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Abstract
Colon cancer causes approximately seven percent of all cancer-related deaths in the world
and presumably due to modern lifestyle, it is also one of the most frequently diagnosed
cancers. The inefficiency of standard treatment indicates the need for intensive research
of molecular mechanisms of cancer development. The canonical Wnt signaling pathway is
essential for maintenance of the progenitor phenotype of stem cells in crypts of the
intestine and controls repopulation of the epithelia, in physiological conditions. However,
aberrant activation leads to tumor formation. Although Wnt signaling in cancer has been
subjected to thorough investigation, there is still a lot of questions concerning further
branching of the pathway. As a model of Wnt/β-catenin triggered colorectal cancer, we
use mice with mutated APC, which is the tumor suppressor involved in this pathway.
Previous expression profiling of the intestinal tumors from relevant mice revealed two
transcription factors: ETV4 and MSX1 which are significantly overexpressed in cancer
cells. In this project we elucidate whether the overexpression is really tumor restricted and
Wnt dependent or there is a crosstalk with another signal transduction pathway. We
investigate the function and regulation of these transcription factors by synthetic reporter
assays, qRT-PCR, immunohistochemistry, in situ hybridization, knockdown and knockout
experiments. The functional studies are performed on different human colorectal cancer
cell lines.

Key words
Canonical Wnt signaling, β-catenin, TALEN, intestinal epithelium, expression profiling,
APCmin mouse, colorectal cell lines
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Shrnutí
Rakovina tlustého střeva je jedním z nejčastěji diagnostikovaných nádorových onemocnění
moderního světa a způsobí přibližně sedm procent všech úmrtí spojených s nádorovým
bujením. Vzhledem k nízké účinnosti tradiční léčby je nutné se intenzivně zabývat
molekulárními mechanismy vzniku tohoto onemocnění. Kanonická signální dráha ligandů
Wnt je za fyziologických podmínek zásadní pro obnovu střevního epitelu, ale její přílišná
aktivace vede ke vzniku nádorů. Přestože je tato signální dráha předmětem podrobného
studia, její vliv a následný přenos signálu není ještě dokonale objasněn. Jako model pro
výzkum nádorového bujení způsobeného nefyziologickou signalizací ligandů Wnt
používáme myší kmen nesoucí mutovanou verzi proteinu APC, který v této signalizaci
působí jako nádorový supresor. Předběžná expresní analýza nádorových buněk ze střeva
zmiňované myši odhalila významné zvýšení exprese u dvou transkripčních faktorů: ETV4
a MSX1. V tomto projektu se snažíme potvrdit, že jsou tyto proteiny závislé na kanonické
signalizaci ligandů Wnt a důležité pro rozvoj rakoviny tlustého střeva. Zkoumáme jejich
regulaci a funkci pomocí luciferázových reportérů, qRT-PCR, imunohistochemie, in situ
hybridizace, knockdown a knockout experimentů. Funkční studie provádíme také na
buněčných liniích odvozených od kolorektálních karcinomů.

Klíčová slova
Kanonická signalizace Wnt, β-katenin, TALEN, střevní epitel, expresní analýza,
APCmin myš, kolorektální buněčné linie
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1. Introduction
Colorectal cancer is the third most frequently diagnosed cancer in males worldwide and the
second most frequently diagnosed cancer in females. Colorectal cancer causes
approximately ten percent of all cancer-related deaths in the world and colon cancer makes
up roughly seventy percent of them. Central Europe and the Czech Republic represent
regions with the highest risk of colon cancer presumably due to dietary and environmental
exposures imposed onto genetic background. Despite advances in standard cancer
treatment methods such as surgical and adjuvant therapy, survival rate remains poor. Only
fifty percent of patients survive longer than five years after the resection of primary tumor.
This indicates the need for intensive research effort and thorough analysis of molecular
basis of colon cancer on behalf of development of convenient therapy. Susceptibility to
colon cancer might be inherited, e. g. Familial Adenomatous Polyposis, but a great
majority of sporadic colon carcinomas also exhibit defects in adenomatous polyposis coli
protein or β-catenin regulation making canonical Wingless/Int-1 (Wnt) signaling the major
driver of colon cancer development and progression. This diploma project is a part of
larger one that investigates downstream branching and impact of aberrantly activated
Wnt/β-catenin signaling in cancer cells. It is also based on the results of preceding
microarray experiment that pointed out among others two transcription factors potentially
governing adenoma to carcinoma progression in Wnt dependent manner, ETS translocation
variant 4 (ETV4) and Msh homeobox 1 protein (MSX1). The aims of this project are: 1) to
review the expression profiling analysis - examine the Wnt dependency of ETV4 and
MSX1 expression and activity in cancer cells, 2) to localize the expression of ETV4 and
MSX1 in the intestine and 3) to investigate their function in colon cancer cells. To fulfill
those aims we employed mutant mouse strain and two different colorectal cancer cell lines
as model systems and several methods comprising: qRT-PCR, luciferase reporter assay,
immunohistochemistry, in situ hybridization, shRNA-mediated gene knockdown and
TALEN-mediated gene knockout.
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2. Literature review
2.1. Organization of healthy intestine
The intestine is divided into two major parts, small intestine and colon. The most important
role of small intestine is the acquisition of nutrition from partially decomposed food and its
further digestion. The major function of colon lies in compaction and dehydration of stool.
Small intestine comprises of duodenum, jejunum and ileum. The tube of the intestine is
composed of three layers: mucosa (made of epithelium, lamina propria and muscularis
mucosae), submucosa and muscularis serosa. This entire project is focused on epithelium,
because intestinal cancer originates in epithelial lining. The monolayer of intestinal
epithelium is specifically organized to fulfill specialized function of each of its portions.
Small intestine is distinguishable by the presence of villi, finger-like protrusions of the
epithelium that enlarge the active surface necessary for proper absorption and digestion.
These protrusions are longest in duodenum, the first part of small intestine following the
stomach, and they are completely absent in the colon. Throughout all the length, the lining
of intestinal epithelium is disrupted by ubiquitous cavities that make up a compartment
specialized for epithelial renewal. These cavities, the so-called intestinal crypts, surround
the bottom of villi in small intestine and meet the planar surface of the colon, see figure 1
[reviewed in (1, 6, 8, 9)].

Figure 1,
The difference in small intestine (A) and
colon (B) surface organization (modified
from 1)

10

Intestinal epithelium is composed of several cell types which are variously abundant
among distinct parts of intestinal tract. During the differentiation from common precursor,
they specialize for various functions, see figure 2. Enterocytes are the main absorptive cells
which also produce enzymes for digestion. Enteroendocrine cells produce hormones into
the lumen. Goblet cells secrete mucus which protects the epithelium. Payer’s
patches-associated M cells transport antigens through the impermeable barrier to
mucosa-associated lymphoid tissue (10). Tuft cells’ and cup cells’ function is not clarified
yet. And to complete the list, Paneth cells reside in the crypts of small intestine producing
lysozyme, antimicrobial peptides and soluble factors to support neighboring stem cells
(11). The composition of small intestinal epithelia is typical for great abundance of
enterocytes on the surface and Paneth cells on the bottom of the crypts. In contrast, the
epithelium of colon harbors much more goblet cells and lacks Paneth cells while the ratio
of other cell types is quite similar to small intestine [reviewed in (6, 8, 9, 12)].
Figure 2,
Representation of known
epithelial cell types of the
intestine emerging from common
progenitor (taken from6)
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2.2. Homeostasis in the intestine
Maintenance of all the physiological functions of the intestine depends critically on
cooperation of all the previously mentioned cell types. With the exception of Paneth cells
which live for roughly two months (13), all the epithelium has to be replaced every four to
seven days [reviewed in (2, 6)]. Approximately 1011 of intestinal epithelial cells are lost
dead in human adult every day due to aggressive content of intestinal lumen [reviewed in
(8)]. This rapid loss is compensated by great renewal potential exerted by crypt resident
cells. These crypt base columnar cells (CBCs) give rise to highly proliferative transit
amplifying cells which rise upwards and Paneth cells that moves in opposite direction to
the bottom of the crypt (14). After completion of several cell divisions, transit amplifying
cells differentiate while leaving the crypt and lose the ability to proliferate, figure 3.
Getting to the lumen of small intestine, terminally differentiated cells exert their
physiological function when moving towards the top of the villi. Reaching the top, the cells
die by apoptosis and are shed to the lumen.
Two populations of distinct intestinal stem cells have been described. The mentioned
CBCs represent the driving force of regular repopulation and they are recognizable by
leucine-rich repeat containing G protein-coupled receptor 5 (Lgr5) expression (15, 16).
They were proposed to be the intestinal stem cells, because of their ability of self-renewal
and whole epithelium renewal in transplantation experiments. Up to date, other robust
markers have been shown, for example: Troy (17) or Olfactomedin 4 (Olfm4;18). It was
reported that the stemness of these cells is dependent on the niche constituted of Paneth
cells. When CBC loses contact with Paneth cell, it moves to transit amplifying cell region
of the crypt and gradually differentiates (11). CBCs divide approximately once a day and
they are capable of taking nearly unlimited number of cell cycles due to significant
telomerase activity (19).
In addition, the reserve stem cells were proposed to reside in the +4 position from crypt
bottom. These cells were specified as Lgr5 negative and polycomb protein B lymphoma
Mo-MLV insertion region 1 homolog (Bmi1) positive (20) and described as slowly cycling
stem cells mobilized upon injury. However, it was recently shown that these cells are in
fact slowly differentiating progenitors of Paneth and enteroendocrine cells derived from
CBCs which exhibit great plasticity and are able to revert to stem-cell form after tissue
damage (21).
12

Most importantly, the molecular basis of CBCs’ exceptional features and intestinal
epithelia renewal potential is apparently represented by the activity of cellular canonical
Wnt signaling pathway (22, 23). Therefore, the intestinal homeostasis indisputably relies
on proper gradient of Wnt molecules established from top to bottom of the crypts, figure 3.
Wnt ligands are produced by mesenchymal myofibroblasts and partially by Paneth cells in
small intestine (4).

Figure 3,
The situation on the bottom of the crypt of small intestine
(modified from 4)
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2.3. Canonical Wnt signaling pathway
There are several signaling cascades activated by Wnt morphogenes, but Wnt/β-catenin
pathway is the most investigated one among them. It is often referred to as canonical Wnt
signaling pathway. This signal transduction pathway results in pleiotropic changes of gene
expression mediated by β-catenin transcriptional co-activator in cooperation with lymphoid
enhancer-binding factor/T-cell factor (LEF/TCF) DNA-binding proteins upon activation
[reviewed in (2, 24, 25)]. In general, canonical Wnt signaling pathway influences cell
proliferation and differentiation during the embryonic development and it is indispensable
for the somatic stem cell progenitor phenotype maintenance thereafter [reviewed in (2, 25)]
(26). Limited to the physiological condition in the adult intestine, this pathway controls
regular repopulation of the epithelia as well as post-traumatic regeneration through the
stem cell niche in the crypts (26). Aberrant activation, however, is connected with tumor
formation [reviewed in (1, 27)].
In the generally accepted model, Wnt ligand assembles Frizzled receptor and low density
lipoprotein related protein (LRP) co-receptor which leads to recruitment of axis inhibition
protein (Axin1), Disheveled protein, casein kinase 1 alpha (CK1α) and glycogen synthase
kinase 3 (GSK3) to the plasmatic membrane. This dislocation prevents formation of
destruction complex on scaffolding protein adenomatous polyposis coli (APC), N-terminal
phosphorylation of β-catenin, its subsequent ubiquitination by F-box-containing
beta-transducin repeat containing (β-TrCP) E3 ubiquitin protein ligase and proteasome
degradation. β-catenin can freely pass into nucleus, interact with LEF/TCF co-factors and
activate the transcription of Wnt target genes. In absence of the ligand, cytoplasmic
β-catenin is degraded besides the portion bound in the protein complexes of adherent
junctions and the transcription of target genes is repressed by groucho [reviewed in (1, 2,
25)] (28). The schematic representation of canonical Wnt signaling pathway can be seen in
figure 4.
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Figure 4,
Canonical Wnt signaling cascade
(modified from 2)
Presence of Wnt ligand inhibits
β-catenin degradation by the
destruction complex.
Accumulated β-catenin
translocates to the nucleus and
influences the transcription of
target genes in cooperation with
LEF/TCF transcription factors.

Nevertheless, an alternative model supposing β-catenin accumulation in cytoplasm through
different mechanism has been suggested. The destruction complex might not be resolved in
course of the signal transduction, but becomes saturated with phosphorylated β-catenin for
β-TrCP ubiquitin ligase is inhibited. The inhibition is caused by the obstruction of
β-TrCP-Axin1 binding as the destruction complex is translocated to the membrane by
Axin1-LRP interaction (29).
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2.3.1. Wnt signaling in cancer
The comprehensive evidence that the activity of Wnt/β-catenin pathway supports the
maintenance of stem cell phenotype and proliferation implies the risk its deregulation
represents for an organism in relation to cancer. Vast data has been published about the
oncogenicity of disordered Wnt signaling based on the analysis of different cancers, for
example: breast, ovarian, prostate, kidney, hepatocellular, endometrial, gastric and most
importantly colorectal cancer. The deviation from the physiological levels of β-catenin is
attained through many different genetic defects including both loss-of-function mutations
of suppressing components and gain-of-function mutations of activating components
[reviewed in (2, 27)]. Some of the genetic aberrations influencing tumorigenesis by Wnt
signaling alteration are summarized in table 1.
Affected
gene
β-catenin
APC
Axin I
GSK3
LRP5
TCF4

DNA alteration

Functional outcome

Missense/in-frame deletion

Enhanced
protein
stability
Truncation
Reduced regulatory
activity
Truncation/missense
Reduced regulatory
activity
Missplicing,
in-frame Inactive kinase
deletion
Missplicing,
in-frame Loss of repression
deletion
Missense/deletion/truncation Loss of repression

Cancer type
Hepatocelullar/
Medulloblasoma
Colorectal/gastric
Lymphoma
Leukemia
Breast/parathyroid
Colorectal

Table 1, Few examples of genetic aberrations of canonical Wnt signaling pathway and
their relation to cancer (Modified from 27)

The genetic alterations of Wnt pathway components are either inherited or sporadic as
prominently represents APC, the most mutated protein in human cancers [reviewed in
(27)]. This multifunctional protein, whose key function lies in the suppression of
cytoplasmic β-catenin stability, is mutated in approximately seventy percent of sporadic
colorectal carcinomas (30, 31). The mutations mostly result in differentially truncated
protein which is unable to bind β-catenin. Moreover, the germline mutation of APC is the
cause of Familial adenomatous polyposis (FAP) syndrome (31, 32). Inherited defect of one
APC allele severely facilitates the complete loss of the tumor suppressor by loss of
16

heterozygosity. Thus, patients with FAP develop multiple benign APC-/- polyps of colon
during their early life with absolute prevalence to colorectal cancer through acquirement of
subsequent mutations in other proteins (30, 33).
Current knowledge of Wnt driven tumorigenesis broadly arise from studies that took
advantage of excellent experimental mouse models bearing modified APC gene. APC min
strain, obtained through chemically induced mutagenesis, is heterozygous for truncated
APC and therefore it nicely mimics FAP syndrome. These mice develop a large number of
intestinal adenomas with aberrant Wnt signaling during the early life. However, the
multiple intestinal neoplasia is located to small intestine in contrast to human disorder (34,
35). Additionally, the conditional knockout (CKO) of APC gene in the intestinal epithelia
immediately supports the proliferation of undifferentiated cells (36). Hence, APCCKO
mouse strain, with APC locus that could be deleted by CRE recombinase-mediated
recombination, also represents valuable tool for intestinal carcinogenesis investigation. In
our experiments, we employ both the afore mentioned models.
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2.4. ETV4
ETS translocation variant 4 (ETV4, also known as PEA3 or E1AF) is a transcription factor
from E26-transformation specific (ETS) protein family. The full-length canonical human
form of this protein comprises of four hundred eighty-four amino acids. In general, it is
described as an transcriptional activator containing conserved approximately eighty-five
amino-acid DNA-binding ETS domain [reviewed in (37)]. The transactivation capability of
this protein is enhanced by sumoylation together with the activity of mitogen-activated
protein (MAP) kinase signaling. It is restricted to the DNA binding motif containing
5'[AC]GGA[AT]GT-3' core sequence in the promoter of target genes (38-40). ETV4 is
also referred to be downstream of fibroblast grow factor signaling, especially when
governing the epithelial-mesenchymal interactions (41).
The biological function of ETV4 lays the most in developing embryo and is associates with
the cell movement. This transcription factor is crucial for embryonic nervous system
development through motor neuron axon guidance (42). It controls the final steps of
differentiation of specific subsets of motor neurons: axon invasion, branching and
connecting to target muscle cells in response to glial cell line-derived neurotrophic factor
(GDNF 43). If missing, the muscle innervation defects occur in early developmental stages
of mouse embryo and persist after the delivery. ETV4 also contributes to proper
GDNF-dependent kidney formation, more specifically organization of epithelial cells in
ureteric bud branching (44, 45). Moreover, it seems that ETV4 expression relates to
branching morphogenesis of the epithelia in general, and presumably mediates
epithelial-mesenchymal transition. There is an evidence from in situ hybridization
experiments that ETV4 expression level is elevated also during embryonic development of
the epithelia in lungs, salivary gland and mammary gland (45). However, based on results
of experiments made on ETV4 -/- mice, it is suggested that the role of this protein is
redundant in the development of epithelia. Overlapping expression and target specificities
of ETS translocation variant 5 (ETV5) could provide the explanation (38, 41, 46). In the
adult organism and physiological conditions, ETV4 expression is transient and restricted
particularly to growing mammary gland in the period of gestation in female mice (45).
However, this potent transcription factor is able to contribute to tumorigenesis of a tissue
in case of aberrantly high, stable expression.
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2.4.1. ETV4 in cancer
ETV4 is considered to be an oncoprotein as it is overexpressed in different types of cancer
cells [reviewed in (37)]. ETV4 is overexpressed strictly in the cells of tumor, while there is
hardly any expression in adjacent tissue. Based on both clinical and experimental studies, it
is associated with higher metastatic potential of tumor cells and shorter survival rates of
patients (47-51). All these findings make ETV4 a remarkable target for therapeutic
intervention.
In general, ETV4 is described prometastatic for its physiological role in tissue
rearrangement which turns over to higher invasiveness upon cell transformation and
improper signaling activation. ETV4 activity was reported in later stages of tumorigenesis,
also liver metastases, in colon and associated with cell invasion through multiple matrix
metalloproteinases (MMPs), prostaglandin-endoperoxide synthase 2 (COX-2) and
inducible nitric oxide synthase (iNOS) activation (47, 49, 52). Considering the further
evidence, ETV4 strongly synergizes with nuclear β-catenin in the matter of MMP-7
promoter transactivation (53). The invasiveness and higher expression of MMPs (notably
MMP-7, MMP-13 and MMP-14) associated with ETV4 activity was reported also in
gastric, ovarian and oesophageal cancer cells (40, 48, 54). Based on microarray data, it is
proposed that ETV4 upregulates MMP-9 in lung adenocarcinoma and thus can initiate the
malignant phenotype of cancer cells (55).
Moreover, ETV4 seems to play a crucial role in progression and dissemination of
squamous cell carcinoma targeting and activating focal adhesion kinase (FAK) promoter
(56). FAK is an important protein for cell motility regulation and cell adhesion sites
remodelation. The amount of this protein in cancer cells positively correlates with their
invasivity (57). It was also suggested that ETV4 controls cell cycle progression by p21 and
cyclin D3 regulation in ovarian and breast cancer cells respectively (58, 59).
It has been reported that ETV4 rarely fuses with the promoter of an androgen-driven gene
by the chromosomal translocation and enhances the proliferation and invasiveness of
prostate cancer cells (60-63). However, with the same consequences for tumor progression,
ETV4 could be activated by simultaneous MAP kinases and phosphatidylinositol-4,
5-bisphosphate 3-kinase signaling in some cases of prostate cancer (51). Proposed model
for ETV4 overexpression effect in prostate cancer is indicated in figure 5. Additionally,
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EVT4 activity is stimulated by human epidermal grow factor receptor 2 in aggressive
forms of breast cancer (50).

Figure 5, ETV4 is presumably crucial for prostate cancer metastasis
Crucial molecular events for each stage of prostate cancer progression are indicated in this
simplified scheme (Modified from 64).

The importance of ETV4 for the metastatic phenotype of epithelial cancer cells was
confirmed by many RNA interference experiments in different cell lines. The knock-down
of this protein results in dramatic loss of invasive potential and proliferation of previously
malignant cells. Vice versa, overexpression of exogenous ETV4 in non-malignant cells
enhanced their invasive behavior and cell division (40, 47, 63).
Among others, several observations point ETV4 activity out for cancer promotion through
immunomodulation. It was reported that ETV4 enables cancer cells to evade
immunosurveillance by inducing immunosuppressive indoleamine 2,3-dioxygenase (IDO).
IDO activity leads to increment of T regulation lymphocytes in surroundings of the tumor
that suppress effector CD8+ T lymphocytes and natural killer (NK) cells (65, 66). It was
also shown that ETV4 is overexpressed in Wnt dependent manner in mammary tumor (67)
and that it is a potential activator of COX-2 (52).
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2.5. MSX1
Msh homeobox 1 protein (MSX1 or HOX7) is a transcriptional factor from muscle
segment homeobox protein family comprised of three hundred and three amino acids. This
transcription factor is often being linked to craniofacial skeleton, tooth and nail
development (68, 69). It appears to be indispensable for normal murine development as
MSX1 deficient mice die at birth with severe abnormalities (69). Like ETV4, MSX1 is
expressed particularly where epithelia-mesenchymal interactions during embryogenesis are
required. MSX1 activity is predominantly limited to the mesenchyme, but indirectly
influences epithelial cells through regulation of downstream genes (70). It has been
reported that this transcription factor maintains proliferative potential of cells while it
blocks their differentiation (70-72), presumably due to cyclin D1 upregulation which was
shown on chicken embryonic fibroblasts and transgenic mice (73). According to the
analysis of murine embryonic dental mesoderm, MSX1 also blocks the expression of
cyclin dependent kinase inhibitor p19INK4d and facilitates the cell cycle progression to
S phase (70), see figure 6. Therefore, its activity is downregulated even by endogenous
anti-sense RNA in differentiating cells in order to stop the proliferation (74). In addition,
MSX1 is expressed in the mesenchyme of developing murine limb buds, where it acts as
negative regulator of myogenic differentiation (75). It controls muscle development by
repressing the transcription of myoblast determination protein (MyoD) gene as it binds to
its enhancer (76, 77). There is an evidence that cooperation of MSX1 and histone H1b is
critical for mentioned repression (77) as well as MSX1 mediated inhibition of paired box
protein Pax3, the activator of MyoD, DNA binding capability (78). It has been also
reported that MSX1 may act as a positive transcription regulator of Heat shock 70 kDa
protein 1B (Hspa1b) gene in mouse (79).
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Figure 6, MSX1 promotes cell cycle progression
MSX1 prevents cell to escape the cell cycle and promotes progression to S phase
by downregulating p19INK4d and upregulating cyclin D1 (modified from 5)

Accordingly to the presence of highly conserved TCF4 binding site in the MSX1 promoter,
activity of the protein in the limb bud region is dependent on positive regulation by
Wnt/β-catenin/TCF4 signaling (80). Other authors propose that MSX1 operates as
downstream transcription factor of bone morphogenic pathway (BMP) signaling, either in
limb (81) or tooth (75) growth and they also indicate a possible positive feedback loop.
BMP-dependent rise of MSX1 transcription was detected also in mouse fetal ovaries where
it influenced meiosis (82).
In adult mice, MSX1 plays critical role in female fertility (83) and mammary gland
proliferation (84). Its expression levels in mouse uterus raise in the day two to four of
pregnancy and enable successful implantation of a blastocyst (83). It has been shown that
MSX1 mRNA is present also in human adult cervical tissue indicating possible local
activity (85). Human epidermis represents another site of MSX1 activity in adult organism.
Presumably, it governs continual repopulation of skin epithelia. Unlike in human embryo,
MSX1 expression is excluded from dermal fibroblasts after the skin maturation in an adult
(86).
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2.5.1. MSX1 in cancer
Taken the role of MSX1 in physiological conditions in developing embryo and adult
organism, it would be assumable that its overexpression could lead to cancer development
through enhancement of cell proliferation rate (72). However, the role of this transcription
factor in cancer is contradictory. On one side, there is an opinion that MSX1 acts as an
protoncogene and induces cell transformation after increased expression [reviewed in (5)]
(72). On the contrary, there is data showing to tumor-suppressor function of MSX1. The
hypermethylation of CpG islands in MSX1 promoter has been proposed as a promising
biomarker for squamous cell carcinoma as it was detectable in eighty-five to one hundred
percent of investigated samples (87). In agreement with previous finding, levels of MSX1
transcripts in aggressive Wilms tumors were significantly lower in comparison with
healthy kidney (88). It has been also reported that deletion of eleven amino acids in MSX1
intron, possibly leading to suboptimal function of the protein, is associated with higher
prevalence for breast cancer (89). In addition, cervical cancer cells exhibit lower levels of
MSX1 than the healthy one (85).
There is absolute need of further evidence to summarize observations of MSX1 differential
expression in cancer cells. However, we might say it is tissue specific and we might
employ modified Abate-Shen’s model of ‘tumor modulators’ concerning generally all
homeoproteins (5). It would describe the possible dual role of this transcription factor as
follows: where MSX1 is expressed only during embryonic development, it is re-expressed
in cancer and where it is expressed in the adulthood, it is subsequently downregulated in
cancer, see figure 7.

Figure 7, Tumor modulation by MSX1
(in green) the tissue with high postnatal levels of MSX1loses its expression in cancer,
whereas the tissue where MSX1 was expressed during embryonic development (in red)
re-expresses this protein in cancer (modified from 5).
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2.6. Linking intestinal cancer to immune system
In general, there are close connections between immune system and cancer progression,
but there are different approaches how to evaluate those relationships. On one side, we
might focus on the neoplasia as a foreign and hostile entity which has to escape from
immunological surveillance in order to survive. What is worse, in many cases it is able to
even abuse the mechanisms of immune system for its own benefit. On the other side, we
could take the whole intestine as important immune organ which is unfortunately so
common site of cancerous lesions. These lesions undoubtedly disturb the homeostasis and
therefore physiological functions of the intestine.
The relation among cancer promotion and activity of immune system is far from
elucidated, but many challenging observations have been reported, see figure 8. Firstly,
inflammation is now universally counted the seventh hallmark of cancer and it seems this
feature could be the reason or a consequence of genetic alteration [reviewed in (7, 90, 91)].
On one side, genetic alterations of malignant cells trigger systemic inflammation by
production of cytokines and prostaglandins which are downstream of oncogenes, for
example: Wnt (92) or protein kinase CK2 (93) signaling activates COX-2 and
prostaglandin E2 (PGE2) synthesis [reviewed in (94)]. On the other side, ongoing chronic
or systemic inflammation promote cancer [reviewed in (7)]. Chronic intestinal
inflammation is considered to be a significant risk factor for colorectal cancer (CRC) as
there is a traceable relation between this type of cancer and inflammatory bowel disease
(95). Although we miss strong evidence that inflammation is a common initiator of CRC, it
seems clear that systemic inflammation promotes further mutations of already formed
tumors by reactive oxygen species production (96, 97). Mediators of systemic
inflammation also facilitate proliferation, avoiding of apoptosis, migration, invasion and
metastasis of malignant cells of colon by activation of pro-growth, pro-migratory signaling
pathways, extended angiogenesis, proteolysis of basal lamina and specific immune
response suppression (3, 94, 98). Systemic inflammation could serve as negative
prognostic marker for patients with colorectal cancer [reviewed in (99)]. Furthermore,
inhibition of systemic inflammation might be crucial in cancer treatment. The success of
aspirin and other anti-inflammatory drugs, inhibitors of immune modulator PGE2
production, in colorectal cancer treatment is in agreement with previous observations
[reviewed in (100)] as well as regulatory T cells’ activity that suppresses COX-2
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expression and subsequent tumor progression by interleukin 10 production in mouse
models (101, 102).
However, there is a compelling evidence that local tumor-specific cellular immune
response, mediated most often by CD8+, CD4+ T cells and NK cells, limits dissemination
and metastasis in colon cancer and serve as good-prognosis marker in patients (98, 103,
104).

Figure 8, the simplified scheme of immunosurveillance and inflammation in
CRC (modified from 3)
Secondly, the intestine is important and interesting site for the regulation of immune
system in contact with overwhelming microbiota residing there. There is a need for precise
tune of the tolerance of symbiotic microorganisms and immune response against those who
are about to breach the intestinal barrier and invade the organism. Increasing number of
evidence suggests that this functional balance influences whole human organism including
chronic inflammations, autoimmunity and allergies [reviewed in (105, 106)]. Therefore,
cancer that disturbs physiological organization and homeostasis of the intestine severely
interferes with immune system and hosts condition.
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3. Preliminary data
This project is based on the results of microarray experiment which was performed in our
lab. The goal of the experiment was to reveal new target genes of canonical Wnt signaling
in intestinal cancer that would be worth to study. For expression profiling, cells of crypts
of colon and small intestine were isolated separately from twelve APCCKO mice. These
mice were treated with 4-hydroxytamoxifen to induce the recombination by CREERT2
enzyme in the intestine. Then they were divided into three groups (day 0 - control, day 2,
day 4) with balanced ratio of male and female individuals according to the time in which
cells were harvested from their intestine upon induction. Subsequently, expression levels
were evaluated by chip analysis. The comparison of expressions in day 0 and day 4 mice
revealed two hundred eighty-four at least twice (P value<0.05) upregulated genes and six
hundred thirty-five at least twice (P value<0.05) downregulated genes. Further, we focused
especially on transcription factors, because they could provide more insight into branching
and processing of the signal downstream of the canonical Wnt pathway activity. There
were more than twenty transcription factors with particularly enhanced expression four
days after loss of APC among others. For the next exploration, MSX1 and ETV4 were
chosen as the most upregulated ones their connection to aberrant canonical Wnt signaling
was not reported in intestinal cancer so far. Table 2 shows ETV4 and MSX1 in the top
twenty upregulated genes.

Table 2, the top twenty upregulated genes from expression profiling of cells from crypts of
APCCKO mice four days after induction of 4-hydroxytamoxifen (unpublished data).
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4. Materials and methods
Cell lines and culturing
Human HEK293, HIEC, SW480 and LS174T cell lines were used for experiments and
purchased from American Type Culture Collection (Manassas, AT) . These cells were
maintained in Iscove’s Modified Dulbecco’s Medium (IMDM, Sigma) supplemented with
penicillin, streptomycin, gentamicin (Invitrogen), 10% fetal bovine serum (Gibco), 2mM
L-glutamine and 1x non-essential amino acids (Gibco). For cell splitting and passaging
trypsin/EDTA (Sigma) was used. Cell cultures were handled in Teslastar Bioultra or BioII-A flowboxes and kept in Sanyo CO2 incubator at 37°C and 5% CO2 atmosphere.
Wnt stimulation
Cells in culture were stimulated by different concentrations of Wnt3a ligand in several
experiments. Cells were put on 24-well plate approximately 48 hours before induction
approximately in 50% confluence and there were transfected with corresponding vectors
24 hours before induction. The planting medium was completely changed by the medium
mixed with Wnt ligand and the dilution buffer (2xPBS, 100µM EGTA, 0.5% CHAPS,
0.2%BSA). The concentrations are specified by the ratio of the volume of planting medium
to the volume of added Wnt3a ligand in dilution buffer. To eliminate the impact of the
buffer, control stimulation and the compensation of decrement of added ligand was
performed by dilution buffer without Wnt. Wnt3a isolation and purification from culture
medium of Wnt3a-producing L cells obtained from ATCC was performed by our colleague
according to the protocol of Willert et al (107). The stimulations took for 18 hours.
Animal manipulations
APCCKO x villin-CREERT2 mice were used by our colleagues for expression profiling
mentioned in the chapter Preliminary data. Original strain of APCCKO was purchased from
Mouse Repository, NCI-Frederick and Villin-CREERT2 was acquired from Dr. Sylvie
Robin. APCMIN mouse strain was purchased from Jackson laboratories and used for
subsequent experiments. Animals were kept in animal facility of Institute of Molecular
Genetics. Cells of intestinal tumors and surrounding healthy mucosa were released from
the tissue by incubation in PBS containing 2mM EDTA for 30 minutes after the dissection
and washes in PBS.
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cDNA preparation
Cells from both culture and mice were homogenized and lysed in RNA Blue (Top Bio) and
mixed with chloroform (Lachema). After 15 min of centrifugation at 14000g, the top
aqueous phase was separated and precipitated with isopropyl alcohol (Lachema). The
pellet of RNA was washed by 75% ethanol (Penta). Dry pellet of RNA was then dissolved
in 20 µl of DEPC-treated water and resulting concentration of RNA evaluated by
Nanodrop (ND-1000 spectrometer, Thermo Scientific). Approximately 2.5 µg of RNA was
mixed with deionized water to the complete volume of 28.75 µl, then 2.5 µl of 100 µM
Random hexamer primers (Thermo Scientific) were added and the mixture was kept at
70°C for 5 minutes. In the next step, 10 µl of 5x RT buffer, 5 µl of 10 mM dNTPs and
1.25 µl of RNase inhibitor RiboLock (Thermo Scientific) were added to the reaction and it
was kept at 25°C for 5 minutes. The mixture was split into two parallels from which one of
theme served as negative control and to the other 1 µl of RevertAid (Thermo Scientific)
reverse transcriptase was added. Reactions were then placed into BioRad Thermal Cycler
T100 and defined protocol was started: 25°C – 10 minutes, 42°C – 70 minutes,
70°C - 10 minutes, infinite hold. When finished, approximately 20µl mixtures were diluted
with deionized water to 200 µl and kept frozen in -20°C.
Quantitative real-time polymerase chain reaction (qRT-PCR)
For qRT-PCR reaction we used 2.5 µl of 2x LightCycler 480 SYBR Green I Master mix
(Roche) which contains DNA polymerase, DNA double-strand-specific dye for product
detection and other components only except primers and template. 2 µl of resulting cDNA
solution (RNA for controls) were used for PCR reactions which were performed in
triplicate plus one control reaction. 0.5 µl of particular 5µM primer mix was added to
complete the reaction mix. The 384-well plate (Roche) was shortly spun after loading just
to push the reaction mixtures down to the bottom of the wells. qRT-PCR reaction
conditions are listed in table 3, primer sequences in table 4. Crossing-threshold (CT) values
were calculated using the second-derivative maximum algorithm and melting curves of
PCR products analyzed by the software of LightCycler 480 or 480 II (Roche). Two control
house-keeping genes, β-actin and ubiquitin B (Ubb) were used for standardization. The
averages of three CT values from parallel measurements are shown as relative change to
control. Error bars represent standard error of the mean of CT values related to fold-change
conversion.
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Step
Initial denaturation
Denaturation
Cycling
Annealing
Amplification
Melting curve

Temperature
95°C
95°C
61°C
72°C
95°C
55°C
37°C
95°C
Table 3, qRT-PCR reaction conditions
Name of the primer
Fw mβ-Actin
Rev mβ-Actin
Fw mUbb
Rev mUbb
Fw mETV4
Rev mETV4
Fw mMsx1
Rev mMsx1
Fw hβ-Actin
Rev hβ-Actin
Fw hUbb
Rev hUbb
Fw hETV4
Rev hETV4
Fw hMSX1
Rev hMSX1
Fw hMMP-14
Rev hMMP-14
Fw hMMP-13
Rev hMMP-13
Fw hiNOS
Rev hiNOS
Fw hcyklinD3
Rev hcyclinD3
Fw hp21
Rev hp21
Fw hMMP-9
Rev hMMP-9
Fw hMMP-7
Rev hMMP-7

Duration
7 minutes
14 s
14 s
14 s
15 s
61 s
61 s
continuous

Sequence (5‘-3‘)
GATCTGGCACCACACCTTCT
GGGGTGTTGAAGGTCTCAAA
ATGTGAAGGCCAAGATCCAG
TAATAGCCACCCCTCAGACG
GATGGAGTGATGGGTTATGGCT
CCGGAAAGCTCCAATCCCTT
CTCTCGGCCATTTCTCAGTC
TTGGTCTTGTGCTTGCGTAG
GGCATCCTCACCCTGAAGTA
AGGTGTGGTGCCAGATTTTC
GCTTTGTTGGGTGAGCTTGT
TCACGAAGATCTGCATTTTGA
TCAGCAGCAAATCGCCCGGA
CTTCAGAGTCGAGGGGCGGC
AGAAGATGCGCTCGTCAAAG
GGCTTACGGTTCGTCTTGTG
GCTACAGCAATATGGCTACC
AAACTTGTCTGGAACACCAC
AGTTTGCAGAGCGCTACCTGA
CAGTCACCTCTAAGCCGAAGAAA
TCCAGGATAATGAGCCCAAG
CTGCTGGGGAGAAATCAAAG
AGTTGCGGGACTGGGAGGTG
GTAGCACAGAGGGCCAAAA
ATGAAATTCACCCCCTTTCC
AGGTGAGGGGACTCCAAAGT
TACACTCGGGTGGCAGAGAT
CAAAGGCGTCGTCAATCAC
GGTCTCGGAGGAGATGCTCACT
TACAGGAAGTTAATCCCTAGACTG
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Ramp rate
4.8°C/s
4.8°C/s
2.5°C/s
4.8°C/s
4.8°C/s
2.5°C/s
2.5°C/s
0.6°C/s

Table 4,
list of primers used
for qRT-PCR. Fw and
Rev indicate the
orientation of primers
and m or h stand for
mouse or human,
respectively. These
primers were designed
in the web interface of
Primer3 tool
(http://bioinfo.ut.ee/pr
imer3-0.4.0/) and
purchased from
Sigma.

In situ hybridization
Primers for probe templates amplification were designed in Primer 3 tool and ordered from
Sigma, for sequences see Table 5. Standard three-step PCR reaction was run on BioRad
Thermal Cycler T100. PCR products were then cleaned, cleaved by corresponding
restriction enzymes (Fermentas) and cloned into pBluescript SKII (Stratagene). The right
insertion was confirmed by sequencing. In vitro transcription reaction was performed using
1 µg of linearized plasmid, Digoxigenin labeled nucleotide mix (Roche), T3 or T7 RNA
polymerases (depending on sense x antisense orientation) and Ribolock (Thermo
Scientific) at 37°C for 2 hours at BioRad thermal cycler, according to manufacturer’s
manual. DNase I was then added to the mixture and kept at 37°C for another 20 minutes.
RNA probes were then cleaned by spinning through mini Quick Spin RNA columns
(Roche), diluted with 35 µl of DEPC-treated water and kept in -80°C. We obtained Olfm4
antisense probe which we used as positive control from our colleague.
Primer name
mETV4 probe 1 fw HindIII
mETV4 probe 1 rev BamHI

mETV4 probe 2 Fw BamHI
mETV4 probe 2 HindIII
mMSX1 probe Fw 1 XhoI
mMSX1 probe Rev HindIII

Primer sequence
ATGAAGCTTTCTCTTCCAGGACCTCAGTCACTT
ACTGGATCCAGGGCTCCGACAGTTGGTGTT
GCAGGATCCGCCATGAATTATGACAAGCTGA
GCTAAGCTTCAGACTCTGGTTAGCAGCTGAG
GGCTCTCGAGCGCAAGTTCCGCCAGAAGCA
CTCCAAGCTTTCTATAGGGCTGGGCTCATC

Table 5, primer sequences for probe templates amplification
Intestinal tissue was fixed for 12 hours in methanol (Penta) and then saturated with paraffin
by automatized Leica Tissue Processor ASP200S. The tissue was then embedded into
paraffin blocks using Leica Paraffin Embedding Station EG1150H and stored in 4°C until
next processing. 6µm sections were made using motorized Leica Microtome RM2255.
Sections of small intestine and colon were then deparaffinized using Xylene (Lachema) for
2 x 8 minutes, isopropyl alcohol (Lachema) for 5 minutes, ethanol (Penta) for 2 x
5 minutes, and 96% ethanol for 5 minutes, 70% ethanol for 5 minutes and deionized water
for 3 minutes. Slides were transferred into prebaked (200°C) RNase free glass jars where
all subsequent incubations were held. After washes in 2 x DEPC-treated water, 0.2N HCl
for 15 minutes and PBS, sections were incubated with 30 µg/ml of proteinase K in PBS
(Thermo Scientific) for 15 minutes at room temperature. Several washes followed: 0.2%
glycine in PBS, 2 x PBS, 4% paraformaldehyde solution (Thermo Scientific), 2 x PBS, 2x
acetic anhydride solution pH 8 with Triethanolamine, 2 x PBS, 2 x SSC pH 4.5 in
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DEPC-treated water. Slides were prehybridized with hybridization solution: 2% block
solution (Roche), 50% formamide (Amresco) and 5xSSC pH 4.5 with 5 mM EDTA, 0.05%
CHAPS, 50 µg/ml Heparin and 1µg/ml yeast total RNA in humidified box with 5xSSC,
50% formamide solution at 70°C for 1 hour. Hybridization was performed using 2 µl of
probe/700 µl of hybridization solution/slide at 65°C for 36 hours. Slides were then washed
in 1xSSC pH 4.5, 50% formamide, 0.1% Tween20 (Sigma) solution at 63°C for 30 min, 3
x in 0.5xSSC pH 4.5, 0.1% Tween20 solution at 63°C for 20 min and 2 x in MATB
solution (100 mM maleic acid, 150 mM NaCl, 0.1% Tween 20). Sections were blocked by
0.5% blocking powder in MATB for 1 hour and immunologically detected with sheep antidigoxigenin FAB-AP (Roche) diluted to 1:1500 by blocking solution at 4°C for 12 hours.
Sections were washed 5 x in MATB, 2 x in NTM solution (0.1 M Tris pH 9.5, 0.1 M NaCl,
0.05 MgCl) and incubated in the dark with NBT/BCIP solution. Slides were mounted into
Mowiol (Calbiochem). Sections were examined and pictures taken on Leica DM 6000B
microscope with original software.
Immunohistochemistry
Paraffin sections were made and treated similarly to those for in situ hybridization, but
they were boiled in citrate buffer (10mM sodium citrate, pH 6, 0.0025% Tween20) for 20
minutes after deparaffination. Cryosections (10 µm) were made on cryosectioning device
Leica CM 1950 from tissue which was embedded into O. C. T. medium (Tissue-Tec) and
frozen in nitrogen vapors after dissection. Sections were washed 3 x in TBS for 5 minutes
(50 mM Tris-Cl, pH 7.6, 150 mM NaCl), in 0.3% H2O2 in methanol for 25 minutes and 3 x
in TBS. Tissue sections were blocked by 5% goat serum and 1% bovine serum albumin in
TBS at room temperature for 1 hour and then immunolabelled by primary antibodies in the
same solution at 4°C for 12 hours. Slides were washed again in TBS with 0,01% Triton X100 (Fluka) and 4 x in TBS. Biotinylated secondary antibodies were used for primary
antibody (AB) detection (Goat anti-rabit AB in case of homemade anti-ETV4 AB and goat
anti-mouse AB in case of anti-Ki67 AB) diluted 1:750 in TBS with 5 % of goat serum at
room temperature for 1 hour. Slides were washed again in TBS with 0,01% Triton X-100,
4 x in TBS and treated with Vectastain ABC kit comprised of avidin and biotinylated
horseradish peroxidase. Tissue sections were then stained by diaminobenzidine (30 mg/100
ml 50 mM Tris, pH 7.5, 0.018% H2O2 at 37°C. Staining reaction was stopped by deionized
water wash. Slides were mounted into Mowiol. Sections were examined and pictures taken
on Leica DM 6000B microscope with original software.
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Luciferase reporter assays, transfection and constructs
Cells were seeded on 24-well plate 24 hours before transfection similarly as for Wnt
stimulation and supplied with 350 µl of planting media. All transfections were performed
in triplicate. In case of HEK293 cells, Polyethylenimine (PEI) was used for transfection.
3.5 µl/well of 1xPEI (0.4 mg/ml) was mixed with 50µl/well of serum free media, with
100 ng/well of Renilla luciferase vector pRL-TK (Promega) which served as internal
control (see http://www.addgene.org/vector-database/3950/ for plasmid map and details),
with 500 ng/well of pGL3 firefly luciferase reporter (Promega) vector with corresponding
insert and potentially with 350 ng/well of pCS2/pcDNA3 expression vector with ΔNLRP6
or β-catenin S33Y insert. ΔNLRP6-pCS2 construct is a potent activator of Wnt signaling
upstream of APC (108), it includes constitutively active mutant form of LRP6 receptor
lacking

N-terminal

extracellular

domain

(for

plasmid

map

and

details

see

http://www.addgene.org/27281/). β-catenin S33Y-pcDNA3 construct includes recombinant
form of the protein mutated for greater stability (for plasmid map and details see
http://www.addgene.org/19286/) and is a potent activator of Wnt signaling downstream of
APC (109). Stable concentration of DNA was equalized by the addition of empty pcDNA3
or pCS2 vector where necessary. We cloned 1.8 kbp fragment of ETV4 promoter (110)
upstream the luciferase coding region in pGL3 vector and it was used as ETV4 expression
reporter. We also cloned Hspa1b promoter (obtained from Ms. Rossant’s lab, (79, 111) to
pGL3 backbone and used it as MSX1 activity reporter. We obtained pGL3 with minimal
promoter and five ETV4 binding sites to measure ETV4 activity (112). The transfection
mixtures were let to stand at room temperature for 30 minutes and then added to wells á
50 µl. Planting media was completely changed 5 hours after transfection and cells lysed or
stimulated by Wnt3a 24 hours later. Cells were lysed in buffer from Dual luciferase system
(Promega) for 10 minutes and then homogenized. The measurement of firefly and Renilla
luciferase activity was performed using substrates from the same system and single-tube
luminometer Sirius (Berthold) or Envision Multilabel Reader (PerkinElmer). The activities
of reporter luciferase are shown as relative changes to controls according to the average of
minimally three measurements normalized to internal control. Statistical significance is
determined using Student’s T-test and error bars represent standard error of the mean of
normalized measurements related to the fold-change conversion.

32

siRNA transfection
Cells were treated similarly as in DNA transfection. However, Lipofectamine RNAiMAX
(Invitrogene) was used for RNA interference in SW480 as transfection reagent. 1 µl/well
of Lipofectamine was mixed with 50 µl/well of serum free media and with 20 µM/well of
corresponding small interfering RNA (s437 from Ambion for β-catenin silencing). The
transfection mixtures were let to stand at room temperature for 30 minutes and then added
to wells á 50 µl. Planting media was completely changed 5 hours after transfection and
cells analyzed or frozen 18 hours later.
shRNA transduction
Short hairpin oligonucleotides were designed for ETV4 silencing and ordered from Sigma
(based on siRNA sequences from Sigma Open Biosystems), see table 6. These
oligonucleotides were diluted to 10µM, annealed, phosphorylated and cloned into pGhU6
vector. The lentiviral transduction took place in special viral Teslastar Bio-II-A flowbox
and cells were also maintained in separate CO2 incubator. Packaging HEK293 cells in
10cm cell culture dishes were co-transfected with specific ETV4 shRNA or control
non-silencing RNA in lentiviral vector pGhU6 containing enhanced green fluorescent
protein (EGFP) gene and lentiviral constructs Gad-Pol and Env (10 µg /dish per construct)
using 30 µl/dish of Lipofectamine 2000 (Invitrogene) with similar approach as mentioned
above. Planting media from these cells were transferred to SW480 and LS174T cultures in
10cm cell culture dishes. Three days after transduction, highly EGFP positive cells were
sorted out (INFLUX cell sorter) in the IMG core facility into 24-well plate (5x104
cells/well) and then expanded until they filled 10cm culture dish. These cells were resorted
once again and then kept for subsequent analysis and experiments.
Antibodies and western blotting
Antiserum to ETV4 (referred as ETV4 homemade AB) was produced by repeated
immunization of rabbits with bacterially expressed mouse full length FLAG-tagged
polypeptide. Following commercially available antibodies were used: mouse anti-Ki67
(Ki67 is a marker for cellular proliferation) Mob 237 (Diagnostic Biosystems) for positive
control in immunohistochemistry, mouse anti-ETV4 sc-113 (Santa-Cruz) and mouse antiCTBP sc-17759 (Santa Cruz,) for western blotting. C-terminal-binding protein 1 (CTBP)
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was used as loading control. Immunoblotting was performed according to protocol
described elsewhere (113).
Hairpin name
hETV4 sh #1Fw

Hairpin sequence (5'-3')
AACCCCGCGTTGTCCCTGAGAAATTTGTCAAGAGCAA
ATTTCTCAGGGACAACGCTTTTTGGAA
TCGATTCCAAAAAGCGTTGTCCCTGAGAAATTTGCTCT
hETV4 sh #1Rev
TGACAAATTTCTCAGGGACAACGCGGGGTT
AACCCCGCTCGCTCCGATACTATTATGTCAAGAGCATA
hETV4 sh #2Fw
ATAGTATCGGAGCGAGCTTTTTGGAA
TCGATTCCAAAAAGCTCGCTCCGATACTATTATGCTCT
hETV4 sh #2Rev
TGACATAATAGTATCGGAGCGAGCGGGGTT
AACCCCGCTGGATGACCCAACAAATGCTCAAGAGGCA
hETV4 sh #3Fw
TTTGTTGGGTCATCCAGCTTTTTGGAA
TCGATTCCAAAAAGCTGGATGACCCAACAAATGCCTC
hETV4 sh #3Rev
TTGAGCATTTGTTGGGTCATCCAGCGGGGTT
Table 6, sequences of oligonucleotides used for short hairpin RNA silencing of ETV4
TALEN transfection and analysis
SW480 and LS174T cells in 10cm cell culture dishes were transfected with 10 µg left and
right TALEN vectors and 1 µg EGFP expressing plasmid using 30 µl of Lipofectamine
2000. ETV4 specific nickase vectors H114274 Left and H114274 Right were purchased
from Seoul National University. Control cells were transfected only with 21µg of EGFP
expressing plasmid. Media was changed 5 hours later. 48 hours after transfection, EGFP
positive cells were taken for successfully transfected and sorted (INFLUX cell sorter, IMG
core facility) into 24-well plate (2.5x104) for mixed culturing and into 5x 96-well plate for
clonal culturing (only one 96-well plate for controls.). Cells were the n expanded until they
filled 10cm culture dish. TALEN clones were subjected to genomic DNA isolation using
Proteinase K (Thermo Scientific) and isopropyl alcohol (Lachema) precipitation, standard
three-step PCR and restriction analysis. PCR reaction was set up to amplify the 600 bp
fragment

of

ETV4

gene

targeted

5’-ATACTTGGACCAGCAAGTGCCCTAC-3’

by

TALENs,
and

forward
reverse

primer
primer

5’-TCTCTTCCAGGATCTAAGTCACTTCCA-3’. The site targeted by TALENs also
contains sequence recognized by NlaIII restriction endonuclease. Therefore, restriction
analysis using this enzyme (Fermentas) revealed clones which acquired mutations in ETV4
by TALEN mediated mutagenesis. These clones were further analyzed by sequencing and
western blotting in search for ETV4 knockouts. Results from sequencing analysis were
processed in SeqMan Pro software (DNASTAR, Lasergene)
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5. Results
This project had three major aims: 1) to review the expression profiling analysis - examine
the Wnt dependency of ETV4 and MSX1 expression and activity in cancer cells, 2) to
localize the expression of ETV4 and MSX1 in the intestine and 3) to investigate their
function in colon cancer cells. However, fulfilling of the third aim was carried out only
partially. Another colleague was assigned to take care of corresponding work at MSX1.
Therefore the third part of this chapter is focused only to ETV4 transcription factor. As it
was mentioned above, this project is a part of the larger one running in our lab.
In some of our experiments we employed tissue isolated from APCmin mice as a model for
colorectal cancer. For the experiments including transfection we utilized cell lines. For
many manipulations of signaling pathways, we used HEK293 cells, which are easy to
transfect and express modest levels of ETV4 and MSX1. In this cell system, we were able
to enhance Wnt signaling activity and ETV4 and MSX1 expression levels. For better
simulation of the situation in human CRC, we have chosen LS174T and SW480 colorectal
cell lines. Both lines show high expression of ETV4 and MSX1. Our selection was based
on the results of previous qRT-PCR experiments evaluating the expression of these genes
in different available cell lines (for ETV4 expression levels see Supplementary data 1, for
MSX1 data not shown).

5.1. Testing the dependence of ETV4 and MSX1 on canonical Wnt
signaling
5.1.1. qRT-PCR analysis
In the first place, we evaluated the influence of the canonical Wnt signaling activity on the
expression of ETV4 and MSX1 by qRT-PCR. We both upregulated and downregulated Wnt
signaling before mRNA level assessment. For upregulation, we stimulated HEK293 cells
in culture with increasing concentrations of recombinant Wnt3a protein. Even moderate
Wnt3a stimulation led to evident enhancement of MSX1 expression, while higher
concentration of ligand was needed to enhance the expression of ETV4, see figure 9.

35

6,00

Fold change

5,00
4,00

0 wnt

3,00

1/400

2,00

1/200

1,00
0,00
ETV4

MSX1

Ubb

β-actin

Figure 9, ETV4 and MSX1 expression is enhanced upon Wnt3a stimulation in
HEK293
HEK293 cells were treated with two different concentrations of Wnt ligand or with
dilution buffer without the ligand. Expression levels were evaluated by qRT-PCR. Values
were normalized to β-actin expression and are shown as fold change of expression in Wnt
stimulated cells to cells that were treated with dilution buffer. Ubb serves as a second
internal control.
For downregulation of canonical Wnt signaling, we silenced the expression of central
regulator of this pathway β-catenin in SW480 and LS174T by siRNA transfection. In
SW480, β-catenin downregulation led to dramatic loss of MSX1 expression, while ETV4
expression was reduced only moderately and inconclusively, see figure 10. The results for
LS174T were consistent; therefore they are not shown here.
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Figure 10, ETV4 and MSX1 expression is reduced upon β-catenin downregulation
SW480 cells were treated with β-catenin specific siRNA or with non-targeting control
siRNA. Subsequently, qRT-PCR analysis was performed. Values were normalized to
β-actin expression and are shown as fold change of expression in cells transfected by
siRNA targeting β-catenin to cells transfected by control non-targeting siRNA. siRNA
mediated downregulation of β-catenin expression in this cell line was also assessed. Ubb
serves as a second internal control.
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5.1.2. Luciferase assays
Further, we employed luciferase reporter assay to confirm previous results by different
method. For both genes we attempted to measure their expression and activity. Firstly, we
succeeded to clone ETV4 promoter region into pGL3 luciferase reporter vector to measure
the expression of this gene. Significant increase of luciferase expression after stimulation
with ΔNLRP6 construct suggests ETV4 as a Wnt target gene, see figure 11. Secondly, we
obtained a plasmid carrying five ETV4 response elements driven by minimal promoter
(112). Similarly to promoter region, ETV4 binding sites significantly increase luciferase
activity after ΔNLRP6 stimulation. Interestingly, stimulation with β-catenin S33Y
construct leads only to slight increase of luciferase expression in contrast to ΔNLRP6
stimulation, see figure 12. These results are in agreement with qRT-PCR data. (For details
of plasmids and transfections see Materials and methods)
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Figure 11, ETV4 expression is enhanced
upon stimulation of canonical Wnt signaling
pathway in HEK293
Luciferase assay was performed to evaluate the
expression levels of ETV4 in HEK293 cells
after canonical Wnt signaling pathway
stimulation. Luciferase expression was driven
by ETV4 promoter region and normalized to
renilla luciferase expression. The values are
shown as fold change of normalized luciferase
expression in cells transfected by ΔNLRP6 to
cells transfected by empty pCS2 vector as a

control (P<0.01).
Figure 12, the activity of
ETV4 is enhanced upon
*
6
stimulation of canonical Wnt
signaling pathway in HEK293
5
Luciferase assay was also
4
performed to evaluate the
*
activity of ETV4 after Wnt
3
signaling stimulation. In this
2
experiment,
luciferase
1
expression in HEK293 cells was
driven by minimal promoter
0
containing
ETV4
pcDNA3
ΔNLRP6
S33Y βcat
transactivation
sites
and
normalized to renilla luciferase expression (as internal control). The values are shown as
fold change of normalized luciferase expression in cells transfected by ΔNLRP6 and
β-catenin to cells transfected by empty pcDNA3 vector as a control (P<0.05).
Fold change
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Similarly, we wanted to confirm the qRT-PCR data for MSX1. So far, we were not able to
clone the promoter region of MSX1 properly, so we did not assess the influence of Wnt
signaling on MSX1 expression. However, we were able to acquire and clone the promoter
region of Hspa1b into pGL3 luciferase reporter to measure the activity of MSX1. Hspa1b
gene was previously shown to be transactivated by MSX1

(79). According to the

expression of luciferase, MSX1 activity in HEK293 cells is upregulated by stimulation of
canonical Wnt signaling pathway. Both cell stimulation by recombinant Wnt3a ligand and
cell transfection by ΔNLRP6 construct enhances targeting of Hspa1b promoter, see figure
13. Despite the fact that the highest concentration of Wnt3a in planting media was the only
sufficient to upregulate MSX1 activity, the results from luciferase assays support the data
from qRT-PCR.
A

Fold change

Fold change

Figure 13, the activity of MSX1 is
stimulated by upregulation of canonical
*
Wnt signaling pathway in HEK293
(A) The luciferase expression driven by
Hspa1b promoter region was evaluated
after ΔNLRP6 transfection in HEK293
cells. It was normalized to renilla
luciferase expression and compared to the
negative control (empty pCS2 vector).
(B) Luciferase assay was performed to
compare
the activity of MSX1 in Wnt3a
pCS2
ΔNLRP
stimulated cells to the activity in
non-stimulated cells. The expression of reporter luciferase was normalized to
internal control (renilla). The values are shown as fold change of normalized
luciferase expression
B 2,5
levels in stimulated to
*
2
non-stimulated cells
(P<0.05).
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Taken together the consistent data from qRT-PCR and luciferase assays, it seems that
MSX1 protein is positively dependent on canonical Wnt signaling pathway. On the other
hand, the role of ETV4 in Wnt signaling is probably more complex. While components of
canonical Wnt pathway upstream of APC seem to enhance ETV4 expression, the
expression of the Wnt specific transcription factor β-catenin affects ETV4 only mildly.
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5.2. Localization of ETV4 and MSX1 expression in the intestine
Our next aim was to confirm that ETV4 and MSX1 are upregulated in APC-/- tumors of
mouse intestine and if possible, to reveal if there are another sites of expression of these
proteins. To accomplish this goal we employed expression analysis of tissue isolated from
APCmin mice, immunohistochemistry and in situ hybridization at sections of the intestine
from the same mouse model.
5.2.1. qRT-PCR
As a starting material we were using intestine from APCmin mice. We separated tumors
from corresponding healthy tissue and then we performed qRT-PCR analysis to compare
mRNA levels of ETV4 and MSX1. Considering the mRNA levels in isolated tissue, the
results were in agreement with preliminary data and showed us that both ETV4 and MSX1
are overexpressed in tumors of small intestine and colon, see figure 14. Moreover, this
analysis revealed that the upregulation of MSX1 in tumors is more considerable then
upregulation of ETV4.
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Figure 14, ETV4 and MSX1 are overexpressed in tumors of small intestine and colon
qRT-PCR analysis was performed to detect the differences in ETV4 and MSX1 expression
between cancer and healthy cells of the mouse intestine. The values were normalized to
β-actin expression and are shown as fold change of expression in tumor tissue to the
expression in surrounding healthy tissue. Three different tissue sets were analyzed, small
intestine and colon of APCmin mouse 1 and colon of APCmin mouse 2. Ubb serves as a
second internal control.
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5.2.2. Immunohistochemistry
To support and in the end broaden previous results, we made an effort to indicate sites of
the intestine that express ETV4 and MSX1 proteins by immunohistochemical staining.
Therefore, we ordered several commercial antibodies resulting in wasted effort to acquire
any results. These antibodies failed to mark even HEK293 cells in culture overexpressing
recombinant proteins (data not shown). After many attempts, we chose to get polyclonal
antibodies by repeated immunization of the rabbit by flag-tagged recombinant proteins. In
case of MSX1 immunization, we got an antibody that did not work for immunochemistry.
However, we obtained serum with polyclonal anti-ETV4 antibody (referred as ETV4
homemade AB) validated to work on cell culture, see supplementary data 2 for
immunocytochemical

test.

With

this

antibody,

we

successfully

immunohistochemistry at paraffin sections of small intestine of APC

min

performed

mouse which

appointed ETV4 expression in tumors, but even in crypts of small intestine, see figure 15.
However, this antibody displayed some presumably unspecific staining within the tissue of
intestinal villi. We were also not sure from our observation, if the staining we considered
specific is nuclear. To question the observation of stained cells in intestinal crypts, we
carried out another immunohistochemistry with ETV4 homemade AB, but at cryosections
of small intestine. At cryosections, we observed the same pattern of more specific staining
in

intestinal

crypts,

see

supplementary

data

3.

To

conclude

for

ETV4,

immunohistochemical staining by homemade antibody confirmed that this transcription
factor is overexpressed in tumors. Moreover, it revealed that ETV4 is overexpressed in
crypts of small intestine.
For MSX1 protein, we unfortunately failed to get any further evidence of the localization
of its expression in the intestine by immunohistochemistry.
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ETV4
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Figure 15, ETV4 is expressed in tumors and crypts of small intestine
Immunohistochemistry was performed on paraffin sections of small intestine of APC min
mouse. The first row of pictures shows the staining without primary antibody, with ETV4
homemade AB and with positive control anti-Ki67 antibody in the tumor. Following rows
show staining of intestinal villi and crypts. The staining within the tissue of villi is
unspecific. Optical magnification is indicated in the left.
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5.2.3. In situ hybridization
To get further evidence of ETV4 expression and any information about MSX1 expression
localization by microscopy, we performed in situ hybridization on paraffin sections of
small intestine and colon of APCmin mouse. We repeated the hybridization for ETV4 twice
with two working RNA probes to get better outcome. Both runs provided us with identical
results consistently showing that ETV4 is overexpressed in crypts and tumors of small
intestine. For the results of the first hybridization see figure 16 and for the outcome of the
second run with positive control see supplementary data 4.
Because so far we had no idea of overall expression pattern of MSX1 in the intestine,
straightforward results from the first run of in situ hybridization were convenient, see
figure 17. From the microscopic exploration of hybridized sections is clear that MSX1 has
similar pattern of expression in small intestine as ETV4 and is detectable only in crypts and
tumors. In addition, we were also able to detect its expression in crypts and tumors of
colon.
To conclude, we have shown the evidence from qRT-PCR, immunohistochemistry and in
situ hybridization that the expression of ETV4 transcription factor is localized mainly to
crypts and tumors of mouse small intestine. However, we were not able to confirm qRTPCR data for the expression in colon so far. From qRT-PCR and in situ hybridization
outcome we assume that MSX1 is expressed particularly in crypts and tumors of both
mouse small intestine and colon. So far, we were not able to detect MSX1 on protein level.

42

100x

400x

Sense probe

Antisense probe

200x

Figure 16, ETV4 is overexpressed in crypts and tumors of small intestine of APC min
mouse
In situ hybridization was performed at paraffin sections to get further evidence of ETV4
expression pattern in mouse intestine. The staining is notably distinct on the sections
hybridized with antisense probe in contrast to control sections hybridized with sense probe.
The optical magnification is indicated above the pictures.
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Small intestine 100x

Sense probe

Antisense probe

Colon 100x

Figure 17, MSX1 expression is localized to crypts and tumors of small intestine and
colon of APCmin mouse
In situ hybridization was performed at paraffin sections of the intestine to reveal the
expression pattern of MSX1. The staining is remarkable at sections hybridized with
antisense probe particularly in crypts and tumors of small intestine and colon.
Hybridization with control sense probe exhibits no staining at all. The optical
magnification is 100x.
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5.3. Investigating the function of ETV4
Our next goal was to determine the function of ETV4 in intestinal cell. Most of these
studies were performed using two colorectal cell lines (SW480 and LS174T) and one nontumorous intestinal epithelia cell line (HIEC). We unsuccessfully tried both to transiently
upregulate and downregulate the expression of this transcription factor. HIEC cells in
culture were transfected with recombinant ETV4 expression vector in the first place.
However, subsequent analysis revealed that there was no enhancement of cellular ETV4
transcript levels upon this transfection (data not shown). Similarly, we did not succeed in
transient knockdown of ETV4 by siRNA transfection in SW480 and LS174T (data not
shown). Therefore, we attempted to establish and analyze stable knockdown using shRNA
and TALEN mediated knockout based on SW480 and LS174T cells. The results of our
effort were evaluated by the analysis of ETV4 protein expression or analysis of expression
of target genes known from the literature. We used mainly MMPs as target genes, because
some were overexpressed in the same tumors as ETV4 in APCmin mice (for qRT-PCR
analysis of MMP-7, MMP-14 expression in intestinal tumors see supplementary data 5).
5.3.1. ShRNA knockdown of ETV4 in SW480 and LS174T
After we obtained SW480 and LS174T cells transduced by lentivirus bearing three
different shRNAs, the resulting downregulation of ETV4 protein expression was assessed
by western blotting, see figure 18. Light downregulation in shRNA transduced cells was
evident, more notably in LS174T cell line which also basally expressed ETV4 in elevated

2

3 nsc wt
SW480

1

2
3 nsc wt
LS174T

HEK +
ETV4

1

HEK

levels.

Figure 18, ETV4 expression is downregulated in shRNA transduced cells
Western blot is showing the expression of ETV4 (marked by arrow) in SW480 and
LS174T detected by ETV4 homemade AB. The numbers stand for shRNAs targeting
ETV4, nsc is non-silencing control shRNA and wt stands for wild-type control cells.
Wild-type and ETV4 transfected HEK293 are also included as controls.
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We performed qRT-PCR analysis of MMP-7 and MMP-14 genes in order to investigate
the influence of moderate knockdown of ETV4 in corresponding cell lines. However, we
were not able to collect consistent values for MMP-7 (data not shown for great differences
in parallel measurements) and we did not see any significant decrease in MMP-14
expression, for the results from SW480 see figure 19. The results for LS174T were almost
equal, therefore they are not shown. To sum up, we partially succeeded in shRNA
knockdown cell lines establishment, but the difference in expression of ETV4 was notable
only on protein level but surprisingly not on RNA level. Moreover, there was no
conclusive influence on ETV4 target genes. So our next effort was to prepare ETV4
knockout cell line using TALEN technology.
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Figure 19, the expression of MMP-14 is not conclusively decreased in SW480 cells
transduced with anti-ETV4 shRNA
qRT-PCR analysis was performed to assess the expression levels of MMP-7 and MMP-14
upon ETV4 downregulation. MMP-7 values are not shown for inconsistency. The values
were normalized to β-actin expression and shown as fold change of expression in silencing
shRNA transduced cells to non-silencing control RNA transduced cells. Ubb serves as a
second internal control.
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5.3.2. TALEN mediated knockout of ETV4 in SW480 and LS174T
SW480 and LS174T, colorectal cell lines highly expressing ETV4 were co-transfected
with ETV4 specific TALEN vector and EGFP expressing plasmid. GFP positive cells were
then cloned by cell sorting into five 96-well plates for each cell line. Interestingly, for
SW480 cells, we obtained twenty-nine viable clonal cultures and five of them were in the
end confirmed to be ETV4 knockouts. However, we obtained only nine viable clonal
cultures for LS174T and none was confirmed to be ETV4 knockout. Control cells were
transfected only with EGFP expressing plasmid and seeded to one 96-well for each cell
line. SW480 control cells formed eleven cultures and LS174T control cells formed
twenty-two cultures per one plate. To reveal if the TALENs were effective in these clones,
we firstly performed restriction analysis by restriction endonuclease which recognizes and
cuts the sequence overlapping their target site. PCR products of potentially mutant clones
were then cloned and sent to DNA sequencing, for the exemplary results of sequencing of
three mutant SW480 clones see supplementary data 6. Mutant clones were further analyzed
by western blotting to conclude if they are knockouts or not, see figure 20.

Figure 20, several
ETV4 knockout
clones
were
acquired through
TALEN mediated
mutagenesis
in
SW480 cell line
Western blotting
was performed to
reveal
ETV4
knockouts among
other
SW480
clones.
ETV4
(arrows)
was
visualized
using
mouse anti-ETV4
and
ETV4
homemade rabbit
antibody. SW480
cells
transfected
only by EGFP expressing vector serve as non-targeted control (GFP1 and GFP2). Sw7,
Sw8 and Sw20 appear to be ETV4 knockouts, while Sw10, Sw16 and Sw19 are
presumably heterozygous for mutant form of ETV4. CTBP serves as a loading control.
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As it has been taking a long time to raise employable cell cultures of SW480 ETV4
knockout clones and we had no LS174T knockout, we repeated LS174T TALEN
transfection in order to set up multiclonal cultures in the meantime. The procedure of
transfection and cell sorting parameters were the same, but cells were not cloned by
sorting.

We hoped to get multiclonal cultures of cells heterozygous for ETV4 and

complete ETV4 knockouts with decreased overall expression of this protein that would be
suitable for further analysis. These cells grew more rapidly, so we were able to analyze
them after few weeks on expression of potential target genes by qRT-PCR, see figure 20.
The genes we found in literature as ETV4 targets were not expressed in conclusive manner
in mixed cultures and there was no possibility to trace any consistent change in mRNA
levels among TALEN treated and control cells. Therefore, we proceeded to western blot
analysis of these cultures to characterize them further.
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Figure 20, the expression of potential ETV4 target genes is not decreased in LS174T
multiclonal cultures after TALEN transfection
qRT-PCR analysis was performed to compare the expression levels of genes that were
marked in literature as ETV4 targets in LS174T transfected with TALENs targeting ETV4
to control LS174T cells transfected only with EGFP expressing plasmid. The values were
normalized to β-actin expression and are shown as fold change of expressions in different
mixed cultures to control GFP3 mixed culture. Ubb serves as a second internal control.
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Western blotting revealed that there was also no difference in ETV4 protein expression
among TALEN treated and control LS174T cells, see figure 21. This result indicates that
TALEN transfection of LS174T was not successful or that there were hardly any ETV4
knockouts present in the samples for the second time.

Figure 21, ETV4 is not expressed differentially in TALEN treated LS174T cell
cultures
Western blotting was performed to question the efficiency of TALEN mediated
mutagenesis of ETV4 in LS174T cells. There were three control cell cultures transfected
only with EGFP expressing plasmid compared to three cultures transfected by TALEN.
ETV4 was visualized by mouse anti-ETV4 antibody. CTBP serves as a loading control.

To conclude, until now we were not able to elucidate the function of ETV4 in colorectal
cancer cells. However, we evidently established ETV4 knockouts in SW480 cells that are
employable for further analysis. Taken together the results of both LS174T TALEN
transfections, it seems that this protein might be crucial for this cell line survival and
proliferation.
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6. Discussion and conclusion
The first aim of this project was to check if ETV4 and MSX1 transcription factors are
dependent on canonical Wnt signaling pathway activity in colorectal cancer cells. Because
both genes were upregulated in APC-/- mouse tumors, we assumed that they could be
direct targets of canonical Wnt signaling. However, our data showed that only MSX1
mRNA levels correlated tightly with Wnt stimulation in HEK293 cells and β-catenin
silencing in SW480 cells. This finding is in agreement with recently published data from
ChIP-seq/microarray analysis of SW480 cells treated with β-catenin specific siRNA (114).
While MSX1was demonstrated as direct target of β-catenin in colorectal cancer cells that
was downregulated upon siRNA treatment, the expression of ETV4 was not substantially
altered. Taken together with our further results, we suppose that MSX1 is direct and
functional target of canonical Wnt signaling in colon cancer cells. For ETV4, the situation
is not so straightforward. Nevertheless, we detected significant hence mild enhancement of
its activity after β-catenin transfection of HEK293 cells. Despite the fact that ETV4
expression is localized to sites with high Wnt/β-catenin activity (figure 14, 15, 16;
reference (67), we did not see such tight dependence on β-catenin as in the case of MSX1.
Therefore, we suppose that there is a crosstalk of canonical Wnt with other APC dependent
signaling pathway on ETV4 regulation in colon cancer cells. It has been reported that APC
takes part in several different pathways besides Wnt/β-catenin signaling, for example MAP
kinase signaling (115, 116) which has been also connected to ETV4 activation (40). It
would be definitely interesting to further examine what other components of cellular
signaling might affect the influence of APC to ETV4 in cancer. We might try to block all
the pathways that were reported as downstream of APC by chemical inhibitors or siRNAs
and perform luciferase assays with ETV4 expression or activity reporter.
Assumed from the results of our experiments, both MSX1 and ETV4 are expressed
particularly in proliferating sites of the tissue of intestine, while they were not detectable in
differentiated cells. It is evident that these transcriptions factors are upregulated in crypts
and tumors of APCmin mouse intestine. The expression pattern of these proteins seemingly
corresponds with the spatial activity of Wnt signaling in healthy intestinal and cancer
tissue. It would be beneficial to examine next whether the expression of these transcription
factors is really bound only to stem cells of healthy intestine and possibly to quickly
dividing cancer cells. Positive findings would support the hypothesis that these proteins
promote cell proliferation and might play crucial roles in the development of intestinal
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tumors upon deregulation. Cell sorting on the basis of stem cell markers (Lgr5) presence
and subsequent expression analysis could provide appropriate additional information.
Although we were not able to elucidate the function of ETV4 so far, we might partly
estimate its role in colorectal cell lines from TALEN experiments. Interestingly, we did not
acquire any TALEN mediated ETV4 knockout from LS174T line. Despite the fact we got
twenty three percent of growing control clones, we have obtained less than two percent of
growing clones targeted with ETV4 specific TALENs and none of those was knockout for
ETV4. In contrast, we were able to obtain five SW480 knockout clones. We got more than
eleven percent of control clones and six percent of targeted clones from SW480 cells.
From this result we assume that ETV4 is important for cell proliferation and survival, but
some of SW480 cells are able to bypass its complete insufficiency. However, ETV4 seems
to be essential for proliferation and survival of LS174T cells. The positive effect of ETV4
expression on cell proliferation was already shown in prostatic and breast cancer cell lines
(59, 63). This could give us the explanation of the result of TALEN mediated knockout in
multiclonal LS174T culture (figure 21): ETV4 provide cells with growth advantage which
is absent in knockout clones, therefore knockouts are exceeded in multiclonal culture and
do not influence the overall ETV4 expression level. The dependence of LS174T colorectal
cancer cell line on ETV4 could be the case of oncogene addiction (117). The difference in
viability between LS174T and SW480 cells after ETV4 loss is caused presumably by the
distinct genetic background. Concerning only canonical Wnt signaling, which definitely
influences ETV4 at least partially, these cell lines vary in mutations of central regulators.
LS174T cells are homozygotes for mutated β-catenin and wild-type for APC, SW480 are
in contrary wild-type for β-catenin and bear mutation in APC (29, 118).
Established ETV4 knockout clones will be definitely used for further experiment in order
to reveal the function of ETV4 in colon cancer. Our next goal will be to find genes directly
regulated by ETV4 in cancer cells. Microarray experiment will be performed to compare
gene expression in knockout and ETV4 expressing cells in combination with chromatin
immunoprecipitation using ETV4 homemade AB (for preliminary immunoprecipitation
experiment with SW480 TALEN clones using ETV4 homemade AB see supplementary
data 7). There are several interesting hypothesis to test: that ETV4 promotes colon cancer
progression by inflammation initiation through COX-2 or IDO upregulation and intestinal
tumor dissemination by activation of MMPs. It was previously shown that ETV4
upregulates

MMPs

in

tumors

of

various
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origin

leading

to

their

higher

invasiveness (40,47,48). It has been also reported that aberrant Wnt signaling is connected
to cancer progression promoted by inflammation in APCmin mouse and accumulation of
nuclear β-catenin results in elevated expression of COX-2 in cancer cells (101, 102). ETV4
was pointed out as potential COX-2 activator (52) therefore it might work as an interlink.
We plan to establish more colorectal cell lines for ETV4 specific TALEN transfection to
test different genetic backgrounds. We would start with HT29 line that harbors mutated
APC and expresses high levels of ETV4 and HTC116 line that expresses lower levels of
ETV4 but bears wild-type APC. In case we will not get satisfiyng results, we should
consider other approach. We might review shRNA knockdown method in our conditions,
despite we got unsatisfactory results from previous experiments. There are several
possibilities to get better outcome. We might design different silencing hairpin
oligonucleotides to attain stronger RNA interference effect. Also, we could use distinct
delivery system, because the final expression of shRNA in targeted cells is dependent on
the site of lentiviral integration as well. And to completely prevent non-targeted clones to
exceed targeted ones, we might employ inducible shRNA system. Working with several
targeted model cell lines would definitely make subsequent experiments more credible.
To conclude this project, we evaluated the dependence of MSX1 and ETV4 transcription
factors on canonical Wnt signaling pathway in colon cancer cells assessing both their
expression and activity. In case of MSX1, it was presumably confirmed that it is the target
of Wnt/β-catenin signaling. However, ETV4 dependence is only moderate implying more
complex regulation. Further, it was shown that the expression of these proteins in the
intestine of APCmin mouse is clearly localized to crypts and tumors in contrast to
differentiated cells. In the last part of the project, ETV4 knockout cells were established as
a suitable model for further studies. Unfortunately, we were not able to reveal the function
of ETV4 in colon cancer so far and further investigations will be necessary.
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8. Supplementary data
Supplementary data 1, ETV4 expression levels in different cell lines
qRT-PCR analysis was performed to evaluate the expression of ETV4 in different available
cell lines. The values are normalized to β-actin expression and shown as fold change of
expression in LS174T to other cell lines
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Supplementary data 2, immunocytochemical test of ETV4 homemade AB
Immunocytochemical test was performed on SW480 transfected with ETV4-flag to
question the function of ETV4 homemade AB. Mouse anti-flag-M2 antibody (Sigma,
F1804) serve as positive control. The optical magnification is 400x.
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Supplementary data 3, Immunohistochemistry with ETV4 homemade AB
Immunohistochemistry was performed at cryosections of small intestine of APCmin mouse.
ETV4 specific staining is clearly visible in intestinal crypts. The optical magnification is
indicated in the left. Sections that were not incubated with primary antibody serve as
negative control.
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Supplementary data 4, the second run of in situ hybridization with ETV4 probe
In situ hybridization was performed to confirm results of the previous one at paraffin
sections of small intestine of APCmin mouse. ETV4 specific staining by antisense probe is
visible in crypts and tumor of small intestine. ETV4 sense probe was used as negative
control and olfactomedin 4 antisense probe as a positive one for staining of crypts. Optical
magnification is 100x.
Positive control ETV4 antisense probe
ETV4 sense probe
olfactomerin antisense probe

Fold change

Supplementary data 5, analysis of MMP-7 and MMP-13 expression in intestinal tumors
from APCmin mouse
qRT-PCR analysis was performed to evaluate the expression of MMP-7 and MMP-13 in
tumors. Values are normalized to β-actin expression and shown as fold change of
expression in tumor cells to healthy intestinal cells. ETV4 expression was also assessed.
Ubb serves as a second internal control.
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Supplementary data 6, results of DNA sequence analysis of three SW480 clones that
were transfected by ETV4 specific TALENs
PCR products comprising DNA sequence targeted by TALENS from corresponding
SW480 clones were cloned by AT cloning and send to sequencing. Only short fragments
of DNA sequences that were influenced by TALEN mediated mutagenesis from three
clones are shown to illustrate the TALEN function.
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Supplementary data 7, immunoprecipitation experiment with ETV4 homemade AB
Western blot shows differential expression of ETV4 in SW480 knockout clones and
control GFP clones. This experiment was performed to assess the ability of ETV4
homemade AB to immunoprecipitate ETV4 protein (see the right panel). CTBP serves as
loading control.
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