of survival data. As in the case of Apc™™
model, extended survivals in [-cat“‘Tkko’”*4 mice were observed. However, this time survival

advantage of f-cat“Ikko** mice was slightly higher (%64.2) compared to control group (34.5
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vs. 21) to that of Apc”™* mice. Similarly postmortem examination did not yield any differences in
morphology or physiology of the mice at the time of death. These two groups started to separate
in weight loss characteristics from day 15 on which control group dramatically started to lose
weight while Zkko™** mice were more stable. For this reason, morphological and physiological
changes at day 15 in f-cat“* mice were addressed for further analysis and day 15 was identified as
the time point when major differences in the pathology of the two groups were distinguished.
Macroscopic and microscopic analysis suggested less proliferation and preservation of crypt villus
axis in S-cat“Ikko™ 4 mice at day 15. Proliferation was still limited to already elongated crypts
while S-cat“ mice had proliferation throughout the villus axis. This suggested that extended
survival occurs due to slowed proliferation as in the case of Apc™* mice and delayed tumor
initiation evident by less proliferating cells. Similar to previous models no increased apoptosis was
observed in epithelial cells, concluding that apoptosis is not responsible in any of these CRC
models (we will discuss molecular details of apoptosis in the following parts).

So far the results suggested that tumor initiation is slowed down in 7kko** mice regardless
of the model used. All models used for CRC have shown that /kka** mice have a survival
advantage over control mice which is caused by suppression of the tumor growth. Furthermore,
this suppression was due to retarded proliferation rather than increased apoptosis. In the
following sections the molecular machinery behind retarded proliferation in the absence of IKKa

activation will become clear.

5.2. IDENTIFICATION OF THE ROLE OF IKKa IN CRC

5.2.1. Survival in Tkka¥4* Mice is Independent of Alternative NF-kB Signaling

IKKo is known to be an important regulator of alternative NF-kB signaling (Cao et al.,
2001). Under the control of diverse signaling machinery related to immune activation, cell

proliferation and immune cell maturation, IKKa forms activated homodimers which
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phosphorylate p100 to induce its proteolytic cleavage to p52 and following activation of
RelB/p52 heterodimers (Karin and Greten, 2005). Phospho-activation of IKKa was shown to be
crucial for alternative NF-kB activation (Cao et al., 2001). Given that canonical NF-«B signaling
is primary regulated by IKKP rather than IKKo (Zandi et al,, 1997), tumor suppressive
phenotype in Zkko*¥** mice may arise from abrogation of alternative NF-kB in f-cat“Ikko'¥*4
mice. To investigate involvement of alternative pathway, whole body knock-outs for both p52
(Paxian et al., 2002) and epithelial specific Re/6™ (Weih et al. unpublished) were crossed to -
cat“* mice and their survival curves were formed upon conditional B-catenin activation. [-
cat“p52" mice survived marginally longer than f-car* mice (24 days vs. 21 days) while their
survival was far from f-car“Tkko* mice (vs. 34.5 days). Similarly, f-car“*RelB"E mice survived
a bit longer than f-cat“ mice (25 days vs. 21 days) and again their survival was much less than -
cat““Ikko** mice. Although both knockout models survived longer than WT f-car“! mice, still
their survival was not comparable to that of f-cat“Ikko**4 mice. Therefore, the contribution of
alternative NF-kB signaling is minimal and most probably limited to effect on IEC and it is not

enough to explain tumor growth suppression in Zkko***4 mice.

5.2.2. Decreased Proliferation in 7kka?¥“4 Mice is not due to Direct Control over Wnt
Signaling

Since proliferation machinery in intestinal epithelia is strictly regulated via Wnt signaling
(Pinto and Clevers, 2005), this fact raised the question if there is any regulation of Wnt signaling
or B-catenin via IKKa in CRC development. Indeed, it was previously noted that IKKs regulate
B-catenin directly via phosphorylation (Lamberti et al., 2001) yet the possible phosphorylation
sites were given the same as the ones used by GSK3f and CK-I (S41 and $45 and surrounding
amino acids fit perfectly into canonical recognition site for IKKs which is also found on IxBs and
other specific substrates (Karin and Greten, 2005; Rothwarf and Karin, 1999)). However, the

phosphorylation by IKKs in these sites has reverse effect than canonical phosphorylation of -
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catenin (Carayol and Wang, 20006). Eventually it was questioned whether elimination of IKKa
activation has negative effect on B-catenin activation and resulting proliferation. However, this
continuously active B-catenin molecule also lacks previously addressed phosphorylation sites for
IKKs. Therefore, IKK direct regulation over B-catenin may not be the key factor in decreased
proliferation in the models of CRC presented here. Alternative sites of phosphorylation might be
existed. However, previously presented phosphorylation analysis data (Lamberti et al., 2001) and
sequence analysis on [-catenin for finding alternative phosphorylation sites suggested that the
possibility of finding an alternative phospho-activation domain is improbable.

On the other hand, it was suggested that cyclin D1 is controlled via IKKo through Wnt/p-
catenin (Albanese et al., 2003), a more recent study has argued that cyclin D1 is not an
immediate target of IKKa and elevated much later in Apc loss (Sansom et al., 2005). Current
results support the latter argument and suggested that cyclin D1 is not a direct target of IKKa in
[-cat“’ model as evident by unaltered protein concentrations. Consequently, direct regulation of
cyclin D1 by IKKa is either absent or other co-regulators are involved to compensate the absence
of IKKa.. On the other hand, absence of cyclin D1 direct regulation still does not rule out the
possibility of Wnt/B-catenin regulation by IKKa.. However, B-catenin levels were affected neither
in f-cat“‘Ikko’* mice at day 15 nor in Apc"™Ikko 4+ mice at month 4 relative to Jkko ¥
counterparts. If Wnt signaling and B-catenin levels are not regulated by IKKa, then decrease in c-
Myc levels observed in f-cat“‘Tkko’** mice should be due to another mechanism.

To explain this phenomenon, expression profile from f-cat“lkkco** mice at day 15 were
obtained and analyzed for Wnt signaling targets. Hierarchical clustering of Microarray data by K-
means algorithm yielded 10 distinct clusters within these significantly regulated genes. Among
these there were two clusters (#IV8&VI) that were upregulated in f-car“* mice at 15 day but not in
S-cat““Tkko*** mice at 15 day. These clusters were notable such that there were a number of
Wnt targets that were upregulated in f-car“! mice at day 15 relative to f-car“‘Ikko*** mice at
day 15. When GSEA was run to compare f-cat“* mice with f-cat“‘Tkko’** mice at day 15, f-
cat““Ikka** mice showed downregulation of numerous Wnt targets in Apc loss phenotype
(described in (Sansom et al., 2007)). This observation suggested that f-car“‘Ikko’¥** mice have

reduced Wnt target expressions compared to f-cat“* mice at day 15. Nevertheless, the genes that

132



DISCUSSION

are downregulated in Wnt signaling in S-cat“ Rela " mice at day 15 (Fingerle et al., 2009) were
quite different than those of f-cat“Ikko*** mice at day 15. Since in that paper it was argued
that B-catenin is regulated via p65 whose absence influenced proliferation by direct Wnt
regulation, the genes downregulated in f-cat“‘Ikkor**4 mice do not support that discussion. In
that paper it was shown that B-catenin targets like Ascl2, Olfim4, Sox9 (expression of which was
found to be important for a stem cell like reprogramming in proliferating epithelial cells in -
cat“* mice) were downregulated. However, none of these genes related to Wnt stem cell program
were downregulated in S-cat“Ikko** mice at day 15. Therefore, these results signified that
these two genotypes have totally different effects on Wnt target expression profiles and IKKa
does not have a direct control over Wnt signaling and its downstream targets concerning retarded

proliferation in Zkko*¥** mice in different CRC models.

5.2.3. General Expression Analysis Revealed Interferon Related Gene Upregulation in £
cat““Tkka*4 Mice

Histological observations and survival data has suggested reduced proliferation as the basis of
reduced tumor growth and extended survival in Zkka** mice. To understand molecular
machinery regarding reduced proliferation in /kka***4 mice, more biochemical data was required.
To understand molecular pathways and their possible signatures on Zkka'*** phenotype, total
RNA extracts were analyzed in Affymetrix Mouse Microarray to see genome wide expression
profiles. Expression analysis in f-cat“ mice at day 15 yielded expression data for over 23k
transcripts. According to statistical analysis the genes significantly regulated in at least one of the
genotypes were identified (normalized expression data (Z-scores) was compared for absolute
expressions and clustered by K-means (MacQueen, 1967) algorithm where p>0.05 were excluded
as insignificant). As a result of these criteria, a set of 732 genes all of which were found to be

significantly regulated in at least one of the genotypes in comparison to others were identified.
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Hierarchical clustering of significantly regulated genes yielded 10 distinct clusters. Three of
the clusters were notable since they contained genes up or down regulated in f-car“‘Tkko’¥*
mice at day 15 relative to f-car“ mice at day 15. Two of these clusters were containing numerous
Wnt targets downregulated in f-cat“Ikko*** mice at day 15 and their role in relation to direct
Whnt signaling control has already been discussed in the previous topic. At this point the
importance of the second unique cluster was more pronounced. The second cluster (#VIII) was
consisting of 79 transcripts which were solely upregulated in f-car“‘Ikko*** mice at day 15.
Close examination of these genes has shown that most of these genes were involved in immune
regulation or inflammation. Even some of these genes were interferon downstream targets. Given
the importance of interferons in immune activation and tumor suppression (McConnell and
Yang, 2009), the rest of the analysis was focused on this issue to verify initial observations with
Microarray data. GSEA (Subramanian et al., 2005) was run to verify various interferon
signatures (IFNa, B or y) which were previously described to be upregulated in response to these
cytokines in different cell lines (Der et al., 1998; Radaeva et al., 2002; Sana et al., 2005). As a
result of this analysis, a good correlation of upregulations in interferon signature genes associated
with reduced proliferation in f-cat“‘Ikko”** mice at day 15 were observed. These observations
strongly suggested that f-cat“Ikko*** mice at day 15 have better interferon activation which in
turn may lead to specific immune activation to suppress tumor growth (Goldstein and Laszlo,
1988). Further analysis of certain interferon downstream targets with RT-PCR verified increased
expression of these markers in f-cat“‘Ikko ¥ mice at day 15 relative to f-cat“! mice at day 15.
Especially there was a strong IFNy downstream (Schroder et al., 2004) activation in genes like
Starl (Kaplan et al., 1998), IrfI (Matsuyama et al., 1993), Nos2 (Goldstein and Laszlo, 1988),
OasI (Schiller et al., 1990), Eif2ak2 (Pkr) (Kumar et al., 1997), Isgl5 (Clauss et al., 1990) and
Cxcl10 (Ip10) (Luster et al., 1985) in f-cat“Ikkor**** mice IECs at day 15. Furthermore, protein
expression from f-cat“‘Ikka”** mice IEC extracts for IRF-1, STAT1 and NOS2 (iNOS)
confirmed all previous observations with increased interferon downstream expression profiles and
more significantly phospho-activation of STAT1 was specific to f-cat“Tkka** samples at day

15. All these data from Microarray data to protein expressions strongly suggested that IFNy
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signaling is active in f-cat“‘Ikkor™*** mice and can account for the retarded tumor growth leading

to better survival.

5.2.4. IFNYy Induced Cell Cycle Arrest is the Key Mechanism in Reduced Proliferation in f-
cat“*Tkka*"** Mice

IFNY is the only type II interferon and it is differentially regulated than type I interferons and
induces downstream activation via its specific receptor. IFNy can also be induced via toll-like
receptors, APCs via MHC class I dependent manner, via cytokines like IL-12 or by-self induction
from previously activated cells (Schroder et al., 2004). IFNYy is versatile cytokine with profound
effects on Thl activation, lymphocyte development and tumor regression (Dalton et al., 1993;
Mattner et al., 1996). IFNy can be produced from different immune cells like dendritic cells, T-
cells, and NK cells (Shankaran et al., 2001). IFNYy can induce downstream activation in both
immune cells and target tissue since epithelial cells also contain IFNyR. Differently from type I
interferons it has its tumor regressive activity on epithelial and endothelial tissues and have little
effect on cancers of myeloid origin (Prendergast and Jaffee, 2007). IFNy induces IFNyR
downstream signaling via JAK/STAT dependent manner (Takaoka et al., 2008). Usually JAKs
are found to be in structural association with IFNyR and tyrosine kinase activity induces STAT1
or 2. STAT1 homodimers or STAT1/STAT2 heterodimers translocate to the nucleus to activate
IFNy downstream targets like IRF-1, iNOS, STAT1 or other cytokines which are related to
specific T-cell activation (Takaoka et al., 2008). These cytokines coupled to IL-12p70 strongly
promotes Thl phenotype and inhibits Th2 activation (Mattner et al., 1996). Th1 activation is
important in some viral infections and tumor specific immunity for elimination of malignant cells
(Smyth et al.,, 2006). Especially, IFNy secretion from T-cells and NK-cells are found to be very
important in tumor regression and activation of tumor specific cell killing via NK-cells or CD8*
T-cells (Shankaran et al., 2001). Perforin specific tumor cell elimination is found to be IFNy

dependent and in the absence of IFNy tumor derived from these mice are found to be highly
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immunogenic which is less pronounced in perforin deficient mice (Curcio et al., 2003).
Otherwise, IFNYy is a strong activator of STAT1 in epidermal and endothelial tissues which in
turn slows down cell cycle and cause tumor regression independent of immune specific tumor cell
killing via upregulation of p21 which in turn causes cell cycle arrest in target cells (Burke et al.,
1997; Shankaran et al., 2001).

Although no upregulation in relative p21 levels were observed, still the best way to verify its
activity indirectly was checking Cdk activities to phosphorylate their downstream targets. In the
present study it was already presented that both Cdkl (Boxem et al., 1999) and Cdk2 (Yam et
al., 1999) phosphorylation on their respective substrates were decreased in f-cat“Ikko’44 TEC
samples at day 15. These observations verified that IFNy casuses cell cycle arrest in f-
cat“‘Tkko** mice intestines. As a result of this cycle arrest, f-cat“Ikkc’”** mice exhibited
slowed proliferation evident by histological stainings and proliferation marker downregulation.
These results can also account for reduced c-Myc levels where no direct involvement of Wnt
signaling regulation is required. Consequently, cell cycle arrest in f-cat“Ikka’*** mice may
explain the phenotype associated with decreased proliferation leading to retarded tumor growth
and better survival.

After proving that IFNy upregulation may explain all the phenotype related to tumor
suppression by gene expression profiles and downstream kinase activities this phenomenon was
further verified by the use of genetic models. For this purpose, ifng” and Ifnarl” mice were
crossed to [-cat“‘lkko'”** background to see whether IFNs are the real target of survival
mechanism in this model of CRC by the examination of the survival of these animals. /-
cat““Ikko " [fnar]” mice survived similar to f-car“‘Ikko*** mice (31.5 vs. 34.5). Hence the
additional loss of type I interferon signaling did not affect survival of S-car“‘Ikkc** mice.
Although there were a subset of type I interferon downstream molecules that were upregulated as
observed in gene expression profiles, it was evident with this result that IFNa does not play any
role in extended survival of Zkka*** phenotype. These results was particularly important while
considering specific APC activation leading to adaptive immunity could utilize type I interferons
as well through activated DCs which was not observed in the context of current data. On the

other hand, f-cat“‘Ikko’*ifng" mice gave an astonishing result of reversion of all extended
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survival observed in f-cat“‘Tkko’** only mice (20 vs. 34.5 days). At the baseline levels f-
cat“‘ifng’” mice had a lower survival than that of f-cat“* mice (19 vs. 21). However, even the
addition of Zkka*¥* knock-in did not provide almost any survival advantage (19 vs. 20 days).
Moreover, IFNy downstream targets were highly upregulated in epithelial cells of f-car“ Ik o
mice leading to cell cycle arrest which accounted for reduced proliferation in them. Consequently,
all the positive effect of Ikka"*** phenotype is reversed by the removal of Ifng from the f-
cat““Ikko** model because IFNY is the ultimate target of IKKa inactivation in f-cat“ Ikko 44

mice leading to reduced proliferation and extended survival.

5.2.5. Both Epithelial and Hematopoietic Cells Contribute to the /kka*44 Phenotype

Once it became clear that IFNy upregulation and resulting cell cycle arrest are the key points
in reduced proliferation and extended survival in f-cat“‘lkko”** mice, the next step was to
identify molecular mechanism in which IKKa inactivation leads to IFNy downstream. One
possible explanation was the increased sensitivityof IECs to IFNy which leads them to the cell
cycle arrest (Burke et al., 1997; Shankaran et al., 2001) while other possibility was the increased
levels of IFNy from activated immune cells (Hung et al., 1998). In either way, identification of
contributions from both compartments was required. To address the origin of mechanism and to
separate the roles between epithelial and hematopoietic compartments, Tkka ¢ mice were
combined with f-car™ background to generate f-car™Ikka* mice and also bone marrow
transplantation from Zkka'*** mice to f-cat™ mice was performed. In the epithelial specific
deletion of Ikka in f-cat™, epithelial cells had a marginal contribution to the survival (24 vs. 21
days) but latency of survival was much less compared to f-cat“Ikko**4 mice (24 vs. 34.5 days).
Other than survival no other differences in histological examinations were observed from wt f-
cat“* mice at the time of sacrifice. Yet no further analysis with 15 days samples were performed.
Still these results strongly suggested that epithelial intrinsic role of IKKo has a marginal

contribution in the survival most probably due to increased sensitivity to interferons or alteration
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of alternative NF-kB signals. The first point is supported by preliminary observations of increased
STAT1 and IRE-1 levels in f-car“‘Ikko/™* mice yet this increase was not leading to cell cycle
arrest observed in f-cat“kko’ ¥4 mice at day 15 to extend their survival. As mentioned before,
whole body abrogation of p52 or epithelial specific Re/b deletion resulted in similar survival to f-
car“ Ikka™ mice. Therefore, contribution of alternative NF-kB signaling may account for
epithelial IKKaw abrogation yet further experimentation like epithelial specific IKKa inactivation
(by bone marrow transplantation from wt mice to f-car“‘Ikko’** mice) is needed to clarify this
phenomenon. However, one can argue that this effect was still not enough to recapitulate the
longer survival in whole body Zkka**** knock-ins. Therefore, the majority of the effect regarding
reduced proliferation should be coming from the hematopoietic cells.

It was actually what was observed when bone marrow transplantations were performed to f-
cat™* mice to assess hematopoietic loss of IKKo activation. Both S-cat™ and Ikko/  use cre
recombinase which would cause unwanted side effect like activation of [-catenin in
hematopoietic cells. For this purpose, bone marrow transplantation from Zkko*¥** mice was
performed to obtain bone marrow specific inactivation of IKKa. Consequently, bone marrow
transplantation experiments yielded a survival advantage slightly longer than B-car“lkko/ mice
(27 vs. 24 days) but still significantly lower than that of f-car“‘Tkko’** mice (27 vs. 34.5 days).
Although these observations suggested a more significant role of hematopoietic cells in the
reduced prolifetion, it was still not enough to explain the extended survival in f-car“‘Tkko4
mice alone.

Even though inactivation of IKKa in epithelial or hematopoietic cells has resulted longer
survival in f-cat™ mice, still their survivals do not sum up the longer survival in f-cat“Ikka¥*4
mice. Therefore, the effect which was witnessed in 7&ka* mice is an additive result of both
epithelial and hematopoietic compartments and it seemed that contribution from both sides was
crucial. Since summing up of the contributions are far from the /kka**** whole body knock-ins,
one can argue that the effect of both tissues is amplified in respond to each other or a feedback

mechanism which operates between these two compartments is responsible for the extended

survival in Tkko** mice. In the following parts, the possible mechanism that causes the
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communication between these two compartments and the role of different immune cells in the

activation of immune responses leading to amplified IFNy response will be discussed.

5.2.6. Hematopoietic Origin of IFNy Secretion in S-cat““Ikka’*** Mice

After proving that reduced proliferation and resulting phenotype in S-cat“Ikko**** mice were
dependent on IFNY activation, the next step was to identify molecular machinery regarding
upregulated IFNy levels in f-car“‘Tkko’** mice. Moreover, it was clarified that IFNy
upregulation was mostly contributed by hematopoietic cells, then the major challenge was to
identify molecular mechanism leading to its upregulation and the cell types related to its
secretion. As IFNY is concerned in immune activation, there are different sources of it within
hematopoietic compartment and different immunoregulatory mechanisms that may lead to its
secretion. One way of increased IFNy downstream activation was the increased sensitivity of IECs
to IFNy. This phenomenon was discussed within the context of separating the roles between
epithelial and hematopoietic compartment. Although being crucial it was shown to be having
fewer shares than hematopoietic cells. The next possibility was the increased IFNy production by
the immune cells. In the rest of the discussion different possibilities with immune activation and

resulting sources of IFNy secretion will be investigated in the light of current findings.

5.2.6.1. Adaptive Immunity is not Involved in the Suppression of Proliferation in S

cat“Jkka?4 Mice

The canonical Thl activation pathway begins with tumor recognition by APCs which in turn
activate lymphocytes by presenting tumor specific antigens. Active Th1 cells can produce IFNy or
other inflammatory cytokines like IL-2, IL-15, IL-18 or IL-21 (Smyth et al., 2005). This IFNy

coupled to other inducing cytokines trigger APC maturation or higher IL-12 secretion (Hung et
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al., 1998). Moreover, these cytokines has a positive loop on APCs to activate their antigen
presentation or phagocytic abilities (Smyth et al., 2006). In turn, IL-12 further activates CD4"
T-cells to increase IFNYy production (Mattner et al., 1996). These cytokines coupled to IFNy can
also induce cytotoxic T-cells or NK cells to produce even more IFNy to amplify the signal and
cytotoxic molecules targeting tumor cells (Shankaran et al., 2001; Street et al., 2001).
Altogether, secretion of proinflammatory cytokines central to Thl activation orchestrates
cytotoxic immune responses towards tumor cells (Beckhove et al., 2004; Dhodapkar et al.,
2002).

The first step was to identify whether T-cell activation was existed by the analysis of activation
specific markers. As a result FACS analysis, activation specific markers like CD69 and Foxp3 in
CD4* and Ly6c in CD8" cells (Cambiaggi et al., 1992; Johnson et al., 1993; Koérholz et al.,
1997; Robb et al., 1981; Zhang and Zhao, 2007) were upregulated in f-cat“Ikkor*** mice at
day 15. Further analysis of Foxp3 in whole mucosa by RT-PCR failed to support FACS results
(which would otherwise be controversial to observe Th1 activation in the presence of suppressive
activity by Tregs (Zhang and Zhao, 2007)). Although these increases in activation markers can
suggest an increased T-cell activity in S-cat“Ikkco™** mice at day 15, further data was required to
confirm these preliminary data. Furthermore, T-cell specific cytokine profiles were analyzed via
RT-PCR. Upon these analyses, no clear Thl shift was observed in f-car“‘Ikko*** mice.
Moreover, lack of increased IFNY production in lymphocytes was confirming these observations.
Consequently, these observations strongly suggested that Thl activation in CD4* T-cells was
absent in S-cat“‘Ikka”*4 mice.

Although no Thl activation was evident, involvement of NK cells and activation of tumor
cytotoxicity was to be clarified. Neither of these two cells types were upregulated in f-
cat““Ikko* mice. NK cells were not producing higher IFNy like CD8* cells in f-car“*Tkkor*44
mice at day 15. Furthermore, cytotoxic factors upregulated in activated CD8" or NK cells like
granzymes and perforin were not upregulated in f-cat“‘Ikkc ¥ mice at day 15. On the contrary,
there was a clear reduction in perforin and granzyme levels in S-car“‘Ikkco**** mice. Analysis of
other cytotoxic markers like NKG2D (Raulet, 2003) and TRAIL and its receptor Killer (DR5)

(Takeda et al., 2002) gave a slight increase in f-cat“‘Ikko*** mice except from FasL (Kim et al.,
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20006; Prendergast and Jaffee, 2007). Although these elevations in TRAIL and its receptor DR5
can suggest a TRAIL mediated cytotoxicity, upregulations in their absolute concentrations did
not translate into higher cell death figures in f-cat“lkkor”** mice at day 15 as measured by
TUNEL and cleaved Caspase3 IHC. Moreover, previous observations with other models of CRC
were confirming this result and no increase in apoptosis evident in Zkka**** mice. Even there was
a slight decrease in apoptosis in some samples in [-cat“‘Tkkc*** mice, Apc™™ Ikko™*** and
AOM-Tkko** tumors. As a last proof for lack of NK involvement, NK cells were depleted in -
cat““Ikka** mice and their survival upon this effect is measured. As a result of NK depletion no
change in f-cat“‘Ikko’** mice survivals were observed. Therefore, NK cells do not contribute to
the reduced proliferation leading to increased survival in these mice. In conclusion, absence of
Th1 shift and NK cell responses suggested that there is no adaptive immune activation leading to

tumor specific cytotoxicity in f-cat“Ikko 4 mice.

5.2.6.2. Myeloid Cell Activation as a Source of IFNY in S-cat“Ikka’'¥** Mice

In current analysis, myeloid cells were lacking activation in antigen presentation and following
adaptive immune activation. Macrophages were checked for MO to M1 shift via arginase and
NOS activities and no increase in their activation was observed. Moreover, their expression levels
for M1/M2 specific markers like IL-10, IL-12 and TNF-o (Condeelis and Pollard, 2006) did not
suggest a shift towards any phenotype. Therefore, antigen presenting and adaptive immune
promoting characteristic of macrophage was absent in [-car“‘Ikkco**** mice regardless of their
increased numbers. Neutrophils on the other hand were specifically activated and producing IL-
12 in higher amounts. DCs cells were showing increased IL-12 and TNF-a production in f-
cat““Ikko** mice, while their antigen presentation was not affected. BMD DCs were subjected
to different activating ligands for their activation status and they were observed to be slightly
elevated in IL-12 expression. However, IL-12 neutralization in f-cat“‘Ikko/*** mice showed that
IL-12 does not have any direct role in increased survival of f-cat“Ikko’** mice but can still have

an indirect role which will become clear shortly in the context of macrophage activation.
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Regardless the absence of adaptive immune activation by APCs, myeloid cells were observed
to be highly active and amplified in S-car“‘Tkkc*** mice. Absolute numbers of macrophages,
DCs and neutrophils showed an increase in f-cat“ Ikko™*** mice as measured by specific marker
expression in RT-PCR and FACS. Furthermore, IHC analysis has show intraepithelial localization
for macrophages and neutrophils while DCs did not show any specific tissue localization in /-
cat““Ikka** mice at day 15. Since the direct involvement of IL-12 and adaptive immune
activation were ruled out, this specific localization pattern observed in S-cat“Tkko*** mice at
day 15 could be the result of better recruitment of APCs via chemokines secreted by epithelial
cells to the site of hyperproliferation. To address this phenomenon, gene expression profiles for
monocyte chemoattractants were checked both in IEC and in whole mucosa RNA samples. As a
result of this analysis, a high correlation of increased cytokine production in f-car“'Ikkco’¥** mice
was observed. Cxcll, Cxcl2, Cxcl5, Ccl20, Ccl28 and Tslp RNA expressions were increased in both
tissues while Mcp-1 was found to be elevated only in whole mucosa. All these cytokines, with the
exeption of MCP-1, can be produced by IEC in the case of injury or infection to attract
monocytes (Furuichi et al., 2006; Huang et al., 2001; Li et al., 2005; Luu et al., 2000). On the
other hand, chemokines like Cc/5 and Cel6 were persistently downregulated in f-car“Tkko ¥4
samples in both compartments. Cc/5 downregulation is most probably due to lack of T-cell
activation leading to tumor specific cytotoxicity (Song et al., 2000). Cc/6 downregulation is on
the other hand is the only controversial example because it is reduced only in the presence of T-
cell activity (Ma et al., 2004). According to our model, hyperproliferating IECs secrete these
chemokines (due to disturbed epithelial barrier and infiltrating bacteria) to attract myeloid cells
and these cells further activate themselves by autocrine factors like MCP-1 (Huang et al., 2001;
Lu et al., 1998). The other source of monocyte activation is [IFNy (Brucet et al., 2004; Shi et al.,
2003; Wesemann and Benveniste, 2003; Wesemann et al., 2004). It was reported that a small
subset of pDCs can secrete high levels of IFNy and can lyse tumor in TRAIL dependent manner
(Taieb et al.,, 2006), which was probably absent in f-car“‘Tkko’** mice at day 15. Especially
numbers of IKDCs were dramatically higher in f-cat“‘Ikko™*** mice at day 15. Moreover, they
were the only group of hematopoietic cells with increased IFNy production. IKDC produced

IFNY and already elevated IL-12 (Munder et al., 1998; Schindler et al., 2001) may further help
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the promotion and activation of macrophages which further expand in numbers to produce even
higher amounts of IFNy (Di Marzio et al., 1994; Puddu et al., 1997). Though per cell
production is not observed to be altered in our analysis (further proof is required), this
dramatically increase in macrophage numbers may account for increased IFNy production.

Therefore, amplification in myeloid cells especially in macrophages can make them a significant

source of IENy in S-cat“‘Ikkc’V*4 mice.

5.2.7. NF-xB Activation is Required for Reduced Proliferation in Jkka444 Mice

Although myeloid cells were identified as a source of amplified IFNy response with the
current data, still the basic role of IKKa in their activation was to be clarified. Close examination
of monocyte chemoattractants upregulated in f-cat“‘Tkko’** mice at day 15 revealed that they
were regulated by canonical NF-kB signaling (Bonizzi and Karin, 2004). Since they are NF-xB
targets, IKKa should play an inhibitory role in NF-kB activities leading to immune suppression
which was already shown in macrophage activation upon bacterial challenge (Lawrence et al.,
2005; Li et al., 2005). Indeed, recent literature was suggesting that IKKa is regulator of pro-
inflamatory signaling pathways in different cell types varying from macrophages to T-cells (Gloire
et al., 2007; Lawrence et al., 2005). When the case of 7kka*** mice challenged with bacteria
which produces macrophage recruiting cytokines like MIP-1a,, CCL20, CCL28, CXCLI1 and
CXCLS5 was considered, the increase in prolonged NF-kB binding (Lawrence et al., 2005) seems
to be crucial for chemoattraction of APC to the site of hyperproliferation. Indeed, the elevations
of these cytokines were occurring in our S-cat“Ikko’** at day 15 in IEC samples. Therefore, all
upregulation of these factors could be NF-kB dependent also in the case of hyperproliferation.

To investigate this possibility f-ca“*Tkkf" ¢ mouse model was generated for introduction of
epithelial specific deletion of IKKf. The first important observation with this model was such
that f-cat““TkkC mice had a limited survival advantage over wt mice (26 vs. 21) through a

mechanism unrelated to our 7kka*¥** model (Fingerle et al., 2009). Nevertheless, when these
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mice were coupled to Ikka* to generate [-cat“‘Thko“IkkBYC mice, the extra survival
observed in f-car““Tkko 44 mice was lost regardless of the positive effect of TkkB" . On the
contrary, the survival of both f-cat“ Ik ¢ and S-cat“Ikkot 4 IkkFE¢ mice were almost the
same (25.5 vs. 26). This strongly suggested that the anti-proliferative effect observed in Zkko'¥*4
mice was dependent on IKK(B and most probably on canonical NF-kB activity regardless of
unaffected binding levels. The extra survival in f-car“‘Tkk ™ mice (Fingerle et al., 2009)
depends on alteration of Wnt signaling and downregulation of Wnt target that give differentiated
epithelial cells a stem cell like phenotype in the constitutive activation of NF-kB by Nfkbia
(IkBa) mice (Rupec et al., 2005). However, f-cat“‘Ikkc’”** mice on the other hand require
active NF-kB signaling to have longer survival which suggests that the survival in f-car“Ikko ¥
and f-cat“ Rela™™ mice (Fingerle et al., 2009) are completely due to different mechanisms. The
first reason of this divergence is the need for active NF-kB which is completely absent in kS
or RelaE€ mice (which is even more strong in Rela"E€ mice) but is still there in bk mice.
The other important difference is the alteration of Wnt targets which is not observed in Zkkor¥44
mice at all (by Microarray data). Nevertheless, abolishment of extra survival in f-
cat“ Tk B CTkk o double knockouts strongly suggested the requirement of NF-kB activation
in Jkko* ¥4 mice.

If this hypothesis was correct all the upregulations in chemoattractants and resulting APC
amplifications should be absent in f-car“ Tk Tkko/* mice. Expression profiles of these
cytokines have shown complete reversion of cytokine profiles in f-cat“Tkk " CTkko 4 mice. As
a result of decreased chemokines, f-car“Tkkf " CIkko/*4 mice also reduced in myeloid cell
numbers. Macrophage, neutrophil and DC numbers returned back to basal levels in f-ca“* mice.
Therefore, prolonged NF-«B activation in S-cat“Ikko*** mice is responsible for the production
of chemokines which further attract and amplify myeloid cells to produce IFNy which suppresses
tumor growth via cell cycle arrest. In conclusion, removal of 7kkf is sufficient to reverse all these

positive effect associated with Zkko*4 mice.
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5.2.8. Identifying Kinase Specific and Structural Roles of IKKa in Immune Suppression

Current data suggested that the presence of intact IKKal is important in terms of proper
functioning of NF-kB in epithelial and hematopoietic cells. Furthermore, the absence of IKKa
activation in f-cat“Ikko™ mice has shut down the mechanism which feedback inhibits
extended promoter binding of p65. Without control, NF-kB promoter binding was prolonged to
upregulate proinflammatory monocyte chemoattractants in  f-cat“Ikko’**  mice. These
upregulations resulted in increased myeloid populations which further secrete IFNYy respectively.
Moreover, in myeloid cells intrinsic autocrine factors like MCP-1 and IL-12 are also controlled
by NF-kB. Therefore, further activation of myeloid cells is also dependent on prolonged NF-xB
activity in the absence of IKKa phospho-activation (Lawrence et al., 2005). This mechanism
strongly suggests the involvement of NF-kB activation both in epithelial cells and hematopoietic
cells to obtain strong tumor suppression observed in f-cat“‘Tkko’** mice.

Epithelial specific deletion of IKKa did not yield a comparable survival advantage as in the
case of bone marrow transplantation into f-car“! mice. Although monocyte chemoattractants are
required for amplified macrophage activation, they are still not enough to impose full effect
without hematopoietic cell involvement without Zkka** replacement in these cells. One
possible explanation is the cell intrinsic factors in hematopoietic cells that provide better
activation in the absence of IKKa activation (Lawrence et al., 2005; Li et al., 2005). In Zkka4
b.m. transplanted animals there were still a significant survival advantage, most probably due to
the same mechanism that increased chemoattractant expression by the epithelial cells. In fact,
activation of macrophages and their apoptotic resistance to proinflammatory stress stimuli may
account for the increased numbers of IFNy secreting myeloid cells. One important point is the
requirement of IKKa in proper p65 functioning (Gloire et al., 2007). Although it is known that
IKKa kinase activity is important for the functioning of several factors for its action as a

transcriptional co-activator or repressor, another important function of IKKa is its structural
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association in some p65 promoters unrelated to kinase function (Chariot, 2009; Gloire et al.,
2007).

For this reason, the reduced survival in epithelial specific B-cat“Ikka*C mice may be due to
the structural absence of IKKa protein rather than its inactivation in f-cat“lkko** mice. In
other words, IKKa is required in the nucleus for the proper functioning of NF-kB signaling and
p65 binding to its related promoters (Chariot, 2009). However, it was not checked whether
chemoattractants were reduced or myeloid cell recruitment is abrogated in f-cat“Ikko ™™ mice at
day 15. Sdill there is a possibility that these chemoatractants which are amplified in f-
cat“*Tkko 44 mice can be missing in B-cat“Ikka’ "™ mice at day 15. Only after obtaining the
expression profiles for these chemokines in f-car“ Tkko " mice at day 15 this statement can be
verified. Still recruitment of myeloid cells may not guarantee increased IFNy levels. In fact
without involvement of right signaling activation, recruited myeloid cells can increase TNF-o and
cause proinflammatory immune activation favoring tumor promotion as in the case of f-
athAkabz'aA’EC mice (Fingerle et al., 2009). Therefore, activation and recruitment of IFNy
secreting myeloid cells should be crucial in the longer survival of f-cat“‘Ikke’ ¥ mice and this
phenomenon is an important possibility to explain reduced proliferation in B-cat“Ikka " C. For
this purpose, performing b.m. transplantation from wt mice to f-cat“‘Ikkor***4 mice is required
for complete understanding of kinase specific and structural roles of IKKa in epithelial and
myeloid cells.

Regardless of this phenomenon, an increase in the survival of S-car“Ikka/ " mice which was
very similar to that of Nfkb2 or Relb™ ™ mice was observed (24 vs. 24 and 25 respectively).
Therefore, rather than increased chemoattractants as in the case of f-cat“Ikko** mice, slightly
longer survival in f-cat“‘Ikko/™ mice may also be the result of complete abrogation of
alternative NF-«xB signaling in epithelial cells. One evidence is the base line activation of p52
which is still present in f-cat“‘Tkkc’*¥** mice (most probably due to baseline kinase activity of
IKKa also consider that alternative signaling is specifically activated with certain receptors).
Therefore, alternative NF-kB activation may also contribute the extended survival in Zkko*4
mice but most probably by a different mechanism which needs to be verified with further

experimentation with 15 day samples.
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Another important point to be clarified is the absence of adaptive immune responses
regardless of myeloid cell activation and increased IL-12 levels. It was previously shown that
superrepression of NF-kB activation in T-cells has retarded Thl subset development in
lymphocytes and reduced Th1 specific expression of IFNy and IL-12 (Aronica et al., 1999;
Seetharaman et al., 1999). Moreover, lymphocytes preferentially shifted towards Th2 in the
absence of NF-«kB activation (Aronica et al., 1999). These observations suggest that IKKow can
also suppress Th1 activation which may be unrelated to its kinase activity yet promoter specific
structural role can be important. Still detailed analysis of NF-kB activation in T-cells should be
examined to derive further conclusions.

In this thesis, it was shown that kinase specific role of IKKa is responsible for elongated
promoter binding of NF-kB on certain gene promoters. Therefore, inactivation of IKKa leads to
elongated promoter binding of NF-kB in IECs to promote proinflammatory chemokine
production leading to better attraction of monocytes. Similarly, absence of IKKa activation in
myeloid cells most probably trigger longer NF-kB promoter binding which induce cell intrinsic
factors like MCP-1 and IL-12. Coupled to IKDC derived IFNYy, these factors further promote
macrophages to amplify and impose their IFNy producing effect better without increase in
expression (which also needs to be clarified). Recent literature was suggesting the kinase specific
role is governing the prolonged NF-kB promoter binding while structural role is required for
proper functioning of NF-kB itself. Therefore, kinase specific role of IKKa suppresses prolonged
NF-«B binding to resolve inflammation. While structural role is important in APC activation,
still it may suppress Th1 activation and adaptive immune responses. By the use of T-cell specific

IKKo abrogation it may be possible to reach better tumor suppression in f-cat“Ikko** mice.
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6. CONCLUSION

Here we presented evidence for tumor promoting role of IKKa in the development of CRC
by the suppression of immune activation at different levels. By the use of activation deficient
IKKa mutants in three different genetic and pharmacologic CRC models, we identified a distinct
phenotype of tumor retardation due to cell cycle arrest resulting in extended survival of the
animals. These results strongly suggested a tumor promoting function for IKKo in normal
intestinal tumorigenesis with a model independent manner. By further investigations to
understand molecular machinery we have shown that this tumor promoting effect of IKKa is
most probably due to its NF-kB suppressive role to resolve elongated inflammation. According to
our model (figure 6.1), IKKa suppresses elongated NF-kB promoter activity in hyperproliferating
IECs to block proinflammatory immune responses by acting separately in enterocytes and
myeloid cells.

In the absence of IKKa phospho-activation, prolonged NF-kB activity enhanced expression
of a set of monocyte chemoattractants secreted by hyperproliferating enterocytes to facilitate
recruitment of myeloid cells to the site of hyperproliferation. Furthermore, prolonged NF-xB
activation in myeloid cells induced upregulation of intrinsic factors like MCP-1 and IL-12 for
autocrine activation of already recruited myeloid cells to expand in numbers and to produce
IFNy. Regardless of the absence of adaptive immune activation and tumor specific cytotoxicity,
increased numbers of IFNy producing myeloid cells built up a sufficient pool of IFNY to suppress

tumor growth in IECs.
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myeloid cells

Figure 6.1: Proposed Mechanism of IKKa Involvement in CRC.

In conclusion, here it has been shown that anti-inflammatory role of IKKo to limit
macrophage activation has a profound role in initiation and progression of colorectal
tumorigenesis. Although this effect mostly depends on direct suppression of myeloid activation to
block increased levels of IFNy production, suppression of epithelial cells to block myeloid cell
chemoattraction also has a crucial contribution in preventing amplification of tumor specific
immune responses. Therefore, we provided evidence that specific inhibition of IKKa activation
can be a potent therapeutic target for inhibiting colorectal tumor growth. Even coupled to
adaptive immune activation to induce tumor cytotoxicity and tumor lysis, specific phospho-

inactivation of IKKa may prove to be a powerful strategy to overcome colorectal tumors.
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8. APPENDICES

8.1. SUPPLEMENTARY MICROARRAY DATA

8.1.1. List of Genes within Cluster VIII (15-day B-cat“Ikka’*** Upregulated)

UniquelID
1426278_at
1425065_at
1448562 _at
1421911 _at
1422006_at
1425374 _at
1450672 _a_at
1423555_a_at
1419042_at
1418191 _at
1417244 _a_at
1424921 _at
1426774 _at
1418825_at
1425913_a_at
1426415_a_at
1419043_a_at
1451777 _at
1451644_a_at
1425927 a_at
1416051 _at
1451426_at
1425405_a_at
1417185_at
1418293 _at
1451821_a_at
1424775_at
1451860_a_at
1453196_a_at
1421217_a_at
1419762 _at
1418392_a_at
1423619_at
1418021_at

Gene Symbol
Ifi27
Oas2
Uppl
Stat2
Eif2ak2
Oas3
Trex1
Ifi44
ligp1
Usp18
Irf7
Bst2
Parp12
Irgm
2810022L02Rik
Trim25
ligp1
BC013672
H2-Q1
Atf5
C2
Lgp2
Adar
LyGa
Ific2
Sp100
Oasla
Trim30
Oasl2
Lgals9
Ubd
Gbp4
Rasd1
C4b
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1431591 _s_at
1416016_at
1417961_a_at
1426971 _at
1431008_at
1428346_at
1449025_at
1434380_at
1438676_at
1448380 _at
1418580_at
1427102_at
1425156_at
1426970_a_at
1450271 _at
1422751 _at
1449005_at
1422977 _at
1419604_at
1419026_at
1451969 _s_at
1424518_at
1450424 _a_at
1417470_at
1449875_s_at
1451095_at
1418536_at
1423233_at
1450009 _at
1453393 _a_at
1451083_s_at
1429947 _a_at
1448452 _at
1449009 _at
1433966_x_at
1425719_a_at
1418930_at
1430005_a_at
1424575 _at
1421034 _a_at
1452614 _at
1449363_at
1426276_at
1436172_at
1423392 _at

Loc677168
Tapl

Trim30

Ubell
0610037M15Rik
Trafdl

Ifit3
9830147]J24RIK
Mpa2l

Lgals3bp

Rep4

Slfn4
9830147]24Rik
Ubell

Ptk6

Tlel

Slc16a3

Gplbb

Zbpl

Daxx

Parp3
2310016F22Rik
1118bp

Apobec3
H2-T22

Asns
Loc630509//Loc674
Cebpd

Lef

Chst4

Aars

Zbpl

Irf8

Tgtp

Asns

Nmi

Cxcl10

Batf2

Rabl5

Il4ra

Gm566

Atf3

Ifih1
9530028C05
Clic4
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SampleName

6278 _at IFI27 interfercon, alpha-Inducible protein 27
1424571 at BETZ bone marrow stromal cell antigen 7
1475555 a at TF144 interferon-induced protein 44
1425065 at DOASZ 27=-5" oligoadenylate synthetase 2
1418191 at USFLE ubiguitin specific peptidase 18
619 at RASDI RAS, dexamethascne-induced 1
T3I7I85_at LYGA Iymphocyte antigen 6 complex, locus A
1418293_at IFITZ interferon-induced protein with tetratricopeptide repeats 2
1415043 a_at interferon inducible GTFase 1
1451644 a at J77 O610037HMIS histocompatibility Z, © region locus 1 //7 RIKEN cDNA 0610037HIS gene
1451428 _at
1259 a at LOZRIK HIKEN CDNA 2B10022L02 gene
1435374 27=-57 oligoadenylate synthetase 3

14215911 signal transducer and activator of transcription Z
1415042 at interferon inducible GTFase 1

i at TRGH Immunity-related GTPase family, M
TITE051_at CZ complement component 2 (within H-Z5]

1417244 _a at _ IRE7 interferon regulatory factor 7

31008 at U61003 THISRIK RIKEN cDNA OGL0037MIS gene
1418021 at ci8 /77 TOCET552]1 complement component 48 (Childo blood group) /// sSimilar to Complement C4 precursor
I451I777 at BCOL3G72 CDNA sequence BLCUL13672
TA5THE0 a at TRIM30 tripartite motif protein 30
1455196 a at OASLZ 27=57 oligoadenylate synthetase-1ike Z
1424775 at OASIR 27=-5" oligoadenylate synthetase 1A
1425405 a at ADAR adenosine deaminase, RNA-specific

{18536 at LOCE30509 777 TOCE74 9; histocompatibility Z, O region locus 7
TITE0IE_at TAFL Eransporter 1, ATP-binding cassette, sub-family B (MDR/TAF)
1445562 at UFFL uridine phosphorylase 1

5774 at FARFLZ poly (ADP-ribose) polymerase family, member 12
T415762 at UBD ubiguitin T
1451871 a at SPI00 nuclear antigen Spl00
1425927 a at ATFS activating transcription factor 5
1422977 at GPIBB glycoprotein Ib, beta polypeptide
14253233 at CEBFD CCAAT/enhancer binding protein (C/EBF), delta
1450424 a at TLIREF interleukin 18 binding protein
1427102 _at SLFN4 schlafen 4
1425156 _at S830147724RIK RIKEN CDNA 9830147724 gene
1431551 s at TOCET7168 hypothetical protein TOCGE77164
6971 at UBEIL ubiguitin-activating enzyme EIl-Iike
HETE at MFAZL //7 LOCK26578 macrophage activation 2 like /// similar to macrophage activation 2 Like
I434380_at O830147724RIK RIKEN cDNA 9830147724 gene
1450672 a at TREXL three prime repalr exconuclease 1
1449875 s at HZ-T22 [/7 HI-TS histocompatibility Z, T region locus 22 /// histocompatibility 2, T region locus 9
1418580 at RTFP4 receptor transporter protein 4
1449025 at IFITS Interferon-induced protein with tetratricopeptide repeats 3
I57614 at GH566 gene model 566, (NCBI)
6415 _a_at  TRIMZS tripartite MOLif protein 25
1450271 at FTEG PTEG6 protein tyrosine kinase 6
1450005 _at LTF lactotransferrin
1421217 a at LGALSY Tectin, galactose binding, scluble §
1425547 a at ZBPI Z-DNA bBinding protein I
1417961 a at TRIM30 tripartite motif protein 30
1419604 at ZBPL Z-DNA binding protein 1
T448380_at LGALS 3B Tectin, galactoside-binding, scluble, 3 binding protein
1451969 s at PARPS poly (ADP-ribose)] polymerase family, member 3

I78346_at TRAFDL TRAF type Zinc finger domain containing 1
1418392 _a_at _ GBFE guanylate nucleotide binding protein &

126970 a at UBEIL /77 D330022A01 ubiquitin-activating enzyme EI-Iike /// RIREN CDNA DiJ0UZ2AUL gene
1424518 at Z310016F22R1IK /// BC RIREN CDNA 2310016F22 gene /// CDNA sSequence BCOZ0489
1451095 at ASNS asparagine synthetase
1443005 at SLCI6RS solute carrier family 16 (monocarboXylic acid transporters), WMember 3
1453393 a at CHST4 carbohydrate (chondroitin 6/keratan) sulfotransferase 4
1417470 at APOBECS apolipoprotein B editing complex 3
1449009 at TGTP T-cell specific GTFase
1422006 EIFZAKZ eukaryotic translation Initiation factor Z-alpha kinase 2

Fas death domaln-assoclakbed DrOLein
alanyl-tRENA synthetase
Interferon regulatory factor
basic leucine zipper transcription factor, ATF-like 2
asparagine synthetase
transducin-Iike enhancer of split I, homolog of Drosophila E(spl)
interleukin 4 receptor
FAB, member of RAS oncogene family-like 5
1425713 { H-myc (and STAT) interactor
136 BCOS hypothetical protein §530028C05
6276 Interferon induced with helicase C domain L
I4T8530 chemokine (C-X-C motif) Iigand I0
14453563 at ATFJ activating transcription factor 3
14253592 at CLICd chloride intracellular channel { [mitochondrial)

Figure 8.1: Heatmap for f-cat“Ikko’44 mice upregulated cluster of 79 genes. Ranked expression
values were compared to all other phenotypes. Red is upregulation and blue is for downregulation. Two

samples per each group from left to right: f-cat™ Tkko*, W'T, [-cat“* and ITkko™*.
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8.1.2. Genes Upregulated More Than 2 Folds in 15-day f-cat“Ikko’4 Mice Relative to S-car™

Gene Symbol Fold Upregulation

Ela3 /// LOC638418 52.42
Ela3 /// LOC638418 38.19
Amy?2 /// 1810008N23Rik 31.03
2210010C04Rik 18.05
Ela3 11.99
Try4 /// Prss1 /// 1810049H19Rik ///

LOC436522 11.62
Pnlip 11.54
Slc23al 8.48
Ela2a 7.35
Cpbl 7.11
Pmp22 7.08
Fkbp5 7.04
Fkbp5 6.63
Fla3 6.35
Slc5ada 6.02
Ifi44 5.93
Pckl 5.54
Ifi27 5.29
Cubl 5.10
Trim30 5.02
Hspala 4.68
2210010C04Rik 4.55
Per2 4.54
Cel 4.48
Oas2 4.48
Usp18 4.45
Hspalb 4.22
B230342M21Rik 3.95
Oas3 3.93
Trim30 3.92
Sycn 3.87
Zbtb16 3.75
Slc13a2 3.75
Oasld /// Oasle 3.72
Akr1b7 3.69
ligp1 3.65
--- 3.54
H2-Q10 351
ligp1 3.50
Tsc22d3 3.46
Abcbla 3.42
2010109103Rik 3.42
Hspalb 3.41
Dbp 3.41
LyGa 3.31
Ces6 3.28
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Bst2 3.28
Cyp2bl0 3.27
Car4 3.25
Acox2 3.24
H2-Q1 /// 0610037M15Rik 3.22
Slc5a4b 3.13
AU018778 3.10
Ifit2 3.10
Abcbla 3.09
Susd2 3.08
Tsc22d3 3.06
Dgat2 3.05
Cyp2b10 3.05
Rbp7 3.04
Hspalb 3.04
Car4 3.04
Ubd 3.02
Ace 3.01
Chacl 2.96
1300013J15Rik 2.96
Cpal 2.95
Slc7a8 2.93
Dbp 2,91
2810022L02Rik 2.88
MbI2 2.87
BC013672 2.86
Cyp2b10 2.86
Aspa 2.81
Phosphol 2.80
Oasl2 2.79
Kcnk5 2.78
0610037M15Rik 2.78
Cul 2.77
Mertk 2.76
Bbox1 2.75
Vwal 2.73
Perl 2.73
Sgk 2.73
Ccrn4l 2.73
1300007C21Rik /// LOC433762 2.72
Usp2 2.72
Rasd1 2.70
Kcnk5 2.69
Ace 2.69
Usp2 2.68
Aldhlal 2.67
Kalrn 2.64
Irgm 2.64
Prss2 2.64
Mpa2l //] LOC626578 ///

LOC673101 2.63
D11Lgp2e 2.63
Trim30 /// A1451617 2.62
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Casp3 2.62
Stat2 2.61
Trib3 2.60
Aldhla7 2.60
Edg7 2.57
2310016F22Rik /// BC020489 2.54
Slfn4 2.51
Dgat2 2.50
C230093N12Rik 2.49
D11Lgp2e 2.48
AI848100 2.47
Abat 2.46
Aldh4al 2.45
Aplpl 2.45
Sgpll 2.43
Adf3 2.41
Entpd7 2.39
Gstm3 2.39
Stat2 2.39
C230093N12Rik 2.38
Rep4 2.38
-— 2.37
Gplbb 2.37
Atp8al 2.37
Prss2 2.36
Maoa 2.36
SIfn3 /// Slfn4 2.36
Herpudl 2.35
Fut4 2.35
Slc15al 2.34
Itf7 2.34
Abcal 2.34
Gdpd2 2.33
Gstm3 2.32
Mafb 2.30
C2 2.28
LOC630509 /// LOC674192 2.28
Ifit3 2.28
ligp2 2.26
Hpgd 2.26
Mx1 2.26
Tef 2.26
Pexl1a 2.25
Ifitl 2.24
Oasla 2.23
Ugcg 2.23
Viprl 2.23
Mafb 2.22
Hnf4g 2.22
Gbp4 221
Slclal 2.21
1115 2.21
Aqp3 2.20
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Samd8

Cyp3a25 /// LOCG622249

Eif2ak2
Sp100
Herpudl
Cyp3all
Es22
Acotl2
Cndp2
Etnkl
Clcal
LOC677168
Kalrn
Sultld1
Pla2glb
Igtp
Oasle
Xlkd1
Acotl2
Nr5a2
Hpgd
Ifrd1
9830147]24Rik
Hnf4g
Cubn
M2
Gdapl10
Epb4.113
Ppara
Pbef1
Hist2h3c2
Atf5

Scin

Per3
Acot4

Cth
Abhd6
Rep4

C4b /// LOC675521
Enpep
Entpd5
Pcsk5
Trib3
Cml5
Slclal
Uppl
Dpepl
Rorc
Sultld1
Anpep
H2-Aa//l H2-Ea
Per2

2.20
2.20
2.19
2.18
2.18
2.18
2.18
2.18
2.17
2.16
2.16
2.16
2.14
2.14
2.14
2.13
2.13
2.12
2.12
2.12
2.11
2.10
2.09
2.09
2.09
2.09
2.08
2.08
2.07
2.07
2.07
2.07
2.05
2.04
2.03
2.03
2.03
2.03
2.03
2.03
2.03
2.02
2.02
2.02
2.02
2.02
2.02
2.01
2.01
2.01
2.01
2.00
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8.2. PRIMERS

GENOTYPING PRIMERS

BCAT-EX3-F
BCAT-EX4-R
Cre-370-F
Cre-370-R
IFNy-F
IFNy-R
TKKa-fl-F
[KKa-fl-R
IKKo-392-R
IKKo-AA-F
IKKo.-WT-F
IKKPB-144-F
IKKB 321-R
IKKP 390-R
IKKB-93-F
IMR0033
IMR0034
IMRO158-R
IMRO159-F
IMR0758
IMR459-F
IMR460-R
NEO-AS
UM4-F
UMS5-R

RT-PCR PRIMERS

CCL20-F
CCL20-R
CCL28-F
CCL28-R
CCL6-F
CCL6-R
CDl11c-F
CDI11c-R
CD49B-F
CD49B-R
CD4-F
CD4-R

TTCCCAGTCCTTCACGCAAG
GCAAGTTCCGCGTCATCCT
ACCTGAAGATGTTCGCGATTATCT
ACCGTCAGTACGTGAGATATCTT
AGAAGTAAGTGGAAGGGCCCAGAAG
AGGGAAACTGGGAGAGGAGAAATAT
GGAATTAGTTCTCCTCCTCTCATATGG
TTAAATTGTTGAAATATCTGTAAAGGAAGG
GGATCCGATATCTGCATGAAAAC
CAATGTTCCCACAAACGCTGTACAGAGCGC
CAATGTTCCCACAAAAGATGTACAGAGACT
CACAGTGCCCACATTATTTAGATAGG
GTCTTCAACCTCCCAAGCCTT
GCAATGTCTGATACAGTGTGTTAGGTT
TGACCCGGGAATGAATAGCA
GCCATCCCTTCACGTTAG
TTCCACTTTGGCATAAGGC
CTGAATGAACTGCAGGACGA
ATACTTTCTCGGCAGGAGCA
TTCTGAGAAAGACAGAAGTTA
CAGCATGTGTCAATCACG
TCACCATGTCATCTGTGG
ATTCGCCAATGAAGGCGTTGTT
AAGATGTGCTGTTCCCTTCCTCTGCTCTGA
ATTATTAAAAGAAAAGACGAGGCGAAGTGG

TGGCAAGCGTCTGCTCTTC
TTGCTGCTTCTGCCTGGC
AGCAGGGCTCACACTCATGG
ACCTCAGTGCAACAGCTGGA
AACCCAGGTCTGTGCCGAC
TGGGCCTTGCTTCAGGG
AACAGAGGTGCTGTCTACATATTTCATG
TGCTGAAATCCTCTGGCTGG
TGGCGAGTCCCATGATGG
TGCCGAACCTCAGTATCTCGT
GAGGCTCAGATTCCCAACCA
GCAGCAAGCGCCTAAGAGAG
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CD8-F
CD8-R
C-MYC-F
C-MYC-R
CXCL1-F
CXCL1-R
CXCL5-F
CXCL5-R
CYCLO-F
CYCLO-R
F4/80-F
F4/80-R
FASL-F
FASL-R
FOXP3-F
FOXP3-R
GRI1-F
GR1-R
GZMA-F
GZMA-R
GZMB-F
GZMB-R
[FNo-F
[FNo-R
[FNoR1-F
I[FNaR1-R
IFNB-F
I[FNB-R
[FNy-F
IFNy-R
IL-10-F
IL-10-R
IL-12p35-F
IL-12p35-R
IL-12p40-F
IL-12p40-R
IL-15-F
IL-15-R
IL-1b-F
IL-1b-R
IL-2-F
IL-2-R
IL-4-F
IL-4-R
IL6-F
IL6-R
iNOS-F
iNOS-R
IP10-F
IP10-R
IRF-1-F
IRF-1-R
IRF-7-F

CGTGGTGGTGCATGCCT
CCTCGAACTCAGAGAGATCCGC
AACTACGCAGCGCCTCCC
ATTTTCGGTTGTTGCTGATCTGT
TATCGCCAATGAGCTGCG
GGATGTTCTTGAGGTGAATCCC
TCCATCTCGCCATTCATGC
GATGCTGCGGCAGCGGCAGCGT
ATGGTCAACCCCACCGTGT
TTCTGCTGTCTTTGGAACTTTGTC
CTTTGGCTATGGGCTTCCAGTC
GCAAGGAGGACAGAGTTTATCGTG
ACTCCGTGAGTTCACCAACC
GTGGGGGTTCCCTGTTAAAT
TAGGAGCCGCAAGCTAAAAGC
TCCTTGTTTTGCGCTGAGAGT
GCAATGCAGCAGTTCCCACT
ATTGAATGGATCATCAGAGAAAGGTC
ATGTGGCTATCCTTCACCTACCTAA
TCCCCCATCCTGCTACTCG
AAACGTGCTTCCTTTCGGG
GGAAACTATGCCTGCAGCCA
TGTACCTGAGAGAGAAGAAACACAGC
GGAAGACAGGGTTCTCCAGACTT
ACTCAAGCCTCCCCGCAG
TGATGAAGCATCTTTCCGTGTG
AGCTCCAAGAAAGGACGAACAT
GCCCTGTAGGTGAGGTTGATCT
TTACTGCCACGGCACAGTCA
AGTTCCTCCAGATATCCAAGAAGAGA
GGTTGCCAAGCCTTATCGGA
ACCTGCTCCACTGCCTTGCT
CACGCTACCTCCTCTTTTTG
CAGCAGTGCAGGAATAATGTT
AAACCAGACCCGCCCAAGAAC
AAAAAGCCAACCAAGCAGAAGACAG
TCTTCATTTTGGGCTGTGTCAG
AGGCTTTCAATTTTCTCCAGGTC
GTGGCTGTGGAGAAGCTGTG
GAAGGTCCACGGGAAAGACAC
GCTTTGACAGAAGGCTATCCATC
CACATTTGAGTGCCAATTCGAT
ACAGGAGAAGGGACGCCAT
GAAGCCCTACAGACGCCAT
GTATGAACAACGATGATGCACTTG
ATGGTACTCCAGAAGACCAGAGGA
CCCTCCTGATCTTGTGTTGGA
CAACCCGAGCTCCTGGAAC
GAATCCGGAATCTAAGACCATCAA
GTGCGTGGCTTCACTCCAGT
GCTACCTGGGTCAGGACTTG
CAGAGAGACTGCTGCTGACG
ACAGGGCGTTTTATCTTGCG
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IRF-7-R
ISG15-F
ISGI15-R
KC-F
KC-R
MCP1-F
MCP1-R
MIPla-F
MIPla-R
MIP1B-F
MIP1B-R
MIP2-F
MIP2-R
MMP7-F
MMP7-R
MX-1-F
MX-1-R
OAS1-F
OAS1-R
PERF1-F
PERF1-R
PKR-F
PKR-R
RANTES-F
RANTES-R
STAT1-F
STAT1-R
TCF4-F
TCF4-R
TGFBI1-F
TGFB1-R
TNFa-F
TNFo-R
TRAIL-F
TRAIL-R
TSLP-F
TSLP-R

EMSA OLIGOS

NF-«xBF
NF-xBR
NF-YF
NF-YR
P53-F
P53-R
SIE-F
SIE-R
STAT1-F
STATI1-R
STAT3-F

TCCAAGCTCCCGGCTAAGT
ACCCTTTCCAGTCTGGGTCT
TCGCTGCAGTTCTGTACCAC
GCCAATGAGCTGCGCTGT
CCTTCAAGCTCTGGATGTTCTTG
GGCTCAGCCAGATGCAGTTAA
CCTACTCATTGGGATCATCTTGCT
CCAAGTCTTCTCAGCGCCAT
TCTTCCGGCTGTAGGAGAAGC
AGCTCTGCGTGTCTGCCCT
TGCTGAGAACCCTGGAGCA
ATCCAGAGCTTGAGTGTGACGC
AAGGCAAACTTTTTGACCGCC
TCAGCTGGCATGAACAAACG
GCAAAACCCATCCACAGCA
ATGTCAGCTCCCCAAATGTCC
TGCCTACAGCCACCCTGG
CAAGGTGGTGAAGGGTGGC
TCAAAGCTGGTGAGATTGTTAAGG
CCAGAGGCAAACATGCGC
GCTGCAAAATTGGCTACCTTG
GTTGTTGGGAGGGAGTTGACTATG
AAGAGGCACCGGGTTTTGTA
GTGCTCCAATCTTGCAGTCGT
TGAACCCACTTCTCTGGGT
GACCCTGCAGCAGATCCGT
GGTCGGGCTCATAGGTGAATT
TTTCTTTCCGTGATACATTCTGCA

CGGACGATACCTGTTTCCTATATAATAA

GTACAGCAAGGTCCTTGCCCT
TAGTAGACGATGGGCAGTGGC
ATGAGAAGTTCCCAAATGGCC
TCCACTTGGTGGTTTGCTACG
GGATATGGCCTGGCTGTAGA
GTTCCAGCTGCCTTTCTGTC
CCCTGGCTGCCCTTCAC
GCAGTGGTCATTGAGGGCTT

AGTTGAGGGGACTTTCCCAGGC
GCCTGGGAAAGTCCCCTCAACT
GTAGGAACCAATGAAATGCGAGG
CCTACCCTCGCATTTCATTGGTT

TACAGAACATGTCTAAGCATGCTGGGG
CCCCAGCATGCTTAGACATGTTCTGTA
GTGCATTTCCCGTAAATCTTGTCTACA
TGTAGACAAGATTTACGGGAAATGCAC

CATGTTATGCATATTCCTGTAAGTG
CACTTACAGGAATATGCATAACATG
GATCCTTCTGGGAATTCCTAGATC
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STAT3-R

AS: antisense
F: forward
KO: knock-out
R: reverse

GATCTAGGAATTCCCAGAAGGATC
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Plasmid Name
Igk-luc
Igk-Luc-3xAp1
Igk-Luc-3xxB
pBv-Luc-Dell
pBv-Luc-DelE
pCl-neo-Cinnbl
pCl-neo-Ctnnb 153"

pEGFP-C3

pGEX4T3-GST-c-jun(1-79)
pGEX4T3-GST-Fhhr

pGEX4T3-GST-Foxo3a

pGEX4T3-GST-/xba(1-36)
pGL2-Skp2-reporter

pGL3-OF

pGL3-OT

pRc

pRc-HA-Alkkf3
pRe-HA-hlkekF18755191E

pRc-HA-Tkka

8.3 PLASMIDS

Function

empty vector for promoter activity assay

AP1 promoter for promoter activity assay

NF-kB promoter for promoter activity assay

c-Myc full promoter for promoter activity assay
minimal c-myc promoter for promoter activity assay
[B-catenin for expression

$33Y

binding deficient B-catenin

EGFP for expression and transfection efficiency
control

GST-c-Jun (1-79™ amino acids) for expression
GST-FKHR for overexpression and protein isolation

GST-FOXO3a for overexpression and protein
isolation

GST-IkBa (1-36™ amino acids) for expression
SKP2 reporter for promoter activity assay

mutant TCF/LEF promoter for promoter activity
assay

TCF/LEF promoter for promoter activity assay
empty vector HA-tag for expression
HA-IKKP expression vector

HA-IKKBS7ESIE for expression

HA-IKKa for overexpression
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pRc—H A_Tkk B S1874/51914

pRc-HA-Ixb o4
pRK5

pRKS—FLAG—[/C/@(Z SI8GE/SI90E

pRK5-FLAG-Ikka/*?~

pRK-FLAG-Ikkar

HA-IKKBSWASIIA - activation  deficient for DN

overexpression
HA-IkBaAA/AA for expression
empty vector FLAG-tag for expression

FLAG-IKKaS®#6ESIE continuously — active  for

overexpression
FLAG-IKKa kinase deficient for DN overexpression

FLAG-IKKa for overexpression
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8.4. ANTIBODIES

8.4.1. Primary Antibodies

Mouse anti-mouse-actin IgG (Sigma) A 4700
Rabbit anti-mouse-asialo GM1 IgG (Wako Chemical GmbH)

Rabbit anti-mouse-Bcl-xL (BD Pharmingen) BD-556361

Rat APC-anti-mouse-B220/CD45R IgG (BD Pharmingen) BD-553092

Rat PE-aqnti-mouse-B220/CD45R IgG (BD Pharmingen) BD-553089

Rat anti-BrdU IgG (Serotec) MCA2060

Rabbit anti-mouse-Casp3(cleaved) IgG (Cell Signaling Technology Inc., USA) 9661S

Rat PE-anti-mouse-CD11b IgG (BD Pharmingen) BD-557397
Hamster FITC-anti-mouse-CD11c IgG (BD Pharmingen) BD-557400
Hamster PE-anti-mouse-CD11c IgG (BD Pharmingen) BD-557401
Rat PE-anti-mouse-CD25 (BD Pharmingen) BS-553075

Rat FITC-anti-mouse-CD3 (BD Pharmingen) BD-555274

Rat FITC-anti-mouse-CD4 IgG (BD Pharmingen) BD-557653

Rat PE-anti-mouse-CD4 IgG (BD Pharmingen) BD-553651

Rat APC-anti-mouse-CD49b IgG (eBioscience) 17-5971

Hamster FITC-anti-mouse-CD69 IgG (BD Pharmingen) BD-557392
Rat PE-anti-mouse-CD8 IgG (BD Pharmingen) BD-550798

Rat APC-anti-mouse-CD80 IgG (BD Pharmingen) BD-560016

Rat PE-anti-mouse-CD86 IgG (BD Pharmingen) BD-553692

Rabbit anti-mouse-f-catenin IgG (Upstate) 06-734
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Mouse anti-CDC2 (17) IgG (Santa Cruz Biotechnology Inc., USA) SC-54
Rabbit anti-mouse-Cdk2 IgG (Santa Cruz Biotechnology Inc., USA) Sc163
Rabbit anti-mouse-Cdk4 IgG (Santa Cruz Biotechnology Inc., USA) SC-260
Rabbit anti-mouse-c-Myc IgG (Santa Cruz Biotechnology Inc., USA) SC-788
Rabbit anti-mouse-Cyclin D1 IgG (Santa Cruz Biotechnology Inc., USA) SC-718
Rabbit anti-mouse-Cyclin D2 IgG (Santa Cruz Biotechnology Inc., USA) SC-593
Rat PE-anti-mouse-F4/80 IgG (eBioscience) 12-4801

Rabbit anti-FLAG IgG (Sigma, Germany) F7425

Rat PE-anti-mouse-FoxP3 IgG (BD Pharmingen) BD-560480

Rat PE-anti-mouse-Gr1 IgG (eBioscience) 12-5931-82

Rabbit anti-HA IgG (Sigma, Germany)

Rabbit anti-mouse-ID2 IgG (Santa Cruz Biotechnology Inc., USA) SC-489

Rat PE-anti-mouse-IFNy IgG (BD Pharmingen) BD-554412

Mouse anti-pIkBa IgG (B-9) IgG (Santa Cruz Biotechnology Inc., USA) sc8404
Rabbit anti-mouse-IkBa. (FL) IgG (Santa Cruz Biotechnology Inc., USA) SC-847
Rabbit anti-mouse-IkBf (S-20) IgG (Santa Cruz Biotechnology Inc., USA) SC-946
Mouse anti-mouse-IKKa IgG (Imgenex, USA) IMG136A

Mouse anti-mouse-IKKB IgG (Upstate, USA) 05-535

Rat APC-anti-mouse-IL-10 IgG (BD Pharmingen) BD-554468

Rat PE-anti-mouse-IL-12 IgG (BD Pharmingen) BD-554479

Mouse anti-mouse-IL-12b IgG (Prof. David Artis, Univ. of Penn., USA)

Rabbit anti-mouse-IRF1 IgG (Santa Cruz Biotechnology Inc., USA) SC-640
Rabbit anti-mouse-p100 IgG (Cell Signaling Technology Inc., USA) 4882

Rabbit antimouse-p50 IgG (Santa Cruz Biotechnology Inc., USA) SC-7178

Rabbit anti-mouse-p65 IgG (Santa Cruz Biotechnology Inc., USA) SC-226
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Rabbit anti-mouse-pSTAT1 IgG (Cell Signaling Technology Inc., USA) 9171L
Rabbit anti-mouse-STAT1 IgG (Santa Cruz Biotechnology Inc., USA) SC-473
Rabbit anti-mouse-pSTAT3 (Tyr705) IgG (Cell Signaling Technology Inc.) 9145
Mouse anti-mouse-STAT3 IgG (BD Pharmingen) BD-610190

Rat FITC-anti-mouse-TNFa IgG (eBioscience) 11-7321

8.4.2. Secondary Antibodies

Sheep anti-mouse HRP conjugated IgG (GE Healthcare) NA9310V
Donkey anti-rabbit HRP conjugated IgG (GE Healthcare) NA9340V
Donkey FITC-anti-rat IgG (Jackson Laboratories) 712-095-153
Donkey AlexaFluor488-anti-goat IgG (Molecular Probes) A11055

Donkey AlexaFluor488-anti-rabbit IgG (Molecular Probes) A21206
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Device
-80° Freezer:

-20° Freezers:

4° Refrigerator:

4° Cooler Cupboard:
Incubator:

Incubator Shaker:

Flow Hood:

Cell Culture Incubator:
Water bath:

Power Supply:
Fluorescent Gel Imager:

Nitrogen Tanks:

PCR Cyclers:
RT-PCR Cycler
Autoradiography
Film Processor:

pH meter:
Microfuge incubator:

Centrifuges:

Microscopes:

Fluorescent Microscope:

Fluorescent Bulbs:

8.5 LIST OF INSTRUMENTS

Company

Heraeus

Siemens

Liebherr

Siemens

National Lab
Heraeus

Edmund Biihler GmbH
Heraeus

Heraeus

GFL mbH

BioRad

BioRad

Tec-Lab

Taylor Wharton
Applied Biosystems
Applied Biosystems

Amersham Pharmacia
Inolab
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Evacta+Optech
Zeiss

Zeiss

Zeiss

Zeiss

LEJ GmbH

Model
HeraFreeze
GS34V420
GTS2612
KS38R425
LSTR 13006 GWU
FunctionLine
TH15
HeraSafe KS18
HeraCell 2400
GFL 1003

PowerPac Basic

K-Series 3K

LS4800

Gene Amp PCR System 9700
Step ONE Plus

Hyper Processor
WTW pH720
Thermomixer Plus
5702R

5415R

5415D

5810R

Mod.IB

Imager A.1
Axiostar Plus
Axiovert 40 CFL
Axiovert 200M

mbq52 ac
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Microtome:
Cryomicrotome:

Tissue Dehydrator:

Zeiss
Microm
Microm

Leica

Apotome
HM355S
HM560

ASP 3005
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8.6. STATISTICS

8.6.1. K-means (Wikipedia, 2009)*

In statistics and machine learning, £-means clustering is a method of cluster analysis which aims to partition 7
observations into # clusters in which each observation belongs to the cluster with the nearest mean. It is similar to the
expectation-maximization algorithm for mixtures of Gaussians in that they both attempt to find the centers of natural

clusters in the data.

Given a set of observations (x;, X, ..., X,), where each observation is a 4-dimensional real vector, then 4-means
clustering aims to partition the 7 observations into k sets (k£ < ) S={S1, S5, ..., Si} so as to minimize the within-cluster

sum of squares (WCSS):

. : 2
argmin - 3 [

i=1 x JES;
where p; is the mean of S;.
8.6.2. Z-Score (Wikipedia, 2009)?

In mathematical statistics, a random variable X is standardized using the theoretical (population) mean and

standard deviation:
X —
A

T
where p = E(X) is the mean and = the standard deviation of the probability distribution of X.

If the random variable under consideration is the sample mean:

_ 1™
T-1yx
iz
then the standardized version is
X —p

Z=
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