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1. List of abbreviations

APC

Axin

BMP

CBC

cDNA
ChIP-on-chip

CKla
CreERT2

CSCs

DIl

DNA
EGF
EYFP
GSK-3
Hicl
HMG
IRES

LEF
LGR5
LRP
N-(linked) glycosylation
O-linked
PCP
RNA
RNAI
RT-qPCR
S-palmitoylation
TA

TCF
Tcf712
Troy

Adenomatous Polyposis Coli

Axis Inhibition protein

Bone Morphogenetic Protein

Crypt Base Columnar

complementary DNA

Chromatin Immunoprecipitation in combination with DNA
microarrays

Casein Kinase 1a

Cre recombinase fused to the ligand binding domain of the
Estrogen Receptor (regulated by 4-hydroxytamoxifen)
Cancer Stem Cells

Delta-Like Ligand

Deoxyribonucleic Acid

Epidermal Growth Factor

Enhanced Yellow Fluorescent Protein

Glycogen Synthase Kinase 3

Hypermethylated In Cancer 1

High Mobility Group

Internal Ribosome Entry Site
Lymphocyte-Enhancer-binding Factor

Leucine-rich repeat-containing G-protein coupled Receptor
Low density lipoprotein Receptor-related Protein
Asparagine-(linked) glycosylation

Serine-linked

Planar Cell Polarity

Ribonucleic Acid

RNA interference

Real-Time Quantitative Polymerase Chain Reaction
Cysteine-palmitoylation

Transit-Amplifying

T-Cell Factor

gene encoding for Tcf4

Tumor necrosis factor Receptor family member ubiquitously
expressed in the whOle embrYo



2. Abstract

Beyond its essential roles in embryonic development, the Wnt-mediated signal
transduction cascade is critically implicated in homeostasis of adult tissues. In the
gastrointestinal epithelium, the threshold of active Wnt signaling is kept in a physiological
range by a spectrum of regulatory networks and loops, thereby balancing the opposing
processes of cell fate determination, proliferation and stem cell self-renewal. Furthermore,
compelling evidence undoubtedly link an aberrant Wnt activity to the onset of bowel cancer.
Understanding the principle causes and effects secondary to excessive Wnt signaling can
provide valuable insights into the pathology of the malignant transformation of the
colorectum. The proposed thesis attempts to focus on novel modes of the Wnt pathway
modulation; both general and context-specific nuances of the Wnt level adjustment are
thereby delineated. The results are presented in three distinct research publications and one
review article.

The first study examines the contribution of the distinct post-translational
modifications, which the Wnt proteins undergo, to their proper processing, secretion and
signaling activity. First, we investigated the sequential order and mutual interdependence of
cysteine and serine-linked fatty acylation and N-linked glycosylation of murine Wntl and
Wnt3a proteins. Our data indicate that the attachment of palmitoleic acid to a conserved
serine residue precedes and is mandatory for the subsequent S-linked palmitation.
Regarding the sequence of the acylation-glycosylation events, initial linkage of the
oligosaccharide chains most likely conditions the succeeding double-acyl modification.
Lastly, linkage of the fatty acyls presumably underlies the protein’s ability to associate with
extracellular matrix; a critical feature to the signaling competency of the Wnt ligand as
revealed.

The second scientific report delivers a thorough characterization of two novel gene-
targeted alleles of the murine Hicl gene; a recognized tumor suppressor gene that encodes
for a negative regulator of the Wnt pathway. A conditional Hicl gene knock-out allele and a
citrine (a monomeric derivative of the enhanced yellow fluorescent protein (EYFP)) reporter
knock-in mouse strain greatly facilitate the research of Hicl physiological roles and visualize
Hicl endogenous distribution, respectively.

The third article identifies TROY, a member of the Tumor Necrosis Factor Receptor
family, as a novel negative modulator of the Wnt pathway and in addition, confirms its
status as a context-specific Wnt target gene. Importantly, in the intestinal epithelium the
Troy expression is demonstrated to be restricted to the fast cycling stem cells, thereby
defining Troy as a novel marker of these unique cells. In there, Troy likely interacts with the
prominent stem cell specifier leucine-rich repeat-containing G-protein coupled receptor
(Lgr5) to reduce the local level of the Wnt pathway activity. Lastly, elevated amounts of Troy
were observed in lesions arising upon genetically defined, the Wnt-pathway driven mouse
models of hereditary or induced bowel cancer. On the contrary, collected samples of human
sporadic colorectal cancer indicated a different pattern of TROY tumoral deregulation in
humans.

Finally, the review article summarizes the principal signaling pathways that govern
the architecture and homeostasis of the gastrointestinal tract. Ranging from the Wnt/B-
catenin and Notch pathways to circuits triggered by Hedgehog, EGF or BMP ligands, all
cascades are discussed in detail with respect to their fundamental roles both in physiology
and malignant transformation of the gut.



3. Introduction

The Wnt proteins act in metazoans as morphogens to regulate diverse processes
throughout the embryonic development. These include strictly orchestrated developmental
events such as convergent extension movements or body axis specification. In the
adulthood, Wnt/B-catenin signaling is essential for maintenance of somatic stem cells and
committed progenitor compartments. The threshold of active signaling is thereby kept in a
homeostatic range by a spectrum of regulatory networks and loops, that adjust the signaling
level accordingly to the local requirement for the Wnt “just-right” dosage. Excessive
signaling can lead to the onset of multiple disorders, in particular cancer. Conversely, low
levels of the signaling activity probably underlie many degenerative conditions.

3.1 The Wnt signaling pathway

Overall, there are three distinct branches of Wnt signaling:

1. the B-catenin pathway (the canonical pathway), depending on B-catenin and members of
the lymphocyte-enhancer-binding factor/T-cell factor, HMG box (LEF/TCF) family of
transcriptional factors

2. the planar cell polarity (PCP) pathway, lacking both B-catenin and low density lipoprotein
receptor-related protein 5/6 (LRP5/6) involvement

3. the Wnt-Ca?* pathway (the latter two both assigned to as non-canonical or 8-catenin-
independent pathways)

Canonical Wnt signaling is predominantly regulated at the level of its key transducer
and effector, the bifunctional protein B-catenin. Besides its structural engagement in
cadherin-based adherens junctions (Ozawa et al., 1989), B-catenin partners as a
transcription co-activator with DNA-binding gene regulatory factors of the LEF/TCF family to
modulate expression of dedicated target genes (Behrens et al., 1996; Molenaar et al., 1996).
The most prominent Wnt target genes encode intrinsic components of the pathway, thereby
providing elegant tools for negative feedback-loop (Jho et al., 2002) or positive feed-forward
(Barker et al., 2007) regulation modes (Figure 1).
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Figure 1 | Canonical Wnt signaling

The central feature of the canonical pathway is the post-translational control of the B-catenin protein
stability. In the absence of a Wnt ligand (The Wnt-OFF state; left panel), the intracellular level of B-
catenin is kept constantly low due to the activity of a large degradation complex. Adenomatous
Polyposis Coli (APC) protein assembles with Axis Inhibition protein (Axin) to create a scaffold for
Glycogen Synthase Kinase 3B (GSK-3B) and Casein Kinase 1la (CKla). Captured B-catenin is
phosphorylated and subsequently destructed in the ubiquitin-proteasome pathway. In unstimulated
cells, the Wnt responsive loci are thus kept inactive by Groucho family of transcriptional repressors.
In contrast, presentation of a Wnt ligand to its Frizzled and LRP co-receptors (The Wnt-ON state; right
panel) recruits Axin-GSK-3B complexes to LRP cytoplasmic tails. B-catenin “escapes” its degradation
and shuttles to the nucleus. Once in there, it acts as a transcriptional co-activator that, in concert
with the gene regulatory factors of the LEF/TCF family, modulates expression of the Wnt target

genes. Image adopted from (Nusse, 2012).




3.2 Wnt signaling in homeostasis and malignant
transformation of the intestinal epithelium

The lining of the gastrointestinal tract is composed of a one-cell-layer epithelial sheet,
which penetrates into the underlying connective tissue of lamina propria to form tubular
glands called crypts. In addition, luminal protrusions of the mucosa termed villi are present
in the small intestine to further enhance the surface area. The intestinal epithelium
represents one of the most intensively self-replenishing organs in mammals. The
homeostasis is sustained by crypt-resident intestinal stem cells that frequently divide to give
rise to a pool of highly proliferative, multipotent progenitors called transit-amplifying (TA)
cells. These cells undergo several rounds of cell divisions and commence differentiation
towards all intestinal lineages as they migrate upwards the crypt length. Once reaching the
crypt orifice, the villi then already receive a mixture of fully mature cells that fulfill the
digestion-associated functions of the tissue (Figure 2).
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Figure 2] Architecture of the small intestine epithelium and pathways governing its fate

The intestinal homeostasis is sustained by crypt-base columnar (CBC) stem cells (depicted in yellow)
that occupy the crypt floor in positions alternating to post-mitotic Paneth cells (violet). A separate
pool of more quiescent stem cells has been proposed reside at the +4 position (light blue). The
pluripotency and proliferation of the stem cells is maintained by Wnt cues, redundantly supplied by
the stem-neighboring Paneth cells and subepithelial myofibroblasts (brown). The latter niche



moreover releases Bone morphogenetic protein (BMP) antagonists that locally counteract the pro-
differentiation activity of the BMP proteins. On division, the stem cells stochastically self-renew or
give rise to committed daughter cells (pink). These transit-amplifying cells move up the villus flanks
(arrow) and terminally differentiate towards all intestinal lineages - the predominant absorptive
enterocytes (green), and secretory goblet (orange) and enteroendocrine cells (dark blue) that
produce mucus and release peptide hormones, respectively. Once reaching the villus top, the cells
undergo anoikis and are shed to the intestinal lumen. The only exception are long-lived postmitotic
Paneth cells that stay at the bottom of the crypt. The proper homeostasis of the intestinal epithelium
is regulated by an interconnected network of principal signaling pathways that govern the balance
between proliferation and lineage specification. Image adopted from (Krausova and Korinek, 2012).

The stem-permissive environment is considered to be constituted by the stem-
neighboring Paneth cells (Sato et al., 2011) and subepithelial myofibroblasts that tightly line
the crypt base basal lamina (Kosinski et al., 2007). This close association facilitates direct
supply of CBC cells with essential pro-proliferative factors that include Paneth-derived Delta-
like ligand (DIl), Epidermal growth factor (EGF) and Wnt3 ligands, or mesenchyme-secreted
Wnt2b, respectively (Farin et al., 2012; Sato et al., 2011). Numerous studies conducted both
in vivo and in vitro have firmly established the role of Wnt signaling in preservation of stem
cell proliferation and pluripotency. Disruption of the pathway’s ultimate effectors Tcf4 (alias
Tcf712) (Korinek et al., 1998) or B-catenin (Fevr et al., 2007) are phenotypically associated
with demise of the intestinal crypts. Conversely, aberrant activation of the Wnt pathway
heightens the stem cell numbers as demonstrated via injection of the Wnt agonist R-
SPONDIN1 into mice (Kim et al., 2005).

Wnt signaling controls further important aspects of maintenance of the epithelial
architecture. These include correct cell positioning along the crypt-villus axis (Batlle et al.,
2002) and proper commitment, morphological maturation and spatial orientation of the
Paneth cells (Andreu et al., 2008).

The misregulation of Wnt signaling is associated with the onset of cancer, most
notably of the gastrointestinal tract (Morin et al., 1997; Rubinfeld et al., 1993). The majority
of sporadic colorectal tumors arise upon biallelic loss of APC (CancerGenomeAtlasNetwork,
2012). Overactive Wnt signaling might be also secondary to mutational inactivation of the
pathway negative regulators AXIN1 (Shimizu et al., 2002), AXIN2 (Liu et al., 2000), or upon
hits that compromise regulatory elements of B-catenin (Morin et al., 1997). In either case,
stabilized B-catenin mediates inappropriate transcriptional activation of the Wnt/TCF4 target
genes thus driving pathological transformation of the gut epithelium (He et al., 1998; Tetsu
and McCormick, 1999). Homozygous deletion of Apc throughout the mouse intestinal
epithelium instantly promotes cellular proliferation while impairing differentiation (Barker et
al., 2009; Sansom et al., 2004). Affected cells thereby acquire aberrant “crypt-like”
phenotype resulting in massive expansion of the stem cell compartment (Barker et al.,
2009). Given the harsh operating environment the tissue is continuously exposed to, this
condition clearly predisposes to the onset of cancer. Importantly, the cancer-initiating
events occur within the stem cell pool as demonstrated by the Apc deletion in Lgr5* CBC cells



(Barker et al., 2009), or in case stabilized form of B-catenin is expressed in the more
quiescent stem cell population (Sangiorgi and Capecchi, 2008). In addition, oncogenic
alterations have to happen in the bottommost stem cells to be successfully propagated (Pin
et al.,, 2012). Concurrent with this “bottom-up histogenesis” hypothesis (Preston et al.,
2003), the acute loss of Apc in short-lived progenitors gave raise to microadenomas that
failed to transform to malignancy (Barker et al., 2009).

Established tumors are heterogeneous by compositions, still they preserve a cellular
hierarchy that is reminiscent of normal tissue architecture (Barker et al., 2009). Consistently,
a minor subset of cells displays features shared with somatic stem cells such as self-renewal
and pluripotency (Schepers et al., 2012). These cells sustain the progressive growth of the
lesion and are therefore termed cancer stem cells (CSCs). CSCs are shaped by elevated Wnt
presence (Shenoy et al., 2012; Vermeulen et al., 2010), which originates from their enclosed
surroundings. In detail, metaplastic Paneth cells generate the CSC niche in proximal parts of
the gut, while colonic CSCs are analogously propagated by deregulated deep crypt secretory
cells (Schepers et al., 2012). In either case, both microenvironments provide CSCs with
deviant stimuli that locally promote aberrant signaling.

Taken together, the Wnt signaling cascade is essential for proper maintenance of
intestinal homeostasis. Signaling by the Wnt cues preserves pluripotency and proliferation of
intestinal stem cell compartments. As such, the Wnt pathway is prone to fueling tumor
growth if deregulated.

4. Aims of the study

The Wnt signaling cascade is one of the most prominent pathways that governs stem
cell- and cancer-associated signaling circuits. As such, the threshold of the Wnt activity is
modulated by intricate loops that allow for adjusting its level accordingly. Thus, to reveal
novel modes of the Wnt pathway regulation we specifically focused on following aspects of
the Wnt signal transmission:

1. Post-translational modifications of the Wnt proteins. The overall signaling
activity of the Wnt morphogens is known to be fine-tuned by elaborate post-
translational modifications. These attachments are supposed to govern the
ligand-receptor interactions and/or influence other aspects that substantially
determine the signaling competency of the Wnt ligands. However, the sequential
order and mutual interdependence of the glycosylation and lipidation events
remained elusive. Thus, we critically investigated the nature and functional
relevance of the Wnt post-translational processing.



2. Context-specific regulators of Wnt signaling. In the intestinal epithelium, the
Wnt pathway promotes maintenance of undifferentiated and proliferative stem
cell compartments. The gut tissue thus represents an attractive paradigm in
which to study the Wnt-governed processes. We focused on identification of
novel, intestine-specific targets genes of the Wnt cascade. We prepared
dedicated genetic tools to delineate the molecular mechanisms by which these
genes contribute to physiological and/or malignant processes relevant to the
gastrointestinal tract. Lastly, we collected samples of human sporadic colorectal
carcinoma to examine the tumoral behavior of these genes in humans.

5. Material and methods

Cloning of constructs dedicated for expression of recombinant proteins

Cell culture and various means of transfecting cell lines

Infection of cell lines using pseudotyped retroviruses and lentiviruses; generation of
stably transduced cell lines

Generation of recombinant proteins for immunization of animals (antigens); isolation
and purification of antibodies

Immunocytochemistry; confocal microscopy

Immunohistochemistry on paraffin sections

In situ hybridization on frozen sections

Collection of clinical samples

Isolation of RNA, cDNA synthesis, RT-qPCR

Reporter gene assays

RNAI techniques

6. Results and discussion

6.1. Fatty acid modification of Wntl and Wnt3a at serine is prerequisite for lipidation at
cysteine and is essential for Wnt signalling

Fatty acid modification of Wntl and Wnt3a at serine are prerequisite for lipidation at

cysteine and is essential for Wnt signalling

Doubravska, L.*, Krausova, M.*, Gradl, D., Vojtechova, M., Tumova, L., Lukas, J., Valenta, T.,
Pospichalova, V., Fafilek, B., Plachy, J., Sebesta, O., Korinek, V.

Cellular Signalling. 2011 May;23(5):837-48. Epub 2011 Jan 16
* These authors contributed equally to this work.

Abstract:
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The Wnt family of proteins is a group of extracellular signalling molecules that regulate cell
fate decisions in developing and adult tissues. It is presumed that all 19 mammalian Wnt
family members contain two types of post-translational modification: the covalent
attachment of fatty acids at two distinct positions, and the N-glycosylation of multiple
asparagines. We examined how these modifications contribute to the secretion,
extracellular movement and signalling activity of mouse Wntl and Wnt3a ligands. We
revealed that O-linked acylation of serine is required for the subsequent S-palmitoylation of
cysteine. As such, mutant proteins that lack the crucial serine residue are not lipidated.
Interestingly, although double-acylation of Wntl was indispensable for signalling in
mammalian cells, in Xenopus embryos the S-palmitoyl-deficient form retained the signalling
activity. In the case of Wnt3a, the functional duality of the attached acyls was less
prominent, since the ligand lacking S-linked palmitate was still capable of signalling in
various cellular contexts. Finally, we show that the signalling competency of both Wntl and
Whnt3a is related to their ability to associate with the extracellular matrix.

6.2. Generation of two modified mouse alleles of the Hicl tumor suppressor gene

Generation of two modified mouse alleles of the Hicl tumor suppressor gene

Pospichalova, V., Tureckova, J., Fafilek, B., Vojtechova, M., Krausova, M., Lukas, J., Sloncova,
E., Takacova, S., Divoky, V., Leprince, D., Plachy, J., Korinek, V.

Genesis. 2011 Mar;49(3):142-51. doi: 10.1002/dvg.20719.

Abstract:

HIC1 (hypermethylated in cancer 1) is a tumor suppressor gene located on chromosome
17p13.3, a region frequently hypermethylated or deleted in human neoplasias. In mouse,
Hicl is essential for embryonic development and exerts an antitumor role in adult animals.
Since Hicl-deficient mice die perinatally, we generated a conditional Hicl null allele by
flanking the Hicl-coding region by loxP sites. When crossed to animals expressing Cre
recombinase in a cell-specific manner, the Hicl conditional mice will provide new insights
into the function of Hicl in developing and mature tissues. Additionally, we used gene
targeting to replace sequence-encoding amino acids 186-893 of Hicl by citrine fluorescent
protein cDNA. We demonstrate that the distribution of Hicl-citrine fusion polypeptide
corresponds to the expression pattern of wild-type Hicl. Consequently, Hicl-citrine
"reporter" mice can be used to monitor the activity of the Hicl locus using citrine
fluorescence.

6.3 Troy, a Tumor Necrosis Factor Receptor Family Member, Interacts with Lgr5 to Inhibit
Wnt Signaling in Intestinal Stem Cells
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Troy, a Tumor Necrosis Factor Receptor Family Member, Interacts with Lgr5 to Inhibit Wnt
Signaling in Intestinal Stem Cells

Fafilek, B., Krausova, M., Vojtechova, M., Tumova, L., Pospichalova, V., Sloncova, E.,
Huranova, M., Chmelikova, J., Sedlacek, R., Luksan, O., Oliverius, M., Voska, L., Jirsa, M.,
Paces, J., Kolar, M., Krivjanska, M., Klimesova, K., Tlaskalova-Hogenova, H., Korinek, V.

Gastroenterology. 2013 Feb;144(2):381-91. doi: 10.1053/j.gastro.2012.10.048. Epub 2012
Nov 7

Abstract:

BACKGROUND & AIMS:

The Wnt signaling pathway is required for maintenance of the intestinal epithelia; blocking
this pathway reduces the proliferative capacity of the intestinal stem cells. However,
aberrant Wnt signaling leads to intestinal cancer. We investigated the roles of the Wnt
pathway in homeostasis of the intestinal epithelium and during malignant transformation in
human cells and mice.

METHODS:

We performed chromatin immunoprecipitation (ChIP) with DNA microarray analysis (ChIP-
on-chip) to identify genes regulated by Wnt signaling in human colorectal cancer cells
Colo320, DLD1, LS174T, and SW480. Formation of intestinal tumor was induced in C57BL/6J
mice using azoxymethane and dextran sulfate. Intestinal tissues from these mice, as well as
Apc”™™ and  Apc™%9/Lgr5-EGFP-IRES-CreERT2  mice, were analyzed by
immunohistochemistry and in situ hybridization.

RESULTS:

We identified promoter regions of 960 genes that interacted with the Wnt pathway nuclear
effector T-cell factor 4 in 4 different human colorectal cancer-derived cell lines; 18 of these
promoters were present in all chromatin precipitates. Wnt signaling up-regulated a member
of the tumor necrosis factor receptor superfamily called TROY. Levels of TROY messenger
RNA were increased in human cells with deficiencies in the adenomatous polyposis coli (APC)
gene and in cells stimulated with the Wnt3a ligand. Expression of Troy was significantly up-
regulated in neoplastic tissues from mice during intestinal tumorigenesis. Lineage tracing
experiments revealed that Troy is produced specifically by fast cycling intestinal stem cells.
TROY associated with a unique marker of these cells, leucine-rich repeat-containing G-
protein coupled receptor (LGR) 5. In organoids established from the intestinal crypts, Troy
suppressed signaling mediated by R-spondin, a Wnt agonist.

CONCLUSIONS:

TROY is up-regulated in human colorectal cancer cell lines and in intestinal tumors in mice. It
functions as a negative modulator of the Wnt pathway in LGR5-positive stem cells.

12



6.4 Signal transduction pathways participating in homeostasis and malignant
transformation of the intestinal tissue.

Signal transduction pathways participating in homeostasis and malignant transformation of
the intestinal tissue.

Krausova, M., Korinek, V.
Neoplasma. 2012;59(6):708-718. doi: 10.4149/neo_2012_090.

Abstract:

Intestinal homeostasis is a complex and tightly regulated process governed by a variety of
signalling pathways that balance cell proliferation and differentiation. As revealed by
extensive use of defined mouse models, perturbations within the signalling circuitry trigger
initial expansion of premalignant cells. In this review, we attempt to summarise recent
advances in the knowledge of the cellular signalling mechanisms that drive tumorigenesis in
the human and mouse intestine.

7.Conclusions

In our work, we provide novel modes of the Wnt pathway regulation. Those include
both general and context-specific mechanisms that allow for fine-tuning the Wnt threshold
accordingly to the local needs. The results are presented in three distinct research
publications and one review article and can be summed up as follows:

1. We provide evidence for the sequential order and mutual interdependence of
fatty acylation and N-linked glycosylation of murine Wntl and Wnt3a proteins. Initial
linkage of the oligosaccharide structures most likely conditions the succeeding
double-acyl modification. Secondly, the attachment of palmitoleic acid to a
conserved serine residue precedes and is mandatory for the subsequent S-linked
palmitation. The presence of the lipid moieties emerges essential to proper
extracellular trafficking of the Wnt cues, thus underlying their signaling competency.

2. We generated two novel, genetically modified alleles of the Hicl tumor
suppressor gene. A Hicl-citrine reporter strain allows for reported visualization of
Hic1 endogenous distribution. Moreover, a Hicl conditional null allele, Hic1"/",
circumvents Hicl”~ embryonic lethality to enable spatially and temporally controlled
inactivation of the Hicl gene.

3. We identify TROY, a receptor of the Tumor Necrosis Factor Receptor family, as
a novel negative modulator of the Wnt pathway. In the intestinal epithelium, Troy
expression directly underlies Wnt transcriptional regulation, thus providing a
negative feedback-loop. The intestinal distribution of Troy restricts to fast cycling
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stem cells, thereby defining Troy as a novel marker of these unique cells. In there,
Troy likely interacts with the prominent stem cell specifier Lgr5 to reduce the local
level of the Wnt pathway activity. Lastly, elevated amounts of Troy were observed in
lesions arising upon genetically defined, Wnt-pathway driven mouse models of
hereditary or induced bowel cancer. On the contrary, collected samples of human
sporadic colorectal cancer indicated a different pattern of TROY tumoral deregulation
in humans.

4, The review article summarizes the principal signaling pathways that govern
the architecture and homeostasis of the gastrointestinal tract. Ranging from the
Wnt/B-catenin and Notch pathways to circuits triggered by Hedgehog, EGF or BMP
ligands, all cascades are discussed with respect to their fundamental roles both in
physiology and malignant transformation of the bowel.
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