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Summary
Osteosarcoma (OS) is a highly malignant primary bone tumor with a high propensity for lung

metastasis being the main cause of death in patients with OS. The introduction of
chemotherapy in the late 70s improved the survival of OS patients with localized disease
dramatically. The five-year survival rate of patients who present with metastasis at diagnosis,
however, plateaued at about 20% and has not been increased since that time. Therefore, we
urgently need to gain a better understanding of the molecular mechanisms underlying OS
metastasis in order first to develop new efficient targeted therapies aiming at the inhibition of
metastatic spread and second to improve survival and life quality of OS patients suffering
from metastatic disease.

The involvement of the SDF-1/CXCR4 chemokine axis in the metastatic process of various
cancers has been widely investigated. It has been shown that CXCR4 positive metastatic cells
migrate towards SDF-1 concentration gradient to the sites of secondary lesions. It is not clear,
however, if the same mechanism applies to OS cells originating from the bone, where SDF-1
is constitutively expressed by bone marrow cells. Further, inconclusive results of the
correlation between CXCR4 expression in OS samples and metastasis or patient survival have
been reported. Therefore, the aim of this thesis was to investigate in more details the role of
the SDF-1/CXCR4 chemokine axis in OS development in vivo in SCID mice. In order to do
so, we interfered with the SDF-1/CXCR4 chemokine signaling in CXCR4 expressing 143-B
human OS cells via stable expression of native SDF-1 or its genetically modified variants,
P2G or SDF-1-KDEL. P2G is a competitive SDF-1 receptor antagonist, whereas SDF-1-
KDEL is a fusion protein that prevents cell surface expression of CXCR4. Empty vector
carrying cells were used as a control.

Our results revealed that expression of native SDF-1 did not affect OS tumor growth, but
strongly promoted metastasis, whereas local interference with SDF-1/CXCR4 interaction

through P2G or SDF-1-KDEL expression in 143-B cells significantly enhanced intratibial



tumor growth and inhibited lung metastasis. Interestingly, we observed that tumors grown
from P2G and SDF-1-KDEL expressing 143-B cells contained larger numbers of CXCR4
expressing tumor cells. These results were supported by the increased levels of CXCR4
encoding mMRNA detected in these tumors compared to control. Apparently, CXCR4
expression in OS cells promoted tumor cell retention within primary tumors rather than
metastatic dissemination, which was reflected by an increased primary tumor size and a
decreased number of metastasis in P2G- and SDF-1-KDEL- tumor-bearing mice. Intriguingly,
further analysis of mouse lungs revealed an enrichment in CXCR4 expressing disseminated
tumor cells in all experimental groups. These findings provide evidence that SDF-1/CXCR4
signaling might be crucial for survival and proliferation of OS cells in later steps of the
metastatic process, thus revealing a dual role of the SDF-1/CXCR4 pair in the metastatic
cascade of OS. In conclusion, our results provide new insights into the role of the
SDF1/CXCR4 chemokine pair in OS, thereby defining the basic rationale for local CXCR4

targeted anti-metastatic therapy in the lungs.

Zusammenfassung
Das Osteosarkom ist ein bosartiger priméarer Knochentumor. Es verursacht Lungenmetastasen,

welche die Haupttodesursache der Osteosarkompatienten sind. Nach der Einfuhrung der
Chemotherapie in den Siebzigerjahren hat sich das Uberleben der Osteosarkompatienten mit
einem lokalisierten Tumor dramatisch verbessert. Bei den Patienten, bei denen Metastasen
festgestellt wurden, blieb die 5-Jahres-Uberlebensrate unverandert bei nur 20 Prozent. Die
Prognose hat sich fur die Patienten mit Metastasen seitdem nicht verbessert. Um neue,
effektivere und gezielte Therapieansatze zu entwickeln um die Lebensqualitat der Patienten
mit Metastasen zu verbessern, bedarf es eines besseren Verstandnisses von den molekularen

Mechanismen der Osteosarkommetastasierung.
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Es wurde wissenschaftlich nachgewiesen, dass das Chemokin SDF-1 und dessen Rezeptor,
CXCR4, bei der Metastasierung von verschiedenen Krebsarten involviert sind. Tumorzellen,
die den Rezeptor CXCR4 haben, migrieren entlang eines Gradienten von SDF-1, das im
Sekundargewebe produziert wird. Es ist nicht klar, ob der gleiche Mechanismus bei
Knochentumoren eine Rolle spielt, weil SDF-1 permanent im Knochenmark produziert wird.
Die Zusammenhange zwischen CXCRA4-Expression des Primadrtumors und das daraus
resultierende metastatische Potential eines Osteosarkoms oder der allgemeinen Uberlebensrate
der Patienten, sind noch unklar. In dieser Dissertation wurden daher die Funktionen des
Chemokines SDF-1 und dessen Rezeptor CXCR4 in der Pathogenese des Osteosarkoms in
vivo in SCID Méausen untersucht. Zu diesem Zweck haben wir humane 143-B
Osteosarkomzellen manipuliert damit sie natives SDF-1 oder dessen genetisch modifizierte
Formen, P2G und SDF-1-KDEL, stabil exprimieren und dadurch die Wechselwirkung
zwischen SDF-1/CXCR4 unterbunden wird. P2G ist ein kompetitiver Hemmer des
Chemokines SDF-1, und SDF-1-KDEL ist ein Fusionseiweiss, welches verhindert, dass der
Rezeptor CXCR4 an die Zellmembran gelangt. Als passende Kontrolle haben wir auch 143-B
Zellen mit einem leeren Infektionsvektor generiert.

Unsere Resultate zeigen, dass die Expression von nativem SDF-1 das Wachstum des Tumors
nicht verandert hat, aber die Lungenmetastasierung stark gefordert hat. P2G und SDF-1-
KDEL haben das Wachstum der primaren Tumore geférdert, allerdings die Metastasierung
reduziert. Wir haben auch beobachtet, dass die Tumore, die aus den 143-B P2G und 143-B
SDF-1-KDEL Zellen gewachsen sind, mehr CXCR4-positive Tumorzellen aufwiesen als die
Kontrolltumore. CXCR4 wurde mit Hilfe von Flusscytometrie und PCR bestimmt.
Offensichtlich wurden die Osteosarkomzellen durch deren CXCR4 Rezeptor und das vom
Knochenmark produzierte SDF-1 in den Primdrtumoren behalten. Dadurch haben die 143-B
P2G und 143-B SDF-1-KDEL Zellen grossere Primértumore und weniger Metastasen

entwickelt. Interessanterweise hat die Analyse der Mauslungen aller experimenteller Gruppen
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gezeigt, dass die Metastasen mit CXCR4-positiven Tumorzellen angereichert wurden. Unsere
Resultate weisen darauf hin, dass CXCR4 sehr wichtig fiir das Uberleben der Tumorzellen in
der neuen Umgebung sein kdnnte und dass CXCR4 eine duale Rolle im
Metastasierungsprozess des Osteosarkoms spielen konnte. Schliesslich liefert unsere Studie
neue Erkenntnisse Uber die Rolle, die SDF-1 und CXCR4 in der Pathogenese des
Osteosarkoms spielen konnten und deutet an, dass eine ortliche, auf CXCR4 abgezielte

Therapie eine attraktive Option darstellt.

Preface
The focus of this thesis was to investigate the role of the SDF-1/CXCR4 chemokine axis in

OS metastasis. The introduction part gives an overview on OS and the metastatic process and
includes the description of animal models used for studying OS. CXCR4/SDF-1 chemokine

biology as well as its implication in carcinogenesis is also detailed in the introduction section.
The result part is split into two parts. The first part is presented as a manuscript:

Altered CXCL12 expression reveals a dual role of CXCR4 in osteosarcoma tumor

growth and metastasis

The second part contains further results that were not included in the manuscript and

additional studies written as separate chapters:

* Role of the SDF-1/CXCR4 axis in OS metastasis

* Pulmonary administration of an SDF-1 neutralizing ligand for targeted
treatment of lung metastasis in an intratibial metastasizing OS mouse model: a
pilot study

* Invivo characterization of K12 lacZ, K7M2 lacZ, and MOS-J lacZ OS models
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» Establishment of highly metastatic mouse K7M2 lacZ and MOS-J lacZ OS

models

The result section is followed by the discussion where major findings of the studies “In vivo
characterization of K12 lacZ, K7M2 lacZ, and MOS-J lacZ OS models” and “Establishment
of highly metastatic mouse K7M2 lacZ and MOS-J lacZ OS models” are summarized. In the
Conclusion/Synthesis part of the discussion, I focus on the study “Altered CXCLI12
expression reveals a dual role of CXCR4 in osteosarcoma tumor growth and metastasis”. In
this section, | restate the results without lengthy description and provide logical explanation of

the findings.

In the Outlook/Future direction section, | provide a summary of the preliminary data of the
study “Pulmonary administration of an SDF-1 neutralizing ligand for targeted treatment of
lung metastasis in an intratibial metastasizing OS mouse model: a pilot study” and discuss

clinical implications of our findings.
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1. Osteosarcoma (OS)

1.1 OS clinical presentation

Osteosarcoma (OS) is a malignant tumor of mesodermal origin defined by the presence of
highly proliferative malignant cells producing osteoid and/or immature bone (Klein and
Siegal 2006). OS is the most common non-hematopoietic primary bone tumor in children and
adolescents with a high propensity for lung metastasis. Lesions with different histological and
anatomical features are distinguished. By its anatomical location OS is classified into central,
surface, gnathic, multifocal (all osseous OSs), intramuscular or other location (soft tissue
sarcomas). Central OS is further divided in high-grade or low-grade subtypes. High-grade OS
comprises conventional, telangiectatic, small cell, epithelioid, osteoblastoma-like,
chondrosarcoma-like, fibrohistiocytic, and giant cell-rich OS. OS is a relatively rare tumor
with an incidence of 2-3 cases per million people per year. The peak incidence is seen in the
second and the third decade, most likely associated with the growth phase in puberty. The
second peak is seen at the age of approximately 50 years and appears to be associated with

Paget disease and exposure to radiation of the bone (Klein and Siegal 2006).

Characteristic symptoms of OS include local pain, often associated with swelling in the
involved region and limitation in movement of affected joints (Marina, Gebhardt et al. 2004).
In patients with osteolytic tumors, bone fractures are frequently observed. Most commonly,
OS occurs in the metaphyses of long bones, in the distal femur, the proximal tibia, and the
proximal humerus, with 50% of the cases originating around the knee. Approximately 15% of
OS patients present with radiologically detectable metastases, predominantly in the lung, at
the time of diagnosis. Similar to other mesenchymal tumors OS metastasizes through the
circulation.

OS is most frequently diagnosed by X-ray and subsequent tumor tissue biopsy (Marina,

Gebhardt et al. 2004; Klein and Siegal 2006). In most cases OS appears in its classic or
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conventional form consisting of spindle-like or polyhedral cells. Conventional OS is
characterized by the ability to produce different amounts of cartilage matrix and fibrous
tissue. Based on these features OS is subdivided into osteoblastic, chondroblastic, and
fibroblastic OS depending on the type of extracellular matrix and the types of cells that
produce it. In fact, in most conventional OS all three cell types are detected, but the cell type
which is most predominant defines a histological subtype of OS (Klein and Siegal 2006;

Ritter and Bielack 2010).

1.2 OS therapy and prognosis
Current therapy of OS patients includes preoperative (neoadjuvant) chemotherapy, complete

surgical removal of all detectable tumor sites, and postoperative (adjuvant) chemotherapy
(Marina, Gebhardt et al. 2004). Chemotherapy usually includes doxorubicin, high-dose
methotrexate, cisplatin and ifosfamide. Despite the fact that OS was long considered as
radiotherapy resistant tumor, recent data suggest that radiotherapy might be beneficial for
patients with incomplete tumor resection. Despite improved treatment success after the
introduction of neoadjuvant chemotherapy in the late 70s, patients with metastatic or recurrent
disease continue to have a very poor prognosis with a 5-year survival rate of only
approximately 20% (lsakoff, Bielack et al. 2015). The current treatment of metastatic or
recurrent disease is similar to that applied for localized disease combining complete surgical
removal of all visible metastases and second-line chemotherapy including ifosfamide,
etoposide and/or carboplatin (Marina, Gebhardt et al. 2004; Mialou, Philip et al. 2005;
Kansara and Thomas 2007; Walkley, Qudsi et al. 2008). Although the location of the primary
tumor and tumor size, response to chemotherapy and surgical remission are of a prognostic
value, the presence of metastases appears to be the only a reliable prognostic factor. The fact
that 80% of OS patients eventually develop metastases suggests that most of them have

nondetectable micrometastases already at the time of diagnosis. Therefore, there is a
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continued need for better understanding of molecular mechanisms of OS in order to identify
therapeutic targets and to develop new effective agents and treatment strategies for OS

patients suffering from metastatic disease in order to improve the outcome for those patients.

1.3 OS origin/Etiology
Although, the situation of OS patients was significantly improved during the past years, the

etiology of OS remains largely unknown. Giving the fact that OS arises early in lifetime, it is
unlikely that slow progressive accumulation of carcinogenic changes leads to occurrence of
this type of tumor (Fuchs and Pritchard 2002; Mohseny, Szuhai et al. 2009). Oncogenic
viruses, such as Rous sarcoma virus encoding for the v-Src protooncogene, were first found to
be related to the development of sarcomas. FBJ virus was shown to be very potent in inducing
spontaneous OS in mice. Later, radiation, electrical burn and several chemical agents, such as
beryllium oxide and methylcholanthrene were found to be associated with OS. More recently,
significant effort has been made in order to delineate etiological factors and genes that may
contribute to the pathogenesis of OS, let to the identification of several genetic predispositions
such as hereditary retinoblastoma, Li-Fraumeni syndrome, Rothmund-Thomson syndrome,
Bloom syndrome, and Werner syndrome (Fuchs and Pritchard 2002; Walkley, Qudsi et al.
2008). All these syndromes are associated with mutations in genes regulating the cell cycle
and DNA repair and metabolism. Genomic instability and chromosomal abnormalities with
significant cell-to-cell variation and heterogeneity are common in OS. For example,
chromothripsis was documented in 25% of OS (Forment, Kaidi et al. 2012). It is suggested
that chromotripsis occurs in a single, catastrophic event early in cancer cell development
which precedes loss of heterogeneity (Figure 1). However, it remains to be determined at
which stages of tumorigenesis chromotripsis usually takes place and which mechanisms
trigger the rearrangement of chromosomes. Most of the cells undergoing chromotripsis in

vitro, die due to the DNA damage-induced apoptosis. The minority of the cells that escape
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apoptosis and survive could potentially become cancerous. Moreover, double-stranded breaks
in cells where G1/S cell cycle check point arrest in not efficiently induced (for example, in
p53-deficient cells) become a substrate for chromosomal rearrangements (Forment, Kaidi et
al. 2012). Indeed, a strong association between p53 mutations and chromotripsis for acute
myeloid leukaemia patients has been reported. Conventional cytogenetic analysis, molecular
analysis of allelic imbalance, comparative genomic hybridization (CGH), and array-based
CGH identified regions of gene loss, amplification, and rearrangement in OS. Genetic
alterations observed in OS are common in other cancers and are not specific for OS (Fuchs
and Pritchard 2002; Kansara and Thomas 2007; Chen, Zhou et al. 2015). They include the
deletion of p53 and mutations in Rb tumor suppressor genes, as well as an overexpression of
oncogenes such as myc, c-fos, src, and Her-2. In a recent study it has been shown that
osteoblast-restricted loss of p53 and/or pRB led to the development of OS in mice with p53
mutations being dominant (Walkley, Qudsi et al. 2008). Mouse double minute 2 (MDMZ2) and
cyclin-dependent kinase 4 and 6 (CDK4/6) genes were also reported to be amplified or
overexpressed in OS (Kansara and Thomas 2007; Sakamoto and Ilwamoto 2008). Wnt/j-
catenin signaling plays a central role in the control of developmental gene expression
(Kansara and Thomas 2007). It is falsely regulated in many cancers and false regulation
appears to correlate with OS metastasis. The SDF-1/CXCR4 chemokine axis was shown to
play an important role in migration and adhesion of OS cells in vitro, as well as in the
development of lung metastases in an in vivo mouse model (Wang 2005; Tang, Song et al.
2008). Some pathways and regulatory molecules involved in OS pathogenesis are illustrated

in Figure 1.
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Figure 1: Schematic representation of pathways and molecules involved in OS pathogenesis. Dotted arrows
indicate that the exact timing of these events is not known. The two-headed arrow indicates specific interactions

between pathways (adapted from Wang 2005; Forment, Kaidi et al. 2012).

Most of the OS tumors are sporadic and the cells of origin remain a much debated topic in
OS. Patane et al. demonstrated experimentally that overexpression of the MET oncogene in
primary human osteoblasts transformed these cells into tumorigenic and invasive OS cells
(Patane, Avnet et al. 2006). Moreover, it induced cytogenic and chromosomal aberrations in
OS cells. Suppressed expression of HGF, of its receptor MET, or inhibition of receptor
dimerization abrogated the transformed phenotype of OS cells. More recently, mesenchymal
stem cells (MSCs) were proposed as cells of origin in OS. Homozygous loss of cdkn2 region

was shown to mediate MSCs malignant transformation in vitro (Mohseny, Szuhai et al. 2009).
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2. In vivo models of OS
Tumor tissue heterogeneity and considerable genetic instability are important characteristics

of OS and contribute to the deficits in our knowledge on the etiology of OS. Therefore, it is of
a great importance to have animal models available that closely mimic the human disease and
allow the dissection of pathophysiological mechanisms, the design of novel therapeutic
strategies and adequate drug screening. Moreover, a valuable in vivo model of OS must be
reliable and reproducible. Numerous in vivo OS models have been developed in the past.

First, OS models in mice have been generated by radiation-induced or chemical-induced
lesions. Several genetically-modified mouse models, including p53-deficient germline, have
been reported (Walkley, Qudsi et al. 2008). The disadvantage of these models is their
unpredictability. Alternatives to this model are xenotransplantation models or the models
where established cell lines are injected -either subcutaneously, intravenously, or
orthotopically into mice. Several human-derived OS cell lines have been established,
including U20S (Ponten and Saksela 1967), SAOS (Jia, Worth et al. 1999), HOS (McAllister,
Gardner et al. 1971) and its highly metastatic derivate 143-B (Bacchetti and Graham 1977).
The limitation of these mouse models is that relationships between tumor and immune system
cannot be studied.

Immunocompetent mouse models based on the mouse-derived cell line can help overcome
this problem. Several mouse-derived OS cell lines have been also reported, including K7
(Schmidt, Strauss et al. 1988), K12 and K7M2 (Khanna, Prehn et al. 2000), Dunn (Dunn and
Andervont 1963) and its more aggressive derivate LM8 (Asai, Ueda et al. 1998), and MOS-J
(Joliat, Umeda et al. 2002). K7M2 OS transplantation model was shown to be highly
tumorigenic, and metastatic, however a very high speed of primary tumor formation makes it
difficult to study metastatic process (Khanna, Prehn et al. 2000).

The murine osteosarcoma MOS-J cell line was derived from spontaneously occurring

chondroblastic osteosarcoma in a C57BL/6J mouse. Intratibial injections of MOS-J cells into
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immunocompetent syngeneic mice reveal primary tumors in bone however no metastases in
lung or other organs were formed (Joliat, Umeda et al. 2002). Development of a highly
metastatic MOS-J cell line would be much appreciated in the light of recent improvements in
the generation of genetically modified mice on the C57BL/6J mouse genetic background. It
would be very attractive to study a role of conditionally altered alleles in a cell-specific
manner in the development of OS in syngeneic transplantation or cell inoculation mouse

models.

3. Metastasis

3.1 Metastasis genes
Metastasis is a multistep process that includes local invasion, intravasation, survival in the

circulation, extravasation, and colonization of a distant organ (Chambers, Groom et al. 2002).
Different tumor types share these processes and mechanisms, but the organs targeted by
metastasizing tumor cells and the kinetics of metastatic progression are remarkably different.
This indicates that tumor cells need to acquire different properties to invade different organs
and to develop metastases in organ-defined microenvironments. The time period between
organ invasion and colonization, defined as latency, varies considerably.

Genes involved in the metastatic process can be divided into three categories: metastasis
initiation, metastasis progression and metastasis virulence genes (Nguyen, Bos et al. 2009).
Metastasis initiation genes are involved in the epithelial-mesenchymal transition (EMT),
promote degradation of the extracellular matrix needed for tissue invasion, and stimulate
angiogenesis (Nguyen, Bos et al. 2009; Valastyan and Weinberg 2011). Metastasis
progression genes promote extravasation of circulating metastatic cells, invasion into the site
of the secondary lesion and survival in new parenchyma. Although these genes are needed to

successfully infiltrate distant tissues, they can already be expressed at the site of the primary
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tumors, where they might have different functions. There are no rigid borders between
metastasis initiation and metastasis progression genes: the genes that enable cells to
proliferate within the primary tumor site can also confer metastatic phenotype of the cells.
Thus metastasis progression gene expression at the primary tumor site might predict to which
organ a certain type of tumor will metastasize (Nguyen, Bos et al. 2009). Expression of the
metastasis virulence genes becomes prominent only in those cells that successfully
disseminated and invaded a distant organ. These genes do not give any advantage to tumor
cells in primary sites and therefore they do not contribute to the expression signature that
would predict organ-specific metastasis formation in the primary tumor (Bernards and

Weinberg 2002; Nguyen, Bos et al. 2009).

There are two different approaches in vivo that help to model and study the metastatic
processes. Tumor cells are either injected orthotopically or intravenously. The first model
includes spontaneous metastasis and closely mimics the metastatic disease in patients. The
second model of experimental metastasis is useful to study metastasis formation undergoing
processes in the target organ, but is not able to clarify which genes and molecules play a role
at the initial steps of metastasis formation, when tumor cells acquire metastatic signatures and

leave primary tumor site (Chambers, Groom et al. 2002).

3.2 Organ-specific metastasis and self-seeding
Once tumor cells enter the circulation they encounter several stresses, including physical

damage from blood shear forces, attack of the immune system, and loss-of-detachment
evoked death, or anoikis. However, considering the rather short period of time the metastatic
cells remain in the circulation, the relevance of anoikis is unclear (Gupta and Massague 2006;
Valastyan and Weinberg 2011). In order to escape from immune surveillance, metastatic cells
attract platelets, which protect them from attacks of the immune system (Gupta and Massague

2006).
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The most common metastatic sites include bone marrow, lungs, liver and brain. Stephen Paget
proposed a “seed and soil” theory of metastatic dissemination (Gupta and Massague 2006).
According to this theory, the outcome of cancer metastasis depends on the interactions
between tumor cells (“seeds”) and the secondary organ to which the cells metastasize (“soil”).
In 1929, James Ewing suggested that the anatomical layout of the vasculature determines site
specific metastasis (Chambers, Groom et al. 2002). However, these theories are not mutually
exclusive. Dissemination of metastatic cells is partially influenced by the physiological blood
flow pattern and by specific molecular interactions between the metastatic cells and
endothelial cells lining the capillary walls of a specific organ that dictate infiltration (Gupta
and Pillarisetti 1999; Bernards and Weinberg 2002; Chambers, Groom et al. 2002). Capillary
vessels of the bone marrow and the liver are highly permissive, whereas endothelial cells of
lung capillaries are surrounded by basement membrane and alveolar cells. Therefore, the
circulating tumor cells metastasizing to the lung need to express particular molecules that
mediate migration through the lung endothelial layer. Mediators of lung endothelial
transmigration include for example epiregulin, prostaglandin G/H synthase 2 (PTGS2 or
COX2), matrix metalloproteinases (MMP1 and MMP2), cytokine angiopoetin-like 4
(ANGPTLA4), etc (Bernards and Weinberg 2002; Chambers, Groom et al. 2002). Stromal cell
derived factor 1 (SDF-1, also called CXCL12) interacting with its receptor CXCR4 was
shown to mediate lung-specific metastasis of breast cancer (Muller, Homey et al. 2001). The
mechanism of site-specific metastasis mediated by the SDF-1/CXCR4 axis in breast and other
cancers will be discussed later.

Cancer cells that detached from the primary tumors and entered the circulation can return to
the site of the primary tumor and thereby contribute to its growth and size. Alternatively,
cancer cells can undergo self-seeding following proteolysis of extracellular matrix and

reattachment to the tumor mass without passing through the circulation. In both cases self-



20

seeding leads to the formation of high-density cells conglomerates, which form independent

loci of growth that contribute to a larger overall tumor size (Norton and Massague 2006).

3.3 Time course of metastasis

Some types of tumors such as lung and pancreatic adenocarcinoma, skin melanoma and
osteosarcoma have a short relapse period (Nguyen, Bos et al. 2009). The short period of
recurrence implies that the metastatic competence genes either are already expressed in
premalignant cells or acquired earlier during malignant transformation. Mediators enabling
cells to rapidly establish secondary lesions in different organs have been proposed for some
tumor types (Garraway, Widlund et al. 2005; Nguyen, Bos et al. 2009). For example, it has
been suggested that microphthalmia-associated transcription factor (MITF) predisposes the
melanocyte lineage to malignant transformation. In addition, some of the embryonic stem cell
modules, such as transcriptional factor SNAI2, were linked to the disease relapse (Gupta,

Kuperwasser et al. 2005; Nguyen, Bos et al. 2009).

On the contrary, other tumors are capable of invading distant organs, but have a long period of
latency (Nguyen, Bos et al. 2009). Such tumors exhibit long disease-free intervals. Breast and
prostate cancers are examples for such tumors. Breast cancer cells reside in the lung as single
cell micrometastases or form non-proliferating cell clusters. This state is called proliferative
dormancy or tumor mass dormancy. Dormancy is influenced by both, intrinsic properties of
the metastatic cells and the organ tissue microenvironment. Importantly, metastatic cells must
not only survive during latency and bypass senescence, but also reinitiate growth once the
conditions are favorable. The acquisition of competence by dormant cells to reinitiate tumor
growth can be intrinsic to the tumor cells or driven by selective pressures that the organ
imposes to the dormant cells (Chambers, Groom et al. 2002; Gupta and Massague 2006).
Additional functions that dormant cells can acquire stochastically under such a pressure

contribute to the site-specific metastatic process.
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In order to explain dormancy, Judah Folkman proposed that apoptosis and proliferation rates
of micrometastasis are balanced because micrometastases fail to become vascularized
(Chambers, Groom et al. 2002). These micrometastases were consequently named
preangiogenic micrometastases. Moreover, dormant cells can occur in a state of non-dividing
solitary cells. Dormant and non-dormant cells can exist at the same time at the secondary site.
When non-dividing breast cancer cells were isolated from the secondary lesions in liver and
reinjected into the mouse fat pads, they were able to reinitiate primary tumor growth
indicating that dormant cells retain functions that contribute to the primary tumor growth
(Chambers, Groom et al. 2002).

Hematogenous metastatic spread to the lung remains the major cause of death of OS patients.
However, the molecular processes underlying the metastatic process of OS remain to be
clarified. Chemokines are known to regulate cell migration, adhesion, and proliferation in
different types of cancer and have been reported to be involved in OS pathogenesis (Liao,

Zhou et al. 2013).

4. Chemokine and chemokine receptors

4.1 Chemokines, structure and classification
Chemokines are a family of nearly 50 small secreted cytokines (7-14 kDa) that belong to the

cytokine family (Balkwill 1998; Laing and Secombes 2004; Bachelerie, Ben-Baruch et al.
2014). Chemokines are best known for their ability to regulate leukocyte trafficking. They
also play essential roles in cell proliferation, differentiation, death and maturation, as well as
in embryonic development, angiogenesis, tissue regeneration, etc. (Balkwill 1998). Moreover,
chemokines augment pathophysiological processes by recruiting different leukocyte subsets

to a site of tissue injury. Thus, chemokines play a fundamental role in myocardial infarction,
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rheumatoid arthritis, psoriasis, glomerulonephritis and HIV infections (Furie and Randolph
1995; Horuk 2001). All chemokines bind to proteoglycans on endothelial cells, which mediate
their localization at the site of inflammation and avoid that they are removed by the blood

flow (Adams and Lloyd 1997; Mantovani, Bonecchi et al. 2006).

Two categories of chemokines, homeostatic and inflammatory chemokines, have been defined
based on their functions. Some chemokines are produced and stored as inactive pro-peptides
and are activated by enzymatic cleavage at an inflammatory site (Berahovich, Miao et al.
2005; Nomiyama, Osada et al. 2011). Homeostatic chemokines are constitutively expressed
and secreted by a wide variety of non-inflamed tissues and are mainly involved in controlling
lymphocyte trafficking and homing under physiological conditions. Inflammatory
chemokines are expressed in response to a pro-inflammatory stimulus and control the
migration of leukocytes to the site of inflammation. Some chemokines that act as both
inflammatory and homeostatic chemokines are called dual-function chemokines (Nomiyama,

Osada et al. 2011).

Structurally, chemokines are divided into four subfamilies, named CXC, CC, XC (C), and
CX3C according to the arrangement of four conservative cysteine residues in their amino acid
sequence (Nomiyama, Osada et al. 2011; Bachelerie, Ben-Baruch et al. 2014). These cysteine
residues are involved in the formation of disulfide bonds. CXC and CC are the main
subfamilies. In the CXC and CX3C subfamilies the first two of four cysteine residues are
separated by one or three amino acids, respectively. In the CC subfamily the first two cysteine
residues are adjacent to each other. Chemokine of CXC, CX3C and CC families form two
disulfide residues. The XC (or C) subfamily lacks the first and the third cysteine residues and
forms therefore only one disulfide bond. CXC chemokines are further subdivided into ELR+
and ELR- subgroups depending on the presence or absence of the three amino acid residues

glutamine-leucine-arginine adjacent to the CXC motif (Laing and Secombes 2004). ELR+
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chemokines include CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCLS8 and
display neutrophil attracting ability. ERL— chemokines include CXCL4, CXCL9, CXCL10,
CXCL11, CXCL12/SDF-1, CXCL13, CXCL14, and CXCL16. These ERL- chemokines
attract neutrophils only with a low efficiency. All ERL+ chemokines can induce angiogenesis,
whereas ERL— chemokines are anti-angiogenic with the exception of CXCL12/SDF-1, which

was shown to induce angiogenesis.

Chemokine secretion is upregulated by pro-inflammatory cytokines such as IL-1, IL-2, TNFa,
y-interferon, and the bacterial product, lipopolysaccharide, and inhibited by TGFp, I1L-4, and

IL-10. However, the response depends on the individual chemokine (Adams and Lloyd 1997).

4.2 Chemokine receptors

Chemokine receptors belong to the superfamily G protein-coupled cell-surface receptors
GPCRs (also termed 7-transmembrane or heptahelical receptors) that share a seven-
transmembrane-spanning a-helix architecture with each of the seven segments displaying a
high level of hydrophobicity, an extracellular N-terminus and an intracellular C-terminus.
Conserved overall domain structure of GPCRs was revealed by X-Ray crystallography. This
includes DRY, ERY and NPXXY motifs that keep GPCRs in an inactive state until binding of
an agonist (Lodowski and Palczewski 2009). The extracellular domains, consisting of the
amino-terminal domain and three loop structures constitute the high-affinity ligand binding
site and the intracellular serine/threonine-rich carboxy-terminal domain and three intracellular
loop structures interact with signaling molecules and mediate receptor internalization.

The ligation of an agonist is the first step in the signal transduction through G-protein coupled
chemokine receptors which initiates a cascade of intracellular events. The binding of the
ligand leads to the conformational changes in the receptor which involves disruption of the
ionic interactions between the third and the six trans-membrane loops of the receptor,

followed by the hydrolysis of GTP and its exchange for GDP. Dissociated Ga and GPy
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subunits bind to cellular effector enzymes, such as phospholipases and regulate second
messenger molecules which in turn regulate activity of other enzymes thus ultimately leading
to the cellular response (Kroeze, Sheffler et al. 2003; Lodowski and Palczewski 2009). There
are at least 18 different types of Ga, 5 types of Gp, and 11 types of Gy proteins known to
which GPCRs can be bound (Kroeze, Sheffler et al. 2003).

Downstream signaling molecules interacting with chemokine receptors include Rho, Rac,
Cdc42, adenylcyclases A2, C and D, as well as MAPK depending on the individual
chemokine receptor and the cell type in which it is expressed (Balkwill 1998; Mantovani,
Bonecchi et al. 2006). Some “silent” or atypical chemokine receptors such as ACKR3 (also
known as CXCR7/RDC1), ACKR1 (DARC), ACKR2 (D6), and ACKR4 (CCX-CKR) have
been described (Mantovani, Bonecchi et al. 2006; Bachelerie, Ben-Baruch et al. 2014). These
receptors serve as decoy and scavenger receptors and thus fine-tune the actions of cytokines
and other chemokine receptors.

Chemokine receptors are classified and named based on their specificity for the different
CXC, CC, XC (C), CX3C, and CX chemokine subfamilies (Zlotnik and Yoshie 2000; Bacon,
Baggiolini et al. 2002). Their names are composed of the name of the family of chemokines
they recognize followed by the letter “R” for “receptor” and a number indicating the

chronology of identification.

All chemokine receptors are encoded by a single exon with the exception of CCR2, which is
encoded by two separate exons (Balkwill 1998). Compared to the chemokines, chemokine
receptors are well conserved across the species (Laing and Secombes 2004; Nomiyama,
Osada et al. 2011; Bachelerie, Ben-Baruch et al. 2014). Twenty three human and 24 mouse
chemokine receptor genes have been identified so far, including six atypical (non-signaling)
chemokine receptors. Only one major cluster containing 14 genes encoding for human

chemokine receptors was found on the chromosome 3p21. Some chemokine receptor genes
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were mapped individually to miniclusters (Horuk 2001; Nomiyama, Osada et al. 2011),
including CCR6 and CCR7 which were mapped to the human 6927 and 17ql2-21.2
chromosomes respectively (Horuk 2001). CXCR1, CXCR2 and pseudogene for CXCR2 were
found on the human 2935 chromosome, whereas CXCR4 was found to be located to the

human 2921 chromosome.

Chemokine receptors are expressed by a variety of tissues and cell types, including
hematopoietic cell types, lymphoid organs (CCR5, CCR6), neurons (CCR5, CXCR4),
epithelial and endothelial cells (CCR5), etc. (Horuk 2001). Chemokine receptors can be
upregulated upon stimulation with their ligands; hypoxia can modulate the expression of some

chemokine receptors.

4.3 Chemokine evolution

Chemokines are present in vertebrates and microorganisms (Laing and Secombes 2004;
Nomiyama, Osada et al. 2011), although the latter is probably the result of a host-virus gene
copy transfer (Nomiyama, Mera et al. 2001; Nomiyama, Osada et al. 2010). Thus, it is likely
that chemokine-mediated control of the immune response arose and evolved with the
evolution in vertebrates.

Inflammatory chemokines possess highly redundant and promiscuous ligand-receptor
relationships, whereas homeostatic chemokines tend to undergo more specific ligand-receptor
interactions. Indeed, taking into consideration the complexity of leukocyte recruitment and
the importance of the immune response to the host survival, it is not surprising that multiple
mechanisms have evolved, resulting in the observed redundancy (Adams and Lloyd 1997).
Phylogenetic analysis demonstrated that homeostatic chemokines are much older than
inflammatory chemokines. Therefore the individual genetic and functional features of
inflammatory chemokines are supposed to be attributed to their recent evolution (Mantovani

1999; Nomiyama, Mera et al. 2001).
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The major CC chemokine gene cluster is located on the human chromosome 17 and contains
17 CC chemokine genes, including one pseudogene, DL78y/SCYA3L2, whereas in mice the
CC chemokine gene cluster is mapped to chromosome 11 and contains only 12 genes
(Naruse, Ueno et al. 1996; Nomiyama, Mera et al. 2001; Nomiyama, Osada et al. 2010). Two
regions can be distinguished within human CC cluster: MIP and MCP. Mouse counterparts of
the human MIP and MCP have been identified. Human and mouse CXC clusters are mapped
to the chromosomes 4 and 5, respectively and contain two regions: CXCL10 and GRO.
Interestingly, chemokines that cluster in the same region, mostly interact with the same
chemokine receptors. For example, CC chemokine genes which are located in the MIP region
mostly use CCR1 and CCR5 for their signaling whereas chemokines which genes are located
within the MCP region mostly interact with CCR2 and CCR3. Similarly, CXC chemokines
clustered in GRO region utilize CXCR1 and CXCR2, whereas chemokines clustered in
CXCL10 region utilize CXCR3 and CXCRS5. It indicates a coevolution of the chemokines and
their receptors. Importantly, chemokine genes probably arose through different types of gene
duplications and rearrangements. Those chemokine genes that have a higher level of sequence
similarity to their neighboring genes within the same cluster than to their probable
orthologous in the other species were probably generated through a tandem duplication. These
species-specific rearrangements of the chemokine genes might have taken place after the
diversification of the human and rodents and could be driven by the need of the defense
system against the viral molecular mimicry. Another example of such species-specific
rearrangements is the absence of some human counterparts in a mouse genome. Other
chemokine genes were evolved through a duplication of the whole segment. These genes, for
example the genes clustered in the CXCL10 region, are relatively well conserved across the
species and this type of duplication in block may be attributed to their essential role in the

maintenance of the homeostatic traffic of some leukocytes (Nomiyama, Mera et al. 2001).
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5. SDF-1 and CXCR4

5.1 SDF-1 chemokine, structure, expression and regulation

SDF-1 (stromal cell-derived factor, also known as CXCL12) has been first isolated from
mouse bone marrow stromal cells by using a signal sequence trapping strategy (Tashiro, Tada
et al. 1993). A fusion protein carrying a Tac (o chain of human interleukin-2 receptor) was
designed to specifically recognize NH,-terminal signal sequence that is shared between most
precursors for secreted factors. Thus, newly synthesized protein was redirected by the
secretory signal sequence to the plasma membrane where the fusion protein was detected by
anti-Tac antibody. Six human (SDF-1a, SDF-1p3, SDF-1y, SDF-15, SDF-1¢, SDF-1¢) and 3
mouse (SDF-1a, SDF-1B, SDF-1y) isoforms of SDF-1 have been identified and arise from a
single gene transcript by alternative splicing (Jiang, Zhou et al. 1994; Shirozu, Nakano et al.
1995; Yu, Cecil et al. 2006). They belong to the CXC chemokine subfamily. The major
human SDF-1 isoform, SDF-1a, encodes an 89 amino acid protein with a 21 amino acid
cleaved signaling peptide, which is identical in all the SDF-1 isoforms. In fact, all the human
SDF-1 isoforms share the first three exons, but they differ in the exon 4, which is in each case
derived from a different region of the SDF-1.

SDF-1 was originally characterized as a pre-B cell stimulating factor (Tashiro, Tada et al.
1993; Nagasawa, Kikutani et al. 1994). It was reported that SDF-1 induced chemotaxis of
CD34+ human progenitor cells, therefore it was concluded that SDF-1 may play a unique role
in the trafficking and homing of lymphocytes and hematopoietic cells (Aiuti, Webb et al.
1997). The genes encoding human and mouse SDF-1 were mapped to the chromosomes 10
and 6, respectively (Shirozu, Nakano et al. 1995; Nagasawa 2014). This chromosomal
localization of the SDF-1 genes is unique, since the human and mouse genes encoding other
CXC chemokines are clustered on the chromosomes 4 and 5, respectively. Human SDF-1a
and SDF-1p are abundantly expressed in different tissue, but the highest expression was

detected in liver, pancreas and spleen. Unlike SDF-1p, SDF-1a is also detected in the brain,
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but it is rapidly hydrolyzed by proteases in the blood stream (Janowski 2009). Human SDF-1y
is predominantly expressed in the heart and only weakly expressed in some other tissues of
adult organisms. During embryogenesis, SDF-1a can be found in different fetal tissues,
whereas SDF-1B expression is mainly restricted to the fetal spleen. SDF-16 is ubiquitously
expressed in fetal tissue with the highest expression level found in fetal liver. SDF-1g and
SDF-1¢ are weakly expressed in fetal kidneys (Yu, Cecil et al. 2006). Mouse SDF-1 isoforms
are ubiquitously expressed among mouse tissues of adult animals. Mouse SDF-1B is
expressed at different levels in highly vascularized adult mouse tissues such as kidneys, liver,
heart, spleen and muscles, whereas SDF-1y encoding transcripts were found in lung, heart,

brain, and muscle tissue (Jiang, Zhou et al. 1994).

The three-dimensional structure of SDF-1la isoform was determined by X-ray and NMR
spectroscopy (Crump, Gong et al. 1997; Dealwis, Fernandez et al. 1998). SDF-1 has three
major domains: the N-terminus, the central core region made of three antiparallel pB-sheets,
and the C-terminal a-helix. SDF-1 is constitutively expressed in a variety of different tissues
and exists as a monomer. Degradation of the C-terminus of SDF-1a by carboxypeptidase-N in
the blood does not inactivate SDF-1a, but reduces its activity by 50%. In particular, it
decreases the efficiency of SDF-la binding to glycosaminoglycans (GAGSs). This type of
degradation is unique for the SDF-1a isoform and only occurs in the circulation. Degradation
of the N-terminus of SDF-1 is slow and is mediated by cellular proteases and fully inactivates
the peptide. This process occurs in both, tissues and blood, and it is isoform-independent
(Janowski 2009). Binding of SDF-1 to GAGs protects the N-terminus from degradation

possibly through SDF-1 oligomerization.

All SDF-1 splice variants bind to GAGs, but the binding affinities of the different isoforms
vary considerably depending on the length of their C-terminus. For example, kinetic analysis

demonstrated that the residence time of the SDF-1a on the heparin sulfate was shown to be 9
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s, whereas the residence time of SDF-1y was 525 s (Luo, Luo et al. 1999; Laguri, Arenzana-
Seisdedos et al. 2008; Janowski 2009). SDF-1 binding domains in GAGs are localized within
the highly sulfated regions. Negatively charged GAGs are covalently bound to core proteins
on the cell surface and in the extracellular matrix. GAGs attract, bind and thereby stabilize
SDF-1 protein. SDF-1-heparin sulfate binding is mediated by basic amino acids along the
polypeptide chain of SDF-1 (Laguri, Arenzana-Seisdedos et al. 2008; Janowski 2009).
Mutagenesis analysis, in vitro binding assays and molecular modelling demonstrated that
SDF-1 binds to GAGs through its B-strands and the binding does not compromise
ligandreceptor interaction (Amara, Lorthioir et al. 1999; Laguri, Arenzana-Seisdedos et al.
2008). However, Ziarek et al. demonstrated, by biophysical and mutation analyses, that SDF-
1/GAG interactions depend on amino acids that partially overlap with the amino acids needed
for receptor binding (Ziarek, Veldkamp et al. 2013). Moreover, interaction of SDF-1 with
soluble heparin results in the formation of SDF-1 oligomers, which abolished SDF-1-
mediated cardioprotective effects in an ex vivo rat heart model of myocardial infarction. SDF-
1 chemokine binding to GAGs reveals chemotactic gradients within tissues and disruption of
this interaction is believed to cause diffusion of SDF-1 and, consequently, abolition of the
chemokine gradient (Laguri, Arenzana-Seisdedos et al. 2008).

SDF-1 is expressed by multiple cell types of the bone marrow, including CAR (CXCL12
abundant reticular) cells, osteoblasts, endothelial and nestin-expressing cells (Nagasawa
2014). It has been demonstrated that expression of SDF-1 in the bone marrow is regulated by
rhythmic secretion of adrenergic hormones by the nerves of the sympathetic nervous system
in the bone marrow (Scadden 2008; Giudice, Caraglia et al. 2010). Binding of adrenergic
hormones to the B3-adrenergic receptor on the surface of SDF-1-producing stromal cells leads
to dephosphorylation of the Sp1 transcription factor, which in turn decrease the expression of

SDF-1. It has therefore been suggested that modulation of SDF-1 expression in the bone
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marrow is not regulated by proteolytic enzymes, but by rhythmic oscillation of the release of

neurotransmitters.

5.2 CXCR4 chemokine receptor
CXCR4 was isolated independently by different research groups and called hFB22 (human

fetal brain 22), L5, D2S201E, HM89, or LESTR (leukocyte-derived seven-transmembrane
receptor) (Rimland, Xin et al. 1991; Federsppiel, Melhado et al. 1993; Herzog, Hort et al.
1993; Jazin, Yoo et al. 1993; Nomura, Nielsen et al. 1993; Loetscher, Geiser et al. 1994).
D2S201E/HMB89/LESTR was identified as a seven-trans-membrane receptor and was found to
be expressed mostly on human leukocytes and monocytes subsets. Later, in 1996 Feng et al.
found that human-derived GPCR is required for entry of HIV-1 and fusion between cells
expressing HIV-1 and CD4+ cells (Feng, Broder et al. 1996). This receptor was called fusin.
Moreover, it was shown that overexpression of fusin in nonhuman CD4+ cells allows these
cells that are otherwise resistant to HIV-1 infection to undergo fusion. These results were later
confirmed by another group (Berson, Long et al. 1996).

The fact that fusin played a major role in HIV-1 infection raised a great interest on this
scientific topic. In 1996, two groups independently discovered that SDF-1/PBSF serves as a
ligand for LESTR/fusin receptor and blocks T-tropic HIV-1 cell entry (Bleul, Farzan et al.
1996; Oberlin, Amara et al. 1996). LESTR/fusin was therefore called CXCR4 according to
the chemokine-receptor nomenclature established at the 1996 Gordon Conference on
chemotactic cytokines. Importantly, Bleul et al. showed that SDF-1 induced chemotaxis of
lymphocytes acting through GPCR LESTR/fusin/CXCR4. Later Nagasawa et al. isolated a
murine analogue of the human CXCR4, and identified SDF-1 as a ligand for it (Nagasawa,
Nakajima et al. 1996). It was shown that although murine PB-CKR/CXCR4 did not allow
HIV-1 entry and infection, it was responsive to both, human and mouse SDF-1 and binding of

SDF-1 to PB-CKR/CXCR4 induced Ca®* influx.
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The analysis of the human and mouse CXCR4 genes showed that they only contain one intron
of 2.13 Kb and 2.3 Kb, respectively (Heesen, Berman et al. 1997; Wegner, Ehrenberg et al.
1998; Gupta and Pillarisetti 1999). However, splice variants of human and mouse CXCR4
have been identified (Heesen, Berman et al. 1997; Gupta and Pillarisetti 1999). Interestingly,
the second isoform of human CXCR4, CXCR4-Lo (also known as CXCR4-1 or CXCR4a
isoform), does not originate from classical splicing of alternative exons, but it occurs through
alternative splicing into the single intron which gives rise to a unique 9-amino acids sequence
(MSIPLPLLQ) in the N-terminal domain of CXCR4-Lo (Figure 3).

Very recently, two additional isoforms of human CXCR4, CXCR4-3 and CXCR4-4, that arise
from similar alternative splicing, resulting in the extension of the N-terminus by 70 and 33
amino acids, respectively, has been reported (Sand, Jochemsen et al. 2015). These two
CXCR4 isoforms were found to be expressed in tumor cells, including Ewing sarcoma cells,
but also in the placenta. Interestingly, the expression of these two CXCR4 splice variants
appears to be dependent on the expression of the major CXCR4 isoform (CXCR4b, or
CXCR4-2). Although, CXCR4-3 and CXCR4-4 isoforms were mainly localized in the
cytoplasm, it has been demonstrated that at least CXCR4-3 responds to SDF-1 stimulation by
increased Ca®* influx. However, the functionality as well as the expression of the more

recently identified isoforms in mouse cell lines have to be further investigated.

CXCR4 is expressed in hematopoietic cells, including macrophages, monocytes, T and B
cells, neutrophils, dendritic cells, hematopoietic and endothelial progenitor cells, and also in
stem cells, including embryonic stem cells, in vascular endothelial cells and in neurons, etc.

(Chatterjee, Behnam Azad et al. 2014).
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Figure 3: Partial N-terminal amino acid sequences of the CXCR4 (green) and CXCR4-Lo (blue) isoforms
occurring through the indicated alternative splicing mechanism. The splice donor site (GT) and splice
acceptor site (AG) indicated in the 2.13-kb intron are encircled in black. The alternative translation initiation

codons ATG are encircled in red The figure is adapted from Gupta et al. (Gupta and Pillarisetti 1999).

5.3 Mechanism of SDF-1 binding to CXCR4
It has been demonstrated that N-terminus of SDF-1 is involved in receptor binding (Crump,

Gong et al. 1997). The first SDF-1 receptor that has been identified is CXCR4 (Bleul, Farzan
et al. 1996; Oberlin, Amara et al. 1996; Laguri, Arenzana-Seisdedos et al. 2008) and it was
shown that SDF-1 binds to both splice variants of the mouse CXCR4 (Heesen, Berman et al.
1997). Chemokine receptor binding and receptor activation relies on a two-step mechanism.
RFFESH amino acid sequence of SDF-1 binds to the N-terminus of CXCR4, while a N-
terminal domain of SDF-1 interacts with the 2™ and the 3 extracellular loop of the receptor
leading to the receptor activation (Figure 2) (Laguri, Arenzana-Seisdedos et al. 2008).
Importantly, the first two amino acids in the N-terminus of SDF-1, Lys-1 and Pro-2, are
required for the receptor activation, whereas the following 6 amino acids (RFFESH) allow
SDF-1 binding to its receptor (Crump, Gong et al. 1997; Janowski 2009). The stoichiometry
of CXCR4/SDF-1 binding is 1:1. However, SDF-1 dimers also bind to CXCR4 as a partial
agonist, whereas maximal activation requires monomeric SDF-1 (Kufareva, Stephens et al.

2014).
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Figure 2: Schematic model of SDF-1 and CXCR4 interaction. The seven transmembrane helices of CXCR4
are represented as cylinders and connected by loop structures indicated in black. The N- and C-termini of SDF-1
are indicated. The amino acid sequence RFFESH of SDF-1 interacts with the N-terminus of CXCR4 (the first
binding site is indicated in blue). The N-terminus of SDF-1 binds to an extracellular groove in CXCR4 (indicated

in orange) and thereby activates signaling. The figure is adopted from Crump et al. (Crump, Gong et al. 1997).

5.4 SDF-1/CXCR4 signaling and its regulation
Binding of SDF-1 to CXCR4 activates Gi heterotrimers and multiple intracellular signaling

pathways including those illustrated in Figure 4. After dissociation from the Gafly complex,
the Gai subunit inhibits adenylyl cyclase activity and, in parallel activates mitogen-activated
protein kinases (MAPK) and phosphatidylinositol-3-kinase (PI3K) (Pawig, Klasen et al.
2015). Gy in turn has been shown to activate PI3K-y, PKB/Akt and MAPK pathways
(Thelen 2001; Delgado-Martin, Escribano et al. 2011; Munk, Ghosh et al. 2011) and to
mediate the production of phosphatidylinositol 4,5-bisphosphate (PI1P;), diacylglycerol (DAG)
and inositol triphosphate (IP3). However, the Gai subunit can also stimulate the production of
these molecules (Pawig, Klasen et al. 2015). This illustrates that SDF-1 can simultaneously
regulate several intracellular signaling processes as it has been demonstrated in human mature

dendritic cells (Delgado-Martin, Escribano et al. 2011). For example, activation of PKB/Akt
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inhibits the downstream FOXO protein and thereby regulates cell survival. In other cellular
settings, PKB/Akt modulates the activity of the Tuberous sclerotic protein 2 (TSC2), which is
an inhibitor of the mammalian target of Rapamycin complex 1 (mTORC1). Inhibition of
TSC2 by PKB/Akt stimulates the activity of mTORCL1, which regulates cell motility and
survival (Figure 4). Altogether, CXCR4 signaling is complex and varies in different cell
types. Along these lines, CXCR4 has recently been shown to also interact with other Ga
subunits, including Gag and Gay, (Pawig, Klasen et al. 2015). Interestingly, CXCR4 uses
other signaling pathways than CCR7 to control the same cell responses, for example
chemotaxis. It has been demonstrated that different intracellular loops (ICL) of CXCR4 are
involved in activating different signaling pathways (Roland, Murphy et al. 2003; Delgado-
Martin, Escribano et al. 2011). For example, ICL3 alone supports the binding of CXCR4 to
G-proteins, whereas ICL2 and ICL3 together are essential for chemotaxis response. ICL1 and
ICL2 play also a role in receptor folding.

Upon activation by SDF-1, CXCR4 is rapidly phosphorylated by G protein-coupled kinases
(GPKSs) and internalized (Busillo and Benovic 2007). Internalized CXCR4 is ubiquitinated
and sorted to lysosomes for degradation. CXCR4 recycling back to the plasma membrane
occurs rarely upon SDF-1 activation. Interestingly, a unique mechanism of SDF-1/CXCR4
complex internalization has been demonstrated in human endothelial bone marrow cells that
resulted in consequent removal of the intact chemokine (Dar, Goichberg et al. 2005). Thus,
CXCR4 mediated re-use of SDF-1 independent from the de novo chemokine synthesis.
CXCR4-dependent SDF-1 transcytosis was accompanied by increased homing of transplanted
human hematopoietic CD34" progenitor cells to the bone marrow. It is worth mentioning that
although intracellular ubiquitin binds to CXCR4 and thereby targets it for degradation, it can
also act as a receptor agonist when it is present outside the cell. Importantly, extracellular
ubiquitin binds to CXCR4 domains different from those of SDF-1 and, unlike SDF-1, it does

not inhibit HIV-1 cell entry (Saini, Marchese et al. 2011).
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Besides the classical interaction with SDF-1, CXCR4 has also been shown to bind viral CC
chemokine, vMIP-II (Qin, Kufareva et al. 2015), ubiquitin as described above (Saini,
Marchese et al. 2011), migration inhibitory factor (MIF), human B3-defensin (HBD-3), HI
virus glycoprotein Gp120 (Pawig, Klasen et al. 2015), and CXCL14 (Tanegashima, Suzuki et
al. 2013). However, CXCL14 binding to CXCR4 has not been confirmed (Otte, Kliewer et al.
2014).

Regulation of SDF-1/CXCR4 signaling occurs at different levels. RGS16 (regulator of G
protein signaling 16) enhances the GTPase activity of Gai and thereby mediates GTP to GDP
exchange and termination of GPCR signaling. Moreover, B-arrestin can either terminate
SDF1/CXCR4 signaling and facilitate receptor internalization or activate MAPK pathway
thereby modulating SDF-1/CXCR4 signaling (Pawig, Klasen et al. 2015). Transcriptional
regulation of CXCR4 is mediated by the opposite actions of two transcription regulators,
nuclear respiratory factor 1 (NRF-1) and SP-1. In addition, calcium and cyclic AMP, some
interleukins (IL-2, IL-4, IL-7, etc), TGFp, basic fibroblast growth factor (bFGF), VEGF,
EGF, HIF-1, NF-kB, TNFa, IFN-y modulate CXCR4 expression (Busillo and Benovic 2007).
Posttranscriptional regulation of CXCR4 functions is mediated by glycosylation and tyrosine
sulfation. As described above, SDF-1 binds to GAGs, which facilitates SDF-1
oligomerization and thereby modulates SDF-1/CXCR4 signaling. In addition, ACKR3
(CXCRY7), the second receptor for SDF-1, scavenges SDF-1, thus modulating CXCR4

signaling (Thelen and Thelen 2008; Abe, Mueller et al. 2014).

Immunoprecipitation experiments, bioluminescence and fluorescence resonance energy
transfer, fluorescence and luminescence complementation assays, and the use of bivalent
ligands indicated that SDF-1 can provoke CXCR4 dimerization in the cell membrane, which
in turn activates the JAK/STAT pathway (Figure 4) (Thelen, Munoz et al. 2010; Kufareva,

Stephens et al. 2014; Pawig, Klasen et al. 2015). In addition, CXCR4 can also heterodimerize
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with other GPCRs, including ACKR3 and other chemokine receptors. This leads to the
transinhibition of ligand binding and changes in G protein and B-arrestin coupling.
Heterodimerization of CXCR4 with ajas-adrenergic receptor (o;-AR) in vascular smooth
muscle cells has been demonstrated (Tripathi, Vana et al. 2015). Moreover, CXCR4 agonists
(SDF-1 and ubiquitin) enhanced the activity of the a;-AR agonist, phenylephrine, which led
to increased blood pressure. It is not yet well understood what kind of functional
consequences homo- and heterodimerization of CXCR4 may have, however, it has been
proposed that homodimerization of CXCR4 is important for the G-protein-independent
activation of the JAK/STAT signaling pathway. Homodimerization of CXCR4 also enhances

CXCRA4 response to SDF-1, for example cell migration (Busillo and Benovic 2007).
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Figure 4. SDF-1/CXCR4 signaling mediating cell survival, proliferation and chemotaxis. SDF-1 (green)
binds to CXCR4 (blue) on the cell membrane (red) and induces GBy-mediated activation of PI3Ky and PLCp,3.
Ga triggers activation of PI3Kp85/p110 and MAPK. Homo-dimerization of CXCR4 induces
JAK/STATmediated signaling. Adapted from Thelen M., Pawig L. et al. and Delgado-Martin C. et al. (Thelen
2001; Delgado-Martin, Escribano et al. 2011; Pawig, Klasen et al. 2015). This scheme does not show all possible
CXCR4 downstream signaling pathways; other effector molecules might be involved depending on cell type and

environment.

5.5 Chemotaxis

Directed chemotaxis is the major function of chemokines and can for example be regulated by
SDF-1/CXCR4 signaling (Van Haastert and Devreotes 2004). CXCR4 expressing cells sense

the presence of SDF-1 and move towards SDF-1 gradients. Movements are occasionally
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interrupted by tumbles. Chemotaxis is derived from ancient Greek chemia: “chemistry” and
taxis: “marching forward” and is characteristic for both pro- and eukaryotic cells. Haptotaxis
is a related process that is mediated by a gradient of insoluble molecules or chemokines
bound to the ECM (Bussmann and Raz 2015). In terms of the cellular response, chemotaxis
and haptotaxis are rather similar. Because of their relatively large size (10-20 um in
diameter), eukaryotic cells can sense both, spatial and temporal signals generated by a
chemokine (Van Haastert and Devreotes 2004; Bussmann and Raz 2015). The formation of
pseudopods on the leading edge of a cell is a response to a chemotactic gradient. Importantly,
chemoattractants provoke the formation of pseudopods, but have a minor effect on their
properties such as boundary size, formation frequency and lifetime. In the presence of a
directional cue, a cell becomes polarized, which leads to pseudopod formation in the domain
of the cell surface exposed to the highest concentration of a chemokine. This leading edge of
a cell contains actin filaments, whereas retracting uropods in the rear of the cell contain
myosin filaments. Chemotaxis is known to be mediated by GPy subunits, but, G-protein-
independent chemotaxis has also been reported (VVan Haastert and Devreotes 2004; Bussmann
and Raz 2015). As described before, the second and the third intracellular loop structures of
CXCRA4 are involved in chemotaxis signaling, which is mediated by phosphatidylinositol-3-
phosphate (PIP3) and PKB/Akt. Pseudopods are preferentially formed in cell membrane
domains that contain a patch of PIP3;, which appears to also influence the lifetime of the
pseudopod. Chemokine signaling defines the site of actin polymerization by activating the
Rac signaling protein through local PIPs-dependent delivery of activated guanine-nucleotide-
exchanging factors (GEFs) for Rac (for example, PREX1 and PAK-interacting exchange
factor (P1X)). The formation of myosin filaments in the rear of a cell is mediated by ROCK
and a cGMP-dependent kinase shown in neutrophils and in D. discoideum, respectively ((Van

Haastert and Devreotes 2004).
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5.6 Physiological and pathophysiological roles of SDF-1/CXCR4 signaling

SDF-1/CXCR4 signaling plays an important role during the ontogeny and in normal
physiology of mammals (Nagasawa 2014; Nagasawa 2015). Mice lacking SDF-1 or CXCR4
exhibit almost the same phenotype, including disrupted B-cell lymphopoiesis (lack of
B220°CD43" progenitor cells), defects of cell proliferation and differentiation, and cardiac
ventricular septum malformation. This suggests an essential role of CXCR4 and SDF-1 for
the development (Nagasawa, Hirota et al. 1996; Ma, Jones et al. 1998; Takabatake, Sugiyama
et al. 2009). SDF-1 and CXCR4 are essential for the migration of hematopoietic stem cells
and progenitor cells (HSPCs) from the dorsal aorta to the fetal liver during ontogeny. During
embryonic development, SDF-1/CXCR4 also mediates colonization of the gonads by
primordial germ cells (Nagasawa 2014; Bussmann and Raz 2015). In an adult organisms,
SDF-1 and CXCR4 play a role in the maintenance of hematopoietic stem cells (HSCs) in
bone marrow (Nagasawa 2014). In addition, CXCR4/SDF-1 plays a role in antiviral
immunity. The development and differentiation of different types of immune cells, including
B cell precursors, plasmacytoid dendritic cells, megakaryocytic progenitor cells (Hodohara,
Fujii et al. 2000), and NK cells (Robertson 2002; Noda, Omatsu et al. 2011), as well as
homing of the end stage B- plasma cells to the bone marrow largely depends on SDF-
1/CXCR4 signaling. In addition, homing of B cells to the lymph nodes is also CXCR4-
dependent. The formation of T cells is SDF-1/CXCR4 independent, but SDF-1/CXCR4
mediates homing of hematopoietic progenitors to the postnatal thymus and thymic f-
selection. SDF-1/CXCR4 is known to be also involved in the homing of T lymphocytes to
sites of inflammation (Murdoch 2000; Munk, Ghosh et al. 2011). SDF-1/CXCR4 plays a role
in the formation of the cardiac ventricular septum, in vascularization of the gastrointestinal

tract, the skin, and the kidneys and in the formation of the lateral aortae and arterial-venous
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network during brain vascularization. SDF-1/CXCR4 also plays a role in the formation of

neuron assemblies in the cerebral cortex (Nagasawa 2014).

CXCR4 also contributes to various pathophysiological processes. CXCR4 is involved in
Tcell-tropic and dual-tropic (T-cell and macrophage-tropic) HIV-1 infections, and SDF-1 was
shown to inhibit CXCR4-mediated HIV-1 infection (Janowski 2009; Nagasawa 2014).
Heterozygous mutations in the CXCR4 gene cause a rare combined immunodeficiency,
WHIM (warts, hypogammaglobulinemia, immunodeficiency, myelokathexis), characterized
by warts, hypogammaglobinemia, recurrent bacterial infection, and myelokathexis. Mutations
affect the C-terminus of CXCR4 and impair desensitization and internalization of the
receptor, enhance chemotaxis, and upregulate F-actin polymerization and calcium
mobilization (Busillo and Benovic 2007). SDF-1 was reported to be involved in adult lung
pathologies such as emphysema and chronic obstructive pulmonary disease (COPD) (Chen,
Tzeng et al. 2010). It has been reported that SDF-1 prevents and rescues hypoxia-induced
cardiopulmonary remodeling in neonatal mice (Young, Torres et al. 2009). Moreover,
SDF1/CXCR4 chemokine signaling increases survival and proliferation of malignant cells

and helps establishing site-specific metastasis in different types of cancer (Nagasawa 2014).

6. SDF-1/CXCR4 in cancer
Although the CXCR4/SDF-1 axis was originally recognized as a mediator of lymphocyte

trafficking and hematopoiesis (Murdoch 2000), CXCR4/SDF-1 is adapted by neoplastic cells
to promote tumor cell growth, angiogenesis, resistance to chemotherapy, invasion and
formation of site-specific metastasis (Chatterjee, Behnam Azad et al. 2014). CXCR4
expression alone or together with SDF-1 was shown to be associated with more aggressive
metastatic phenotype and poor overall and disease-free survival in patients suffering from

different types of malignancies such as breast cancer (Liu, Lang et al. 2009; Zhou, Jiang et al.
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2009), oral squamous cell carcinoma (Meng, Wuyi et al. 2010), lung adenocarcinoma
(Wagner, Hyjek et al. 2009), pancreatic cancer (Thomas, Kim et al. 2008; Liang, Zhu et al.
2010), gastric cancer (Iwasa, Yanagawa et al. 2009), colorectal cancer (Speetjens, Liefers et
al. 2009), renal cell carcinoma (Webhler, Graf et al. 2011), cervical carcinoma (Huang, Zhang
et al. 2013; Yu, Shi et al. 2013), and ovarian carcinoma (Guo, Cui et al. 2011). In fact,
CXCR4 overexpression occurs in more than 23 different human cancers (Chatterjee, Behnam
Azad et al. 2014). Findings demonstrating a correlation between CXCR4 and SDF-1
expression in cancer and disease progression stimulated research investigating
pathophysiological roles of CXCR4 in cancer progression. Muller et al. first demonstrated a
successful CXCR4 antibody blocking therapy in experimental and spontaneous breast cancer
metastatic mouse models (Muller, Homey et al. 2001). Administration through intravenous
injection of CXCR4 blocking antibody in mice exhibited significantly reduced pulmonary
metastasis. Targeting of the SDF-1/CXCR4 axis was shown to be a promising strategy for the
treatment of different types of tumors such as colon carcinoma (Zeelenberg, Ruuls-Van Stalle
et al. 2003), lung cancer (Phillips, Burdick et al. 2003; Fahham, Weiss et al. 2012), prostate
cancer (Darash-Yahana, Pikarsky et al. 2004), renal cell carcinoma (Pan, Mestas et al. 2006),
ovarian carcinoma (Kajiyama, Shibata et al. 2008), pancreatic cancer (Ma, Hwang et al.
2013), chondrosarcoma (Sun, Charbonneau et al. 2013), etc.

The SDF-1/CXCRA4-stimulated signaling pathways used by cancer cells are the same as those
described in non-malignant cells (Balkwill 2004). The concentration of SDF-1 needed to
stimulate tumor cell migration and other CXCR4-mediated responses was reported to be
comparable to those activating normal cells. However, it is not clear whether the affinity of
SDF-1 in CXCR4 binding as well as the kinetics of signal transduction in malignant cells

differ from those in normal cells.
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In lung cancer, CXCR4 activation by SDF-1 stimulates migration, invasion and integrin-
dependent cancer cell adhesion to bone marrow stromal cells (Burger and Kipps 2006). In
hepatocellular carcinoma SDF-1/CXCR4 promotes metastasis by activating the secretion of

MMP-9 and MMP-2 (Chatterjee, Behnam Azad et al. 2014).

The SDF-1/CXCR4 axis promotes tumor growth by activating canonical cell proliferation
pathways employing MAPK/Erk and PKB/Akt (Balkwill 2003; Chatterjee, Behnam Azad et
al. 2014). Moreover, SDF-1/CXCR4 signaling was shown to modulate the Wnt pathway in
pancreatic (Guo, Wang et al. 2015) and colon cancer cells (Song, Gao et al. 2015) in vitro. In
addition, SDF-1 was found to suppresses apoptosis through activation of NF-xB or inhibition
of pro-apoptotic protein BAD. SDF-1 was also shown to indirectly stimulate the growth of
ovarian cancer by upregulating the expression of TNF-a in malignant cells (Balkwill 2003).

The SDF-1/CXCR4 axis is further known to promote tumor angiogenesis through recruitment
of endothelial progenitor, smooth muscle and hematopoietic progenitor cells and indirect
upregulation of VEGF (Chatterjee, Behnam Azad et al. 2014; Guo, Wang et al. 2015). The
tumor microenvironment consists of non-tumorigenic cells such as stromal fibroblasts,
endothelial cells, immune cells, connective tissue and extracellular matrix. Interaction of
tumor cells with their microenvironment through SDF-1/CXCR4 promotes their survival
(Burger and Kipps 2006; Lazennec and Richmond 2010). For example, breast cancer
associated fibroblasts, unlike normal mammary fibroblasts, express high levels of SDF-1 as
demonstrated at the mRNA and protein levels. SDF-1 produced by cancer-associated

fibroblasts promotes tumor cell growth, survival and angiogenesis.

The CXCR4/SDF-1 axis also plays a role in chemotherapeutic resistance by promoting
proliferation, invasion, adhesion and the survival of tumor cells and by supporting a cancer
stem cell (CSCs) phenotype (Burger and Kipps 2006; Sun, Cheng et al. 2010; Domanska,

Kruizinga et al. 2013; Hattermann and Mentlein 2013). In prostate cancer, CXCR4-mediated
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signaling enhances adhesion of cancer cells to endothelial cells and to fibronectin, laminin
and collagen. In lung cancer cells, CXCR4 induces tumor cell adhesion to bone marrow
stromal cells in an integrin-dependent manner, thereby protecting the cells from loss-of
attachment cell death. In B-cell chronic lymphocytic leukemia, “nurselike cells” attract
malignant cells in a CXCR4-dependent manner, thereby protecting them from drug-induced
apoptosis. In a similar way, bone marrow cells attract CXCR4-expressing acute myelogenous
leukemia (AML) cells. CXCR4 mediates VLA-4-dependent adhesion of AML cells to the
bone marrow stromal cells thereby protecting AML cells from cytotoxic drugs. CXCR4-
dependent adhesion of small-cell lung cancer (SCLC) cells to bone marrow stromal cells is
thought to protect SCLC cells from chemotherapy. In addition, SDF-1/CXCR4 signaling
induces the recruitment of myeloid bone marrow-derived and mesenchymal stem cells and
thereby indirectly facilitates tumor recurrence and metastasis.

Importantly, SDF-1/CXCR4 signaling promotes site-specific metastasis in breast and other
cancers (Guo, Wang et al. 2015). CXCR4-overexpressing cancer cells that lack SDF-1
expression respond to gradients of SDF-1 concentration and migrate to established metastatic
sites, such as the lungs, brain, bone marrow and liver where SDF-1 is abundantly expressed
(Zlotnik, Burkhardt et al. 2011; Domanska, Kruizinga et al. 2013; Chatterjee, Behnam Azad
et al. 2014). SDF-1 expressed at metastatic sites supports tumor cell migration and adhesion
to these loci and thereby enhances their ability to propagate and form metastases. Several
potential regulators of SDF-1/CXCR4-mediated cancer cell adhesion and migration include
focal adhesion kinase (FAK), PKB/Akt, Erk1/2, etc. However, mechanisms regulating
migratory properties of metastatic cells might be tumor type-specific (Ben-Baruch 2009). In
addition, SDF-1 promotes tumor metastasis through increasing MMP-2 and MMP-9 secretion
in breast cancer (Ben-Baruch 2008). It has been demonstrated that overexpression of CXCR4
in the B16 melanoma cell line was sufficient to enhance the in vivo metastatic potential

(Murakami, Maki et al. 2002). SDF-1 signaling in metastatic lesion through CXCR4 can
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stimulate the growth of metastatic cells as it has been demonstrated in glioblastoma (Zlotnik,

Burkhardt et al. 2011).

6.1 Regulation of CXCR4 and SDF-1 functions in tumors
The expression of CXCR4 in tumors is regulated by epigenetic, transcriptional and

posttranscriptional factors (Guo, Wang et al. 2015). For example, hypermethylation of the
SDF-1 gene promoter and loss of methylation of the promoter of the CXCR4 gene contributes
to an enhanced metastatic potential of various types of cancers including breast cancer.
Another mechanism used by breast cancer cells to enhance CXCR4 expression and function is
Her2/neu oncogene mediated inhibition of CXCR4 degradation (Burger and Kipps 2006).
Interestingly, CXCR4 can upregulate the expression of Her2/neu suggesting a positive
feedback loop (Sun, Cheng et al. 2010). Hypoxia-induced CXCR4 expression appears to be a
mechanism commonly used by different tumor types (Burger and Kipps 2006). In normoxic
conditions, pVHL (product of Hippel-Lindau tumor suppressor gene VHL) stimulates HIF-1
degradation, but, under hypoxic conditions, HIF-1 is accumulating and promotes expression
of CXCR4. Upregulated expression of CXCR4 was demonstrated in renal carcinomas with a
VHL gene inactivating mutation. This phenotype was associated with worse patients survival
compared to that observed for patients with no VHL gene mutation. Moreover, CXCR4 was
found to be upregulated in tumor tissue by various growth factors such as TGF-f1, bFGF,
VEGF and EGF or by transcription factors like SOX9 and NRF (nuclear respiratory factor)
(Ben-Baruch 2008; Guo, Wang et al. 2015). HIF-2 binds to the SDF-1 promoter under
hypoxic conditions, thereby enhancing its expression, whereas p53 inhibits CXCR4 and SDF1
expression in cancers (Chatterjee, Behnam Azad et al. 2014; Guo, Wang et al. 2015).

Estradiol can enhance expression of both, SDF-1 and CXCR4. In addition, the expression of
CXCR4 is also regulated by miR-mediated post-transcriptional modifications. The tumor-

associated inflammatory mediator prostaglandin E regulates both, CXCR4 and SDF-1,
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thereby inducing chemotaxis of myeloid-derived suppressor cells into the ascites of ovarian

cancer.

7. SDF-1/CXCR4 axis in OS
Although, the role of CXCR4/SDF-1 axis was extensively investigated in different tumor

types, its biological relevance in OS progression is largely unknown (Zhao, Guo et al. 2015).
In our and other laboratories, CXCR4 has been identified as an independent prognostic
biomarker for poor survival of OS patients (Laverdiere, Hoang et al. 2005; Brennecke, Arlt et
al. 2014). Lin et al. demonstrated that co-expression of CXCR4 and VEGF in OS tumor tissue
correlated with poor overall survival (Lin, Zheng et al. 2011). Baumhoer et al., on the other
hand, showed that expression of SDF-1 alone or together with CXCR4 in OS is associated
with favorable prognosis for OS patients (Baumhoer, Smida et al. 2012).

In in vivo studies in mice, the CXCR4 antagonists CTCE-9908 or AMD3100, interfering with
the SDF-1/CXCR4 axis, decreased experimental lung metastasis in K7M2 (Kim, Lee et al.
2008) or F5M2 cell line-derived syngeneic OS mouse models (Guan, Zhang et al. 2015),
respectively. In addition, Liao et al. demonstrated that AMD3100 treatment significantly
reduced metastatic spread and primary tumor burden in an LM8 syngeneic OS mouse model
(Liao, Fu et al. 2015). The CXCR4 antibody blocking principle in xenograft OS mouse model
was first investigated by Brennecke et al. in our laboratory (Brennecke, Arlt et al. 2014). He
showed that intravenous administration of CXCR4 12G5 blocking antibodies in SCID mice
bearing intratibial, CXCR4 expressing human 143-B cell line-derived OS tumors, reduced the
primary tumor size and decreased the number of pulmonary metastases in antibody compared

to vehicle-treated animals.

Little is known about SDF-1/CXCR4 signaling and regulation in OS (Liao, Zhou et al. 2013;

Guo, Cai et al. 2014). It has been shown that SDF-1 itself can enhance CXCR4 expression in
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OS cells. Hypoxia was shown to stimulate in vitro the migration of human OS cells through
HIF-1a-mediated upregulation of CXCR4 expression. The migration of human OS cells was
demonstrated to be Erk-dependent. However, later it was shown that SDF-1 activates the JINK
and PKB/Akt pathways upon binding to CXCR4 in mouse OS cells, thereby protecting the
cells from apoptosis and mediating CXCR4-dependent chemotaxis (Liao, Fu et al. 2015).

These effects were suppressed by the CXCR4 antagonist AMD3100.

8. Inhibition of the SDF-1/CXCR4 axis

Considering the important role of SDF-1/CXCR4 axis in various diseases including cancer,
several CXCR4 antagonists have been developed (Kim, Lee et al. 2008). They include
peptides, small-molecules and antibodies. For instance, CTCE-9908 is an SDF-1-based
peptide that was shown to reduce growth, adhesion and migration of different tumor cells in
vivo. Several other small peptide inhibitors of CXCR4 (e.g. T140 and its analogues) have
been developed (Debnath, Xu et al. 2013). The common feature of these compounds is that
they are able to bind the predominantly anionic extracellular domain of CXCR4. In addition,
monoclonal antibodies against CXCR4 have been described (Muller, Homey et al. 2001;
Peng, Damschroder et al. 2015; Scala 2015). In another approach, a NOX-A12 aptamer,
which binds SDF-1, was used to block its function (Debnath, Xu et al. 2013). CXCR4-
blocking compounds might be useful for both, the inhibition of SDF-1/CXCR4 signaling and
for in vivo imaging of CXCR4. The low molecular weight CXCR4 antagonist, AMD3100
(plerixafor), is currently the only compound that has been approved by the FDA for the
mobilization of hematopoietic stem cells (Debnath, Xu et al. 2013; Chatterjee, Behnam Azad
et al. 2014). Recently, a new class of small SDF-1 neutralizing molecules, called chalcones,
have been shown to potently interfere with the binding of SDF-1 to CXCR4 in vitro and to

inhibit the recruitment of inflammatory cells to mouse lungs in an allergic asthma mouse
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model in vivo (Daubeuf, Hachet-Haas et al. 2013). Chalcones are obtained by the
Knoevenagel condensation of  3-methoxy-4-(methoxymethyloxy)benzaldehyde and
parachlorobenzoylacetonitrile (Figure 5). Introduction of carbonitrile groups in chalcones
significantly reduces their half-lives and make them perfect candidates for local inhibition of

CXCRA4 functions through neutralization of SDF-1.
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Figure 5.  Synthesis of CN-chalcone 4  following Knoevenagel  condensation  of
parachlorobenzoylacetonitrile (pCBA) and 3-methoxy-4-(methoxymethyloxy)benzaldehyde (VanP).

Adopted from Daubeuf et al. (Daubeuf, Hachet-Haas et al. 2013).

8.1 Inhibition of SDF-1/CXCR4 functions via P2G and SDF-1-KDEL
Alternatively, CXCR4 functions can be inhibited via P2G and SDF-1-KDEL. P2G, a potent

competitive antagonist of SDF-1, is a 67 amino acid analog of SDF-1 with a single proline to
glycine substitution in position 2 at the N-terminus of the 21-amino acid cleaved signaling
peptide that is shared by all SDF-1 isoforms (Crump, Gong et al. 1997). Importantly, this
proline substitution in SDF-1 results in a complete loss of agonist function. However, the
affinities of P2G and SDF-1 in CXCR4 binding are comparable and P2G is therefore a potent
antagonist of SDF-1. P2G or its motif dimer corresponding to the first N-terminal 9 residues
completely blocked SDF-1 binding to CXCR4 (Loetscher, Gong et al. 1998). Hodohara et al.
showed that 1-9 amino acid motif of P2G inhibited megakaryocyte colony growth induced by
combination of thrombopoietin and serum-derived SDF-1 (Hodohara, Fujii et al. 2000). An in

vivo study in a mouse breast cancer model showed that overexpression of P2G in breast
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cancer cells remarkably reduced their metastatic spread when compared to that of

nonmanipulated control cells (Williams, Harata-Lee et al. 2010).

A second approach to inhibit SDF-1/CXCR4 interactions focused on the overexpression of the
fusion peptide SDF-1-KDEL (Onai, Zhang et al. 2000; Zeelenberg, Ruuls-Van Stalle et al.
2001; Wheeler, Chen et al. 2003; Zeelenberg, Ruuls-Van Stalle et al. 2003). SDF-1-KDEL
consists of SDF-1 with an extension at the C-terminus of the four amino acid peptide KDEL
(Lys-Asp-Glu-Leu) acting as an endoplasmic reticulum (ER) retention signal. Since newly
synthesized CXCR4 binds to SDF-1-KDEL inside the cell it is retained in the ER. Thus
SDF1-KDEL prevents expression of functional CXCR4 at the cell surface. Accordingly,
overexpression of SDF-1-KDEL in bone-marrow-derived hematopoietic progenitor cells
impaired B-lymphopoiesis and myelopoiesis in mice, indicating that SDF-1-KDEL effectively
interferes with CXCR4 and SDF-1 functions in vivo (Onai, Zhang et al. 2000). Similarly,
SDF-1-KDEL was shown to reduce CXCR4-dependent outgrowth of micrometastases in

colon carcinoma (Zeelenberg, Ruuls-Van Stalle et al. 2003).

8.2. Aim of the thesis

The SDF-1/CXCR4 chemokine axis has been widely investigated in breast and other cancers,
and its relevance in metastasis progression has been confirmed (Chatterjee, Behnam Azad et
al. 2014). However, its role in OS primary tumor growth and metastasis development remains

to be clarified (Liao, Zhou et al. 2013). Therefore, in this thesis we defined the following aim:

Investigation of the biological relevance of SDF-1/CXCR4 interaction in OS primary
tumor growth and metastasis development via local interference using P2G and SDF-

1KDEL.
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Abstract
Metastasis is the major cause of death in osteosarcoma (OS). Therefore, a better
understanding of the molecular mechanisms of metastasis is a key for the development of
more effective metastasis-suppressive therapy in OS. The CXCL12/CXCR4 chemokine axis
is known to mediate the homing of tumor cells to metastatic sites. Its role in OS progression,
however, remains largely undetermined. Here, we investigated in SCID mice the biological
relevance of the CXCL12/CXCR4 axis in intratibial OS xenografts metastasizing to the lung.
We interfered with CXCL12/CXCR4 signaling in CXCR4-expressing human 143-B OS cells
through stable expression of CXCL12, of its competitive antagonist P2G or of CXCL12-
KDEL, designed to retain CXCR4 within the cell. Constitutive expression of native CXCL12
in 143-B cells promoted lung metastasis without affecting intratibial tumor growth. Stable
expression of P2G or CXCL12-KDEL in 143-B cells significantly accelerated intratibial
tumor growth but diminished lung metastasis. Tumors grown from P2G or CXCL12-KDEL
expressing 143-B cells contained higher levels of CXCR4-encoding mRNA going along with
a higher percentage of CXCR4 expressing tumor cells. Higher abundance of CXCR4 possibly
contributed to increased local retention of tumor cells by bone marrow-derived CXCL12,
reflected in the faster primary tumor growth and the lower number of lung metastases in mice
with P2G- or CXCL12-KDEL expressing tumors. Most interestingly, lung metastases in all
mice analyzed in this study contained a much higher percentage of CXCR4-expressing tumor
cells than corresponding primary tumors pointing to important functions of the
CXCL12/CXCR4 axis in late steps of metastasis supporting survival and growth of the tumor
cells in the lung microenvironment. In conclusion, based on the here reported results, local
treatment of lung metastases with novel CXCR4-targeting therapeutics might be considered

and favored over anti-CXCR4 systemic therapy.

Osteosarcoma, CXCR4, CXCL12/SDF-1, Metastasis, Mouse Model



50
Introduction
Osteosarcoma (OS) is the most common non-hematologic primary bone tumor that
predominantly affects children and young adolescents.) The main cause of death of OS
patients is the high propensity of primary tumors to establish pulmonary metastases. Despite
remarkable improvements in the treatment of OS patients by combined chemotherapy and
surgery, the five-year survival rate of patients with metastatic or recurrent disease remains at
approximately 20%.%) Consequently, there is a continuous need for a better understanding of
the molecular mechanisms that control the metastatic process in order to find new targets for
therapy and thereby improve the treatment efficacy in metastatic OS.
The CXCL12/CXCR4 chemokine axis has been shown to be involved in the pathogenesis of
different types of tumor.®) CXCL12, also described as SDF-1, is a secreted small protein that
elicits its functions upon binding to the G-protein-coupled seven-transmembrane-domain
chemokine receptor CXCR4.%) CXCL12 is constitutively produced in a wide variety of
tissues including bone marrow, spleen, liver, the lungs, and lymph nodes. Binding of
CXCL12 to CXCR4 activates several downstream signaling pathways that control cell
proliferation, survival and migration. The CXCL12/CXCR4 chemokine axis is essential for
leukocyte trafficking, immune homeostasis in secondary lymphoid organs, and for the
maintenance of the hematopoietic niche in the bone marrow, which includes hematopoietic
stem and progenitor cell homing, transendothelial migration, survival, adaptation to specific
microenvironments and proliferation. The metastatic dissemination of cancer cells largely
recapitulates these processes.® First evidence for a role of CXCL12/CXCRA4 in the regulation
of the migratory behavior of tumor cells has been reported for breast cancer cells
metastasizing to the lung.®) Expression of CXCR4 in tumor cells has later been reported in 23
different types of cancer.® This also included chondrosarcoma and Ewing’s sarcoma, where
CXCR4 expression was found to be associated with an unfavorable prognosis.”® In OS,

however, the role of CXCR4 is contradictorily discussed. Several studies demonstrated
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upregulated expression of CXCR4 in lung metastases compared to primary tumors of OS
patients and found CXCR4 expression associated with metastatic activity.®*? Other studies,
however did not find evidence for a correlation between CXCR4 expression in primary tumor

tissue and metastatic activity*? or patient survival.®

In vivo studies in mice demonstrated that upregulated expression of CXCR4 in OS cells was
associated with primary tumor “% and lung metastasis progression,™ and blocking of
CXCR4 was found to inhibit primary tumor growth and metastatic spread.®*” A previous
study in our laboratory in mice demonstrated that systemic administration of CXCR4-
blocking antibodies inhibited the growth and metastasis of intratibial primary tumors grown
from human 143-B OS cells.™®

In the present study, we investigated the effects of local interference with CXCL12/CXCR4
interaction on intratibial tumor development and lung metastasis of 143-B OS cells in SCID
mice. We employed an autocrine mechanism by making use of stable expression in 143-B OS
cells of the CXCL12 antagonist P2G obtained by a single proline to glycine substitution in the
second position of CXCL12. P2G has been shown to block the binding of CXCL12 to
CXCR4 in human lymphocytes in vitro ‘% and to inhibit breast cancer metastasis in mice.®”
In a second approach, we stably expressed CXCL12 with a C-terminal KDEL endoplasmic
reticulum (ER) retention signal (CXCL12-KDEL) in 143-B cells. It has been demonstrated
that CXCL12-KDEL, when overexpressed in bone-marrow-derived hematopoietic progenitor
cells, impaired B-lymphopoiesis and myelopoiesis in mice,®" suggesting that it effectively
trapped newly synthesized CXCR4 inside the cells. To further elucidate the role of the
CXCL12/CXCR4 axis in OS progression, we also generated 143-B cells stably expressing
native CXCL12. The results of our study have shown that the CXCL12/CXCR4 axis might

play a unique role in OS metastasis.
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Materials and Methods
Cell lines
The human 143-B OS cell line (CRL-8303) was obtained from the European Collection of
Cell Cultures (Salisbury, UK). pcDNA3.1 based plasmids containing CXCL12 and P2G
coding sequences were kind gifts from Prof. Dr. M. Thelen (IRB Bellinzona, Switzerland).
The primers 5’-CGC GAA TTC GCC ACC ATG GAC GCC AAG GTC GTC-3” and 5’-GAC
GAA TTC TCA CTT GTT TAA AGC TTT CTC CAG-3" were used for amplification of
DNA fragments encoding CXCL12 or P2G flanked by 5’ and 3’ EcoRI sites. A DNA
fragment encoding CXCL12-KDEL flanked by 5’ and 3” EcoRI sites was a kind gift from Dr.
Ueda and Prof. T. Kitamura (University of Tokyo, Japan). The DNA fragments were ligated
into the pMYs-IRES-EGFP retroviral vector. Retroviral transduction of 143-B lacZ cells*®
with empty vector (EV) or the respective constructs and subsequent EGFP-based fluorescent
activated cell sorting revealed the 143-B lacZ EV, 143-B lacZ CXCL12, 143-B lacZ P2G and
143-B lacZ CXCL12-KDEL cell lines. Later in the manuscript we refer to the 143-B cell line
derivatives expressing the lacZ gene as 143-B EV, 143-B CXCL12, 143-B P2G and 143-B
CXCL12-KDEL cells. All 143-B cell line derivatives were cultured in DMEM/F12 medium
(@ 1:1 mixture of DMEM and Ham’s F12 medium) supplemented with 10 % FBS (GIBCO,
Basel, Switzerland) in a humidified atmosphere of 95 % air and 5 % CO2 at 37°C. All 143-B
cell line derivatives were authenticated with polymorphic short tandem repeat loci profiling

(Microsynth, Switzerland) less than six months before the animal experiments.

RNA isolation, reverse transcription, semiquantitative and real time PCR

Total RNA was purified from cell lysates or from primary tumor tissue homogenates with an
RNA isolation spin technology kit (Qiagen, Germantown, MD, USA) and reverse transcribed
with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life

Technologies, Carlsbad, CA 92008, USA). CXCL12, P2G, CXCL12-KDEL and CXCR4
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encoding transcripts were quantified by semi-quantitative or real-time PCR (SYBR Green
method, SYBR Select Master Mix, Applied Biosystems, USA), respectively, with the
following primers: CXCL12 and P2G: forward 5’-ATGTGAGAACATGCCTAGATTTAC-
CC-3’, reverse 5’-GCTTCATGGCAAGATTCTGGCTTA-3’; CXCL12-KDEL: forward 5’-
GATCCCAGTGTGGTGGTACGGGAAATC-3’, reverse 5’-GAATCCTTACACCTCGTCC-
TTCTCGCT-3’, CXCR4: 5-ACTTGTGGGTGGTTGTGTTCCAGTTTC-3’, reverse 5’-
AAGGAGTCGATGCTGATCCCAATGTAGT-3’. The nucleotide sequence homology
between CXCL12 and P2G encoding sequences was too high for selective amplification. The
step One Plus Real-Time PCR system was used. The results were calculated with the AACt
method #? and normalized to the expression levels of endogenous GAPDH transcripts.
Amplification products were verified by DNA sequencing (Microsynth AG, Balgach,

Switzerland).

CXCL12 immunocytochemistry

Cells were grown on glass microscope cover slips to 70-80% subconfluency. For intracellular
staining of CXCL12, the cells were formalin-fixed and permeabilized with 0.1% saponin.
CXCL12 was immunostained with goat polyclonal CXCL12 antibody (R&D Systems,
Minneapolis, MN, USA) and visualized using secondary Alexa Fluor 546-conjugated anti-
goat fluorescence antibodies (Invitrogen, Life Technologies, Carlsbad, CA, USA). Cell nuclei
were stained with DAPI (Invitrogen, Life Technologies, USA). Staining was analyzed with a
Nikon Eclipse E600 microscope (Nikon, Tokyo, Japan) with an appropriate filter block at 40-
fold magnification and images were taken with Kappa Image Base Software for the Nikon

camera (Kappa Optronics GmbH, Gleichen, Germany).
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CXCL12 ELISA

Protein products expressed by the individual 143-B cell line derivatives were quantified with
a CXCL12 ELISA (CXCL12/SDF-1 ELISA DuoSet® development kit, R&D Systems, USA)
in conditioned medium 48 hours after cell seeding and in extracts of intratibial primary
tumors collected from the mice at autopsy. Tumor tissue was extracted with ice-cold
extraction buffer (Pierce by Thermo Scientific, Waltham, MA USA) supplemented with a
protease inhibitor cocktail (Roche, Basel, Switzerland) and cleared by centrifugation at
10°000 g for 5 min. Tissue sediments were incubated with acidic buffer (Glycine, pH 2) for
high yield extraction of the peptides and the resulting wash fractions were pooled with the
corresponding tumor extracts. Dilution series of 1:10, 1:20 or 1:40 for conditioned medium or
of 1:2, 1:4 or 1:8 for tumor extracts were analyzed with a Microplate Reader (Benchmark by
Bio-Rad, Hercules, CA, USA). All measurements were done in duplicates in three
independently collected medium samples or in extracts of three randomly selected tumors per
experimental group of mice. The amount of peptides released by 106 cells into 1 ml of
conditioned medium in 48 hours was then calculated. The amount of peptides in tumor
extracts was normalized to total protein content measured with a Bradford assay (BioRad,

USA) according to the manufacturer’s instructions.

CXCL12 chemotaxis assay

CXCL12 dependent chemotaxis of the 143-B OS cell line derivatives was studied in a 48-well
trans-membrane Boyden Chamber with polyvinylpyrrolidone-free polycarbonate membranes
of 8 um pore size (NeuroProbe, Gaithersburg, MD, USA) as previously described.®®
Migrated cells were counted under a Nikon Eclipse E600 microscope (Nikon, Japan) at 100-
fold magnification in 15 randomly selected membrane areas of 0.015 mm? per condition (with

three wells per condition and five randomly selected areas per well).
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Animal experiments
All animal experiments were performed according to the institutional guidelines and approved
by the Ethics Committee of the Veterinary Department, Canton of Zurich, Switzerland. Mice
selected for the experiment were randomly divided into four groups of ten mice per group.
Ten ul containing 105 cells were injected into the medullar cavity of the left tibia of
individual mice as described previously.(23) The individual groups of mice were named
according to the cell type injected. Tumor growth was monitored weekly by X-ray. The tumor
volume was calculated from the caliper measurements as previously described.®® All mice
were sacrificed three weeks after tumor cell inoculation and primary tumors and organs were
prepared as reported.*® lacZ expressing metastatic cells in the lungs were visualized as
described previously.®? Metastases, visible as blue stained foci, were counted on the surface

of whole-mounts of lungs.

Micro-Computed Tomography-derived mouse tibia morphometry in vivo

The SkyScanl1176 uCT system (SkyScan/Bruker, Billerica, MA, USA) was used for high
definition scanning of control and tumor-bearing mouse legs. Scans were performed in at least
four randomly selected mice per group before sacrifice at a working source voltage of 50 kV
and a source current of 500 pA with voxel size of 35 um®. The number of repeated
measurements per one tomography projection (frame averaging) was 2 with an exposure time
of 80 ms per projection. Each shot required a source rotation step of 0.8°. Duration of each
scanning was approximately 6 min with 360° sample rotation. An aluminium (Al 0.5 mm)
filter was used to reduce beam hardening effects. Post-acquisition three-dimensional image
reconstitution was done in NRecon software v1.6.9.18 (Skyscan/Bruker, USA). Reconstituted
images were segmented and bone volumes were calculated using Data Viewer v1.5.0 and
CTAnN v1.13.11.0 (Skyscan/Bruker, USA). Three-dimensional images of the mouse tibiae

were made in Ctvox v.2.7.0 (Skyscan/Bruker, USA).
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Ex vivo Flow Cytometry
The expression of CXCR4 at the surface of 143-B cell derivatives isolated from primary
tumors and metastases-bearing lungs was analyzed ex vivo by flow cytometry. Tumor and
lung tissue was digested in collagenase 1V (2 mg/ml) solution (Gibco, Life Technologies,
Carlsbad, CA, USA). The cells were aspirated through a 20 G needle and filtered through a
100 pm filter. Resuspended cells were incubated with monoclonal CXCR4 antibody (clone
12G5, 1gG2, R&D Systems, USA) and visualized with an Alexa Fluor 647 anti-mouse 19G2
secondary antibody (Life Technology, Carlsbad, CA, USA). Dead cells were labelled in
Fixable Viability Dye eFluor450 (Affymetrix by eBioscience, Santa Clara, CA, USA). The
cells were fixed with 4% paraformaldehyde and analyzed by flow cytometry with a BD LRS
Fortessa (Fortessa by BD Biosciences, Franklin Lakes, NJ, USA). EGFP fluorescence was

used to identify tumor cells in whole cell isolates.

Data analysis

The results were analyzed with GraphPad PRISM v5.01 software (GraphPad Software, La
Jolla, CA, USA) using one way variance analysis when measurements in three or more groups
were compared. Two-way analysis of variance was used for the analysis of two independent
variables, or a Student’s t-test was used when two individual groups were compared.
Correlation analysis was done using Pearson correlation. All in vitro experiments were

repeated at least three times and the results are represented as mean values + standard error of

the mean (SEM). The results were considered significant when p < 0.05.

Results
Characterization of 143-B OS cells stably expressing CXCL12, P2G and CXCL12-KDEL
The highly metastatic 143-B OS cell line expressing endogenous CXCR4®® and a lacZ

reporter gene was retro-virally transduced with constructs for stable expression of native
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CXCL12, or of P2G or of CXCL12-KDEL (Fig. 1A). 143-B cells transduced with empty
vector (EV) were used as a control. The transduction efficiency, examined by fluorescence
imaging of the bicistronically co-expressed reporter gene EGFP, was nearly 100% in all
populations of transduced cells (Fig. 1B). Expression of the transgenes at the transcript level
was confirmed by semi-quantitative PCR (Fig. 1C) and sequencing of reverse transcribed
cDNA (data not shown). CXCL12 encoding transcripts remained undetectable in 143-B EV
cells. Immunocytochemistry with polyclonal CXCL12 antibodies further confirmed robust
expression of CXCL12, P2G or CXCL12-KDEL in the respective cell lines (Fig. 1D).

Analysis of conditioned medium by CXCL12-ELISA confirmed the release of CXCL12
(4.823 + 0.938 ng/ml) and P2G (3.227 + 0.938 ng/ml) into the medium by the corresponding
cell lines (Fig. 1E). As expected, immunoreactivity of 0.015 + 0.008 ng/ml detected in
conditioned medium of 143-B CXCL12-KDEL cells was comparable to that detected in the

medium of 143-B EV cells, confirming that CXCL12-KDEL was retained inside the cells.

Stable expression of CXCL12, P2G, or CXCL12-KDEL in 143-B cells suppressed CXCL12-
provoked chemotaxis in vitro

CXCL12 dose-dependent chemotaxis exhibited by 143-B EV cells in a Boyden chamber
transmembrane migration assay was not observed when 143-B CXCL12, 143-B P2G and
143B CXCL12-KDEL cells were examined (Fig. 1F). The chemotactic response of 143-B EV
cells at 300 (28.32 + 7.8 cells/well) and 1000 nM (25.05 + 5.4 cells/well) concentrations of
CXCL12 was significantly (p < 0.001) higher than the basal migratory activity in the absence
of CXCL12 and peaked at 300 nM CXCL12. The results showed that stable expression of
CXCL12, P2G or CXCL12-KDEL effectively blocked migration of 143-B cells towards

CXCL12 in vitro.



58

Stable expression of P2G or CXCL12-KDEL in 143-B cells increased the growth and
promoted osteolysis of corresponding intratibial tumors

To assess the effect of P2G and CXCL12-KDEL on 143-B OS growth, SCID mice were
intratibially injected with 143-B P2G, - CXCL12-KDEL, -CXCL12 and -EV (control) cells
accordingly. Expression of CXCL12, P2G and CXCL12-KDEL, in primary tumors grown
from respective 143-B cell line derivatives in SCID mice was confirmed by ELISA.
Concentrations of the individual components in 143-B CXCL12, -P2G and CXCL12-KDEL-
derived tumor tissue extracts were 136.0 + 41.5 ng/mg, 73.6 = 25.2 ng/mg and 113.0 + 30.8
ng/mg total protein, respectively (mean £ SEM). CXCL12 immunoreactivity of 3.0 £ 1.05
ng/mg total protein detected in extracts from 143-B EV cell derived tumors was considered as
non-specific (Fig. 2A). The relative levels of expression of CXCL12 and P2G in tumor tissue
extracts normalized to total protein concentrations were comparable to the relative amounts of
the peptides released into conditioned medium by the corresponding cell lines.

Three weeks post injection 143-B P2G and -CXCL12-KDEL groups developed significantly
(p < 0.05) larger primary tumors (170 + 15 mm?® and 134 + 14 mm®, respectively) compared to
the control group (78 + 10 mm?®) (Fig. 2B and C). In addition, we observed pronounced
osteolysis in mice injected with 143-B P2G and 143-B CXCL12-KDEL cells (Fig. 2D).
Tumors developing from 143-B CXCL12 cells showed comparable tumor growth to the
control. Three-dimensional reconstruction and quantitative analysis of the bone lesions in
tumor-bearing tibiae by uCT three weeks after tumor cell injection showed significantly less
bone volume in 143-B P2G (9.5 + 0.5 mm?®, p + 0.001) and -CXCL12-KDEL (11.3 + 0.9
mm?, p + 0.01) cell-derived tumors compared to the control tumors (16.0 + 0.8 mma3) (Fig. 2E
and F). The bone volume of 15.1 + 0.6 mm® in tumors grown from 143-B CXCL12 cells was

similar to that of control tumors. The tumor and bone volumes in affected legs of mice
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randomly selected from all experimental groups were found to be inversely related (p = 0.03 r
=0.52) (Fig. 2G).

The significantly increased tumor growth in 143-B P2G and -CXCL12-KDEL groups
prompted us to investigate the proliferative capacity of the tumors and the cells themselves.
Ki67 immunostaining of primary tumor sections and in vitro proliferation assay did not reveal
any significant difference between the groups (Supplemental Fig. S1A, B and C). Tumor
angiogenesis, known to be affected by CXCL12 pathways,”® was also considered as a
parameter that might have an effect on primary tumor growth in the different experimental
groups of mice. However, quantification of the micro-vessel density by CD31
immunostaining in sections of primary tumors did not reveal any significant differences
(Supplemental Fig. S2A and B). These results were confirmed by ERG immunohistochemical

staining ®® (data not shown).

Stable expression of P2G and CXCL12-KDEL in 143-B cells inhibits lung metastasis

The metastatic load in the lungs of SCID mice with intratibial 143-B EV, -CXCL12, -P2G or -
CXCL12-KDEL cell-derived tumors was assessed by ex vivo X-gal staining of whole mounts
of lungs collected at sacrifice of the mice (Fig. 3A). The quantification of metastatic loci show
that overexpression of P2G or of CXCL12-KDEL in 143-B OS cells significantly (p < 0.05, p
< 0.01, respectively) decreased the number of lung metastases by more than 60% or 66%,
respectively, compared to the number observed in lungs of control mice (Fig. 3B).
Unexpectedly, stable expression of CXCL12 in 143-B cells significantly (p < 0.05) increased

the number of lung metastases more than 2-fold compared to the control group.
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Transcripts encoding CXCR4 were found upregulated compared to control in intratibial
tumors grown from 143-B CXCL12, - P2G or - CXCL12-KDEL OS cells

Our findings, showing that stable expression of P2G or CXCL12-KDEL in 143-B cells results
in larger primary tumor size and decreased metastatic potential led us to investigate the levels
of CXCR4 expression in primary tumors. CXCR4 gene transcripts were expressed at 2.2-
(11.7 + 3.7, p < 0.01), 7.4- (39.0 + 12.0, p < 0.001) and 4.6- (24.0 + 7.0, p < 0.001) fold
higher levels in 143-B CXCL12, -P2G or -CXCL12-KDEL cell-derived tumors, respectively,

than in tumors grown from control 143-B EV cells (4.9 £ 1.3) (Fig. 4A).

Tumor cells expressing CXCR4 at the cell surface were found significantly enriched in 143-B
P2G and -CXCL12-KDEL intratibial tumors and uniformly predominant in lung metastases in
all experimental groups

The expression of CXCR4 on the surface of tumor cells was examined in cell isolates
obtained by enzymatic digestion of primary tumors and of lung tissue collected at sacrifice.
To determine the total number of tumor cells, identifiable by EGFP fluorescence and among
them the percentage of cells expressing cell surface CXCRA4, the cell isolates were analyzed
by flow cytometry. The mean percentage of tumor cells expressing CXCR4 at the cell surface
was comparable and surprisingly low in tumors grown from 143-B EV or -CXCL12 cells (3.6
+ 0.6% and 2.9 £ 0.7%, respectively), but 2.7- and 1.9-fold higher in 143-B P2G or CXCL12-
KDEL cell-derived tumors (9.7 + 1.4%, p < 0.01 and 6.9 + 1.1%, p < 0.001, respectively)
when compared to control (Fig. 4B, left panel). A significant linear correlation (p < 0.05, r =
0.9) was observed between the mean primary tumor size in the different experimental groups
and the mean percentage of tumor cells expressing CXCR4 at the cell surface in the
corresponding groups (Fig. 4C). In addition, lung metastases in all four experimental groups

of mice consisted of between 78.0 + 9.7 and 91.0 + 1.7 % of tumor cells expressing CXCR4
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at the cell surface (Fig. 4B, right panel). These data suggest that the OS cell lines investigated

here apparently adapted to the local lung tissue environment by the expression of CXCR4.

Discussion

The CXCL12/CXCR4 axis has been shown to play an important role in mediating lung
directed metastasis through homing of CXCR4 expressing tumor cells along a gradient of
CXCL12 expressed in the lung.®) CXCL12/CXCR4 signaling has been extensively
investigated in different types of tumors and the relevance in metastasis progression and poor
patient outcome has been confirmed.®) However the functional role of this axis in OS
progression remains to be clarified.®

In the present study, we have investigated the effects of local interference with
CXCL12/CXCR4 signaling in intratibial primary tumors derived from the human 143-B OS
cell line on tumor progression and lung metastasis in SCID mice. Interestingly, auto-/
paracrine blocking of CXCL12/CXCR4 signaling by stable expression of the P2G antagonist
or inhibition of CXCR4 cell surface expression by stable expression of CXCL12-KDEL in
143-B cells resulted in larger intratibial tumors than those grown from control 143-B EV cells
or from 143-B cells stably expressing CXCL12. A detailed histological and
immunohistochemical analysis of primary tumor tissue showed that the proliferative activity
assessed by Ki67 staining and tumor tissue vascularization analyzed by CD31
immunostaining were indistinguishable in the primary tumors grown from the different 143-B
cell line derivatives. The finding that constitutive expression of CXCL12 in 143-B cells did
not affect tumor angiogenesis was in good agreement with those reported in a study in a
breast cancer mouse model.?® The findings of two other studies showing a direct correlation

between CXCR4 expression and primary tumor growth,**®

prompted us to analyze the
expression of CXCR4 in intratibial tumors derived from the four 143-B cell line derivatives.

The results showed indeed higher mRNA and protein levels of CXCR4 in intratibial tumors
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expressing P2G and CXCL12-KDEL, than in tumors grown from 143-B EV and -CXCL12
cells. This finding was consistent with the flow cytometry data, which showed an enrichment
of tumor cells expressing CXCR4 at the cell surface in 143-B P2G and -CXCL12-KDEL
compared to -EV and -CXCL12 cell line derived tumors. This was a somehow unexpected
finding since P2G should prevent recognition of the receptor by 12G5 antibody “” and
CXCL12-KDEL is supposed to trap CXCR4 inside the cell. The results suggested that 143-B
P2G and -CXCL12-KDEL cells in primary tumors compensated P2G or CXCL12-KDEL
mediated inhibition of CXCR4 by an upregulation of receptor expression. The mean size of
the primary tumors correlated with the percentage of CXCR4 expressing cells, which is in
good agreement with the results of a previous study showing that the level of CXCR4
expression was related to the tumorigenic potential of OS cells in vivo.**

Since it has been shown that CXCR4 mediates site-specific metastasis in mice and that its
expression in primary tumors correlates with the metastatic disease in cancer patients,®1"?
we expected in the present study a higher metastatic activity of tumor cells expressing
CXCR4 than of those with low or non-detectable CXCR4 expression. However, P2G- and
CXCL12-KDEL-expressing tumors, which contained a remarkably higher percentage of
CXCRA4 expressing cells than 143-B EV-derived tumors formed significantly lower numbers
of lung metastases than those grown from 143-B EV cells. Thus, although, the
CXCL12/CXCR4 axis has been shown to support the migration of metastatic cells from
primary tumor site to the lung in breast © and several other cancers,??% it might have a
unique role in OS. OS occurs in bone, where CXCL12 is abundantly expressed by bone
marrow cells and is well known to attract and retain CXCR4 expressing hematopoietic cells in
this tissue.”” This mechanism likely also applies to CXCR4 expressing tumor cells in the
intratibial OS model used in this study. 143-B P2G and -CXCL12-KDEL cells in intratibial
tumors expressed CXCR4 at the cell surface more frequently than 143-B EV cells and

according to the described CXCL12-mediated mechanism they were likely retained at higher
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incidence in the bone than 143-B EV cells and, consequently, formed larger tumors and fewer
lung metastases.

According to the homing theory, stable expression of CXCL12 by tumor cells should have
abrogated a normal CXCL12 gradient and thereby inhibited tumor cell dissemination like it
has been observed with CXCL12 overexpressing murine breast cancer cells in a syngeneic
model using immunocompetent mice.®? In the present study, however, expression of
CXCL12 in tumor cells significantly promoted lung metastasis while intratibial tumor growth
was comparable to that of 143-B EV cells. Taking into account that only a small share of
143B CXCL12 cells in intratibial tumors expressed CXCR4 at the cell surface, they were
probably less retained in the intratibial tumors as it has been already discussed for the 143-B
EV group. Our findings suggest that CXCL12/CXCR4 signaling was not essential for tumor
cell homing to the lung in the here used intratibial xenograft OS model, but it appeared to
facilitate other biological processes that are essential for successful formation of metastatic
lesions. For example, CXCL12 activates platelet aggregation,®® which is known to support
the survival of circulating tumor cells in the blood stream, to facilitate the arrest of circulating
tumor cells in micro-vessels of a target organ and to protect them from attacks by immune
cells.®Y

Strong evidence for an essential role of the CXCL12/CXCR4 axis in the development and
growth of lung metastatic lesions from disseminating 143-B OS cells was obtained from the
results of the flow cytometric analysis of metastases-containing lung tissue. These results
showed that the percentage of CXCR4 expressing tumor cells in lung metastases, amounting
to over 80% independent of the expressed transduced gene, was significantly higher than that
observed in the primary tumors. These findings are in line with the results obtained from
analyses of human OS primary tumor tissue and lung metastases that also showed higher
expression of CXCR4 in lung metastases than in primary tumors.®®* These observations

suggest that the expression of CXCR4 in OS cells settling in the lung is likely induced by
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regulatory molecules released from the lung microenvironment as recently proposed in
studies of colon ®® and lung cancer.®?

In summary, the results of the present study provide evidence for important functions of the
CXCL12/CXCR4 axis in OS progression, which is different from that reported for other types
of tumor including breast cancer. The results suggest that CXCR4 expressed in intratibially
injected 143-B OS cells mediates retention of the tumor cells in the developing tumor through
interaction with CXCL12 of bone marrow origin. This was reflected by a significant
correlation between the size of primary tumors and the percentage of CXCR4 expressing
tumor cells. Moreover, it is likely that also the reduced dissemination from the primary tumor
was due to the CXCR4-mediated retention of the tumor cells. In lung metastatic lesions,
however, the percentage of CXCR4 expressing 143-B OS cells was found to be much higher
than that in primary tumors, pointing to an important function of CXCR4 later in the
metastatic process, for example in survival and growth of the tumor cells in the lung
microenvironment and presumably even in self-seeding in lung parenchyma.® In conclusion,
CXCR4 expressed in OS lung metastases should be considered as a potential attractive target
for novel therapeutics strategies. Furthermore, the findings of the present study also indicate
that a strategy for anti-CXCR4 local treatment of lung metastases might be favored over a
systemic anti-CXCR4 therapeutic approach. The efficacy of a local anti-CXCR4 treatment of
OS lung metastasis needs to be investigated in a therapy study. Local treatment of OS lung
metastasis is particularly attractive since primary tumor control can be achieved by surgery
whereas metastasis remains to be the major obstacle in effective OS treatment and the main

cause of death in OS patients.
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Figure legends
Fig. 1. Characterization of the genetically modified 143-B OS cell line derivatives. (A) Partial
amino acid sequences of indicated protein products overexpressed in the 143-B cell line
derivatives. Mutations introduced into the native CXCL12 sequence are indicated in red. (B)
Efficiency of retroviral transduction of the indicated 143-B cell line derivatives visualized by
fluorescence imaging of EGFP expressed as a reporter protein from the retroviral vectors.
Bars = 50 um. (C) Semi-quantitative RT-PCR analysis of the expression of indicated
transcripts derived from the corresponding retrovirally transduced transgenes (EV: empty
vector control) in indicated 143-B cell line derivatives. GAPDH was used as a control for
RNA input. (D) Expression of transgene products in indicated cell lines visualized by
fluorescence immunocytochemistry with antibodies recognizing native CXCL12 and the
mutated derivatives. 143-B CXCL12 cells incubated with the secondary Alexa Fluor 547
antibody alone (NC) served as controls for non-specific staining. Bars = 50 um. (E)
Concentrations of transgene products accumulating in the tissue culture medium of indicated
cell lines cultured for 48 hours. The results indicate the mean (x SEM) concentrations
measured by ELISA in three independent experiments normalized to 106 cells. (F) CXCL12
concentration-dependent chemotaxis of the indicated cell lines was measured in a Boyden
Chamber assay. Bars indicate the mean (x SEM; three independent experiments) number of
cells per well (three wells per condition) migrating across the membrane at 37°C during 4
hours, # p < 0.01 compared to the number of migrating 143-B EV cells at the other CXCL12
concentrations; * p < 0.01 compared to the number of migrating cells of the other 143-B cell

line derivatives at 300 nM and 1000 nM CXCL12, respectively.

Fig. 2. 143-B OS cells stably expressing P2G or CXCL12-KDEL grow to larger intratibial
osteolytic primary tumors in SCID mice than 143-B CXCL12 and control 143-B EV cells. (A)

Concentrations of transgene products in tissue extracts of primary intratibial tumors grown
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from indicated cell lines. The results show the mean (+ SEM) concentrations per mg of total
protein measured in extracts of three randomly selected tumors per experimental group. ** p
< 0.01). (B) Primary tumor growth of indicated 143-B OS cell derivatives over time. The
values indicate mean (£ SEM) primary tumor volumes calculated from caliper measurements
in ten mice per experimental group at indicated time points. (C) Primary tumor volumes
observed three weeks after injection of the indicated 143-B cell line derivatives. The results
are the mean (£ SEM) volumes measured with a caliper in ten mice per group normalized to
the mean volume observed in 143-B EV cell injected mice (78 + 10 mm®) set to 100 %, * p <
0.05; ** p < 0.01; *** p < 0.001. (D) Representative X-ray images of tumor-bearing legs
(right) and corresponding healthy legs (left) taken three weeks after intratibial injection of
indicated 143-B OS cell line derivatives. (E) Bone volume in tumor-bearing legs determined
by uCT analysis three weeks after intratibial injection of indicated 143-B OS cell line
derivatives. The results indicate the mean (£ SEM) bone volumes in the ROI (region of
interest) measured in at least four mice per experimental group, * p < 0.05; ** p < 0.01; *** p
< 0.001. (F) Representative uCT images of tumor-bearing legs of mice intratibially injected
with the indicated 143-B OS cell line derivatives. White arrows point to osteolytic lesions in
tumor legs of mice injected with 143-B EV or 143-B CXCL12 cells. (G) Inverse correlation
of tumor and bone volume in tumor-bearing legs of at least four animals randomly selected

from the four experimental groups of mice.

Fig. 3. Stable expression of P2G or of CXCL12-KDEL significantly inhibited while stable
expression of CXCL12 promoted pulmonary metastasis. (A) Representative images of X-gal
stained metastatic nodules (blue) in lung lobes collected at autopsy from mice injected with
indicated 143-B cell line derivatives. Selected rectangular areas enlarged in the bottom panels

show close-ups with multiple small metastases such as those marked by arrows. Bars = 250
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um. (B) Quantitative analysis of X-gal stained metastatic nodules on the surface of lung whole
mounts. Data show the mean (£ SEM) numbers of metastases per lung counted in ten mice
per group and normalized to metastases observed in the EV group set to 100 %. * p < 0.05; **

p <0.01; *** p < 0.001

Fig. 4. Intratibial tumors grown from 143-B P2G or -CXCL12-KDEL cells contained higher
percentage of CXCR4 expressing tumor cells and lung metastases in all experimental groups
were enriched with CXCR4 expressing tumor cells. (A) Expression of CXCR4 encoding
MRNA in primary tumors grown from the indicated cell lines. The results show the mean (+
SEM) transcript levels in three randomly selected tumors of indicated cell lines normalized to
GAPDH encoding transcripts in individual tumors and to the mean levels detected in 143-B
EV cell line-derived tumors set to 100% (** p < 0.01; *** p < 0.001). (B) Mean percentage (+
SEM) of primary tumor-derived (left) or lung metastasis-derived (right) CXCR4 cell surface
immunostained tumor cells normalized to the total number of EGFP fluorescent tumor cells.
Tumor cells in primary tumor and lung cell isolates obtained from five randomly selected
mice per experimental group at sacrifice were analyzed by fluorescence cytometry. * p <
0.05; ** p < 0.01; *** p < 0.001 (C) The average sizes of intratibial tumors (n=10) measured
at sacrifice in the mice of the individual experimental groups (143-B EV, 143-B CXCL12,
143-B P2G or 143-B CXCL12-KDEL) correlated linearly with the average percentage of
tumor cells expressing CXCR4 on the cell surface in the respective intratibial tumors.
CXCR4-immunostained tumor cells were estimated by flow cytometry in cell isolates of at

least five tumors per experimental group.
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Supplemental data
Histology and immunostaining

Immunohistological stainings were performed as previously described.®? Six micrometre
tumor cross-sections were probed with either anti-CD31 or anti-Ki67 primary antibody
(Abcam, UK). CD31 immunostainings were visualized with anti-rabbit Alexa Fluor 547
fluorescence secondary antibodies (Thermo Scientific, Waltham, MA USA) under a Zeiss
microscope and pictures were taken at 20X magnification using an AxioCam MRm camera
attached to Zeiss observer (Observer Z1, Zeiss Microscopy, Jena, Germany). Cell nuclei were
stained with DAPI (Invitrogen, Life Technologies, USA). CD31 staining-based micro-vessel
density was estimated in three randomly selected areas of 0.14 mm? per tissue section and
calculated as the ratio between the area occupied by blood vessels and the total area of viable
tissue imaged with a custom-made program (ETH, Zurich) for Image J software (NIH,
Bethesda, MD, USA). Three representative tissue sections of three randomly selected tumors
per experimental group of mice were analyzed. Ki67 immunostained tumor sections were
visualized with peroxidase-conjugated anti-rabbit secondary antibodies (Vector Laboratories
Inc., Burlingame, CA, USA), Vectastain Elite ABC (Vector Laboratories Inc., USA) and a
substrate-chromogen system (Dako, Glostrup, Denmark). Images of Ki67 immunostained
tissue sections were taken with a Nikon Eclipse E600 camera (Nikon, Japan) at 20X
magnification. Ki67 immunostained cells were counted in at least two randomly selected
areas of 0.37 mm? per primary tumor tissue section. Three representative sections of three
randomly selected tumors per experimental group of mice were analyzed. The proliferation
index was calculated with Image J software (NIH, USA) as the ratio between the number

Ki67-immunostianed cells and the total number of tumor cells.
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Cell proliferation assay
Doubling times of the 143-B cell line derivatives were determined as previously described.®®
Briefly, 5x105 cells were seeded in 12.5-cm? flasks and let to adhere overnight. The cells
were counted with a hemocytometer at 24, 48, 72, and 96 hours after seeding. The experiment
was repeated three times using five flasks per cell line at each time point. The doubling time
was calculated using the following formula: t1/2=In2/y, where t1/2 is the doubling time and y

is the slope of the linear regression curve.

Supplemental Fig. 1. Stable expression of P2G, of CXCL12-KDEL or of native CXCL12 in
143-B cells did not affect proliferation in vivo and in vitro. (A) Representative Ki67-
immunostained paraffin-sections of primary tumors grown from the indicated cell lines. Bars
= 50 um. (B) Percentage of Ki67-immunostained cells in sections of primary tumors of
indicated cell lines. The results are mean values (£ SEM) calculated from the numbers of cells
counted as outlined in Supplemental Material in primary tumors of three randomly selected
mice per experimental group. (C) Doubling times of the indicated 143-B cell line derivatives
in vitro. The results are the mean (x SEM) values calculated as outlined in Supplemental
Material from cell numbers counted over time in five flasks per cell line and per time point in

three independent experiments.

Supplemental Fig. 2. Stable expression of P2G, of CXCL12-KDEL or of native CXCL12 in
143-B cells did not affect blood vessel formation in primary tumors. (A) Representative
images of paraffin sections of tumors derived from indicated cell lines immunostained for
CD31 (top panels) and with DAPI (bottom panels). Control tumor sections (NC) were
incubated with the secondary antibody alone. Bars = 50 um. (B) Micro-vessel density in
primary tumors grown from indicated cell lines in percent of the density observed in 143-B

EV cell-derived control tumors. The results are the mean values (£ SEM) calculated from the
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numbers determined as described in Supplemental Material in tumors of three randomly

selected mice per experimental group.
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9.2 Additional studies and results

9.2.1 Role of the SDF-1/CXCR4 axis in OS metastasis
The expression of CXCR4 in OS 143-B EV, SDF-1/P2G and SDF-1-KDEL expressing cells

at the mRNA level was quantified by real time PCR (Figure 1). Stable expression of SDF-1 in
143-B cells resulted in a non-significant increase of CXCR4 encoding transcripts to 137% of
that measured in control 143-B EV cells. Stable expression of P2G or SDF-1-KDEL, on the
other hand, resulted in a non-significant decrease of CXCR4 transcript levels by 61.3% or

58.1%, respectively, compared to control.
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Figure 1. Expression of CXCR4 encoding mRNA in the 143-B cell line derivatives 143-B EV, SDF-1, P2G and
SDF-1-KDEL. The results show the mean (£SEM) transcript levels measured in 3 independent mRNA extracts
per cell line normalized to GAPDH and to the mean level detected in the control 143-B EV cell line set to 100%.

p<0.05

We verified CXCR4 protein expression in our 143-B manipulated cell lines by
immunocytochemical stainings (Figure 2). The results showed membrane expression of

CXCR4 in 143-B EV, 143-B SDF-1 and 143-B P2G cells. As expected, only moderate
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expression of membrane-located CXCR4 was observed in 143-B SDF-1-KDEL cells

indicating efficient retention of CXCR4 inside the cells.

143-B EV 143-B SDF-1 143-B P2G  143-B SDF-1-KDEL

— —_—
200 pm 200 pam

CXCR4

HOS CXCR4

-

Figure 2. Expression of CXCR4 on the cell surface in indicated cell lines visualized by fluorescence

CXCR4

immunocytochemistry with antibodies recognizing CXCR4. Cell nuclei are stained with DAPI. HOS cells
manipulated to stably express CXCR4 were used as a positive control. HOS cells lacking endogenous CXCR4
were used as an additional negative control to verify the specificity of the CXCR4 antibody (antibody clone
12G5). HOS cells stably expressing CXCR4 and incubated with the secondary Alexa Fluor 547 antibody alone

(NC) served as an additional control to exclude non-specific staining.

In order to further verify CXCR4 protein expression, we repeated immunocytochemical
staining on permeabilized cells with a CXCR4 antibody (clone UMB-2) that selectively binds
to the C-terminus of non-phosphorylated CXCR4 located in the cytoplasm or in the cell
membrane. Surprisingly, only a small fraction of 143-B EV cells expressed CXCR4 (Figure 3,
upper panel). 143-B SDF-1 cells showed only a moderate CXCR4 immunostaining, indicating
that constitutive expression of SDF-1 might lead to receptor activation and phosphorylation,
taking into account that the CXCR4 antibody UMB-2 does not recognize phosphorylated

CXCR4. 143-B P2G and 143-B SDF-1-KDEL cells also showed low levels of CXCR4
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expression. Although, the antibodies might not efficiently bind SDF-1-KDEL, they should

recognize P2G.

143-B EV 143-B EV 143-B SDF-1 143-B P2G

CXCR4

143-B SDF-1-KDEL HOS CXCR4 NC

CXCR4

—
50 pm

Figure 3. Expression of membrane and cytoplasmic CXCR4 in indicated cell lines visualized by fluorescence
immunocytochemistry with UMB-2 antibody recognizing non-phosphorylated C-terminus of CXCR4. Cell
nuclei are stained with DAPI. HOS cells manipulated to overexpress CXCR4 were used as a positive control.
HOS cells overexpressing CXCR4 were incubated with the secondary Alexa Fluor 547 antibody alone (NC)
served as controls for non-specific staining. Microscopic analysis of UMB-2-stained 143-B cells revealed
subpopulations of CXCR4-expressing cells (upper panel, the first image from the left), whereas the majority of

the cells stayed CXCR4-negative (upper panel, the second image from the left).

In our study we could detect membrane CXCR4 at least by immunocytochemical staining
using anti-CXCR4 12G5 antibody and showed that SDF-1-KDEL remarkably reduced
CXCRA4 cell surface level in 143-B cells compared to 143-B EV cells. The results of the
immunocytochemical stainings, however, indicated that the expression of CXCR4 at the
protein level in 143-B cells is not stable. Intracellular examination of CXCR4 expression
using UMB-2 antibody did not detect any CXCR4 in the 143-B cell line derivatives, with the
exception of 143-B EV, where several cell subpopulations were shown to highly express the
receptor. Importantly, UMB-2 antibody recognizes only non-phosphorylated C-terminus of
the receptor. Stable expression of SDF-1 from 143-B cells may lead to the receptor activation

and phosphorylation, leaving it undetectable by the antibody.
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In order to investigate whether CXCR4 expression depends on cell confluency, we grew 143-
B EV cells to 50-60%, 60-70% or to 95-100% confluency and reexamined cell surface
expression of CXCR4 by flow cytometry (Figure 4). HOS cells manipulated to overexpress
CXCR4 (HOS-CXCR4) were used as a positive control and HOS cells lacking endogenous
CXCR4 were used as a negative control The results revealed that 143-B EV cells express
CXCR4 at the cell surface at minimal levels largely independent of cell confluency. High
CXCR4 expression was detected at the cells surface of the control HOS CXCR4 cells. No

CXCR4 expression was detected on the surface of HOS cells (negative control).
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Figure 4. Cell surface expression of CXCR4 on 143-B EV cells at different confluent levels measured by flow

cytometry. (A) Membrane expression of CXCR4 on HOS cells shown to be negative for CXCR4. These cells
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were used as control for non-specific antibody binding (left panels). Cell surface expression of CXCR4 in HOS
cells manipulated for stable CXCR4 expression (right panels). These cells were used as a positive control. (B)

Cell surface expression of CXCR4 in 143-B EV cells grown to 50-60%, (C) 60-70% or (D) 95-100% confluency.

Finally, we decided to compare the levels of membrane-located and cytoplasmic CXCR4 in
the individual manipulated cell lines. 143-B EV, -SDF-1, -P2G and -SDF-1-KDEL cells were
grown to 60-70% confluency. The expression of membrane-located CXCR4 in intact cells
(Figure 5 A) or of cytoplasmic CXCR4 in membrane-permeabilized cells (Figure 5 B)
CXCR4 was measured by flow cytometry using the mouse monoclonal CXCR4 antibody
6H8. The results confirmed minimal levels of CXCR4 expression at the cell surface of intact
cells, but robust intracellular expression of CXCR4 in membrane-permeabilized cells.

A
143-B EV 143-B SDF-1 143-B P2G 143-B SDF-1-KDEL

EGFP

EGFP

CXCR4, 6H8 Abs
- Secondary Abs
19G control Abs

Figure 5. CXCR4 expression in indicated 143-B cell line derivatives examined by flow cytometry. (A)

Membrane-located and (B) intracellular CXCR4 immunostaining in indicated cell lines. Isotype control mouse

IgG were used as a control for non-specific binding.

Taken together, our results indicate that CXCR4 expression in human OS 143-B cells in vitro
is variable. Moreover, a large fraction of CXCR4 expressed in the differently manipulated

143-B cells remains intracellular. These findings are consistent with results reported for
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human CD34" hematopoietic progenitor cells (Zhang, Foudi et al. 2004). Interestingly,
Zeelenberg et al. reported that the expression of CXCR4 in colon and mammary carcinoma
cells in vitro assessed by flow cytometry was low, but was remarkably upregulated in vivo
presumably by stromal cell-derived factors (Zeelenberg, Ruuls-Van Stalle et al. 2003).
CXCR4 expression in OS cells appears to be also affected by cell culture conditions (Liao,
Zhou et al. 2013). For example, Laverdiere et al. detected robust expression of CXCR4
encoding MRNA, measured by quantitative real-time PCR in 63% of OS primary tumor tissue
specimens, but the levels in OS cell lines (HOS, Sa0S-2, U20S) in tissue culture were low

(Laverdiere, Hoang et al. 2005).

It has been proposed that CXCL14 is also a ligand for CXCR4 (Tanegashima, Suzuki et al.
2013). In order to exclude that endogenous CXCL14 might interfere with our manipulations
in the described 143-B cell line derivatives, we examined, by semi-quantitative RT-PCR, the
expression of CXCL14 encoding mRNA in 143-B EV, -SDF-1, -P2G and-SDF-1-KDEL cells
(Figure 8). Unlike in the human U20S OS cell line, used as a positive control, CXCL14
MRNA remained undetectable in all the 143-B cell line derivatives investigated here.

bp

300
200

100

u20s

=
L
o
[32)
<

143-B SDF-1
143-B P2G
water control

143-B SDF-1-KDEL

Figure 8. Semi-quantitative RT-PCR analysis of CXCL14 mRNA expression in indicated 143-B cell line
derivatives. Human U20S OS cells were used as a positive control for CXCL14 expression. GAPDH was used

as a control for RNA input.
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An important aspect in the analysis of primary tumors was tumor angiogenesis. Consequently,
we performed in addition to CD31 immunohistochemistry shown in the manuscript (chapter
9.1), ERG immunostaining of paraffin-embedded primary tumor sections (Figure 9 A).
Confirming the results of CD31 immunostaining, ERG staining did not reveal any significant
differences in micro-vascularization of tumors grown from the indicated cell lines (Figure 9

B).

143-B EV 143-B SDF-1 143-B P2G 143-B SDF-1-KDEL NC

ERG

DAPI

Microvessel density (% of 143-B EV control)

3 1 &
o? ° R R

Figure 9. Estimation of micro-vessel density in tumors grown from 143-B cell line derivatives measured by ERG
immunohistochemical staining of paraffin embedded primary tumor sections. (A) Representative images of
paraffin sections of tumors grown from indicated cell lines immunostained for ERG (top panels) and stained with
DAPI (bottom panels). Control tumor sections (NC) were incubated with the secondary antibody alone. (B)
Micro-vessel density (determined as described in Materials and Methods) in primary tumors of indicated cell
lines in percent of the density observed in 143-B EV control tumors. The results are shown as mean values
(+SEM) calculated from 5 randomly selected areas of 0.14 mm? per tumor tissue section. Three randomly

selected sections of tumors, collected from mice of the four indicated groups of experimental animals, were
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immunostained and analyzed. The differences between the experimental groups shown in (B) were not

significant.

9.2.2 Pulmonary administration of an SDF-1 neutralizing ligand for targeted treatment

of lung metastasis in an intratibial metastasizing OS mouse model: a pilot study

Despite improvements in the treatment of OS, metastasis remains the main cause of death of
OS patients (Koshkina and Kleinerman 2005; Whelan, Jinks et al. 2012). Many systemically
applied drugs cause toxicity and undesirable side effects. Local administration of an
antimetastatic drug to the site of secondary lesions will allow delivering drugs at
concentrations higher than those used in systemic treatment and simultaneously reduce
undesirable side effects.

The aim of this study is to develop a therapeutic strategy for targeting lung metastasis in OS
by local delivery of an SDF-1 neutralizing compound. As reported in the enclosed
manuscript, the expression of CXCR4 was found upregulated in OS cells growing to
metastases in the lung as compared to the tumor cells in intratibial primary tumors. SDF-1
expressed by lung endothelial cells is supposed to support tumor cell survival, proliferation
and metastasis self-seeding mediated by CXCR4 expressed by tumor cells. Along these lines,
it has been demonstrated that targeting of CXCR4 by tail-vein administration of CXCR4-
blocking antibody in mice with intratibial metastasizing OS reduced the number of lung
metastatic nodules significantly in antibody-treated compared vehicle-treated animals
(Brennecke, Arlt et al. 2014). Here, we propose to inhibit CXCR4 functions in tumor cells of
OS lung metastases by pulmonary administration of chalcone 4 that, though interaction with
SDF-1, blocks its binding to CXCR4 (Daubeuf, Hachet-Haas et al. 2013). An important
advantage of chalcone over the antibody treatment is the feasibility of a local administration
of the compound to the lung and a short half-life of CN-chalcone 4, which allows us to rather

selectively investigate physiological and pathophysiological roles of SDF-1 in the lung
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separate from potential effects in many other tissues where SDF-1 is expressed. Thus local
administration of CN-chalcone 4 to the lung will also reduce undesirable side effects expected

from systemic administration.

In a pilot study we evaluated and compared two different methods of drug delivery to the
lung: direct intratracheal intubation and intranasal application. We applied a solution of 0.5%
Evans blue in order to reproduce and visualize the tissue distribution of drugs upon
pulmonary administration. Separate groups of healthy mice were intranasally treated with
either 25 pl or 50 ul of Evans blue solution. A third group of mice, 25 ul of Evans blue
solution were administered intratracheally upon intubation. Intranasal administration of 25 pl
Evans blue solution resulted in minimal staining of lung tissue (Figure 1A), whereas
administration of the larger volume of 50 ul resulted in a wider distribution of the dye in both
lung lobes (Figure 1 B, C, D). Similarly, intratracheal administration of 25 ul of Evans blue
also revealed a remarkable penetration of the dye into lung tissue (Figure 2) and a rather

uniform distribution in lung parenchyma.

The results of the pilot study with Evans blue showed that intranasal drug administration was
less efficient because the mice swallowed a largely non-predictable amount of the applied
drug volume. Another disadvantage of using this application route is the risk that the
compound might also pass the blood/brain barrier and end up in the central nervous system
resulting in non-desirable side effects and a reduced drug concentration in the target organ
(Hanson and Frey 2008). However, intranasal drug application is safe, minimally invasive and

easy to perform.



92

Figure 1. Tissue distribution of 0.5% Evans blue in mouse lungs upon intranasal administration. (A)
Representative image of a lung of a mouse treated with 25 pl Evans blue solution. (B, C, D) Lungs of mice

treated with 50 pl of 0.5% Evans blue solution.

Figure 2. Tissue distribution of 0.5% Evans blue in mouse lungs upon intratracheal administration. (A, B, C and

D) Representative images of lungs of mice treated with 25 pl of 0.5% Evans blue solution.

e LA

e

Figure 3. (A, B, C and Dj Representative images pon intratracheal

administration of 0.5% Evans blue solution.
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We next started to evaluate the biodistribution of chalcone 4 and its derivate CN-chalcone 4 in
tissues of healthy mice after intranasal or intratracheal administration. In order to improve the
solubility of chalcone 4 in agueous solutions, a phosphate-group was introduced, giving rise to
phospo-chalcone 4 (P-chalcone 4) (Gasparik, Daubeuf et al. 2012). Importantly, the phosphate
group of P-chalcone 4 (prodrug) is rapidly cleaved by cellular enzymes in vivo converting it to
chalcone 4 (drug). Mice treated with P-chalcone 4 or CN-chalcone 4 through intranasal and
intratracheal routes in the same manner described above were sacrificed at 15 min, 30 min, 1 h,
4 h, and 24 h after administration. The lungs, brain, the kidneys and liver from treated mice
were collected and snap frozen in liquid nitrogen for further analysis. All the collected organs
will be analyzed for the presence of chalcone 4 or CN-chalcone 4 or their degradation products,
3-methoxy-4-(methoxymethyloxy)benzaldehyde and para-chlorobenzoylacetonitrile. It is
known that chalcones not only block the binding of SDF-1 to CXCR4, but also binding to
GAGs (glycosaminoglycans) on cell surfaces, which resulted in removal of SDF-1 from the
target organ. Therefore, we will also measure SDF-1 concentrations in mouse lungs treated
with P-chalcone or CN-chalcone and compare the results with SDF-1 concentrations measured

in lungs of mice treated with a vehicle (control).

Based on the results of the biodistribution study, we plan a future study in order to investigate
the potential of the chalcones for local lung metastasis suppressive treatment in the intratibial

OS mouse model.

9.2.3 In vivo characterization of K12 lacZ, K7M2 lacZ, and MOS-J lacZ OS models

The cell lines K7 and K12 have been isolated from an OS tumor that spontaneously occurred
in a BALB/c mouse (Schmidt, Strauss et al. 1988). The K7M2 cell line has been established
from lung metastatic nodules of a BALB/c mouse orthotopically injected with K7 cells into

the proximal tibia after the second round of in vivo cell selection (Khanna, Prehn et al. 2000).
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The metastatic potential of the K12 and K7M2 cell lines was assessed after orthotopic
injection of cell suspensions or after implantation of intra-muscle-derived K12 and K7M2
tumor fragments into the mouse tibial muscle or a bone flap (Khanna, Prehn et al. 2000). The
percentage of mice that developed primary tumors was higher after tumor tissue implantation
than after orthotopic tumor cell injections. However, in order to be able to monitor metastasis,
amputation of the primary tumor-bearing leg was required. The tumorigenic and metastatic

potential of the K7M2 cell line was higher than that of the K7 cell line.

MOS-J cell line was derived from a spontaneously occurring OS in a C57BI1/6J mouse (Joliat,
Umeda et al. 2002) and characterized as chondroblastic osteosarcoma. MOS-J cells formed
fast growing primary tumors in immunocompromised and syngeneic hosts when injected

intra-muscularly, however metastasis to lungs or other organs was not observed.

Consequently, the development of a mouse model which reproduces the main features of
human OS, including lung metastasis, in non-immune compromised mice may be highly
beneficial for future OS research. Specifically, the development of a highly tumorigenic and
metastatic orthotopic MOS-J OS model is of a particular interest since many strains of mice
engineered to carry different genetic mutations are maintained in the C57BL/6J genetic
background. Highly tumorigenic and metastatic MOS-J cells would allow to study in
manipulated C57BL/6J mice host genes that are involved in the pathogenesis of OS.
Moreover, K12 and K7M2 represent an osteolytic subtype of OS, whereas MOS-J cells have
an osteoblastic phenotype. The development of mouse models of OS with different
histological phenotypes would significantly improve the options in preclinical OS research to
study pathophysiological mechanisms and the efficacy of novel drugs in experimental animals

with an intact immune system.

In our experiments we first reinvestigated the tumorigenic and metastatic potential of the K12,

K7M2 and MOS-J cell lines upon intratibial injection into syngeneic mice and took advantage
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of ex vivo monitoring of metastasis down to the single cell level by X-gal staining of lacZ
transduced tumor cells in affected tissues, a technique that has been well established in our
laboratory. Accordingly, mouse K12, K7M2, and MOS-J OS cells were stably transduced
with a retroviral vector containing a lacZ and a neomycin resistance gene. After selection for
antibiotic-resistant cells in vitro, X-gal staining showed that up to 100% of the lacZ gene

transduced K12, K7M2, and MOS-J cells (Figure 1).

Figure 1. In vitro X-gal staining of (A) K12 lacz, (B) K7M2 lacZ, (C) MOS-J lacZ cells. lacZ expressing cells are

stained in indigo-blue color.

Before the lacZ-transduced cells were used in animal experiments, they were checked for
mycoplasma contamination by PCR analysis. The results confirmed that none of the cell lines
was contaminated with mycoplasma (not shown). In order to estimate tumorigenic and
metastatic potential of the K12 laczZ, K7M2 lacZ or MOS-J lacZ cell line, we injected
different numbers of cells orthotopically into the tibia of BALB/c or C57BI/6J mice,
respectively. The primary tumor growth was carefully measured with a caliper and visualized
by conventional 2D X-ray imaging. None of the mice injected with 3x10° or 1x10° K12 lacZ
cells developed primary tumors or bone lesions during 90 days of follow-up after tumor cell
injection (TCI). Ex vivo X-gal staining of the lungs or other organs did also not show any
metastases (not shown). On the contrary, most of the mice injected with K7M2 lacZ cells

developed intratibial primary tumors. Interestingly, the size of intratibial tumors developing
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from 1x10° or from 3x10° injected cells was indistinguishable over the entire experimental

period of 90 days after TCI (Figure 2).

Tumor volume (mm?)

Figure 2. Tumor volumes measured BALB/c mice 90 days after intratibial injection of 3*10° or 1*10° K7M2

lacZ cells. The bars indicate the mean = SEM tumor volumes in indicated experimental groups of 6 mice.

Although, X-ray imaging revealed moderate bone lesions in almost all mice injected with
K7M2 lacZ cells, only three out of 12 mice (25%) developed tumors larger than 50 mm?®
(Figure 3A). The tumors in these three mice remained undetectable until day 27 after tumor
cell injection. After day 27 they started to grow exponentially until the mice were sacrificed

(Figure 3B and C).
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Figure 3. Primary tumor growth in mice injected with K7M2 lacZ cells. (A) The bar graph shows primary tumor

volumes in individual mice before sacrifice. (B) Time course of primary tumor growth in the three indicated mice
between the day of TCI and the day of sacrifice. (C) X-ray images of tumor-bearing legs of indicated mice taken

on indicated days after TCI.

The three mice developed massive primary tumors of irregular shape. X-ray imaging showed
osteolytic lesions in tumor-bearing tibiae and confirmed the osteolytic phenotype of the
K7M2 cell line. Histological examination of K7M2 lacZ-derived primary tumors also
confirmed bone osteolysis observed by X—ray imaging (Figure 4). The tumor cells invaded, in
addition to the bone, surrounding muscles and connective tissues. The tumors in the three

mice were histologically indistinguishable.
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Figure 4. Representative hematoxylin and eosin (H&E) staining of a six um section of a paraffin-embedded
primary tumor. Primary tumor was derived from the mouse 1.6 injected with K7M2 lacZ cells. H&E staining
demonstrates viable tumor cells (in pink color). The black arrow points at an area with infiltrating neutrophils.

The metastatic potential of K7M2 lacZ cells was investigated by analyzing lungs, spleens,
livers and kidneys of tumor cell injected mice for X-gal stained micro- and macrometastatic
nodules. Mice with intratibial primary tumors smaller than 50 mm?were also included. None
of the investigated mice developed metastases in spleen, liver, kidney or distant bone tissue.
Lung metastases were observed in mice with primary intratibial tumors larger than 200 mm?,

but remained undetectable in mice with primary tumors smaller than 50 mm?® (Figure 5).
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Figu 5. Analysis of lung metastases in mice injectd with KM2 lacZ cells. (A) The bars indicate the total
number of metastases on lung whole mounts in indicated mice. Metastases were detected by ex vivo X-gal
staining. (B) Macrometastases (in indigo-blue color) detected on the top or (C) on the bottom surface of the lung
dissected from the 1.6 mouse. (D) Microscopic image of a macrometastasis or (E) micrometastases (in
indigoblue color) in the lung of the 1.6 mouse. Black arrows point at micrometastases. Microscopic images were

taken at 4X magnification.

K7M2 lacZ cells were isolated from primary tumors and grown in tissue culture under 800
ug/ml neomycin selection. Neomycin resistant K7M2 lacZ cells were checked again for lacZ
expression (Figure 6) and collected for further reinjection. The cells showed a heterogeneous
morphology with spindle-like and spherical cells in the population. All cells were

mononuclear.
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Figure 6. In vitro X-gal staining of K7M2 cells isolated from primary tumors of the (A) 1.1, (B) 1.6, and (C) 2.6

K7M2 lacZ tumor-bearing mice. lacZ expressing cells are stained in indigo-blue color.

Analysis of tumorigenicity of MOS-J lacZ cells revealed that all C57BI/6J mice except one
mouse developed primary tumors. One mouse did not show any sign of a primary tumor and
was further excluded from the analysis (Figure 7 A). Two mice developed big primary tumor
with a size larger than 50 mm?® However, tumor growth was very slow and remained
undetectable until the day 50 post TCI. After day 50, tumors grew exponentially, and the mice

were sacrificed on day 85 (Figure 7 B and C).
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Figure 7. Primary tumor growth in mice injected with 5*10° MOS-J lacZ cells. (A) The bars represent terminate
tumor volumes measure in individual mice. All mice except one mouse developed primary tumors to the bone.
Size of primary tumors exceeded 50 mm? in two mice. (B) The graph represents tumor growth in two mice, 5.8
and 5.12. (C) X-ray images of tumor-bearing legs of two mice (top-down: 5.8 and 5.12). The images were taken
regularly starting with the day of TCI (on the left) until the day when the mice were sacrificed (on the right). X-

ray revealed mixed phenotype of MOS-J lacZ tumors with osteolytic and osteoblastic features.

None of the mice injected with MOS-J lacZ cells formed distant metastasis to liver, kidneys,
spleen, or tumor-free tibia. However, all mice developed metastasis to the lungs (Figure 8 A).
Three mice developed large lung metastases visible with the naked eye (Figure 8 B, C, and

D).
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Figure 8. Analysis of lung metastasis injected with 5*10° MOS-J lacZ cells. (A) The bars represent total number
of metastases in individual mice. (B) Visualization of macrometastastic nodules with ex vivo X-gal staining in

5.5, (C) 5.9, and (D) 5.10 mice injected with MOS-J lacZ cells. Arrows point at metastases colored in blue.

MOS-J lacZ cells were isolated from primary tumors and lung metastatic nodules and further
selected for neomycin-resistant cells in vitro. Antibiotic-resistant cells were checked for lacZ

expression, and collected for in vivo selection (Figure 9).
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Figure 9. In vitro X-gal staining of MOS-J cells isolated from (A) primary tumors of 5.8, (B) 5.12, and (C) lung

metastasis of 5.5 MOS-J lacZ tumor-bearing mice. lacZ positive cells are stained in indigo-blue color.

The results of this study demonstrated that although our K7M2 lacZ and MOS-J lacZ cell
lines had a relatively low tumorigenic and metastatic potential, these models represent the
metastatic pattern seen in human OS patients. Similar to the situation in clinics, our two OS
models showed site-specific metastasis to lung, indicating that the molecular mechanisms that

underlie site-specific spread of K7TM2 lacZ and MOS-J lacZ cells are similar to those in OS
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patients. However, the low incidence of metastatic disease and long delay until the tumor and
metastasis detection make these models not suitable for studying the metastatic process of OS
in vivo. In order to overcome this problem, we decided to increase tumorigenic and metastatic
potential of K7M2 lacZ and MOS-J lacZ models via in vivo selection. K12 lacZ model was
excluded from the further experiments, because no K12 lacZ-derived primary tumors did

develop.

9.2.4 Establishment of highly metastatic mouse K7M2 lacZ and MOS-J lacZ OS models

*The second and the third rounds of the K7M2 lacZ and MOS-J lacZ cell lines in vivo

selection were performed together with Bernhard Robl.

In order to select sublines of K7M2 lacZ and MOS-J lacZ cells with high tumorigenic and
metastatic capacity, the cells were harvested from primary and metastatic sites followed by
their expansion in cell culture and orthotopic reinjection into a mouse tibia of a syngeneic
host. Primary tumors and metastases were allowed to occur and the cycles of selection were

repeated.

This approach of in vivo selection was proposed by Fidler (Fidler 1990) and it suggests that
tumor cells with metastatic gene expression signature can be selected from a heterogeneous
population of poorly metastatic tumor cells. Therefore, the metastatic potential of bulk tumor

cells is lower than that of disseminated cells.

The selection process for K7TM2 lacZ and MOS-J lacZ cell lines is summarized in Figure 10.
Primary tumor-derived OS cells were subsequently used for the selection of highly
tumorigenic cell lines expressing gene products that support growth and survival of primary

tumors, whereas metastatic-derived OS cells were subsequently selected to further enhance
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their metastatic potential. Interestingly, our results revealed that selection of highly metastatic
OS cells also altered the growth properties of a primary tumor indicating that gene products

responsible for metastatic spread can also have a pro-tumorigenic effect.
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Figure 10. In vivo selection schemes for (A) K7M2 lacZ tumor-derived cells, (B) K7M2 lacZ lung metastasis-

derived cells, and (C) for MOS-J lacZ tumor (MOS-J lacZ T2 and MOS-J lacZ T3) and lung metastasis-derived

(MOS-J lacZ L2 and MOS-J lacZ L3) cells.

In the first round of our in vivo selection BALB/c mice were orthotopically injected with
3*10° K7M2 lacZ primary tumor-derived cells (named K7M2 lacZ T). The results revealed
that 11 out of 14 mice (78.5%) developed primary tumors larger than 50 mm?®and extensive
bone lesions (Figure 11 A and B). Primary tumors grew rapidly. Time until primary tumor

detection was 14 days for K7M2 lacZ T cells vs 27 days for the parental K7M2 lacZ cell line.
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Ex vivo X-gal staining of mouse lungs revealed macrometastatic nodules (Figure 11 C).
K7M2 lacZ T cells were harvested from the primary tumor and metastatic sites and called

K7M2 lacZ T1 and K7M2 lacZ L1 respectively (Figure 11 C and D).
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Figure 11. The first round of in vivo selection and isolation K7M2 lacZ T1 and K7M2 lacZ L1 cell lines. (A) The
bars represent terminate tumor volumes in individual mice injected with 3*10° K7M2 lacZ T cells. (B)
Representative X-ray images of control (left) and tumor-bearing leg (right) of a mouse injected with K7M2 lacZ
T cells. (C) X-gal stained lung macrometastatic nodules (stained in indigo-blue) of a mouse injected with K7M2
lacZ T cells. (D) In vitro X-gal staining of lacZ positive cells (in indigo-blue color) derived from primary tumor
and (E) metastatic sites.

C57BL/6J mice were injected with 5*10° MOS-J lacZ primary tumor (MOS-J lacZ T) and
metastasis-derived cells (MOS-J lacZ L). To our surprise, none of the mice injected with
MQOS-J lacZ T cells developed primary tumors 90 days after TCI. However, eight out 16 mice
injected with MOS-J lacZ L cells developed primary tumors larger than 50 mm? (Figure 12

A). The first tumors were detectable at day 49 post TCI and at day 90 tumors were prominent

and appeared radiologically as “sunburst” (Figure 12 B). We could not visualize any lung
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metastasis with ex vivo X-gal staining. The cell line isolated from the primary tumors was
called MOS-J lacZ T1 (Figure 12 C). Notably, whereas maintaining antibiotic resistance

properties, some MOS-J T1 lost their lacZ gene expression.
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Figure 12. The first round of in vivo selection and isolation MOS-J lacZ T1 cell line. (A) The bars represent
terminate tumor volumes in individual mice injected with 5*10° MOS-J lacZ T cells. (B) Representative X-ray
images of control (left) and tumor-bearing leg (right) of a mouse injected with MOS-J lacZ T cells. (C) In vitro

X-gal staining of lacZ positive cells (in indigo-blue color) derived from primary tumor site.

In the second round of in vivo selection, cells isolated from the primary tumors and lung
metastasis of BALB/c mice, K7M2 lacZ T1 and K7M2 lacZ L1 cell lines, respectively, were
orthotopically reinjected into the syngeneic host, giving rise to K7M2 lacZ T2 and K7M2
lacZ L2 cell lines, respectively. Cell isolated from the primary tumor of C57BL/6J mice,

MQOS-J lacZ T1, were also orthotopically reinjected in the syngeneic host.
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The results of the second round of in vivo selection revealed that K7M2 lacZ L1 cells grew
rapidly and the time until the first tumor detection was 21 days. Incidence of tumor
development was high and comparable to K7M2 lacZ T cells (75% vs 78.5%). However,
tumor growth of K7M2 lacZ T1 cells was slow and the first tumors were detected only on day
41 post TCI. Only 1 out of 8 mice developed a primary tumor which was larger than 50 mm?®
(Figure 13 A and B). MOS-J lacZ T1 tumor growth was rapid and the first primary tumors
could be detected already after 28 days compared to the previous round of MOS-J lacZ T cell
injection, when the tumors were detectable only on the day 49. More than 50% of the mice

developed tumors larger than 50 mm?® (Figure 13 C).
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Figure 13. The second round of in vivo selection. (A) The bars represent terminate tumor volumes in individual

mice injected with 3*10° K7M2 lacZ T1 cells, (B) K7M2 lacZ L1 cells, and (C) with 5¥10° MOS-J lacZ T1 cells.
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Ex vivo X-gal staining showed metastasis to the lung of mice injected with K7M2 lacZ T1,
K7M2 lacZ L1 and MOS-J lacZ T1 cells (Figure 14). Interestingly, K7M2 lacZ L1 cells had
remarkably higher metastatic potential compared to the clonally related K7M2 lacZ T1 cell
line, supporting the theory that only a small population of cells within the primary tumor can

establish distant metastasis.

Figure 14. X-gal stained lung metastatic nodules (stained in indigo-blue) of a mouse injected with (A) K7M2
lacZ T1 cells, (B) K7M2 lacZ L1 cells, and (C) with MOS-J lacZ T1 cells. Arrows point at soma metastatic

nodules as an example.

In the third round of in vivo selection we could significantly improve the speed of tumor
growth for K7M2 lacZ cell lines. The first K7M2 lacZ T2 tumors were detected after 27 days
(vs 41 days of K7M2 lacZ T1), and the first K7M2 lacZ L2 tumors were detected after 14
days (vs 21 days of K7M2 lacZ L1). Time until the first tumors were detected in both MOS-J
lacZ T2 and MOS-J lacZ L2 models was the same as that for MOS-J lacZ T1 (28 days).
62.5% of mice injected with K7M2 lacZ T2 and 87.5% of mice injected with K7M2 lacZ L2
cells developed primary tumors larger than 50 mm? (Figure 15 A and B). All mice injected
with MOS-J lacZ T2 and MOS-J lacZ L2 cells developed primary tumors larger than 50 mm?®

(Figure 15 C and D).
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Figure 15. The third round of in vivo selection. (A) The bars represent terminate tumor volumes in individual
mice injected with 3*10° K7M2 lacZ T2 cells, (B) K7M2 lacZ L2 cells, (C) with 5*10° MOS-J lacZ T2 cells, and

(D) MOS-J lacZ L2 cells.

Metastatic nodules were detected in lungs of mice bearing K7M2 lacZ T2, K7M2 lacZ L2,
MOS-J lacZ T2 and MOS-J lacZ L2 tumors (Figure 16). However metastatic potential of

K7M2 lacZ L2 cell line was higher when compared to K7M2 lacZ T2 cell line.
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Figure 16. X-gal stained lung metastatic nodules (stained in indigo-blue) of a mouse injected with K7M2 lacZ T2
cells, (B) K7M2 lacZ L2 cells, (C) with MOS-J lacZ T2 cells, and (D) MOS-J lacZ L2 cells. Arrows point at

some metastatic nodules as an example.

Following the third round of in vivo selection K7M2 lacZ T3, K7M2 lacZ L3, MOS-J lacZ
T3, and MOS-J lacZ L3 cells were isolated and checked for expression of the lacZ gene by in

vitro X-gal staining (Figure 17).
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Figure 17. In vitro X-gal staining of lacZ positive cells (in indigo-blue color) derived from (A) primary tumor

and (B) metastatic sites of mice injected with K7M2 lacZ T2 and K7M2 lacZ L2, respectively. The newly
derived cell lines were called K7M2 lacZ T3 and K7M2 lacZ L3, respectively. (C) X-gal stained MOS-J lacZ T3
and (D) MOS-J lacZ L3 cells derived from primary tumors and lung metastasis of mice injected with MOS-J

lacZ T2 and MOS-J lacZ L2 cell lines, respectively.

Results of the three in vivo selection round for K7M2 lacZ and MOS-J lacZ cells lines are

summarized in the Table 1.



Table 1. Summary of the in vivo selection of K7M2 lacZ (A) and MOS-J lacZ (B) cell

lines: from the first, the second and the third rounds. A.

112

Injected cell line Time until the first | % of primary Ex vivo X-gal Isolated cell lines
primary tumor tumors larger than | visualized
detection 50 mm?® metastatic nodules
K7M2 lacZ T 14 days 78.5 yes K7M2 lacZ T1
K7M2 lacZ L1
K7M2 lacZ T1 41 days 125 yes K7M2 lacZ T2
K7M2 lacZ T2 27 days 62.5 yes K7M2 lacZ T3
K7M2 lacZ L1 21 days 75 yes K7M2 lacZ L2
K7M2 lacZ L2 14 days 87.5 yes K7M2 lacZ L3
B.
Injected cell line Time until the first | % of primary Ex vivo X-gal Isolated cell lines
primary tumor tumors larger than | visualized
detection 50 mm?® metastatic nodules
MOS-JlacZz T N/A N/A N/A N/A
MOS-J lacZ L 49 days 50 no MOS-J lacZ T1
MOS-J lacZ T1 28 days 53.3 yes MOS-J lacZ T2
MOS-J lacZ L2
MOS-J lacZ T2 28 days 100 yes MOS-J lacZ T3
MOS-J lacZ L2 28 days 100 yes MOS-J lacZ L3

In the here presented study, we characterized K12 lacZ, K7TM2 lacZ, and MOS-J lacZ OS
mouse models in vivo and performed three rounds of the in vivo selection for K7M2 lacZ and
MOS-J lacZ cell lines according to the Fidler method. For improved metastasis visualization,
we employed our lacZ gene system that allows for the detection of metastasis with a higher

efficacy than before on the level down to a single cell.
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Through the three rounds of the selection we could increase tumorigenic and metastatic
potential of K7M2 lacZ and MOS-J lacZ cell lines. More than 60% and more than 80% of
mice injected with K7M2 lacZ T2 and K7M2 lacZ L2 cell lines developed large primary
tumors. It is worth mentioning that in our K7M2 lacZ mouse model, a mouse leg amputation

was not necessary and lung metastasis could be detected through ex vivo X-gal staining.

All of the mice injected with MOS-J lacZ T2 and MOS-J lacZ L2 cells developed large
primary tumors. Importantly, although MOS-J cells were originally shown to be

nonmetastatic, we could detect metastasis to the lung and isolated metastatic cells.

10. Discussion
Please find a detailed discussion of the study “Altered CXCL12 expression reveals a dual

role of CXCR4 in OS tumor growth and metastasis” in the enclosed manuscript (paragraph
9.1). A summary of the major findings of this study is included in the section
Conclusion/Synthesis of the Discussion chapter.

The study “Pulmonary administration of an SDF-1 neutralizing ligand for targeted
treatment of lung metastasis in an intratibial metastasizing OS mouse model: a pilot
study” is not yet completed and therefore no conclusions can be drawn at the moment.
However, the results of the pilot study and the perspectives of future investigations are

discussed in the subchapter Outlook/Future direction.

Here | focus on the results obtained from the additional studies “In vivo characterization of
K12 lacZ, K7M2 lacZ, and MOS-J lacZ OS models” and “Establishment of highly

metastatic mouse K7M2 lacZ and MOS-J lacZ OS models”.
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10.1 In vivo characterization of K12 lacZ, K7TM2 lacZ, and MOS-J lacZ OS
models and Establishment of highly metastatic mouse K7M2 lacZ and MOS-

J lacZ OS models

Several OS mouse models have been described however, none of them fulfills all the
requirements of an ideal OS model that would recapitulate all the aspects of the human
disease. For our study, we selected the two mouse OS cell lines K7M2 and MOS-J, which, in
mice, develop histologically different tumors. The K12 OS cell line was excluded from the

study, since in our experiments, these cells exhibited a very low tumorigenic potential.

A particular advantage of MOS-J and K7M2 cells over other established mouse OS cell lines,
for example LMS8, is their ability to metastasize to the lungs, a predominant metastatic site in
human OS, without affecting other tissues. They therefore provide a better model than the
LM8 cell line for recapitulating human metastatic OS. Although the mouse OS MOS-J cell
line was previously shown to be non-metastatic (Joliat, Umeda et al. 2002), we were able to
detect micro- and macrometastases to the lung, but did not find, by X-gal staining, lacZ gene

expressing tumor cells in other tissues.

Following three rounds of in vivo selection according to the Fidler method (Fidler 1990), we
were able to remarkably increase the tumorigenic and metastatic potential of the two mouse
OS cell lines. Importantly, unlike the orthotopic implantation of K7M2-derived primary
tumors in mice, which led to rapid tumor growth prior to the development of lung metastasis
(Khanna, Prehn et al. 2000), the here performed orthotopic injection of a K7M2 lacZ cell
suspension slowed down intratibial tumor growth considerably and therefore allowed to study

lung metastasis without amputation of the primary tumor bearing leg.

Interestingly, our results showed that the selection for highly metastatic cells also enhanced

tumorigenic properties of these cells. An analysis of gene expression by RNA sequencing or
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microarray in K7M2 and MOS-J cell lines obtained in different rounds of in vivo selection for
higher malignancy may shed light on genes involved in acceleration of OS tumorigenesis as
well as identification of new metastatic signature genes in two different histological types of
OS. Moreover, MOS-J OS cell line provides a unique opportunity to study roles of single host
genes in the pathogenesis of OS by using syngeneic C57BL/6J knockout mice with

corresponding defective genes.

Both, the K7M2 and MOS-J cell lines, perfectly reproduce lung metastasis seen in OS
patients. The metastatic properties of the K7M2 and MOS-J cell lines need to be further
improved through additional rounds of in vivo selection in order to also achieve the
development of macrometastasis. This will allow the identification and study of genes
(metastatic virulence genes) and cellular processes in later steps of the development of lung

macrometastasis.

10.2 Conclusions/Synthesis
In more than 90% of cancer patients, metastatic disease is the ultimate cause of death

(Christofori 2006; Gupta and Massague 2006; Valastyan and Weinberg 2011). This also
applies to OS patients with metastatic disease (Meyers, Heller et al. 1993; Marina, Gebhardt

et al. 2004).

Although, SDF-1/CXCR4 signaling was shown to be associated with metastasis promoting
mechanisms in more than 23 different cancer types (Chatterjee, Behnam Azad et al. 2014), its
role in pathophysiological mechanisms of OS lung metastasis remains poorly defined, mainly
due to the fact that OS is a rare disease, which limits the number of studies needed for faster
progress. However, authors of a few studies found elevated levels of CXCR4 expression at
lung metastatic sites compared to those detected in primary tumor tissue collected from OS
patients. Based on these findings, they concluded that SDF-1/CXCR4 signaling might have a

crucial function in OS metastasis (Oda, Yamamoto et al. 2006; Namlos, Kresse et al. 2012).
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This conclusion was supported by findings of Lin et al, who reported that OS patients with
detectable CXCR4 immunostaining in their primary tumor tissue more likely developed
recurrent lung metastasis and, consequently, died more rapidly than patients with
nondetectable CXCR4 in their primary tumor (Lin, Zheng et al. 2011). Although, Laverdiere
et al. did not find any significant correlation between CXCR4 expression in OS primary
tumor and metastatic sites, they also were able to show that the expression of CXCR4 in
primary OS tumor patient samples inversely correlated with lung metastasis and patient
survival (Laverdiere, Hoang et al. 2005). Meanwhile, other groups reported no correlation
between CXCR4 expression and the development of lung metastasis (Ma, Zhou et al. 2012) or
patient survival in OS (Baumhoer, Smida et al. 2012).

Although, it is generally accepted that SDF-1/CXCR4 signaling is involved in cancer cell
homing to metastatic sites, thereby contributing to site-specific metastasis, we showed in the
studies of this thesis that SDF-1/CXCR4 signaling might indeed have different roles at the

primary tumor site and in lung metastasis.

For our in vivo study we used an orthotopic (intratibial) xenograft OS mouse model. About
50% of all OSs in humans occur around the knee (Marina, Gebhardt et al. 2004; Klein and
Siegal 2006). Unlike subcutaneous OS mouse models, our intratibial model well represents
the location of human OS primary tumor and represents the microenvironment in which OS
occurs and develops, mimicking the interaction between the tumor and stromal cells.
Moreover, our model allows the development of lung-specific spontaneous metastasis, again
well representing the clinical situation. In addition, we tagged our 143-B OS cell line
derivatives with the lacZ gene, which enabled us to visualize not only macro-, but also
micrometastasis in the affected tissue on the level down to a single cell, which would not be
possible to do with untagged cells. It is important to be able to assess micro-metastases as
most of all OS patients eventually develop metastasis, indicating that those patients had

undetectable micro-metastases (Marina, Gebhardt et al. 2004).
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Our results showed that stable expression of P2G and SDF-1-KDEL in OS cells led to the
formation of significantly larger primary tumors, but a lower number of lung metastases than
found in animals with tumors grown from 143-B EV cells. On the contrary, stable expression
of SDF-1 in OS cells did not affect primary tumor growth, but remarkably enhanced
metastatic potential of 143-B OS cells. The size of primary tumors was found to significantly
correlate with the number of cells in the tumor expressing CXCR4 at the cell surface as
revealed by flow cytometry. These results are consistent with those of a previous report of
Miura et al. demonstrating a direct correlation between the level of CXCR4 expression in OS

cells and their ability to form primary tumors (Miura, Uniyal et al. 2005).

Giving the fact that the SDF-1/CXCR4 axis was reported to be involved in homing of
metastatic cells from primary tumors to organs of the secondary lesion in different tumor
types, our observations indicating that P2G and SDF-1-KDEL expressing tumors which
contained higher percentage of CXCR4 positive cells, showed a significantly lower metastatic
potential compared to EV control cells, were rather unexpected. Apparently, the here
observed behavior of intratibially injected 143-B OS cells is more closely related to the
homing and retention of hematopoietic stem and progenitor cells within the bone marrow than
to the metastatic behavior of CXCR4 expressing tumor cells of epithelial origin, for example
breast cancer cells. Unlike breast cancer, OS arises in the bone, where SDF-1 is abundantly
expressed by bone marrow. Thus, whereas CXCR4 expressing breast cancer cells migrate
towards a concentration gradient of SDF-1 in the lungs and the bone (Hung, Su et al. 2014,
Masuda, Endo et al. 2015; Xu, Zhao et al. 2015), OS cells are located close to bone marrow,
where SDF-1 is produced by marrow cells (Tashiro, Tada et al. 1993). Thus, we conclude that
bone marrow derived SDF-1 detains CXCR4 expressing 143-B OS cells from systemic spread

and consequently from the development of distant metastases. This explains the observed
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larger volume of tumors derived from CXCR4 expressing OS cells and the lower number of
metastases that these cells form when compared to cells with low CXCR4 expression.

However, it needs further verification whether the conclusions in this study can be applied to
all histologically defined OS subtypes in patients. One has to consider that, in our animal
model, OS were been injected directly into the medullar cavity of mouse tibiae, where they
were allowed to grow and develop tumors in close proximity to the bone marrow that
constitutively expresses SDF-1. In patients, however, 3-6% of all OSs arise in the periphery
of a bone with minimum or no involvement of the medullary cavity (Klein and Siegal 2006;
Kumar, Barwar et al. 2014)(Klein and Siegal 2006; Kumar, Barwar et al. 2014). In case of
OSs at the bone surface and outside of the bone cortex, CXCR4 expressing cells might not be
retained within primary tumors by bone marrow-derived SDF-1. Therefore, our findings
might not apply to this particular type of OS, and the role of the SDF-1/CXCR4 axis in the

metastatic process of surface OS awaits further investigation.

Interestingly, SDF-1 expressing 143-B OS cells exhibited significantly higher metastatic
potential compared to control EV-transduced cells. The ability of SDF-1 to facilitate
additional steps in the metastatic process may account for these observations. For example,
SDF-1-mediated platelet aggregation (Abi-Younes, Sauty et al. 2000) may support and
thereby enhance the survival of circulating cells and improve their chances to establish distant
metastases (Valastyan and Weinberg 2011). In comparison to our results, Williams et al.
reported that SDF-1 overexpression in breast cancer cells led to the inhibition of primary
tumor development and a reduction in the number of lung metastases in mice (Williams,
Harata-Lee et al. 2010). However, these observations were ascribed to the tumor-suppressor
effect of the immune system. Taken together, these results indicate that mechanisms by which
SDF-1 regulates metastasis might depend on the tumor type and immune system. Later,

Baumbhoer et al. reported that SDF-1 expression correlates with an increased 10-years survival
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rate and lower prevalence of metastasis in OS patients (Baumhoer, Smida et al. 2012). These
results contrast with our findings. However, OS tumors are rich in stromal cells which can be
an additional source for SDF-1. Furthermore, it has not been investigated whether SDF-1
induces the recruitment of cytotoxic immune cells to primary tumors and thereby promoted
anti-tumor immune response. Therefore, it cannot be excluded that SDF-1 had an effect on the
host rather than on the tumor itself.

Another important result of our study was the observation that CXCR4 was found
significantly enriched in OS cells infiltrating the lung (ranging between 78.0 £ 9.7 and 91.0 +
1.7 % of CXCR4 expressing cells) compared to the primary tumor cells. This finding is in
perfect agreement with observations made by Oda et al. and Namlos et al., who demonstrated
that CXCR4 expression in lung metastases was remarkably higher than that found in primary
tumors of OS patients (Oda, Yamamoto et al. 2006; Namlos, Kresse et al. 2012). The higher
percentage of CXCR4 expressing cells in metastases on our mouse model was likely not the
result of a selection of cells derived from a small subpopulation of CXCR4 expressing
primary tumor cells, since P2G- and SDF-1-KDEL-expressing tumors that contained
significantly higher numbers of CXCR4-expressing cells, formed remarkably lower numbers
of lung metastases than tumors developing from 143-B EV and - SDF-1 cells, in which the
number of CXCR4 expressing cells was low. Therefore, we suggest that in our study lung
infiltrating cells upregulated the expression of CXCR4. A similar observation was made by
Zeelenberg et al., who showed that intravenous injection of CXCR4 negative colon carcinoma
cells in mice resulted in the formation of lung metastases with a strongly upregulated
expression of CXCR4 shown by flow cytometry. This indicated de novo expression of
CXCR4 in cells of lung metastases (Zeelenberg, Ruuls-Van Stalle et al. 2003). Apparently, in
the here investigated intratibial OS mouse model, lung infiltrating OS cells adapted to the new
lung microenvironment by fine-tuning of gene expression resulting in an upregulation of

CXCR4, which promoted survival and inhibited apoptosis that likely contributes to an early
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loss of metastatic cells in a distant organ (Chambers, Groom et al. 2002)(Chambers, Groom et
al. 2002). This upregulation of CXCR4 expression is likely triggered by lung tissue-derived
factors. It has previously been shown that the lung tissue microenvironment influences gene
expression in metastasizing cells of different tumor models in a paracrine manner (Fidler

2002; Bertolini, D'Amico et al. 2015).

In summary, our results suggest that CXCR4 plays a dual role in OS progression and the
regulation of metastasis. When expressed by OS cells within a primary tumor site, CXCR4
may act as a tumor-promoting and metastasis-suppressor gene by decreasing tumor cell
shedding. By definition, metastasis-suppressor genes inhibit metastasis without compromising
primary tumor growth (Stafford, Vaidya et al. 2008). CXCR4 would comply with this
definition in the case of our OS mouse model. When expressed by lung infiltrating cells,
CXCRA4 likely supports OS metastatic disease. However, the role of CXCR4 in established
OS metastases needs to be further investigated. Interestingly, it has previously been reported
that CXCR7 might also promote tumor growth, but suppress lung metastases in a breast
cancer mouse model (Hernandez, Magalhaes et al. 2011).

The results of our study confirm a pathophysiological role of CXCR4 in OS metastasis and
provide new insights into the process by which the SDF-1/CXCR4 axis regulates OS
metastasis. The present report extends previous findings of OS metastasis inhibition by
systemic administration of anti-CXCR4 agents, and gives a rational for the development of
future new therapeutic strategies aiming at local inhibition of the interaction of SDF-1 with
CXCR4 in tumor cells in the lung, which might potentially be more efficient than systemic

treatment in targeting OS metastatic spread.
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11. Outlook/Future directions

The identification of CXCR4 as an important prognostic biomarker of tumor progression in
different types of cancer made it an attractive target for the development of new therapeutic
strategies and pharmaceutical agents. Recent advances in preclinical research emphasizing the
utility of CXCR4 antagonists as anti-cancer drugs led to initiation of several clinical trials.
For example, BMS-936564, an anti-CXCR4 agent, is currently being tested in a phase |
clinical trials in relapsed or refractory multiple myeloma as monotherapy or in a combination
with Lenalidomide/Dexamethasone or Bortezomib/Dexamethasone (NCT01359657, as listed
on https://clinicaltrials.gov). However, as of today, only one CXCR4 antagonist, plerixafor,
also known as AMD3100, has been approved by FDA as a mobilizer of hematopoietic stem
cells from bone marrow for patients with non-Hodgkin’s lymphoma and multiple myeloma
(Steinberg and Silva 2010). Another drug, Zydelig, shown to block CXCR4 signaling via
inhibition of PI3K, has recently been approved by FDA for the treatment of relapsed chronic
lymphoblastic leukemia, in a combination with rituximab (Shah and Mangaonkar 2015). For
the treatment of OS no anti-CXCR4 agents have been approved by the FDA. Although, FDA,
in July 2005, assigned an orphan drug status to CTCE9908, a peptide analogue of SDF-1, for
the treatment of OS, there is no further information available on advanced clinical trials

(Zhao, Guo et al. 2015).

An ideal anti-cancer agent should fulfill several criteria. It should be effective in eliminating
the disease or improving the survival and/or quality of life of cancer patients, cause minimal
side effects, and be easily applicable. Although, chalcone-4 and CN-chalcone-4, recently
identified as neutralizing ligands for SDF-1, have not been used so far for anti-cancer therapy,
they were shown to effectively reduce the number of CXCRA4-expressing macrophages
recruited to the lungs in an experimental allergic asthma mouse model (Daubeuf, Hachet-

Haas et al. 2013). By analogy to the effect on inflammatory cells, chalcone-4 and CN-
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chaclone-4 would be expected to reduce the number of lung infiltrating tumor cells, which
either use the SDF-1/CXCR4 axis to home to the lungs or which need CXCR4 signaling for
survival and/or proliferation in the lung tissue microenvironment. Importantly, both chalcone-
4 and CN-chalcone-4 were shown to not cause any cytotoxicity and to be safe for local
administration in mice. Moreover, CN-chalcone-4 is rapidly degraded in mouse serum and
lung homogenates, which makes it a very attractive agent for the development of a local lung
anti-metastatic therapy in OS. It is very important to achieve a local effect of CN-chalcone-4
in lung tissue, especially if the drug needs to be administered over a longer period of time.
Considering the wide tissue distribution of CXCR4, interfering with SDF-1/CXCR4
interaction in tissues other than the lung might cause undesirable side effects. Moreover, the
results of our study indicate that systemic treatment with anti-CXCR4 agents might not be
optimal in OS and therefore a local therapy needs to be pursued. A previous study in the
laboratory, using the same intratibial OS mouse model as in here, demonstrated that
intravenous injections of CXCR4-blocking antibodies significantly reduced both primary
tumor burden and the number of lung metastases in treated compared to mock-treated control
mice (Brennecke, Arlt et al. 2014). The findings of the present study, however, suggest that
the observations of the previous report might be explained through enhanced primary tumor
cell shedding triggered by antibody mediated blocking of CXCR4 functions in the primary
tumor along with the inhibition of the survival and/or outgrowth of established metastasis in
the lung by local inhibition of SDF-1/CXCR4 signaling by the antibodies. Therefore, systemic
treatment with anti-CXCR4 agents could potentially lead to shrinkage of the primary tumor,
but it could also stimulate tumor cells to leave the primary tumor site and to eventually
establish distant metastases. For the development of future treatment regimens, the focus
needs to be on local lung metastasis suppressive treatment, since surgical removal of the
primary tumor has been proven to be an effective therapeutic strategy in the treatment of OS

patients with localized disease.
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In our pilot study, we demonstrated that intratracheal intubation in mice is an effective
noninvasive method for local administration of drugs to the lungs. Alternatively, the
intranasal route of application can be considered. In order to study the biodistribution of the
chalcones upon administration through either one of the two routes, the mice were treated
with either P-chalcone-4 (a prodrug of chalcone-4) or CN-chalcone-4. Based on the result of
this biodistribution study, a proof of concept treatment study may be performed to estimate
and compare anti-metastatic effects of the two chalcone derivatives in the orthotopic OS

mouse model using the 143-B OS cell line.

Based on the findings of our pilot biodistribution study a treatment study according to the

following protocol can be envisaged:

1. Analysis of the biodistribution of the compounds (chalcone-4, CN-chalcone-4 and the
degradation products, 3-methoxy-4-(methoxymethyloxy)benzaldehyde and
parachlorobenzoylacetonitrile) in  lungs, brain, kidneys, and liver by
HPLC/massspectrometry

2. Orthotopic injection of 143-B lacZ OS cells into the mouse tibiae

3. Daily administration of the chalcones (P-chalcone-4 or CN-chalcone 4) or a vehicle
control solution (PBS or hydroxypropyl-B-cyclodextrin, respectively) to the mice
(starting with the first day after tumor cell injection)

4. Estimation of potential undesirable side effects (body weight loss, respiratory or
cardiovascular abnormalities, liver cell cytotoxicity, kidney damage, mobilization of
the hematopoietic cells into the circulation, etc)

5. Assessment of the effect of the chalcones on
a) primary tumor growth
b) number of lung macro- and micrometastases

C) metastasis to other organs rich in SDF-1, such as the bone, lymph nodes, spleen.
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12. Materials and Methods

12.1 Cell lines
The human 143-B OS cell line was purchased from the European Collection of Cell Cultures

(Salisbury, UK). The mouse K12 and K7M2 OS cell lines were kind gifts of Dr. Chand
Khanna (Center for Cancer Research National Institute, Bethesda, MD, USA), and the mouse
MOS-J OS cell line was a kind gift of Prof. Schultz (Jackson Laboratory, Bar Harbor, ME

04609, USA.).

In order to improve ex vivo visualization of metastatic nodules in affected tissues, all the cell
lines were equipped with a lacZ gene as previously described (Arlt, Banke et al. 2011;

Brennecke, Arlt et al. 2013).

143-B lacZ cells were retrovirally transduced with genes designed for stable expression of
either SDF-1, or SDF-1-P2G, or SDF-1-KDEL. pcDNAS3.1-derived plasmids containing
sequences encoding SDF-1 and SDF-1-P2G were kind gifts of Prof. Dr. M. Thelen (IRB
Bellinzona, Switzerland). The sequences were amplified by PCR for subcloning into the
retroviral pMY-IRES-EGFP donor plasmid. The following primers were used: 5°CGC GAA
TTC GCC ACC ATG GAC GCC AAG GTC GTC'3 and 5’GAC GAATTC TCACTT GTT
TAA AGC TTT CTC CAG'3. The PCR products, 5’-ECORI-SDF-1-EcoRI‘3, 5’-EcoRI-P2G-
EcoRI‘3 or 5’-EcoRI-SDF-1-KDEL-EcoRI3’ (a kind gift of Dr. Ueda and Prof. T. Kitamura,
University of Tokyo, Japan) were ligated into pMYs-IRES-EGFP, from which EGFP is
expressed from an internal ribosome entry site (IRES). Retroviral transduction of 143-B lacZ
cells with these constructs and with empty pMYs-IRES-EGFP was followed by fluorescent
activated cell sorting of EGFP expressing cells, giving rise to the 143-B lacZ EV, 143-B lacZ
SDF-1, 143-B lacZ P2G and 143-B lacZ SDF-1-KDEL cell lines. Stability of the EGFP

expression was regularly controlled under the microscope.
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All the cells were cultured in DMEM/F12 medium (a 1:1 mixture of DMEM and Ham’s F12
medium) supplemented with 10% FBS (GIBCO, Basel, Switzerland) in a humidified

atmosphere of 95% air and 5% CO, at 37°C.

12.2 RNA isolation, reverse transcription reaction, semiquantative PCR and
real time PCR

Total RNA isolation from the cell lysates or from primary tumor tissue homogenates with an
RNA isolation spin technology kit (Qiagen, 19300 Germantown Road Germantown, MD,
USA) was followed by reverse transcription reaction. On-column genomic DNA digestion
was performed for each sample (Qiagen, USA). RNA concentration and purity were then
analyzed by 260/280 nm optical density measurements using the NanoDrop
Spectrophotometer (Thermo Scientific, 02451 81 Wyman StreetWaltham, MA USA). For
cDNA synthesis, 1 pg of isolated RNA was added to the reverse transcription reaction
performed with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems by

Life Technologies, Van Allen Way, Carlsbad, CA 92008, USA).

Gene expression was quantified using the real time PCR SYBR Green method (SYBR Select
Master Mix, Applied Biosystems, USA) according to the manufacturer's recommendations.
The step One Plus Real-Time PCR system was used. All reactions were run in triplicates and
negative controls included (reverse transcription reaction without reverse transcriptase and
water control). The results were calculated with the AACt method (Livak and Schmittgen

2001) and normalized to the expression level of endogenous GAPDH transcripts.

Primers used are presented in the Table 1.

Table 1. Primers used for semi-quantitative and/or real-time PCR

Gene Forward primer Reverse primer

SDF-1 5’ ATGTGAGAACATGCCTAGATTTACCC'3 5’GCTTCATGGCAAGATTCTGGCTTA’3
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SDF-1-KDEL 5'GATCCCAGTGTGGTGGTACGGGAAATC'3 | 5’GAATCCTTACACCTCGTCCTTCTCGCT'3

CXCR4 5’ ACTTGTGGGTGGTTGTGTTCCAGTTTC'3 | 5’AAGGAGTCGATGCTGATCCCAATGTAGT'3

CXCL14 5 GTGGACGGGTCCAAATGCAA'3 5’CTGACCTCGGTACCTGGACAC'3

12.3 Immunocytochemistry
Cells were grown on a glass microscope cover slip to 70-80% confluency. Cells stained for an

intracellular marker were first fixed with 4% formalin in PBS for 20 min at room temperature
followed by permeabilization with 0.1% saponin in F12/DMEM/0.1% BSA medium. These
two steps were omitted for the staining of molecules at the cell surface. Cells were incubated
with the appropriate primary antibody (anti-SDF-1, or 12G5 or UMB-2, please see table 2) for
2 hours and subsequently with the respective secondary antibody coupled with Alexa Fluor
546 (Invitrogen by Life Technologies, USA). Cell nuclei were labelled with DAPI stain. The
staining was analysed under Nikon Eclipse E600 microscope (Schipholweg 321 P.O. Box 222
N 1170 AE Badhoevedorp, The Netherlands) with appropriate filter blocks at 20-fold or 40-

fold magnification.

12.4 Flow cytometry

The levels of cell surface located and cytoplasmic CXCR4 were estimated by flow cytometry
in in vitro cultured 143-B cells and in 143-B cells derived from primary tumor tissue or lung.
Cells in tissue culture were grown to 50-60%, 70-80% or 95-100% confluency and gently
detached in MACS buffer (1xPBS, 0.05% EDTA and 2% FBS). After washing step in MACS
buffer, the cells were stained with 12G5 or 6H8 anti-CXCR4 primary antibody (please see
table 2) for 30 min. Alternatively, cells selected for immunostaining of intracellular CXCR4,
were incubated in fixation/permeabilization solution (BD Biosciences, 1 Becton Drive
Franklin Lakes, NJ 07417, USA) before incubation with primary 6H8 CXCR4 antibody (table

2). Immunostaining of all cells was then completed by incubation with mouse Alexa Fluor
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647 (Abcam, UK) labelled secondary antibodies in MACS buffer for 20 min. Cells incubated
with secondary antibodies alone were used as a negative control in every experiment. Mouse
IgG1 antibody was used as an additional control for non-specific 6H8 CXCR4 antibody
binding. All incubations were carried out at 4°C. Finally, the cells were filtered with a 20 um
membrane filter and CXCR4 immunostaining was analysed with a BD LRS Fortessa flow
cytometer (Fortessa by BD Biosciences, 1 Becton Drive Franklin Lakes, NJ 07417, USA).
The analysis of cell surface CXCR4 expression in 143-B cells isolated from primary tumors
and metastasis-bearing lungs started with the digestion of primary tumor and lung tissues in 2
mg/ml collagenase IV solution (Gibco by life Technologies, Van Allen Way, Carlsbad, CA
92008, USA) in TBS (Tris-buffered saline) for 1 hour at room temperature. Next, the cells
were resuspended through a 20 G needle, restrained through a 100 um filter, centrifuged at
1250 rpm for 3 min and washed with MACS buffer. The immunostaining procedures were the
same as those described for 143-B cells grown in tissue culture. In addition, samples were
incubated with the Fixable Viability Dye eFluor 450 (Affymetrix by eBioscience, 3420
Central Expressway Santa Clara, CA 95051, USA) for 30 min at 4°C in order to exclude dead
cells from the analysis. Finally, the cells were fixed with 4% paraformaldehyde in PBS at
room temperature and analyzed by flow cytometry with a BD LRS Fortessa instrument
(Fortessa by BD Biosciences, USA). EGFP-expressing tumor cells were selected from the
analyzed cell population and dead cells were excluded from the analysis. FlowJo 10.0.8
Software (Flowjo LCC, 385 Williamson Way Ashland OR 97520, USA) was used for the data
analysis.

Table 2. Antibodies used for the immunocytochemical and flow cytometry analyses.

Antibody Concentration | Method Company

goat polyclonal SDF-1 5 pg/ml Intracellular R&D Systems, Barton
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antibody ICC Lane Abingdon Science Park

Abingdon, 0X14 3NB, UK

mouse anti-CXCR4 clone | 10 ug/ml cell surface R&D Systems, Barton Lane
12G5 ICC/Flow Abingdon Science Park

cytometry Abingdon, 0X14 3NB, UK

rabbit anti-CXCR4 clone| 23,4 pg/ml Intracellular Abcam, 330 Cambridge
UMB-2 ICC Science Park Cambridge CB4
OFL, UK
mouse anti-CXCR4 6H8 | 0.68 ug/ml Flow kind gift of Prof. Dr. M.
cytometry Thelen, IRB Bellinzona,
Switzerland

12.5 SDF-1 ELISA
The amount of the peptides SDF-1, P2G and SDF-1-KDEL expressed by 143-B cell line

derivatives were quantified with an SDF-1 ELISA (SDF-1 ELISA DuoSet® development kit,
R&D Systems, USA) in conditioned medium collected at 48 h after cell seeding or in extracts
of primary tumours grown from the different cell lines and collected from the mice at
sacrifice. Tumour tissue was extracted with 1 ml of ice-cold extraction buffer (Pierce by
Thermo Scientific, 02451 81 Wyman Street, Waltham, MA USA) supplemented with a
protease inhibitor cocktail (Roche, CH-4070 Basel, Switzerland) and cleared by
centrifugation at 10’000 g and 4°C for 5 min. In order to release the analyzed peptides from
mucopolysaccharides in cell fragments, tissue sediments were washed once with acidic buffer

(Glycine, pH 2). The ELISA plates were coated with biotinylated antibodies to SDF-1 (R&D
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Systems, UK) and 100 pl of cell supernatants diluted 1:10, 1:20 and 10:40 in fresh culture
medium or 100 pl of tumor extracts diluted 1:2, 1:4 and 1:8 in tissue extraction buffer were
applied to individual wells. The ELISA plates were incubated at room temperature for 2
hours. Standard curves were prepared with SDF-1 standard solutions (R&D Systems, UK).
All measurements were run in duplicates and repeated three times. The ELISA plates were
analyzed with a Microplate Reader (Benchmark by Bio-Rad, 1000 Alfred Nobel Drive
Hercules, California 94547, USA) and the amount of peptides released by 10° cells into 1 ml
of conditioned medium during 48 hours was calculated. Alternatively, the amount of peptides
isolated from tumor extracts was normalized to 1 pg of total protein measured with a Bradford
assay (BioRad, 1000 Alfred Nobel Drive Hercules, California 94547, USA) according to the

manufacturer’s instructions.

12.6 SDF-1 chemotaxis assay
SDF-1 dependent chemotaxis of the 143-B OS cell lines was performed in a 48-well

transmembrane Boyden Chamber with polyvinylpyrrolidone-free polycarbonate membranes
of 8 um pore size (NeuroProbe, 16008 Industrial Drive Gaithersburg, MD 20877, USA). 143-
B cells were grown to 50-60% confluency, gently detached in trypsin-EDTA buffer and
resuspended in chemotaxis medium consisting of DMEM/F12 (1:1) supplemented with 0.2%
FBS. 2x10* cells resuspended in 50 pl of chemotaxis medium were carefully added to the
upper compartment of individual wells, whereas the bottom compartments of the wells were
filled with chemotaxis medium containing chemo-attractant SDF-1 at concentrations ranging
from 10 nM and 1000 nM. Chemotaxis medium without SDF-1 was used as a control. The
cells were allowed to transmigrate for 4 hours under tissue culture conditions at 37°C.
Nonmigrated cells on the upper surface of the membrane were carefully removed with a
rubber scraper. Migrated cells located on the lower surface of the membrane were fixed and
stained with Diff-Quik® (Medion Diagnostics AG, Bonnstrasse, 9, Diidingen Switzerland) and

counted under a Nikon Eclipse E600 microscope (Nikon, The Netherlands) at 100-fold
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magnification in five randomly selected membrane areas of 0.015 mm?. The experiment was

repeated 3 times.

12.7 Cell proliferation assay
Doubling times of the 143-B cell line derivatives were determined in a cell proliferation assay

as previously described (Berndt, Campanile et al. 2013; Gvozdenovic, Arlt et al. 2013).
Briefly, 5x10° cells were seeded in 12.5-cm? dishes on day 0. The cells were counted with a
hemocytometer at 24 hours (day 1), 48 hours (day 2), 72 hours (day 3), and 96 hours (day 3)
after seeding. Five flasks were used per each time point and per cell line. The experiment was
repeated 3 times. The doubling time was calculated using the following formula: t;,=In2/y,

where ty, is the doubling time and v is the slope of the linear regression curve.

12.8 Animal experiments
All animal experiments were performed according to the institutional guidelines and approved

by the Ethics Committee of the Veterinary Department, Canton of Zurich, Switzerland

(Animal application license numbers 129/2009, 169/2009, 41/2013, 42/2013).

Cells were grown to 70-80% subconfluency and then gently detached with Trypsin/PBS/0.05%
EDTA and resuspended in PBS/0.05% EDTA. Derivatives of the human 143-B OS cell line
were authenticated with polymorphic short tandem repeat loci profiling (Microsynth,
Switzerland) less than six months before the animal experiments and correct expression of the
constructs was verified by PCR as described in the section “cell lines” of the material and

methods.

In each animal experiment mice were randomized in different experimental groups. Ten
microliters containing 10° (143-B lacZ EV/SDF-1/P2G/SDF-1-KDEL, K12 lacZ, and K7M2
lacZ), or 3*10° (K12 lacZ and K7M2 lacZ), or 5*10° (MOS-J lacZ) cells were injected into

the medullar cavity of the left tibia of individual mice.
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Tumor growth was monitored once a week by X-ray and caliper measurement. The tumor
volume was calculated as the volume difference between tumor-bearing and control leg with

the following formula: leg volume = L x W? x 0.5; (L length and W width of the leg).

On the day of sacrifice, mouse organs were collected and prepared as reported (Brennecke,
Arlt et al. 2014). Metastatic tumor cells were visualized as described previously (Arlt, Banke
et al. 2011). Briefly, organs were fixed in 2% formaldehyde solution followed by staining in
5-bromo-4-chloro-3-indolyl-b-D-galactoside (X-Gal) solution at 37 °C for 3 hours. Blue
stained metastases on the surface of whole-mounts of mouse lungs were counted under the

microscope (Nikon, The Netherlands) at 4X magnification.

For in vivo selection of highly metastatic murine OS cell lines, primary tumors or whole
mouse lungs were collected at autopsy, carefully minced with scissors and incubated in 2
mg/ml collagenase B (Roche, Switzerland) in TBS at 37°C for one hour with gentle and
constant agitation. The cells were then re-suspended through a 20 G needle and seeded into
six-well plates and left to adhere overnight in F12/DMEM medium supplemented with 10%
FBS and 0.1% Penicillin Streptomycin (Gibco by Life Technologies, USA). When the cells
adhered and started growing, 800 mg/ml of neomycin G418 was added to the medium in
order to obtain homogenous populations of tumor cells. The cells were allowed to grow to 70-
80% of confluency. LacZ gene expression was verified by X-gal staining. For the staining the
cells were washed in PBS three times and incubated in 2%-formaldehyde solution for 5 min.
Next, the cells were washed again and incubated in X-gal solution for one hour at 37°C.
Images of lacZ expressing cells were taken with a camera attached to a Nikon Eclipse E600
microscope (Nikon, The Netherlands). Living tumor cells selected for further analyses were

collected, frozen and stored in liquid nitrogen.
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In order to estimate the efficiency of intranasal and intratracheal ways of lung-specific drug
administration and to compare these two techniques, mice were treated with 0.5% Evans blue
solution (Sigma-Aldrich, USA). For intranasal drug application, a mouse was anesthetized
with 112.5 mg/kg Ketamin, 16.5 mg/kg Xylazin and 15 mg/kg Acepromazin in PBS, applied
by i.p. injection, and carefully hold in a hand with its head up. Drops of either 12.5 ul or 25 pl
of Evans blue solution were applied on a mouse nostril. After approximately 5 min when the
first drop was inhaled, a second drop of the same volume was applied on the second nostril of
the mouse. In total, 25 pl or 50 pul of Evans blue solution were administrated in mice
intranasally. We performed intratracheal intubation by using a special MicroSprayer®
Aerosolise specially designed for mice (Penn-Century, Inc. 7670 Queen Street, Suite 200
Wyndmoor, PA 19038 USA). The mice were first anesthetized with 2% gas isoflorane and
placed on their back on a special platform at approximately 45° grade. In order to ensure safe
delivery of the solution, we assisted ourselves with a laryngoscope designed for use in mice
(Hallowell EMC, 63 Eagle St, Pittsfield, MA, USA). The tip of the MicroSprayer®
Aerosolise was carefully placed into the mouse trachea up to the carina, the first tracheal
bifurcation, and 25 pl of Evans blue solution was released into the mouse lungs. After the
treatment, mice were immediately sacrificed and the distribution of the dye in the lungs was
analyzed.

In order to examine the tissue distribution of P-chalcone or CN-chalcone (kind gifts of Prof.
J.-L. Galzi, University of Strasbourg, France) upon pulmonary administration, the compounds
were administrated at a concentration of 300 uM diluted in PBS/10% 2-hydroxylpropyl-
Beyclodextrin (Sigma-Aldrich, USA) solution. Twenty-five ul of P-chalcone or CN-chalcone
were applied through the nose or through the trachea as described above. Mouse lungs, liver,
kidneys and brain were collected at autopsy, snap frozen in liquid nitrogen and stored at 80°C

for further analysis.
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12.9 In vivo micro-Computed Tomography-derived mouse tibia
morphometry

Changes in bone morphology were assessed by micro-computed tomography (uCT) in tumor-
bearing and control mouse tibiae during the final stage of tumor development in at least four
randomly selected mice per experimental group. The SkyScan 1176 in vivo uCT system
(SkyScan/Bruker Corporation, 40 Manning Road, Manning Park Billerica, MA 01821, USA)
with a digital X-ray camera of 12.63 pixels/um operating under a 17 mm field of view was
used. Mice were anesthetized with 5% isoflurane/oxygen (Forene Isoflurane, AbbVie, North
Chicago, IL, USA) and maintained anesthetized during scanning with 2% isoflurane/oxygen
using the SP-5002 combined Y-connector and a face mask (Gloor Instruments, Uster,
Switzerland) connected to a V3000PK rodent anesthesia machine/isoflurane vaporizer
(Parkland Scientific, FL, USA). Mice were placed in supine position in a polystyrene bed
extending from the carbon fiber “rat bed” and hind legs were fixated between two pieces of
polystyrene foam secured with Micropore paper tape (Provet, Glattbrugg, Switzerland). To
prevent cornea from drying out, Coliquifilm eye cream (Allergan, Dublin, Ireland) was
applied. During scanning, mice were continuously monitored with a camera system mounted
on an in-house developed platform. Scanning was performed in air at 35°C with a working
source voltage of 50 kV and a source current of 500 pA. Two measurements per one
tomography projection were performed. The exposure time per projection was 80 ms. Each
shot required a source rotation step of 0.8°. It allowed sharpness of the final reconstituted
model of 35 um per voxel (isotropic voxel size 35x35x35 um®). Approximately 6 min were
needed for each scan, and 360° sample rotation was used. An aluminium (Al 0.5 mm) filter
was used in order to reduce beam hardening effects.

The data processing started with three-dimensional reconstitution of the acquired images
using NRecon software v1.6.8.0 (Skyscan/Bruker Corporation, USA). Beam-hardening

correction was set to 20%, smoothing to 2 and ring artifact reduction to 1. The image
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conversion value was set to 0.07. Following reconstruction, tumor-bearing hind legs were
aligned in silico using Data Viewer v1.5.0 (Skyscan/Bruker Corporation, USA). Next, a
region of interest (ROI) was determined in the z-stack by manually creating a constant
contour that included as starting point the tibial plateau, and as end point the convergence of
the fibula with the tibial shaft (CTAn v1.13.11.0 software; Skyscan/Bruker Corporation,
USA). Finally, after global segmentation, the bone volume (BV) within the selected ROI was
calculated. Three-dimensional images of the mouse tibiae were made using Ctvox v.2.7.0

(Skyscan/Bruker Corporation, USA).

12.10 Histology and immunostainings

Immunohistological stainings were performed as described (Campanile, Arlt et al. 2013).
Briefly, tumors were collected at autopsy and fixed in 4% paraformaldehyde PBS solution.
Incubation of the fixed tumors in decalcifying agent (Osteosoft, Merck, 2000 Galloping Hill
Road Kenilworth NJ, USA) for one week was followed by tumor dehydration. Next tumors
were embedded in paraffin and six um paraffin sections were made. Three randomly selected
SiX um primary tumor tissue cross-sections per group were stained with hematoxylin and
eosin and imaged at 20-fold magnification with a Nikon Eclipse E600 microscope (Nikon,
The Netherlands) equipped with a Nikon camera (Kappa Optronics GmbH, Gleichen,

Germany). The staining was repeated three times.

At least three cross-sections of primary tumors per group were incubated with either rabbit
polyclonal CD31 (Abcam, 330 Cambridge Science Park Cambridge CB4 OFL, UK) or rabbit
polyclonal Ki67 (Abcam, UK), or rabbit monoclonal ERG (ETS-related gene) (Abcam, UK)
primary antibody overnight at 4°C. CD31 and Ki67 primary antibodies were diluted 1:100 in
TBS supplemented with 10% goat serum (Vector Laboratories, 30 Ingold Road Burlingame,
CA 94010, USA). ERG antibody was diluted 1:50 in TBS supplemented with 10% goat serum

(Vector Laboratories, USA). Immunostainings were visualized either with anti-rabbit 547
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fluorescence secondary antibody (Thermo Scientific 02451 81 Wyman StreetWaltham, MA
USA) (slides were incubated with the secondary antibody for two hours at room temperature)
or with secondary peroxidase-conjugated anti-rabbit antibodies (Vector Laboratories Inc.,
USA), Vectastain Elite ABC (Vector Laboratories Inc., USA) and a substrate-chromogen
system (Dako, DK-2600 Glostrup, Denmark) according to the manufacturer’s instructions.
Cell nuclei were stained with DAPI. The immunostainings were repeated three times, each
time using a different randomly selected primary tumor of each group. Pictures were taken
with a Nikon Eclipse E600 microscope (Nikon, The Netherlands) or a Zeiss microscope
(Observer Z1, Zeiss Microscopy, Jena, Germany) equipped with correspondent cameras.

Micro-vessel density visualized by CD31- or ERG immunostaining was analyzed for all
groups in three randomly selected fields (0.14 mm?) per slide at 20-fold magnification using
three representative slides per group. The micro-vessel density was calculated as the ratio
between the area occupied by blood vessels and the total area of viable tissue per slide using a

custom-made program (ETH, Zurich) for Image J software (NIH, Bethesda, MD, USA).

Ki67 staining, indicating proliferating cells, was analyzed in at least two randomly selected
fields (0.37 mm?) per slide at 20-fold magnification using three representative slides per
group. A Ki67 proliferation index was calculated with Image J software (NIH, USA) as the
proportion between the number of Ki67-stained cells and the total number of tumor cells

counted in the selected field.

12.11 Data analysis
Obtained data were analyzed with GraphPad PRISM v5.01 software (GraphPad Software,

7825 Fay Avenue, Suite 230. La Jolla, CA 92037 USA). One-way variance analysis was used
when variables in three or more groups were analyzed. Two-way analysis of variance was
used when analyzing two independent variables. Student’s t-test was used when data from

two individual groups were compared. Data were correlated by using Pearson correlation. All
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experiments were repeated at least three times. The results are presented as mean values +

standard error of the mean (SEM) and considered to be significant when p<0.05.
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