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INTRODUCTION

1. Introduction

1.1. Bone - structure, development and regulation

Bones are organs, which are made of osseous tissues as well as bone marrow,
cartilage, blood vessels, epithelium and nerves. They support and protect the different
organs of the body, perform hematopoiesis and store minerals, like calcium or
magnesium [1,2]. Additionally, bones are important for movement and sound
transduction. Due to changes in physical load and damage caused by recurrent micro-
fractures, living bone is constantly being remodeled [2,3]. In adults bone remodeling
proceeds at about 10 % per year, whereas the state of the bones is always close to

equilibrium between bone formation and bone resorption [4].

Osseous tissues are mineralized connective tissues and form the rigid, but slightly
flexible, part of the bones. The specific properties of the osseous tissues are based on
the characteristics of the calcified bone matrix, which consists to 35 % of organic and to
65 % of inorganic components [1]. The organic components include collagen type | (up
to 90 %), but also other bone proteins like osteocalcin (BGLAP), osteopontin (OPN)
and alkaline phosphatase (ALP) [4]. Hydroxyapatite is the largest part of the inorganic
components, besides citrate- and carbonate ions as well as magnesium and sodium
[1]. Osseous tissue is not a uniformly solid material, but can grade into two groups due
to its different porosity. The hard outer layer of bones consists of compact (cortical)
bone tissue, which accounts for 80 % of the total bone mass of an adult skeleton. It is
rich in blood vessels and consists of a solid, hard mass with a porosity of only 5 — 30
%. The particular characteristics of this tissue are the osteon and the Haversian canals.
Trabecular (cancellous) bone tissue is found in the interior of the bones and is
composed of a three-dimensional scaffold of pillars and beams, which provide room for
hematopoietic and fat tissues as well as for blood vessels. Its porosity ranges from 30 —
90 % [1,4]. Due to their form, four types of bones can be identified consisting of

compact and trabecular tissues in various relations: long, short, flat and irregular bones
(2].

The formation of bone tissue during fetal development of the mammalian skeletal
system is accomplished by two different processes, namely intramembranous and
endochondral ossification. Intramembranous ossification leads to the formation of the
flat bones of the skull, but also of the mandible, maxilla and clavicles and is also
important for the natural healing of bone fractures. During intramembranous

ossification, bone tissue is formed directly by mesenchymal stem cells (MSCs), which
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first differentiate into osteoprogenitors [5]. This lineage commitment is regulated by
different transcription factors and their co-regulators, such as runt-related transcription
factor 2 (RUNX2), sry-box 9 (SOX9) and the morphogens transforming growth factor,
beta 1 (TGFB), bone morphogenic protein (BMP) as well as parathyroid hormone-like
hormone (PTHrP) [5-7]. After an extensive proliferation phase, osteogenic cells
aggregate near or around blood vessels forming so called bone spicules and
differentiate into mature osteoblasts [1,5]. The expression of osteoblast-related genes
is induced by cell-matrix and cell-cell interactions and leads to the formation of the
osteoid, a non-calcified extracellular matrix consisting of proteoglycans, glycoproteins
and collagen type | [7,8]. In the presence of ALP, secreted from osteoblasts,
hydroxyapatite precipitates and the osteoid becomes mineralized. Thus, the majority of
osteoblasts (approximately 85 %) undergo apoptosis, while the rest differentiates into
osteocytes [5]. The last two steps of the intramembranous ossification are the
formation of the trabeculae, which surround the osteocytes, and the development of the

periosteum around the trabeculae by differentiating MSCs [1].

Endochondral ossification, on the other hand, is an essential process during the
formation of most of the other bone tissues, for example long bones and vertebrae. The
special characteristic of endochondral ossification is the use of the hyaline cartilage
"skeleton" of the fetus as a model upon which the bones will form. Thus, formation of
the cartilage intermediate by chondrogenesis is the earliest step of skeletal
development via endochondral ossification [9]. Chondrogenesis, which is similar to
osteoblastogenesis, can be divided into 4 steps beginning with mesenchymal cell
recruitment, proliferation and condensation, which is regulated by mesenchymal-
epithelial cell interactions [10,11]. To ensure correct limb patterning, undifferentiated
mesenchymal cells express different fibroblast growth factors (FGFs), BMPs,
homeobox genes (HOXA, HOXD) and Wnt pathway genes (WNT2A, WNT2C) during
cell recruitment and proliferation [12—15]. The initiation of condensation is among other
things associated with increased hyaluronidase activity and TGF3 expression [9]. The
next step includes the differentiation of chondroprogenitors into chondrocytes and is
required for subsequent stages of skeletogenesis. This phase is regulated by the
transcription factor SOX9, which induces the expression of different cartilage-specific
matrix proteins, like collagen, type Il, alpha 1 (COL2A1) [16-18]. After a proliferative
phase among other things stimulated by PTHrP [19], mature chondrocytes terminal
differentiated into the hypertrophic phase. This last step is regulated by RUNX2 and
characterized by the expression of collagen, type X, alpha 1 (COL10A1), vascular
endothelial growth factor (VEGF) and ALP [9,20,21]. After formation of the hyaline

cartilage “skeleton”, endochondral ossification is initiated. The first modifications occur
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in the diaphysis, the primary center of ossification. There, ALP induces the calcification
of the matrix, thus promoting apoptosis of the hypertrophic chondrocytes, which in turn
forms cavities within the bone. Subsequently, VEGF-stimulated blood vessels can
invade and transport hematopoietic cells, osteoprogenitor cells and other cells inside
the cavity [1,21]. The progenitor cells differentiate into mature osteoblasts, which first
secrete osteoid and then initiate the mineralization of the matrix, as previously
described for intramembranous ossification. At a later time dependent on the
respective bone, ossification is also detectable in the secondary center of ossification,

the epiphysis [1].

Bone resorption is mediated by osteoclasts, which reside in a small cavity called
Howship’s lacunae on the surface of the bone tissues [1]. Attachment to the bone
matrix in the sealing zone is facilitated by the integrin avB3 and OPN, which are
expressed from osteoclasts [22]. To digest the mineralized bone matrix and the organic
components, the osteoclasts secrete a carbonic anhydrase and several hydrolytic

enzymes through the ruffled boarder [1].

To maintain the balance between bone development and bone resorption, in general
two cell types are necessary: osteoblasts and osteoclasts. These osteogenic cells can
communicate with each other through cell-cell interactions, diffusible paracrine factors
and cell-bone matrix interactions. Due to osteoblast-osteoclast communication bone
remodeling can be separated into three phases: initiation, transition and termination of
bone remodeling [23]. The initiation phase starts in response to external stimuli, like
bone micro-fractures, loss of mechanical loading or low blood calcium. Both micro-
fractures and loss of mechanical loading can be sensed by osteocytes leading to
apoptosis and the simultaneous release of chemokines [24—-26]. This promotes the
expression of chemokine, cc motif, ligand 2 (CCL2) from osteoblasts and of
chemokine, cxc motif, ligand 12 (CXCL12) produced by bone vascular endothelial and
bone marrow stromal cells to activate the maturation of osteoclast precursors via
chemokine, cxc motif, receptor 4 (CXCR4) binding [27,28]. Additionally, tumor necrosis
factor receptor/ligand superfamily, member 11 (RANK/RANKL) interactions are
essential for the differentiation of osteoclasts [23,29,30]. Several soluble factors can
further enhance osteoclastogenesis, on the one hand through RANKL induction in
osteoblasts (PTHrP) and on the other hand through the secretion of osteoclast survival
factors (colony-stimulating factor (M-CSF) and interleukins (IL6 and 1L11)) [3,23]. The
stimulation of osteoblast precursor maturation through osteoclasts is characteristic for
the transition phase. Osteoblastogenesis is induced by the release of TGFf3, BMPs and

Ca* from bone matrix and through an bidirectional signaling mechanism between the
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ephrin receptors EPHB2 on osteoclasts and EPHB4 on the surface of osteoblasts [31].
Finally, bone-resorbing osteoclasts undergo apoptosis [23] and thus the termination
phase is initiated. During this phase the activity of osteoclasts is suppressed by the
expression of osteoprotegerin (OPG) from osteoblasts, which is regulated through
Wnt/B-catenin signaling pathway, NOTCH-pathway and the expression of the
transcription factor early B-cell factor 2 (EBF2) [32-35]. Simultaneously, osteocytes

secrete sclerostin, which suppresses osteoblastic bone formation [36].

In summary, bone is a very complex organ. The development, resorption and
regulation involve many aspects and mechanisms, which can mutate or be influenced

by tumor cells resulting in a pathogenic phenotype.

1.2. Cancer to bone

Mutated or abnormal growth of bone tissues can be either benign or malignant,
depending on whether the tumor can spread, destroy bone and whether it is a threat to
life or not. Malignant tumors (cancer) can be divided into primary tumors, which begin
in bone tissues, and secondary tumors, which metastasize into the bone from other
parts of the body. The most common primary bone cancers are osteosarcomas,
chondrosarcomas and Ewing tumors (ETs) [37]. With an incidence of much less than 1
% of all cancers, primary bone tumors are quite rare. However, they account for about
5 % of all cancers observed in children. Additionally some of the most frequent
epithelial tumors including breast, lung and prostate cancer metastasize into bone
tissues. The most common symptom of cancer into bone is pain, but hypercalcaemia,
swelling and pathological bone fractures are devastating consequences of bone
tumors, as well [38]. The treatment of primary bone cancer is dependent among other
things on tumor entity, stage and localization of the cancer, but usually includes
surgery, chemo- and radiation therapy, which are used alone or in combination. In
localized bone tumors, the 5 year survival is about 40 % for males and about 50 % for
females, while the presence of metastases significantly reduces overall survival,
especially after metastasis into bone [39]. Thus, it is very important to obtain more
information about the underlying molecular mechanisms to improve the treatment of
bone cancer patients. For that reason, this doctoral thesis analyzes the mechanisms
leading to metastasis, bone invasiveness and osteolysis using the example of Ewing
tumors as the most malignant primary bone tumor characterized by early metastasis in

25 % of cases.
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1.3. Ewing tumors (ETs)

The Ewing sarcoma family of Tumors (ESFTs) consist of a group of cancers including
common Ewing tumor (ET), peripheral neuroepithelioma, peripheral primitive
neuroectodermal tumor (PNET) and Askin tumor (PNET of the chest wall), which all
derive from the same type of stem cells [40,41]. This doctoral study is focused on ETs,
the second most common malignancy of bone and soft-tissues in children and
adolescents after osteosarcoma that accounts for 10 — 15 % of all primary bone tumors
[40]. It usually occurs in the second decade of life with an incidence of 3.3 in 1 x 10°
under the age of 15 [42,43] and slightly more males than females are affected (ratio
1.5:1) [40]. Interestingly, the incidence of ETs is ten times higher in Caucasians
compared to individuals of African and Asian ancestry indicating that genetic
predisposition may play a role in this malignancy [40—42]. The most common primary
sites of this highly malignant tumor are the long bones of the extremities usually
involving the diaphysis (58 %), followed by the pelvis (20 %) and the axial skeleton and
ribs (13 %) [40,41]. Even though most ETs arise in bone tissues, about 15 % of
primarily ETs are found in diverse extra-osseous parts of the body [44]. Although
prognosis for patients with localized disease has markedly improved in past decades (5
year survival is about 70 %), metastatic disease — present in about 25 % of ET patients
at diagnosis — is usually associated with fatal outcome [42,45-51]. Primary metastases
frequently arise in lungs and/or bone tissues and especially the development of
metastases in bones is a catastrophic event in the clinical course of ET patients (5 year
survival is less than 10 %) [42,49-52].

ETs were originally described by the American pathologist James Ewing in 1921 as
“diffuse endothelioma of bone" [53] due to its unclear histogenesis. Although it could be
shown, that ETs display mesenchymal, neuroectodermal as well as endothelial
features, its precise cell of origin remains elusive until today [54-57]. Recent work has
suggested that MSCs may originate from the neuroepithelium, potentially explaining
the observed neuroectodermal and endothelial features of ETs [58,59]. Furthermore, it
is known that human bone marrow MSCs can migrate to all body compartments during
embryonic development [44], which is important in respect to the distribution of primary
ETs in the body [40,44]. Thus, MSCs of hematopoietic or neuroectodermal origin are
strong candidates for the cell of ET origin, possibly in transition from an undifferentiated
state to a more differentiated phenotype back to the endothelial, neuroectodermal or to
the chondro-osseous lineage. In general, ETs are defined on histopathological level by
small round cells stained blue on routine hematoxylin and eosin (H&E) staining.

Because different other tumor entities including leukemia, medulloblastoma and
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neuroblastoma look very similar under the microscope, ETs are hardly distinguishable
from other small-round-blue-cell tumors on the histological level. For that reason, tumor
samples need to be analyzed with additional histological markers including CD99
antigen, X chromosome (CD99, [58]), friend leukemia virus integration 1 (FLI1, [60])
and caveolin 1 (CAV1, [61]). However, these marker genes are not really specific
enough for an exact classification, which is why it is indispensable to examine the
molecular background of the tumor sample to clearly identify ETs. This is possible,
because as an unifying hallmark, all ETs are genetically defined by non-random gene
rearrangements that fuse EWS (Ewing sarcoma breakpoint region 1), located on
chromosome 22q12, and a member of the ETS (e-twenty-six) gene family of
transcription factors [40,62]. The most common chromosomal translocation include the
FLI1 gene (friend leukemia virus integration 1) on chromosome 11, which is involved in
about 85 % of cases, followed by the ERG (v-ets avian erythroblastosis virus e26
oncogene homolog) gene in 5 - 10 % of cases [40,41,62]. Within the t(11;22)
translocation, different chromosome breakpoint sites are possibly resulting in a large
number of EWS-FLI1 fusion combinations. In approximately 60 % of cases, the first
seven EWS exons joined to exon 6 to 9 of FLI/1, termed EWS-FLI1 type 1 [40,58]. The
oncogenic fusion protein EWS-ETS functions on the one hand as an aberrant
transcription factor, via the N-terminal EWS domain and the conserved ets DNA
binding domain of members of the ETS family. On the other hand it is a potent
repressor even in post-transcriptional processes that determines the complex and
highly malignant phenotype of ETs [62—-64]. To better understand the effect of EWS-
FLI1, the 68 kDa large fusion protein was artificially expressed in human primary
fibroblasts, murine and human MSCs and different tumor cell lines including
neuroblastoma and rhabdomyosarcoma cell lines [63,65,66]. Interestingly, expression
of EWS-FLI1 in nearly all cell lines other than MSCs resulted in cell death supporting
the hypothesis of MSCs as the cell of origin in ETs. Although expression of EWS-FLI1
results in ET-specific gene expression and further causes changes in the differentiation
characteristics of neuroblastoma and rhabdomyosarcoma cells, the cell lines do not
fully transform into ETs [63,65,67]. This indicates that additional factors and
mechanisms seem to be necessary to generate highly malignant tumor cells, which
exhibit features similar to those of ETs. One possible alternative mechanism includes
the inactivation of frequent tumor suppressor genes, such as p53 or p16, which are
able to induce tolerance to EWS-FLI1 in primary cells [62,68,69]. Although, these
mutations are associated with worse clinical outcome, the inactivation of p53 and other
tumor suppressor genes is rare in ETs (10 — 20 %) indicating that additional

mechanisms are essential to develop ETs of a specific progenitor cell [62].
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Nevertheless, EWS-FLI1 seems to be an important candidate for targeted therapy,
because of its unique expression in the cells of the tumor and its great influence on the
oncogenic phenotype of this tumor entity. However, no therapeutic applications based
on the EWS-FLI1 fusion protein reached the clinical trial status so far due to the lack of
enzymatic activity, inherent bioavailability and administrative problems, like in vivo
application [70]. Since overall survival of patients with metastatic disease, especially
after the development of bone metastases is still insufficient, there is an urgent need to
get more information about the underlying molecular mechanisms of this tumor to
develop new therapeutic treatment modalities. Due to the characteristics of ETs
including primary and metastatic tumor growth in bone tissues, this malignancy may
serve well to analyze tumor growth in bone and possibly might be a good model
system to learn more about cancers to bone in general, too. In a previous microarray
analysis, Staege et al. identified 37 genes, which were overexpressed or even
specifically expressed in primary ETs compared to normal tissue and which are
potential new target genes [55]. Among them are also the bone-associated genes
chondromodulin 1 (CHM1), dickkopf 2 (DKK2) and integral membrane protein 2A
(ITM2A), which are interesting genes for further investigation in the context of bone

tumors.

1.4. Dickkopf 2

1.4.1. Current knowledge on DKK2

The dickkopf family is an evolutionarily ancient gene family consisting of four main
members in vertebrates (DKK1 - 4) and a unique DKK3-related protein soggy (sgy;
also called dickkopf-like protein 1 (DKKI1)) [71,72]. The main human DKK genes, with
the exception of DKK3, are located within the well-characterized chromosome paralogy
group (4/5/8/10; DKK2 4q25), that were duplicated early in the evolutionarily process of
vertebrates [71]. Due to this observation, DKK3 seems to be a divergent member of the
dickkopf family, which is also confirmed by different other criteria including the low DNA
similarity between DKK3 and the other 3 family members DKK1, 2 and 4 [71,73]. DKKs
are secreted glycoproteins of 255 — 350 amino acids (aa) and a calculated molecular
weight between 24 and 29 kDa for DKK1, 2 and 4 and 38 kDa for DKK3 [71]. All family
members possess an N-terminal signal sequence and share 2 conserved cysteine-rich
domains (Cys), whereas the sequence similarity outside of these domains is very low
between the different DKKs [72,73]. Each of the two cysteine-rich domains display a

characteristic spacing of cysteines and other conserved aa and are separated by a
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linker region of 50 — 55 aa (12 aa for DKK3) [71,72]. The N-terminal cysteine-rich
domain (Dkk_N; formerly known as Cys1) is unique to the members of the dickkopf
family, while the C-terminal cysteine-rich domain (Cys2) shares a sequence homology
of 10 cysteine residues to that of the colipase fold [74]. The colipase fold, originally
described in a co-enzyme required for the optimal activity of pancreatic lipases [75], is
found in a variety of different proteins including toxins and protease inhibitors [71]. The
non-catalytic colipase fold is important for the interaction of proteins with the membrane
and thus essential for the biological activity of DKKs mediated through interactions with
the Wnt/B-catenin signaling pathway. Furthermore, DKKs contain various dibasic
cleavage sites, which may be substrates for furin-type proteases and may explain the
significant amounts of smaller molecular weight observed in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) compared to the calculated molecular
weight [71].

Expression of DKKs could be observed in a wide range of tissues including heart,
brain, skeletal muscle and lung, as well as in different bone-associated cells like
osteoblasts or chondrocytes [72,76]. Thus it is not surprising, that DKKs play an
important role in different processes of embryonic development, including anterior-
posterior axial patterning, limb development, somitogenesis and eye formation [71]. But
also in the adult, DKKs are implicated in various processes, like bone development and
bone disease, cancer and Alzheimer’'s disease [71,77—-79]. Interestingly, all functions
mentioned above are mediated through one pathway: Wnt/B-catenin signaling.
However, it cannot be ruled out that DKKs may influence signal cascades independent

of their ability to affect this essential pathway [71].

With regard to DKK2, its precise cellular function remains elusive so far, because
secreted DKK2 can either function as a Wnt agonist or antagonist, depending on the
cellular context and the expressed amount of its binding partner low density lipoprotein
receptor-related protein 6 (LRP6) and its cofactor Kremen 2 (KRM2) [80-84]. In the
context of the Wnt/B-catenin pathway, DKK2 may promote osteoclastogenesis by
enhancing the expression of the osteoclast differentiation factors, RANKL and M-CSF,
while concurrently decreasing the mRNA levels of the decoy receptor of RANKL, OPG
[85]. Additionally, DKK2 also seems to play a role in osteoblast proliferation and the
initiation of osteoblastogenesis, which may be explained by the different influence of
DKK2 on Wnt/B-catenin signaling [85,86]. Furthermore, Li et al. demonstrated that
DKK2 regulates terminal osteoblast differentiation into mineralized matrices through
both canonical Wnt antagonism-dependent and -independent mechanisms, which was

confirmed by others [86—88]. Due to its function as a NOTCH signaling target, DKK2
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seems to be a key player in stem cell signaling networks that again, at least in part, is
mediated via the Wnt pathway [89]. As published previously, expression of DKK2 is
deregulated in different tumor entities, like gastrointestinal, colorectal or renal cancer
as well as leukemia influencing proliferation, apoptosis and anchorage-independent
tumor growth [90-95]. Interestingly, in most of these malignancies DKK2 functions as a
Wnt antagonist and is epigenetically silenced. To analyze DKK2 silencing in more
detail, viable and fertile DKK2 mouse mutants were established. These mice are blind,
supporting the role of DKK2 in eye development via the regulation of the corneal
versus epidermal fate of the ocular surface epithelium [71,96]. Furthermore, DKK2"
mice show low bone mineral density and osteopenia due to major effects on matrix
mineralization. The osteoid surface is increased in these animals, without a significant
change in the amount of osteoclasts indicating that DKK2 involves terminal osteoblast
differentiation [87]. Based on these observations, DKK2 is an important candidate for
the regulation of the chondrogenic/osteogenic differentiation potential of ETs as well as

for ET proliferation, invasion and osteotropism.

1.4.2. Wnt/B-catenin signaling pathway

Different pathways are triggered by Wnt proteins, which employ Wnt receptors of the
frizzled seven transmembrane class. The most frequent one is the canonical or Wnt/f3-
catenin signaling pathway, which is influenced by members of the dickkopf family
[71,97]. The other pathways are non-canonical and less important, for example the
planar cell polarity pathway (PCP) and the Wnt/Ca?* cascade [98,99]. As previously
described, the Wnt/B-catenin signaling pathway is critically involved in cell-cell
communication in embryonic and adult development regulating among other things
antero-posterior axial patterning, cell fate, limb development as well as bone formation
[71,100-103]. Furthermore, this highly conserved pathway is the second most common
mutated pathway in cancer after mitogen-activated protein kinase (MAPK) signaling
pathway [104-107].

In the majority of normal cells, the Wnt/B-catenin signaling pathway is inactive. In the
absence of the activating Wnt proteins, the destruction complex, including the proteins
axin, APC gene (APC), glycogen synthase kinase 3 beta (GSK3[), casein kinase 1
alpha-1 (CK1a) and B-catenin, can form. In this complex B-catenin is phosphorylated
on multiple serine/threonine residues by several kinases, mainly GSK3[3, but also
CK1a (Ser45) and targeted to ubiquitination by beta-transducin repeat-containing
protein (BTrCP) [101,108]. Thus, B-catenin is recognized and degraded by the
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proteasomal machinery, why it cannot accumulate in the nucleus and activate gene
expression. Due to binding of the transcription factor/lymphoid enhancer-binding factor
1 (TCF/LEF) to Groucho and specific repressor sequences on the DNA, gene
expression is inhibited in this inactive state. In the active phase of the pathway,
secreted Wnt proteins bind to frizzled (Fz) and its co-receptor LRP5/LRP6, which is
subsequently phosphorylated by CK1a. Following dimerization of Fz and LPRS5/LRPG,
the cytoplasmic phosphoprotein disheveled (Dvl) is recruited, posttranslationally
modified and can bind to Fz and axin. Moreover, axin can bind to the phosphorylated
co-receptor LRP5/LRP6 leading to degradation of the destruction complex and
accumulation of B-catenin in the cytoplasm and later on in the nucleus [108]. In the
nucleus, B-catenin associates with the TCF/LEF family of transcription factors to
regulate the expression of canonical Wnt target genes such as cyclin D1 (CCND1),
ephrin receptor B2 (EPHBZ2) or v-myc avian myelocytomatosis viral oncogene homolog
(c-MYC [108-112]).

Activity of the Wnt/B-catenin signaling pathway is inhibited by several mechanisms
including inactivation of Wnts (Wnt inhibitory factor (WIF), secreted frizzled-related
proteins (sFRP) and WNT5A), mutation of important pathway proteins (axin and APC)

or deregulation of Wnt agonists or antagonists such as DKKs [113].

1.5. BRICHOS family proteins

1.5.1. BRICHOS domain

The BRICHOS family consists of about 12 protein families linked to diverse major
diseases such as dementia (ITM2A-C), respiratory disease (pulmonary surfactant
protein C precursor (proSP-C)) and cancer (CHM1, ITM2A, carbonic anhydrase Xl
(CA11) and gastrokine (GKN1+2)) as well as tenomodulin (TNMD), which is closely
related to CHM1 [114-116]. All members of the BRICHOS family have four domains:
hydrophobic (transmembrane region), linker, BRICHOS and C-terminal region [114].
The only evolutionally conserved region is the 100 aa BRICHOS domain (51 — 83 %
identity between all BRICHOS protein families) including a pair of conserved cysteine
residues that probably form a disulphide bridge. The function of the BRICHOS domain
has not yet been sufficiently resolved, but there is some evidence that this domain
might have a chaperon-like activity possibly preventing proteins from amyloid formation
[114-116].
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The two BRICHOS-domain containing proteins CHM1 and ITM2A are examined in

more detail due to their up-regulation in ETs compared to normal tissue [55].

1.5.2. Current knowledge on CHM1

Chondromodulin 1 (CHM1, previously known as leukocyte cell-derived chemotaxin 1
(LECTT)) is located on chromosome 13 (7 exons) and belongs to the BRICHOS family
as described above [114,117]. The 334 aa precursor protein is probably cleaved by
furin proteases at the predicted cleavage sites into two isoforms, on the one hand into
the single-pass transmembrane protein chondrosufactant protein (CH-SP) and on the
other hand into the 120 aa mature CHM1 glycoprotein in the C-terminal region
[118,119]. The precursor as well as the CH-SP protein has a short half-life indicating
that they do not have a function [118]. Following glycosylation of the N-terminus of the
mature protein, CHM1 is rapidly secreted [118,120]. Additionally, Azizan et al.
observed another un-glycosylated form of the 25 kDa CHM1 protein in the cartilage (9
kDa), which was cleaved by an extracellular processing event and may able to diffuse

more rapidly through the matrix [118].

CHM1 is almost solely expressed in the cartilage, more precisely in the interterritorial
matrix of the cartilage, and to a lesser extend in other avascular tissues such as eyes
and cardiac valves [119,121,122]. Furthermore it was published, that this glycoprotein
is highly detectable in chondrocytes of the resting, proliferating and early hypertrophic
phase, but not in osteoblasts and chondrocytes of the late hypertrophic phase and the
calcified zone [119,122,123]. An important role of CHM1 is the strong anti-angiogenic
function of this secreted protein, which maintained the avascular phenotype of different
tissues, although various angiogenetic factors are expressed, for example FGF2 and
VEGEF in the cartilage [119,121-124]. Moreover, avascularity and the resulting hypoxia
are important for inducing chondrogenesis, another important function of CHM1 [125].
As described previously, this cartilage-specific protein is a key factor in chondrocyte
proliferation and development and simultaneously inhibited terminal chondrocyte
hypertrophy and endochondral ossification [123,125]. Furthermore, CHM1 seems to
influence cell-cycle progression via the inhibitor p21 and synthesis of proteoglycan in
chondrocytes [125,126]. In an animal model, it was shown that the viable and fertile
CHM1” mice exhibit no differences in chondrogenesis and endochondral bone
formation during embryogenesis. However, the mutant mice showed a significant
increase in angiogenesis, VEGF expression, bone mineral density and reduced bone

resorption compared to bone formation in the context of fracture repair [121,127,128].
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This indicates that CHM1 seems to be critical under stress conditions such as bone
repair or malignancy in bones, as demonstrated in chondrosarcoma and
adenocarcinoma [126,128,129]. Due to these findings, CHM1 seems to be important in
angiogenesis and the osteogenic behavior of ETs, especially in chondrogenic

differentiation and osteotropism.

1.5.3. Current knowledge on ITM2A

The ITM2 family consists of three members (ITM2A, B and C), which have about 40 %
protein homology especially in the C-terminal part [130]. The ITM2A gene (also called
E25A) was mapped on chromosome X (6 exons) and codes for a type |l
transmembrane protein of 263 aa and a molecular weight of 29 kDa [131,132]. It
belongs to the BRICHOS family and different isoforms are detectable due to
posttranslational processing and modification [130,133]. As previously described,
ITM2A is predominantly located intracellular on large cytoplasmic vesicles and the

Golgi apparatus and only to a lesser extend (about 4 %) on the cell surface [134].

Unlike the other two ITM2 family members, expression of ITM2A is limited to specific
osteogenic and chondrogenic tissues. As shown by Deleersnijder et al., ITM2A can be
specifically identified in the outer perichondrial rim of the postnatal mandibular condyle
indicating a specific expression of this gene in resting and proliferating chondrocytes of
the early phases of chondrogenesis [132,133,135]. In contrast, the deeper layer of the
condyles, containing more differentiated chondroblasts and chondrocytes, exhibit no
ITM2A expression. Furthermore, ITM2A is strongly expressed in mature osteoblasts
[132]. This indicates that ITM2A plays an important role in osteogenesis and the early
phases of chondrogenesis by simultaneously suppressing the transition to hypertrophic
cells [130-133]. Moreover, myogenic differentiation as well as T-cell selection seems to
be influenced by ITM2A, too [134,136]. Until now, little is known in the context of
pathological implications of ITM2A, although there is some evidence that ITM2A
influences dementia and tumor growth, in the latter case for example in alveolar
rhabdomyosarcoma [114,137]. Even though no ITM2A” mouse model was established
so far, to the best of the author’s knowledge, current findings clearly demonstrated the
influence of ITM2A on osteogenic and especially chondrogenic differentiation

implicating ITMZ2A as an interesting gene in the pathophysiological context of ETs.
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1.6. Aim of this study and overview of the experimental approach

The aim of this doctoral thesis was to illuminate the role of the bone-associated genes
CHM1, DKK2 and ITM2A in ET pathology, especially in respect to differentiation,
metastasis and the osteogenic behavior of this malignancy. For that reason,
dependence on CHM1, DKK2 and ITM2A upon the specific ET oncogenic fusion
protein EWS-FLI1 was first analyzed after RNAi-mediated EWS-FLI1 knock-down in
different established ET cell lines using gRT-PCR. To assess the potential influence of
the bone-associated genes on ET pathology, each of these genes were transiently and
constitutively suppressed in three ET cell lines, more precisely in A673, SK-N-MC and
TC-71. Subsequently, the effect of gene knock-down on ET phenotype and
tumorigenicity was examined by the use of several in vitro and in vivo assays.
Microarray analyses were performed to identify downstream target genes of CHM1,
DKK2 and ITM2A and to get more information about the underlying molecular
mechanisms leading to the phenotype observed. Following evaluation of the microarray
data, using among others gene set enrichment analysis (GSEA), further in vitro
experiments were used to verify the findings. As the current knowledge about CHM1,
DKK2 and ITM2A indicate that these genes might play a role in the differentiation
potential of cells suitable in vitro assays and Western blot analyses were performed to
confirm this hypothesis. Furthermore, the involvement of the three bone-associated
genes in bone invasiveness and osteolysis was analyzed in stable shRNA infectants in
different ET cell lines using gRT-PCR as well as an orthotopic bone
xenotransplantation model. Afterwards, immunohistological analyses were performed
on murine organs to further examine the in vivo results and to better quantify bone
invasiveness and osteolysis. With regard to DKK2, different analyses on mRNA and
protein level were used to identify the effect of this gene on Wnt/B-catenin signaling
pathway in ETs. Furthermore, clinical implications of DKK2 were analyzed in a pilot

screening of human ET patients.

In summary, this work explores candidate ET target genes for target-orientated
therapeutic strategies. Additionally, this study may contribute to the elucidation of the
complex mechanisms resulting in cancer to bone and osteolysis, possibly transferable

to other bone-associated tumor entities.
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2. Materials

2.1. List of manufacturers

Manufacturers Locations

Abcam Cambridge, UK
Abbott Wiesbaden, Germany
Abnova Taipei, Taiwan

AEG Ndrnberg, Germany
Affimetrix High Wycombe, UK
Ambion Austin, TX, USA

Amersham Biosciences

Piscataway, NJ, USA

Applied Biosystems

Darmstadt, Germany

ATCC

Rockyville, MD, USA

B. Braun Biotech Int.

Melsungen, Germany

BD Biosciences Europe

Heidelberg, Germany

Becton Dickinson (BD)

Heidelberg, Germany

Berthold detection systems

Pforzheim, Germany

Biochrom Berlin, Germany
Biometra Goéttingen, Germany
BioRad Richmond, CA, USA
Biozym Hess. Olendorf, Germany
Brand Wertheim, Germany
Calbiochem Darmstadt, Germany

Carestream Health, Inc.

Stuttgart, Germany

Cell Signaling Technology

Frankfurt a. M., Germany

Charles River Laboratories

Wilmington, MA, USA

Clontech-Takara Bio Europe

Saint-Germain-en-Laye, France

DSMZ

Braunschweig, Germany

Eppendorf

Hamburg, Germany

Eurofins MWG GmbH

Ebersberg, Germany

Falcon Oxnard, CA, USA
Feather Osaka, Japan
Fermentas St. Leon-Rot, Germany
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GE Healthcare

Uppsala, Sweden

Genomed St. Louis, MO, USA
Genzyme Neu-Isenburg, Germany
GFL Segnitz, Germany
Gibco Darmstadt, Germany
GLW Wiurzburg, Germany

Greiner Bio one

Ndrtingen, Germany

Hamilton

Bonaduz, Switzerland

Heidolph Instruments

Schwabach, Germany

Heraeus

Hanau, Germany

Invitrogen

Karlsruhe, Germany

Jackson ImmunoResearch
Laboratories

Baltimore, MD, USA

Kern

Balingen-Frommern, Germany

Kottermann

Uetze/Hanigsen

Laborservice

Harthausen, Germany

Leica Wetzlar, Germany
LMS Brigachtal, Germany
Lonza Basel, Switzerland

Macherey-Nagel

Diren, Germany

Memmert Schwabach, Germany
Merck Darmstadt, Germany
Metabion Martinsried, Germany
Millipore Billerica, MA, USA

Molecular BioProducts, MbP

San Diego, CA, USA

Nalgene Rochester, NY, USA
Nikon Dusseldorf, Germany
Nunc Naperville, IL, USA
PAA Colbe, Germany

Pechiney Plastic Packaging

Menasha, WI, USA

Peqlab Erlangen, Germany
Peske OHG Minchen, Germany
Philips Hamburg, Germany
Promega Madison, WI, USA
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Qiagen

Chatsworth, CA, USA

R&D Systems

Minneapolis, MN, USA

Ratiopharm

Ulm, Germany

Roche

Mannheim, Germany

Roche/ACEA Biosciences

San Diego, CA, USA

(Carl) Roth

Karlsruhe, Germany

Santa Cruz Biotechnology

Heidelberg, Germany

Sartorius

Géttingen, Germany

Scientific Industries

Bohemia, NY, USA

Scotsman Milan, Italy
Sempermed Wien, Austria
Sequiserve Vaterstetten, Germany
Sigma St. Louis, MO, USA
Siemens Miinchen, Germany
Stratagene Cedar Creek, TX, USA
Syngene Cambridge, UK
Systec Wettenberg, Germany

Taylor-Wharton

Husum, Germany

Techlab

Braunschweig, Germany

Thermo Scientific

Braunschweig, Germany

TKA GmbH

Niederelbert, Germany

TPP

Trasadingen, Switzerland

Thermo Fisher Scientific

Ulm, Germany

Whatman

Dassel, Germany

Zeiss

Jena, Germany

2.2. General material

Materials Manufacturers
Combs (Western blot) Peqlab
Cryovials Nunc

Culture dishes (Nunclon™ surface 100 mm) Nunc

Cuvettes Roth

E-plates (96-well) Roche
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Filters for cells, Cell Strainer Falcon
Filters for solutions (0.2 ym and 0.45 um) Sartorius
Flasks for cell culture (25¢cm?, 75 cm? and 175 cm?) | TPP

Flasks for cell culture (75 cm? and 175 cm?) Falcon
Gloves (nitrile, latex) Sempermed

Hybond-P PVDF membrane

GE Healthcare

Hypodermic needle (23 G, 30 G)

B. Braun

Parafilm

Pechiney Plastic Packaging

Pasteur pipettes

Peske OHG

Petri dishes Falcon
Pipettes (2, 5, 10 and 25 ml) Falcon
Pipette tips (10, 200 and 1000 pl) MbP
Pipette tips (10, 200 and 1000 pl with a filter) Biozym
Plates for cell culture (6-well, 24-well and 96-well) | TPP

Plates for invasion-assay (24-well)

Becton Dickinson

Plates for gRT-PCR (96-well)

Applied Biosystems

Scalpels (Nr. 12, 15, 20)

Feather

Syringes (27 G x 3187, 0.45 mm x 10 mm)

BD Biosciences

Laborservice

(
(
Syringes (GC, 1710LT)
(
(

Syringes (Hamilton 100 pl, 250 pl) Techlab

Syringes (Omnifix-F, 9161406V) B. Braun

Tubes for cell culture (polystyrene, 15 ml) Falcon

Tubes for cell culture Falcon

(polypropylene, 15 ml and 50 ml)

Tubes for molecular biology, Safelock

(1.5 ml and 2 ml) Eppendorf

Tubes for FACS™ (5 ml) Falcon

Whatman paper Whatman

2.3. Instruments and equipment
Type of device Manufacturer
Airflow Kéttermann
Autoclave 2540EL Systec
Autoclave V95 Systec
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Bacteria shaker Certomat BS-T Sartorius
Centrifuge Multifuge 3 S-R Heraeus
Centrifuge Biofuge fresco Heraeus
Controlled-freezing box Nalgene
Drying cabinet Memmert
Electroporator Gene Pulser Xcell™ BioRad
Electrophoresis chamber BioRad

ELISA Reader

Multiskan Ascent

Thermo Scientific

Flow cytometer

FACSCalibur™

Becton Dickinson

Freezer (-80 °C) Hera freeze Heraeus
Freezer (-20 °C) cool vario Siemens
Fridge (+4 °C) cool vario Siemens
Gel documentation Gene Genius Syngene
Ice machine AF 100 Scotsman
Incubator B20 Heraeus
Incubator Hera cell 150 Heraeus

Liquid Nitrogen Tank

L-240 K series

Taylor-Wharton

Luminometer

Sirius Luminometer

Berthold detection
systems

Multichannel pipette (10-100 pl) Eppendorf
Heating block Thermomixer Comfort Eppendorf
Hemocytometer Neubauer Brand
Microliter syringe 710NR Hamilton
Micropipettes (Z%S-JIO fé&?gg%%%l 20- Eppendorf
Microscope (fluorescence) | AxioVert 100 Zeiss
Microscope DMIL Leica
Microwave oven Siemens, AEG
Mini centrifuge MCF-2360 LMS

PCR cycler iCycler BioRad
Pipetting assistant Easypet Eppendorf
Power supplier Standard Power Pack P25 | Biometra

gRT- PCR cycler

7300 Real-Time PCR

Applied Biosystems

Rotator

GLW

Scales

770

Kern
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Scales EW3000-2M Kern
Semi-Dry Transfer Fastblot Biometra
Apparatus

SDS-PAGE chamber Minigel-Twin Biometra

Shaker

Polymax 2040

Heidolph Instruments

Spectrophotometer GeneQuant Il Amersham Biosciences
Sterile Bench Heraeus
Water bath GFL
\d/\éiztggn?;?ign Syetlelr_nogic 1500 imaging Carestream Health, Inc.
Vortexer Vortex-Genie 2 Scientific Industries
Water purification system TKA GenPure TKA GmbH

2.4. Chemical and biological reagents
Reagents Manufacturer
30% Acrylamide Sigma
Agar Sigma
Agarose Invitrogen
Ampicillin Merck
AmpliTag DNA Polymerase Invitrogen
Ammonium persulfate (APS) Sigma
B-Mercaptoethanol Sigma
BCP (1-bromo-3-chloropropane) Sigma
BenchMark™ Prestained Protein Ladder Invitrogen
BHA (butylated hydroxyanisole) Sigma
Blue Juice Gel Loading Buffer Invitrogen
Bradford reagent BioRad
Bromphenol blue Sigma
Calcein AM Merck
DEPC (diethyl pyrocarbonate) Sigma
Deoxycholic acid Roth
1kb DNA Ladder Invitrogen
dNTPs Roche
DMEM medium Invitrogen
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DMSO (dimethyl sulfoxide) Merck
DTT (DL-Dithiothreitol) Sigma
EDTA (ethylenediaminetetraacetate) Merck
EtBr (Ethidium bromide) BioRad
Ethanol Merck
FBS (fetal bovine serum) Biochrom
37% Formaldehyde Merck
Gentamycin Biochrom
Glycerol Merck
Glycine Merck
G418 PAA
HBSS (Hank's buffered salt solution) Invitrogen
HCI (hydrochloric acid) Merck
HEPES Sigma
HiPerFect Transfection Reagent Qiagen
Human IgG Genzyme
IMDM medium Invitrogen
Isoflurane Abbott
Isopropanol Sigma
KCI (potassium chloride) Merck
L-glutamine Invitrogen

Matrigel matrix

BD Biosciences

Maxima™ Probe / ROX gPCR Master Mix (2 x) Fermentas
McCoys5A medium Biochrom
Methanol Roth

Methylcellulose

R&D Systems

MgCl, (magnesium chloride) Invitrogen
NaCl (sodium chloride) Merck
Na,HPQO, (sodium phosphate dibasic) Merck
NaH,PO, (sodium phosphate monobasic) Merck
NaN; (sodium azide) Merck
NaOH (sodium hydroxide) Merck
Novaminsulfon ratiopharm
PBS 10 x (phosphate buffered saline) Invitrogen
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PCR Buffer (10 x) Invitrogen
Peptone Invitrogen
Penicillin / streptomycin Invitrogen
PFA (paraformaldehyde) Merck
Polyacrylamide (30% Acrylamide / Bis) Merck
Polybrene (hexadimethrine bromide) Sigma
Propidium iodide Sigma
Protease Inhibitor cocktail tablets Roche
Proteinase K Sigma
Puromycin PAA
Ready-Load 1 Kb DNA Ladder Invitrogen
RNase A (Ribonuclease A) Roche
RPMI 1640 medium Invitrogen
SDS Sigma
Skim milk powder Merck
Sodium chloride Merck

SYBR Green Master Mix

Applied Biosystems

TEMED (N,N,N’,N-Tetramethylethan-1,2-diamin) Sigma
Tris Merck
Triton X-100 Sigma
Trypan blue Sigma
Trypsin / EDTA Invitrogen
Tween 20 Sigma
2.5. Commercial reagent kits
Name Manufacturer
Affymetrix GeneChip Whole Transcript Sense Target Affimetrix

Labeling Kit

Annexin V-PE Apoptose Detection Kit |

BD Biosciences

Angiogenesis System: Endothelial Cell Invasion

BD Biosciences

Cell Invasion Assay

BD Biosciences

Cell proliferation ELISA BrdU Kit

Roche

DNeasy® Blood & Tissue Kit

Qiagen

ECL-Plus Western Blot Detection System

GE Healthcare
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High-Capacity cDNA Reverse Transcription Kit Applied Biosystems
Human Methylcellulose Base Media R&D Systems
JETSTAR 2.0 Plasmid Maxiprep Kit Genomed

Ne-Per® Nuclear and Cytoplasmic Extraction Reagents Thermo

NucleoSpin® Plasmid Kit

Macherey-Nagel

MycoAlert Mycoplasma Detection Kit Lonza

QIAEX Il Gel Extraction Kit Qiagen

QlAquick PCR Purification Kit Qiagen

RNeasy® Mini Kit Qiagen

StemPro® Chondrogenesis Differentiation Kit Gibco

StemPro® Osteogenesis Differentiation Kit Gibco

StrataPrep® DNA Gel Extraction Kit Stratagene

TRI Reagent RNA Isolation Kit Ambion

TagMan® Gene Expression Assays Applied Biosystems

2.6. Media, buffers and solutions

Table 1: Cell culture media and universal solutions

Name

Ingredients

Standard tumor medium

500 ml RPMI 1640 or DMEM

10% FBS, 2 mM L-glutamine, 100 pg/ml gentamycin

4% formaldehyde

4% Formalin, 55 mM Na,HPO4, 12 mM NaH,POy, -
2 H,O

4% paraformaldehyde

4% PFA in 1 x PBS, adjusted to pH 7.4 with NaOH

FACS staining buffer

2% FBS, 0.05% NaNj3; dissolved in 1 x PBS

Table 2: Buffer and gel for DNA / RNA electrophoresis

Name Ingredients

TAE running buffer | 50 x TAE: 2 M Tris, 10% EDTA (0.5 M), 5.71% HCI

Electrophoresis gel | 200 ml TAE buffer (1 x), 0.7-3% agarose, 3 ul EtBr

30



MATERIALS

Table 3: Buffers and solutions for cell cycle analysis

Name Ingredients
Sample buffer 0.1% Glucose (w/v) in 1 x PBS, 0.22 uym filtration, stored at
4°C

Pl staining solution 50 ug / ml Propidium iodide and 100 U/ ml RNase A in

sample buffer

Table 4: Buffers and gels for Western blot analysis

Name

Ingredients

Laemmli buffer (3 x)

188 mM Tris/HCI pH 6.8, 3% SDS, 45% Glycerol, 0.05%

Bromphenol blue, 7.5% [-Mercaptoethanol

SDS running buffer (1 x)

25 mM Tris, 200 mM Glycine, 0.1% (w/v) SDS

Separating buffer (4 x)

1.5 M Tris, 0.4% SDS, adjusted to pH 8.8 with HCI

Separating gel (8-12.5%)

(10%): 3.33 ml 30% Acrylamide / Bis, 2.5 ml Separating
Buffer (4 x), 4.17 ml water, 50 pyl APS (10%), 20 pl
TEMED

Stacking buffer (4 x)

0.5 M Tris, 0.4% SDS, adjusted to pH 6.8 with HCI

Stacking gel (4.5%)

750 pl 30% Acrylamide / Bis, 1.25 ml Stacking Buffer
(4 x), 3 ml water, 50 yl APS (10%), 20 yl TEMED

Transfer buffer (5 x)

25 mM Tris pH 8.3, 192 mM Gyilcine

TBS (10 x)

0.5 M Tris-HCI pH 7.4, 1.5 M NaCl

TBS-T

1 x TBS including 0.05% (v/v) Tween 20

2.7. Antibodies

Table 5: Antibodies for Western blot

Antibody

Source Dilution ::LOdUCt Manufacturer

anti-B-catenin

mouse 1:1000 #610154 BD Biosciences

anti-DKK2

rabbit 1:100 PAB3570 | Abnova

anti-GAP43

rabbit 1:1000 ab7462 Abcam

anti-Histone H3

Rabbit 1:5000 ab1791 Abcam
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anti-HPRT (FL-218) rabbit 1:500 sc-20975 | Santa Cruz
anti-Kremen1 mouse 1:500 ab57872 Abcam
anti-Kremen2 mouse 1:500 ab68906 Abcam
anti-Lamin A+C mouse 1:80 ab5090 Abcam
anti-LRP6 (C-10) mouse 1:500 sc-25317 | Santa Cruz
anti-mouse IgG HRP goat 1:1000 sc-2060 Santa Cruz
anti-rabbit IgG HRP bovine 1:1000 sc-2370 Santa Cruz

Table 6: Antibodies for immunofluorescence and immunohistochemistry

Antibody Source Riri\ucﬂfnql Product No. Manufacturer
anti-B-catenin mouse 1:100 610154 BD Biosciences
anti-Caspase 3 rabbit 1:200 9664 ?::Jhiiglge;';”g
anti-DKK2 rabbit 1:50 PAB3570 Abnova
anti-GFAP mouse 1:100 556330 BD Biosciences
P OSN [goat [1a00 | nisomose |
Table 7: Antibodies for flow cytometry
Antibody Conjugation | Dilution | Product No. Manufacturer
CD29 APC 1:20 559883 BD Biosciences
CD49a PE 1:20 559596 BD Biosciences
CD49%b FITC 1:20 555498 BD Biosciences
CD49c PE 1:20 556025 BD Biosciences
CD49d APC 1:20 559881 BD Biosciences
CD49%e PE 1:20 555617 BD Biosciences
CDA49f PE 1:20 555736 BD Biosciences
Isotype mouse IgG FITC 1:20 345815 Becton Dickinson
Isotype mouse IgG PE 1:20 345816 Becton Dickinson
Isotype mouse IgG APC 1:20 345818 Becton Dickinson
Isotype rat IgG2b, k | PE 1:20 553989 BD Biosciences
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2.8. Small interfering RNAs

Small interfering RNAs (siRNAs) were obtained from Qiagen, except EWS-FLI1_1 and
EWS-FLI1_2 siRNAs [138], which were synthesized by Eurofins MWG GmbH.

Table 8: Small interfering RNA used for transient transfection

siRNA Name Target Sequence (5'-3")

Control (non-silencing) siRNA | 5-AAT TCT CCG AAC GTG TCA CGT-3
CHM1_1 siRNA 5-CAC GAA GGA ATC TGT TGT ATA-3’
CHM1_4 siRNA 5-CCA GAA CTT TAG TAT ATG CAA-3’
DKK2_1 siRNA 5-ATG GGA TTT GCT ATC ATA ATA -3’
DKK2_8 siRNA 5-AGG GCC TGT CTT GCA AAG TAT-3
EWS-FLI1_1 siRNA 5-GCT ACG GGC AGC AGA ACC CTT-3’
EWS-FLI1_2 siRNA 5-GCA GAACCC TTC TTATGA CTT-3’
ITM2A_5 siRNA 5-AAC TCA GAT ACT GAC CGG CAA-3’
ITM2A_7 siRNA 5-CAA ACT TAT GTG GTT CGA GAA-3’
MMP1_7 siRNA 5-AAG CTA ACC TTT GAT GCT ATA-3
MMP1_12 siRNA 5-ATG ATG AAT ATA AAC GAT CTA-3’
MMP7_3 siRNA 5-TGG ACG GAT GGT AGC AGT CTA-3’
MMP7_6 siRNA 5-TGC AGT GAT GTA TCC AAC CTA-3’
MMP9_3 siRNA 5-CAC GCA CGA CGT CTT CCA GTA-3’
MMP9_6 siRNA 5-ACG GCT TGC CCT GGT GCA GTA-3

2.9. Oligonucleotides for retroviral gene transfer

All oligonucleotides were obtained from Metabion International AG.

Table 9: Oligonucleotides used for retroviral gene transfer

Name Sequence (5'-3)
CHMA-f 5-GAT CCG CGA AGG AAT CTG TTG TAT ATT CAA GAG ATA TAC AAC
-for
AGATTC CTT CGC TTT TTT CTA GAG-3’
CHMA 5-AAT TCT CTA GAA AAA AGC GAA GGAATC TGT TGT ATATCT CTT GAA
-rev
TAT ACAACAGATTCC TTC GCG-3’
trol-f 5-GAT CCG TTC TCC GAA CGT GTC ACG TTT CAA GAG AAC GTG ACA
control-for
CGTTCG GAGAACTTT TTT CTA GAG-%
5-AAT TCT CTA GAA AAA AGT TCT CCG AAC GTG TCA CGT TCT CTT GAA
control-rev

ACG TGA CAC GTT CGG AGA ACG-3
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DKK2-f 5-GAT CCG GGG ATT TGC TAT CAT AAT ATT CAA GAG ATATTATGA TAG
-Tor
CAAATCCCCTTT TTT CTA GAG-3’
DKK2 5-AAT TCT CTA GAA AAAAGG GGATTT GCT ATC ATAATA TCT CTT GAA
-rev
TAT TAT GAT AGC AAATCC CCG-3’
ITM2Af 5-GAT CCG GCA TGA ATA TAT CAC CTA ATT CAA GAG ATT AGG TGA TAT
-Tor
ATT CAT GCC TTT TTT CTA GAG-3
ITM2A 5-AAT TCT CTA GAA AAA AGG CAT GAA TAT ATC ACC TAATCT CTT GAA
-rev
TTA GGT GAT ATATTC ATG CCG-3’

2.10. Primers for PCR and qRT-PCR

The concentration of primers was 900 and 250 nM, respectively.

Table 10: Primers for PCR and gRT-PCR

Name Sequence (5°-3’)

ACTB for 5-GGC ATC GTG ATG GAC TCC G-3°
ACTB rev 5°-GCT GGA AGG TGG ACA GCG A-3°
EWS-FLI1 for 5-TAG TTA CCC ACC CAAACT GGAT-3
EWS-FLI1 rev 5-GGG CCGTTG CTC TGT ATT CTT AC-3
pSIREN for 5'-GGG CAG GAA GAG GGC CTAT-3°
pSIREN rev 5-GAG ACGTGC TACTTC CATTTG TC-3°

2.11. Gene expression assays for qRT-PCR

2.11.1. TagMan Gene Expression Assays

All TagMan Gene Expression Assays were obtained from Applied Biosystems.

Table 11: TagMan Gene Expression Assays

Gene Assay ID

ABCG2 Hs00184979 m1
BCL2L1 Hs00236329_m1
BGLAP Hs01587814_g1
CCND1 Hs00765553_m1
CD44 Hs01075861_m1
CDH1 Hs01023894 m1

34



MATERIALS

CHM1

Hs00993254_m1

COL1A1

Hs00164004_m1

COL10A1

Hs00166657_m1

CXCR4

Hs00237052_m1

DKK2

Hs00205294 m1

EPHB2

Hs00362096_m1

GAPDH

Hs99999905_m1

GAP43

Hs00176645_m1

GFAP

Hs00157674_m1

HIF1a

Hs00153153_m1

ICAM1

Hs00164932_m1

ID2

Hs04187239_m1

IFITM1

Hs01652522 g1

IL6

Hs00985639_m1

ISG15 (G1P2)

Hs00192713_m1

ITM2A

Hs04176575_m1

JAG1T

Hs01070032_m1

JUN

Hs01103582_s1

LEF1

Hs01547250_m1

MCL1

Hs01050896_m1

M-CSF

Hs00174164_m1

MMP1

Hs00899658_m1

MMP7

Hs01042796_m1

MMP9

Hs00234579_m1

NANOG

Hs02387400_g1

NGFR

Hs00609977_m1

NOTCH

Hs01062014_m1

OPG

Hs00900358_m1

OPN (SPP1)

Hs00959010_m1

PROM1

Hs01009250_m1

PTHIP

Hs00174969_m1

RANKL

Hs00243522_m1

RUNX2

Hs00231692_m1
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SLIT2 Hs00191193_m1
SOX9 Hs00165814_m1
TGFB Hs00998133_m1
VEGF Hs00176573_m1

2.11.2. QuantiTect® Primer Assays

All SYBR Green-based detection gRT-PCR primers were obtained from Qiagen
(QuantiTect®Primer Assay).

Table 15: Primers for qRT-PCR (SYBR Green-based detection)

Gene Assay ID
B-actin QT00095431
ID2 QT00210637

2.12. Expression vector

Expression vector were obtained from Clontech-Takara Bio Europe.

CMV/MSV
5'LTR
r w

RNAi-Ready
pSIREN-RetroQ "

6.4 kb
ColE1 ori P,
SV40 ori

Psvao  3'
LTR

Amp

6430 6440 10 2 30 40
5'-TGTGGAAAGGACGABGATCCI..shRNA oligo cloning site...]GAATTCTACCGGGTAGGGGAGGCGC T TTTCCCAAGGCAGT-3'
BamH | EcoR1

3'-ACACCTTTCCTGCTCCTAGGI...shRNA oligo cloning site...]CTTAAGATGGCCCATCCCCTCCGCGAAAAGGGTTCCGTCA-5'

Figure 1: RNAi-Ready pSIREN-RetroQ vector
RNAi-Ready pSIREN-RetroQ vector produced by Clontech-
Takara Bio Europe.
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2.13. Human cell lines, mouse strains and bacterial strain

2.13.1. Human cell lines

Human cell lines were purchased from the German Collection of Microorganisms and
Cell Cultures (DSMZ), except A673 ET cell line, which was purchased from ATCC
(LGC Standards). ET cell line VH64 was kindly provided by Dr. Marc Hotfilder (Mlnster
University, Germany). Human SB-KMS-KS1, previously known as SBSR-AKS, and SB-
KMS-MJ1 ET cell lines were generated in the laboratory. Osteosarcoma cell lines were
kindly provided by Dr. Jan Smida and Prof. Dr. Michaela Nathrath (Helmholtz Center

Munich, Neuherberg, Germany). Retrovirus packaging cell line PT67 was obtained

from Clontech-Takara Bio Europe.

Table 12: Description of utilized human cell lines

Cell Line Description
AGT3 ET cell line (type 1 translocation), established from the primary
tumor of a 15-year-old girl [139], p53 mutation
human B cell precursor leukemia, established from the peripheral
CALL2 blood of a 15-year-old Caucasian girl with acute lymphoblastic
leukemia (cALL); MHH-cALLZ2 [140]
CHP126 neuroblastoma cell line, established from a large retroperitoneal
tumor of a 14-month-old girl (with neuroblastoma stage 1) [141]
HOS osteosarcoma cell line, established from the bone of a 13-year-old
Caucasian girl [142]
osteosarcoma cell line, established from the leg of a 21-year old
HOS-58
man [143]
MG-63 osteosarcoma cell line, established from the bone of a 14-year-old
Caucasian boy
ET cell line (type 2 translocation), established from the ascites of a
MHH-ES1 12-year-old Turkish boy with a tumor of the left pelvis and additional
peritoneal metastases
neuroblastoma cell line, established from an adrenal metastasis of a
MHH-NB11
4-year-old Caucasian boy
MNNG osteosarcoma cell line, derived from HOS by transformation with

0.01 mecg/ml MNNG (a carcinogenic nitrosamine), full name
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MNNG/HOS CI #5 [R-1059-D] [144,145]

Nalm6

human B cell precursor leukemia, established from the peripheral
blood of a 19-year-old man with acute lymphoblastic leukemia (ALL)

in relapse

RD-ES

ET cell line (type 2 translocation), established from the primary

tumor localizised in the humerus of a 19-year-old Caucasian man

Sa0S

osteosarcoma cell line, established from the bone of a 11-year-old
Caucasian girl [146,147]

SB-KMS-MJ1

ET cell line (type 1 translocation), established from a bone

metastasis of the left groin of a 24—year-old Caucasian woman

SB-KMS-KS1

ET cell line (type 1 translocation), established from an extraosseous
inguinal metastasis of a 17-year old girl (new nomenclature,
originally designated as SBSR-AKS)

SH-SY5Y

neuroblastoma cell line, established from a bone marrow biopsy of a

4-year-old girl with metastatic neuroblastoma

SJSAO01

osteosarcoma cell line, established in 1982 from the primary tumor
of a 19-year-old black man diagnosed with primitive multipotential
sarcoma of the femur (new nomenclature, originally designated as
OsA-CL) [148,149]

SIMA

neuroblastoma cell line, established from the adrenal tumor tissue
resected after treatment from a 20-month-old boy of European origin

with neuroblastoma (stage Ill) in 1991

SK-ES1

ET cell line (type 2 translocation), established from an 18-year-old

man

SK-N-MC

ET cell line (type 1 translocation), established from the supraorbital

metastases of a 14-year-old girl (Askin's tumor, related to ET)

TC-71

ET cell line (type 1 translocation), established in 1981 from a biopsy
of recurrent tumor at the primary of a 22-year-old man with

metastatic ET (humerus)

u20S

osteosarcoma cell line, established from the bone of a 15-year-old

Caucasian girl

VH64

ET cell line (type 2 translocation), established from an extraosseous
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lung metastasis [150]

7K_58 osteosarcoma cell line, established from the leg of a 21-year-old
man

697 human B cell precursor leukemia, established from bone marrow of
a 12-year-old boy with ALL in relapse

2.13.2. Mouse strains
Two different immune deficient mouse strains were used in this doctoral thesis.

Table 13: Description of utilized mouse strains

Mouse strain Characteristics Origin
BALB/c Absence of all T-lymphocyte, B- Central Institute for
Rag2”yc” lymphocyte and NK cell function Experimental Animals
(Kawasaki, Japan)
NOD.CB17- Impaired B- and T-cell lymphocyte Charles River

Prkdc*®“/NcrCrl | development, deficient NK cell function Laboratories

International, Inc.
(Wilmington, MA, USA)

The Recombination activating gene 2 (Rag2)-gamma(c) knock-out (Rag2”yc”) mouse
is a mutated mouse strain, which was generated by back-crossing of two
immunocompromised mouse models, the gamma(c) knock-out and the Rag2 knock-out
mice. The homozygous gamma(c) knock-out mice lack the gamma(c) receptor gene,
why the development of lymphocytes is severely compromised. As a consequence,
natural killer (NK) cell population is severely depleted in these mice, but they do have a
small number of T- and B-lymphocytes. To further completely eliminate the T and B cell
population in that animal model, the gamma(c) knock-out mouse was back-crossed
onto the Rag2 knock-out mouse. Homozygous Rag2 knock-out mice lack several
exons of the Rag2 gene, resulting in the inability to initiate V(D)J rearrangement.
Therefore, these Rag2 knock-out mice are incapable of generating any T- and B-
lymphocytes [151]. As a result, the back-crossed Rag2’yc” mice were absent
regarding T-lymphocyte, B-lymphocyte and NK cell functions. Thus, this
immunodeficient animal model can be used in studies addressing vaccine

development, transplantation paradigms or, as in this study, cancer biology.
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The NOD.CB17-Prkdc**“/NcrCrl immunodeficient mice are very useful in tumor biology
and xenograft research. The SCID mutation has been transferred onto a non-obese
diabetic background. Animals homozygous for the SCID mutation have impaired T and
B cell lymphocyte development. The NOD background additionally results in deficient

NK cell function.

2.13.3. Bacterial strain

The following bacterial strain was used for plasmid enrichment to generate stable

knock-down cells by retroviral gene transfer.

Table 14: Description of utilized bacterial strain

E. coli strain Genotype Description Origin

F- mcrA A(mrr-hsdRMS-mcrBC)
®80/acZAM15 AlacX74 recA1 araD139 A(ara-
leu)7697 galU galK rpsL (StrR) endA1 nupG

One Shot® TOP10

Chemically Competent

Invitrogen
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3. Methods

3.1. Cell culture

ET and adherent neuroblastoma cell lines as well as the osteosarcoma cell lines
MNNG, MG-63, SUSA01 and ZK-58 were cultured in RPMI 1640 (Invitrogen) containing
10 % fetal bovine serum (FBS) (Biochrom), 2 mM L-glutamine and 100 pug/ml
gentamycin (both Invitrogen) at 37 °C in 5 % CO; in plastic flasks in a humidified
atmosphere. Depending on the number of cells needed for analysis, cell lines were
grown in middle-sized culture flasks (75 cm? adherence surface) containing 20 ml
medium or in large-sized flask (175 cm? adherence surface) with 30 ml of medium.
Approximately every 3 - 4 days the medium was removed and cells were split 1:2 to
1:10. For this purpose, cells were washed once with 1 x PBS and incubated 5 min with
2ml and 3 ml 1 x trypsin at 37 °C (5 % CO,) to remove the adherent cells from the
plastic flasks. Detached cells were re-suspended in fresh RPMI standard tumor

medium, centrifuged at 1200 rpm for 7 min and spread in new culture flasks.

The other adherent osteosarcoma cell lines HOS, HOS-58, SaOS and U20S were
cultured in different media (DMEM, IMDM and McCoys5A) all containing 10 % fetal
bovine serum (FBS) (Biochrom), 2 mM L-glutamine (Invitrogen) and 100 pg/ml

gentamycin (Invitrogen) at 37 °C in 5 % CO, in a humidified atmosphere.

The neuroblastoma cell line CHP126, which grow in suspension, were cultured in a
middle-sized culture flask with 30 ml RPMI medium in a humidified atmosphere at 37
°C (5 % CO,). Approximately every 4 days, cells were split 1:1 to 1:5 and cultured in an

appropriate volume of fresh medium.

The retrovirus packaging cell line PT67 was grown at 37 °C in 8 % CO; in middle-sized
culture flasks in a humidified atmosphere in DMEM (Invitrogen) containing 10 % fetal
bovine serum (FBS) (Biochrom), 1 % glutamine and 100 pg/ml gentamycin (both

Invitrogen).

For long-term storage in liquid nitrogen (-192 °C) cells were re-suspended at a
concentration of 1 x 10° to 1 x 107 per 1 ml FBS / 10 % DMSO and 1 ml aliquots of the
cell suspension were transferred into cryovials. The cryovials were placed into
controlled freezing boxes, stored 12 - 18 h at -80 °C and were then transferred into the

liquid nitrogen freezer for further storage.

To re-culture the cryopreserved cells, vials were removed from liquid nitrogen and
thawed at room temperature until the cell suspension started to defrost. In order to

remove toxic DMSO the cell suspension was transferred into a 50 ml Falcon tube

41



METHODS

carrying 10 ml of fresh standard medium, and cells were pelletized at 1200 rpm for 7
min in a centrifuge. Subsequently, the pellet was re-suspended in 20 ml fresh medium
and the suspension was transferred into a middle-sized culture flask and stored in an
incubator at 37 °C (5 % CO,) in a humidified atmosphere.

For most analyses cell counts were determined with a Neubauer hemocytometer. Cell

viability was assessed by trypan blue (Sigma) exclusion method.

Cultured cells were checked routinely for purity (EWS-FLI1 translocation product,
surface antigen or HLA-phenotype) and mycoplasma contamination using MycoAlert™

Mycoplasma Detection Kit according to manufacturer’s instructions (Lonza).

3.2. RNA isolation

3.2.1. RNA isolation using RNeasy Mini Kit

To analyze gene expression by quantitative Real Time PCR cellular RNA, larger than
200 bases, was isolated using the RNeasy® Mini Kit according to manufacturer’s
instructions (Qiagen Handbook 04/2006). Briefly, up to 1 x 107 cells were re-suspended
in 350 pl of RLT buffer (containing 10 ul R-mercaptoethanol per 1 ml RLT) and mixed
with an equal amount of 70 % ethanol. After vortexing for 20 s, the lysate was
transferred onto RNeasy® column and centrifuged 1 min at 10000 rpm to enable
binding of the RNA to the silica-gel membrane within the RNeasy® column. The
membrane was washed three times with two different wash buffers (1 x RW1 buffer
and 2 x RPE buffer) with a final centrifugation step at 12000 rpm for 2 min to dry the
membrane. Elution of RNA was carried out for up to 5 min on ice with 40 yl RNase-free
water. RNA concentration was determined photometrically at 260 nm and isolated RNA

was then either used for cDNA synthesis (see 3.3) or stored at -80 °C for later analysis.

3.2.2. RNA isolation using TRI Reagent RNA Isolation Kit

Isolation of RNA from frozen tissues was done using TRI Reagent RNA Isolation Kit
according to manufacturer’s protocol (Ambion Manual Version 0610). Briefly, at least
0.125 cm® of frozen tissue was physically crushed, re-suspended in 1 - 2 ml TRI
Reagent and homogenized with a 19-gauge needle. After incubation for 5 min at RT,
100 ul BCP (1-bromo-3-chloropropane) per 1 ml TRI Reagent was added and samples
were vigorously vortexed for 20 s, followed by a centrifugation step at 4000 rpm for 60

min at 4 °C. The aqueous RNA phase was transferred into a new reaction tube and
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RNA was precipitated by adding 500 ul isopropanol per 1 ml TRl Reagent. After
vortexing for 20 s, the sample was again centrifuged at 4000 rpm for 30 min at 4 °C.
Subsequently, the RNA pellet was washed with 1 ml 75 % ethanol and centrifuged at
4000 rpm for 10 min at 4 °C. After removal of ethanol the pellet was air-dried for 5 - 10
min and isolated RNA was dissolved in 50 - 100 ul RNase-free water. RNA
concentration was determined photometrically at 260 nm and RNA was stored at -80

°C for later analysis.

RNA isolation with TRI Reagent RNA Isolation Kit was also used to isolate total RNA
from cultured cells, since RNA isolation by RNeasy Mini Kit is not sufficient for the
isolation of RNA molecules smaller than 200 bases due to given high salt conditions
(see 3.2.1).

3.3. cDNA synthesis

To examine gene expression by quantitative Real Time PCR, isolated RNA has to be
reverse transcribed into complementary DNA (cDNA) using the High-Capacity cDNA
Reverse Transcription Kit. According to manufacturer's instructions (Applied
Biosystems Insert P/N 4375222 REV A) 15 pl of 2 x RT master mix containing 0.8 pl 25
x dNTPs (100 mM), 1 pl MultiScribe™ Reverse Transcriptase (RT), 2 yl 10 x RT
Random Primers, 2 pyl 10 x RT Buffer and 9.2 ul nuclease-free water were mixed with 5
Ml RNA solution (containing 1 ug purified RNA). The cDNA was synthesized under the
following thermal cycling conditions: 10 min 25 °C; 120 min 37 °C; 5 min 85 °C; « 4 °C.
Synthesized cDNA was either instantly used for examination of gene expression by
quantitative Real Time PCR (see 3.4) or stored at -20 °C.

To check the quality of the generated cDNA, especially from ex vivo tumor probes, [3-
actin PCR was performed using 5 pl 10 x Rxn Buffer, 1.5 yl MgClI, 1 yl dNTPs, 0.5 pl 3-
actin primer (forward and reverse, see Table 10), 0.3 pl AmpliTaqg DNA Polymerase
and 1 yl cDNA in a final volume of 50 ul per reaction. Following cycler conditions were
used: 2min 94 °C; [30s 94 °C; 30s 59 °C; 45s 72 °C] 35x; 7min 72 °C; » 4 °C.

Separation of PCR products was done in 1 % agarose gel by electrophoresis.
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3.4. Quantitative Real-Time PCR (qRT-PCR)

3.4.1. Standard gRT-PCR

Quantification of synthesized cDNA by qRT-PCR is a useful tool to examine differential
gene expression as the amount of cDNA corresponds to the amount of cellular mRNA.
This method allows a sequence specific quantification, as a fluorescent reporter-
containing probe specifically hybridizes with its corresponding sequence inside the
gene of interest, and its fluorescence can only be detected after breakdown of the
sample by the exonuclease activity of the Taq polymerase that specifically amplifies the
target sequence due to gene specific primers. qRT-PCR was performed using
Maxima™ Probe/ROX gqPCR Master Mix (2x) (containing Hot Start Taq DNA
Polymerase, PCR buffer and dNTPs) and specific TagMan® Gene Expression Assays
(Applied Biosystems), which consist of two unlabeled PCR primers and a FAM™ dye-
labeled TagMan® MGB probe. Analyses were performed in 96-well plates and the
reaction mix was prepared according to the manufacturer’s instructions (Fermentas
PureExtreme™ Insert) as follows: 10 ul of Maxima™ Probe/ROX qPCR Master Mix (2
x), 1 ul TagMan® Gene Expression Assays (see Table 11), 0.5 yl cDNA template and
8.5 ul RNase-free water. The final concentration of primers and probe were 0.9 and
0.25 uM respectively. Gene expression profiles were normalized to the mRNA levels of
the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
calculated using the 2%°' method. The mean value and standard deviations of
duplicates are displayed graphically using Microsoft Excel, as well as standard error of
the mean of at least two independent experiments. Using the conventional t-test carried
out determination of the statistical significance. Fluorescence was detected and
measured in an AB 7300 Real-Time PCR system using a three-step cycling protocol: 1
s 50 °C; 10 min 95 °C; [15 s 95 °C; 1 min 60 °C ] 40 x (Applied Biosystems).

3.4.2. qRT-PCR using SYBR Green

SYBR Green is a highly specific dsDNA binding fluorescent dye that enables detection
of all amplified PCR products without requiring specific dye-labeled probes (SYBR
Green-based detection). According to the manufacturer’s instructions, SYBR Green-
based qRT-PCR was performed by use of POWER SYBR™ GREEN PCR Master Mix
(Applied Biosystems) containing SYBR Green | dye, AmpliTag Gold® DNA Polymerase,
PCR buffer and dNTPs. Gene specific primers (0.4 uM each) and 0.5 yl cDNA template
were added to 12.5 ul Master Mix and adjusted to a final volume of 25 pl with RNase-

free water. Gene expression profiles were normalized to the mRNA levels of the
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housekeeping gene B-actin (ACTB) and calculated using the 2% method. The mean
value and standard deviations of duplicates are displayed graphically using Microsoft
Excel, as well as standard error of the mean of two and more independent
experiments. Determination of the statistical significance was carried out by using the
conventional t-test. Fluorescence was again detected and measured with an AB 7300

Real-Time PCR System (Applied Biosystems; see 3.4.1).

3.4.3. Detection of EWS-FLI1

There are no inventoried TagMan® Gene Expression Assays for the detection of EWS-
FLI1 mRNA levels available. For that reason, primers detecting EWS (sense) and FLI1
(antisense) of the oncogenic fusion protein were designed (see Table 15). The master
mix was prepared as followed: 10 ul of Maxima™ Probe/ROX qPCR Master Mix (2 x),
0.6 yl of each primer (0.3 uM) and 0.4 ul of FAM probe (0.2 uM) to 7.6 ul RNase-free
water. To a final volume of 19.5 ul Master Mix per 96-well 0.5 ul of cDNA template was
added. Gene expression profiles were normalized to GAPDH mRNA levels and

2-ddCt

calculated using the method. Fluorescence was detected and measured with an

AB 7300 Real-Time PCR System (Applied Biosystems; see 3.4.1).

Table 15: Gene expression assay to detect EWS-FLI1 mRNA by qRT-PCR.

sense primer 5-TAG TTA CCC ACC CAAACT GGAT-3

antisense primer 5-GGG CCG TTG CTC TGT ATT CTT AC-3

FAM probe 5’-FAM-CAG CTA CGG GCA GCA GAACCC TTC TT-TAMRA -3’

3.5. Transient RNA interference (RNAI)

For transient protein knock-down, cells were transfected with small interfering RNA
(siRNA) using the HiPerFect Transfection Reagent according to standard procedures
for large-scale transfection in 100 mm dishes (Qiagen Handbook 05/2008). Briefly, 1 -
3 x 10° cells were plated into 100 mm culture dishes at a final volume of 12 ml medium
containing 5 nM siRNA (see Table 8) and 36 pl transfection reagent. After incubation
for 48 - 72 h at 37 °C (5 % COy) in a humidified atmosphere, RNA was isolated (see
3.2), reverese transcribed into cDNA (see 3.3) and transient gene knock-down was
examined by qRT-PCR (see 3.4) in comparison to cells transfected with control siRNA
(neg.control). To exclude unspecific down-regulation of the gene investigated, different

siRNAs were analyzed. Furthermore, to exclude induction of an interferon (IFN)
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response, mMRNA levels of the IFN responsive genes (ubiquitin-like modifier ISG15
(ISG15) and interferon-induced transmembrane protein 1 (IFITM1)) were monitored by
the use of specific gene expression assays (see Table 11). If mMRNA expression of one
of these genes was induced more than twofold after siRNA treatment, the respective

siRNA was not used for further experiments [152,153].

3.6. Retrovirus-mediated stable RNA interference

According to manufacturer’'s protocol, synthetic oligonucleotides corresponding to
siRNA sequences with best knock-down efficiency were cloned into the pSIREN-
RetroQ retroviral vector to generate cell lines with constitutive protein knock-down
(Clontech Manual Version No. PR631543). The synthetic oligonucleotides (see Table
9) were annealed to generate double strand (ds) oligonucleotides and ligated into
pSIREN-RetroQ retroviral vector. The small hairpin RNA (shRNA) constructs were
transformed into chemically competent TOP10 E. coli bacteria and plasmid DNA was
purified using NucleoSpin® Plasmid Kit according to manufacturer’s instructions
(Macherey-Nagel Manual 03/2005/ Rev 02). After sequencing, the correct constructs
were transfected by electroporation (capacitance of 960 yF and 270V / 0.4 cm) into
RetroPack PT67 packaging cells and viral supernatant were isolated 48 h after
transfection. Viral supernatant can immediately used to induce stable protein knock-

down or stored at -80 °C.

To generate stably transfected ET cell lines, 1 x 10° cells/well were seeded into six well
culture plates and incubated 12 - 18 h at 37 °C (5 % CO,) in a humidified atmosphere.
After addition of 1 ml viral supernatant and 4 pg/ml polybrene, cells were again
incubated for 24 - 48 h under normal culture conditions. Selection of infectants with
constitutive protein knock-down was made using 2 yg puromycin per ml RPMI medium.
To analyze stable gene knock-down compared to shRNA control (pSIREN"9FNA) 'RNA
was isolated, reverse transcribed into cDNA and gene expression was examined by
gRT-PCR (see 3.2, 3.3 and 3.4). As described above, mRNA levels of the IFN
responsive genes ISG15 and IFITM1 were monitored to exclude down-regulation or

induction of genes due to an IFN response.

3.7. Isolation of genomic DNA (gDNA)

To examine genomic integration of retroviral vector constructs, total DNA from cultured

cells was isolated using the DNeasy® Blood & Tissue Kit according to manufacturer’s
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protocol (Qiagen Handbook 07/2006). Briefly, 1 - 5 x 10° cells were re-suspended in
200 pyl 1 x PBS containing 20 ul proteinase K and transferred onto a DNA-binding
membrane within the DNeasy® column. After direct cell lysis with specific buffers and
selective binding of DNA to the membrane, samples were washed and DNA was eluted

in 100 pl sterile water. DNA concentration was determined photometrically at 260 nm.

To amplify integrated pSIREN-RetroQ vector-derived DNA using PCR analysis
following primers (see Table 10) and cycler conditions were used: 5 min 94 °C; [30 s
94 °C; 30s 58 °C; 155 72 °C] 40 x; 7 min 72 °C; « 4 °C. PCR was performed using 5
pl 10 x Rxn Buffer, 1.5 ul MgCl, 1 yl dNTPs, 0.5 upl pSIREN primer (forward and
reverse), 0.3 yl AmpliTaqg DNA Polymerase and 2 yl gDNA in a final volume of 50 pl
per reaction. Separation of DNA fragments occurred in 1 % agarose gel by

electrophoresis.

3.8. Proliferation assay

3.8.1. xCELLigence proliferation assay

Cell proliferation of A673 and SK-N-MC cells was measured with an impedance-based
instrument system (xCELLigence, Roche/ACEA Biosciences) enabling label-free real
time cell analysis as previously described [153]. Briefly, 1 - 3 x 10* cells were seeded
into 96-well E-plates with 200 ul media containing 10 % FBS and allowed to grow up to
72 - 100 h. Cellular impedance was measured periodically every 4 h across
interdigitated gold micro-electrodes on the bottom of tissue culture E-plates. The
presence of the cells on top of the electrodes will affect the local ionic environment at
the electrode/solution interface, leading to an increase in the electrode impedance,
which is displayed as cell index (Cl) values. The more cells are attached on the

electrodes, the larger the increases in electrode impedance.
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Figure 2: Diagramm of xCELLigence technology
Indication of source (http://www.roche-applied-sciences.com/sis/xcelligence.index.jsp?id=xcect
_010000)

3.8.2. BrdU incorporation assay

Cell proliferation of TC-71 cells was quantified using Cell Proliferation ELISA, BrdU
(Colorimetric) Kit according to manufacturer's instructions (Roche Instruction Manual
08/2007), because cell attachment was not strong enough to use XxCELLigence
proliferation assay. Briefly, 2 x 10° cells per 96-well were seeded in hexaplicates or
octaplicates at a final volume of 100 pl and incubated at 37 °C (5 % CO3) in a
humidified atmosphere. Subsequently, 20 ul/well of BrdU (5-bromo-2’-deoxyuridine)
labeling solution was added to the cells at defined time points (0 h, 24 h, 48 h, 72 h)
and cells were re-incubated for another 14 h in the presence of BrdU, which gets
incorporated in the DNA of proliferating cells. Labeling medium of semi-adherent TC-71
cells was then removed by flicking off, after a centrifugation step of 1200 rpm for 10
min. Cells were then dried with a hair dryer for 15 min and stored at 4 °C until analysis

within the next 1 - 4 days.

For analysis cells were lysed and incubated with a specific peroxidase conjugated anti-
BrdU-antibody to detect incorporated BrdU. Reaction product was quantified by
measuring the absorbance (450 nm) using a Multiscan Ascent ELISA reader. The
mean value and standard error of the mean are displayed graphically using Microsoft
Excel. Determination of the statistical significance was carried out by using the
conventional t-test. The absorbance values directly correlate with the amount of DNA

synthesis and hereby to the proliferation rate of cells.
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3.9. Apoptosis and necrosis assay

Apoptotic cells were analyzed using Annexin V-PE Apoptosis Detection Kit | according
to manufacturer’s instructions (BD Biosciences Pharmingen™ Insert rev. 006). Annexin
V is a phospholipid-binding protein with a high affinity to phosphatidylserin (PS), a
membrane protein that gets exclusively exposed to the outer leaflet of the plasma
membrane during early stages of apoptosis. To differentiate between viable cells with
an intact plasma membrane and nonviable, necrotic cells that lost membrane integrity
7-Amino-Actinomycin D (7-AAD) was used. Combination of these two markers allowed
discrimination between viable cells (Annexin V-PE and 7-AAD negative), early
apoptosis (Annexin V-PE positive, 7-AAD negative), and end stage apoptosis (Annexin
V-PE and 7-AAD positive).

For analysis cells were counted and washed twice with 1 x PBS. Subsequently, 1 x 10°
cells were re-suspended in 100 yl of 1 x binding buffer and stained with 2 ul of Annexin
V-PE and 7-AAD. After 30 min of incubation at room temperature (RT) 400 pl of 1 x
binding buffer were added, and samples were analyzed within 1 h by flow cytometry
using a FACSCalibur™ Flow cytometer. To set up the correct forward scatter (FSC)
and sideward scatter (SSC) for the cell population as well as the correct parameters for
detecting fluorescence an unstained sample as well as samples with Annexin V-PE

and 7-AAD alone were included.

3.10. Cell cycle analysis

Cell cycle analysis was performed by flow cytometry using propidium iodide (Pl), a
DNA intercalating agent. Since PI intercalates into double-stranded nucleic acids and
emits a fluorescence signal after excitation by a 488 nm laser, fluorescence intensity of
the stained cells correlate with the amount of DNA they contain. This allows
differentiation between phases of cell cycle, as the fluorescence of cells in the G,/M
phase is twice as high as that of cells in the Go/G1 phase through DNA duplication

during intermediate S phase.

To analyze cell cycle progression, 2 x 10° cells per sample were washed twice with
pre-cooled sample buffer (see Table 3) and centrifuge at 1200 rpm for 10 min (4 °C).
Subsequently, cells were fixated by drop-wise addition of 1 ml ice-cold 70 % ethanol
while vortexing. After incubation for 18 - 24 h at 4 °C cells were centrifuged and re-
suspended in 1 ml staining buffer containing RNase A and Pl to remove any RNA,
followed by incubation for 30 - 60 min at RT (under agitation). Cell cycle analysis was

then measured with a FACSCalibur™ Flow cytometer.
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3.11. Flow cytometry

To analyze expression of cell surface antigens/proteins using flow cytometry, cells
were trypsinized, counted and washed twice with 1 x PBS. Afterwards, 5 x 10° cells/
sample were re-suspended in 40 pyl staining buffer with 100 pg/ml human IgG (10 pl)
and incubated for 20 min on ice to block unspecific binding sites. After a centrifugation
step at 1500 rpm for 5 min (4 °C), cells were washed once with 200 ul pre-cooled
staining buffer and then incubated in 100 pl staining buffer with 5 pl Fluorophore-
labeled specific antibody (see Table 7). To find the right settings for the cell population,
one unstained sample and one sample stained with the isotype controls for every
fluorophore investigated was used for setting up the correct FSC and SSC as well as
the parameters for detecting fluorescence. All samples were incubated on ice (shielded
from light) for 30 min, followed by two washing steps with staining buffer, before the
samples were re-suspended in 200 yl 1 x PBS and measured with a FACSCalibur™
Flow cytometer. At least 20000 events/sample were recorded. In case the samples
could not be analyzed within two hours, they were fixed by re-suspending them in
200 yl 1 x PBS/1 % paraformaldehyde and stored at 4 °C. Before measurement,
samples were washed twice with 1 x PBS and measured in 1 x PBS with a
FACSCalibur™ Flow cytometer.

3.12. Western blot analysis

Examination of protein expression was performed by Western blot analyses, in which
proteins are separated, depending on their molecular weight by gel electrophoresis,

transferred onto a membrane, and afterwards identified with specific antibodies.

For this purpose either whole protein lysates or separated cytoplasmic and nuclear
extracts from cultured cells were generated. Procedures were essentially done as
described previously [152]. Cells were first trypsinized, counted and washed twice with
1 x PBS. For whole protein lysates, 2 - 4 x 10° cells were re-suspended in 200 pl 3 x
Laemmli-buffer, which contains 30 ul R-mercaptoethanol per 1 ml 3 x Laemmli.
Following an incubation step at 55 °C for 10 min to denature proteins, cell lysates were
homogenized through a 23-gauge needle and then centrifuged for 5 min at 14000 rpm.
Aliquots of the supernatants were stored at -20 °C or immediately processed for SDS-
PAGE. To separate cytoplasmic and nuclear extracts from cultured cells the NE-PER®
Nuclear and Cytoplasmic Extraction Reagents Kit (Thermo) was used according to the
manufacturer’s instructions. Briefly, 2 x 10° cells were re-suspended in 200 pl ice-cold

CER | buffer containing proteinase inhibitors and incubated on ice for 10 min. To cause
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cell membrane disruption and release of cytoplasmic contents 5.5 pl ice-cold CER I
buffer was added. After recovering the intact nuclei from the cytoplasmic extract by
centrifugation for 5 min at maximum speed, the nuclei are lysed with 100 ul ice-cold
NER buffer (containing proteinase inhibitors) for a total of 40 min. Aliquots of the

cytoplasmic and nucleic extracts were stored at -80 °C until use.

Dependent on the molecular weight of the protein to be separated 8 - 12.5 %
polyacrylamide gels were used (see Table 4). After samples were boiled at 55 °C for 10
min, 10 - 30 pl of denatured and reduced protein lysates were transferred to the SDS-
PAGE and electrophoresis was carried out at 70 - 90 V for 2.5 - 3.5 h. Molecular weight
of the separated proteins was determined by comparison with a prestained molecular

weight standard.

For detection by specific antibodies, proteins had to be transferred onto a membrane
by applying an electrical field. Therefore, the gel and a methanol-activated Hybond-P
PVDF membrane were sandwiched between Whatman filter papers (soaked in 1 x
transfer buffer; see Table 4), and transfer was done under semi-dry conditions at 0.8
mA/cm? for 2.5 h in a blotting device. Unspecific binding sites were blocked by
immersing the membrane in 5 % skim milk/0.05 % Tween 20 for 1 h at RT or

overnight at 4 °C.

The membrane was then incubated with primary antibody (see Table 5), targeting the
protein of interest, for appropriate time. Antibodies were diluted according to the
manufacturer’s instructions in 5 % skim milk / 0.05 % Tween 20. Subsequently, the
membrane was washed 3 x (5 min per wash) in 1 x TBS-T, incubated for 1 - 2 h with
horseradish peroxidase (HRP) coupled secondary antibody in 5 % skim milk / 0.05 %

Tween 20 and washed again as before plus once in 1 x TBS for 5 - 10 min.

According to the manufacturer’s protocol, antibody-antigen complexes were detected
using the ECL-Plus Western Blotting Detection System (GE Healthcare Booklet
RPN2132PL Rev D 2006), which is based on the oxidation of a Luminogen by HRP
and peroxide, resulting in a chemoluminescent signal detectable by a CCD camera.
Signals of antibody-antigen complexes were detected with the Gel Logic 1500 imaging

system and analyzed with Kodak Molecular Imaging Software (Version 5.0).

To reactivate dried PVDF membrane, membrane was incubated in methanol (~1 min),
washed once with HyOg4et. and 1 x TBS-T (~5 min) and blocked for 1 h in 5 % skim
milk / 0.05 % Tween 20.
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3.13. Immunofluorescence (IF)

IF was carried out as previously described [152,154]. Briefly, cells were fixated in 4 %
paraformaldehyde and washed two times with 1 x PBS. To perforate cell membranes,
cells were incubated for 30 min with 0.1 % Triton X-100. After incubation for 30 min
with 100 pg human IgG to block unspecific binding sites, cells were stained with a
specific antibody for 12 - 18 h at 4°C (see Table 6). Following multiple washing steps
with 1 x PBS, samples were incubated with an adequate secondary antibody for 1 - 2 h
at RT in the dark. Subsequently, cells were again washed 3 x in 1 x PBS, dried and
analyzed by fluorescence microscopy using a Nikon Eclipse TS 100 with an attached

Nikon Coolpix 5400 camera.

3.14. Colony forming assay

Procedures were described previously [152]. To analyze contact-independent growth
capacity, 5 x 10° cells were re-suspended in 300 pl cell resuspension solution and
seeded in duplicate into a 35 mm plate containing 1.5 ml methylcellulose-based media
(R&D Systems) according to the manufacturer's instructions and cultured for 10 - 14
days at 37 °C / 5 % CO, in a humidified atmosphere.

3.15. Invasion assay

To study cell invasion, the BioCoat™ Angiogenesis System: Endothelial Cell invasion
was used (BD Biosciences) according to the manufacturer’s instructions as previously
described [153]. Briefly, the plate was first removed from -20 °C storage and allowed to
adjust to RT. Pre-warmed RPMI medium without any supplements was added into the
insert wells and allowed the rehydration of the Matrigel for 1 h at 37 °C (5 % CO,). After
careful removal of the medium, 5 x 10* cells, re-suspended in 250 yl RPMI medium
without FBS, were added to each insert well. As a chemoattractant, 700 ul media
containing 10 % FBS was added to each of the bottom wells. After incubation for 48 h
at 37 °C (5 % COy,) in a humidified atmosphere, invasive cells at the bottom side of the
membranes were stained with Calcein AM solution at a concentration of 4 pyg/ml.
Therefore, the insert plate was transferred into a second BD Falcon 24-well plate
containing 0.5 ml/well of 4 yg/ml Calcein AM in pre-warmed HBSS (Hank's buffered
salt solution) with 0.15 % DMSO and incubated for 90 min at 37 °C (5 % CO,). Cells
were imaged by fluorescence microscopy using a Zeiss AxioVert 100 with attached

AxioCam MRm and the visualizing program AxioVision Rel. 4.7 (Carl Zeiss).
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Photographed invasive cells were then counted using the image processing package
Fiji.

3.16. Differentiation assays

3.16.1. Endothelial tube formation assay

Endothelial differentiation was analyzed using Matrigel matrix assay according to the
manufacturer’s instruction (BD Biosciences Manual SPC-356234 Rev 5.0) as
previously described [152,155]. Briefly, cells were seeded at 4 - 7 x 10* cells per well
onto 75 pl Matrigel at a final volume of 100 pl in a 96-well plate and incubated for 24 -
48 h at 37 °C (5 % CO,) in a humidified atmosphere. Following a washing step with 1 x
PBS, cells were stained with 1 yg/ml Calcein AM Fluorescent Dye for 30 min in the
dark and cellular tube formation was examined by fluorescence microscopy using a
Nikon Eclipse TS 100 with an attached Nikon Coolpix 5400 camera.

3.16.2. Neuronal differentiation assay

For neuron/astrocyte-like cell differentiation, 7 x 10* cells were seeded at a final volume
of 3 ml DMEM medium into six-well plates and incubated for 24 h at 37 °C (8 % CO,) in
a humidified atmosphere. To induce neuronal differentiation, cells were treated for 6
days with 0.1 mM BHA (butylated hydroxyanisole) in the presence of 2 % DMSO
[152,156]. The differentiated cells were identified either with immunofluorescence
against glial fibrillary acid protein (GFAP, see Table 6 and 3.13) and/or with an
antibody against the neuronal marker growth-associated protein 43 (GAP43, see Table

5) using Western blot analysis (see 3.12).

3.16.3. Chondrogenic differentiation assay

To test chondrogenic cell differentiation potential, cells were cultured in specific
differentiation media (STEMPRO® Chondrogenesis Differentiation Kit, GIBCO,
Invitrogen) according to the manufacturer’s instructions. Briefly, cells were trypsinized,
counted and washed twice with 1 x PBS. Pellets were re-suspended in an appropriate
volume of pre-warmed DMEM medium containing 10 % FBS (Biochrom), 2 mM
glutamine and 5 ug/ml gentamycin (both Invitrogen) to a final cell concentration of 1.6 x

10’ cells. To generate micromass cultures, cells were seeded in 5 pl cell droplets in the
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center of 6-well plate wells and cultured for 5 - 15 min under high humidity conditions,
before pre-warmed chondrogenic differentiation media was carefully added. Samples
were incubated for up to two weeks at 37 °C (5 % CO,) in a humidified atmosphere,
while differentiation media was changed every 2 - 3 days. To validate differentiation
efficacy, expression of the well-known chondrogenic marker genes, sry-box 9 (SOX9),
an early transcription factor of chondrogenesis and Collagen type X alpha 1
(COL10A1), which is wused to identify terminally differentiated hypertrophic
chondrocytes [157], was monitored by qRT-PCR (see 3.4).

3.16.4. Osteogenic differentiation assay

Osteogenic cell differentiation capacity was examined using STEMPRO®
Osteogenesis Differentiation Kit (GIBCO, Invitrogen) according to the manufacturer's
instructions. Briefly, cells were trypsinized, counted and washed twice with 1 x PBS
and pellets were re-suspended in an appropriate volume of pre-warmed DMEM
medium containing 10 % FBS (Biochrom), 2 mM glutamine and 5 ug/ml gentamycin
(both Invitrogen). 1 x 10* cells were seeded into each well of a 6-well plate and cells
were incubated for a minimum of 2 h up to 24 h at 37 °C (5 % COy) in a humidified
atmosphere. Subsequently, DMEM media was replaced with pre-warmed osteogenic
differentiation media and samples were further incubated for up to three weeks.
Approximately every 3 - 4 days, cells were split and differentiation media was changed.
At the molecular level, osteogenic differentiation was controlled by the expression of
the early osteogenic marker gene Collagen type | alpha 1 (COL1A1) and Osteopontin
(OPN), which is expressed later in the differentiation process [157] using qRT-PCR
(see 3.4).

3.17. In vivo experiments

To analyze local or invasive tumor growth in vivo, 1.5 - 3 x 10° ET cells and derivatives
were detached with 2 - 3 ml 1 x trypsin, washed twice with 1 x PBS and re-suspended

in a final volume of 0.2 ml.

To investigate local tumor growth cells were injected subcutaneously into the inguinal
region of immune deficient Rag2”yc” or NOD/scid mice (see Table 13; [152,158])
using a 26-gauge needle attached to a 1 ml syringe and tumor size was determined.

Mice bearing a tumor > 10 mm in diameter (determined with a caliper) were considered
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as positive and sacrificed. Tumors were excised for immunohistochemistry (see 3.18)

and RNA was prepared for gene expression analysis ex vivo (see 3.2.2 and 3.4).

To analyze in vivo invasive growth, ET cells and derivatives were injected in a volume
of 0.2 ml into the tail vein of immunodeficient Rag2”yc” mice using a 30-gauge needle.
Mice were euthanized after four to five weeks and metastatic spread was examined in
individual organs. Affected murine organs were excised and fixated with 4 %
formaldehyde for immunohistochemistry (see 3.18) [152,153]. Furthermore, all

apparent metastases within an organ were counted.

To examine colonization, invasion into bone tissues and osteolysis, mice were
anesthetized with 500 mg/ml Novaminsulfon (Ratiopharm) and isoflurane (Abbott). A
30-gauge needle was introduced through the proximal tibia plateau and 2 x 10° ET
cells and derivatives in a volume of 20 ul were injected into the medullary cavity [159].
Tumors and affected tissues were recovered and processed for histological analysis.

Intra-tibial tumor formation was monitored by X-ray radiography.

3.18. Immunohistochemistry (IHC) of murine samples

Histological analyses were performed in cooperation with Prof. Dr. Irene Esposito and
Dr. Julia Calzada-Wack (Institute of Pathology, Klinikum rechts der Isar, TU Minchen,
Germany; and Institute of Pathology, Helmholtz Center Munich, Neuherberg,
Germany). Tumor samples and affected murine organs were fixed in 4 % formaldehyde
and embedded in paraffin. 3 — 5 um thick sections from all tissues were cut and stained
with hematoxylin and eosin (H&E), as previously described [152,153]. To analyze
apoptosis, samples were stained with Cleaved Caspase 3 antibody (see Table 6). Van
Gieson staining was used to better demonstrate bone architecture. Osteoclasts were
detected by tartrate-resistant acid phosphatase staining (TRAP) and the amount of
TRAP-positive cells was counted in up to 20 segments to generate the average
number of osteoclasts per mm? All sections were reviewed and interpreted by two

pathologists (Prof. Dr. Irene Esposito and Dr. Julia Calzada-Wack).

3.19. Study population and immunohistochemistry (IHC) of human

samples

The pilot study consists of 19 human ET samples prior to treatment with confirmed
histological diagnosis (reference pathology), which were obtained from Dr. Daniel
Baumhoer of the Bone Tumor Reference Center at the Institute of Pathology of the
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University of Basel (University Hospital Basel, Switzerland). Pertinent clinical data of
patients with respect to overall survival and tumor localization were compiled from the
Institute of Pathology of the University of Basel. Informed consent was obtained from

all patients and/or their legal guardians.

IHC was performed in cooperation with Prof. Dr. Irene Esposito and Dr. Katja Steiger
(Institute of Pathology, Klinikum rechts der Isar, TU Minchen, Germany; and Institute
of Pathology, Helmholtz Center Munich, Neuherberg, Germany). IHC analyses of
human clinical samples were done on formalin-fixed, paraffin-embedded, pre-
chemotherapy primary tumors. All samples were kindly provided by Dr. Daniel
Baumhoer (University Hospital Basel, Switzerland) and were collected at the
Department of Pathology of the Technische Universitdt Minchen for immediate IHC
staining. For IHC, 4 ym sections were cut and stained manually with bright DAB (KPL
immunologic, Gaithersburg, USA). The following primary antibody was used: polyclonal
rabbit anti-DKK2 (1:100; PAB3570; Abnova). DKK2 immunoreactivity was scored
according to signal intensity and localization observed with grade 0 =no
immunoreactivity; grade 1 =Ilow intensity, membranous; grade 2 =low intensity,
cytoplasmic and grade 3 = moderate intensity, cytoplasmic, as previously described
[160]. All sections were reviewed and interpreted by two pathologists (Prof. Dr. Irene

Esposito and Dr. Katja Steiger).

3.20. Microarray analysis

Changes in gene expression profiles upon protein knock-down by RNA interference
(see 3.5) were analyzed by microarray technology. Experiments were essentially done
as previously described [152,153] in cooperation with Olivia Prazeres da Costa, M. Sc.
(Expression Core Facility at the Institute for Medical Microbiology, Immunology and
Hygiene of the TU Minchen, Germany). After transient siRNA transfection of A673 and
SK-N-MC (see 3.5), RNA was isolated with TRI Reagent RNA Isolation Kit (see 3.2.2),
quantified spectro-photometrically and RNA quality was analyzed by 0.7 % agarose gel
electrophoresis. Total RNA (200 ng) was amplified and labeled using Affymetrix
GeneChip Whole Transcript Sense Target Labeling Kit according to manufacturer’s
protocol. cRNA was hybridized to Affymetrix Human Gene 1.0 ST arrays and
microarray data were subsequently analyzed using different control tools to ensure
representative, high quality data (detailed procedure is available at
www.affymetrix.com). The whole data set is available at the Gene Expression Omnibus
(GSE36100; [161]).
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Data analyzes occurred using Affimetrix software “Microarray Suite 5.0”, independent
one-sample t-test [162] and Genesis software package [163]. For the identification of
differentially expressed genes significance analysis of microarrays (SAM) was used
[164]. Transcripts  were  functionally  assigned using GO-annotations
(http://www.cgap.nci.nih.gov). Gene set enrichment analysis (GSEA) and pathway

analyzes were performed with the GSEA tool (http://www.broad.mit.edu/gsea) [165].

3.21. Statistical analysis

Data are mean + SEM as indicated. Differences were analyzed by unpaired two-tailed
student’s t-test as indicated using Excel (Microsoft), or Prism 5 (GraphPad Software); p

values < 0.05 were considered statistically significant.
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4. Results

4.1. Overexpression of bone-associated genes in Ewing tumors (ETs)

To identify an ET-specific gene expression profile, 11 ET samples were analyzed in a
previous study in comparison to 133 normal tissues (NT) of diverse origin using high-
density DNA microarrays (EOS-Hu01) containing 35356 oligonucleotide probe sets to a
query of 25194 gene clusters. This analysis revealed a specific expression signature of
38 probe sets corresponding to 37 genes that are strongly up-regulated or even
specifically expressed in ETs compared to normal body atlas (NBA) [55]. Among them
are five genes, namely chondromodulin 1 (CHMT; previously known as LECTT),
dickkopf 2 (Dickkopf, Xenopus, Homolog 2; DKK?2), cytochrome p450, subfamily xxvib,
polypeptide 1 (CYP26B1); integral membrane protein 2A (ITM2A) and
growth/differentiation factor 10 (GDF10), which are all known to be associated with
bone development, formation and bone re-organization. Based on the microarray
expression data, three groups of up-regulated genes could be distinguished, at which
CHM1 belongs to the group of genes with exclusive expression in ETs that are not
expressed at detectable levels in any normal tissue. CYP26B1 belongs to the second
group, because it is expressed in ETs and at a lower level in many or all other tissues.
The other three bone-associated genes DKK2, ITM2A and GDF10 were expressed in
ETs and a restricted number of normal tissues and can therefore be assigned to the

third group. A short summary of the relevant microarray results is given in Table 16.

Table 16: Summary of bone-associated genes up-regulated in ETs

No. | GeneBank Accession No. Name* UniGene* | % ET** % NBA**
5 AF050147 LECT1 Hs.421391 | 100.00 0.00

18 | BE047680 DKK2 Hs.211869 | 81.82 12.78

19 | AF252297 CYP26B1 | Hs.91546 100.00 69.17

24 | AA356764 ITM2A Hs.17109 90.91 45.11

38 | D49493 GDF10 Hs.2171 45.45 1.50

Extract of the summary of the microarray results published by Staege et al. showing the
data of the five bone-associated genes out of 38 up-regulated probe sets in ETs compared
to NBA [55]. * Names and UniGene numbers are according to build No. 172, released on
2004-07-17; ** Percentage of samples in the data set with intensity values of > 60.
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Due to their high expression in a wide range of different ET samples (> 80 %) and
simultaneously their low expression levels in only a few tissues of the NBA (< 46 %)
the following genes have been carefully selected for further investigation: CHM1, DKK?2
and ITM2A. The expression profile of these three genes in ETs compared to normal

and fetal tissue is shown in Figure 3.
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Figure 3: Bone-associated gene expression in ETs compared to normal tissue
Microarray data that show the expression profile of CHM1, DKK2 and ITM2A on mRNA
level in primary ET samples (black bars) compared to normal body tissue (NT; light grey
bars) and fetal tissue (FT; dark grey bars) [55].
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ETs are small-round-cell tumors that stain blue on routine H&E stained sections and
can be easily confused with other pediatric tumors on the histological level. To
examine, whether the selected genes are exclusively overexpressed in ETs compared
to other pediatric small-round-blue-cell tumors, the mRNA expression levels of CHM1,
DKK2 and ITM2A were analyzed in 857 different normal tissues (GSE3526, GSE7307,
[166]) compared to 154 different ET (GSE34620, GSE12102, [167,168]), 519 leukemia
(GSE10609, GSE7440, GSE11877, [169-173]), 119 medulloblastoma (GSE10327,
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[174]) and 169 neuroblastoma (GSE16237, GSE13136, [175,176]) samples, using a
comparative study of the amc onco-genomics software tool (www.amc.com). As shown
in Figure 4, CHM1 and DKK2 exhibited only a high mRNA expression level in ETs,

while ITM2A was additionally overexpressed in some ALL samples.
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To verify the observed expression profile for the cell lines used in this study, mRNA
levels of nine different ET cell lines, four neuroblastoma and three ALL cell lines were
quantified (see 3.4). Furthermore, to analyze whether CHM1, DKK2 and ITM2A play a
role in other bone-associated tumors, various ET cell lines were tested against a series
of different osteosarcoma cell lines, the most frequently observed bone tumor in
children. As shown in Figure 5, gqRT-PCR using specific gene expression assays for
CHM1, DKK2 and ITM2A (see Table 11) revealed a high mRNA expression of all three
genes in ETs; especially for DKK2, which is unexceptionally expressed in all ET cell
lines investigated. In the case of CHM1 and ITM2A, mRNA levels were not detected in
all ET cell lines, for example not in VH-64 and SB-KMS-MJ1, which were established

from bone metastases. Furthermore, as can be seen in Figure 5, CHM1 and ITM2A
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were almost exclusively expressed in ETs, whereas DKK2 mRNA levels were
additionally detectable in osteosarcomas, another bone-associated pediatric tumor, but

not in ALLs or neuroblastomas, a histological mimic (small-round-blue cells) of ETs.
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Figure 5: Gene expression in different ET cell lines compared to other pediatric
tumor cell lines

Expression of CHM1, DKK2 and ITM2A on mRNA level in nine different ET cell lines (black
bars) in comparison to eight osteosarcoma cell lines (OS; light grey bars), four neuroblastoma
cell lines (NB; light grey bars) and three ALL cell lines (light grey bars) analyzed by gRT-PCR.
NTC: non template control (H,O). Data are mean + SEM.

High expression of specific genes in ETs compared to NBA indicates that expression of
these genes is dependent on the oncogenic fusion protein EWS-ETS, which is
unexceptionally expressed in all ETs. To investigate whether CHM1, DKK2 or ITM2A
expression is induced by this transcription factor, the most frequent translocation
product EWS-FLI1 was transiently knocked down in four different ET cell lines (A673,
SK-N-MC, SB-KMS-KS1 and TC-71; see 3.5), which all show a high mRNA expression
of the genes of interest (see Figure 5). 48 h after transient transfection with specifically
designed EWS-FLI1 siRNAs [138], RNA was isolated and knock-down efficiency was

61



RESULTS

determined by qRT-PCR using specific gene expression assays for EWS-FLI1, CHM1,
DKK2 and ITM2A (see Table 11 and 3.4). As shown in Figure 6, EWS-FLI1_1 siRNA
only suppressed EWS-FLI1 expression in A673 and SK-N-MC cells, while EWS-FLI1_2
siRNA treatment reduced EWS-FLI1 mRNA levels down to 20 — 40 % of normal values

in all ET cell lines compared to control siRNA (neg.control) transfected cells. Moreover,
knock-down of EWS-FLI1 with EWS-FLI1_2 siRNA reduced CHM1 mRNA expression
down to 50 — 65 % compared to control cells. In contrast, transient knock-down of
EWS-FLI1 by specific siRNAs did only affect DKK2 expression in A673 cells (not

significant), but not in three other ET cell lines, indicating DKK2 expression in ET to be

independent of EWS-FLI1. The same seems true for the regulation of ITM2A

expression.
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Figure 6: Gene expression after
transient EWS-FLI1 knock-down

RNA interference of EWS-FLI1 expression
reduced the expression of CHM1 mRNA
levels, but did not suppress DKK2 and ITM2A
RNA expression. EWS-FLI1_1 and EWS-
FLI1_2 represent the specific siRNAs (see
Table 8; neg.control: non silencing siRNA).
Results of gqRT-PCR 48 h after transfection
were shown. Data are mean + SEM of two
independent experiments; t-test (*p < 0.05; **
p < 0.005; ***p < 0.0005; NTC: non template
control).
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4.2. The role of DKK2 in ET pathogenesis

To analyze the impact of DKK2 overexpression on the phenotype of ETs in several in
vitro and in vivo assays, DKK2 was transiently and constitutively down-regulated in
different ET cell lines (A673, SK-N-MC and TC-71). Two different siRNAs (DKK2_1 and
DKK2_8) were tested in three ET cell lines by transient RNA interference (see 3.5). 72
h after transfection, RNA was isolated and qRT-PCR analyzes were performed to
measure DKK2 mRNA expression (see 3.4 and Table 11). To exclude a target-
mediated induction of unspecific interferon responses, mRNA expression of IFN
responsive genes ISG15 and IFITM1 was determined by gqRT-PCR, as well. As shown
in Figure 7, transient transfection with DKK2_1 siRNA reduced DKK2 mRNA levels
down to 60 % in A673 cells, 50 % in TC-71 cells and up to 30 % off in SK-N-MC cells.
DKK2_8 siRNA treatment resulted in a down-regulation of DKK2 expression up to 20 -
35 % in A673 and SK-N-MC cells. Because DKK2 mRNA levels were clearly reduced
by both siRNAs, DKK2_1 as well as DKK2_8 were used in further transient transfection

experiments to exclude off-target effects.

(neg.control). Data are mean + SEM of three
independent experiments; t-test (**p < 0.005;
***n < 0.0005; NTC: non template control).

127 FAG7S Figure 7: DKK2 expression after
= D?é%’MC transient gene knock-down using qRT-
5 -

3 PCR

QN08 x % Expression of DKK2 72 h after transient
c * X transfection with DKK2_1 and DKK2_8
% 0.6 .)<'k : siRNAs compared to corresponding controls,
Boa * x ¥ transfected  with  non-silencing  siRNA
bt X

a X

X

o

o
o N
o

neg.control DKK2_1 DKK2_8 NTC

To generate ET cell lines with constitutive DKK2 knock-down, oligonucleotides
encoding the target sequence of DKK2_1 siRNA were cloned into the pSIREN RetroQ
vector (see 3.6). This method enabled a stable DKK2 knock-down, mediated by
permanent expression of shRNAs, which induce Dicer-dependent cleavage of
endogenous DKK2 mRNA. Retroviral gene transfer of the pSIREN®**? construct into
three different ET cell lines resulted in a suppression of DKK2 mRNA levels down to 10
— 35 % compared to control cells, constitutively transfected with pSIREN"%F"A (see

Figure 8).
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Figure 8: Quantification of DKK2 levels after constitutive DKK2 knock-down

Left panel: Constitutive suppression of DKK2 mRNA expression after infection of ET cells with
DKK2 specific shRNA constructs as measured by gRT-PCR (pSIREN , control:
pSIREN"%R""Y Data are mean + SEM of more than 20 independent experiments; t-test (***p <
0.0005; NTC: non template control). Right panel: Detection of DKK2 protein levels after
constitutive DKK2 knock-down in three ET cell lines using Western blot analysis. Antibody
against hypoxanthine guanine phosphoribosyltransferase (HPRT) was used as loading control.

4.2.1. DKK2 increases tumor growth and metastasis in vitro and in vivo

To examine whether DKK2 knock-down influences the phenotype of ET cells, different
in vitro and in vivo assays were performed with the transiently and constitutively
transfected ET cell lines A673, SK-N-MC and TC-71. Using an xCELLigence
instrument, the effect of DKK2 knock-down on the proliferation of A673 and SK-N-MC
cells was first analyzed (see 3.8.1). The proliferation of TC-71 cells was examined
using BrdU incorporation assay (see 3.8.2), due to the semi-adherent growth behavior

of these cell line.
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Figure 9: Proliferation assay of siRNA treated ET cell lines

Left panel: Analysis of proliferation of transiently infected ET cell lines with xCELLigence.
Cellular impedance was measured every 4 h (relative cell index). Data are mean + SEM
(hexaplicates/group); t-test (p: p-value; n.s.: not significant). Right panel: Doubling time of A673
and SK-N-MC cells transiently infected with DKK2_1 and DKK2_8 siRNAs. Data are mean %
SEM of two independent experiments/cell line (hexaplicates/group); t-test (*p < 0.05).
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Although transient DKK2 suppression had only a clear effect on the proliferation
potential in SK-N-MC cells (see Figure 9), constitutive down regulation of DKK2
revealed a significant inhibition of proliferation in all ET cell lines investigated, as shown
in Figure 10. In particular, the doubling time of SK-N-MC and TC-71 cells was
significantly increased up to 6-fold after DKK2 suppression.
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Figure 10: Proliferation assay of ET cell lines with constitutive DKK2 knock-down
Left panel: Analysis of proliferation of constitutively infected ET cell lines with xCELLigence.
Cellular impedance was measured every 4 h (relative cell index). Data are mean + SEM
(hexaplicates/group); t-test (p: p-value). Right panel: Doubling time of constitutive A673, SK-N-
MC and TC-71 DKK2 shRNA infectants and respective controls. Data are mean + SEM of two
independent experiments/cell line (hexaplicates/group); t-test (**p < 0.005).

To test whether DKK2 influences cell cycle progression, stably infected A673, SK-N-
MC and TC-71 cells with reduced DKK2 expression were analyzed by flow cytometry
using propidium iodide (PI), a DNA intercalating agent (see 3.10). Although proliferation
of ET cells was significantly suppressed after DKK2 knock-down, no clear effect on cell
cycle progression could be detected (see Figure 11). However, the rate of dead cells
after DKK2 knock-down seems to be slightly higher compared to pSIREN"*®R"A control
cells.
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Figure 11: Cell cycle analysis of DKK2 knock-down and control cells

Left panel: Example of cell cycle progression in SK-N-MC pSIREN""** and pSIREN"®9*""A
cells. Right panel: Summary of two independent cell cycle distribution analyses of DKK2
shRNA infectants in A673, SK-N-MC and TC-71 cells by propidium iodine staining and flow
cytometry.

Contact-independent growth capacity of tumor cells in vitro can give a hint to the
degree of malignancy of these cells in vivo. To determine the effect of pSIREN"*? cells
on contact-independent growth capacity of ET cells in vitro, colony formation assays
using methylcellulose-based media were performed (see 3.14). After incubation for 14
days at 37 °C (5 % CO,) in a humidified atmosphere, culture dishes were
photographed and colonies were counted using the image processing package Fiji. As
shown in Figure 12, constitutive DKK2 knock-down clearly reduced colony formation in

all three ET cell lines in a dose dependent manner (see Figure 8).

120 "A673
OSK-N-MC
0TC-71

100

80

colonies (%)
3
**k%

**k%*

SR 0
pS|RENneQS|RNA pS|RENDKK2 pS|RENnegsiRNA pS]RENDKKZ

Figure 12: Colony forming assay of pSIREN?**“.infected and control cells

Analysis of anchorage-independent colony formation in methylcellulose of ET cell lines with
stable DKK2 knock-down (pSIREN®*®) and respective controls (pSIREN"™9%"N%) Left panel:
Macrographs show a representative experiment with TC-71. Right panel: Number of counted

colonies using Fiji. Data are mean + SEM of three independent experiments (duplicates/group);
t-test (*p < 0.05; ***p < 0.0005).
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To further examine whether the suppression of DKK2 in ETs affects tumorigenicity in
vivo, stable pSIRENP*? A673 and SK-N-MC cells and respective controls were
injected subcutaneously into the inguinal region of immunodeficient mice and tumor
growth was analyzed (see 3.17). As expected, DKK2 knock-down clearly delayed local
tumor growth in both ET cell lines (see Figure 13). The inhibition seemed to be dose
dependent on the DKK2 expression level, since in SK-N-MC cells with stronger DKK2
suppression, determined ex vivo after tumor growth by qRT-PCR, revealed the most

prominent delay in local tumor growth.
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Figure 13: Kaplan-Meier blot of local tumor growth

Left panel: Evaluation of tumorigenicity of constitutive A673 and SK-N-MC DKK2 shRNA
infectants in immunodeficient mice (3 - 5 mice/group). Mice with an average tumor size > 10
mm in diameter were considered as positive and sacrificed. Right panel: Quantification of
DKK2 mRNA levels of tumor samples post ex vivo using qRT-PCR (**p < 0.005; ***p < 0.0005).

Furthermore, to investigate the influence of DKK2 knock-down on the metastatic
behavior of ET cells, A673 or SK-N-MC cells with constitutive DKK2 knock-down and
respective controls were injected into the tail veins of immune deficient Rag2”yc” mice
(see 3.17). As shown in Figure 14, suppression of DKK2 significantly reduced the
number of lung and liver metastases in both ET cell lines. While A673 as well as SK-N-
MC control infectants (pSIREN™%"N%) colonized into the liver, A673 pSIREN"®RNA
cells additionally exhibited lots of lung metastases. In contrast, pSIREN"? infectants
showed a clearly decreased amount of liver metastases and A673 cells with stable
DKK2 knock-down almost completely lost their ability to metastasize into lungs. SK-N-
MC pSIRENP¥¥? infectants did not affect lung tissues as well as the respective controls.
Additionally, some control infectants developed metastases in the kidney and the ovary
(3/8). Surprisingly, no bone metastases were detected, even though ETs are known

bone tumors. Taken together, pSIRENP*? infectants revealed a strong reduction of
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overall metastatic potential by up to 94.7 % (see Table 17), suggesting a critical role of

DKK2 in ET growth and metastasis.
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Figure 14: Affected organs after intravenous injection of pSIREN?*? and

pSIREN"RNA ca|ls

Analysis of metastatic potential of A673 and SK-N-MC cells with stable DKK2 knock-down and
controls (pSIREN"%R"": 4 mice/group). All macroscopically visible metastases in lungs, livers,
kidneys and ovaries were confirmed by histology. The left panels demonstrate lung and liver
with extend metastasis (arrow) and the right panels depict lung and liver without metastasis
after pSIREN®*? injection (H&E; scale bar upper panel: 5 mm or 2 mm; lower panel: 1 cm or 5
mm).

Table 17: Number of apparent metastases after DKK2 knock-down

average number of apparent metastases per mouse
A673 SK-N-MC
pSIRENnegsiRNA pSlRENDKK2 pSIRENnegsiRNA pSlRENDKK2
liver 3 1 33 2
lung 95 3 0 0
kidney 0 0 2 0
ovary 1 0 0 0
summary 99 4 35 2

Analysis of metastatic potential of A673 and SK-N-MC cells with stable DKK2 knock-down
and controls (pSIREN""NA: 4 mice/group). All macroscopically visible metastases in lungs,
livers, kidneys and ovaries were counted and an average number of apparent metastases

per mouse is shown. Decimal numbers will be rounded up.

4.2.2. DKK2 knock-down inhibits invasiveness regulated by MMP1 in vitro

To identify possible DKK2 downstream targets that are presumably involved in
metastasis, DKK2 was transiently down-regulated in A673 and SK-N-MC cells (see

NnegsiRNA

Figure 7) and their expression pattern was compared to pSIRE cells in a

microarray analysis on human Gene ST arrays (Affymetrix, GSE36100). Considering a
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minimum linear fold change > £1.5 281 differentially regulated genes of which 207

genes were down-regulated after DKK2 knock-down were identified (see Figure 15).
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5: A673 DKK2_1

6: SK-N-MC DKK2_1

Figure 15: Microarray data of
transiently DKK2 siRNA transfected
cells

Microarray data of selected genes after
transient DKK2 knock-down (GSE36100) in
A673 and SK-N-MC cells. Each column
represents one individual array. Panel shows
the first most significant genes of the SAM
analysis identified by a fold change > +1.5 and
a t-test p-value > 0.05 (c.siRNA: control
siRNA).

Differential expression of five of these genes, which all have been reported to be

involved in cellular invasiveness and migration, was confirmed by qRT-PCR in ET cells

after constitutive DKK2 knock-down (see Figure 8 and Figure 16). The only up-

regulated gene of these five genes is the key cell-cell adhesion molecule E-Cadherin

(CDHT), which is a well-established antagonist of invasion and metastasis [177-179].

The four down-regulated genes are the integral cell membrane glycoprotein CD44,

which has a postulated role in matrix adhesion and migration [180-182], the cellular

adhesion molecule 1 (ICAM1), which is important for endothelial transmigration into
tissues [183-185], and the matrix metalloproteinases MMP1 and MMP7, both of which

are zinc-dependent endopeptidases with crucial roles in migration and invasion [186—

191].
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To further elucidate the basis of the observed metastatic phenotype of ET cells after
DKK2 knock-down, in vitro analyses of invasive growth were performed. In this context,
stably DKK2 silenced ET cells showed significantly reduced invasiveness when

subjected to Matrigel-covered transwell assays (BioCoat™

Angiogenesis System) (see
3.15 and Figure 17). As previously reported MMPs seems to be important for ET
invasiveness [153]. Therefore, the invasiveness of A673 and SK-N-MC cells after
treatment with 3 nM or 6 nM Batimastat (BB-94), a specific MMP inhibitor, was
examined. As expected, treatment with BB-94 prominently reduced the amount of
tumor cells crossing the Matrigel (see Figure 17). To get more information about the
precise mechanism, MMP1 or MMP7, each with two different specific siRNAs, were
transiently knocked down (see supplementary Figure 58). As shown in Figure 17, only
knock-down of MMP1, but not of MMP7, reduced invasiveness of ET cells, suggesting
that the reduced invasive potential of DKK2 silenced ET cells is mediated - at least in

part - via MMP1.
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Figure 17: Analyses of invasion of ET cell lines through Matrigel

Upper left panel: Analysis of invasiveness of ET cell lines through Matrigel after transfection
with specific DKK2 shRNA constructs. Data are mean + SEM of two independent experiments;
t-test. Upper right panel: Analysis of invasiveness of A673 and SK-N-MC cell lines treated with
3 or 6 nM of the MMP-inhibitor Batimastat (BB-94) or vehicle. Data are mean + SEM of two
independent experiments; t-test. Lower panel: Invasiveness of A673 and SK-N-MC cells after
transfection with two specific MMP1 (right) or MMP7 (left) siRNAs 48 h before seeding. Data
are mean + SEM; t-test (*p < 0.05; **p < 0.005; ***p < 0.0005).

To analyze their contribution to cell invasion and migration, the expression of a series
of integrin and adhesion molecules were tested in different ET cell lines after
constitutive DKK2 knock-down using flow-cytometric analysis (see 3.11 and Table 7),
but no influence of DKK2 was found (see Table 18).
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Table 18: Flow-cytometric analysis of integrin and adhesion molecule expression
after DKK2 knock-down

Integri_n / A673 SK-N-MC TC-71

land(:gz:)l: PSIREN™®™"A | nSIRENP* | pSIREN™®F™ | pSIREN®*? | pSIREN™%""* | pSIREN"*
CD29 B1 ++ ++ ++ ++ ++ ++
CD49a al (+) (+) - - (+) (+)
CD49b a2 (+) (+) - - (+) (+)
CD49c a3 - - - - - -
CD49d o4 - - - - + +
CD49e a5 ++ ++ ++ ++ ++ ++
CD49f a6 + + - - (+) (+)

Expression of a series of integrin and adhesion molecules in different ET cell lines after
constitutive DKK2 suppression using flow-cytometric analysis. Semi-quantitative evaluation:
— =no, (+) = faint, + = moderate, and ++ strong expression.

4.2.3. DKK2 seems to be a Wnt agonist in ETs

Members of the dickkopf family are secreted proteins that typically antagonize Wnt/B3-
catenin signaling. While DKK1 acts as a pure inhibitor of Wnt/B-catenin signaling,
DKK2 can either function as a Wnt agonist or antagonist, depending on the cellular
context [71], whereas the role in ETs has still not been resolved. Interestingly, three of
the genes identified by previous microarray analysis, which are involved in
invasiveness and metastasis, are well known Wnt target genes, too. As previously
described, expression of CDH1 is down-regulated [192,193] and expression of CD44
and MMP7 is up-regulated after activation of the Wnt/B-catenin pathway [194-196].
Suppression of DKK2 significantly enhanced the expression level of CDH1 and
suppressed the mRNA levels of the other two genes in different ET cell lines, as shown
in this study (see Figure 16). The observed expression profile point out that DKK2 may
activate this important pathway. To further examine these findings, expression of five
additional Wnt target genes were analyzed in stably pSIRENPK¥2- and pSIREN"9SRNA
infected A673, SK-N-MC and TC-71 cells. Cyclin D1 (CCND1 [109,110]), ephrin
receptor EphB2 (EPHB2 [111]), inhibitor of dna binding 2 (ID2, [197,198]) as well as jun
proto-oncogene (c-JUN, [199]) and Iymphoid enhancer-binding factor 1 (LEFT1,
[200,201]) are all Wnt target genes, which are up-regulated after pathway activation. As
shown in Figure 18, expression levels of all genes investigated were suppressed after

DKK2 knock-down, supporting the assumption of the agonistic function of DKK2.
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As summarized in a review by Christof Niehrs [71], the precise cellular function of
secreted DKK2 in respect to Wnt/B-catenin signaling is depending on the cellular
context and the expressed amount of its binding partner low density lipoprotein
receptor-related protein 6 (LRP6) [71,80,81] and its cofactor Kremen 2 (KRM2) [82,83].
DKK2 can bind to LRPS, if this protein is present in sufficient quantities, and induces a
conformation where the auto-inhibition of the extracellular domain of LRP6 is blocked,
leading to receptor activation. However, in the presence of KRM2, the receptor
complex (DKK2-LRP6-KRM2) may be internalized by endocytosis and thus Wnt/B-
catenin signaling is inhibited [71]. Whole cell lysates of different ET cell lines
constitutively transfected with pSIRENP¥¥? or pSIREN"RNA vere prepared for Western
blot analysis and proteins were separated using 10 % SDS-PAGE (see 3.12). Specific
antibodies against LRP6, KRM1 and KRM2 were used to identify available protein
levels on PVDF membranes (see Table 5), to obtain more information on the function
of DKK2. As shown in Figure 19, pSIREN"R" transfected ET cell lines expressed
high LRP6 protein levels, while DKK2 knock-down decreased the amount of LRP6 in
A673, SK-N-MC and TC-71. In contrast, expression of KRM1 and KRM2 revealed no
differences between DKK2 knock-down and control cells (see Figure 19). Importantly,
protein expression of KRM2 in ET cell lines was very low, which emphasizes the

agonistic role of DKK2 in Wnt signaling.
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Figure 19: Analysis of LRP6 and KRM1/2 upon DKK2 suppression in ET cell lines
Protein expression of LRP6, KRM1 and KRM2 was examined in different ET cell lines by

Western blot analysis after DKK2 knock-down and in respective controls. HPRT was used as
loading control.

Considering that DKK2 activates Wnt/B-catenin signaling, protein levels of B-catenin
should be higher in pSIREN"™%"NA_transfected ET cell lines compared to cells stably
transfected with DKK2 shRNA. The reason for that is that B-catenin would not be
degraded but accumulates in the cytoplasma and would then be transported into the
nucleus. B-catenin localization was first tested in whole cells by immunofluorescence
using specific antibodies (see 3.13 and Table 6). Due to the low magnification,
localization of B-catenin was only detectable in the cytoplasma, as exemplarily shown
for SK-N-MC cells in Figure 20. But as expected, suppression of DKK2 slightly
diminished B-catenin levels in the cytoplasma (see Figure 20).

SK-N-MC

pS|RENnegsiRNA

PSIRENDKK2

brightfield  anti-B catenin (FITC)  DAPI FITC/DAPI

Figure 20: Detection of B-catenin in ET cell lines by IF

Phase contrast and fluorescence micros_co/gy (FITC, DAPI and overlay FITC/DAPI) of stably
transfected pSIREN"? and pSIREN"9RN* SK-N-MC cells incubated with a specific anti-B-
catenin antibody using IF. Similar results were obtained for A673 and TC-71 (scale bar 0.5 mm).
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To get more information about the 3-catenin levels in the nucleus, nuclear extracts from
different ET cell lines with constitutive DKK2 knock-down and respective controls were
analyzed by Western blot analysis (see 3.12 and Table 5). The amount of B-catenin
was reduced after DKK2 knock-down not only in the cytoplasma, but also in the

nucleus, as can be seen in Figure 21.

A673 SK-N-MC TC-71
anti-B-catenin " — . o D

anti-Lamin A+C IR — | 70 kDa

Figure 21: Detection of B-catenin in the nucleus of different ET cell lines after
DKK2 knock-down

Detection of B-catenin in the nuclear extract of A673, SK-N-MC and TC-71 cells stably
transfected with DKK2 shRNA and respective controls by Western blot analysis. Anti-Lamin
A+C was used as loading control.

In summary, the available results allow the conclusion, that DKK2 is an agonist of
Wnt/B-catenin signaling and probably activates the pathway via an interaction of DKK2
and LRP6 in the absence of KRM2.

4.2.4. DKK2 down-regulation increases apoptosis in vitro and in vivo

Subsequent gene set enrichment analysis (GSEA) of our microarray data identified 75
differentially regulated gene sets (NES < -1.54 or NES > 1.30), that belong to one of
the three ontologies: molecular function, cellular component or biological processes
(C5: GO gene sets, v3.0; [202]).

Set-to-set analysis of leading edge top ranked down-regulated gene sets (C5_all, v3.0)
revealed a strong over-representation of gene sets involved in anti-apoptotic pathways

(see Figure 22).
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pathway name NES p
Set-to-Set analysis of down . 1 mitotic cell cycle checkpoint -1.70 0.01
glg;?t::o?:ir;iiis after I 2 DNA damage checkpoint -1.60 0.02
3 DNA damage response signal transduction -1.61 0.02
% of genes in overlap . 4 regulation of programmed cell death -1.57 0.00
o 25 50 75 100 5 regulation of apoptosis -1.56 0.00
6 apoptosis -1.56 0.00
7 programmes cell death -1.56 0.00
8 anti apoptosis -1.58 0.01
9 negative regulation of apoptosis -1.63 0.00
10 negative regulation of programmed cell death  -1.63 0.00
11 negative regulation of developmental process  -1.53 0.01
. 12 apoptotic program -1.77 0.00
I 13 caspase activation -1.57 0.04
14 positive regulation of caspase activity -1.54 0.04

Figure 22: GSEA leading edge analysis of gene sets down-regulated after
transient DKK2 knock-down

GSEA leading edge analysis of gene sets down-regulated after transient DKK2 knock-down
(GSEA; C5_all, GO gene sets). Set-to-set analysis shows a correlation between DKK2 knock-

down and down-regulation of anti-apoptotic genes (NES: normalized enrichment score; p: p-
value).

To verify these findings, gene expression of two genes, which are part of the down-
regulated gene sets, were analyzed in different ET cell lines with constitutive DKK2
knock-down by qRT-PCR (see 3.4). Both genes investigated belong to the BCL2-
familiy (B-cell cll/lymphoma 2) of anti-apoptotic proteins: bcl2-like 1 (BCL2L1, [203—
205]) and myeloid cell leukemia sequence 1 (MCL1, [206]). As expected, expression

levels of the anti-apoptotic genes are significantly reduced after DKK2 knock-down
when compared to control cells (pSIREN"%"NA: see Figure 23).
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Figure 23: Expression of anti-apoptotic genes after DKK2 knock-down by qRT-
PCR

qRT-PCR of ET cell lines with stable DKK2 knock-down (pSIREN"*““; control: pSIREN"9*"",
BCL2L1: B-cell cll/lymphoma 2-like 1, MCL1: myeloid cell leukemia sequence 1; DKK2: dickkopf

2; NTC: non template control. Data are mean + SEM of two independent experiments; t-test (*p
< 0.05; **p < 0.005; ***p < 0.0005).
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In Figure 11, a slightly higher rate of dead cells after DKK2 knock-down (sub-G1
fraction) could be observed. To further examine this observation, the number of
apoptotic and necrotic cells were determined using the Annexin V-PE Apoptosis
Detection Kit | (see 3.9). While control cells had only between 2 and 5 % of apoptotic
cells, constitutively transfected pSIRENP**? cells showed up to a 3.5-fold higher rate of
apoptosis (10 - 20 % of apoptotic cells) especially in SK-N-MC and TC-71 cells (see
Figure 24).
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Figure 24: Annexin V detection assay with DKK2 knock-down and control cells
Results of flow-cytometric analysis of ET cell lines stably transfected with DKK2 shRNA and
stained with anti-annexin-V-antibody (PE) and 7-AAD (APC). Left panel: Representative
histogram of SK-N-MC derivatives. Right panel: Annexin V positive cells (%) in three ET cell
lines after DKK2 knock-down and respective controls. Data are mean + SEM of two
independent experiments; t-test (*p < 0.05).

To analyze whether this effect is also detectable in in vivo tumor samples, various
murine lung and liver metastases (see 4.2.1 and Figure 14) were stained with anti-
cleaved Caspase 3 antibody to detect apoptosis (see Table 6). As demonstrated in
Figure 25, knock-down of DKK2 clearly enhanced the amount of apoptotic cells,
especially in samples injected with SK-N-MC pSIRENP*? cells, which is in line with the
in vitro findings.
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Figure 25: Cleaved Caspase 3 staining in murine tumor samples

Detection of apoptosis in murine lung and liver tumor samples after intravenous injection of
different ET cell line derivatives (pSIREN"®"™ and pSIREN®**?) using anti-cleaved Caspase 3
antibody (scale bar 0.05 mm).

4.2.5. DKK2 knock-down increases neuronal differentiation in vitro

Moreover, the set-to-set analysis of the up-regulated gene sets (C5_all, v3.0) revealed
a strong over-representation of gene sets involved in neuronal differentiation and

development (see Figure 26).

pathway name NES p

Set-to-Set analysis of up 1 synaptic transmission 1.63 0.00
regulated gene sets after L .

DKK2 knock-down ‘ 2 transmission of nerve impulse 1.59 0.00

% of genes in overlap 3 metal ion transport 1.65 0.01

j 4 cation transport 1.51 0.01

0 25 50 75 100 ‘. 5 ion transport 1.46 0.01

. 6 nervous system development 1.47 0.00

7 generation of neurons 1.55 0.02

8 neuron differentiation 1.45 0.04

9 neurite development 1.54 0.01

10 axonogenesis 1.68 0.01

11 cellular morphogenesis during development 1.48 0.05

12 neuron development 1.64 0.01

13 neurogenesis 1.38 0.03

E;:ELDOO\IG\UI#WNH
Figure 26: GSEA leading edge analysis of gene sets up-regulated after transient
DKK2 knock-down
GSEA leading edge analysis of identified gene sets up-regulated by transient DKK2 knock-
down (GSEA; C5_all, GO gene sets). Set-to-set analysis shows a correlation between DKK2
knock-down and up-regulation of neuronal differentiation genes (NES: normalized enrichment
score; p: p-value).

To verify this prediction, expression of three leading edge genes, which are all involved

in neurogenesis, were examined, namely glial fibrillary acidic protein (GFAP,
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[207,208]), nerve growth factor receptor (NGFR, [209-211]) and slit, drosophila,
homolog of, 2 (SLIT2, [212-214]) using gRT-PCR. As can be seen in Figure 27,

suppression of DKK2 significantly enhanced the expression levels of all three genes
investigated in at least two ET cell lines.
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Figure 27: Expression of neurogenic genes in pSIREN®**? and pSIREN"SRNA
cells

gRT-PCR of different neuronal marker genes after stable DKK2 knock-down. GFAP: glial
fibrillary acidic protein; NGFR: nerve growth factor receptor; SLIT2: SLIT, drosophila, homolog

of, 2; DKK2: dickkopf 2; NTC: non template control. Data are mean + SEM of two independent
experiments; t-test (*p < 0.05; **p < 0.005; ***p < 0.0005).

Subsequently, neurogenic differentiation with 0.1 mM BHA in 2 % DMSO [156] was
induced in stable A673, SK-N-MC and TC-71 DKK2 shRNA infectants and respective
controls. As shown in Figure 28 (left panel), ET cell lines were able to fully differentiate
and express GFAP, a major intermediate filament protein of mature astrocytes [208],
only after DKK2 suppression. Additionally, only the phenotype of pSIRENP<?
transfected cells changed toward neuronal morphology upon BHA / DMSO treatment,
as demonstrated by 1 — 2 times longer cell fibers. Similarly growth-associated protein
43 (GAP43), a protein exclusively expressed on the synaptosomal membrane of nerve
tissues [215,216], is significantly higher expressed in ET cells after DKK2 knock-down

(see Figure 28, right panel), indicating that DKK2 inhibits the neuronal differentiation
potential of ET cells.
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Figure 28: Quantification of neurogenic differentiation potential using IF and WB

Left panel: Analysis of neurogenic differentiation of stable A673 infectants pSIREN""** and
pSIREN"%R"A treated for 6 days with 0.1 mM BHA. Immunofluorescent staining of GFAP
(GFAP: glial fibrillary acidic protein) is shown (scale bar 0.5 mm). Similar results have been
obtained with SK-N-MC and TC-71 (data not shown). Right panel: Evaluation of the
differentiation potential after neurogenic differentiation of ET cell lines constitutively transfected
with DKK2 shRNA treated for 6 days with 0.1 mM BHA shown by Western blot analysis with
anti-GAP43 antibody (GAP43: growth-associated protein 43) and corresponding densitometrie.
HPRT was used as loading control.

4.2.6. DKK2 has no effect on angiogenesis in vitro

To further investigate whether DKK2 can influence the differentiation potential of ETs
towards other tissues or lineages, several differentiation assays were performed. As
Min et al. already demonstrated that DKK2 promotes angiogenesis [217], the
endothelial differentiation capacity of ET cells was first examined in tube formation
assays (see 3.16.1). Transiently and constitutively DKK2 or control siRNA / shRNA
transfected SK-N-MC and RD-ES cells were seeded onto Matrigel matrix, containing
laminin, collagen IV and different growth factors and the ability of ET cell lines to form
tube-like structures was analyzed by fluorescence microscopy [155]. Control and DKK2
transfected SK-N-MC cells were unable to form tubes on Matrigel, as demonstrated in
Figure 29. In contrast, RD-ES cells had the ability to form endothelial tubes, but there

was no difference between cells with/without DKK2 knock-down (see Figure 29).
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Figure 29: Tube formation assay of DKK2 suppressed ET cell lines

Left panel: To analyze endothelial differentiation potential of ET cells, transiently DKK2
transfected SK-N-MC and RD-ES cells were grown on Matrigel and stained with 4 ug/ml Calcein
AM (scale bar 0.5 mm). Right panel: SK-N-MC cells with constitutive DKK2 knock-down were
also analyzed by tube forming assay to learn more about the ability to differentiate into the
endothelial lineage (scale bar 1 mm).

4.2.7. DKK2 enhances chondrogenic and osteogenic differentiation

potential in vitro

Moreover, given that DKK2 is also implicated in terminal osteoblast differentiation
[85,87] and osteoclastogenesis [77,85], the ability of ET cells to differentiate along
bone lineages was subsequently analyzed. This might also be relevant for tumor
pathology, since osteomimicry is an important factor for tumor localization in bone [188]
and furthermore, 37 % of ET patients show increased intra-osseous density or diffuse
sclerosis [218]. To further investigate these findings, three ET cell lines with constitutive
DKK2 knock-down and respective controls were incubated with specific differentiation
media containing among others dexamethasone and ascorbic acid in different
concentrations for up to 21 days to induce chondrogenic or osteogenic differentiation
(see 3.16.3 and 3.16.4). The differentiation potential of ET cell lines was determined by
gRT-PCR using specific marker genes [157], namely the early chondrogenic marker
gene sry-box 9 (SOX9, [219]) and collagen, type X, alpha-1 (COL10A1), which is used
to identify terminally differentiated chondrocytes, for chondrogenic and collagen, Type
I, alpha-1 (COL1A1) and secreted phosphoprotein 1 (OPN, [220]) for osteogenic
differentiation. Interestingly, mRNA levels of all four marker genes investigated were
significantly reduced after DKK2 knock-down already without specific differentiation

media (see Figure 30). In agreement with these initial observations, induction of

81



RESULTS

chondrogenic and osteogenic differentiation with specific growth media was clearly
impaired in DKK2 knock-down cells. Consistently, the expression increase of SOX9
and COL10A1 [157] after differentiation is reduced in DKK2 silenced cells for up to 22
% compared to control cells (see Figure 30). Similar results were obtained for
osteogenic differentiation and the expression of the early and late osteogenic
differentiation markers COL1A1 and OPN [157], respectively. As shown in the right
panel of Figure 30, increase of the mRNA levels of COL1A1 (47 %) and OPN (72 %)
was significantly higher in cells transfected with control shRNA, than in DKK2 knock-
down cells (COL1A1: 29 % and OPN: 64 %).

p<005

1.2 mA673
121 COL10A1 =A673 coLiar i OSKN-MC
1 - BSK-N-MC 1 = p<0.03 o10.71
p<0.04 o1C-71 )
08 3_\
08
—~ =
5 06 S
% 06 (_6)
R o4 T, o4
Q . Q
c o2 o 02
S |mll e Q
Q 2
8 ° p<0.04 % 12 p<002
@ 12980x9 T 3
= T S
9{ ! p<0.05 3 p<°°4
D s D os
06 06
04 = 04
ﬂ al T
0

0
control differentiation| ~ control differentiation NTC control dlﬂerem\E(IDﬂl control differentiation

PSIRENnegsiNA PSIRENDKK2

PSIRENregsiRNA PSIRENDKK2

Figure 30: Chondrogenic and osteogenic differentiation assays with stably
transfected DKK2 cells

Left panel: Chondrogenic differentiation of ET cell lines with specific shRNA constructs was
shown by the expression of specific chondrogenic marker genes COL10A1 (collagen, type X,
alpha-1) and Sox9 (sry-box 9) using qRT-PCR. Data are mean + SEM of two independent
experiments; t-test. Right panel: Analysis of osteogenic differentiation of ET shRNA infectants.
Expression of the early (COL71A17:. collagen, type I, alpha-1) and late (OPN: secreted
phosphoprotein 1, SPP1) marker genes was shown by gqRT-PCR. Data are mean + SEM of two
independent experiments; t-test (p: p-value).

4.2.8. DKK2 increases bone invasiveness and osteolysis in vitro and in

vivo

As previously demonstrated in this study, DKK2 plays a role in chondrogenic and
osteogenic differentiation, but it is still not known, if DKK2 is important for osteotropism
as well as bone invasiveness and osteolysis. Therefore, the differential expression of
key players associated with osteotropism was examined in stable DKK2 infectants
using gqRT-PCR. Chemokine, cxc motif, receptor 4 (CXCR4, [221-223]), parathyroid
hormone-like hormone (PTHrP, [224-227]), RUNT-related transcription factor 2
(RUNX2, [228,229]) and transforming growth factor beta-1 (TGFB, [230,231]) were

chosen for follow-up due to their involvement in preparing the pre-metastatic niche,
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homing and invasion to bone as well as their role in local and metastatic tumor growth
in bones [188]. Interestingly, the expression of these genes was significantly reduced in

ET cells with constitutive DKK2 knock-down compared to controls (see Figure 31).
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Figure 31: mRNA expression of key players associated with bone colonization in
stable DKK2 infectants

gRT-PCR of ET cell lines with stable DKK2 knock-down and controls. CXCR4: chemokine, cxc
motif, receptor 4; PTHrP: parathytroid hormone-like hormone, PTHLH; RUNX2: runt-related
transcription factor 2; TGFp: transforming growth factor, beta-1; DKK2: dickkopf 2. Data are
mean + SEM of three independent experiments; t-test (*p < 0.05; **p < 0.005; ***p < 0.0005).

Although osteosclerosis is of clinical relevance in ET pathology, osteolytic lesions are
predominant in patients and interestingly, some genes important for homing and
invasion to bone are known factors for osteolysis, as well. For example, the
transcription factor RUNX2 and PTHrP have been implicated in promoting tumor
osteolysis [188,225], as well as TGFf [188], which is known to modulate different
osteolytic factors, for example PTHrP [230] and tumor necrosis factor ligand
superfamily, member 11 (RANKL). An increase in locally active RANKL, which favour
osteolysis and is expressed even on ET cells [232], can be achieved directly by MMP7
[186] or indirectly by MMP1 [187], too. As shown in Figure 16 and Figure 31, DKK2

knock-down significantly decreased the expression levels of these matrix

metalloproteinases and of the osteolytic genes described above. To further analyze
these observations, gene expression of RANKL, its antagonist tumor necrosis factor
receptor superfamily, member 11B (osteoprotegerin, OPG) and an important osteoclast
survival factor colony-stimulating factor, macrophage-specific (M-CSF) were examined
in A673, SK-N-MC and TC-71 cells with constitutive DKK2 knock-down and respective
controls. Although three times more cDNA was necessary to detect any signals using
gRT-PCR, it is obvious, that DKK2 knock-down significantly increased mRNA

expression of OPG and at the same time decreased the amount of the two cytokines
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RANKL and M-CSF, which are described to be

essential and sufficient for
osteoclastogenesis (see Figure 32) [5,23,30].
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Figure 32: Expression levels of M-CSF, RANKL and OPG after DKK2 knock-down
mRNA expression of M-CSF and the antagonists OPG and RANKL in three different ET cell
lines after constitutive suppression of DKK2 and respective controls. M-CSF: colony-stimulating
factor, macrophage-specific; RANKL: tumor necrosis factor ligand superfamily, member 11;
OPG: tumor necrosis factor receptor superfamily, member 11B; DKK2: dickkopf 2. NTC: non
template control. Data are mean + SEM of two independent experiments; t-test (*p < 0.05; ***p
< 0.0005).

Since expression levels of OPG and RANKL are very low in ETs, four further genes
important for osteolysis were analyzed by gRT-PCR in three ET cell lines stably
transfected with pSIRENPK*? and pSIREN"®RNA As expected, DKK2 suppression
clearly reduced the expression levels of the osteolytic genes hypoxia-inducible factor 1,
alpha subunit (HIF1a, [188,233,234)), interleukin 6 (IL6, [188,235]), jagged 1 (JAGT,

[235]) and vascular endothelial growth factor receptor 1 (VEGF, FLT1, [188]) (see
Figure 33).
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Figure 33: Osteolytic gene expression after DKK2 knock-down

Different ET cell lines with constitutive DKK2 knock-down and respective controls were
analyzed by qRT-PCR. HIF1a: genes hypoxia-inducible factor 1, alpha subunit; IL6: interleukin
6; JAGT: jagged 1; VEGF: vascular endothelial growth factor receptor 1; DKK2: dickkopf 2.

NTC: non template control. Data are mean + SEM of two independent experiments; t-test (*p <
0.05; **p < 0.005; ***p < 0.0005).
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Based on these in vitro results, further analyses were necessary to determine whether
suppression of DKK2 has a role in the process of bone colonization, invasion and
osteolysis in vivo, as well. To investigate this question, constitutively DKK2 silenced
ABT73 cells were injected into the tibiae of immune deficient Rag2”yc” mice and bone
infiltration and destruction was analyzed by X-ray radiography and histology (see 3.17).
As shown in Figure 34, DKK2 knock-down significantly reduced bone infiltration and
osteolysis in vivo. Only 25 % of the mice (2 / 8 mice) injected with A673 pSIRENPK?
cells exhibited an infiltration of tumor cells into bone (see right panel of Figure 34),
whereas bone infiltration was observed in 87.5 % of the respective controls (7 / 8
mice). Moreover, only one mouse injected with DKK2 knock-down cells developed
extensive osteolytic lesions (1 / 8 mice) compared to four mice injected with A673
pSIREN"RNA cells (4 / 8 mice).
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Figure 34: DKK2 knock-down suppressed bone invasiveness in vivo

Left panel: Analysis of bone invasiveness of constitutive A673 DKK2 shRNA infectants and
negative controls in an orthotopic bone xenotransplantation model (8 mice/group). Affected
bones were assessed by X-ra}& radiography and histology (H&E and van Gieson stains, scale
bar 0.25 mm). A673 pSIREND . 2 cells caused significantly less tumor infiltration into bone when
compared to A673 pSIREN"®"™ \where tumor cells destroy the cortical bone (arrows). Right
panel: Percentage of mice exhibiting bone infiltration after intra-tibial injection. Data are mean +
SEM; t-test (**p < 0.003).

Furthermore, the pSIRENP*“mediated lesions were smaller and less destructive than
the lesions caused by control cells. To quantify osteolytic lesions, the amount of
osteoclasts was detected by tartrate-resistant acid phosphatase staining (TRAP
staining) in three different tumor samples per group (see 3.18). As can be seen in
Figure 35, no clear differences were observed in the unaffected bone marrow. In
contrast, the average number of osteoclasts was significantly decreased in A673
pSIRENP*%2 tumor samples (0.35 osteoclasts / mm2), compared to respective controls

(1.42 osteoclasts / mm?). Interestingly, the main part of the osteoclasts was not only
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detected close to bone tissues as expected, but also on the whole outer rim of the

tumors.
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Figure 35: DKK2 knock-down clearly decreased the number of osteoclasts

Left panel: Quantitative summary of the average number of osteoclasts (mm?) in unaffected
bone marrow and tumor samples. Data are mean + SEM of three independent samples (20
segments counted); t-test (*p < 0.01). Right panel: Analysis of osteolysis of constitutive A673
DKK2 shRNA infectants and negative controls in an orthotopic bone xenotransplantation model
(8 mice/group). Affected bones were assessed by histology (TRAP staining, scale bar 0.25 mm
or 0.05 mm). A673 pSIRENDKK2 cells significantly suppressed osteolysis, which was detected by
the reduced amount of osteoclasts in the tumor sample.

4.2.9. Clinical relevance of DKK2 in ETs

The current results indicate that DKK2 is an important player in ET malignancy,
especially in ET metastasis, bone invasiveness and osteolysis. For this reason, it was
interesting to analyze, whether the effect of DKK2 on the oncogenic phenotype of ETs
is also detectable in human clinical samples. Therefore, expression of DKK2 was
assessed in a pilot screening of 19 different ET samples prior to treatment using
immunohistochemistry (see 3.19). As shown in Table 19, 17 of 19 patient samples
(89.5 %) displayed detectable DKK2 protein levels, of which 11 exhibited a low
immunoreactivity (intensity 1, 57.9 %) and 6 a moderate, and thus the highest, signal
intensity (intensity 2, 31.6 %).

Due to the different DKK2 localization observed in samples with low signal intensity
(cytoplasmic or membranous), four staining intensity grades were defined (see Figure
36). Interestingly, high immunoreactivity seemed to correlate on the one hand with a
cytoplasmic protein localization of DKK2 in the tumor cells and on the other hand with

enhanced bone infiltration, as shown in Table 19.
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Table 19: Immunoreactivity and localization of DKK2 in human ET samples

sample number | intensity DKK2 localization tumor localization | infiltration
1 2 cytoplasmic/membranous ilium +
2 2 cytoplasmic/granular ilium +
3 2 cytoplasmic fibula +
4 2 cytoplasmic tibia n.d.
5 2 cytoplasmic jawbone +
6 2 cytoplasmic ilium +
7 1 cytoplasmic/membranous ilium +
8 1 cytoplasmic/granular metatasale +
9 1 cytoplasmic fibula +
10 1 cytoplasmic ilium +
11 1 cytoplasmic orbita +
12 1 cytoplasmic femur +
13 1 membranous humerus -
14 1 membranous femur +
15 1 membranous humerus +
16 1 membranous humerus n.d.
17 1 membranous clavicula -
18 0 - rib -
19 0 - middle phalanx -

Summary of signal intensity and localization of DKK2 expression in 19 different human ET

samples from diverse origin is shown. Signal intensity is graded in “0” = no
immunoreactivity; “1” = low signal intensity and “2” = moderate signal intensity. The final
column summarizes the invasive behavior of the tumors investigated; “+” = infiltration of

tumor cells into the bone,
unequivocally determinable.
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Figure 36: DKK2 expression in human ET patient samples
Left panel: DKK2 immunoreactivity (brown color) was scored according to DKK2 levels and
localization observed with grade 0 = no immunoreactivity; grade 1 = low intensity, membranous;
grade 2 = low intensity, cytoplasmic and grade 3 = moderate intensity, cytoplasmic (scale bars
0.05 mm). Right panel: Mean level of DKK2 expression in 19 different patients samples
arranged according to the growth pattern (solid-circumscribed vs infiltrative). Data are mean +

SEM; t-test.
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Subsequently, expression of DKK2 was correlated with the outcome of ET patients. For
this purpose, DKK2 expression was classified in DKK2"" samples consisting of
infiltrative, moderate and low signal intensity (grade 1, 2 and 3) ETs and DKK2°"
samples, which include solid tumors with low or negative immunoreactivity (grade 0
and 1). Even though no significant statement could be made due to the small number
of samples, overall survival in patients bearing ETs classified as DKK2°" was

enhanced compared to DKK2"" cases, as demonstrated in Figure 37.
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Figure 37: Overall survival in ET patients in respect to DKK2 expression

DKK2 expression seemed to correlate with overall survival (OS): Kaplan—Meier plot estimates
for OS probability for DKK2 expression (n = 19 (n = 6 DKK2"", n = 13 DKK2"®"), p = 0.4627).
Log-rank test (p: p-value).
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4.3. The role of the BRICHOS-family genes, CHM1 and ITM2A, in ET

pathogenesis

Due to the complex biological mechanisms of tumor development, DKK2 is probably
not the only gene involved in the oncogenic behavior of ETs. Therefore, the influence
of two other bone-associated, overexpressed genes, chondromodulin 1 (CHM1) and
integral membrane protein 2A (ITM2A), on ET pathogenesis was analyzed. For this
purpose, CHM1 and ITM2A were transiently and constitutively down-regulated in three
ET cell lines. For efficient transient gene knock-down, two different siRNAs (CHM1_1
and CHM1_4 or ITM2A_5 and ITM2A_7) were tested in the ET cell lines A673, SK-N-
MC and TC-71 by RNA interference (see 3.5). Subsequently, CHM1 or ITM2A mRNA
levels, as well as mRNA expression of IFN responsive genes ISG15 and IFITM1, were
determined 48 h after transfection by qRT-PCR (see 3.4 and Table 11). As shown in
the left panel of Figure 38, transient transfection with CHM1_1 and CHM1_4 siRNAs
reduced mRNA levels of CHM1 down to 25 — 53 % compared to cells transfected with
non-silencing siRNA (neg.control). Gene expression of ITM2A was clearly down-
regulated after transient transfection with ITM2A_5 and ITM2A_7 siRNAs, too (see
right panel of Figure 38). Especially in SK-N-MC cells a significant reduction of ITM2A
MRNA levels down to 7 — 12 % was observed (A673: 25 — 50 %; TC-71: 20 — 32 %).
Because both CHM1 siRNAs and ITM2A siRNAs significantly suppressed gene
expression, both siRNAs were used in further transient transfection experiments to

exclude off-target effects.
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Figure 38: Transient gene knock-down in ET cell lines using RNA interference
Left panel: Transient CHM1 suppression in three ET cell lines with specific siRNAs (CHM1_1
and CHM1_4) using RNA interference. Knock-down efficacy was tested by qRT-PCR 48 h after
transfection. Data are mean + SEM of three independent experiments; t-test. Right panel:
Quantification of ITM2A mRNA levels in different ET cell lines 48 h after transient transfection
with ITM2A_5 and ITM2A_7 siRNAs compared to neg.control. Data are mean + SEM of three
independent experiments; t-test (*p < 0.05; **p < 0.005; ***p < 0.0005).
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To generate ET cell lines with constitutive gene knock-down, the target sequence of
the best CHM1 siRNA (CHM1_1), as well as the best ITM2A siRNA (ITM2A_7), were
used to create oligonucleotides for retroviral gene transfer and were cloned into the
pSIREN RetroQ vector (see 3.6). As shown in Figure 39, constitutive CHM1 knock-
down (pSIREN®"™) resulted in a suppression of CHM1 mRNA levels down to 14 — 21
% compared to control cells, constitutively transfected with pSIREN"™%RN [TM2A
MRNA levels were significantly decreased after constitutive down-regulation of ITM2A
(pSIREN'™2%) down to 17 — 32 % (see Figure 39).
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Figure 39: Quantification of CHM1 and ITM2A mRNA levels after constitutive
gene knock-down

Left panel: Retroviral gene transfer of pSIREN“"™" construct into different ET cell lines. CHM1
mRNA levels were measured by qRT-PCR (pSIREN®"™'  control: pSIREN™®""A) Data are
mean + SEM of at least 15 independent experiments; t-test. Right panel: Quantification of
ITM2A mRNA levels after constitutive ITM2A knock-down in A673, SK-N-MC and TC-71 cells
compared to control cells. Data are mean + SEM of at least 15 independent experiments; t-test.
(***p < 0.0005).

4.3.1. Influence of BRICHOS genes on tumor growth and metastasis

To examine whether CHM1 or ITM2A knock-down influences the proliferative behavior
of ET cells, constitutively CHM1 or ITM2A transfected A673 and SK-N-MC cells were
analyzed using an xCELLigence instrument (see 3.8.1) or a BrdU incorporation assay
(see 3.8.2) for pSIREN®"™'/pSIREN™?A. and pSIREN"%""A transfected TC-71 cells.
As shown in Figure 40, constitutive CHM1 knock-down clearly decreased proliferation
in all ET cell lines investigated. In particular, the doubling time was significantly
increased up to 4-fold (in TC-71 cells) after CHM1 knock-down.
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Figure 40: Proliferation assay of ET cell lines constitutively transfected with

CHM1

Left panel: Analysis of proliferation of different ET cell line derivatives using xCELLigence.

Cellular impedance was measured every 4 h (relative cell index). Data are mean + SEM

(hexaplicates/group); t-test (p: p-value). Right panel: Doubling time of ET cell lines with

constitutive CHM1 knock-down and control cells. Data are mean + SEM of two independent
experiments/cell line (hexaplicates/group); t-test (*p < 0.05; **p < 0.005).

In contrast, stable suppression of ITM2A did not clearly affect the proliferative behavior
and thus the doubling time of ET cell lines (see Figure 41). Only in A673 cells, ITM2A

knock-down induced a slightly increased proliferation, as shown in Figure 41.
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Figure 41: Proliferation assay of ET cell lines constitutively transfected with
ITM2A

Left panel: Analysis of proliferation of constitutively ITM2A infected ET cell lines with
xCELLigence. Cellular impedance was measured every 4 h (relative cell index). Data are mean
+ SEM (hexaplicates/group); t-test (p: p-value; n.s.: not significant). Right panel: Doubling time
of ET cell lines with stable ITM2A knock-down and control cells. Data are mean + SEM of two
independent experiments/cell line (hexaplicates/group); t-test (*p < 0.05).

To examine whether BRICHOS-family genes influence cell cycle progression, CHM1 or

ITM2A were constitutively down-regulated in different ET cell lines, incubated with PI
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overnight and analyzed by flow cytometry (see 3.10). As seen in Figure 42, neither

CHM1 knock-down, nor ITM2A knock-down influenced the different replication phases.
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Figure 42: Cell cycle progression in ET cell lines with CHM1/ITM2A knock-down
Left panel: Representative example of cell cycle progression in TC-71 cells after stable CHM1
or ITM2A knock-down and respective controls. Right panel: Summary of two independent cell

cycle distribution analyses of CHM1 and ITM2A shRNA infectants in A673, SK-N-MC and TC-71
cells by PI staining and flow cytometry.

Subsequently, the effect of CHM1 and ITM2A knock-down on in vitro contact-
independent growth capacity was analyzed by colony formation assay using
methylcellulose-based media (see 3.14). Three ET cell lines with constitutive CHM1 or
ITM2A suppression were tested in duplicates and colonies were counted using the
image-processing package Fiji after incubation for 14 days. As shown in Figure 43,
constitutive CHM1, as well as ITM2A, knock-down significantly decreased contact-
independent growth capacity in all three ET cell lines.
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Figure 43: Colony formation assay after constitutive CHM1 or ITM2A knock-down
Analysis of anchorage-independent colony formation in methylcellulose of stable pSIREN“""-,
pSIREN™?A. and pSIREN"™®™Ainfected ET cell lines. Left panel: Macrographs show a
representative experiment with SK-N-MC. Right panel: Number of counted colonies using Fiji.

Data are mean + SEM of three independent experiments (duplicates/group); t-test (*p < 0.05;
**p < 0.005; ***p < 0.0005).
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Based on these in vitro results further experiments were designed to examine whether
the suppression of CHM1 or ITM2A affects tumorigenicity and metastasis in vivo.
Different ET cell lines with constitutive CHM1 or ITM2A knock-down and respective
controls were first injected subcutaneously into the inguinal region of immunodeficient
Rag2”yc” mice and tumor growth was analyzed (see 3.17). As seen in Figure 44,
CHM1 knock-down delayed local tumor growth in both ET cell lines, but not as strong

as expected looking at the proliferative behavior of the cells (see Figure 40).
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Figure 44: Kaplan-Meier plot of local tumor growth experiment with CHM1 knock-
down

Left panel: Evaluation of tumorigenicity of constitutive A673 and TC-71 CHM1 shRNA
infectants in immune deficient mice (3 - 5 mice/group). Mice with an average tumor size > 10
mm in diameter were considered as positive and sacrificed. Experiments with A673 cells were
performed by Dr. Annette Fasan. Right panel: Quantification of CHM1 mRNA levels of tumor
samples post ex vivo using gqRT-PCR (*p < 0.05; ***p < 0.0005).

After ITM2A knock-down, local tumor growth was significantly increased compared to
injection with pSIREN"%""A transfected A673 or SK-N-MC cells (see Figure 45). This
observation is in line with the proliferative behavior of ET cell lines after ITM2A knock-

down (see Figure 41), but nevertheless surprisingly, because ITM2A is up-regulated in
ETs.
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Figure 45: Kaplan-Meier plot of local tumor growth with ITM2A knock-down

Left panel: Evaluation of tumorigenicity of constitutive A673 and SK-N-MC ITM2A shRNA
infectants in immunodeficient mice (3 - 5 mice/group). Mice with an average tumor size > 10
mm in diameter were considered as positive and sacrificed. Right panel: Quantification of
ITM2A mRNA levels of tumor samples post ex vivo using gqRT-PCR (***p < 0.0005).

As previously described in the doctoral thesis of Dr. Annette Fasan [236], CHM1 knock-
down significantly reduce the amount of lung metastases compared to control cells in
AG673 cells. However, no differences could be observed in liver and kidney colonization.
This result could be confirmed in a second cell line, even though CHM1 knock-down
led to a small decrease in the amount of liver metastases in TC-71 cells (data not

shown).

To examine the effects of ITM2A on ET metastasis, different ET cell lines constitutively
transfected with ITM2A and nonsense shRNA were injected into the tail veins of Rag2”
yc” mice to analyze metastasis (see 3.17). As shown in Figure 46, suppression of
ITM2A in A673 cells clearly decreased the number of lung metastases, with a
simultaneous enlargement of the metastatic area. This observation is in line with the in
vitro results, because although knock-down of ITM2A significantly suppressed contact-
independent colony formation compared to pSIREN"%"N* transfected cells (see Figure
43), the proliferation is increased after ITM2A suppression (see Figure 41). With regard
to liver metastases, different ET cell lines showed different results. While ITM2A knock-
down slightly increased the number of liver metastases in A673 cells, suppression of
this gene significantly reduced the metastatic behavior in SK-N-MC cells (see Figure
46). Furthermore, suppression of neither CHM1 nor ITM2A exhibited bone metastases,

similar to the respective controls (see Table 20).
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Figure 46: Analysis of affected organs after injection into the tail vein of Rag2™
yc” mice after ITM2A knock-down

Analysis of metastatic potential of A673 and SK-N-MC cells with stable ITM2A knock-down and
controls (pSIREN"9F": 4 mice/group). All macroscopically visible metastases in lungs, livers,
kidneys and ovaries were confirmed by histology. The left panel demonstrates lung and liver
with extend metastasis (arrow) and the right panel depicts lung and livers with metastasis after
pSIREN'T'VI2A injection (H&E; scale bar 5mm or 2mm).

Table 20: Number of apparent metastases after ITM2A knock-down

average number of apparent metastases per mouse

A673 SK-N-MC
pSIRENnegsiRNA pSIRENITMZA pSIRENnegsiRNA pSIRENITMZA
liver 3 4 33 6
lung 95 50 0 0
kidney 0 0 1 0
ovary 1 0 0 0
summary 99 54 34 6

Analysis of metastatic potential of A673 and SK-N-MC cells with stable ITM2A knock-down
and controls (pSIREN"®"NA- 4 mice/group). All macroscopically visible metastases in lungs,
livers, kidneys and ovaries were counted and an average number of apparent metastases
per mouse is shown. Decimal numbers will be rounded up.

4.3.2. Invasiveness is regulated by MMPs after CHM1 or ITM2A knock-

down

To better understand the metastatic behavior of ET cells after suppression of CHM1 or
ITM2A, in vitro cell invasion was analyzed in different ET cell lines, stably transfected
with pSIREN®"™ or pSIREN'™?2* and pSIREN""N* " ysing Matrigel-covered transwell
assays (BioCoat™ Angiogenesis System; see 3.15). As expected, CHM1 knock-down
suppressed the invasive potential of all three ET cell lines; especially of SK-N-MC cells

(see Figure 47). In contrast, down-regulation of ITM2A increased the number of
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invasive cells in A673 and TC-71 cells, as shown in Figure 47. Only in SK-N-MC cells,
ITM2A knock-down clearly decreased cell invasiveness through Matrigel. These in vitro
results accurately represented the observed metastatic spread of ET cell lines after
ITM2A knock-down into the liver, which might indicate, that Matrigel-covered transwell
assay (BioCoat™ Angiogenesis System) is only useful to predict the invasive potential
resulting in liver metastases in vitro. A similar interpretation of the results after CHM1 or

DKK2 knock-down seems possible.
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Figure 47: Analysis of invasiveness in ET cell lines through Matrigel after
BRICHOS gene knock-down

Analysis of invasiveness of ET cell lines A673, SK-N-MC and TC-71 through Matrigel after
transfection with specific CHM1 (left panel) or ITM2A (right panel) and nonsense shRNA
constructs. Data are mean + SEM of two independent experiments; t-test (**p < 0.005).

As previously demonstrated MMPs, especially MMP1, are important for ET
invasiveness in vitro (see Figure 17 and [153,186—-188]). To examine, if the reduced
invasiveness after CHM1 or ITM2A knock-down is also influenced by MMPs, mRNA
expression of MMP1, MMP7 and MMP9 was analyzed using qRT-PCR (see 3.4). As
shown in Figure 48, only MMP9 was suppressed in all three ET cell lines after knock-
down of CHM1 compared to pSIREN"%RNA " After suppression of ITM2A, expression
levels of MMP1, MMP7 as well as MMP9 were reduced in A673 and TC-71 cells and
increased in SK-N-MC cells (see Figure 48), which is in line with the results of the

invasion assay (see Figure 47).
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Figure 48: Expression levels of different MMPs after CHM1 or ITM2A knock-down
Detection of MMP mRNA expression levels in A673, SK-N-MC and TC-71 cells after constitutive
CHM1 (left panel) or ITM2A (right panel) knock-down using qRT-PCR. MMP1: matrix
metalloproteinase 1; MMP7: matrix metalloproteinase 7; MMP9: matrix metalloproteinase 9;
CHM1: chondromodulin 1; ITM2A: integral membrane protein 2A. NTC: non template control.
Data are mean + SEM of two independent experiments; t-test (*p < 0.05; **p < 0.005; ***p <
0.0005).

To further investigate the role of MMP9 in ET invasion, A673 and SK-N-MC cells with
transiently down-regulated MMP9 (MMP9_3 and MMP9_6 siRNAs; see supplementary
Figure 58) and control siRNA were analyzed using Matrigel-covered transwell assays
(BioCoat™ Angiogenesis System; see 3.15). As shown in Figure 49, MMP9 knock-
down significantly reduced the invasive behavior of both ET cell lines. This observation
indicates that MMP9 seems to be an important factor in the regulation of the invasive
potential of ET cell lines after suppression of BRICHOS-family genes. Additionally in
the case of ITM2A, MMP1 might influence invasiveness, too (see Figure 17, Figure 47
and Figure 48).
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siRNAs) and nonsense siRNA (neg.control).
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80 *

*k%*

60

relative invasion (%)

20

0 T T
neg.control MMP9_3 MMP9_6

97



RESULTS

To further analyze cell invasion and migration, expression of a series of integrin and
adhesion molecules were tested in A673, SK-N-MC and TC-71 cells with constitutive
CHM1 or ITM2A knock-down using flow-cytometric analysis (see 3.11 and Table 7). As
demonstrated in Table 21, only CD49d expression was increased after CHM1

suppression.

Table 21: Flow-cytometric analysis of integrin and adhesion molecule expression
after CHM1 knock-down

Integrin / A673 SK-N-MC TC-71

:‘3223: pSIREN™™"A | pSIREN™" | pSIREN"® ™" | pSIREN®™" | pSIREN™®""A | pSIREN
CD29 g1 ++ ++ ++ ++ ++ ++
CD4%a | a1l (+) (+) - - (+) (+)
CD49b | a2 (+) (+) - - (+) (+)
CD49c a3 - - - - - -
CD49d a4 - + - (+ ) + ++
CD4%¢ | a5 ++ ++ ++ ++ ++ ++
CD49f a6 + + - - (+) (+)

Expression of a series of integrin and adhesion molecules in different ET cell lines after
constitutive CHM1 suppression using flow-cytometric analysis. Semi-quantitative evaluation:
— =no, (+) = faint, + = moderate, and ++ strong expression.

After constitutive down-regulation of ITM2A no differences in integrin and adhesion
molecule expression were observed compared to pSIREN"%"N* transfected cells (see
Table 22).

Table 22: Flow-cytometric analysis of integrin and adhesion molecule expression
after ITM2A knock-down

Integrin / A673 SK-N-MC TC-71

?ndor:zi:]olz pSIRENnegsiRNA pSIRENITMZA pSIRENnegsiRNA pSIRENITMZA pSIRENnegsiRNA pSIRENITMZA
CD29 B1 ++ ++ ++ ++ ++ ++
CD49%9a | a1 (+) (+) - - (+) (+)
CD4%b | a2 (+) (+) - - (+) (+)
CD49c a3 - - - - - -
CD49d a4 - - - _ + +
CD4% | a5 ++ ++ ++ ++ ++ ++
CD49f a6 + + - - (+) (+)

Expression of a series of integrin and adhesion molecules in different ET cell lines after
constitutive ITM2A suppression using flow-cytometric analysis. Semi-quantitative evaluation:
— =no, (+) = faint, + = moderate, and ++ strong expression.
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4.3.3. Knock-down of CHM1 and ITM2A increase bone invasiveness in
vitro and in vivo

As previously demonstrated, the BRICHOS-family genes do not behave in the same
manner in respect to general tumor growth, metastasis and invasiveness. Thus, the
influence of the bone-associated genes CHM1 and ITM2A on osteotropism was
examined. Therefore, expression levels of previous genes associated with homing,
invasion and colonization to bone (CXCR4, PTHrP, RUNX2 and TGFf; [188,221-230])
were analyzed in pSIREN“"'. pSIREN™?%A. and pSIREN"®""Atransfected ET cell
lines using qRT-PCR. As demonstrated in the upper panel of Figure 50, suppression of
CHM1 clearly reduced the expression levels of CXCR4 and RUNX2, but at the same

time slightly increased the mRNA levels of TGFB and PTHrP, whereas PTHrP-increase
was especially observed in SK-N-MC cells. After ITM2A knock-down, the expression of
all four genes was significantly reduced in SK-N-MC and TC-71 cells (see Figure 50).

Only in A673 cells, down-regulation of ITM2A increased the mRNA expression levels of
CXCR4 and PTHrP, as shown in the lower panel of Figure 50.
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Figure 50: Expression of genes associated with bone colonization after CHM1 or

ITM2A knock-down

qRT-PCR of ET cell lines constitutively transfected with pSIREN“™" or pSIREN'""** and
pSIREN"®RNA  CXCR4: chemokine, cxc motif, receptor 4; PTHrP: parathytroid hormone-like
hormone, PTHLH; RUNX2: runt-related transcription factor 2; TGF: transforming growth factor,
beta-1; CHM1: chondromodulin 1; ITM2A: integral membrane protein 2A. NTC: non template
control. Data are mean + SEM of three independent experiments; t-test (*p < 0.05; **p < 0.005;

*** < 0.0005).
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Due to these ambiguous results, further in vivo analyses seemed necessary to
determine the role of CHM1 and ITM2A in the process of colonization and invasion to
bone, as well as osteolysis. Therefore, constitutively CHM1 or ITM2A transfected A673
cells were injected into the tibiae of immune deficient Rag2”yc” mice and bone
infiltration and destruction was analyzed by X-ray radiography and histology (see 3.17).
Interestingly, CHM1 as well as ITM2A knock-down showed no significant decrease in
bone colonization and infiltration in vivo, compared to A673 pSIREN"™%RNA cells, as
demonstrated in Figure 51. In all three cases, bone infiltration was observed in about
80 % of the mice investigated (CHM1 and ITM2A: 4 / 5 mice; pSIREN™®RNA: 7 / 8
mice).
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Figure 51: CHM1 or ITM2A knock-down increased bone invasiveness in vivo

Left panel: Analysis of bone invasiveness of constitutive A673 CHM1, ITM2A and nonsense
shRNA infectants in an orthotopic bone xenotransplantation model (5 (CHM1 and ITM2A) and 8
(control) mice/group). Affected bones were assessed by X-ray radiography and histology (H&E,
scale bar 0.5 mm). Right panel: Quantitative summary of mice exhibiting bone infiltration after
intra-tibial injection (%). Data are mean + SEM; t-test.

Furthermore, many mice developed severe osteolytic lesions, regardless of whether
mice were injected with A673 pSIREN"RNA (4 / 8 mice), pSIREN®"™" (2 / 5 mice) or
pSIREN'™2% (3 / 5 mice) cells. Suppression of CHM1 and ITM2A even enhanced the
severity of the osteolytic lesions compared to respective controls, as demonstrated by
the increased amount of osteoclasts in the tumor (see 3.18). As shown in Figure 52,
the amount of osteoclasts was increased by up to 44.4 % after CHM1 (2.05 osteoclasts
/ mm?) or up to 39.4 % after ITM2A (1.98 osteoclasts / mm?) knock-down compared to

AB73 pSIREN"® " tymor samples (1.42 osteoclasts / mm?). Interestingly, in tumors
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injected with A673 pSIREN®"™' and pSIREN'™?* osteoclasts were found all over the
tumor area with an accumulation close to the bone and the edge of the tumor

comparable to control samples.
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Figure 52: TRAP staining in tumor samples with CHM1 and ITM2A knock-down
Left panel: Quantitative summary of the average number of osteoclasts (mm?) in unaffected
bone marrow and tumor samples. Data are mean + SEM of at least two independent samples
(20 segments counted); t-test. Right panel: Analysis of osteolysis of A673 pSIRENCH'\’|1 or
pSIREN'T'\’I2A cells and negative controls in an orthotopic bone xenotransplantation model (5 - 8
mice/group). Affected bones were assessed by histology (TRAP staining, scale bar 0.25 mm or
0.05 mm). CHM1 and ITM2A knock-down significantly enhanced the amount of TRAP-positive
osteoclasts in the tumor and thus increased the osteolytic phenotype.

Although, suppression of DKK2 and at least CHM1 show similar effects in ET
phenotype, more precisely in ET growth and metastasis, the osteotropic behavior is
completely different. Therefore, further analyses were necessary to get more
information about the molecular mechanism of bone invasiveness and osteolysis in
ETs, focusing on the role of the bone-associated genes CHM1 and ITM2A compared to
DKK2.

4.3.4. BRICHOS genes are involved in the chondro-osseous differentiation
of ETs

One possible factor for the increased osteolysis after CHM1 and ITM2A knock-down
might be a better localization to bone in combination with a change in the expression
pattern of cancer cells, also known as osteomimicry. Therefore, three ET cell lines
stably transfected with pSIREN®"™' pSIREN'™?* and pSIREN"®"NA \were incubated

with specific differentiation media to induce chondrogenic or osteogenic differentiation
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(see 3.16.3 and 3.16.4). The differentiation potential was detected by qRT-PCR using
specific marker genes [157]. As shown in Figure 53, expression of the chondrogenic
marker genes COL710A1 and SOX9 was significantly increased after suppression of
CHM1 and ITM2A compared to control cells, already without chondrogenic
differentiation media. After incubation for 21 days, differentiation of pSIREN"®SRNA.
transfected cells into the chondrogenic lineage was successful, as demonstrated by the
increased expression levels up to 79 % for COL10A1 and up to 62 % for SOX9 (see
Figure 53). Although, the expression of these marker genes was generally higher in
knock-down cells, the expression increase after incubation with specific media was
significantly reduced after CHM1 and ITM2A silencing for up to 13 — 16 % (CHM1) and
3 -5 % (ITM2A) compared to control cells (see Figure 53).
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Figure 53: Expression of chondrogenic marker genes using qRT-PCR
Chondrogenic differentiation of ET cell lines with specific CHM1, ITM2A and nonsense shRNA
constructs was shown by the expression of specific chondrogenic marker genes COL710A1
(collagen, type X, alpha-1) and Sox9 (sry-box 9) using qRT-PCR. Data are mean + SEM of two
independent experiments; t-test (p: p-value).

Similar to chondrogenic differentiation, expression levels of the osteogenic
differentiation markers COL1A1 and OPN [157] were increased after BRICHOS-family
gene knock-down under normal culture conditions, at least for A673 cells which were
used in the in vivo experiment (see Figure 54). Interestingly, no differences were
observed in the expression increase of the early marker gene COL1AT (42 - 47 %)
after incubation for 14 days in osteogenic differentiation media. In contrast, increase of
the mRNA levels of the late marker gene OPN was higher in cells transfected with
control shRNA (75 %), than in CHM1 (53 %) or ITM2A (56 %) knock-down cells, as
demonstrated in Figure 54. But due to the higher gene expression under normal
conditions, ET cell lines with CHM1 or ITM2A knock-down seemed to be more

differentiated than respective controls, especially in the chondrogenic lineage.
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Figure 54: Expression of osteogenic marker genes using qRT-PCR

Analysis of osteogenic differentiation of ET shRNA infectants. Expression of the early (COL1AT:
collagen, type I, alpha-1) and late (OPN: secreted phosphoprotein 1, SPP1) marker genes was
shown by gqRT-PCR. Data are mean + SEM of two independent experiments; t-test (p: p-value).

Because suppression of CHM1 and ITM2A enhanced the differentiation status of ET
cell lines, shown by increased expression of chondrogenic and osteogenic marker
genes, BRICHOS-family genes might be important for the maintenance of an
undifferentiated phenotype of tumor cells. To further examine this hypothesis
expression of different stem cell genes, namely atp-binding cassette, subfamily g,
member 2 (ABCG2, [237]), homeobox transcription factor nanog (NANOG, [238]) and
prominin 1 (PROM1, [239]), were analyzed in three ET cell lines with CHM1 or ITM2A

knock-down and respective controls. As shown in Figure 55, knock-down of CHM1 and
ITM2A decreased expression of at

least two stem cell genes compared to
pSIREN"RNA_transfected cells.
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Figure 55: Expression of stem cell genes after CHM1 or ITM2A knock-down

mRNA levels of atp-binding cassette, subfamily g, member 2 (ABCG2), homeobox transcription
factor nanog NANOG and prominin 1 (PROM1) in ET cell lines constitutively transfected with
pSIREN“"™T pSIREN"™?* and pSIREN"*""A vere analyzed by qRT-PCR. NTC: non template

control. Data are mean + SEM of three independent experiments; t-test (*p < 0.05; **p < 0.005;
***p < 0.0005).
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4.3.5. HIF1a, IL6, JAG1 and VEGF are important for osteolysis in ETs

Another obvious factor for the increased osteolytic phenotype of ET cell lines in vivo
might be the different regulation of genes important for osteoclastogenesis and
osteolysis by CHM1 and ITM2A. Although no significant differences so far were
observed in the expression levels of genes associated with osteolysis (RUNX2, PTHrP
and TGFpB, [224-226,229,230]) seven additional genes associated with the osteolytic
phenotype (M-CSF, RANKL, OPG, HIF1a, IL6, JAG1 and VEGF) were analyzed in
pSIREN®"'. pSIREN™?A. and pSIREN"®"MA transfected ET cell lines using qRT-
PCR (see 3.4 and Table 11). Interestingly, the main components of osteoclast
maturation (M-CSF, RANKL and OPG) exhibited a contradictorily expression pattern

(see Figure 56). For example, knock-down of CHMA1 significantly enhanced the

expression of RANKL as well as the mRNA levels of its antagonist OPG. Furthermore,

MRNA expression of M-CSF was enhanced in A673 cells but rather decreased in SK-
N-MC cells after suppression of CHM1 and ITM2A.
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Figure 56: Expression of M-CSF, RANKL and OPG after CHM1 and ITM2A knock-

down

Expression levels of M-CSF, RANKL and OPG in three different ET cell lines after constitutive
suppression of CHM1 or ITM2A and respective controls. M-CSF: colony-stimulating factor,
macrophage-specific; RANKL: tumor necrosis factor ligand superfamily, member 11; OPG:
tumor necrosis factor receptor superfamily, member 11B; CHM1: chondromodulin 1; ITM2A:

integral membrane protein 2A. NTC: non template control. Data are mean + SEM of two
independent experiments; t-test (*p < 0.05; **p < 0.005; ***p < 0.0005).
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In contrast, CHM1 as well as ITM2A knock-down significantly increased the expression

levels of the other osteolytic genes HIF1a, IL6, JAG1 and VEGF [188,233-235] (see

Figure 57), which could explain the severe osteolytic lesion observed in vivo (see
Figure 51 and Figure 52).
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Figure 57: mRNA levels of osteolytic genes after CHM1 or ITM2A knock-down

Different ET cell lines with constitutive CHM1 or ITM2A knock-down and respective control were
analyzed by qRT-PCR. HIF1a: genes hypoxia-inducible factor 1, alpha subunit; IL6: interleukin
6; JAGT:. jagged 1; VEGF:. vascular endothelial growth factor receptor 1, CHMT:
chondromodulin 1; ITM2A: integral membrane protein 2A. NTC: non template control. Data are
mean + SEM of two independent experiments; t-test (*p < 0.05; **p < 0.005; ***p < 0.0005).

105



DISCUSSION

5. Discussion

5.1. Overexpression of bone-associated genes in Ewing tumors

ETs are primarily osteolytic bone tumors, mostly affecting children and young
adolescence, characterized by early metastasis into lungs and bones [62]. Although
prognosis of patients with localized disease has markedly improved in past decades,
metastatic disease — present in about 25 % of ET patients at diagnosis — is usually
associated with fatal outcome [42,45,47-49]. Especially the development of
metastases in bones is a catastrophic event in the clinical course of ET patients
[48,52]. To obtain more information about the fundamental molecular mechanisms of
ET differentiation, invasion and bone localization, microarray data published by Staege
et al. [55] were scanned for genes up-regulated in ETs compared to normal tissue,
which may be important for bone development, formation and bone re-organization.
Thereby, five bone-associated genes were identified (CHM1, CYP26B1, DKK2, ITM2A
and GDF10). Due to high expression in a wide range of different ET samples (> 80 %)
and simultaneously their low expression levels in only a few tissues of the NBA (< 46
%) CHM1, DKK2 and ITM2A have been carefully selected for further investigation.

Because ETs are hardly distinguishable from other small-round-blue-cell tumors like
leukemia, medulloblastoma and neuroblastoma, the author first analyzed, whether the
selected genes are specifically overexpressed in ETs. For this purpose, mRNA
expression of different small-round-blue-cell tumors (807 samples) and diverse ETs
(154 samples) were examined using a comparative study of the amc onco-genomics
software tool (www.amc.com). Furthermore, the results observed were confirmed for
the cell lines investigated in this doctoral thesis using qRT-PCR. As demonstrated
here, CHM1 and DKK2 are exclusively expressed in ET cell lines compared to other
pediatric tumors of the same histological phenotype (see Figure 4 and Figure 5). This
might be important, because there are only a few marker including CD99 antigen, X
chromosome (CD99, [58]), friend leukemia virus integration 1 (FLI1, [60]) and caveolin
1 (CAV1, [61]), which are commonly expressed in ETs and differentiate them from
other small-round-blue-cell tumors on the histological level. As shown by Staege et al.
[55] and in this study, CHM1 belongs to the group of genes with exclusive expression
in almost all ETs that are not expressed at detectable levels in any normal tissue and
therefore might be a good marker, too. Due to the results observed in this doctoral
thesis, DKK2 might be used in routine pathology as an additional marker for ET
diagnosis, based on its exclusive expression in ETs compared to other small-round-

blue-cell tumors (see Figure 4 and Figure 5).
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Since this study is focused on the question, which bone-associated genes, up-
regulated in ETs, are involved in bone localization, invasion and metastasis, the
expression levels of different ETs were analyzed compared to various samples of the
most frequent pediatric bone tumor using gRT-PCR. Expression levels of CHM1, as
well as ITM2A, are only enhanced in ETs, which was in part expected from the
literature [240]. Interestingly, only DKK2 was additionally up-regulated in several
osteosarcoma cell lines, supporting a specific role for DKK2 in bone localization and

invasion (see Figure 5).

5.2. Influence of EWS-FLI1 in the regulation of bone-associated genes

Because ETs are genetically defined by chromosomal translocations that fuse the EWS
gene and a member of the ETS family of transcription factors, an overexpression of
particular genes may indicate that expression of these genes is dependent on the
oncogenic fusion protein. Nevertheless, only 4 of 37 genes, which were found to be
overexpressed in ETs by Staege et al. [55], are known EWS-FLI1 target genes, namely
cholecystokinin (CCK, [241]), cyclin D1 (CCND1, [242]), enhancer of zeste, drosophila,
homolog 2 (EZH2, [152,243,244]) and six-transmembrane epithelial antigen of prostate
(STEAP1, [153]) Two out of the four genes (CCK and CCND1) are indirect targets and
are involved in signaling pathways and gene regulation networks initiated by EWS-FLI1
[62], whereas EZH2 and STEAP1 might be direct targets of the oncogenic fusion
protein [152,153]. Since no or only contradictory (DKK2) data about the EWS-FLI1
regulation of the bone-associated genes investigated are available in the literature, the
influence of this transcription factor on CHM1, DKK2 and ITM2A expression was

examined in this doctoral thesis.

As can be seen in Figure 6, only CHM1 is regulated by EWS-FLI1. Moreover,
constitutive knock-down of CHM1 slightly decreased the expression of EWS-FLI1 in
A673 and TC-71 cells, as well (see supplementary Figure 59), suggesting a mutual
enhancement of the triggered effects. Interestingly, CHM1 is the only one of the three
genes, which is overexpressed in 100 % of ETs investigated by Staege et al., just like
CCND1 and EZH2 [55], two other known EWS-FLI1 target genes. Furthermore it was
published, that CHM1 is also modulated by cell-specific epigenetic mechanisms
[240,245,246] and post-translational modifications [118], as observed in chondrocytes
or mesenchymal stem cells (MSCs). For instance, Aoyama et al. demonstrated, that
expression of CHM1 is regulated by binding of the transcription factor SP3 to the core

promoter region, which is inhibited by methylation of CpG in the target genome
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[240,245]. In addition, activity of SP3 is dependent on the acetylation status of
associated histones, enhanced by E1A-binding protein 300 kDa (p300) and reduced by

the transcriptional repressor YY1 [246].

With regard to DKK2, contradictory data are published. As reported by Miyagawa et al.
[247], EWS-FLI1 might regulate DKK2. However, in line with the findings of Navarro et
al. [248], the author demonstrated that DKK2 expression is independent of EWS-FLI1
(see Figure 6). Only in A673 cells a non-significant decrease in DKK2 mRNA levels
was observed after transient suppression of EWS-FLI1. Microarray analysis with A673
cells performed by Navarro et al. also reiterates that the observed reduction of DKK2
expression is not significant [248]. Furthermore, DKK2 knock-down did not point out
any differences on EWS-FLI1 expression levels compared to respective controls (see
supplementary Figure 59). Variability of findings may depend on the cellular context as
Miyagawa et al. used different ET cell lines than us and Navarro and colleagues
[247,248]. Because EWS-FLI1 does not influence DKK2 mRNA levels, other
mechanisms might be responsible for the regulation of DKK2. As demonstrated for
different tumor entities, DKK2 gene expression is regulated by epigenetic silencing via
CpG island hypermetylation [90,92-95], which could also be important in ETs. In
addition, there are also some genes implicated in the regulation of DKK2, for example
the homeodomain transcription factors paired-like homeodomain transcription factor 2
(PITX2, [249,250]) and cut-like 1 (CUTL1, [251]) both known to play an important role

in development and cell cycle progression.

Similarly to DKK2, ITM2A is not regulated by EWS-FLI1 and vice versa, as shown in
Figure 6 and supplementary Figure 59. In rhabdomyosarcoma, gene expression of
ITM2A is induced by the transcription factor paired box gene 3 (PAXS, [137]). As
published by Schulte et al. [252], PAX3 may be present in most ETs indicating that this
transcription factor might play a role in the regulation of ITM2A in ETs, too.
Furthermore, van den Plas and Merregaert demonstrated that parathyroid hormone-like
hormone (PTHrP) stimulates ITM2A expression, whether it has not yet been definitively
resolved, whether the stimulatory effect is only important at late stages of the
differentiation program or persists for longer periods [130]. In addition, analyses of the
ITM2A promoter region revealed different potential binding sites for SP1, runt-related
transcription factor 2 (RUNX2), sry-box 9 (SOX9) and cAMP response binding element
(CREB) sequences [130,131,253].
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5.3. Role of CHM1, DKK2 and ITM2A in ET pathogenesis

5.3.1. Influence on tumor growth and metastasis in vitro and in vivo

ETs are aggressive solid bone and soft tissue tumors, which metastasize to bone and
lung tissues at a very early stage. Therefore, the author analyzed the role of CHM1,
DKK2 and ITM2A in ET pathogenesis using different in vitro and in vivo assays. The in
vivo assays were performed in NOD/scid or Rag2”yc” mice with a Balb/c background.
These mice are immune deficient, but do not develop endogenous tumors enabling the

analysis of tumor growth and metastasis of xenografted cancer cells [254,255].

First of all it was demonstrated, that CHM1 significantly induces proliferation in vitro
and to a lesser extent in vivo in three different ET cell lines (see 4.3.1), but
nevertheless this gene seems to have different effects dependent on the tumor entity.
For example an overexpression of CHM1 significantly decreases DNA synthesis in
HepG2 and HUVEC cells, but not in HelLa cells, as observed by Mera et al. [126].
Furthermore, CHM1 causes a clear suppression of tumor growth in athymic nude mice
implanted with HepG2 or HT-29 as well as OUMS-27 cells [126,129]. In contrast,
CHM1 enhances the proliferation of ETs in culture dishes and in Rag2”yc” mice, as
demonstrated in Figure 40 and Figure 44. Interestingly, the CHM1-mediated effect on
cell proliferation is clearly stronger in vitro than in vivo. Perhaps, this is because of the
known function of CHM1 as an angiogenesis inhibitor [121-124,129], which could be
demonstrated by the author in ETs, too (see supplementary Figure 60). Angiogenesis
is a multistep process including degradation of the extracellular matrix, migration and
proliferation of endothelial cells and, finally, tube formation, which is necessary to
supply the tumor with sufficient nutrients [256—258]. Because the supply of cells plays
only a limiting role in the in vivo assay, it might be possible, that the CHM1-mediated
growth advantage is reduced by a poorer supplement of the tumor cells. This could

explain the small differences observed in vivo after injection with pSIRENC"'-

or
pSIREN"RNA transfected cells. The effect of CHM1 on anchorage-independent
colony formation seems also be dependent on the cell type. While overexpression of
CHM1 reduces the number of colonies in HepG2 and Hela cells, however without
affecting the extracellular matrix-integrin complexes and their downstream molecules
such as extracellular signal-regulated kinase (ERK), v-akt murine thymoma viral
oncogene homolog 1 (AKT) and glycogen synthase kinase 3 beta (GSK3pB) [126], the
contrary effect is observed in chondrocytes [259,260] and ETs (see Figure 43). As
shown in different other publications, CHM1 also significantly increases the proliferative
behavior of chondrocytes and osteoblasts [119,259-261], which is similar to the effect
observed by the author in respect to ETs (see Figure 40). This is quite interesting,
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since ET cell lines are able to easily differentiate into the chondrogenic or osteogenic
lineage, as demonstrated in this study (see Figure 53 and Figure 54). This may
indicate, that ETs are possibly descending from a mesenchymal stem cell in transition
to a more differentiated phenotype of the chondro-osseous lineage [53-57,62] and thus
behave more like bone-associated cell types (for example chondrocytes and
osteoblasts), than HUVECs or HepG2 cells [126]. Furthermore, CHM1 influences the
metastatic behavior of ET cells in vivo. Especially the development of lung metastases
was significantly decreased after injection with CHM1 knock-down cells, as
demonstrated by Dr. Annette Fasan [236]. Surprisingly, no bone metastases could be
observed after injection of A673, SK-N-MC or TC-71 cells into the tail veins of Rag2”
vc” mice (see 4.3.1; [236]), although several publications demonstrated that this
application method generates bone metastases after injection of ET cells [262-265].
But, there may be several reasons for these results: For example, the use of diverse
mouse strains may explain the differences observed, more precise the absence of
bone metastases in the experimental set-up used in this study. While the author
worked with NOD/scid and Rag2”yc” mice (see Table 13), many other laboratories
used athymic nude mice (Crl/nu/nu(CD1)BR; [263—265]) or another strain of NOD/scid
mice (NOD/LtSz-Prkdc®%/J; [262]). In addition, mice were pretreated in part with anti-
asialo GM1 antiserum to deplete natural killer cells [263] or irradiated with a single
dose of 3.5 Gray from a cobalt 60-unit 1 day before transplantation [262]. Although, the
mouse strains investigated in this study are immune deficient and have only a very
limited natural killer cell activity, maybe the tumor cells can easier metastasize into
bone tissues due to the pretreatment. However, it should be noted, that the amount of
bone metastases observed by other laboratories was very low indicating that the
optimal experimental set-up has not been established so far. Nevertheless, intravenous
injection is a useful tool to analyze the metastatic behavior of ET cells, with the

exception of osteotropism.

With regard to DKK2, the oncogenic effect seems to be dependent on the tumor cells
investigated, too. As shown in this study (see 4.2.1), DKK2 significantly increases cell
proliferation, anchorage-independent growth and the oncogenic phenotype of ETs in
vivo, which correlates with the in vivo findings of Miyagawa et al. observed in another
ET cell line SK-ES1 [247]. However, overexpression of DKK2 decreases proliferation
and colony formation in renal cell carcinoma (RCC) and colorectal cancer (CRC) cells
in vitro [90,92]. In both tumor entities DKK2 is epigenetically silenced by methylation
and function in this cellular context as a Wnt antagonist [71,90,92]. In contrast, DKK2 is
clearly overexpressed in ETs and seems to be a Wnt agonist, as demonstrated in this

study (see 4.2.3). This could be the crucial point explaining the various effects of
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DKK2, because a wide range of different Wnt target genes are involved in the
regulation of cell proliferation, anchorage-independent colony formation and
metastasis. Genes important for the proliferative behavior include, for example,
CCND1, lymphoid enhancer-binding factor 1 (LEF1) or matrix metalloproteinase 7
(MMP7), which are all up-regulated after activation of the Wnt pathway
[110,196,200,266]. Further studies have shown that the Wnt target genes v-myc avian
myelocytomatosis viral oncogene homolog (c-MYC, [112,267]) and insulin-like growth
factor | (IGF1, [268]) promote contact independent growth, while E-cadherin (CDH1),
which was down-regulated by the Wnt signaling pathway, reduces the ability of tumor
cells to grow anchorage independent and to invade through Matrigel [269-272]. These
findings are in line with the significantly decreased proliferative and metastatic behavior
of ETs in vitro and in vivo after suppression of DKK2 observed in this study (see 4.2.1).
Thus, it can be concluded, that a different regulation of the Wnt signaling pathway via
DKK2, which seems to be dependent on the cellular context, might result in a different

oncogenic phenotype.

While CHM1 and DKK2 are very important player in ET pathogenesis, the effect of
ITM2A is not clear. Although, ITM2A significantly promotes anchorage-independent
colony formation, the proliferative behavior of ETs in vitro as well as tumorigenicity in
vivo is decreased by ITM2A (see 4.3.1). This is quite interesting, because ITM2A is
highly overexpressed in ETs, which belong to the group of fast growing tumors. But
ITM2A does not increase the proliferation rate in undifferentiated myoblast C2C12
cells, too, as published by van den Plas et al. [136]. Furthermore, the author
demonstrated that ITM2A clearly increases the number of lung metastases, with a
simultaneous reduction of the metastatic area (see Figure 46). This observation is in
line with the in vitro results, because although ITM2A significantly increases contact-
independent colony formation (see Figure 43), the proliferation rate is decreased by
ITM2A (see Figure 41). Therefore, overexpression of ITM2A might be beneficial to ETs,

however the proliferative behavior is reduced.

5.3.2. In vitro invasion of ETs is regulated by MMPs

Metastatic spread significantly reduces long term survival of patients, because of the
existence of micrometastases, metastatic dormancy and in these context inadequate
therapeutic approaches [49,50,177]. Research into the mechanisms of invasion and

metastasis has accelerated dramatically over the past decade and different possible
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mechanisms were identified [177]. As already mentioned, especially ETs are highly

malignant tumors with early metastasis.

Therefore it is very interesting, that CHM1, DKK2 as well as ITM2A promote the
invasive potential of ETs in vivo, especially metastasis into the lung (see 4.2.1 and
4.3.1). To get more information about the underlying molecular mechanisms of ET
invasiveness, microarray analyses on human Gene ST arrays (Affymetrix), were
performed to identify possible downstream targets that are presumably involved in
metastasis. Although, no genes associated with the metastatic potential of tumor cells
could be identified in the top 30 regulated genes in respect to CHM1 and ITM2A (data

not shown), microarray results reveal some interesting genes for DKK2 (GSE36100).

One possible candidate is CDH1, a key cell-cell adhesion molecule, which is down-
regulated by DKK2 and which has a strong anti-invasive and anti-metastatic role in
tumor progression [177—179]. Possible functional implications include the sequestering
of B-catenin in an CDH1-catenin adhesion complex, leading to inhibition of the
canonical Wnt pathway [179,273]. Other genes associated with invasion and
metastasis, are enhanced by DKK2 such as CD44 - an integral cell membrane
glycoprotein. As CD44 promotes cell proliferation, invasion and migration, it's up-
regulation in ET cell lines may in part explain different other phenotypes observed in
this study, too (see 4.2.1 and 4.2.2, [180-182]). The best-known CD44 ligand is
hyaluronic acid [180]. However, Weber et al. demonstrated that secreted
phosphoprotein 1 (OPN) is another potent ligand of CD44 [181]. OPN is secreted by
tumor cells and promotes bone marrow cell recruitment and tumor formation in bones
[188,274]. Moreover, CD44-OPN ligation may be exploited by tumor cells to enable
OPN-mediated metastatic spread and hyaluronate-dependent growth in newly
colonized tissues such as bones [181]. This could be important, because ETs are
usually bone tumors. In addition, invasion of ET cells may also be promoted by the
intercellular adhesion molecule 1 (ICAM1), which is important for the extravasation of
circulating tumor cells during metastasis [183]. Finally, the matrix metalloproteinases
MMP1 and MMP7, both of which are zinc-dependent endopeptidases with crucial roles
in migration and invasion [186—191], are suppressed after DKK2 knock-down.
Furthermore, Fuchs et al. could show that MMP1 seems to be directly activated by the
ET-associated oncoproteins EWS-FLI1 and EWS-ER81 [275]. Of note, four of the five
validated DKK2 target genes are associated with bone colonization, bone invasion and
osseous differentiation, which is interesting in the pathophysiological context of ETs

that frequently arise in and metastasize into bones.
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As previously reported MMPs seem to be important for the invasive potential of
different tumor cells [177,188] and in particular for ET invasiveness [153]. To further
examine this observation, the invasive behavior of three pSIREN“"™'- pSIRENP**2 or
pSIREN'™?*_transfected ET cell lines was analyzed compared to respective
pSIREN™® N transfected  cells using Matrigel-covered  transwell  assays.
Simultaneously, the author analyzed the invasiveness of ET cell lines after transient
knock-down of different MMPs and the related mRNA expression pattern of MMP1,
MMP7 and MMP9 after suppression of bone-associated genes. Interestingly, only
MMP1 and MMP9 could influence the invasive potential in ETs (see Figure 17 and
Figure 49).

As demonstrated in this study, CHM1 slightly promotes invasiveness when subjected to
Matrigel-covered transwell assays, although the effect of CHM1 in respect to lung
metastasis is much greater in vivo. Moreover, CHM1 enhances the expression levels of
MMP9, but not of the other MMPs investigated, indicating an essential role of MMP9 in
ET invasiveness (see Figure 47 and Figure 48). This observation is confirmed by
different publications, as MMP9 is an important factor associated with invasion in many
other tumor entities, like breast and prostate cancer [276-279]. Only long-term
suppression of MMP9 in complimentary mouse models of pancreatic neuroendocrine

carcinogenesis seems to increase invasion in vivo [280].

DKK2 clearly enhances the invasive behavior of ET cell lines, as well (see Figure 17).
But in contrast to CHM1, DKK2 does not affect the expression of MMP9, but
significantly enhances mRNA levels of MMP1. Thus MMP1 is responsible for the
reduced invasiveness after DKK2 knock-down in vitro. Due to the greater influence of
DKK2 on invasion in vitro and in vivo, the experimental data suggest, that MMP1 is a
stronger regulator of ET invasiveness than MMP9. This suggestion is supported by
Grunewald et al., because MMP1 is an important regulator in STEAP1-mediated tumor
growth on Matrigel, too [153]. However, MMP1 (and MMP9) could not be the only
relevant gene in ET invasion and metastasis, because in SK-N-MC cells the metastatic
potential after DKK2 knock-down is reduced by up to 94 %, in comparison to 48 % after
suppression of MMP1. For that reason, the other DKK2-dependent genes associated
with invasion and metastasis, like CDH1, CD44 and ICAM1, also seem to influence the

metastatic potential in ETs (see Figure 16).

Regarding ITM2A, the number of invasive cells is suppressed in A673 and TC-71 cells,
but increased in SK-N-MC cells (see Figure 47). Furthermore, ITM2A clearly decreases
MMP1 and MMP9 mRNA expression in A673 and TC-71 cells and increases the

expression levels in SK-N-MC cells, suggesting that MMP1 as well as MMP9 influence

113



DISCUSSION

ET invasion. These in vitro results accurately represent the metastatic spread of ET cell
lines into the liver dependent on ITM2A expression (see Figure 46), which might
indicate, that Matrigel-covered transwell assay (BioCoatTM Angiogenesis System) is
only useful to predict the invasive potential resulting in liver metastases in vitro. The
arguments in favor of that are very strong. Due to the structure of hepatic tissue,
macromolecules like tumor cells don’t have to overcome barriers such as membranes
and basal laminas underneath the endothelium. The liver capillaries are instead
surrounded by a discontinuous endothelium composed of liver sinusoidal endothelial
cells (LSEC, [281]), which enable the tumor cells to be passively transported into the
liver. Similarly to liver tissues, a structural barrier, comparable with a membrane, is also
absent in the invasion assay used. This would also explain why influence of CHM1 on
cell invasion is relatively low in vitro, while the effect in vivo is significantly higher in
respect to lung metastases. However, CHM1 slightly promotes liver metastasis, which

is in line with the in vitro results.

5.3.3. DKK2 seems to be a Wnt agonist

Wnt/B-catenin signaling pathway plays important roles in a wide range of
developmental and physiological processes during embryogenesis and in adult
organisms [71,100-103]. Furthermore, this pathway is closely linked to tumorigenesis
[104—-107], including colon cancer, malignant melanoma and prostate cancer, as well
as ETs [84]. As previously reported, members of the dickkopf family typically
antagonize Wnt/B-catenin signaling, by inhibiting the Wnt co-receptors LRP5 and LRP6
resulting in B-catenin degradation [71]. While DKK1 acts as a pure inhibitor of Wnt/(3-
catenin signaling, DKK2 can either function as a Wnt agonist or antagonist, depending

on the cellular context [71,80,81], whereas the role in ETs has still not been resolved.

In this study, the author elucidated for the first time the function of DKK2 in the
regulation of Wnt/B-catenin signaling in ETs, demonstrating that DKK2 seems to be a
Wnt agonist. The expression analysis of different Wnt target genes using qRT-PCR
demonstrated the enhancement of one (CDH17) and a significant suppression of seven
different target genes (CCND1, CD44, EPHB2, ID2, JUN, LEF1 and MMP7 [109-
111,192-201]) in three ET cell lines constitutively transfected with DKK2 shRNA (see
Figure 16 and Figure 18). Additionally, four genes associated with homing and
colonizing into bone as well as osteolysis are also known Whnt target genes, which are
enhanced by DKK2 probably via activation of the Wnt/B-catenin signaling pathway,
namely IL6 [282], JAG1 [283], RUNX2 [284] and VEGF [285] (see Figure 31 and Figure
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33). These experiments gave a first important hint about the agonistic role of DKK2 in
Whnt signaling, but the molecular background so far remains elusive. To get an insight
into the underlying mechanism, the author first focused on the Wnt co-receptor LRP6,
because it was published, that DKK2 can activate canonical Wnt signaling pathway in
the presence of high LRP6 protein concentrations [80—82]. Therefore, the amount of
LRP6 in ET cell lines transfected with pSIREN®*? and pSIREN"%"N* \yas examined
on protein level. Western blot analysis demonstrated that LRP6 is highly expressed in
all ET cell lines investigated and, in addition, that DKK2 even seems to enhance the
amount of this protein (see Figure 19). Further experiments are necessary to verify this
observation and to get more information about the molecular mechanisms involved.
With respect to DKK2-LRP6 interactions, it is yet known, that the extracellular domain
of LRP6 seems to be autoinhibitory, because its depletion yields a constitutively active
receptor [286,287]. Binding of the DKK2 colipase fold to LRP6 may induce a
conformation where this autoinhibition is blocked, leading to receptor activation [80]. In
contrast to DKK2, DKK1 binding to LRP6 via its colipase fold can’'t prevent this
inhibitory effect, because of its DKK_N domain [81], why DKK1 can only act as a Wnt
antagonist. In addition, Wu et al. demonstrated that DKK1 can inhibit Wnt activation via
DKK2-LRP6 [288]. However, expression levels of DKK1 are very low in ETs, as shown
in supplementary Figure 61. Thus, influence of DKK1 on DKK2-LRP6 mediated Wnt-
activation can be neglected. But there is another factor, which can inhibit the receptor
activation via DKK2-LRP6: the high affinity DKK receptor Kremen 2 (KRM2)
[71,82,83,289]. In the presence of KRM2, DKK2 binds with its N-terminus (DKK_N) to
KRM2 and the DKK2-LRP6 receptor complex may be internalized by endocytosis and
thus activation of the Wnt signaling pathway is inhibited [82]. As demonstrated in this
study, KRM2 is only expressed at very low protein concentration in ETs (see Figure
19). Thus DKK2 seems to be able to activate Wnt/B-catenin signaling, which was
expected with regard to the Wnt target gene expression data. These results are also
confirmed by the decreased amount of B-catenin observed in the cytoplasmic and the
nucleic fraction of DKK2 knock-down cells (see Figure 20 and Figure 21). Because
receptor activation of Wnt/B-catenin signaling first results in a cytoplasmatic
stabilization and accumulation of $-catenin, which is then located into the nucleus and
heterodimerizes with the TCF/LEF1 transcription complex to regulate target gene
expression [35,108,290].
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5.3.4. DKK2 knock-down increases apoptosis in ETs

As previously described, microarray analyses on human Gene ST arrays (Affymetrix)
were performed to learn more about the downstream mechanisms of CHM1, DKK2 and
ITM2A. In the first step, the top regulated genes were analyzed more closely,
especially in respect to genes important for metastasis (see 4.2.2 and 5.3.2).
Subsequently, gene set enrichment analysis (GSEA) was used to identify functional
gene families, which are significantly influenced in their entirety after gene knock-down;
even though the single genes are not under the top 30 regulated genes (see

supplementary Figure 62).

Although, CHM1 and ITM2A exhibit no clearly regulated gene sets, which could explain
the oncogenic phenotype of ETs (data not shown), set-to-set analysis of leading edge
top ranked down-regulated gene sets (C5_all, v3.0) reveal a strong over-representation
of gene sets involved in anti-apoptotic pathways after transient suppression of DKK2.
The author could verify these findings in different ET cell lines with constitutive DKK2
knock-down analyzing gene expression of two genes, which were present in the down-
regulated gene sets. Both genes investigated belong to the BCL2-familiy (B-cell
cl/lymphoma 2) of anti-apoptotic proteins and were significantly suppressed after
DKK2 knock-down (see Figure 23). The first one, bcl2-like 1 (BCL2L1), is the protein
product of the larger mRNA of the BCL-X gene [205], which inhibits the release of
apoptogenic cytochrome c through the mitochondrial channel VDAC by binding to it
directly [204]. Furthermore, the NF-kB target gene BCL2L1 blocks the pro-apoptotic
activity of BH3 domain-only proteins, like bcl2-like 11 (BCL2L11) or bh3-interacting
domain death agonist (BID) [203,291-293]. The second anti-apoptotic protein is
myeloid cell leukemia sequence 1 (MCL1), which also seems to be regulated by mir-29
and the tumor suppressor protein SKP1-cullin-1-F-box complex that contains FBW7 as
the F-box (SCF (FBW7)) [294,295]. MCL1 interacts with BCL2L11, BID and bcl2-
associated x protein (BAX) to protect cells from apoptosis [296—298] and has an effect
on cell cycle progression, too [295]. Thus, DKK2-mediated up-regulation of these anti-
apoptotic genes is able to prevent cells from apoptosis leading to a further survival
benefit of ETs. To analyze this observation in more detail, the author demonstrated in
an in vitro assay, that DKK2 really reduces the number of apoptotic and necrotic cells
using the Annexin V-PE Apoptosis Detection Kit I. Moreover, this observation could be
confirmed in various murine lung and liver metastases in vivo by the detection of the
cysteine-aspartic acid protease caspase 3, which is essential in the execution-phase of
cell apoptosis. The results observed are not surprising, because it was previously

reported, that members of the dickkopf family are involved in the regulation of apoptotic
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cell death. In different studies, it could be shown, that both DKK1 and DKK3 are able to
inhibit apoptosis by decreasing caspase activity and by suppression of BAX expression
levels [299-301]. In contrast, Hirata et al. demonstrated that DKK2 inhibits renal cancer
progression through apoptotic pathways [92]. However, DKK2 function as a Wnt
antagonist in renal cancers [92], while in ETs DKK2 is a Wnt agonist as demonstrated
in this study (see 4.2.3). Maybe the different role in Wnt signaling can explain the
diverse phenotypes observed. This supposition is also confirmed by the fact, that some
Whnt target genes up-regulated by DKK2 are also known to inhibit apoptosis, indicating
that DKK2 suppresses cell death not only via the enhancement of defined anti-
apoptotic genes. One of the Wnt target genes increased by DKK2 is CD44 (see Figure
16 and 4.2.3), which inhibits apoptotic cell death possibly through MCL1 in different
tumor entities, for example in colon carcinoma or CLL cells [182,302-304].
Furthermore, ID2 [305], LEF1 [306-308] and VEGF [309-311] are also genes activated
by DKK2 via the Wnt/B-catenin signaling pathway and play an essential role in cell
survival mechanisms (see Figure 18 and Figure 33). In contrast to the current data,
Kang et al. demonstrated that CDH1 mediates suppression of anoikis through
activation of v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 4 (ERBB4)
in ET cell lines grown in spheroid cultures [312]. CDH1 is down-regulated by DKK2
through activation of the Wnt/B-catenin signaling pathway (see Figure 16) and has a
strong anti-invasive and anti-metastatic role in tumor progression [177-179]. Thus it
was expected, that CDH1 rather induces detachment-induced cell death in ETs than
suppresses anoikis, as observed in many other tumor cells [269-271,313]. Perhaps,
the divergent phenotypes result from the different experimental set-up, because Kang
et al. analyzed multicellular spheroids grown in suspension [312], while the author used
adherent ET cell lines. Furthermore, the functional CDH1 downstream target ERBB4 is
not enhanced in ETs after DKK2-mediated CDH1 up-regulation (data not shown,
GSE36100) indicating a different mechanism for the increased expression of ERBB4,

maybe due to the different experimental set-up used by Kang et al. [312].

5.3.5. Suppression of DKK2 influences neuronal differentiation in vitro

In addition to the clustering of the down-regulated gene sets (see Figure 22), set-to-set
analysis of the up-regulated gene sets (C5_all, v3.0) revealed a strong over-
representation of gene sets involved in neuronal differentiation and development after
DKK2 knock-down (see Figure 26). At first, the author could confirm this prediction in
three ET cell lines constitutively transfected with pSIREN"*? using qRT-PCR analysis,

as shown in Figure 27. For this purpose, overexpression of three leading edge genes,
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which are all involved in neurogenesis, were examined, namely glial fibrillary acid
protein (GFAP), nerve growth factor receptor (NGFR) and slit, drosophila, homolog of,
2 (SLIT2). The first one is the intermediate-filament protein GFAP, which is exclusively
expressed in neuronal tissues like immature oligodendrocytes and cells of the astroglial
lineage [207,208] and thus function as a prototype antigen in nervous tissue
identification [314]. NGFR is one of two receptor types of neurotrophins and is
important for neuronal cell survival and differentiation [209-211,315]. The last gene
investigated is SLIT2, which participates in the formation of the nervous and endocrine
systems by protein-protein interactions [212—214] and further inhibits tumor growth and
invasion [316,317]. To further verify the observed data on protein level, neuronal
differentiation assay was performed using stably pSIREN"™%RNAL and pSIRENPRK%
transfected ET cell lines. As demonstrated in this study, only DKK2 knock-down cells
are able to induce the typical neurogenic cell fibers and to fully differentiate into the
neurogenic lineage as demonstrated by the expression of GFAP as well as growth-
associated protein 43 (GAP43), a protein exclusively expressed on the synaptosomal
membrane of nerve tissues [215,216] (see Figure 28). Interestingly, all genes involved
in neurogenesis are not only regulated by DKK2, but are also known EZH2 target
genes, as demonstrated in different tumor cells [317,318], even for ETs [152]. EZHZ2 in
turn is a direct target of EWS-FLI1, as shown by Richter et al. [152]. But as
demonstrated in this study, DKK2 is not regulated by EWS-FLI1 (see Figure 6),
indicating an independent regulatory mechanism of neuronal genes indirectly by EWS-
FLI1 via EZH2 and maybe directly by DKK2. Furthermore, it is possible, that DKK2 in
addition regulate the differentiation potential of ETs indirectly via EWS-FLI1. The
transcription factor RUNX2, which is enhanced by DKK2 (see Figure 31), bind to the
oncogenic fusion protein EWS-FLI1 and blocks the differentiation potential of tumor
cells, especially into osteoblasts [319]. This interaction maybe fostered by a DKK2-
depentend RUNX2 suppression and thus promote the differentiation of ET cells, which
could explain the increased neuronal differentiation of ET cells after DKK2 knock-down
demonstrating that not only EWS-FLI1 driven histone methyltransferase EZH2
influences the differentiation potential of ETs [152]. Conversely, the DKK2 homolog and
putative functional antagonist DKK1 seems to stimulate neurite outgrowth in ET cell

lines, as demonstrated by Endo et al. [320].

5.3.6. Influence of bone-associated genes on angiogenesis

Angiogenesis is a critical factor for tumor growth and metastasis. Like normal tissues,

tumor cells require nutrients and oxygen as well as an ability to evacuate metabolic
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waste and carbon dioxide [177]. Above a tumor size of 1 — 2 mm in diameter passive
diffusion from the preexisting vasculature fails to provide the necessary supply
[177,256-258]. Therefore, the tumor and accessory cells like fibroblasts and
macrophages secrete different factors that induce angiogenesis and to initiate the
“angiogenic switch” [321]. The change from an avascular to a vascular phenotype is a
multistep process including degradation of the extracellular matrix, migration and

proliferation of endothelial cells and, finally, tube formation [177,256—-258].

In previous studies it was demonstrated, that ITM2A [136] and DKK2 [217,299], as well
as other members of the dickkopf family [322—324], promote tube formation in various
tumor entities. Nevertheless, the author could not detect any differences in the
angiogenic behavior of ET cell lines transfected with pSIREN"9F" and pSIRENP*? or
pSIREN'™2* (see Figure 29 and supplementary Figure 63), even though different
DKK2 and ITM2A target genes are also known to influence angiogenesis, for example
MMP1 and VEGF [191,325]. This may have been due to the cell line investigated,
which is hardly differentiable into the endothelial lineage. In contrast, CHM1 is a known
angiogenesis inhibitor responsible for the avascular phenotype of cartilage [121-
124,129]. Knock-down of CHM1 enables the endothelial differentiation of different cells,
which could be also demonstrated by the author for ET cells in a tube formation assay

(see supplementary Figure 60).

5.3.7. Regulation of chondrogenic and osteogenic differentiation in vitro

As demonstrated in this study, bone-associated genes regulate the neuronal and
endothelial differentiation of ETs. Due to the known influence of CHM1
[125,127,261,326], DKK2 [76,85,87] and ITM2A [130,132,133,135] in chondro- and
osteogenesis, it is quite interesting, whether the bone-associated genes investigated
are important for the differentiation into bone lineages, too. Furthermore, the chondro-
osseous differentiation potential of ET cells might also be relevant for tumor pathology,
because osteomimicry is an essential factor for tumor localization in bone [188] and in
addition, 37 % of ET patients show increased intra-osseous density or diffuse sclerosis
[218]. To analyze this question, stably transfected A673, SK-N-MC and TC-71 cells
were incubated with specific differentiation media for up to 21 days and differentiation
was validated by the expression of known marker genes using qRT-PCR (see 3.16.3
and 3.16.4).

To check chondrogenic differentiation capacity in ET cell lines, two specific marker

genes were chosen: SOX9 and collagen, type X, alpha 1 (COL10A1). SOX9 is an early
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transcription factor of chondrogenesis, which aggregates with various other proteins,
like cAMP response element-binding protein 1 (CREB/p300, [327]) or c-musculo-
aponeurotic fibrosarcoma (c-MAF, [328]), and activates the expression of different
collagens (such as COL2A1 or COL10A1), aggrecan and cartilage link protein [157].
COL10A1 is expressed in the late differentiation phase and thus can be used to identify
terminally differentiated hypertrophic chondrocytes [329,330]. As shown in Figure 30
and Figure 53, knock-down of different bone-associated genes significantly reduce the
chondrogenic differentiation potential of all three ET cell lines up to 3 — 5 % (ITM2A)
compared to control cells, although Boeuf et al. observed, that overexpression of
ITM2A inhibits chondrogenic differentiation in MSCs [133]. This observation is in line
with the current knowledge, that the genes investigated, especially ITM2A, are
important for the initiation of chondrogenic differentiation, maturation and proliferation
probably through the regulation of various target genes [76,125,135,136]. For example,
the early phases of chondrogenesis are among other things associated with increased
TGFB [9] and PTHrP expression [19], while the hypertrophic phase is regulated by
RUNX2 and characterized by the expression of COL10A1 (see 1.1). Interestingly, only
expression of RUNX2 is clearly decreased after suppression of CHM1, DKK2 and
ITM2A as demonstrated in this thesis (see Figure 31 and Figure 50). Furthermore,
TGFB and PTHrP are additionally down-regulated after DKK2 and to a lesser extend
after ITM2A knock-down, but suppression of CHM1 does not affect the expression of
TGFB and even enhance the mRNA levels of PTHrP (see Figure 31 and Figure 50).
Thus, chondrogenic differentiation capacity seems to be mainly regulated by RUNX2

and with respect to the early differentiation phases in part via TGFf.

To quantify osteogenic differentiation potential of ETs, expression levels of COL1A1
and OPN were analyzed using qRT-PCR. COL1A1 (collagen, type I, alpha 1) is
activated by the transcription factor RUNX2 and belongs to the early markers of
osteogenic differentiation [253,331]. In contrast, OPN is known to be expressed later in
the differentiation phase [157]. This protein can bind to hydroxyapatite and is involved
in the binding of osteoclasts to the surface of the mineralized bone matrix [22]. As
demonstrated in this doctoral study, the early and late differentiation potential of ET
cells is significantly enhanced by DKK2 (see Figure 30). This is in line with the findings
of Li et al. that DKK2 promotes the expression of OPN in calvarial osteoblasts [87].
CHM1 and ITM2A only influences the osteogenic differentiation capacity of ET cell
lines in the late phase, as measured by the reduced OPN enhancement after CHM1
and ITM2A knock-down (see Figure 54). Due to the lower RUNX2 expression after
CHM1, DKK2 and ITM2A knock-down (see Figure 31 and Figure 50), the observed

effect may be again mediated at least in part by RUNX2 since this protein promotes
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chondrogenic as well as osteogenic differentiation and similarly suppression of RUNX2

abrogates cell differentiation potential [188,319,332].

Furthermore, it is very interesting, that expression of chondrogenic and osteogenic
(especially in A673 cells) marker genes is significantly increased after suppression of
CHM1 and ITM2A compared to control cells, already without specific differentiation
media (see Figure 53 and Figure 54). In contrast, DKK2 knock-down significantly
reduces the expression of known marker genes, as can be seen in Figure 30. The
expression of genes normally restricted to genes within the bone is called osteomimicry
and enables tumor cells to avoid detection by the immune system. Furthermore, the
cells are able to attach to the bone surface and to better colonize and proliferate in the
bone microenvironment as possibly mediated by DKK2 [333]. All characteristics
mentioned may be important in the pathophysiological context of ETs, thus it is
surprising that knock-down of genes up-regulated in ETs (CHM1 and ITM2A) promote
osteomimicry. The enhanced mRNA levels of COL1A1, COL10A1, OPN and SOX9
after CHM1 and ITM2A knock-down further indicate a more differentiated phenotype of
the cells, compared to pSIREN"™%"NAtransfected cells. Perhaps, the strongly
differentiated phenotype of pSIREN®"™'- and pSIREN'™? -transfected ET cells even
under normal culture conditions may additionally inhibit further differentiation into the
chondrogenic and osteogenic lineage, as can be seen in Figure 53 and Figure 54. To
further investigate this question, the author analyzed the expression of different stem
cell genes, namely atp-binding cassette, subfamily g, member 2 (ABCGZ2), homeobox
transcription factor nanog (NANOG) and prominin 1 (PROM1), in ET cell lines
constitutively transfected with pSIREN®™' pSIREN™?* and pSIREN"®RNA The first
one, ABCG2 belongs to the ATP-binding cassette (ABC) superfamily of membrane
transporter and is expressed in a wide variety of stem cells [237]. The membrane-
associated transporter plays an important role in the multidrug resistance phenotype of
many cancer cells by actively exporting a wide variety of drugs across the plasma
membrane [334]. The transcription factor NANOG is able to maintain embryonic stem
cell self-renewal and pluripotency [238]. The last gene investigated, PROM1 (also
known as AC133 antigen) was originally identified as a marker of hematopoietic stem
cells [335,336]. It is a five-transmembrane glycoprotein, which is expressed in
embryonic and adult stem cells as well as cancer stem cells and maintains stem cell
properties by suppressing differentiation [239]. As demonstrated in Figure 55, CHM1
and ITM2A increase the expression of at least two stem cell genes indicating a critical

role of these BRICHOS-genes in maintaining an undifferentiated phenotype of ETs.
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ET cells of origin has not yet been satisfactorily resolved, but possibly ET cells
descending from a mesenchymal stem cell in transition from an undifferentiated state
to a more differentiated phenotype of the neuroectodermal, endothelial or, as
hypothesized here, of the chondro-osseous lineage [53,56,57,62]. As so far
demonstrated by the author, the bone-associated genes investigated are important for
the suppression of the neuronal (DKK2; see 4.2.5) and endothelial (CHM1; see 5.3.6)
differentiation capacity of ETs. Only knock-down of the up-regulated genes, DKK2 as
well as EZH2, can induce the neurogenic differentiation potential of A673, SK-N-MC
and TC-71 cells (see Figure 28; [152]). Similarly, only suppression of CHM1 allows the
differentiation of ET cells into the endothelial lineage (see supplementary Figure 60). In
contrast, ET cell lines are able to fully differentiate along both bone lineages, even if
suppression of CHM1 and ITM2A further enhance the chondrogenic and in part
osteogenic phenotype of the tumor cells as demonstrated by the author (see 4.2.7).
This may indicate, that ETs rather descending from a mesenchymal stem cell in
transition to a more differentiated phenotype of the chondro-osseous lineage, than of

the neuroectodermal or endothelial lineage.

5.3.8. Influence on bone localization and osteolysis in vitro and in vivo

As previously described, ETs frequently arise in and metastasize into bones and
especially the development of metastases in bones is a catastrophic event in the
clinical course of ET patients [48,52]. Even though many other cancers metastasize
into bone, very little is known about the underlying molecular mechanisms that favor
cancer cells osteotropism, meaning an extraordinary affinity for bone tissues. In recent
years some genes were identified, that enabled bone metastasis of different tumor
entities. Among them are secreted phosphoprotein 1 (OPN; [337,338]) a potent ligand
of CD44 [181], cbp/p300-interacting transactivator, with glu/asp-rich c-terminal domain,
2 (CITEDZ2; [339]), hematopoietic cell E-selectin/L-selectin ligand glycoform of CD44
(HCELL, [340,341]), cAMP response element-binding protein 1 (CREBT; [342]) and
secreted protein, acidic, cysteine-rich (SPARC; [343]).

Since none of the studies have been carried out in ETs, the author analyzed the mRNA
expression of various genes, which are known to be involved in preparing the pre-
metastatic niche, homing and invasion to bone as well as in local and metastatic tumor
growth in bones [188], in different ET cell lines constitutively transfected with
pSIREN®". pSIRENPX¥2. pSIREN™?A. and pSIREN"™"N  Among them are also
some target genes of CITED2 (TGFB1, PTHrP; [339,344]) and CREB1 (PTHrP; [342]),
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as well as two additional genes important for osteotropism (CXCR4 and RUNX2).
CXCR4 (chemokine, cxc motif, receptor 4) is expressed on cancer cells and facilitates
tumor cell homing into and colonization of bones through increased avp3 expression
[188,345]. Furthermore, high CXCR4 expression seems associated with poor
prognosis in ET patients [223]. The transcription factor RUNX2 affects cancer cell
invasion, chondro-osseous differentiation and osteolysis [188,319,332] and can bind to
the oncogenic fusion protein EWS-FLI1 [319]. As can be seen in Figure 50,
suppression of CHM1 clearly reduces the expression of CXCR4 and RUNX2, but at the
same time increases the mRNA levels of TGF and PTHrP. This might be important,
because TGFf has a central role in promoting bone metastasis and tumor expansion in
bone, in part via regulation of PTHrP [188,230,231]. The tumor produced protein
PTHrP can further promote osteotropism by enhancing the production of local factors in
the bone marrow, such as chemokine, cc motif, ligand 2 (CCL2) either directly or
indirectly through increased bone resorption [188,224,346]. In contrast, the expression
of all four genes is significantly reduced in ET cells with constitutive DKK2 knock-down
compared to control cells (see Figure 31). Interestingly, CD44 and OPN as well as
MMP1, OPG and VEGF, which are further target genes of CITED2, CREB1 and
SPARC [342,343,347], are also suppressed by DKK2, as demonstrated in this study
(see Figure 16, Figure 30 and 4.2.8). These results can give a first hint, that DKK2 is
not only important for local tumor growth, metastasis and the differentiation potential of
ETs, but also significantly influences the bone-associated phenotype of this tumor.
Knock-down of ITM2A mostly decreases the expression levels of the genes
investigated, too (see Figure 50). Only in A673 cells, expression of CXCR4 and PTHrP
is enhanced after transfection with pSIREN"™?A_ The previous results indicate that at
least DKK2 and ITM2A promote the different aspects important for ET osteotropism in
vitro, more precisely preparing the pre-metastatic niche, homing, colonization, invasion

and metastasis into bone tissues.

To further examine this hypothesis, the author tried to analyze bone metastasis in AG73
and TC-71 cells in vivo. Due to the absent bone metastases and the high amount of
observed liver and lung metastases after intravenous inoculation (see Figure 14 and
Table 17), the author injected different ET cell lines into the left cardiac ventricle of
immune deficient mice to ensure that enough tumor cells reach the bone tissues before
they are passively transported into the liver or actively into the lung. But again, no bone
metastases could be detected (data not shown), even though Gonzalez et al. showed
that EWS-FLI1-transfected murine C3H10T1/2 cells develop osteolytic lesions in
different bone tissues after intra-cardiac injection [348]. However, Gonzalez et al. used

a different mouse model and murine instead of human cells, which considerably limits
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the problems caused by differences in the cell-cell communication of cells originated
from different organisms. Even though it was not possible to generate bone metastases
with the present mouse model, and thus clearly examine ET osteotropism in vivo, the
author established an application model, which can be used to analyze the other
aspects important for osteotropism, especially bone invasiveness and osteolysis. For
this purpose, A673 cells constitutively transfected with pSIREN®"™'- pSIRENPK¢Z
pSIREN'™2?A and pSIREN"RNA were injected into the medullary cavity of the right
tibiae of immunodeficient Rag2”yc” mice. As expected, knock-down of DKK2
significantly reduces the osteogenic behavior of A673 cells compared to respective
controls. As can be seen in Figure 34, only 25 % of the mice injected with A673
pSIRENPK¥? cells exhibited an infiltration of tumor cells into bone, whereas bone
infiltration could be observed in 87.5 % of the respective controls. Opposed to it CHM1
as well as ITM2A knock-down exhibit no significant differences in bone colonization

NnegsiRNA

and infiltration in vivo, compared to A673 pSIRE cells (see Figure 51). This is
quite surprising, because CHM1 significantly increases the proliferative and invasive
behavior of ET cells in different other in vitro and in vivo assays. However, the author
could demonstrate that CHM1 slightly decreases the expression of PTHrP and TGFg,
both important genes for osteotropism (see Figure 50), maybe indicating that CHM1
plays a special role in the regulation of the chondro-osseous phenotype of ETs.
Moreover, PTHrP is also down-regulated by ITM2A at least in A673 cells (see Figure
50), which were used for the in vivo experiments. In contrast, DKK2 significantly
enhances the mRNA levels of PTHrP as well as TGFB compared to pSIREN"®9RNA
transfected cells, as can be seen in Figure 31. These results indicate that PTHrP is an
important player in respect of colonization and bone invasiveness in ETs and that
decreased expression of PTHrP compensates the CHM1-mediated effect on
proliferation and metastasis. Perhaps, the role of PTHrP is mediated through the
enrichment of local, osteogenic factors in the bone marrow [188,224,346], which leads
not only to a more suitable pre-metastatic niche, but also to an enhanced bone

invasiveness.

Another possible explanation for the strong bone invasion after CHM1 and ITM2A
knock-down could be a better attachment of the tumor cells to the bone surface.
Attachment to the bone matrix is facilitated by the integrin avB3 and OPN, which are
normally expressed from osteoclasts [22]. But in A673 cells, suppression of CHM1 and
ITM2A significantly enhance the mRNA levels of OPN, as demonstrated by the author
(see Figure 54). Moreover, suppression of ITM2A promotes integrin avf3 expression
via the up-regulation of CXCR4 in A673 cells [345]. As mentioned before, the ability of

tumor cells to express genes typical for bone-associated cells is called osteomimicry
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[333]. This ability enables tumor cells on the one hand to better attach to the bone
surface and on the other hand to colonize and proliferate in the bone microenvironment
more easily. In addition to OPN, osteocalcin (BGLAP) is also an important player of
osteomimicry, as shown for prostate cancer by Huang et al. [349]. BGLARP is the only
gene that is normally expressed in osteoblasts but not in other extracellular matrix
producing cells [350]. Interestingly, expression of this gene is significantly enhanced in
A673 cells after CHM1 and ITM2A knock-down compared to control cells (see
supplementary Figure 64). Of note, suppression of DKK2 further decreases BGLAP
MRNA levels indicating that DKK2 promotes osteomimicry in ET cells, while CHM1 and
ITM2A rather suppress the ability of tumor cells to express genes typically for bone-

associated cells.

Interestingly, not only in vivo bone invasiveness is different in ET cells transfected with
CHM1, DKK2 or ITM2A, but also osteolysis (see Figure 34 and Figure 51). To quantify
the osteolytic lesions, the amount of osteoclasts was detected by tartrate-resistant acid
phosphatase staining (TRAP staining) and the TRAP-positive cells were counted. As
expected, DKK2 knock-down significantly reduces the osteolytic phenotype of ETs.
Only one mouse injected with DKK2 knock-down cells developed extensive osteolytic
lesions compared to four mice injected with A673 pSIREN"%"N* cells. Furthermore,
the pSIRENP*?_mediated lesions were smaller and less destructive than the lesions
caused by control cells, as demonstrated by the reduced number of osteoclasts up to
75.4 % (see Figure 35). Interestingly, the main part of the osteoclasts could be
detected not only close to bone tissues as expected, but also on the whole outer border
of the tumors. In contrast, suppression of CHM1 and ITM2A even enhances the
severity of the osteolytic lesions. As shown in Figure 52, the amount of osteoclasts was
increased by a half after CHM1 or ITM2A knock-down compared to A673
pSIREN"RNA tumor samples. Interestingly, in tumors injected with A673 pSIREN®HM
and pSIREN'™2A osteoclasts were found close to the bone and the edge of the tumor
comparable to samples injected with AB73 pSIREN™%RN and pSIRENP*? but

additionally all over the tumor area.

To analyze the underlying molecular mechanisms of the osteolytic behavior of ET cells,
the author examined the expression levels of different genes known to be involved in
osteoclastogenesis and osteolysis. These include among other things genes, which are
also influenced in homing, colonization and invasion into bones, like RUNX2, PTHrP as
well as TGFB. As described above, only PTHrP seems to play a crucial role in the
osteogenic phenotype of ET cells, because this gene is up-regulated after CHM1 and

ITM2A knock-down at least in A673 cells and subsequently reduced after suppression
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of DKK2 (see Figure 31 and Figure 50). In the context of osteoclastogenesis and
osteolysis, the interaction of tumor necrosis factor ligand superfamily, member 11
(RANKL) and osteoprotegerin (OPG) is further very interesting. Thus, gene expression
of RANKL, its antagonist OPG and an important osteoclast survival factor colony-
stimulating factor, macrophage-specific (M-CSF) were examined in different ET cell
lines with constitutive CHM1, DKK2 or ITM2A knock-down and respective controls. In
line with the in vivo results, DKK2 significantly decreases mRNA expression of OPG
and at the same time increases the amount of the two cytokines RANKL and M-CSF,
which are essential and sufficient for osteoclastogenesis (see Figure 32). Interestingly,
an increase in locally active RANKL can be further achieved directly by MMP7 [186] or
indirectly by MMP1 [187]. As demonstrated, DKK2 enhances the expression of RANKL
as well as of both matrix metalloproteinases (see Figure 16). Suppression of CHM1
and ITM2A exhibit a contradictorily expression pattern, since the antagonists RANKL
and OPG are always influenced in the same manner (see Figure 56). For example,
knock-down of CHM1 significantly enhances the expression of RANKL, MMP1 and
MMP7, but also the mRNA levels of OPG. Furthermore, mRNA expression of M-CSF is
enhanced in A673 cells but rather decreased in SK-N-MC cells after CHM1 and ITM2A
knock-down. These results confirm the crucial role of DKK2 in ET osteolysis, but do not
sufficiently explain the enhanced amount of osteolytic lesions observed after CHM1 or
ITM2A down-regulation, maybe indicating that other genes are influenced in the

osteolytic behavior of ETs, too.

For that reason, the author analyzed the expression of further osteolytic genes
hypoxia-inducible factor 1, alpha subunit (HIF1a), interleukin 6 (IL6), jagged 1 (JAG1)
and vascular endothelial growth factor (VEGF) in different ET cell lines after
transfection with pSIREN®"™'  pSIREN*?,  pSIREN"™?* and pSIREN"RNA,
Expression of the transcription factor HIF1a inhibits osteoblast differentiation and
enhances the differentiation and maturation of osteoclasts, in part via VEGF and
CXCR4 [188,233,234]. Furthermore, Guan et al. could show that VEGF increases
RANKL promoter activity in ETs leading to induced bone lysis [351]. The next gene
important for osteolysis is JAG7, a potent downstream mediator of TGF3, which
promotes osteolysis in breast cancer cells by activating the NOTCH signaling pathway
leading to increased IL6 expression [235,352]. IL6 is a pro-proliferative cytokine, which
promotes tumor growth [353]. As expected due to the previous results, DKK2 knock-
down significantly decreases the expression of all four genes investigated (see Figure
33). In contrast, suppression of CHM1 and ITM2A clearly enhance the levels of HIF1q,
IL6, JAG1 and VEGF compared to control cells. These findings clearly indicate that

these four genes are crucial for the enhanced osteolysis observed in vivo and that
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DKK2 plays an essential role in ET osteolysis via the regulation of different genes
involved in the activation of osteoclasts and the release of further osteolytic genes in

the bone microenvironment.

5.4. Clinical implications - importance of bone-associated genes in ETs

In addition to various in vitro and in vivo assays, the clinical implications of bone-
associated genes investigated here are very interesting to completely understand the
role of CHM1, DKK2 and ITM2A in ET pathogenesis. Due to the absence of applicable
antibodies for CHM1 and ITM2A, only the role of DKK2 was further analyzed in the
clinical context. DKK2 is an important player in ET malignancy, especially in ET
metastasis, bone invasiveness and osteolysis, as demonstrated in this study using
different in vitro and in vivo assays. In a pilot study of 19 ET patient samples prior to
treatment, the author could further reveal, that high expression levels of DKK2 correlate
with enhanced bone invasiveness and reduced overall survival (see 4.2.9). Even
though no significant statement could be made due to the small number of samples,
DKK2 may possibly represent a new biomarker for outcome prediction of ET patients.
However, further retrospective and prospective studies are absolutely essential to
obtain significant results and to make a reliable statement. The author further
demonstrated, that tumor infiltration into bone tissues seems to be associated rather
with cytoplasmic DKK2 localization, than with membranous localization (see Table 19).
Possibly, this may indicate that DKK2-mediated bone infiltration is not primarily
regulated by the activation of the Wnt/B-catenin signaling pathway, because in this
case DKK2 would have to be localized on the cell membrane. This hypothesis is in line
with the findings that activation of the Wnt/B-catenin pathway rather promotes
maturation and activation of osteoblasts, than enhances osteoclastogenesis [34,77],
although different genes associated with osteolysis (/IL6, JAG1, RUNX2 and VEGF) are
known Wnt target genes, too [282-285]. However, DKK2 seems to influence another
pathway important for bone development. As previously published, activation of the
NOTCH signaling pathway promotes osteoclastogenesis and osteolysis [33,235,352],
in part mediated by JAG1. Even though this pathway seems to be inactivated in ETs
[354,355], Ban et al. demonstrated, that suppression of EWS-FLI1 reactivates the
NOTCH signaling pathway via enhanced JAG1 expression. Interestingly, DKK2
significantly enhances, among many other genes important for osteoclastogenesis (for
example RANKL and M-CSF [85]; see Figure 32), the expression level of JAG1 (see

Figure 33) and thus seems to indirectly activate the NOTCH pathway leading to severe
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osteolysis. Furthermore, DKK2 itself seems to be a target gene of this pathway, as well
[89].

With regard to the other bone-associated genes investigated (CHM1 and ITM2A), no
clinical studies were carried out so far, explaining why their influence on overall survival
of ET patients is still unknown and thus their suitability as a biomarker for outcome
prediction of ET patients. However, CHM1 may be a potential marker to distinguish ET
samples from other small-round-blue-cell tumors in routine pathology of ET diagnosis,
because of its high and exclusive expression in nearly all ETs (see Figure 3 and Figure
4). As previously discussed (see 5.1), DKK2 might also be a good marker gene in
routine diagnosis, although the suitability of CHM1 and DKK2 to serve as ET marker
genes has to be tested in further experiments and in particular in an adequate number
of patient samples. Moreover, to precisely determine the tumor entity examination of

the oncogenic fusion protein EWS-ETS on molecular level is further unavoidable.

Besides the identification of novel ET marker genes, the main clinical focus is placed
on the improvement of the treatment of ET patients. Although, multimodal treatment of
ET patients with localized disease has markedly improved over the past decades with
the application of systemic chemotherapy in conjunction with either surgery, radiation
therapy or a combination of both [46,356,357], metastatic disease — present in about
25 % of ET patients at diagnosis — is still associated with fatal outcome and can only
rarely be cured by highly toxic therapies [42,45-50,358]. Hence, the development of
more potent and in particular more specific drugs is an urgent need to enhance the
overall survival and to reduce the toxic burden of cure [359]. To date, numerous studies
have been carried out to identify novel ET-specific target genes, which are suitable for
targeted therapy of this highly malignant tumor [357]. The most obvious gene in this
context is the ET-specific oncogenic fusion protein EWS-FLI1, which function as a
transcriptional activator to mediate oncogenic transformation of ET progenitor cells
[360—362]. Thus, direct silencing of EWS-FLI1 by antisense oligonucleotides or siRNAs
seems to be a useful tool in the treatment of ETs [363,364]. Although, elimination of
EWS-FLI1 increases survival of ET xenograft bearing mice [365-367], therapy with
antisense cDNAs or siRNAs delivered by nanopatrticles is not applicable in the clinical
setting so far, due to inherent bioavailability and administrative problems [70]. For this
reason it is inevitably to search for other ET-specific target genes and pathways, which
are exclusively expressed or even up-regulated in ETs and are involved in the
pathophysiological behavior of this malignancy. The most promising candidates so far,
are the IGF1 pathway, due to its activation through EWS-FLI1, and the RNA helicase
A, a direct binding partner of EWS-FLI1, which suppresses growth of ETs on the one
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hand via activation of CCND1 and on the other hand by inducing apoptosis (caspase 3)
[70,368,369]. But also the bone-associated genes investigated are strong candidates
for targeted therapy of ET patients, especially in immunotherapeutic approaches. For
example, Thiel et al. already demonstrated that targeting EZH2 and the bone-
associated gene CHM1 significantly inhibit ET growth in immune deficient mice after
adoptively transferred T cells [370]. Moreover, none of the treated mice show any signs
of graft versus host disease (GvHD), which is also important in respect to future clinical
approaches. However, suppression of CHM1 clearly enhances bone invasiveness and
osteolysis, as demonstrated in this doctoral thesis (see 4.3.3). Thus, it remains to be
seen if this gene is also a good target gene in the presence of primary bone tumors
and osteolytic metastasis. The other bone-associated genes investigated in this study,
DKK2 and ITM2A, have not yet been analyzed in immunotherapeutic studies. But due
to the observed oncogenic potential of DKK2 in vitro and in vivo, this gene seems to be
a strong candidate target gene for ET immunotherapy. DKK2 significantly promotes
proliferation, invasion and tumorigenicity in ETs as well as bone invasiveness and
osteolysis via the activation of different osteolytic genes, like HIF1a, IL6, JAG1, M-CSF,
PTHrP, RANKL and VEGF. These findings predestine DKK2 to further be investigated
in different studies to analyze the therapeutic potential of this bone-associated gene in

ET therapy.

5.5. Future perspectives

Although the results presented in this doctoral thesis yield new and interesting insights
into the function of bone-associated genes in the pathophysiological behavior of ETs,
there are still some unresolved questions, which need to be answered to fully
understand the role of CHM1, DKK2 as well as ITM2A in ETs.

First of all, it is important to obtain additional information about the underlying
molecular mechanisms and the pathways involved in the regulation of CHM1, DKK2
and ITM2A. Even though lots of different target genes involved in metastasis, bone
invasiveness and osteolysis were identified by the author, many other aspects of the
oncogenic phenotype of ETs are still unknown. For example, ITM2A is overexpressed
in ETs, although it suppresses proliferation, bone invasiveness and osteolysis,
indicating an important role of ITM2A in another essential part of ET pathogenesis, in
addition to maintaining an undifferentiated phenotype of the tumor cells. Furthermore,
the author could demonstrate in this study that DKK2 is a potent Wnt agonist in ETs

and additionally seems to be involved in the regulation of NOTCH signaling (see 4.2.3
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and 5.4), but the pathways regulated by CHM1 and ITM2A has still not been resolved.
However, Mera et al. postulated that CHM1 directly inhibits the STAT (signal
transducer and activator of transcription) signaling pathway in HelLa, HepG2 and
HUVEC cells, it is doubtful whether the influence of CHM1 on this pathway in ETs is so
important due to the different phenotypes observed in ETs compared to HepG2 and
HUVECs cells (see 5.3.1) [126]. With regard to ITM2A no possible signaling pathways
are known, to the best of the author’'s knowledge, indicating that further investigations

are necessary to answer this question.

Moreover, the development of proper experimental set-ups for more precise analysis of
ET osteotropism and osteolysis need to be addressed in future studies. In this context,
it might be interesting to analyze in vitro whether ET osteolysis is mainly regulated
directly via an interaction between tumor cells and osteoclasts or indirectly via
osteoblasts as intermediary. For this purpose, osteoclasts should be cultivated on bone
slides with supernatant of ET cell lines transfected with pSIREN®™"' pSIRENPKK? or
pSIREN"™®"NA in the presence or absence of osteoblasts using pit-formation assays
[371]. To examine the influence of ITM2A on osteolysis, it will be important to work with
mixed cultures consisting of osteoclasts and tumor cells, since ITM2A is a
transmembrane protein and no soluble factor, like CHM1 and DKK2. Furthermore, a
proper mouse model will be necessary to investigate ET osteotropism in vivo. As
previously described no bone metastases could be detected after intra-tibial or intra-
cardiac inoculation by use of the in vivo model in this study. Perhaps, the problem is
based on the seed and soil hypothesis, which states that metastasis depends on cross-
talk between tumor cells (“seed”) and the microenvironment of the specific organs
(“soil”) [372,373]. In the animal model used, cell-cell communication might be reduced
because cells of the “seed” (human tumor cells) and “soil” (murine bone marrow cells)
originate from different organisms. To avoid this problem in the future, it may be helpful
to generate a more human microenvironment in the bone marrow of the mice before
intravenous or intracardiac injection of ET cells to improve cell-cell communication and
thus enhance ET osteotropism. Therefore, suitable human cells may be injected either
directly into the bone via intra-tibial injection or indirectly into the fetal liver of irradiated
mice to develop a human adaptive immune system, which implicates an increase of
human cells even in the bone marrow [374]. In this context, mesenchymal or
hematopoietic stem cells are particularly suitable due to their characteristics, especially
because it has been recognized that VEGFR1-positive hematopoietic bone marrow

progenitors seems to play an essential role in preparing the pre-metastatic niche [375].
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As described above, additional clinical studies are indispensable to confirm the
relevance of the bone-associated genes CHM1, DKK2 and ITM2A in ET pathology.
However, a pilot study of 19 ET patients reveals a correlation of DKK2 expression and
patients overall survival, additional retro- and prospective studies are necessary to
confirm the findings observed. In respect to CHM1 and ITM2A, it might be interesting to

get more information about the clinical implications, as well.
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6. Summary

Ewing tumors (ETs) are highly malignant osteolytic bone and soft tissue sarcomas
mostly affecting children and young adults and are characterized by early metastasis
into lungs and bones. In this thesis, the author examined three bone-associated genes,
namely chondromodulin 1 (CHM1), dickkopf 2 homolog (DKKZ2) and integral membrane
protein 2A (ITM2A), which are highly overexpressed in ETs compared to normal tissue.
Using RNA interference, the author demonstrated that CHM1, DKK2 as well as ITM2A
are critical for anchorage-independent colony formation, but only CHM1 and DKK2
enhance proliferation of ET cells in vitro and tumorigenicity in vivo. Analysis of the
invasion potential jin vifro and in an orthotopic xenograft mouse model revealed a
strong correlation of CHM1 and DKK2 expression to ET invasiveness that may be
mediated by the downstream effectors matrix metalloproteinases (MMP1 and/or
MMP9). Interestingly, suppression of the pro-metastatic gene DKKZ2 increases neuronal
differentiation, but at the same time decreases the chondrogenic and osteogenic
differentiation potential of ET cells. In contrast, knock-down of the BRICHOS-domain
containing proteins CHM1 and ITM2A only influence chondrogenic differentiation
capacity; however the cells exhibit a more differentiated state compared to control
cells, even without any differentiation media. Further, gene expression analyses
established the ability of especially DKK2 to support expression of genes such as
CXCR4, PTHrP, RUNX2 and TGFg, that are associated with homing, invasion and
growth of cancer cells in bone tissues as well as genes important for osteolysis,
including HIF1a, JAG1, IL6 and VEGF. Moreover, DKK2 promotes bone infiltration and
osteolysis in vivo and further analyses defined DKK2 as a key factor in osteotropic
malignancy. In contrast, CHM1 and ITM2A significantly reduce the osteogenic
phenotype in vivo that may be explained by decreased expression of chondrogenic and
osteogenic marker genes mediated by the BRICHOS-domain containing genes, which
led to a poorer localization into bone to the principle of osteomimicry. In addition CHM1
and ITM2A decrease the expression of the osteolytic genes investigated indicating
HIF1a, JAG1, IL6, PTHrP and VEGF to play an important role in bone invasion and
osteolysis of ETs. These data provide strong evidence that the Wnt agonist DKK2 is a
key player in ET metastasis, invasiveness and osteolysis, validating a critical role of
DKK2 for malignancy and the differential phenotype of ETs. In addition, these findings
might be of clinical relevance since pilot data obtained from human ET
immunohistology indicate the level of DKK2 expression to be associated with tumor

invasiveness and survival. Furthermore, the author demonstrated that CHM1 and
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ITM2A influence malignant cell outgrowth as well as the metastatic behavior in ETs, but

primarily seem to maintain the undifferentiated chondro-osseuos phenotype of ETs.
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7. Zusammenfassung

Ewing Tumore (ET) sind hoch-maligne Iytische Knochen- und Weichteilsarkome,
welche hauptséachlich bei Kindern und jungen Erwachsenen vorkommen und deren
Charakteristik die frihe Ausbildung von Metastasen in die Lunge und den Knochen ist.
In dieser Arbeit wurden folgende drei Knochen-assoziierte Gene analysiert, welche in
ET im Vergleich zum Normalgewebe Uberexprimiert sind: Chondromodulin 1 (CHM1),
Dickkopf 2 Homolog (DKKZ2) und das integrale Membranprotein 2A (ITM2A). Die
Autorin konnte mit Hilfe von RNA Interferenzexperimenten zeigen, dass CHM1, DKK2
und ITM2A das kontaktunabhangige Zellwachstum beglnstigen, wahrend die
Proliferation in vitro, sowie das Tumorwachstum in vivo, nur von CHM1 und DKK2
geférdert werden. Des Weiteren konnte gezeigt werden, dass das invasive Potential,
sowohl in vitro, als auch in einem geeigneten murinen Xenograft Modell, stark von der
CHM1 bzw. DKK2 Expression in den Tumorzellen abhangig ist. Dieser Effekt wird
mdglicherweise durch unterschiedliche Matrix Metalloproteinasen (MMP1 und/oder
MMP9) vermittelt, deren Expression durch die Knochen-assoziierten Gene reguliert
wird. Interessanterweise foérdert eine verringerte DKK2 Expression die neuronale
Differenzierung von ET Zellen, wahrend gleichzeitig das Potential chondrogen und
osteogen zu differenzieren reduziert wird. Im Vergleich dazu wird durch die verringerte
Expression der BRICHOS-Domaine tragenden Proteine nur das chondrogene
Differenzierungspotential beeinflusst, obwohl die Zellen nach CHM1 und ITM2A
Suppression auch ohne entsprechende Differenzierungsmedia im Vergleich zu den
Kontrollzellen starker differenziert sind. Weitere Expressionsanalysen verdeutlichen vor
allem die Fahigkeit von DKK2 die Expression wichtiger Gene in Bezug auf das
Homingverhalten, die Invasion und das Tumorwachstum im Knochen (CXCR4, PTHrP,
RUNX2 und TGFB), sowie die Knochenlyse (HIF1a, JAG1, IL6 und VEGF) zu férdern.
Aufllerdem erhéht DKK2 auch in vivo die Knocheninfiltration und Lyse, was auf eine
essentielle Funktion dieses Gens in der Regulation dieser Iytischen Tumorerkrankung
schlieRen lasst. Im Gegensatz dazu, hemmen CHM1 und ITM2A die zerstorerische
Wirkung der Tumorzellen im Knochen, was moglicherweise durch die verringerte
chondrogene und osteogene Differenzierung der Zellen und der damit einhergehenden
schlechteren Osteomimikry erklart werden kann. Zusatzlich fihrt die Expression von
CHM1 und ITM2A zu einer verringerten Expression der osteolytischen Gene HIF1a,
JAG1, IL6, PTHrP und VEGF, was deren essentielle Funktion in der Tumor-
vermittelten Knochenlyse bekraftigt. Anhand dieser Daten kann gezeigt werden, dass
der Wnt Agonist DKK2 essentiell flir die Metastasierung, Invasion und Knochenlyse

des ET ist, sowie fur dessen Differenzierungspotential. Zusatzlich konnte die klinische
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Relevanz dieser Ergebnisse in einer Pilotstudie an humanen ET Proben verdeutlicht
werden, wobei die Expressionslevel von DKK2 mit der Invasivitat des Tumors sowie
dem Uberleben der Patienten assoziiert sind. AuRerdem konnte die Autorin zeigen,
dass CHM1 und ITM2A sowohl das maligne Zellwachstum, als auch das
Metastasierungsverhalten von ET beeinflussen, wobei die vornehmliche Funktion die
Aufrechterhaltung des undifferenzierten chondro-ossaren Zustandes der Tumorzellen

ist.
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Figure 58: Expression of MMPs after transient transfection with specific siRNAs

Left panel: MMP1 expression levels 48 h after transient transfection with MMP1_7, MMP1_12
and control siRNA in A673 and SK-N-MC cells using qRT-PCR. Middle panel: Transient
transfection of two ET cell lines with specific MMP7 siRNAs (MMP7_3 and MMP7_6) and
corresponding control. MMP7 expression levels after 48 h were shown using qRT-PCR. Right
panel: Expression of MMP9 levels 48 h after transient transfection with MMP9_3, MMP9_6 or
control siRNA using gqRT-PCR. Data are mean + SEM of one or two independent experiments;
t-test (*p < 0.05; **p < 0.005; ***p < 0.0005; NTC: non template control).
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Figure 59: mRNA expression of
EWS-FLI1 after constitutive gene
knock-down

Expression levels of EWS-FLI1 in
different ET  cell lines  after
pSIREN®"' pSIRENP*? pSIREN™?A
and pSIREN™®""A transfection using
gRT-PCR. NTC: non template control.
Data are mean * SEM of two
independent experiments; t-test (*p <
0.05; **p < 0.005; ***p < 0.0005).
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Figure 60: CHM1 suppressed endothelial differentiation potential in A673 cells
Tube formation assay with constitutively pSIREN"%"". and pSIREN“""'-transfected A673
cells (scale bar 0.5 mm).
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Figure 61: Expression of DKK1 in ETs compared to NBA

Microarray data that show the expression profile of DKK1 on mRNA level in primary ET samples
(black bars) compared to normal body tissue (NT; light grey bars) and fetal tissue (FT; dark grey
bars) [55].
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Figure 62: Enrichment plot of two representative gene sets after DKK2 knock-
down

Enrichment plot of one representative down-regulated (left) and up-regulated (right) gene set
after constitutive suppressed DKK2 RNA expression using the GSEA tool.
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RD-ES SK-N-MC

Figure 63: Tube formation assay with transiently ITM2A-transfected ET cells
Tube formation assay with transiently ITM2A-transfected RD-ES and SK-N-MC cells and
respective controls (scale bar 0.5 mm).
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Figure 64: Expression of BGLAP in A673 cells after knock-down of CHM1, DKK2

or ITM2A

Expression levels of BGLAP (gamma-carboxyg{lutamic acid protein, bone; osteocalcin) in A673
cells after pSIREN®™' pSIREN"? pSIREN"™?* and pSIREN"™%"N* transfection using qRT-
PCR. NTC: non template control. Data are mean + SEM of two independent experiments; t-test
(*p < 0.05; **p < 0.005).
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undifferentiated myoblast cell

dickkopf, xenopus, homolog of, 2 (1-4)
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NANOG
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NF-«kB
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NK cell
NOTCH

NT
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OUMS-27
PAX3
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PCP

PCR
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PITX2
PNET
PROM1
proSP-C
PTHrP
PVDF

p300

RANK (TNFRSF11A)
RANKL (TNFSF11)
RCC
gRT-PCR
rev (primer)
RT
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s.C.

SDS
SDS-PAGE
Ser
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sodium chloride

monosodium phosphate

homeobox transcription factor nanog

sodium hydroxide

normal body atlas

nuclear factor kappa-B

nerve growth factor receptor

natural killer cell

notch, drosophila, homolog of, 1
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significance analysis of microarrays
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SDS polyacrylamide gel electrophoresis
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secreted frizzled-related protein

Soggy

small hairpin RNA

short interfering RNA
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