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1.1 Ewing sarcoma

Ewing sarcoma (ES) is a special type of bone cancer, first described by
Dr. James Ewing in his paper ‘Diffusive endothelioma of bone’ (Ew-
ing, 1972; Appendix 1). Gathered under a common name and further
referred as Ewing sarcoma (ES for short) this group of aggressive neo-
plasms includes Ewing sarcoma of bone, extra-skeletal Ewing sarcoma,
Askin tumor and peripheral primitive neuroectodermal tumor (Delat-
tre et al., 1994; Iwamoto, 2007; Potratz et al., 2012). Today Ewing
sarcoma represents the second most common bone cancer among ado-
lescents and young adults (Delattre et al., 1994; Lamhamedi-Cherradi
et al., 2014; Ludwig, 2008). About 80% of the patients diagnosed with
Ewing sarcoma are younger then 20 years old. It is rarely diagnosed in
patients older then 30-40 years old (Iwamoto, 2007; Karosas, 2010). To
the present day the oldest patient documented case of Ewing sarcoma
belongs to a 85 years old female patient (Monument et al., 2015).

Ewing sarcoma predominantly develops in bone with the most com-
mon sites being the long bones (Fig. 1.1; Barker et al., 2005; Iwamoto,
2007; Karosas, 2010; Ludwig, 2008; Potratz et al., 2012). In soft tissues
Ewing sarcoma may develop in older patients. The earliest symptom
of ES is pain, followed by swelling and fever (Iwamoto, 2007; Karosas,
2010). Ewing sarcoma is often overlooked (Karosas, 2010; Nedelcu et
al., 2014), the diagnosis frequently is delayed by weeks and up to years
(Ludwig, 2008; Nedelcu et al., 2014). The increased time to ES diagnosis
is primarily associated with older age of patient and tumor site (Brasme
et al., 2014). Tumor sites associated with increased time to diagnosis
are skull, ribs, vertebrae, limbs, pelvis, and hand or foot (Brasme et al.,
2014). Innumerous studies together with the development of chemother-
apy (1962) and multi-modal cancer-treatment protocols increased the
5-years survival rate for Ewing sarcoma patients with localized tumor
from 10% to 70% (Iwamoto, 2007; Karosas, 2010; Lamhamedi-Cherradi
et al., 2014; Liebner, 2015; Potratz et al., 2012). Patient survival and
metastasis formation was shown to be not significantly associated with
time to diagnosis (Brasme et al., 2014). However, in more then half of
the diagnosed Ewing sarcoma cases micrometastases are presumed to
be present (Lamhamedi-Cherradi et al., 2014). Contrary to the positive
achievement in treatment of localized tumors, the long-term (5-years)
survival for Ewing sarcoma patients with metastasis, however, remain
below the 30% mark (Lamhamedi-Cherradi et al., 2014; Ludwig, 2008;
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Figure 1.1
Representation of Ewing sarcoma distribution sites in human skeleton.

Potratz et al., 2012). Hence, a better understanding of the processes
underlying Ewing sarcoma metastasis deserves additional attention.

1.2 Ewing sarcoma’s origin

First Ewing sarcoma cell lines were established in 1970’s. However, of-
ten cells put in culture were initially mistakenly described as neuroblas-
toma (Schlesinger et al., 1976), rhabdomyosarcoma (Giard et al., 1973),
lymphoid cells or others. Only later characterized as Ewing sarcoma
(Martinez-Ramirez et al., 2003; Whang-Peng et al., 1986), these cells
raised a question of a common cell origin of Ewing sarcoma. There
is evidence indicating that Ewing sarcoma derives from mesenchymal
cells (Kovar, 2014; Pagani et al., 1995). Other studies show that Ew-
ing sarcoma originates from pluripotent cells with blocked differentiation
(Kovar, 2005). Lately an increasing number of reports of cellular studies
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suggest a neuronal origin of: CADO (Kodama et al., 1991), SS-ES-1 (Ha-
tori et al., 2006) and other cell lines (Cavazzana et al., 1987). However,
poor differentiation and the stem cell like phenotype of Ewing sarcoma
cells keep the cellular origin of Ewing sarcoma unresolved (Sand et al.,
2015). A better understanding of Ewing sarcoma origin would, hence,
potentially uncover mechanisms that control ES growth, progression and
metastasis leading to novel therapeutic strategies.

1.3 EWS/FLI fusion protein

Histologically Ewing sarcoma is identified as a small round cell tumor.
Over 90% of tumors are positive for the surface antigen MIC2 (CD99)
(Potratz et al., 2012). Cytogenetically Ewing sarcoma is characterized
by a specific chromosomal translocation t(11;22) (Aurias and Desmaze,
1992; Fraccaro et al., 1980; Iselius et al., 1983; Turc-Carel et al., 1988). In
80% of the cell lines and 90% of the primary Ewing tumors this translo-
cation is detectable (Dockhorn-Dworniczak et al., 1994). Thus, presence
of the t(11;22) translocation became the accepted hallmark in the differ-
ential diagnosis and prognosis of Ewing sarcoma (Dockhorn-Dworniczak
et al., 1994; Turc-Carel et al., 1988). There is a slight variation in break-
ing points of this reciprocal translocation. The most common, occurring
85% of the time, involve band q12 and band q24 of chromosome 22 and
chromosome 11, t(11;22)(q24;q12) (Zucman et al., 1992). Translocation
results in the expression of the fusion protein EWS-FLI-1 (Delattre et al.,
1994; Dockhorn-Dworniczak et al., 1994; Ludwig, 2008). Less common,
occurring 5-8% of the time, is the fusion protein EWS-ERG and, occur-
ring in less than 1% of the time, the fusion proteins EWS-ETV1, EWS-
EIAF, or EWS-FEV (Delattre et al., 1994; Dockhorn-Dworniczak et al.,
1994) . The fusion protein EWS/FLI-1 was shown to act as a strong
transcriptional activator (May et al., 1993; Sand et al., 2015) that inter-
feres with the expression of many genes. Key proteins of various path-
ways like IGF-1R, mTOR, MAPK, PI3K/Akt, EGFR, VEGF and others
were found to be disregulated (Ludwig, 2008). For instance, influenced
by EWS-FLI-1, the IGF-1R pathway appears to be constitutively acti-
vated in Ewing sarcoma and subsequently emerge as a key player in the
malignant transformation (Ludwig, 2008). Moreover over-expressed in
vitro or in vivo, EWS-FLI-1 promotes cell growth and facilitates suscep-
tibility to chemotherapy (Ludwig, 2008). Hence, EWS/FLI potentially
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plays a central role in Ewing sarcoma progression and metastasis.
Another evidence supporting the above conclusion is a high involve-

ment of EWS/FLI in regulation of the chemokine receptor CXCR4.
CXCR4 was shown to correlate with Ewing sarcoma metastasis (see be-
low) and poor prognosis for patients (Bennani-Baiti et al., 2010; Kim et
al., 2010).

1.4 CXCR4

In 1994 for the first time a leukocyte-derived seven-transmembrane do-
main receptor (LESTR) cDNA was isolated. The high expression of
LESTR in white blood cells was suggested to play a role in inflam-
mation. (Loetscher et al., 1994). In May 1996 using a cDNA cloning
strategy an HIV-1 cofactor was isolated, which supposedly was identi-
fied as G-protein coupled receptor with seven-transmembrane domain
structure. This cofactor was shown to promote HIV-1 fusion and virus
entry to CD4+ cells. Therefore, the protein was designated as Fusin.
(Feng et al., 1996). The discovery of Fusin was a real breakthrough in
HIV-1 research (Broder and Dimitrov, 1996; Cohen, 1996). LESTR and
Fusin happened to be the same receptor. In August 1996 the stromal-
derived factor-1 (SDF1, later designated as CXL12) has been reported
as specific chemoattractant ligand to LESTR/Fusin (Bleul et al., 1996;
Oberlin et al., 1996). Since then the previously orphan chemokine recep-
tor was designated as CXC chemokine receptor 4, short CXCR4 (Bleul et
al., 1996). SDF-1 binding to CXCR4 was shown to be a strong inhibitor
of infection by HIV-1 (Bleul et al., 1996), due to the role of the CXCR4
ligand-binding domain in HIV-1 entry (Picard et al., 1997). In 2001
the involvement of CXCR4 in breast cancer metastasis was suggested
(Muller et al., 2001). This initial association was subsequently followed
by reports, proving the role of CXCR4 in metastasis of a broad spectrum
of cancer types. Up to date, the function of CXCR4 as co-receptor for
HIV entry and its role as cancer metastasis promoter made it the best-
studied human chemokine receptor (Furusato et al., 2010). Nevertheless,
a lot of molecular details of CXCR4 function stayed yet undiscovered.

1.4.1 CXCR4 structure

The chemokine C-X-C motif receptor 4 (CXCR4) is one of ⇠20 described
human chemokine receptors. CXCR4 belong to the superfamily of G-
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Figure 1.2
CXCR4 structure. A. A schematic representation of the structure of any G-protein
coupled receptor, consisting of an extracellular N-terminus, three extracellular loops
(EL), seven transmembrane (TM) ↵-helixes, three intracellular loops (IL), an amphi-
pathic helix H8 and an intracellular C-terminus. B. Crystal structure of chemokine
receptor CXCR4 (from Wu et al., 2010).

protein coupled receptors (GPCRs). Constituting about 800 genes of
the human genome GPCRs share a common seven-transmembrane ↵-
helix protein structure (Fig. 1.2). CXCR4 is one of the few GPCRs
and the only chemokine receptor of which the structure was successfully
resolved by X-ray crystallography (Wu et al., 2010; Fig. 1.2B). The
structure showed a remarkable resemblance with the resolved structure
of rhodopsin (Palczewski et al., 2000) and predicted earlier structures
of other GPCRs (Costanzi et al., 2009). The common structure of G-
protein coupled receptors consists of an extracellular N-terminus, three
extracellular loops (EL1-EL3), seven transmembrane ↵-helixes (TM1-
TM7), three intracellular loops (IL1-IL3), a small intracellular amphi-
pathic helix (H8) and an intracellular C-terminus (Fig. 1.2A). Some
GPCRs, e.g. CXCR4, are lacking the amphipathic helix. Each part of
GPCR has its recognized role during receptor activation (Rajagopalan
and Rajarathnam, 2006; Rosenkilde et al., 2000; Venkatakrishnan et
al., 2013). The N-terminus and the EL are responsible for specific ligand
recognition and modulation of the ligand access. The C-terminus and the
IL are responsible for modulation of receptor activity and downstream
signaling. The TM region is a communication link between extracellular
and intracellular part of the receptor.
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1.4.2 Activation mechanism

CXCR4 ligand, CXCL12, binding is a two step process. Initial inter-
action between the ligand and the N-terminus lead to conformational
changes of the receptor by which a stable interaction of the ligand with
the exposed binding pocket in CXCR4 occurs (Busillo and Benovic,
2006). Disulphide bridges in the extracellular region contribute to re-
ceptor stability (Venkatakrishnan et al., 2013). Agonist binding disrupts
the existing intramolecular interactions within CXCR4 and promotes
formation of interactions, which result in energetically favorable confor-
mational rearrangements of the receptor (Wess et al., 2008). The confor-
mational rearrangements mainly involve the transmembrane region of the
receptor and can be summarized as: (1) small local structural changes
in the TM5; (2) relocation of TM3 and TM7; (3) translation/rotation of
TM5 and TM6 (Venkatakrishnan et al., 2013). TM7 together with TM6
are bending inwards towards TM3 (Hoffmann et al., 2008) resulting in
the formation of cross-linking disulfide bonds between the cytoplasmic
ends of TM3 and TM7 (Wess et al., 2008). TM helix 6 undergoes the
largest movement (Hoffmann et al., 2008; Wess et al., 2008) resulting in
reorientation of its cytoplasmic end. It was demonstrated that the rota-
tional movement of the cytoplasmic end of TM6 (Hoffmann et al., 2008)
causes a conformational change of the third intracellular loop (Hoffmann
et al., 2008; Wess et al., 2008). The conformational change in IL3 sub-
sequently induces activation of G-protein dependent signaling pathways
(Roland et al., 2003) as the main signal transduction mechanism.

1.4.3 CXCR4 signaling

Activation of CXCR4 triggered by its specific agonist CXCL12 is a com-
plex process. Binding of CXCL12 to CXCR4 initiates receptor signaling
through four different G

↵

subunits (Rubin, 2008), resulting in PCL�-,
Cdc42-, Akt-, Erk-, and Rho- dependent biochemical cascade activation.
Additionally, G-proteins independent pathways are activated, resulting
in C-terminal phosphorylation and activation of the �-arrestin pathway
leading to receptor internalization and �-arrestin signaling, respectively
(for a review see: Busillo and Benovic, 2006; Rubin, 2008; Teicher and
Fricker, 2010). The filigreed regulation and precise control over these var-
ious pathways finally result in a ligand-specific cellular reaction including
gene expression, cell proliferation, cell growth and cell migration. The
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latter is the key outcome on CXCL12-dependent chemotaxis. Chemo-
taxis, the directional cell migration in a gradient of a ligand, is refered to
as the central process during angiogenesis, embryogenesis, stem cell hom-
ing, as well as inflammation and cancer metastasis (Kryczek et al., 2007;
Teicher and Fricker, 2010). Hence, CXCR4 is recognized as a chemokine
receptor actively promoting cell migration during cancer metastasis.

1.4.4 CXCR4 in cancer metastasis

Breast, lung, ovarian, renal, prostate and other cancer cells were shown
to express high levels of CXCR4. In breast cancer (Muller et al., 2001),
prostate cancer (Wang et al., 2005), lung cancer (Phillips et al., 2003) and
others elevated CXCR4 expression has been associated with metastatic
disease and poor prognosis. Cancer cells exhibit expedited proliferation
in response to CXCL12 stimulation, while in their healthy counterparts
CXCL12-induced apoptosis was detected (Rubin, 2008). Thus, a model
was proposed, suggesting a different kinetics of the CXCR4 signaling
in cancer cells. The changed kinetics would cause overlap in G-protein
dependent and independent pathways in such a way, that it results in
the altered cellular response (Rubin, 2008).

CXCR4 was suggested to promote tumor progression by increased cell
growth, induction of angiogenesis towards the tumor tissue and formation
of metastasis (Berghuis et al., 2012; Jin et al., 2012). The interruption of
CXCL12/CXCR4 signaling was shown to inhibit the metastatic processes
(Krook et al., 2014; Muller et al., 2001; Vandercappellen et al., 2008). It
was suggested that the high level of CXCL12 expression in tissues such
as lungs, liver, lymph nodes and bone marrow defines them as main tar-
get sites for cancer metastasis driven by CXCR4 chemotaxis (Kim et al.,
2010; Raman et al., 2007; Vandercappellen et al., 2008). Hypoxia, which
typically accompanies tumor formation, was further suggested to induce
tumor-specific CXCL12 expression, which potentially initiate angiogen-
esis towards the tumor (Kryczek et al., 2007; Raman et al., 2007). At
the same time the decreased oxygen concentration within the tumor was
shown to up-regulate CXCR4 expression further promoting cell migra-
tion out of primary tumor and metastasis.
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1.5 Ewing sarcoma metastasis

Ewing sarcoma metastases occur at early stage of the tumor develop-
ment. The primary sites of metastasis are lungs, other bones and/or
the bone marrow. Metastasis to other tissues occurs in less then 1% of
all cases. (Potratz et al., 2012). Thus, Ewing sarcoma exhibits a very
unique metastasis phenotype, which is by far not well understood.

1.5.1 CXCR4 in ES metastasis

Similar to other cancer types, hypoxia results in up-regulation of CXCR4
expression in Ewing sarcoma. Additionally EWS/FLI1 result in up-
regulation of CXCR4 expression. In turn, cells overexpressing CXCR4
display an increased chemotactic migration and invasion (Krook et al.,
2014). Cell lines derived from ES patients with metastasis at diagno-
sis exhibited significantly higher expression level of CXCR4, compared
to cell lines derived from patients with solid tumor only (Bennani-Baiti
et al., 2010). The same increase of CXCR4 expression in metastasis
compared to solid tumors was shown when speciments from the patients
were analyzed (Jin et al., 2012). Thus, CXCR4 expression is corre-
lated with Ewing sarcoma progression (Berghuis et al., 2012; Jin et al.,
2012). Expression of CXCR4 in Ewing sarcoma is highly dependent
on EWS-FLI1 (Bennani-Baiti et al., 2010) and is rapidly and reversibly
modulated (Krook et al., 2014). The only other chemokine receptor
regulated by EWS-FLI1 is the orphan-receptor CXCR7. As CXCR4 it
binds to CXCL12, however CXCR7 activation is not followed by acti-
vation of G-protein signaling. Therefore, CXCR7 is considered to be a
regulatory protein for CXCR4 signaling. Evidences suggest that CXCR7
plays a role in CXCL12 scavenging (Sun et al., 2010). However, hight
CXCR7 expression in addition to high expression of CXCR4 in Ewing
sarcoma was shown to be correlated with worse patient survival prognosis
(Bennani-Baiti et al., 2010; Krook et al., 2014).

1.5.2 Other modulators of ES metastasis

Many other pathways and molecules were shown to contribute to Ewing
sarcoma metastasis regulation. Chemokine receptor CXCR6 expression
in tumor cells correlated with metastasis formation, while its ligand,
CXCL16, was associated with localization of the metastasis in lungs
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(Na et al., 2014). The orphan G-protein coupled receptor GPR64 was
shown to specifically over-express in Ewing sarcoma. GPR64 promoted
invasiveness and metastatic spread of Ewing sarcoma, while inhibition of
GPR64 resulted in a reduced colony formation in vitro, and suppressed
growth and metastasis of the tumor in vivo (Richter et al., 2013).

High levels of interleukin 6 expression in the tumor stroma of primary
ES suggest a biological relevance of this cytokine in ES pathogenesis
and, thus, mediate formation of metastases (Lissat et al., 2015). Pre-
treatment of Ewing sarcoma cells with stem cell factor (SCF) prevented
metastasis formation in lungs in mice model (Landuzzi et al., 2000).

Also metalloproteinase (MMP) 2 and 9 activity correlats with ES
cell invasion (Odri et al., 2014; Sainz-Jaspeado et al., 2010). Caveolin 1
(CAV1) involved in regulation of MMP and SPARC expression plays a
key role in ES metastasis and lung colonization (Sainz-Jaspeado et al.,
2010). Inhibition of the MMP 2 and 9 with zoledronic acid resulted in
the decrease of spontaneous lung metastases dissemination from primary
ES but not in the decrease the growth of prior lung metastases (Odri et
al., 2014).

1.5.3 Anchorage-independent growth

Hypoxia condition in the tumor tissue induces accumulation of the hy-
poxia inducible factor (HIF)-1↵ in a big fraction of primary ES (Aryee
et al., 2010). Ewing sarcoma cells adapt to hypoxia condition by mod-
ulating EWS-FLI1-dependent transcriptional signature (Aryee et al.,
2010; Krook et al., 2014). Together with other micro-environmental
stresses hypoxia promotes CXCR4-mediated Ewing sarcoma cell migra-
tion (Krook et al., 2014), invasiveness and anchorage-independent growth
(Aryee et al., 2010). In turn, an anchorage-independent growth pheno-
type was shown to predict a severe metastatic potential of primary breast
and lung tumors (Mori et al., 2009).

The adhesion of Ewing sarcoma cells is largely modulated by EWS-
FLI1 (Chaturvedi et al., 2012; Chaturvedi et al., 2014). EWS/FLI
reduce expression of zyxin and ↵5 integrin (Chaturvedi et al., 2014),
which causes the loss of organized actin stress fibers and focal adhe-
sions (Chaturvedi et al., 2012), thereby promoting the loss of the cell
spreading and enhance their capacity to grow in anchorage-independent
conditions. Ewing sarcoma cells growing in anchorage-independent con-
ditions form multicellular spheroids (Kodama et al., 1991; Landuzzi et
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al., 2000; Paszek et al., 2005). While growing in spheroids cells show
a considerably different phenotype compared to their monolayer coun-
terparts. Ewing sarcoma spheroids show reduced proliferation, highly
developed cell-cell junctions and anoikis resistance. Such phenotypic
change is a prerequisite for the successful development of metastases as
well as pronounced resistance to chemotherapy. (Strauss et al., 2010).

1.6 Cancer mechanics

1.6.1 Cellular stiffness

Besides cellular adhesion, expression of EWS/FLI largely changes the
cytoskeleton of Ewing sarcoma cells. EWS/FLI expression induces a
loss of well-defined stress fibers leading to a significant change in the
cyto-architecture on ES cells (Chaturvedi et al., 2014). A depleted actin
network was shown to be associated with a more aggressive phenotype in
colon cancer (Palmieri et al., 2015). Mechanically the weakening of the
cytoskeleton network leads to lower cell stiffness, which in turn increase
their deformability and migratory capacity (Agus et al., 2013; Katira et
al., 2013; Palmieri et al., 2015). Atomic force microscopy studies indicate
that cancer cells are softer than normal cells (Hayashi and Iwata, 2015).
Moreover, different stages of cancer can result in different changes of the
mechanical phenotype of the cells (Katira et al., 2013). Metastatic colon
cancer cells appear more modified, in terms of cell stiffness and actin
network organization, compared to the cells from the primary tumor
(Pachenari et al., 2014; Palmieri et al., 2015). The more aggressive
cancer cells exhibit a decreased viscosity (Pachenari et al., 2014) and an
increase in the non-specific adhesion toward substrates (Palmieri et al.,
2015). The adhesion capacity of the cells is primarily attained through
integrins, as integrins physically connect the cellular cytoskeleton to the
extracellular matrix (ECM). Thus, an altered expression of integrins is
thought to modulate cancer cells’ phenotype. (Jansen et al., 2015).

1.6.2 Role of the extracellular matrix

Malignant tissues dynamically remodel the extracellular matrix (ECM)
around them (Gill and West, 2014; Janmey et al., 2013; Jansen et al.,
2015; Katira et al., 2013; Tung et al., 2015). Unlike individual cells,
the overall tumor stiffness is increased compared to the normal tissue
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(Gill and West, 2014). This effect is reached through more dense cellu-
lar packing and an excessive production of ECM (Gill and West, 2014;
Tung et al., 2015). Increased tissue stiffness contributes to further tumor
progression and, potentially, metastasis (Janmey et al., 2013; Sapudom
et al., 2015; Tung et al., 2015). Some models suggest that the invasive
morphology of cells is promoted through an increase of the stiffness of
the cellular microenvironment (Katira et al., 2013). Mechanical stresses
regulate cellular metabolism (Tung et al., 2015) and have a pronounced
effect on cell proliferation (Janmey et al., 2013; Taloni et al., 2014). The
ECM stiffness-dependent miRNA expression is mediating malignancy of
breast epithelium (Mouw et al., 2014). Taken together, the cellular mi-
croenvironment and in particular the ECM has a significant impact on
the metastatic profile of cancer cells.
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1.7 Thesis outline

In this thesis a report on experimental work aiming for a better un-
derstanding of the mechanisms underlying Ewing sarcoma metastasis is
presented. Two distinct mechanisms are investigated: (1) a biochemical
approach in which the initial steps in the CXCR4 signaling cascade are
followed, and (2) a biophysical approach in which the guidance of EW
metastasis by the stiffness of their microenvironment is demonstrated.

In Chapter 2 the molecular mechanism of chemokine receptor
CXCR4 signaling in a model Ewing sarcoma derived cell line A673 is
studied using the single-molecule imaging technique. Effects of activation-
dependent dimerization, internalization and G-protein interaction are
tested. Measurements in resting cells and cells stimulated with CXCL12
revealed an activation-dependent mobility change of CXCR4. The mo-
bility change is shown to be associated with G protein-dependent and
independent pathways. Data indicated a functional cross-talk between
different biochemical cascades.

In Chapter 3 the regulation of CXCR4 signaling in Ewing sarcoma
is further addressed by investigation of the receptor interaction with the
respective G-proteins. Two different G

↵

-subunits exhibited a differen-
tial coupling mode to CXCR4. Thereby, data indicated that G

↵q

and
G

↵i

interact with the receptor in a sequential manner. The sequential
receptor/G-protein interaction was correlated with the timing of the fol-
lowing signaling cascades, which might reflect a potential mechanism for
pathway-specific signal regulation.

In Chapter 4 a newly emerging approach of optogenetics was ex-
ploited to develop an all optically-controlled chimeric receptor
optoCXCR4. A detailed description of the design of a chimeric receptor
is present together with various experiments to test for proper function-
ality. The developed construct represents a promising tool for further
biophysical investigation of chemokine receptor CXCR4 signaling, that
permits external cellular control at high temporal and spatial resolution.

In Chapter 5 a hypothesis of the mechanical guidance of Ewing sar-
coma metastasis was examined. The influence of the mechanical prop-
erties of the microenvironment on ES was tested in 2D and 3D assays.
Various Ewing sarcoma derived cells exhibited an evident difference in
mechanical phenotype depending on their metastatic niche. The softer
microenvironment appeared more attractive for cells derived from pa-
tients with lungs metastasis localisation, while stiffer substrates resulted
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in higher adhesion potential for cells derived from patients bone metas-
tasis localization. Notably, activation of the CXCR4 receptor had no
evident effect on the mechanical phenotype.
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1.8 Appendix

The history of Ewing sarcoma starts in 1920’s, when the pathologist J.
Ewing published his first work on a new kind of bone cancer.

James Ewing, born in 1866, graduated from Columbia University
College of Physicians and Surgeons in 1891. In 1899 Ewing became the
first professor of pathology at Cornell University Medical College (Huvos,
1998). In 1913 Ewing became the first Director of Pathology at present-
day Memorial Sloan-Kettering Cancer Center in New York City (then
called New York Cancer Hospital) (Huvos, 1998; www.mskcc.org). In
1931, after his retirement from Cornell as Chairman of the Department of
Pathology, Ewing became the Director of Memorial Hospital for Cancer
and Allied Diseases (Huvos, 1998).

At the time Ewing was one of the central figures in many aspects
of cancer-related research and owned to be named “Cancer Man” by the
Times Magazine (Fig. A1) (www.time.com). His work was considered as
an excellent starting point for any aspect of oncology (Shimkin, 1974).
Under J. Ewing guidance the New York Cancer Hospital became world-
wide recognized in the diagnosis and management of neoplastic diseases
(www.mskcc.org). He was a ‘father’ of the American Society of the Can-
cer Control (A.S.C.C., 1913) (Triolo and Shimkin, 1969), and President
of the American Association for Cancer Research (AACR) in 1907-09
(Triolo and Riegel, 1961). As member of the AACR Ewing was involved
in the establishment of Journal of Cancer Research (Cancer Research at
present-day) in 1916, and its reformation into the American Journal of
Cancer in 1930 (Triolo and Riegel, 1961).

In 1919 the first edition of Ewing book ‘Neoplastic Diseases: A Text-
Book on Tumors’ was published (Ewing, 1922). The book gave a compre-
hensive overview and classification of the available studies on neoplastic
diseases (Ewing, 1922; Huvos, 1998) and provided a systematic basis for
diagnosing human cancer, representing a keystone of modern oncology
(www.mskcc.org). Already in 1922 the second edition of the book was
published. It included studies collected over the past two years, new
microphotographs and a major correction on ‘Tumor of bone’ chapter
(Ewing, 1922). In his book (and lectures) Ewing described a special
case of a 14-year-old girl patient with a large tumor of the ulna (Ew-
ing, 1922; Huvos, 1998). The most abundant treatment at the time was
amputation. However, given his personal history of facing a potential
leg amputation at age of 14, Ewing was not in favor of such solution for
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Figure A1
‘Cancer man’

his patient. A treatment with only x-ray irradiation was used instead.
The treatment resulted in disappearance of the tumor (Huvos, 1998).
Together with multiple similar cases, this observation and collaborative
work with Dr. Douglas lead to foundation of a radium department in
the New York Cancer Hospital in 1915, and thus gave birth to radiation
therapy in the United States (www.mskcc.org; Huvos, 1998).

Ewing noticed, that radiosensitivity was shared by a specific type of
bone sarcoma, characterized by the typical microscopic appearance and
known as round cell sarcoma. He described his observations and the
14-year-old girl case in his first publication on a new kind of malignant
osteoma - ‘diffuse endothelioma of bone’ in 1921 (Choudhury et al., 2011;
Ewing, 1972; Huvos, 1998). This is were the origin of the long history of
Ewing sarcoma takes its start.

By 1927 there were more case reports with symptoms similar to the
‘new’ bone cancer. Representing 7% of the total bone cancer reports at
the time, it was appointed the name ‘Ewing sarcoma’ (Pritchard, 1927).
Extensive research and development in cytogenetics resulted in the es-
tablishment of the common chromosomal translocation which became
characteristic to Ewing sarcoma in 1980’s (Fraccaro et al., 1980; et al.,
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1983; Turc-Carel et al., 1988). Around 1987 the break points of recip-
rocal translocation at 11q24 and 22q12 were confirmed to be uniform
for Ewing sarcoma. In 1994 the resulting fusion-protein was identified
(Delattre et al., 1994). From then on the presence of the fusion-proteins
EWS/FLI or EWS/ERG became a defining criterion for Ewing sarcoma
(Delattre et al., 1994).

Today Ewing sarcoma is the second most common bone cancer in chil-
dren and young adults. The average patients age is 13 years with a range
from 1 to 48 years. It is described as small-round cell tumor and identi-
fied by molecular genetic analysis for the t(11,22)q(24;12) translocation
and the expression of EWS/FLI or EWS-ERG. (Delattre et al., 1994;
Dockhorn-Dworniczak et al., 1994; Ludwig, 2008; Sand et al., 2015).

Ewing worked through his life to better understand and search ways
to fight the disease of cancer. He made a huge impact, particularly on the
cancer of bone. Through almost 100 years Ewing sarcoma still holds the
name of a great pathologist and oncologist of early 20th century James
Ewing. Tragically himself Ewing succumbed to bladder carcinoma in
1943 (Huvos, 1998).



1.9 References 19

1.9 References

Agus, D. B., Alexander, J. F., Arap, W., Ashili, S., Aslan, J. E., Austin,
R. H., Backman, V., Bethel, K. J., Bonneau, R., Chen, W.-C. C., et al.
(2013). A physical sciences network characterization of non-tumorigenic
and metastatic cells. Sci Rep 3, 1449.

Aryee, D. N., Niedan, S., Kauer, M., Schwentner, R., Bennani-Baiti,
I. M., Ban, J., Muehlbacher, K., Kreppel, M., Walker, R. L., Meltzer, P.,
et al. (2010). Hypoxia modulates EWS-FLI1 transcriptional signature
and enhances the malignant properties of Ewing’s sarcoma cells in vitro.
Cancer Res. 70, 4015-23.

Aurias, A. and Desmaze, C. (1992). Cytogenetics of Ewing’s sar-
coma. Pathol. Biol. 39, 951.

Barker, L. M., Pendergrass, T. W., Sanders, J. E. and Hawkins, D. S.
(2005). Survival after recurrence of Ewing’s sarcoma family of tumors.
J. Clin. Oncol. 23, 4354-62.

Bennani-Baiti, I. M., Cooper, A., Lawlor, E. R., Kauer, M., Ban,
J., Aryee, D. N. and Kovar, H. (2010). Intercohort gene expression co-
analysis reveals chemokine receptors as prognostic indicators in Ewing’s
sarcoma. Clin. Cancer Res. 16, 3769-78.

Berghuis, D., Schilham, M. W., Santos, S. J., Savola, S., Knowles, H.
J., Dirksen, U., Schaefer, K.-L. L., Vakkila, J., Hogendoorn, P. C. and
Lankester, A. C. (2012). The CXCR4-CXCL12 axis in Ewing sarcoma:
promotion of tumor growth rather than metastatic disease. Clin Sarcoma
Res 2, 24.

Bleul, C. C., Farzan, M., Choe, H., Parolin, C., Clark-Lewis, I., So-
droski, J. and Springer, T. A. (1996). The lymphocyte chemoattractant
SDF-1 is a ligand for LESTR/fusin and blocks HIV-1 entry. Nature 382,
829-33.

Brasme, J.-F. F., Chalumeau, M., Oberlin, O., Valteau-Couanet, D.
and Gaspar, N. (2014). Time to diagnosis of Ewing tumors in children
and adolescents is not associated with metastasis or survival: a prospec-
tive multicenter study of 436 patients. J. Clin. Oncol. 32, 1935-40.

Broder, C. C. and Dimitrov, D. S. (1996). HIV and the 7-transmemb-
rane domain receptors. Pathobiology 64, 171-9.

Busillo, J. and Benovic, J. (2006). Regulation of CXCR4 signaling.
Biochimica et Biophysica Acta (BBA) - Biomembranes.

Cavazzana, A. O., Miser, J. S., Jefferson, J. and Triche, T. J. (1987).
Experimental evidence for a neural origin of Ewing’s sarcoma of bone.



20 Introduction

Am. J. Pathol. 127, 507-8.
Chaturvedi, A., Hoffman, L. M., Welm, A. L., Lessnick, S. L. and

Beckerle, M. C. (2012). The EWS/FLI Oncogene Drives Changes in
Cellular Morphology, Adhesion, and Migration in Ewing Sarcoma. Genes
Cancer 3, 102-16.

Chaturvedi, A., Hoffman, L. M., Jensen, C. C., Lin, Y.-C. C., Gross-
mann, A. H., Randall, R. L., Lessnick, S. L., Welm, A. L. and Beckerle,
M. C. (2014). Molecular dissection of the mechanism by which EWS/FLI
expression compromises actin cytoskeletal integrity and cell adhesion in
Ewing sarcoma. Mol. Biol. Cell 25, 2695-709.

Choudhury, K. B., Sharma, S., Kothari, R. and Majumder, A. (2011).
Primary extraosseous intracranial Ewing’s sarcoma: Case report and
literature review. Indian J Med Paediatr Oncol 32, 118-21.

Cohen, J. (1996). Likely HIV cofactor found. Science 272, 809-10.
Costanzi, S., Siegel, J., Tikhonova, I. G. and Jacobson, K. A. (2009).

Rhodopsin and the others: a historical perspective on structural studies
of G protein-coupled receptors. Curr. Pharm. Des. 15, 3994-4002.

Delattre, O., Zucman, J., Melot, T., Garau, X. S., Zucker, J. M.,
Lenoir, G. M., Ambros, P. F., Sheer, D., Turc-Carel, C. and Triche, T.
J. (1994). The Ewing family of tumors–a subgroup of small-round-cell
tumors defined by specific chimeric transcripts. N. Engl. J. Med. 331,
294-9.

Dockhorn-Dworniczak, B., Schafer, K. L., Dantcheva, R., Blasius, S.,
Winkelmann, W., Strehl, S., Burdach, S., Valen, F. van, Jurgens, H. and
Bocker, W. (1994). Diagnostic value of the molecular genetic detection
of the t(11;22) translocation in Ewing’s tumours. Virchows Arch. 425,
107-12.

Ewing, J. (1922). Neoplastic diseases. A treatise on tumors. Second
edition.

Ewing, J. (1972). Classics in oncology. Diffuse endothelioma of bone.
James Ewing. Proceedings of the New York Pathological Society, 1921.
CA Cancer J Clin 22, 95-8.

Feng, Y., Broder, C. C., Kennedy, P. E. and Berger, E. A. (1996).
HIV-1 entry cofactor: functional cDNA cloning of a seven-transmembrane,
G protein-coupled receptor. Science 272, 872-7.

Fraccaro, M., Lindsten, J., Ford, C. E. and Iselius, L. (1980). The
11q;22q translocation: a European collaborative analysis of 43 cases.
Hum. Genet. 56, 21-51.



1.9 References 21

Furusato, B., Mohamed, A., Uhlen, M. and Rhim, J. (2010). CXCR4
and cancer. Pathology International.

Giard, D. J., Aaronson, S. A., Todaro, G. J., Arnstein, P., Kersey,
J. H., Dosik, H. and Parks, W. P. (1973). In vitro cultivation of human
tumors: establishment of cell lines derived from a series of solid tumors.
J. Natl. Cancer Inst. 51, 1417-23.

Gill, B. J. and West, J. L. (2014). Modeling the tumor extracellular
matrix: Tissue engineering tools repurposed towards new frontiers in
cancer biology. J Biomech 47, 1969-78.

Hatori, M., Doi, H., Watanabe, M., Sasano, H., Hosaka, M., Kota-
jima, S., Urano, F., Hata, J. and Kokubun, S. (2006). Establishment
and characterization of a clonal human extraskeletal Ewing’s sarcoma
cell line, EES1. Tohoku J. Exp. Med. 210, 221-30.

Hayashi, K. and Iwata, M. (2015). Stiffness of cancer cells measured
with an AFM indentation method. J Mech Behav Biomed Mater 49,
105-11.

Hoffmann, C., Zurn, A., Bunemann, M. and Lohse, M. J. (2008).
Conformational changes in G-protein-coupled receptors-the quest for func-
tionally selective conformations is open. Br. J. Pharmacol. 153 Suppl
1, S358-66.

Huvos, A. G. (1998). James Ewing: cancer man. Ann Diagn Pathol
2, 146-8.

Iselius, L., Lindsten, J., Aurias, A., Fraccaro, M., Bastard, C., Bot-
telli, A. M., Bui, T. H., Caufin, D., DalprÃ , L. and Delendi, N. (1983).
The 11q;22q translocation: a collaborative study of 20 new cases and
analysis of 110 families. Hum. Genet. 64, 343-55.

Iwamoto, Y. (2007). Diagnosis and treatment of Ewing’s sarcoma.
Jpn. J. Clin. Oncol. 37, 79-89.

Janmey, P. A., Wells, R. G., Assoian, R. K. and McCulloch, C. A.
(2013). From tissue mechanics to transcription factors. Differentiation
86, 112-20.

Jansen, K. A., Donato, D. M., Balcioglu, H. E., Schmidt, T., Danen,
E. H. and Koenderink, G. H. (2015). A guide to mechanobiology: Where
biology and physics meet. Biochim. Biophys. Acta.

Jin, Z., Zhao, C., Han, X. and Han, Y. (2012). Wnt5a promotes
ewing sarcoma cell migration through upregulating CXCR4 expression.
BMC Cancer 12, 480.

Karosas (2010). Ewing’s sarcoma. American Journal of Health-



22 Introduction

System Pharmacy.
Katira, P., Bonnecaze, R. T. and Zaman, M. H. (2013). Modeling

the mechanics of cancer: effect of changes in cellular and extra-cellular
mechanical properties. Front Oncol 3, 145.

Kim, R., Li, B. and Chu, Q. (2010). The Role of Chemokine Re-
ceptor CXCR4 in the Biologic Behavior of Human Soft Tissue Sarcoma.
Sarcoma.

Kodama, K., Doi, O., Higashiyama, M., Mori, Y., Horai, T., Tateishi,
R., Aoki, Y. and Misawa, S. (1991). Establishment and characterization
of a new Ewing’s sarcoma cell line. Cancer Genet. Cytogenet. 57, 19-30.

Kovar, H. (2005). Context matters: the hen or egg problem in Ew-
ing’s sarcoma. Semin. Cancer Biol. 15, 189-96.

Kovar, H. (2014). Blocking the road, stopping the engine or killing
the driver? Advances in targeting EWS/FLI-1 fusion in Ewing sarcoma
as novel therapy. Expert Opin. Ther. Targets 18, 1315-28.

Krook, M. A., Nicholls, L. A., Scannell, C. A., Chugh, R., Thomas, D.
G. and Lawlor, E. R. (2014). Stress-induced CXCR4 promotes migration
and invasion of ewing sarcoma. Mol. Cancer Res. 12, 953-64.

Kryczek, I., Wei, S., Keller, E., Liu, R. and Zou, W. (2007). Stroma-
derived factor (SDF-1/CXCL12) and human tumor pathogenesis. AJP:
Cell Physiology.

Lamhamedi-Cherradi, S.-E. E., Santoro, M., Ramammoorthy, V.,
Menegaz, B. A., Bartholomeusz, G., Iles, L. R., Amin, H. M., Livingston,
J. A., Mikos, A. G. and Ludwig, J. A. (2014). 3D tissue-engineered model
of Ewing’s sarcoma. Adv. Drug Deliv. Rev. 79-80, 155-71.

Landuzzi, L., Giovanni, C. De, Nicoletti, G., Rossi, I., Ricci, C.,
Astolfi, A., Scopece, L., Scotlandi, K., Serra, M., Bagnara, G. P., et al.
(2000). The metastatic ability of Ewing’s sarcoma cells is modulated by
stem cell factor and by its receptor c-kit. Am. J. Pathol. 157, 2123-31.

Liebner, D. A. (2015). The indications and efficacy of conventional
chemotherapy in primary and recurrent sarcoma. J Surg Oncol 111,
622-31.

Lissat, A., Joerschke, M., Shinde, D. A., Braunschweig, T., Meier,
A., Makowska, A., Bortnick, R., Henneke, P., Herget, G., Gorr, T. A., et
al. (2015). IL6 secreted by Ewing sarcoma tumor microenvironment con-
fers anti-apoptotic and cell-disseminating paracrine responses in Ewing
sarcoma cells. BMC Cancer 15, 552.

Loetscher, M., Geiser, T., O’Reilly, T., Zwahlen, R., Baggiolini, M.



1.9 References 23

and Moser, B. (1994). Cloning of a human seven-transmembrane domain
receptor, LESTR, that is highly expressed in leukocytes. J. Biol. Chem.
269, 232-7.

Ludwig, J. A. (2008). Ewing sarcoma: historical perspectives, cur-
rent state-of-the-art, and opportunities for targeted therapy in the future.
Curr Opin Oncol 20, 412-8.

Martinez-Ramirez, A., Rodriguez-Perales, S., Melendez, B., Martinez-
Delgado, B., Urioste, M., Cigudosa, J. C. and Benitez, J. (2003). Char-
acterization of the A673 cell line (Ewing tumor) by molecular cytogenetic
techniques. Cancer Genet. Cytogenet. 141, 138-42.

May, W. A., Lessnick, S. L., Braun, B. S., Klemsz, M., Lewis, B.
C., Lunsford, L. B., Hromas, R. and Denny, C. T. (1993). The Ewing’s
sarcoma EWS/FLI-1 fusion gene encodes a more potent transcriptional
activator and is a more powerful transforming gene than FLI-1. Mol.
Cell. Biol. 13, 7393-8.

Monument, M. J., Grossmann, A. H., Baker, C. C., Randall, R. L.,
Liu, T. and Albertson, D. J. (2015). Molecular Confirmation of Ewing
Sarcoma in an 85-Year-Old Woman. Int. J. Surg. Pathol. 23, 500-4.

Mori, Chang, Andrechek, Matsumura, Baba, Yao, Kim, Gatza, Mur-
phy and Nevins (2009). Anchorage-independent cell growth signature
identifies tumors with metastatic potential. Oncogene.

Mouw, J. K., Yui, Y., Damiano, L., Bainer, R. O., Lakins, J. N.,
Acerbi, I., Ou, G., Wijekoon, A. C., Levental, K. R., Gilbert, P. M.,
et al. (2014). Tissue mechanics modulate microRNA-dependent PTEN
expression to regulate malignant progression. Nat. Med. 20, 360-7.

Muller, A., Homey, B., Soto, H., Ge, N., Catron, D., Buchanan, M.
E., McClanahan, T., Murphy, E., Yuan, W., Wagner, S. N., et al. (2001).
Involvement of chemokine receptors in breast cancer metastasis. Nature
410, 50-6.

Na, K. Y., Kim, H.-S. S., Jung, W.-W. W., Sung, J.-Y. Y., Kalil,
R. K., Kim, Y. W. and Park, Y.-K. K. (2014). CXCL16 and CXCR6 in
Ewing sarcoma family tumor. Hum. Pathol. 45, 753-60.

Nedelcu, D., Andreescu, N., Boeriu, E., Stefanescu, R., Arghirescu,
S. and Puiu, M. (2014). Retrospective study on osteosarcoma and ewing
sarcoma - our experience. Maedica (Buchar) 9, 151-6.

Oberlin, E., Amara, A., Bachelerie, F., Bessia, C., Virelizier, J. L.,
Arenzana-Seisdedos, F., Schwartz, O., Heard, J. M., Clark-Lewis, I.,
Legler, D. F., et al. (1996). The CXC chemokine SDF-1 is-the ligand



24 Introduction

for LESTR/fusin and prevents infection by T-cell-line-adapted HIV-1.
Nature 382, 833-5.

Odri, G., Kim, P.-P. P., Lamoureux, F., Charrier, C., Battaglia, S.,
Amiaud, J., Heymann, D., Gouin, F. and Redini, F. (2014). Zoledronic
acid inhibits pulmonary metastasis dissemination in a preclinical model
of Ewing’s sarcoma via inhibition of cell migration. BMC Cancer 14,
169.

Pachenari, M., Seyedpour, S. M., Janmaleki, M., Babazadeh Shayan,
S., Taranejoo, S. and Hosseinkhani, H. (2014). Mechanical properties of
cancer cytoskeleton depend on actin filaments to microtubules content:
investigating different grades of colon cancer cell lines. J Biomech 47,
373-9.

Pagani, A., Fischer-Colbrie, R., Eder, U., Pellin, A., Llombart-Bosch,
A. and Bussolati, G. (1995). Neural and mesenchymal differentiations in
Ewing’s sarcoma cell lines. Morphological, immunophenotypic, molecu-
lar biological and cytogenetic evidence. Int. J. Cancer 63, 738-43.

Palczewski, K., Kumasaka, T., Hori, T., Behnke, C., Motoshima, H.,
Fox, B., Trong, I., Teller, D., Okada, T., Stenkamp, R., et al. (2000).
Crystal Structure of Rhodopsin: A G Protein-Coupled Receptor. Sci-
ence.

Palmieri, V., Lucchetti, D., Maiorana, A., Papi, M., Maulucci, G.,
Calapa, F., Ciasca, G., Giordano, R., Sgambato, A. and Spirito, M. De
(2015). Mechanical and structural comparison between primary tumor
and lymph node metastasis cells in colorectal cancer. Soft Matter 11,
5719-26.

Paszek, M. J., Zahir, N., Johnson, K. R., Lakins, J. N., Rozenberg,
G. I., Gefen, A., Reinhart-King, C. A., Margulies, S. S., Dembo, M.,
Boettiger, D., et al. (2005). Tensional homeostasis and the malignant
phenotype. Cancer Cell 8, 241-54.

Phillips, R. J., Burdick, M. D., Lutz, M., Belperio, J. A., Keane, M.
P. and Strieter, R. M. (2003). The stromal derived factor-1/CXCL12-
CXC chemokine receptor 4 biological axis in non-small cell lung cancer
metastases. Am. J. Respir. Crit. Care Med. 167, 1676-86.

Picard, L., Wilkinson, D. A., McKnight, A., Gray, P. W., Hoxie, J.
A., Clapham, P. R. and Weiss, R. A. (1997). Role of the amino-terminal
extracellular domain of CXCR-4 in human immunodeficiency virus type
1 entry. Virology 231, 105-11.

Potratz, J., Dirksen, U., Jurgens, H. and Craft, A. (2012). Ewing



1.9 References 25

sarcoma: clinical state-of-the-art. Pediatr Hematol Oncol 29, 1-11.
Pritchard, J. E. (1927). Ewing’s sarcoma: A report of a case. Can

Med Assoc J 17, 1164-7.
Rajagopalan, L. and Rajarathnam, K. (2006). Structural basis of

chemokine receptor function–a model for binding affinity and ligand se-
lectivity. Biosci. Rep. 26, 325-39.

Raman, D., Baugher, P. J., Thu, Y. M. and Richmond, A. (2007).
Role of chemokines in tumor growth. Cancer Lett. 256, 137-65.

Richter, G. H. H., Fasan, A., Hauer, K., Grunewald, T. G., Berns,
C., Rossler, S., Naumann, I., Staege, M. S., Fulda, S., Esposito, I., et
al. (2013). G-Protein coupled receptor 64 promotes invasiveness and
metastasis in Ewing sarcomas through PGF and MMP1. J. Pathol. 230,
70-81.

Roland, J., Murphy, B. J., Ahr, B., Robert-Hebmann, V., Delauzun,
V., Nye, K. E., Devaux, C. and Biard-Piechaczyk, M. (2003). Role of
the intracellular domains of CXCR4 in SDF-1-mediated signaling. Blood
101, 399-406.

Rosenkilde, M. M., Kledal, T. N., Holst, P. J. and Schwartz, T. W.
(2000). Selective elimination of high constitutive activity or chemokine
binding in the human herpesvirus 8 encoded seven transmembrane onco-
gene ORF74. J. Biol. Chem. 275, 26309-15.

Rubin, J. (2008). Chemokine signaling in cancer: one hump or two?
Semin. Cancer Biol.

Sainz-Jaspeado, M., Lagares-Tena, L., Lasheras, J., Navid, F., Rodri-
guez-Galindo, C., Mateo-Lozano, S., Notario, V., Sanjuan, X., Garcia
Del Muro, X., Fabra, A., et al. (2010). Caveolin-1 modulates the ability
of Ewing’s sarcoma to metastasize. Mol. Cancer Res. 8, 1489-500.

Sand, L. G., Szuhai, K. and Hogendoorn, P. C. (2015). Sequencing
Overview of Ewing Sarcoma: A Journey across Genomic, Epigenomic
and Transcriptomic Landscapes. Int J Mol Sci 16, 16176-215.

Sapudom, J., Rubner, S., Martin, S., Kurth, T., Riedel, S., Mierke,
C. T. and Pompe, T. (2015). The phenotype of cancer cell invasion
controlled by fibril diameter and pore size of 3D collagen networks. Bio-
materials 52, 367-75.

Schlesinger, H. R., Gerson, J. M., Moorhead, P. S., Maguire, H. and
Hummeler, K. (1976). Establishment and characterization of human
neuroblastoma cell lines. Cancer Res. 36, 3094-100.

Shimkin, M. B. (1974). Letter: History of cancer research: a starter



26 Introduction

reading list and guide. Cancer Res. 34, 1519-20.
Strauss, S. J., Ng, T., Mendoza-Naranjo, A., Whelan, J. and Sorensen,

P. H. (2010). Understanding micrometastatic disease and Anoikis re-
sistance in ewing family of tumors and osteosarcoma. Oncologist 15,
627-35.

Sun, X., Cheng, G., Hao, M., Zheng, J., Zhou, X., Zhang, J., Taich-
man, R. S., Pienta, K. J. and Wang, J. (2010). CXCL12 / CXCR4 /
CXCR7 chemokine axis and cancer progression. Cancer Metastasis Rev.
29, 709-22.

Taloni, A., Alemi, A. A., Ciusani, E., Sethna, J. P., Zapperi, S. and
Porta, C. A. La (2014). Mechanical properties of growing melanocytic
nevi and the progression to melanoma. PLoS ONE 9, e94229.

Teicher and Fricker (2010). CXCL12 (SDF-1)/CXCR4 Pathway in
Cancer. Clinical Cancer Research.

Triolo, V. A. and Riegel, I. L. (1961). The American Association for
Cancer Research, 1907-1940. Historical review. Cancer Res. 21, 137-67.

Triolo, V. A. and Shimkin, M. B. (1969). The American Cancer Soci-
ety and Cancer Research Origins and Organization: 1913-1943. Cancer
Res. 29, 1615-40.

Tung, J. C., Barnes, J. M., Desai, S. R., Sistrunk, C., Conklin, M.
W., Schedin, P., Eliceiri, K. W., Keely, P. J., Seewaldt, V. L. and Weaver,
V. M. (2015). Tumor mechanics and metabolic dysfunction. Free Radic.
Biol. Med. 79, 269-80.

Turc-Carel, C., Aurias, A., Mugneret, F., Lizard, S., Sidaner, I., Volk,
C., Thiery, J. P., Olschwang, S., Philip, I. and Berger, M. P. (1988).
Chromosomes in Ewing’s sarcoma. I. An evaluation of 85 cases of re-
markable consistency of t(11;22)(q24;q12). Cancer Genet. Cytogenet.
32, 229-38.

Vandercappellen, J., Damme, J. Van and Struyf, S. (2008). The role
of CXC chemokines and their receptors in cancer. Cancer Lett. 267,
226-44.

Venkatakrishnan, A. J., Deupi, X., Lebon, G., Tate, C. G., Schertler,
G. F. and Babu, M. M. (2013). Molecular signatures of G-protein-
coupled receptors. Nature 494, 185-94.

Wang, J., Wang, J., Sun, Y., Song, W., Nor, J. E., Wang, C. Y. and
Taichman, R. S. (2005). Diverse signaling pathways through the SDF-
1/CXCR4 chemokine axis in prostate cancer cell lines leads to altered
patterns of cytokine secretion and angiogenesis. Cell. Signal. 17, 1578-



1.9 References 27

92.
Wess, J., Han, S.-J. J., Kim, S.-K. K., Jacobson, K. A. and Li, J. H.

(2008). Conformational changes involved in G-protein-coupled-receptor
activation. Trends Pharmacol. Sci. 29, 616-25.

Whang-Peng, J., Triche, T. J., Knutsen, T., Miser, J., Kao-Shan,
S., Tsai, S. and Israel, M. A. (1986). Cytogenetic characterization of
selected small round cell tumors of childhood. Cancer Genet. Cytogenet.
21, 185-208.

Wu, B., Chien, E. Y., Mol, C. D., Fenalti, G., Liu, W., Katritch, V.,
Abagyan, R., Brooun, A., Wells, P., Bi, F. C., et al. (2010). Structures
of the CXCR4 chemokine GPCR with small-molecule and cyclic peptide
antagonists. Science 330, 1066-71.

Zucman, J., Delattre, O., Desmaze, C., Plougastel, B., Joubert, I.,
Melot, T., Peter, M., Jong, P. De, Rouleau, G. and Aurias, A. (1992).
Cloning and characterization of the Ewing’s sarcoma and peripheral neu-
roepithelioma t(11;22) translocation breakpoints. Genes Chromosomes
Cancer 5, 271-7.



28 Introduction


