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Abstract 

 

 

Background: 

In prostate cancer patients, high circulating levels of interleukin-6 (IL-6) correlate with 

disease progression and bone metastatic lesions. Studies have shown that IL-6 

stimulates the “classical” vicious cycle of bone metastasis by inducing the expression of 

receptor activator of nuclear factor kappa B ligand (RANKL) on osteoblasts. As PC3 

cells secrete large amounts of IL-6, we hypothesize that autocrine IL-6 signaling 

promotes tumor growth in bone by increasing the synthesis of receptor activator of 

nuclear factor kappa B (RANK) in cancer cells, sensitizing these cells for direct crosstalk 

with RANKL-bearing osteoblasts. 

 

 

Materials and Methods:  

The in vitro effects of human IL-6 on RANK and parathyroid hormone-related protein 

(PTHrP) mRNA expression in PC3 cells were assessed by using real-time quantitative 

reverse transcription PCR.  

To determine how autocrine IL-6 signaling contributes to prostate cancer growth in 

bone, we inoculated human PC3 xenografts intra-tibially into nude mice and blocked 

autocrine IL-6 receptor signaling using tocilizumab and bone resorption using zoledronic 

acid for a period of 30 days. Tumors were analyzed by histomorphometry, 

immunohistochemistry for Ki-67 and RANK expression as well as by TUNEL staining. 

Osteolytic lesions were measured by X-ray images, the numbers of osteoclasts at the 

tumor-bone interface, serum RANKL and tartrate-resistant acid phosphatase 5b  

(TRAcP 5b) levels.   

In a second experiment, we injected PC3 xenografts subcutaneously into nude mice 

and analyzed the tumors by calculating their volumes every 3 days, by 

immunohistochemical staining for RANK expression and by determining their mass 

following euthanasia of mice at day 58. 
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Results:  

Treatment of PC3 cells with human IL-6 upregulated RANK and PTHrP mRNA 

expression in vitro and tocilizumab reduced this effect.  

The intra-tibial xenograft murine model revealed that tocilizumab significantly inhibited 

PC3 tumor growth, associated with higher apoptosis and lower cell proliferation rates 

compared to untreated controls. Parameters of bone resorption were also significantly 

decreased in tocilizumab-treated mice, showing reduced osteolytic lesions in X-rays, 

osteoclast numbers at the tumor-bone interface, serum RANKL and TRAcP 5b levels.  

In contrast, therapy with tocilizumab did not show any effects in the subcutaneous 

xenograft mouse model in terms of tumor volume, tumor mass and RANK receptor 

expression.  

 

 

Conclusions:  

In the current study, we demonstrate that PC3 tumor cells communicate directly with 

osteoblast lineage cells by signaling through feed forward loops involving IL-6, RANKL 

and RANK. This molecular triad promotes metastatic cancer growth in bone by             

(i) operating as an additional and amplifying element within the framework of the 

classical vicious cycle and by (ii) mediating cancer cell motility as well as directional 

migration towards a RANKL source. 
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Abstrakt 

 

 

Hintergrund:  

Erhöhte Werte von Interleukin-6 (IL-6) im Plasma korrelieren in Prostata-Krebspatienten 

mit Krankheitsprogression und dem Auftreten von Knochenmetastasen. Studien 

konnten zeigen, dass IL-6 die Bildung von 'receptor activator of nuclear factor kappa B 

ligand' (RANKL) auf Osteoblasten induziert und dadurch den „klassischen“ Teufelskreis 

der Knochenmetastasierung aktiviert. Da PC3-Tumorzellen große Mengen von diesem 

Zytokin sezernieren, stellen wir die Hypothese auf, dass autokrin wirksames IL-6 das 

Tumorwachstum im Knochen befördert, indem es die Synthese von 'receptor activator 

of nuclear factor kappa B' (RANK) in Krebszellen begünstigt und dadurch Tumorzellen 

für eine direkte Kommunikation mit RANKL exprimierenden Osteoblasten sensibilisiert.  

 

 

Materialien und Methoden:  

Die Wirkungen von IL-6 auf die RANK und 'parathyroid hormone-related protein' 

(PTHrP) mRNA Synthese von PC3-Zellen wurden mithilfe einer 'real-time quantitative 

reverse transcription PCR' ermittelt. 

Um zu beurteilen wie autokrin wirksames IL-6 zum Tumorwachstum im Knochen 

beiträgt, injizierten wir PC3-Krebszellen in Tibiae von Nacktmäusen und hemmten für 

eine Dauer von 30 Tagen das autokrine IL-6-Signal per Tocilizumab sowie die 

Knochenresorption durch Zoledronsäure. 

Die Neoplasien wurden mittels Histomorphometrie, immunohistochemischer Darstellung 

von Ki-67 und RANK sowie anhand des Ausmaßes der Apoptose mit TUNEL-Färbung 

analysiert. Osteolytische Läsionen wurden mittels Röntgenbilder, 

Plasmakonzentrationen von RANKL, 'tartrate-resistant acid phosphatase 5b'       

(TRAcP 5b) und der Anzahl von Osteoklasten an der Tumor-Knochen-Schnittstelle 

gemessen. Um die Rolle von IL-6 weiter zu definieren, injizierten wir PC3-Tumorzellen 

in einem zweiten Experiment subkutan in Nacktmäusen und berechneten die Volumina 

der daraus entstehenden Tumoren alle 3 Tage, stellten den Grad der Tumor-RANK-

Synthese anhand von Immunohistochemie dar und analysierten die Tumormasse nach 

Versterben der Mäuse am 58. Tag.  
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Ergebnisse:  

Humanes IL-6 bewirkte in vitro eine erhöhte RANK- und PTHrP-mRNA-Synthese, die 

Tocilizumab durch Blockierung der IL-6 Rezeptoren reduzierte.  

In vivo verminderte Tocilizumab das Tumorwachstum im Knochen statistisch signifikant, 

das im Vergleich zur Placebogruppe mit einer erhöhten Apoptose- und einer 

erniedrigten Proliferationsrate assoziiert war. Tocilizumab behandelte Mäuse wiesen 

ebenfalls signifikant erniedrigte Knochenresorptionsparameter auf, was sich in kleineren 

osteolytischen Läsionen in Röntgenbildern, einer verminderten Anzahl von 

Osteoklasten an der Tumor-Knochen-Schnittstelle sowie in reduzierten 

Serumkonzentrationen von RANKL und TRAcP 5b widerspiegelte.   

Im Gegensatz dazu zeigte die Therapie mit Tocilizumab keine Effekte im subkutanen 

Mausmodell bezüglich der Größe des Tumorvolumens, der Tumormasse sowie der 

RANK-Rezeptor-Synthese.  

 

 

Schlussfolgerungen:  

Die gegenwärtige Studie zeigt, dass PC3-Tumorzellen über positive 

Rückkopplungsmechanismen, bestehend aus den Zytokinen IL-6, RANKL und RANK, 

direkt mit Osteoblasten kommunizieren. Dieses Triumverat begünstigt metastatisches 

Tumorwachstum, indem es (i) als komplementäres und verstärkendes Element 

innerhalb des klassischen Teufelskreises agiert, und (ii) die Motilität sowie die direkte 

Migration von Krebszellen in Richtung eines RANKL-Gradienten vermittelt.
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Chapter 1 

Introduction 

 
 
 
1.1  Bone Physiology 

 

1.1.1  Bone Structure and Function  

 

The skeleton of a human adult consists of 206 separate bones [1] and represents the 

passive part of the locomotor system. Bones can be classified as long, short, flat and 

irregular according to their shapes. Bone tissue consists of highly specialized bone cells 

and an extracellular matrix. The latter is a mélange of both organic and inorganic 

components: the organic constituent makes up 35 % of the extracellular matrix and is 

primarily represented by type 1 collagen fibrils (95 %) and proteoglycans (1 – 2 %) [2]. 

Inorganic minerals represent the remaining 65 % and are mainly stored as calcium 

hydroxyapatite crystals within the organic tissue [2]. Type I collagen mediates tensile 

strength, while the density of minerals confers compressive stability [3].   

Macroscopically, there are two different architectural structures of bones: (i) cortical 

(compact) and (ii) trabecular (cancellous, spongy) bone [1]. 

 

(i)  As a compact and dense tissue, cortical bone forms the solid outer layer of all 

bones. Compact bone is composed of overlapping parallel osteons, just as a wall is 

built with overlapping bricks [3]. Cortical bone accounts for about 80 % of bone 

mass and is particularly present in the shaft of long bones (e.g. tibia, femur) [1]. 

 

(ii) Cancellous bone forms a porous, spongy-like network of trabeculae which is mainly 

found in the epiphysis of long bones, vertebral bodies as well as flat bones [1]. The 

space between the tiny spicules of spongy bone is filled with red or yellow bone 

marrow where haematopoiesis takes place. The structure of the trabeculae is 

organized in such a manner that it corresponds to the maxima of compressive and 

tensile stress, a structural principle termed trajectory architecture [2].  
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Despite the macroscopic difference, mature compact and cancellous bones share a 

similar type of histological architecture which is characterized by the term lamellar bone 

[4]. Both bone types are built economically and their microstructures follow the principle 

of lightweight construction, providing maximal strength with minimal mass [2].  

 

Bone tissue can be considered as a specialized connective tissue and as such, it 

primarily has mechanical functions. Cortical bone favors rigidity over flexibility permitting 

long bones to serve as levers for mechanical loading and bodily movements [3]. In 

contrast, cancellous bone favors flexibility over stiffness allowing vertebral bodies to 

absorb more energy and to function more like a spring than a lever [3]. Bone may also 

serve as a shield to protect internal organs such as the brain or the bone marrow. Since 

99 % of the body’s calcium is located in bone [1], osseous tissue can be viewed as a 

mineral storage that plays a central role in the regulation of the body’s electrolyte 

homeostasis. Interestingly, it has recently been demonstrated that bone releases 

endocrine signals including fibroblast growth factor 23 (FGF-23) and undercarboxylated 

osteocalcin to communicate with internal organs such as the kidney, pancreas and the 

testes [5].  

 
 
 
 
1.1.2  Bone Cells, Bone Modeling and Remodeling  

 

1.1.2.1  Osteoblasts and Bone Formation 

 

Osteoblasts are the bone-forming cells, residing on the inner and outer surfaces of 

bone. They derive from mesenchymal stem cells and their differentiation depends on 

multiple intracellular signaling cascades among which the Wnt signaling pathway has 

emerged as a determining driver. Wnt signaling is divided into two branches: the 

canonical (beta-catenin-dependent) and the non-canonical (beta-catenin-independent) 

pathway and both cascades have been implicated in the regulation of the osteoblast 

lineage [6]. In addition to Wnt signaling, other pathways such as Hedgehog, BMP and 

FGF signaling have been found to play a role in osteoblastogenesis [5]. Important 

transcription factors implicated in osteoblastic development include runt-related 
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transcription factor 2 (RUNX2) and osterix (OSX), while activating transcription factor 4 

(ATF4) has been shown to regulate the production of osteoblastic proteins such as 

osteocalcin and receptor activator of nuclear factor kappa B ligand (RANKL) [5]. 

 

Osteoblast lineage cells are a group of cells that includes osteoblast precursors, matrix-

producing osteoblasts, bone-lining cells and matrix-embedded osteocytes [7]. Active 

matrix-producing osteoblasts synthesize and secrete the organic component of the 

extracellular bone matrix called osteoid. They typically secrete large amounts of type 1 

collagen as well as other proteins including alkaline phosphatase, osteocalcin [5], 

osteopontin, osteonectin and proteoglycans [8]. This non-mineralized matrix is then 

mineralized through the accumulation of calcium phosphate in the form of 

hydroxyapatite [5]. At the end of the bone forming phase, matrix-producing osteoblasts 

may “choose” one of three different fates: (i) become trapped within the bone matrix as 

osteocytes (ii) transform into inactive osteoblasts called bone-lining cells, or (iii) undergo 

apoptosis [9]. The mechanisms that govern these different destinies are not well 

understood. Besides their bone-forming task, osteoblasts fulfill a second important 

function in bone metabolism, that is, they control the differentiation and activity of bone-

resorbing osteoclasts via the expression of cytokines that include macrophage colony 

stimulating factor (M-CSF), RANKL and osteoprotegerin (OPG), which will be further 

discussed in 1.1.2.3 and 1.1.3 below.  

 

Regulation of osteoblastic lineage cells occurs locally and systemically. Stimulating local 

parameters include mechanical loading as well as factors such as Hedgehog (HH) 

proteins, Wnt family proteins, bone morphogenetic proteins (BMPs), fibroblast growth 

factors (FGFs) and transforming growth factor beta (TGF-beta) [5]. In contrast, local 

molecules that suppress osteoblast development include sclerostin (SOST) and 

dickkopf-1 (DKK1), both of which are inhibitors of the Wnt signaling pathway [6]. 

Systemic regulation takes place via the sympathetic nervous system as well as 

hormones such as leptin, (intermittent) parathyroid hormone (PTH) exposure, growth 

hormone (GH), insulin, insulin-like growth factor I (IGF-I) and sex hormones 

(testosterone and oestrogen) [5].  
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1.1.2.2  Osteocytes  

 

As mentioned above, osteocytes are former osteoblasts that become trapped by 

unmineralized matrix (osteoid) during the process of bone formation. When 

mineralization occurs, osteocytes are encased in caves (lacunae) and remain in place 

for the rest of their lives [9]. Osteocytes represent the most abundant cell line within 

bone tissue, comprising more than 90 – 95 % of all bone cells in the adult skeleton      

[9, 10]. In comparison, osteoblasts compose less than 5 % and osteoclasts less than     

1 % [10]. 

 

Osteocytes have long been considered as passive placeholders in bone, however, new 

evidence has established osteocytes as crucial sensors of mechanical loading in bone 

tissue [11, 12]. During osteocytogenesis, osteoblasts undergo a radical transformation 

in shape and function from a cuboidal to a neuron-like cell with long dendritic extensions 

surrounded by channels (canaliculi) [11]. This lacunar-canalicular system (LCS) forms a 

network that connects osteocytes with each other and with cells on the bone surface 

(osteoblasts and bone-lining cells), allowing them to communicate either directly 

through gap junctions or indirectly via paracrine signals [11]. Communication with bone 

surface cells is fundamental for osteocytes, because they can pass sensory inputs from 

within the bone to the bone surface, where bone formation and resorption originate [11]. 

Osteocytes detect mechanical loading through fluid flow shear stress within the LCS 

and convert this mechanical input into a chemical message that affects osteoblast and 

osteoclast activity [11, 12]. Osteocytes regulate osteoblast function by producing bone 

formation promoters (NO, IGF-I) as well as potent inhibitors (SOST, DKK-1), while 

osteoclast-mediated bone resorption is controlled via increased local production of 

RANKL and downregulation of OPG [11]. The fact that osteocytes are able to control 

the activity of osteoblasts and osteoclasts prompted different authors to conclude that 

osteocytes represent master orchestrators of the bone remodeling process [11, 13]. In 

addition, osteocytes function as endocrine cells by communicating with distant organs 

such as the kidney through the release of the hormone FGF-23 to regulate global serum 

phosphate concentration [5, 13].  
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Viability of osteocytes is promoted by mechanical loading, estrogens, bisphosphonates 

and calcitonin, while factors such as immobilization, glucocorticoids, TNF-alpha, IL-1 

and withdrawal of estrogen foster osteocyte cell death [13]. 

 
 
 
 
1.1.2.3  Osteoclasts and Bone Resorption 

 

Osteoclasts derive from circulating myeloid/monocyte progenitor cells and degrade 

mineralized bone tissue. Osteoclast precursors are drawn to bone surfaces by a variety 

of factors liberated at sites of bone resorption, where they fuse with each other to form 

giant and multinucleated bone-resorbing cells [14]. Osteoblast lineage cells express two 

factors that are essential and sufficient to promote osteoclast differentiation including  

M-CSF and RANKL [14, 15].  

 

In order to degrade bone, osteoclasts attach to the bone matrix via foot-like structures 

called podosomes and then polarize, forming a sealed compartment between their 

ruffled plasma membrane and the bone surface [16]. This compartment is termed 

“Howship’s lacunae” and represents the bay where bone resorption takes place. To 

dissolve the mineral component of bone tissue, osteoclasts generate a low pH within 

the lacunae by transporting protons actively (V-H+-ATPase) and Cl- ions passively 

(chloride channel type 7) through their ruffled border to form HCl [16]. Osteoclasts then 

secrete a broad spectrum of lysosomal and non-lysosomal enzymes that degrade the 

organic phase of bone tissue, among which cathepsin K and tartrate-resistant acid 

phosphatase (TRAcP) are well-known [4, 16]. Since osteoclasts represent the principal 

bone degrading cells, they play a pivotal role in skeletal diseases associated with bone 

loss such as bone metastases and osteoporosis. Interestingly, recent studies have 

implicated osteoclasts in functions beyond bone catabolism by contributing to the 

regulation of bone formation, hematopoiesis, intraosseous angiogenesis as well as 

hormonal functions of osteocalcin [16].  

 

Given the fact that osteoclasts degrade bone tissue 100 times faster than osteoblasts 

are able to restore resorbed lacunae during bone remodeling, osteoclasts need to be 
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tightly controlled [17]. Osteoclast differentiation and function is regulated by a variety of 

osteotropic molecules including hormones (PTH/PTHrP, glucocorticoids, calcitonin) as 

well as cytokines such as interleukin-6 (IL-6) and prostaglandin E2 (PGE2) which all 

impact the final effector molecules of the OPG/RANKL/RANK-axis [18].  

 
 
 
 
1.1.2.4  Bone Modeling and Remodeling 

 

Bone tissue adapts in response to mechanical and metabolic signals by two processes 

termed bone modeling (construction) and bone remodeling (reconstruction).  

Bone modeling refers to a phenomenon that changes the size and shape of bone 

because bone formation and bone resorption take place at different sites [7]. Bone 

modeling increases bone mass not only during childhood but also during adulthood as a 

result of mechanical loading [1, 7]. At times of immobilization and unloading, bone mass 

decreases [1]. 

In contrast, bone remodeling describes a surface-based process in which bone 

resorption precedes new bone formation in the same location [7]. It involves osteoclasts 

that remove a certain amount of bone tissue, followed by the activity of osteoblasts that 

replace the lost bone. This process of constant bone turnover occurs throughout a 

person’s life and renews about 5 – 10 % of the skeleton each year [19]. The bone 

remodeling cycle takes place asynchronously at multiple sites in the skeleton called 

basic multicellular unit (BMU) and can be divided into three different phases:                

(i) initiation, (ii) transition and (iii) termination [20].   

 

(i) The initiation phase implies the recruitment of osteoclast progenitors, the 

differentiation, fusion as well as activation of osteoclasts and the onset of bone 

degradation. The depth of an osteoclastic resorption lacuna varies between 40 and 

60 µm [21]. Signals that initiate a bone remodeling cycle include systemic hormones 

(PTH, 1,25-dihydroxyvitamin-D3), local cytokines, low blood calcium, mechanical 

loading as well as microcracks. Osteoclast-mediated bone resorption lasts about 3 

weeks in human adults and ceases with osteoclast apoptosis caused by high 

extracellular calcium levels.  
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(ii) The transition phase couples bone resorption to bone formation. Coupling 

represents the coordinated activity of osteoclasts and osteoblasts bone remodeling 

teams and is mediated by osteoclasts-derived coupling factors that act on 

osteoblast progenitors to stimulate bone formation. This osteoclast – osteoblast 

communication includes (1) direct cell-cell contact through the ephrinB2 ligand on 

osteoclasts and EphB4 receptor on osteoblast progenitors (2) the secretion of 

paracrine factors from osteoclasts including sphingosine 1-phosphate (S1P) and  

(3) the liberation of growth factors such as TGF-beta, BMPs and IGF-II from the 

bone matrix during bone resorption. 

 

(iii) During the terminating phase of the bone remodeling process, osteoblasts refill the 

exact amount of bone tissue that has been removed by prior resorption [21]. This 

last sequence takes about 3 months and stops when osteoblastic activity is 

suppressed through the release of the osteocyte-derived factor sclerostin.  

 

It is important to understand that bone remodeling needs to be tightly balanced in order 

to guarantee the integrity of the human skeleton. Unbalanced bone remodeling may 

facilitate the development of osteolytic bone diseases by means of two 

pathophysiological mechanisms. The first includes that osteoblasts are not able to 

completely refill the resorption lacunae, resulting in a net bone loss with each 

remodeling cycle [21]. The second mechanism implies uncoupling of the transition 

phase, leading to a remodeling cycle in which bone formation does not even initiate  

[22, 23]. 

 

It has long been thought that circulating hormones such as sex hormones, PTH, 

glucocorticoids and vitamin D3 function as regulators of bone remodeling, however, it 

has become clear in recent years that locally generated factors act as the key regulators 

[19]. These molecules are able to stimulate osteoclast differentiation via the 

upregulation of RANKL (IL-1, IL-6, TNF-alpha, IL-8, IL-11, IL-17, PGE2 and PTHrP) and 

downregulation of OPG (PTHrP, PGE2) [18, 24]. The fact that pro-inflammatory 

cytokines such as IL-6 favor bone resorption has led to the introduction of a new field in 

the research of bone biology termed osteoimmunology.  

 



8 

 

1.1.3 The RANKL/RANK/OPG-System – Regulation of Bone Resorption and 

Formation  

 

The discovery of the RANKL/RANK/OPG-system in the late 1990s represented an 

immense advance in the understanding of bone biology. It is now clear that this axis 

functions as the key regulator of bone metabolism under physiological as well as 

pathological conditions.  

 

RANKL (also known as TRANCE, OPGL or OCF) belongs to the TNF superfamily and 

is preferentially expressed by osteoblast progenitor cells [18], osteoblasts, osteocytes, 

bone marrow stromal cells and activated T-cells [25]. In bone, RANKL functions as the 

key mediator of osteoclastogenesis and thus bone resorption. The interaction of RANKL 

with its cognate receptor RANK, expressed on osteoclasts and their precursor cells 

enhances osteoclast formation, activation, adherence and survival [26]. Three isoforms 

of RANKL have been described. Two of them (RANKL1 and 2) correspond to 

transmembrane forms of RANKL, yet RANKL2 has a shorter intracellular domain [27]. 

RANKL3 represents a soluble molecule that arises either from alternative mRNA 

splicing or proteolytic cleavage of its membrane form and appears less efficient in 

mediating osteoclast differentiation [25, 27].  

 

OPG (also known as osteoclastogenesis inhibitory factor, OCIF) was the first protein of 

the triad to be discovered and belongs to the TNF receptor superfamily. It is secreted by 

osteoblast lineage cells in response to bone anabolic agents such as 17β-estradiol, 

TGF-β as well as BMP-2 [27, 28] and has been shown to inhibit the generation and 

activity of bone-resorbing osteoclasts in vitro and in vivo by acting as a decoy receptor 

for RANKL [29]. It binds RANKL in a 1:1 ratio, preventing a possible RANKL-RANK 

interaction on osteoclast precursor cells [30]. Multiple studies have demonstrated that 

parental application of OPG results in osteopetrosis while a lack of this cytokine leads to 

osteoporosis [31]. OPG thus functions as a physiological negative regulator of bone 

resorption and can be interpreted as a bone protecting factor.  
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The third protagonist of the triad is RANK, the cognate receptor of RANKL, which was 

originally cloned from dendritic cells. As a TNF receptor superfamily member, RANK 

lacks intrinsic enzymatic kinase activity and must therefore recruit cytoplasmatic adaptor 

proteins to activate downstream signals [25]. Binding of RANKL to RANK stimulates 

multiple intracellular signaling pathways including the NFκB-, PI3K/Akt-, c-jun N-terminal 

kinase- (JNK), p38 MAPK- and ERK1/2-cascade [32]. The adaptor molecule TRAF6 

plays a pivotal role in the activation of most of these pathways, resulting in the 

subsequent stimulation of crucial transcription factors including NFκB, AP1, NFATC1 

and MITF that regulate osteoclast formation, activity and survival [32]. The transcription 

factor NFATC1, in particular, represents a master regulator of osteoclast differentiation 

and promotes the expression of osteoclast-specific genes including TRAP, calcitonin 

receptors and cathepsin K [33].  

 

It is crucial to understand that the RANKL/RANK/OPG system functions as the final 

converting effector of most osteotropic molecules [34]. In general, osteoblasts receive 

input from a variety of factors such as hormones, growth factors, prostaglandins as well 

as cytokines and translate these signals to adjacent osteoclasts via the 

OPG/RANKL/RANK system [35]. OPG and RANKL are both produced by osteoblast 

lineage cells and have emerged as the two principal cytokines that regulate osteoclast 

differentiation and activation. In fact, the degree of local bone destruction in malignant 

and non-malignant bone pathologies depends on the balance of these two cytokines. 

Thus, the RANKL:OPG ratio correlates positively with bone degradation and negatively 

with bone formation, implying that an elevated ratio shifts the balance towards 

increased osteoclast-mediated bone resorption [31]. In patients with elevated bone 

erosion, such as bone metastases or postmenopausal osteoporosis, the RANKL:OPG 

ratio is significantly increased and reflects the severity of osteolytic activity [18, 26]. 
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1.2  Cancer and Metastatic Cancer  

 

1.2.1  Cancer  

 

Cancer represents an acquired genetic disease of human body cells that evolves 

progressively during a multistep process. Gain of function mutations in proto-oncogenes 

and loss of function mutations in tumor suppressor genes result in aberrant activation of 

intracellular signaling pathways, allowing cancer cells to escape physiological control 

mechanisms. It has been postulated that a typical cancer cell demonstrates a 

dysregulation of nearly 13 intracellular signaling pathways [36].  

Tumors are more than masses of proliferating cancer cells. They represent complex 

organs with recruited normal cells that support tumor growth by forming a “tumor 

microenvironment” [37]. Malignant cancer can be defined as a manifestation of eight 

essential alterations in cell physiology including the following hallmarks: tumors maintain 

proliferative signaling, show resistance to growth inhibitors, evade apoptosis, possess 

limitless replicative potential, sustain angiogenesis, activate tissue invasion as well as 

metastasis, reprogram energy metabolism and avoid immune destruction [37]. These 

acquired hallmark capabilities collectively allow cancer cells to survive, proliferate, and 

disseminate to distant organs.  

 
 
 
 
1.2.2  Metastatic Cancer  

 

Most primary cancers generate, sooner or later, pioneer cells that abandon their original 

environment and establish new colonies in distant organs [38]. Tumor spreading occurs 

through the bloodstream, the lymphatic vessels or both. Metastasis and tissue invasion 

are a fundamental trait of malignancy and are usually associated with poor prognosis, 

causing 90 % of human cancer deaths [38]. Certain primary tumors display a tropism to 

metastasize to specific organs. The distribution of metastases varies according to the 

origin and type of each cancer, yet, frequent sites among cancer cells include liver, 

adrenals, brain and bone. Advanced stages of prostate and breast cancer, for instance, 

show a marked preference for the skeleton [39-41]. 
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1.3  Prostate Cancer and Its Metastasis  

 

1.3.1  Prostate Cancer  

 

Prostate cancer is the most frequently diagnosed malignant tumor in males in the 

Western world [42], affecting approximately 1 in 7 men at some point during their 

lifetime [43]. In the United States, prostate cancer is diagnosed on average every 3 

minutes and death occurs from it every 15 minutes [44].  

The growth and survival of prostate cancer cells depend on the presence of androgens 

and medical castration by androgen ablation therapy induces regression [45]. While the 

initial response rate is excellent, many tumors eventually evolve to castrate-resistant 

prostate cancer (CRPCa), which represents an incurable phenotype that progresses 

and metastasizes [45, 46]. Major epidemiological risk factors for the development of 

prostate cancer include a family history, advanced age and African American race [43].  

 
 
 
 
1.3.2  Prostate Cancer Metastasis  

 

Prostate cancer can metastasize to local lymph nodes or distant organs such as liver, 

lungs and brain, however, advanced prostate cancer has a remarkably high propensity 

to metastasize to bone [47]. In fact, 8 out of 10 patients who died because of prostate 

cancer showed skeletal metastases [47] which are usually located in the lumbar 

vertebral bodies, the pelvis and the rib cage [48]. The 5-year survival rate for localized 

prostate cancer is nearly 100 %, however, when prostate cancer has metastasized to 

distant organs, this rate drops to 28 % [43]. After diagnosis of bone metastasis, the 

median survival is approximately 2 – 4 years [48, 49]. In addition to bone metastatic 

tumor burden, age-related and cancer therapy-induced bone loss, caused by sex 

steroid deficiency, aggravate the skeletal health in these patients.  
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1.4  Pathophysiology of Bone Metastasis  

 

1.4.1  Consequences of Bone Metastasis  

 

Skeletal metastasis is a frequent and serious complication of malignant cancer. Once it 

has metastasized to bone, cancer disease is incurable. Thus, most cancer patients do 

not die due to the primary tumor but because cancer cells have spread to distant 

anatomic sites [39]. Bone metastasis affects over 400,000 patients in the United States 

each year [50] and remains a devastating diagnosis with a poor prognosis: While the 

median survival of bone metastatic breast and prostate cancer can be measured in 

years, the remaining life time of bone metastasis from advanced lung cancer is a matter 

of months [51]. Metastasis to bone causes significant morbidity as well as mortality and 

implies severe complications such as bone cancer pain, impaired mobility, pathological 

bone fractures, spinal cord or nerve root compression, hypercalcaemia of malignancy 

and bone marrow suppression with subsequent leukopenia, thrombopenia and anemia 

[39, 51, 52].  

 
 
 
 
1.4.2  Classification of Bone Metastasis  

 

Skeletal metastases have typically been classified by their radiographic appearance as 

either osteolytic or osteoblastic [52]. However, this classification only represents two 

ends of a continuum in which bone remodeling is strongly dysregulated. In reality, the 

great majority of bone metastases are heterogeneous and exhibit a mixture of both 

phenotypes with a predominance of an either osteolytic or osteoblastic response [39]. 

An explanation for the fact that both phenotypes appear within the same metastatic 

lesion provides the coupling process, stating that bone resorption follows bone 

formation and vice versa [53].  

 

Predominantly lytic bone metastases are the most common phenotype and cause bone 

destruction because osteoclast-mediated bone resorption exceeds bone formation, 

resulting in a negative balance of bone turnover [54]. Osteolytic metastasis typically 
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occurs in melanoma [41], breast, lung, kidney as well as thyroid tumors [41, 52] and is 

recognized on radiographic imaging as a dark hole within the cortex [55]. Purely 

osteolytic lesions only develop in multiple myeloma patients and show no sign of bone-

forming activity [56]. 

 

Conversely, predominantly osteoblastic lesions exhibit increased formation of new 

woven bone that overweighs bone resorption. Osteoblastic lesions arise in the majority 

of advanced prostate cancers and approximately 15 % of breast cancer patients [52] 

and appear radiographically as more dense, thus whiter, bone which is often described 

as osteosclerotic in appearance [55]. Although bone formation is elevated in this type of 

skeletal metastasis, the random and disorganized arrangement of collagen fibrils results 

in a weakened microarchitecture, so that pathological bone fractures easily occur.  

 

Since most bone metastases display a stimulation of both bone formation and 

breakdown, it is not surprising that there is an augmentation of osteoclastic activity even 

in predominantly osteoblastic lesions. Histological examinations of osteoblastic 

metastases due to carcinoma of the prostate confirmed a general increase of bone 

catabolism in specimens [57, 58]. Moreover, high levels of urine and serum bone 

resorption markers were found regardless of the radiographic classification as 

predominantly osteolytic or osteoblastic, suggesting that osteoclast activity is markedly 

increased in all types of bone metastases [26]. The central role of bone-resorbing 

osteoclasts in all osseous lesions is the rationale for the use of anti-resorptive agents 

such as bisphosphonates or denosumab which currently represent the gold standard for 

the treatment of these patients.  

 
 
 
 
1.4.3  The Vicious Cycle of Bone Metastasis  

 

When tumor cells enter the bone microenvironment, they initiate a profound 

dysregulation of bone homeostasis known as “the vicious cycle” of bone metastasis. 

The vicious cycle offers a mechanistic explanation for the close relationship between 

bone breakdown and cancer expansion: The idea is that cancer cells interact with cells 
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of the bone microenvironment to establish a positive feedback loop that supports tumor 

growth and bone destruction, leading to skeletal morbidity [56]. From a simplistic view, 

this vicious cycle of bone metastasis is the result of a cooperation of at least three major 

protagonists including the following cells: first the metastasizing cancer cell, second, the 

bone residing osteoblast and/or stromal cell and third, the bone-resorbing osteoclast.  

 

Once within bone, cancer cells produce osteolytic factors to indirectly enhance 

osteoclast formation. These tumor-derived molecules act on osteoblasts and/or stromal 

cells to induce RANKL expression and/or decrease OPG production. The net effect is a 

potent increase of the RANKL:OPG ratio that strongly favors osteoclast differentiation 

and activation. Subsequent bone resorption by osteoclasts releases stored growth 

factors as well as ionized calcium from the bone matrix which, in turn, stimulates tumor 

cell proliferation [56]. This reciprocal interaction of cancer cells and the bone 

microenvironment results in a vicious cycle that promotes both bone degradation and 

tumor burden (Fig. 1.1) [56].  

 

 

 

Fig. 1.1: The Vicious Cycle of Bone Metastasis.  

Once within bone, metastatic cancer cells secrete osteoclast-activating factors such as 

parathyroid hormone-related protein (PTHrP) and cytokines which impact on the 

receptor activator of nuclear factor kappa B ligand (RANKL)/osteoprotegerin (OPG) 
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ratio, favoring RANKL synthesis while reducing the expression of OPG. Osteoblast-

derived RANKL binds to receptor activator of nuclear factor kappa B (RANK) receptors 

on osteoclast precursor cells, stimulating osteoclastogenesis and thus osteoclast-

mediated bone resorption, which in turn releases stored growth factors that fuel cancer 

growth in bone. Figure adapted from [59].   

 

 

One of the most important factors to be secreted by cancer cells is PTHrP. This 

molecule is related to PTH, allowing it to bind and activate the same receptor (PTHR1) 

as its cousin [60]. In breast cancer bone metastasis, the prototype of osteolytic tumors, 

PTHrP functions as a primary stimulator of osteoclastogenesis through upregulation of 

RANKL and downregulation of OPG, leading to excessive osteolysis accompanied by 

hypercalcaemia of malignancy [18, 39, 61]. Other secreted factors by cancer cells have 

been shown to enhance osteoclast formation as well, including the following: IL-1, IL-6, 

IL-11 [39], TNF-alpha and PGE2 [61].  

 

Bone tissue represents a storehouse of inactive growth factors which are released and 

activated during the process of bone degradation. Bone resorption releases molecules 

such as transforming growth factor beta (TGF-beta), insulin-like growth factors (IGFs), 

fibroblast growth factors (FGFs), platelet-derived growth factor (PDGF) and bone 

morphogenic proteins (BMPs) which can, in turn, promote the synthesis of PTHrP and 

proliferation of cancer cells [56]. These growth factors provide a fertile soil in which the 

tumor seed can easily expand. This “seed and soil” theory was first proposed by the 

English doctor Stephen Paget in 1889, hypothesizing that the “tumor seed” leaves the 

primary tumor location to grow within the “bone soil” [54]. This analogy of Paget can 

also be assigned to osteoblastic metastases, which share a similar pathophysiology 

with osteolytic lesions [52]. In osteoblastic lesions, cancer cells produce molecules that 

foster osteoblastic activity, which in turn produce unmineralized bone matrix, enriched 

with growth factors that drive tumor growth [52]. Important osteoblast-activating factors 

secreted by prostate cancer cells include endothelin-1 (ET1), PDGF and BMPs [62]. 

The secretion of new woven bone may help to confine cancer growth in bone, which 

explains why osteoblastic prostate cancer bone metastases grow more slowly as 

opposed to osteolytic lesions from other cancers [62]. Yet, as mentioned earlier, an 

increase in osteoclast activity and bone resorption also occurs in osteoblastic 
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metastases, justifying the use of bone resorption inhibitors such as bisphosphonates in 

this type of lesion.  

 
 
 
 
1.5  Interleukin-6  

 

1.5.1  Interleukin-6: Structure and Function 

 

Interleukin-6 (IL-6) is a 184 amino acid-long protein [63] that belongs to the IL-6 family 

of cytokines. IL-6 represents a highly multifunctional molecule that has been implicated 

in the regulation of multiple biological systems such as acute phase reactions, immune 

regulation, hematopoiesis and many others [64]. Its dysregulation affects numerous 

diseases including many types of cancer, chronic inflammation, auto-immunity, 

osteoporosis and Alzheimer’s disease [65]. As a member of the triumvirate of cytokines 

that drive the acute inflammatory reaction, IL-6 expression increases in response to a 

variety of pro-inflammatory factors including TNF-alpha, IL-1 (both complete the triad of 

cytokines), bacterial products, viral infections and necrotic cells [66]. Factors that 

repress IL-6 promoter activity involve steroidal hormones such as dihydrotestosterone 

(DHT), glucocorticoids and estradiol [67]. Many cell types are able to secrete IL-6, 

including B- and T-cells, monocytes, fibroblasts, endothelial cells as well as several 

tumor cells [64]. Note that human IL-6 binds to murine IL-6 receptors [67], whereas 

murine IL-6 does not activate human IL-6 receptors [68].  

 
 
 
 
1.5.2  Interleukin-6 Receptor: Structure and Function 

 

The IL-6 receptor belongs to the class 1 cytokine receptor family and consists of two 

different subunits: one that binds IL-6 with high affinity and one that initiates the 

intracellular signal [65]. The ligand-binding part of the IL-6 receptor exists in a soluble 

(sIL-6R) and membrane-bound (mIL-6R) form and associates directly with the cytokine 

[65]. This IL-6/IL-6R complex interacts with the membrane glycoprotein 130 (gp130) 

which functions as the crucial subunit for signal transduction by recruiting and activating 
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protein tyrosine kinases [65, 69]. All members of the IL-6 family of cytokines share the 

gp130 molecule as a signal transmitting component, which explains the functional 

redundancy of cytokines in this family [65].  

The membrane-bound form of the IL-6R is only present on a limited amount of cells 

including osteoclasts [70], macrophages/monocytes, neutrophils, hepatocytes and some 

lymphocytes, while gp130 is synthesized by most if not all cells in the body [71]. Cells 

that do not express the IL-6R on their surface cannot respond to this cytokine, as gp130 

alone is unable to bind to IL-6. However, circulating complexes of IL-6 and its naturally 

occurring soluble receptor (sIL-6R), which has been found in various body fluids such 

as urine and blood, can bind to gp130, conferring IL-6 responsiveness to cells that do 

not express the IL-6R on their membrane [63, 65]. The signaling process of the soluble 

IL-6R is termed trans-signaling and is thought to have agonistic biological activity, 

however, it has recently been reported that both signaling pathways might differ in that 

IL-6 trans-signaling is rather pro-inflammatory, while IL-6 classic signaling represents an 

anti-inflammatory/regenerative response [63]. Since most mIL-6R-expressing cells 

synthesize far more gp130 molecules than mIL-6R, they can respond to IL-6 in two 

ways, either via the IL-6/mIL-6R (IL-6 classic signaling) or through the IL-6/sIL-6R 

complex (IL-6 trans-signaling), whereas cells that simply produce gp130 can only be 

activated by the IL-6/sIL-6R complex [63]. IL-6 trans-signaling is blocked by the soluble 

glycoprotein 130 (sgp130) which functions as the naturally occurring antagonist of the 

IL-6/sIL-6R complex and the balance of the two soluble receptors (sIL-6R and sgp130) 

regulates IL-6 trans-signaling [72]. Interestingly, human osteoblasts have been shown to 

synthesize a non-functional form of the membrane-bound IL-6R, therefore IL-6 trans-

signaling appears to be responsible for the effects of the cytokine on bone cells [72].  

 

Binding of IL-6 to its receptors activates three distinct signaling pathways: the 

JAK/STAT-, the Ras/MAPK-, and the PI3K/PKB (Akt)-pathway, which account for its 

multifunctional effects in different cell lines [42, 73]. STAT3 represents the main 

transcription factor through which IL-6 signals, regulating genes that stimulate cell 

proliferation, block apoptosis and mediate angiogenesis [66]. As proof of principle, most 

effects of IL-6 can be abolished by disrupting the STAT3 pathway [66].  
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1.5.3  Interleukin-6 and Prostate Cancer Progression  

 

More than 40 years ago, Charles Huggins showed that prostate cancer growth and 

survival initially depend on the presence of androgens [45]. Androgen blockage 

represents the mainstay of therapy, however, this medication fails to produce the 

desired effect in many men because prostate cancer eventually progresses to an 

androgen-independent and more aggressive phenotype [45]. The fact that androgen-

independent prostate cancer cell lines secrete large amounts of IL-6 as opposed to 

androgen-dependent cells has led to a great effort in cancer research to determine 

whether this cytokine plays a fundamental or a bystander role.  

 

Essential hints of an existing relationship between prostate cancer progression and IL-6 

came from clinical studies which were mostly conducted in the late 1990s. In patients 

with neoplasia of the prostate, augmented circulating levels of IL-6 were associated with 

advanced stage [74-78], distant bone metastases [74, 75, 77], metastasis-related 

morbidity [69, 77] and unfavorable clinical outcome [69, 79]. In addition to these clinical 

trials, in vitro and in vivo research experiments demonstrated that IL-6-producing 

prostate cancer cell lines grow at a faster rate compared to their non-secreting 

counterparts, which leads to the conclusion that IL-6 acts as an autocrine growth factor 

[80-83]. Likewise, a consistent growth-stimulating effect of IL-6 has been reported in 

other malignancies such as renal cell carcinoma and multiple myeloma [81]. However, 

tumor growth not only depends on the rate of cell proliferation but also on the rate of cell 

death. IL-6 has been shown to protect cancer cells from undergoing programmed cell 

death by upregulating anti-apoptotic members of the Bcl-2 family such as Mcl-1 and  

Bcl-xL [84, 85]. Clinically important could be the finding that this cytokine confers 

resistance to cytotoxic agent-induced apoptosis in prostate cancer [85-88], breast 

cancer [89], multiple myeloma [90] and neuroblastoma cells [91].  

 

As cancer cells progress through a multistep process to higher pathological grades of 

malignancy, they (often) develop a migratory and invasive phenotype. Several studies 

suggest that IL-6 promotes tissue invasion and migration of benign prostate epithelium, 

ovarian carcinoma [92] and human breast cancer cells [93, 94]. Interestingly, increased 
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motility and cell-cell separation in response to IL-6 have been postulated in ductal 

breast carcinoma cells as early as in the late 1980s [95, 96].  

 

Activation of bone resorption and the consequent stimulation of the vicious cycle is a 

major strategy for cancer cells to survive and grow in bone metastatic lesions. A large 

body of evidence identifies IL-6 as a bone-resorbing cytokine and IL-6 appears to be 

involved in the promotion of bone breakdown in many pathological conditions including 

bone metastases [70], postmenopausal osteoporosis [97, 98], rheumatoid arthritis [99] 

and Paget’s disease [100].  

In patients with bone metastases, serum levels of IL-6 and sIL-6R are elevated and 

associated with poor clinical outcome [70]. In postmenopausal osteoporosis, the 

prototype of pathological bone loss, high IL-6 serum levels are strongly predictive for 

femoral bone breakdown and sIL-6R levels correlate negatively with bone mineral 

density of the lumbar spine [72]. Accordingly, IL-6 knock-out mice are protected from 

bone loss following estrogen deficiency caused by ovariectomy [98]. The mechanism 

involved is that IL-6 increases the pool of osteoclasts indirectly by stimulating RANKL 

production in osteoblasts and stromal cells [39]. As human osteoblasts express a non-

functional form of the membrane-bound IL-6R, IL-6-induced osteoclastogenesis 

depends on trans-signaling mediated through the IL-6/sIL-6R complex [70, 72, 101, 

102]. Other investigators have proposed that IL-6 stimulates osteoclast differentiation 

and thus bone resorption by elevating RANK expression on osteoclast precursors and 

decreasing basal OPG secretion from osteoblasts [35], however, conflicting results have 

been reported [101]. Interestingly, stimulation of bone resorption through RANKL-

independent mechanisms via IL-6 has been postulated as well [103, 104]. 

In autoimmune arthritis, IL-6 together with TGF-beta has also been shown to support 

the development of naïve T-cells into osteoclastogenic Th17 cells which express 

RANKL on themselves and induce RANKL synthesis on osteoblasts/synovial fibroblasts 

via the secretion of IL-17 [33, 105]. 

 

Taken together, there is little doubt that IL-6 acts as an osteolytic factor but the question 

how IL-6 affects bone resorption remains to be completely elucidated. The majority of 

the current evidence suggests that IL-6 enhances bone breakdown by signaling through 

the OPG/RANKL/RANK system, in particular, by increasing RANKL expression in 
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osteoblasts. This cytokine can thus be considered as a molecule that potentially 

promotes tumor growth in bone by supporting the vicious cycle of bone metastasis.  

 
 
 
 
1.6  Anti-Cancer Therapy 

 

1.6.1  Zoledronic Acid 

 

Zoledronic acid (ZA) is a third-generation bisphosphonate that has been approved for 

the treatment of diseases with high bone catabolism including bone metastases of 

malignancy, osteoporosis and Paget’s disease [106]. Bisphosphonates represent 

analogs of pyrophosphate that accumulate in the mineralized bone matrix by binding 

with high affinity to hydroxyapatite crystals. They are released from bone surfaces at 

sites of active bone resorption and subsequently absorbed by osteoclasts [107]. 

Zoledronic acid represents a nitrogen-containing bisphosphonate that prevents 

prenylation of intracellular proteins by inhibiting a key enzyme in the mevalonate 

pathway called farnesyl pyrophosphate synthase (FPP synthase) [107]. Disruption of 

this enzyme has a profound effect on physiological cell metabolism, causing inhibition of 

osteoclast-mediated bone degradation [107, 108] as well as osteoclastic cell death 

[107]. 

 

Several animal studies of bone metastasis have shown significant efficacy of 

bisphosphonates including zoledronic acid in reducing the size of osteolytic lesions and 

osseous tumor burden [108-111]. Clinical trials have confirmed the bone protective 

effect of zoledronic acid by demonstrating a diminishment of skeletal-related events 

(SRE) in prostate and breast cancer patients with bone metastases [112, 113]. In bone 

lesions due to prostate cancer, zoledronic acid represents in fact the only 

bisphosphonate that has revealed statistically significant reductions in skeletal morbidity 

[49]. A possible explanation for these observations is the fact that zoledronic acid is a 

powerful inhibitor of bone breakdown and thus of the vicious cycle of bone metastasis, a 

mechanism which would reflect an indirect anti-tumor effect [49]. Alternatively, it has 

been suggested that zoledronic acid exerts direct anti-tumor actions in vitro and in vivo 
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by mechanisms similar to that observed in osteoclasts [109, 114]. However, an animal 

study conducted in our own laboratory indicates that nitrogen-containing 

bisphosphonates (exemplified by ibandronate) mediate their anti-tumor effects primarily  

indirectly through inhibition of bone resorption than direct cytotoxicity [108].   

 
 
 
1.6.2  Tocilizumab 

 

Tocilizumab is a humanized anti-human IL-6 receptor monoclonal antibody that 

prevents the binding of IL-6 to its receptors [115]. Tocilizumab binds selectively, 

competitively and with high affinity to the membrane-bound and soluble IL-6 receptor 

[115], thus inhibiting both IL-6 classic signaling and IL-6 trans-signaling [63].  

So far, tocilizumab has been approved for the treatment of disorders such as moderate 

to severe rheumatoid arthritis, juvenile idiopathic arthritis and Castleman’s disease 

[115]. Pilot studies have recently shown efficacy of the IL-6 receptor antagonist in 

autoimmune and inflammatory conditions, including Crohn’s disease [116] and systemic 

lupus erythematosus [117]. Tocilizumab may also be of clinical benefit in neoplasias 

such as oral squamous cell carcinoma [118].  

 

 
 
1.7  Hypothesis and Aims  

 

Based upon the above discussion, the cytokine IL-6 promotes tumor growth in bone in 

an indirect manner, namely by stimulating the vicious cycle of bone metastasis. This 

model of the “classical” vicious cycle of bone metastasis has been very useful in 

elucidating the mechanisms that facilitate and maintain established cancer lesions in 

bone. However, owing to its monodirectionality and its dependence on three distinct cell 

types to become and remain activated (tumor cells -> osteoblasts -> osteoclasts), this 

model may be less suited to explaining cancer growth at early stages of the metastatic 

process, or when bone metastases expand rapidly as observed clinically during late 

stages of the disease. We thus believe that the growth kinetics of bone lesions include 

additional pathways within the classical vicious cycle that support and accelerate tumor 

growth and expansion in the bone environment. 
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In our studies, we utilized an osteolytic prostate cancer cell line, termed PC3, that 

secretes high quantities of IL-6 [80, 85] and expresses the membrane-bound (mIL-6R) 

as well as the soluble IL-6 receptor (sIL-6R) [80]. In bone, as mentioned above, it is well 

established that this cytokine activates RANKL synthesis in osteoblast lineage cells. As 

PC3 cells also express RANK [119], the cognate receptor for RANKL, it would be 

rational to assume, but it is unclear whether osteoblasts directly signal back to prostate 

cancer cells via RANKL-RANK interaction and if so, whether direct contact between 

these two cell lines contributes to tumor growth in vivo. Therefore, we hypothesize that 

autocrine IL-6 signaling in PC3 cells stimulates cancer growth in bone by enhancing 

tumor cell RANK expression, sensitizing tumor cells for direct communication between 

osteoblast lineage and cancer cells. As treatment of PC3 cells with RANKL enhances 

IL-6 production in vitro [119], direct RANKL-RANK communication could enforce IL-6 

output levels by PC3 cells and activate the vicious cycle via establishing an additional 

pathway. We believe that this cytokine could play a central role in the initiation and 

progression of prostate cancer bone metastasis and may function as a therapeutic 

target in aggressive and/or androgen-independent prostate cancer. 

 

 

The major hypotheses of this project are:  

a) The bone microenvironment provides a fertile soil that is conducive to the growth of 

the prostate cancer cell line PC3.  

b) Blocking autocrine IL-6 receptor signaling in the osteolytic prostate cancer cell line 

PC3 will reduce tumor growth in bone but not in the subcutis.  

 

The aim of this study is to determine how tumor-derived IL-6 affects human prostate 

cancer growth in bone. This will be accomplished by:  

a) Characterizing at the cellular level proliferation, apoptosis and gene expression in the 

bone metastatic prostate cancer cell line PC3 in vitro and in vivo.  

b) Evaluating the comparative effects of tocilizumab and zoledronic acid on inhibition of 

tumor growth and bone resorption.  

c) Evaluating the comparative effects of autocrine IL-6 receptor inhibition in an osseous 

and subcutaneous environment.  
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1.8  Rationale to Use Tocilizumab and/or Zoledronic Acid in an Animal Model of 

Bone Cancer Metastasis 

 

In the present xenograft mouse model, the humanized anti-IL-6 receptor antibody 

tocilizumab (Tmab) and the bisphosphonate zoledronic acid (ZA), alone or in 

combination, were administered.  

Zoledronic acid was chosen because it inhibits the vicious cycle of bone metastasis by 

suppressing osteoclast-mediated bone resorption, disrupting the supply of bone-derived 

growth factors to neoplastic cells (Fig. 1.2). By blocking cancer-induced osteolysis, 

zoledronic acid exerts indirect anti-tumor effects. The mode of action of tocilizumab is 

different. Tocilizumab inhibits autocrine IL-6 signaling in neoplastic cells by antagonizing 

the membrane-bound as well as the soluble IL-6 receptor. Note that tocilizumab 

specifically blocks the human IL-6 receptors and not the murine IL-6 receptors, which 

means that human neoplastic-derived IL-6 is able to bind to murine IL-6 receptors [67]. 

Since tocilizumab operates primarily on the tumor, the inhibition of the IL-6 signal 

cascade might lead to a potential direct anti-tumor effect (Fig. 1.2). This assumption is 

reasonable given the recent reports that IL-6 acts as an anti-apoptotic [84-86, 120] and 

pro-proliferative factor [80, 86, 121] in vitro on the osteolytic prostate cancer cell line 

PC3. If disruption of the autocrine IL-6 signal had direct anti-tumor effects independent 

of anti-resorptive action, then the combination of tocilizumab and zoledronic acid would 

reveal additive and/or synergistic effects.  

However, as mentioned above, we hypothesize that antagonizing autocrine IL-6 

receptor signaling in PC3 cells will desensitize cancer cells for beneficial RANKL-RANK 

communication with osteoblast lineage cells, resulting in less tumor-derived IL-6 

production and therefore reduced activation of the vicious cycle. We thus believe that 

tocilizumab inhibits prostate cancer growth in bone indirectly and in a different manner 

than zoledronic acid.  

 

As zoledronic acid and tocilizumab may inhibit tumor growth by different mechanisms, 

we sought to compare the effects of zoledronic acid and tocilizumab, alone or in 

combination, in mice bearing established prostate cancer bone metastasis to determine 

whether these treatments have comparable actions on neoplastic growth and to detect 

additive and/or synergistic effects. Both medications were administered at relatively high 
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doses to assure profound inhibition of osteoclastic bone resorption (zoledronic acid) as 

well as complete blockage of cancer IL-6 receptor signaling (tocilizumab), thus any 

differences would be due to other effects and not to varying effects of these drugs. 

 

 

 

 

 

 

 

 

Fig. 1.2: Study Design.  

PC3 cells secrete large amounts of interleukin-6 (IL-6) [80, 85] into their environment 

and they express the membrane-bound (mIL-6R) [80, 121] as well as the soluble IL-6 

receptor (sIL-6R) [80]. Paracrine IL-6 signaling fuels metastatic tumor growth by 

stimulating the vicious cycle of bone metastasis because it induces receptor activator of 

nuclear factor kappa B ligand (RANKL) synthesis in osteoblasts. Autocrine IL-6 

signaling either via the membrane-bound IL-6R (IL-6 classic signaling) or through the 

soluble IL-6R (IL-6 trans-signaling) in cancer cells might induce intracellular signal 

cascades that favor tumor expansion in bone. Tocilizumab (Tmab) specifically blocks 
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the human IL-6 receptors, antagonizing both IL-6 classic signaling and IL-6 trans-

signaling, but tocilizumab does not block the murine IL-6 receptors. Zoledronic acid (ZA) 

inhibits osteoclast-mediated bone resorption, suppressing the activation of the 

“classical” vicious cycle. This figure emphasizes the possible different modes of action 

of the two medications.  
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Chapter 2 

Materials and Methods 

 
 
 
2.1  Prostate Cancer Cell Line 

 

The androgen-independent bone metastatic prostate cancer cell line PC3 was obtained 

from the American Type Culture Collection (ATCC, Manassas, VA, USA).  

The human prostate cancer cell line PC3 was established in 1979 and derives from 

lumbar bone metastasis of a 62-year-old Caucasian male [122].  

All chemicals used in this study were purchased from Invitrogen (Carlsbad, CA, USA) 

unless stated otherwise.  

 
 
 
 
2.2  Tissue Culture 

 

2.2.1  Cancer Cell Line Propagation 

 

PC3 cells were cultured in Roswell Park Memorial Institute medium (RPMI) 

supplemented with 10 % fetal calf serum (FCS, JRH Biosciences, KS) and 1 % 

penicillin/streptomycin solution. The cells were routinely subcultured when they reached 

approximately 80 % confluence.  

Subculturing reagents including media, phosphate-buffered saline (PBS) and 0.05 % 

trypsin-EDTA were pre-warmed in a 37 °C water bath for about 10-15 minutes before 

use. The PC3 cell layer was viewed under an inverted microscope to determine 

confluence and contamination. The medium was removed aseptically with a Pasteur 

pipette attached to a vacuum pump aspirator. The cell layer was rinsed with PBS using 

a gently rocking motion before washing with 1 ml of 0.05 % trypsin-EDTA. This very 

trypsin was aspirated shortly after and 2 ml (75 cm² flask) or 4 ml (175 cm² flask) of 

trypsin-EDTA was added to the flask and then incubated at 37 °C for about 2 minutes. 

The detachment of cells from the bottom of the flask was observed through a 

microscope and the enzymatic reaction was neutralized by adding either 6 ml             
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(75 cm² flask) or 8 ml (175 cm² flask) fresh medium including 10 % FCS. The cell 

suspension was pipetted up and down and transmitted to a Falcon tube where the cells 

were carefully filtered with a syringe containing a 21-gauge needle to receive single cell 

suspension. An appropriate aliquot was chosen for cancer cell propagation in new 

flasks, attaining 80 % confluence in approximately 5 days. All new flasks were labelled 

and then incubated at 37 °C, 100 % humidity and 5 % CO2. 

 
 
 
 
2.2.2  In Vitro Incubation of PC3 Cells With Interleukin-6 and/or Tocilizumab 

 

To investigate whether human interleukin-6 (IL-6) induces RANK and PTHrP mRNA 

expression in the prostate cancer cell line PC3, cells were seeded in a 6-well plate at a 

density of 1 x 105 cells per well (3,8 cm2) in 2 ml supplemented RPMI (10 % fetal calf 

serum and 1 % penicillin/streptomycin) and allowed to adhere overnight. The next day, 

the wells were incubated for 4 hours with supplemented RPMI only (0.1 % BSA and 1 % 

penicillin/streptomycin) or supplemented RPMI, containing tocilizumab in a 

concentration of 200 µg/ml. Fetal calf serum was removed to avoid confounding effects 

due to growth factors present in the culture medium. After 4 hours of pretreatment, the 

medium was removed again and the wells were incubated with supplemented RPMI or 

supplemented RPMI, containing two different concentrations of human recombinant IL-6 

(100 ng/ml and 200 ng/ml). The result is that one well represents the control group, two 

wells are treated with two different concentrations of human IL-6, two wells with IL-6 and 

tocilizumab and one well with tocilizumab only. After 24 hours, RNA was harvested and 

RANK or PTHrP synthesis levels were measured by real-time quantitative reverse 

transcription PCR. The experiments were independently repeated at least three times.   

 
 
 
 
2.2.3  Cancer Cell Preparation For In Vivo Injection  

 

The preparation of PC3 prostate cancer cells for inoculation into nude mice was 

performed as described in [123]. A modified technique was employed when necessary.  
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The osteolytic prostate cancer cell line PC3 was revived from frozen stocks and then 

passaged 1 – 2 times before preparing for implantation into mice. As trypsin contains 

proteases which may harm tumor cells by interfering with cell surface receptors, the 

non-enzymatic cell dissociation reagent Versene was chosen rather than trypsin to 

detach cells for in vivo injection.  

Versene was warmed to room temperature, while media and PBS were pre-warmed as 

described above. The medium in the flask was aspirated and the cells were rinsed with 

PBS. Following a brief wash with Versene, 2 ml (75 cm2 flask) or 4 ml (175 cm2 flask) of 

Versene was transmitted again into the flask to cover the cell monolayer. The cell 

suspension was incubated at 37 °C for 30 minutes while monitoring cell separation and 

then passaged into a 50 ml Falcon tube. After washing the cells by two centrifugation 

steps at 250 g for 5 minutes in 10 ml PBS, an aliquot was extracted to determine cancer 

cell viability by trypan blue.  

The trypan blue exclusion method is a routine tissue culture test to assess the amount 

of living cells present in a cell suspension. This method allows visual differentiation of 

viable and dead cells based on the fact that viable cells with intact cell membranes 

reject trypan blue, whereas dead cells with permeable membranes absorb it. Only 

suspensions with > 95 % of viable cells were selected for mouse inoculations in order to 

ensure maximum in vivo tumor growth. Following a last PBS washing and centrifugation 

step, PC3 cells were resuspended in 10 µl PBS at a concentration of 1 x 107 cells/ml for 

intra-tibial injection. For the subcutaneous mouse model, PC3 cells were suspended in 

a mixture of cold Matrigel and PBS (1:1) at a concentration of 2 x 107 cells/ml. Tumor 

cells were kept on ice until implantation. 

 
 
 
 

2.3  Mouse Models of PC3 Cancer Growth  

 

2.3.1  Mouse Maintenance 

 

Male BALB/c nu/nu mice at five weeks of age (Animal Resources Centre, Canning Vale, 

WA, Australia) were selected for all animal experiments. Throughout this study, mice 

were accommodated under strict pathogen-free, temperature-, humidity- and noise-
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controlled conditions at the animal facilities of the ANZAC Research Institute in 

accordance with Institutional Animal Welfare Guidelines and approved protocol 2009 – 

012 by Sydney Local Health District Animal Welfare Committee, Sydney, Australia. All 

mouse procedures were conducted with reasonable care in a tissue culture hood under 

aseptic conditions while the application of freshly-made ketamine/xylazine (Sigma-

Aldrich, St. Louis, MO, USA) (750 µl ketamine + 100 µl xylazine using sterile 0.9 % 

saline to dilute to 10 ml) via the intraperitoneal route maintained general anaesthesia. 

Food and water were always available, assuring a healthy nutritional state. Physical 

health of mice was closely monitored by inspecting daily for potential infection while 

body weight was checked twice a week. Mice were also observed for social stability as 

well as behavioral abnormalities. The animals were euthanized by anaesthetics and 

subsequent neck dislocation at the end-points of the experiments. 

 
 
 
 
2.3.2  Intra-Tibial Tumor Cell Implantation 

 

The intra-tibial xenograft murine model was chosen because this thesis aims to 

investigate the reciprocal interrelations between established neoplastic lesions and the 

bone microenvironment at a late stage of the bone metastatic process. The steps of 

tumor cell extravasation and growth of micrometastases are bypassed in this model as 

the cells are injected directly into the bone marrow cavity [124]. A disadvantage of this 

method includes the perforation of the bone cortex, causing an inflammatory reparative 

response that modifies the local bone microenvironment [124].  

The injection of tumor cells into the tibiae of nude mice was performed as described in 

[123, 124]. A modified technique was employed when necessary. 

 

To assure sterile working conditions, syringes (Hamilton Syringe Co., Reno, NV) were 

immersed in 100 % ethanol overnight and dried completely prior to use. Mice were 

anaesthetized via intraperitoneal (i.p.) injection of freshly made ketamine/xylazine. The 

analgesic carprofen (Rimadyl) (5 mg/kg) was administered subcutaneously so that mice 

do not suffer from any pain. The following technique was applied for the intra-tibial 

tumor cell inoculation: mice were placed in a supine position once they were narcotized 
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and the hind legs cleaned with 70 % ethanol. Shortly before injection, the concerned 

knee was gently flexed to access the proximal end of the tibia and the needle was then 

inserted into the tibial plateau, passing through the skin, the articular cartilage as well as 

the growth plate to reach the bone marrow cavity of the tibia. Once the needle was 

placed at this position, 1 x 105 PC3 cells suspended in 10 µl PBS (= 1 x 107 cells/ml) 

were injected into the right and left tibia, using a Hamilton glass syringe with 26 gauge 

needles. Inoculation speed was slow (20 – 30 seconds for 10 µl of suspension) in order 

to avoid leakage of cell suspension. All procedures were performed in a sterile 

biohazard hood and the needle was routinely changed between each injection. After 

tumor cell inoculation, mice were kept warm until they fully recuperated from 

anaesthesia.  

 
 
 
 
2.3.3  Assessment of Intra-Tibial PC3 Tumor Growth  
 

In the intra-tibial experiment, five-week-old male BALB/c nu/nu mice (n = 8) were 

randomly divided into four treatment groups: (1) control (PBS), (2) tocilizumab            

(50 mg/kg), (3) zoledronic acid (100 µg/kg) and (4) tocilizumab + zoledronic acid. Mice 

received treatments one day before tumor cell inoculation and then every 3 days. The 

dose of tocilizumab was selected based on prior intra-tibial mouse experiments 

conducted in our laboratory, while the dose of zoledronic acid was chosen based on a 

survey of the literature to assure profound suppression of bone breakdown despite the 

presence of osteolytic PC3 cells [125-127]. The development of osteolysis was verified 

by X-ray images 10 days after tumor cell implantation and the extent was then 

measured on day 17, 24 and 30. The experimental endpoint was reached on day 30 

when mice were sacrificed for tissue harvest.  
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Fig. 2.1: Experimental Design of the PC3 Intra-Tibial Mouse Model.  

The experimental design was implemented as described above. PC3 tumor cells were 

injected intra-tibially into five-week-old male BALB/c nu/nu mice. Treatments were given 

one day prior to tumor cell implantation and then every three days until endpoint. Tmab 

= tocilizumab; ZA = zoledronic acid; i.p. injection = intraperitoneal injection; s.c. injection 

= subcutaneous injection.  
 
 
 
 
2.3.4  Subcutaneous Tumor Cell Implantation  

 

The subcutaneous xenograft murine model was used to answer the question whether 

PC3 tumors respond to treatment without the presence of the bone microenvironment. 

Injection of cancer cells into the subcutis was performed according to [124].  

 

In order to establish and enhance subcutaneous tumor growth, cancer cells need to be 

resuspended in Matrigel. Thus, PC3 neoplastic cells were prepared as mentioned 

above and suspended in a mixture of cold Matrigel and PBS (1:1) at a concentration of 

2 x 107 cells/ml. Mice were anaesthetized and given analgesic as described above. 
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Once unconscious, the mice were placed in a lateral position and the area of interest 

was cleaned with 70 % ethanol. 100 µl of the tumor cell suspension and 100 µl of PBS 

for control purposes were then slowly injected within 30 seconds into the right and left 

flank of the hind legs, using a syringe equipped with a 25 gauge needle. To prevent 

leakage, slight pressure was applied to the skin lesion by using a band-aid. Mice rested 

in the same position until recovery and were monitored as described above.  

 
 
 
 
2.3.5  Assessment of Subcutaneous PC3 Tumor Growth 
 
 
In the subcutaneous murine model, five-week-old male BALB/c nu/nu mice (n = 10) 

were randomly divided into two treatment groups: (1) control (PBS) and (2) tocilizumab 

(50 mg/kg). Mice received treatments one day before tumor cell inoculation and then 

every 3 days until endpoint (day 58). To determine tumor progression, the length and 

width of the subcutaneous cancers were measured with a pair of callipers from day 7 

onwards every 3 days. Tumor volumes were calculated with the help of the modified 

ellipsoidal formula [volume = (length x width2)/2], in which the length was defined as the 

larger measurement [123]. Mice were euthanized by anaesthesia and neck dislocation 

when neoplasias reached 500 mm3 in size (day 58). Following euthanasia, total tumor 

weight was determined.  

 
 
 
 
2.4  Treatments  

 

2.4.1  Zoledronic Acid  

 

Zoledronic acid is a nitrogen-containing bisphosphonate that was purchased from 

Novartis (Novartis Pharmaceuticals Australia, North Ryde, NSW). In this thesis, 

zoledronic acid was administered subcutaneously at a dose of 100 µg/kg one day prior 

to tumor cell injection and then every 3 days until the experimental endpoint (30 days for 

the intra-tibial model). The dose was chosen based on a survey of the literature to 

assure profound suppression of bone breakdown despite the presence of osteolytic 
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PC3 cells [125-127]. Zoledronic acid was diluted (1:5) in PBS, stored in aliquots at         

-20 °C and thawed prior to use.  

 

 
 
2.4.2  Tocilizumab 

 

Tocilizumab is a humanized interleukin-6 receptor monoclonal antibody that was 

purchased by Roche Pharmaceutical Co., Ltd. In both in vivo experiments, tocilizumab 

was administered intraperitoneally at a dose of 50 mg/kg one day prior to tumor cell 

implantation and then every 3 days until the experimental endpoint (30 days for the 

intra-tibial model; 58 days for the subcutaneous model). Tocilizumab was also used for 

in vitro experiments at a dose of 200 µg/ml. The doses were selected based on prior    

in vivo and in vitro experiments conducted in our laboratory. Tocilizumab was diluted 

(1:4) in PBS, stored in aliquots at -20 °C and thawed prior to use. 

 

 
 
2.4.3  Interleukin-6 

 

Interleukin-6 (IL-6) is a pleiotropic cytokine that plays a major role in acute phase 

reactions, cancer progression and bone metabolism. Human recombinant IL-6 was 

purchased by R&D Systems (R&D Systems, Inc., Minneapolis, MN 55413, USA) and 

used for in vitro PC3 cell experiments at doses of 100 and 200 ng/ml. These doses 

were selected based on prior in vitro experiments with bone-seeking breast cancer cell 

lines in our laboratory.  

 
 
 
 
2.5  Radiological Methods 

 

2.5.1  Faxitron X-Rays  

 

Faxitron X-ray was used to monitor the development of tumor-induced osteolytic lesions 

in vivo. At day 17, 24 and 30 post-inoculation, mice were anaesthetized as described 
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above and lytic lesions were made visible and assessed by digital radiography (MX-20 

X-ray cabinet, Faxitron, Wheeling, IL, USA). Mice were exposed to X-ray doses of 26 kV 

for 10 seconds to examine the long bones (approximate 2 times magnification) [123]. 

 
 
 
 
2.5.2  Micro-Computerized Tomography 

 

To attain a clearer understanding of the extent of bone lytic lesions, micro-computerized 

tomography (µCT) of the tibiae was performed by using a Skyscan 1172 scanner 

(SkyScan, Kontich, Belgium) after tissue harvest. This technique uses X-rays to create 

3D images that visualize fine internal microstructures. Tibiae were scanned with 100 kV 

at 100 µA employing a 1 mm aluminium filter and a total of 1800 projections were 

collected at a resolution of 6.93 µm per pixel [123]. Reconstruction of sections was 

attained employing a modified Feldkamp cone-beam algorithm with beam hardening 

correction set to 50 % [123]. 3D images of tibiae were received by using VGStudio MAX 

1.2 software (Volume Graphics GmbH, Heidelberg, Germany) [123].   

 
 
 
 
2.6  Tissue Analysis  

 

2.6.1  Radiological Measurement of Osteolytic Lesions 

 

An interactive image analysis software (ImageJ, NIH, USA) was used to measure the 

area of osteolytic bone lesions on digitally recorded radiographs.  

Dark sites on X-ray images corresponded to areas of PC3-induced osteolysis in vivo. 

The borders of these radiolucent zones within the tibiae were recognized and manually 

encircled. The area of lytic lesions was then calculated, presented as mm2 at each time 

point and compared among experimental groups. Please consider that the                    

2-dimensional representation and calculation of osteolytic bone lesions in X-ray images 

may not illustrate the exact size of bone destruction in vivo.  
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2.6.2  Tissue Processing  

 

For histological examination, tibiae of sacrificed mice were fixed for 36 hours in 4 % 

paraformaldehyde/0.1 M phosphate buffer (pH 7.4) and decalcified in 10 % EDTA at     

4 °C for 2 weeks. Thereafter, the tibiae were embedded in paraffin. The paraffin blocks 

were put on ice for approximately 20 minutes before using the microtome (Leica 

Microsystems, Nussloch GmbH, 69226 Nussloch Germany; Model RM2125RT). Five-

µm-thick sections were then cut from each specimen and stained with haematoxylin and 

eosin for histological analysis. 

 
 
 
 
2.6.3  Histochemical Staining of Tartrate-Resistant Acid Phosphatase 

 

Histochemical staining of tartrate-resistant acid phosphatase (TRAcP) as a biomarker 

for osteoclasts was conducted as described in [123].  

In brief, mouse osteoclasts were stained for TRAcP by utilizing naphthol AS-MX 

phosphate (Sigma-Aldrich, Co., St. Louis, MO, USA) as a substrate and fast red violet 

Luria-Bertani salt (Sigma-Aldrich, Co., St. Louis, MO, USA) as a stain for the reaction 

product. Five-µm-thick sections were cut with the microtome, attached to coated slides 

and dried overnight. The slides were then put on a 60 °C hot plate for 10 minutes to 

remove the paraffin. After three rounds of 5 minute deparaffinization in xylene, the 

slides were rehydrated in a graded series of alcohols. The sections were briefly rinsed 

in distilled water and then incubated with 100 µl of TRAcP solution (50 mM tartrate,  

0.01 % naphthol AS-MX phosphate, 0.06 % fast red violet Luria-Bertani salt in 0.1 M 

acetate buffer, pH 5.0) for 30 – 40 minutes at room temperature, while carefully 

observing for color appearance under a microscope. After washing the sections in 

distilled water, they were counterstained in Harris’ hematoxylin for 30 seconds (Fronine, 

NSW, Australia, diluted 1 : 20 in distilled water), then washed in tap water and dried 

overnight. The next day, the sections were shortly immersed in xylene and finally fixed 

in a xylene-based mounting medium (Gurr, BDH, Poole, UK). Under the microscope, 

osteoclasts were recognized as big multinucleated purple colored cells, residing on the 

surfaces of cortical and trabecular bone.   
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2.6.4  TUNEL Staining 

 

Apoptosis represents an orchestrated event in which cells are programmed to perish. 

Apoptosis can be initiated by two major pathways (extrinsic vs. intrinsic) which both 

converge to stimulate a series of proteases (caspases) that cleave key cellular proteins 

[128]. The effects of chemotherapeutics often depend on their ability to induce cancer 

cell death by apoptosis. TUNEL (terminal deoxynucleotidyl transferase d-UTP nick end 

labeling) assay is a commonly used method for detecting DNA fragmentation from cells 

that have undergone programmed cell death in situ. To quantify the amount of apoptotic 

cancer cells within the bone lesion, TUNEL staining was performed by using the 

ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore Corporation, Billerica, 

MA 01821, USA) according to the manufacturer’s protocol.  

 

Five-µm-thick paraffin-embedded sections were deparaffinized, rehydrated and 

permeabilized using 1 µg/ml of proteinase K solution (Roche Diagnostics GmbH, 68298 

Mannheim, Germany) in 10 mM Tris/HCl for 30 minutes at 37 °C in a humidified 

chamber. Following a brief wash, slides were incubated in 3 % peroxidase blocking 

solution for 10 minutes to inhibit endogenous peroxidase activity. After rinsing the 

sections, 30 µl equilibration buffer was added onto the sections and left for 10 minutes 

at room temperature. Excess liquid was tapped off and 25 µl TdT (terminal 

deoxynucleotidyl transferase) enzyme solution, consisting of 17.5 µl reaction buffer    

(70 %) and 7.5 µl TdT enzyme (30 %) was pipetted onto each section for labeling, then 

covered with parafilm and incubated at 37 °C in a closed humidified chamber for         

60 minutes. For the negative control, the TdT enzyme was omitted from the mixture, so 

that only 25 µl reaction buffer was used. The parafilm was then carefully removed, the 

sections were rinsed in a working stop/wash buffer and after a brief wash in PBS, 25 µl 

anti-digoxigenin was applied to each section and incubated in a humidified chamber at 

room temperature for 30 minutes. Following a wash in PBS, 3,3-diaminobenzidine  

(DAB) was added onto the sections and incubated for 4 minutes while observing for 

color development. The reaction was stopped by tapping off DAB and dipping the slides 

into distilled water. The sections were washed and then counterstained in filtered Harris’ 

hematoxylin (diluted 1 : 10 in distilled water) for 4 minutes. They were eventually 

dehydrated in a series of alcohols, cleared in fresh xylene and fixed in a xylene-based 
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mounting medium. TUNEL-positive prostate cancer cells were recognized as dark 

brown colored cells under the microscope.  

 

To determine the ratio of TUNEL-positive cells, a representative section of each bone 

specimen was chosen and the positive as well as negative cells were counted in 3 

random fields of non-necrotic areas of cancer (x 400 magnification).  

 
 
 
 
2.6.5  Ki-67 Immunohistochemistry  

 

Ki-67 represents a nuclear protein that is associated with cellular proliferation. As such, 

it is preferentially produced during the active phases of the cell cycle while cells in the 

G0 (quiescent) phase do not express this protein [123]. Immunohistochemical Ki-67 

staining was performed to determine the proliferative fraction of cancer cells by using a 

primary polyclonal rabbit antibody to human Ki-67 (Thermo Fisher Scientific, Fremont, 

CA, USA) and a secondary goat anti-rabbit antibody (Vector Laboratories, Inc. 

Burlingame, CA, USA).  

 

Five-µm-thick sections were deparaffinized, rehydrated and incubated for 10 minutes at 

room temperature in 3 % peroxidase blocking solution to cease the activity of 

endogenous peroxidase. The slides were then incubated for 30 minutes in 7 % goat 

serum made up of TBST buffer (200 mM Tris-HCl, 150 mM NaCl, 10 mM Tris-base,   

0.5 % Tween) to block non-specific protein binding. The primary polyclonal rabbit 

antibody to human Ki-67 was pipetted onto the sections at a dilution of 1 : 750 and left 

overnight at 4 °C in a humidified chamber. Following a short wash on the next day, the 

sections were incubated with biotinylated goat anti-rabbit IgG by using a dilution of        

1 : 150 in blocking serum for one hour at room temperature. 

Vectastain Avidin-Biotin Complex (ABC) kit (Vector Laboratories, Inc. Burlingame, CA, 

USA) was pipetted onto the slides, left for 30 minutes and after adding                      

3,3'-diaminobenzidine (DAB; Vector Laboratories, Inc. Burlingame, CA, USA), the 

labelled antigens were visualized. The slides were rinsed in distilled water and 

counterstained in Harris' hematoxylin (diluted 1 : 10 in distilled water) for 4 minutes. 
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After a brief wash in tap water, the sections were dehydrated, cleared in xylene and 

fixed in a xylene-based mounting medium. Ki-67 positive tumor cells were detected as 

brown colored cells under the microscope.  

 

To determine the ratio of Ki-67-positive cells, a representative section of each bone 

specimen was chosen and the positive as well as negative cells were counted in 3 

random fields of non-necrotic areas of cancer (x 400 magnification). 

 
 
 
 
2.6.6  RANK Immunohistochemistry 

 

RANK is a type 1 transmembrane protein that functions as a cognate receptor for 

RANKL. To determine the expression of RANK on the surface of cancer cells, 

immunohistochemical RANK staining was performed by using a primary monoclonal 

mouse antibody to human RANK (R&D Systems, Inc., Minneapolis, MN 55413, USA) 

and a secondary horse anti-mouse antibody (Vector Laboratories, Inc. Burlingame, CA, 

USA) according to the manufacturer’s protocol. 

 

Five-µm-thick sections were deparaffinized, rehydrated through a series of alcohols and 

incubated in 3 % peroxidase blocking solution for 10 minutes to quench endogenous 

peroxidase activity. The slides were then left for 30 minutes in horse serum composed 

of PBS/BSA/Triton buffer (0.15 % BSA and 0.1 % Triton X100) to block non-specific 

protein binding. The primary antibody was added onto the sections at a dilution of         

1 : 500 and incubated overnight at 4 °C in a humidified chamber. This was followed by 

the application of biotinylated horse anti-mouse IgG using a dilution of 1 : 150 in 

blocking serum for one hour at room temperature. Sections were then left for               

30 minutes in Vectastain Avidin-Biotin Complex (ABC) kit and the labelled antigens 

were visualized following addition of 3,3'-diaminobenzidine (DAB) chromogen for                 

40 seconds. The slides were subsequently rinsed in distilled water and counterstained 

in Harris’ hematoxylin (diluted 1 : 10 in distilled water) for 4 minutes. Following a brief 

wash in tap water, the sections were dehydrated, cleared in xylene and fixed in a 



39 

 

xylene-based mounting medium. RANK-positive tumor cells were identified as brown 

colored cells under the microscope.  

 
 
 
 
2.6.7  Bone Histomorphometry 

 

Bone histomorphometry represents a histological assessment of undecalcified bone. In 

this thesis, histomorphometric analysis was performed to quantify the following 

parameters: tumor area (mm²), cortical bone area (mm²) and static measures of bone 

resorption (number of TRAcP-positive cells/mm tumor-bone interface). Bone 

histomorphometry was performed as described in [123].  

 

The OsteoMeasure system (Osteometrics, Atlanta, GA, USA) was used to analyze the 

5-µm-thick sections stained with hematoxylin and eosin (x 12.5 magnification) and 

TRAcP (x 200 magnification). Longitudinal sections through the tibia with an 

approximate interval of 150 – 200 µm were cut, reflecting anterior, mid and posterior 

areas of the proximal tibia. To quantify the cancer area, a representative section with 

the largest tumor area in the proximal tibia was selected. Total tumor area was 

determined in each representative section and the mean was interpreted as an index of 

tumor load. All neoplastic areas were analyzed including the adjacent soft tissues where 

tumor cells broke through the cortical bone into its vicinity. Tumor area was not 

calculated when a neoplastic mass existed independently of a bone lesion because this 

situation was due to leakage during cancer inoculation (this situation was rare).         

The area of cortical bone tissue was quantified in the same sections.  

 

In TRAcP stained sections, osteoclasts were recognized as purple multinucleated cells 

residing close to tumor-bone interfaces. The number of osteoclasts was counted in two 

random fields of each section and the ratio of osteoclast number per millimeter of tumor-

bone interface was calculated.  
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2.7  Serum Biochemistry 

 

Tartrate-resistant acid phosphatase 5b (TRAcP 5b) is an enzyme that is produced in 

high quantities by bone-resorbing osteoclasts. Despite its discovery in the early 1970s, 

the biological function of this enzyme is not known [129]. TRAcP 5b activity correlates 

strongly with bone resorption and may even reflect the degree of osteolytic tumor 

burden, however, recent studies suggest that secreted TRAcP 5b is rather associated 

with the number of osteoclasts than their activity [129, 130]. Levels of TRAcP 5b were 

analyzed by a solid phase immunofixed enzyme activity assay (Immunodiagnostic 

Systems Ltd., Boldon, UK) in mouse sera collected on day 30 of the intra-tibial PC3 

tumor mouse model and performed according to the manufacturer’s protocol.  

Anti-mouse TRAcP antibody that uses TRAcP as antigen was added to the antibody 

coated microtiter wells. Following a washing step, controls and samples were pipetted 

into the wells and any mouse TRAcP present was bound by the antibody.                      

A chromogenic substrate solution was administered to all wells and then incubated for      

2 hours to develop color. The addition of a stop solution terminated this reaction and the 

absorbance of the reaction mixture was measured by using a microtiter plate reader. 

The intensity of the color was directly proportional to the concentration of TRAcP 5b 

present in the sample.  

 

Procollagen type I N-terminal propeptide (P1NP) is a marker of osteoblastic bone 

formation. Levels of mouse P1NP were measured using a specific enzyme 

immunoassay (Immunodiagnostic Systems Ltd., Boldon, UK) in mouse sera collected 

on day 30 of the intra-tibial PC3 tumor mouse model and performed according to the 

manufacturer’s protocol.  

The polyclonal antibody that utilizes mouse P1NP as antigen was coated onto the 

surfaces of the microtiter wells. After adding controls and samples to the wells, the plate 

was incubated with P1NP labelled with biotin for 1 hour. Following a brief wash, 

horseradish peroxidase labelled avidin was administered to the wells, binding 

selectively to complexed biotin. The addition of a chromogenic substrate resulted in 

color development. After pipetting stop solution into the wells, the optical density of each 

well was analysed by using a microtiter plate reader. The intensity of the color was 

inversely proportional to the amount of P1NP present in the sample.  
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RANKL levels were measured using a solid phase enzyme-linked immunosorbent assay 

(ELISA) (R&D Systems, Inc, Minneapolis, USA) in mouse sera collected on day 30 of 

the intra-tibial PC3 tumor mouse model and performed according to the manufacturer’s 

instructions.  

A polyclonal antibody specific for mouse RANKL was coated onto the microtiter wells. 

Controls and samples were added to the wells and mouse RANKL was bound by the 

coated antibody. Following a washing step, an enzyme-linked antibody that uses mouse 

RANKL as antigen was pipetted into the wells. Following a washing step, a 

chromogenic substrate solution was administered to all wells, leading to color 

development. After adding stop solution, the absorbance of each well was determined 

by using a microtiter plate reader. The intensity of the color was proportional to the 

quantity of mouse RANKL bound by the coated antibody.  

 
 
 
 
2.8  Molecular Biology  

 

2.8.1  RNA Extraction  

 

Ribonucleic acid (RNA) isolation was conducted by using an extraction kit      

(innuPREP RNA Mini Kit; Analytik Jena AG, Jena, Germany) according to the 

manufacturer’s protocol.  

Lysis solution was added to the cell pellets and incubated for 5 minutes at room 

temperature. The genomic DNA was selectively bound and removed by centrifuging a 

spin filter for 2 minutes. A second centrifugation of a different spin filter caused selective 

binding of RNA onto the filter. After removing all contaminants by a washing step, pure 

RNA was eluted in RNase free water. The quality of the obtained RNA was verified by 

spectroscopy and on 1.2 % gel. RNA was stored at -80 °C to ensure its stability.  
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2.8.2  Reverse Transcription 

 

Reverse transcription (RT) is a process in which an RNA-dependent DNA polymerase 

(reverse transcriptase) produces single-stranded complementary DNA (cDNA) from a 

messenger RNA template. Physiological cellular transcription involves the synthesis of 

mRNA from DNA, thus, reverse transcription represents the reverse of this process. 

Single-stranded cDNA was produced by using total cellular RNA together with a reverse 

transcriptase enzyme, a short primer complementary to the 3’ end of the RNA, dNTPs 

and an RNase inhibitor. The resulting cDNA was then used for real-time quantitative 

reverse transcription PCR purposes.  

A RT reaction (Superscript III Reverse Transcriptase kit, Invitrogen, Carlsbad, CA, USA) 

basically includes the following steps: template RNA, an oligo (dT) primer and a reaction 

mixture containing dNTPs were combined in a 0.5 ml tube and then incubated at 65 °C 

for 5 minutes. Following a quick chill on ice, a cocktail of other components including 

reverse transcriptase and RNase inhibitor was added into each tube and heated at      

50 °C for 60 minutes. The enzyme-catalyzed reaction was inactivated by heating the 

mixture at 70 °C for 15 minutes. 

 
 
 
 
2.8.3  Real-Time Quantitative Polymerase Chain Reaction  

 

Real-time quantitative PCR is a method to multiply DNA or cDNA based on the 

principles of the standard PCR. It differs from the standard one in that it allows DNA 

concentrations to be determined in real time, i.e., after each cycle. PCR products can be 

quantified via a DNA-binding dye that fluoresces when it attaches to newly synthesized 

double-stranded DNA. As DNA templates augment during the PCR process, a detector 

measures the increase in fluorescence intensity. In this thesis, the DNA-binding dye 

SYBR Green (SYBR Green PCR Master Mix, Applied Biosystems, Foster City, CA) was 

used in combination with an iQ5 real-time PCR cycler (BioRad, Munich, Germany).  

The standard PCR method relies on multiple thermal cycles which are, in turn, 

composed of three steps: The first step (denaturation) includes heating of the reaction 

to approximately 95 °C to separate the double-stranded DNA template.                      
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The temperature is then reduced to permit annealing of the primer to the single-

stranded DNA molecule, so that the polymerase can bind to the primer and begin DNA 

formation. In the last step (elongation), the Taq polymerase adds complementary 

dNTPs at the 3’ end − at an optimum temperature of 72 °C − to synthesize a new DNA 

strand.  

 
 
 
 
2.9  Statistical Analysis  

 

All data were presented as mean ± SEM. Statistical analysis was performed using 

unpaired t-test (two groups) or one-way ANOVA (three or more groups). When multiple 

groups were compared by one-way ANOVA, the mean of the treatment groups was 

compared with the mean of the control group and a post hoc test using the Bonferroni 

method was employed to enable multiple comparisons. A p value < 0.05 was 

considered statistically significant. Statistical analysis was performed using GraphPad 

Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). 
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Chapter 3 

Results 

 
 
 
3.1 In Vitro Effects of Interleukin-6 and/or Tocilizumab on PTHrP Expression in 

PC3 Cells  

 

The prostate cancer cell line PC3 was incubated in vitro with human recombinant 

interleukin-6 (IL-6) for 24 hours to test whether IL-6 increases the production of the 

osteolytic factor PTHrP. Measurements by real-time quantitative reverse transcription 

PCR revealed that application of 200 ng/ml of IL-6 improved PTHrP mRNA expression 

2.3-fold in a highly significant manner; 100 ng/ml led to an almost 2-fold elevation of 

PTHrP synthesis (Fig. 3.1). Note that prior treatment of PC3 cells with the humanized 

IL-6 receptor antibody tocilizumab (200 µg/ml) totally blocked IL-6-induced changes and 

normalized tumor PTHrP output levels (Fig. 3.1). 

 
 

 

 

 

Fig. 3.1: In Vitro Effects of Interleukin-6 (IL-6) and/or Tocilizumab on Parathyroid 

Hormone-Related Protein (PTHrP) mRNA Expression.  

Treatment of PC3 cells with human recombinant IL-6 for 24 hours at different 

concentrations enhanced tumor cell PTHrP production (IL-6 100 = 100 ng/ml;              
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IL-6 200 = 200 ng/ml; Tmab + = 200 µg/ml). In contrast, prior treatment of PC3 cells 

with tocilizumab completely prevented IL-6-induced changes on PTHrP mRNA 

synthesis. Data are mean ± SEM (bars) and n = 5. ** denotes significantly different from 

controls (**, p < 0.01).   
 
 
 
 
3.2 In Vitro Effects of Interleukin-6 and/or Tocilizumab on RANK Expression in 

PC3 Cells  

 

To determine whether IL-6 supports cancer cell adaptation in bone by increasing tumor 

RANK expression, PC3 cells were treated in vitro with human recombinant IL-6 for      

24 hours. Administration of 100 ng/ml of IL-6 enhanced RANK mRNA formation 1.6-fold, 

while the concentration of 200 ng/ml of IL-6 resulted in a 2-fold rise of RANK mRNA 

production (p = 0.057) as measured by real-time quantitative reverse transcription PCR. 

Prior application of the IL-6 receptor antagonist tocilizumab reduced RANK mRNA 

synthesis by PC3 cells (Fig. 3.2).  

 

 

 

 

Fig. 3.2: In Vitro Effects of Interleukin-6 (IL-6) and/or Tocilizumab on Receptor 

Activator of Nuclear Factor Kappa B (RANK) mRNA Expression.  

Incubation of PC3 cells with human recombinant IL-6 for 24 hours at different 

concentrations increased neoplastic RANK mRNA synthesis (IL-6 100 = 100 ng/ml;    
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IL-6 200 = 200 ng/ml; Tmab + = 200 µg/ml). Prior treatment of PC3 cells with 

tocilizumab diminished the impact of IL-6 on RANK production. Data are mean ± SEM 

(bars) and n = 3.   
 
 
 
Zheng et al. have shown that in vitro co-cultures of RANKL-expressing osteoblasts and 

RANK-producing PC3 cells significantly enhance IL-6 output levels by cancer cells 

[131]. The above IL-6-RANK-related in vitro data now demonstrates that exogenously 

administered IL-6 is able to increase the expression of the cell surface receptor RANK 

in PC3 cancer cells. Since these cells secrete large quantities of IL-6 into their 

environment [80, 85], this cytokine could − in addition to its paracrine effect on RANKL 

synthesis in osteoblasts − upregulate RANK expression on cancer cells in an autocrine 

manner, sensitizing tumor cells to osteoblast-derived RANKL. This potential signaling 

pathway would involve IL-6, RANKL and RANK and might promote direct crosstalk 

between neoplastic and osteoblastic cells. 

We examined whether these mechanisms are actually present in vivo. Specifically, we 

wondered whether antagonizing autocrine IL-6 receptor signaling in the osteolytic 

prostate cancer cell line PC3 affects tumor growth in bone and in soft tissues by the 

signaling pathways described above.  

 
 
 
 
3.3  Effects of Tocilizumab on PC3-Induced Osteolytic Lesions 

 

To determine whether blockage of autocrine IL-6 signaling via the human IL-6 receptor 

antibody tocilizumab (Tmab) inhibits PC3-induced bone destruction and neoplastic 

growth in bone, PC3 tumor cells were injected into the tibiae of five-week-old male nude 

mice. Osteolytic lesions were assessed by radiographic and micro-CT analysis. The 

development of bone erosions was verified by X-ray images 10 days after tumor cell 

implantation and then evaluated on day 17, 24 and 30. Osteolytic lesions within bone 

corresponded to darkened areas on X-rays and are indicated by thick black arrows as 

seen in Fig. 3.3A.  

Over the course of 30 days, we found that tocilizumab, given at a dose of 50 mg/kg 

(body weight) one day prior to tumor cell inoculation and then every 3 days, significantly 



47 

 

reduced PC3-induced bone degradation at each time point of measurement (Fig. 3.3B). 

In detail, quantification of osteolysis at day 17 showed that blocking autocrine IL-6 

signaling significantly diminished the osteolytic area by 69 % compared to controls   

(Fig. 3.3B; control: 0.333 mm2, Tmab: 0.104 mm2; p < 0.05 vs. control). Over the 

following days, osteolytic foci continued to expand in both experimental groups as 

determined by plain X-rays at day 24 and day 30, however, the tocilizumab-treated 

group maintained significantly decreased osteolytic levels at each moment, with a 

reduction of 51 % at day 24 (Fig. 3.3B; control: 0.900 mm2, Tmab: 0.437 mm2; p < 0.05 

vs. control) and 48 % at day 30 compared to controls (Fig. 3.3B; control: 1.489 mm2, 

Tmab: 0.778 mm2; p < 0.05 vs. control). Representative micro-CT images from day 30 

clearly emphasize the different degree of bone destruction within the two groups      

(Fig. 3.3A). Note that zoledronic acid treated mice did not present visible lytic bone 

lesions on X-rays at any moment, so that osteolysis could not be measured (images not 

shown). 
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                        Day 17        Day 24                Day 30               Day30 

 

 B 

 

 

Fig. 3.3: Effects of Tocilizumab on Osteolysis in PC3 Cell Injected Tibiae of Nude 

Mice.  

(A) Representative X-ray images and micro-computerized tomography (µCT) analysis 

of osteolytic areas in tibiae of nude mice treated with placebo (control) or tocilizumab 

from day 17, 24 and 30. Tocilizumab was administered at a dose of 50 mg/kg one day 
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prior to intra-tibial tumor cell injection and then every 3 days. Darkened areas within 

bone on X-rays represent osteolytic sites and are indicated by thick black arrows.  

(B) Mean area of osteolytic lesions at day 17, 24 and 30 in tibiae of nude mice treated 

as mentioned above. Therapy with tocilizumab significantly decreased the enlargement 

of osteolytic spots at any time point of measurement compared to the control group. 

Data are mean ± SEM (bars) and n = 8 in each group of animals except for control 

group (n = 7), in which one mouse died during the experiment. * denotes significantly 

different from controls (*, p < 0.05).   
 
 
 
 
3.4 Effects of Tocilizumab and/or Zoledronic Acid on Tumor Area and Cortical 

Bone Area  

 

Representative hematoxylin and eosin-stained bone tissues illustrate the extent of 

tumor cell expansion in bone (Fig. 3.4A). Histomorphometric analysis revealed that 

treatment of nude mice with tocilizumab (Tmab) and/or zoledronic acid (ZA) significantly 

lowered tumor area while increasing cortical bone volume when compared to control 

animals (Fig. 3.4B and C). 

Treatment of animals with tocilizumab reduced the intra-tibial PC3 tumor area by 54 % 

in contrast to controls (Fig. 3.4B; control: 4.521 mm2, Tmab: 2.071 mm2; p < 0.05 vs. 

control). Administration of zoledronic acid diminished neoplastic expansion to a greater 

extent, demonstrating a 67 % decrease in tumor area versus PBS-treated controls (Fig. 

3.4B; control: 4.521 mm2, ZA: 1.472 mm2; p < 0.01 vs. control), however, statistical 

significance was not obtained compared to anti-IL-6 receptor therapy. Regarding 

cortical bone area analysis, therapy with tocilizumab showed a tendency to protect 

cortical bone from destruction by increasing its area up to 33 % versus untreated control 

mice (p = 0.13). Zoledronic acid treatment prevented the dissolving process of cortical 

bone more effectively, leading to a 57 % gain in cortical bone area compared to PBS-

treated animals (Fig. 3.4C; p < 0.01 vs. control). Combined therapy with tocilizumab and 

zoledronic acid reduced the tumor burden and protected cortical bone from breakdown 

compared to controls, however, no additive effects were revealed (Fig. 3.4B and C). 
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Fig. 3.4: Effects of Tocilizumab and/or Zoledronic Acid Treatment on Tumor Area 

and Cortical Bone Area.  

(A) Representative hematoxylin and eosin-stained sections of PC3 cell injected tibiae 

from nude mice treated with placebo (control), tocilizumab (Tmab), zoledronic acid (ZA) 

or both tocilizumab and zoledronic acid (Tmab + ZA). Tocilizumab (50 mg/kg) and 

zoledronic acid (100 µg/kg) were administered one day prior to tumor cell implantation 

and then every 3 days. Tumor foci are marked as T, whereas the bone marrow cavity is 

symbolized by BM (x 12.5 magnification).  

(B) Compared to controls, application of tocilizumab significantly reduced intra-tibial 

tumor spreading, however, mice treated with zoledronic acid exhibited a greater 
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reduction of tumor burden. Combined treatment with tocilizumab and zoledronic acid did 

not result in additive effects on tumor site reduction.  

(C) Tocilizumab therapy tended to protect cortical bone from degradation compared to 

controls. Administration of zoledronic acid revealed a stronger trend on cortical bone 

preservation, though statistical significance was not reached when compared to       

anti-IL-6 receptor treatment. Data are mean ± SEM (bars) and n = 8 in each group of 

animals except for control group (n = 7), in which one animal died during the 

experiment. * and ** denote significantly different from controls (*, p < 0.05; **, p < 0.01).   
 
 
 
 
3.5 Effects of Tocilizumab and/or Zoledronic Acid on PC3 Cell Apoptosis and 

Proliferation in Bone  

 

Ki-67 and TUNEL staining were used to evaluate apoptotic and proliferative cancer 

cells. In sections, positive stained PC3 cells were identified as brown colored cells   

(Fig. 3.5A).  

Histological quantification of TUNEL and Ki-67 stained cells showed higher apoptosis 

and lower proliferation rates in animals treated with tocilizumab and/or zoledronic acid 

(Fig. 3.5B and C). Anti-IL-6 receptor therapy with tocilizumab stimulated apoptosis in 

PC3 cells by 45 % (p = 0.07 vs. control; Fig. 3.5B) while zoledronic acid augmented the 

extent of TUNEL-positive tumor cells in a highly significant manner by 112 % (p < 0.01 

vs. control; Fig. 3.5B) compared to untreated control mice. Both tocilizumab and 

zoledronic acid led to a similar decline concerning the assessment of Ki-67-positive 

mitotic cells: tocilizumab decreased the amount of proliferating cancer cells by 44 %    

(p < 0.01 vs. control; Fig. 3.5C), whereas zoledronic acid reduced the number of 

propagating tumor cells by 51 % (p < 0.01 vs. control; Fig. 3.5C). Concurrent application 

of tocilizumab and zoledronic acid increased apoptosis and decreased proliferation of 

cancer cells compared to controls but additive effects on tumor cell apoptosis and 

proliferation were not observed (Fig. 3.5B and C). 

 

 

 

 

 

 



52 

 

   A 

 

   B                                         C 

 

 

Fig. 3.5: Histological Assessment of Apoptosis (TUNEL Staining) and 

Proliferation (Ki-67 Immunostaining) of Tocilizumab and/or Zoledronic Acid 

Treated Mice.  

(A) Representative TUNEL stained sections of PC3 prostate cancer cells in tibiae of 

nude mice treated with placebo (control), tocilizumab (Tmab), zoledronic acid (ZA) or 

tocilizumab and zoledronic acid (Tmab + ZA). TUNEL-positive apoptotic PC3 cells are 

identified as brown colored cells (x 400 magnification) as indicated by black arrows.  
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(B) The percentage of apoptotic cells was increased in all three treated groups 

compared to controls. Therapy with tocilizumab augmented the number of dying tumor 

cells, however, the degree of apoptotic cells was considerably more elevated in 

zoledronic acid treated mice. No additive effects were observed with combined 

treatments of tocilizumab and zoledronic acid.  

(C) All three medication groups reduced the amount of propagating cancer cells in a 

significant and similar manner compared to control animals. Data are mean ± SEM 

(bars) and n = 8 in each group of animals except for control group (n = 7), in which one 

animal died during the experiment. ** denotes significantly different from controls        

(**, p < 0.01).   
 
 
 
 
3.6 Effects of Tocilizumab and/or Zoledronic Acid on Osteoclast Numbers at the 

Tumor-Bone Interface  

 

TRAcP staining was chosen in order to assess osteoclast differentiation and activity at 

the tumor-bone interface. TRAcP-positive osteoclasts were identified as purple colored 

cells, as indicated by black arrows in Fig. 3.6A. 

Histological analysis revealed that tocilizumab and/or zoledronic acid treated animals 

displayed a significantly reduced number of TRAcP-positive osteoclasts compared to 

controls, indicating reduced osteolytic activity. Tocilizumab-treated animals showed     

25 % less osteoclasts compared to control mice (p < 0.01 vs. control; Fig. 3.6B), in 

which tibiae exhibited a dense accumulation of bone-resorbing cells, lining the inner 

bone surfaces in the vicinity of the tumor (Fig. 3.6A). Sections obtained from mice 

treated with zoledronic acid showed a considerable smaller amount of TRAcP-positive 

osteoclasts at the conjunction, resulting in a 60 % decrease relative to controls (p < 0.01 

vs. control; Fig. 3.6B). The combination of both medications tocilizumab and zoledronic 

acid produced results similar to those obtained with zoledronic acid treated animals 

(Fig. 3.6B). 
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Fig. 3.6: Effects of Tocilizumab and/or Zoledronic Acid on Osteoclast Numbers at 

the Tumor-Bone Interface.  

(A) Representative tartrate-resistant acid phosphatase (TRAcP) stained sections of 

osteoclasts in tibiae of nude mice treated with placebo (control), tocilizumab (Tmab), 
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zoledronic acid (ZA) or tocilizumab and zoledronic acid (Tmab + ZA). TRAcP-positive 

osteoclasts are identified as purple colored cells as indicated by black arrows               

(x 200 magnification).  

(B) All three treatment groups demonstrated a significantly lower density of TRAcP-

positive osteoclasts compared to controls, suggesting reduced bone destructive activity. 

Treatment with zoledronic acid or the combination of tocilizumab and zoledronic acid led 

to a greater decrease in osteoclast numbers than tocilizumab therapy alone. Data are 

mean ± SEM (bars) and n = 8 in each group of animals except for control group (n = 7), 

in which one animal died during the experiment. ** denotes significantly different from 

controls (**, p < 0.01).   
 
 
 
 
3.7 Effects of Tocilizumab and/or Zoledronic Acid on Serum TRAcP 5b,         

Serum P1NP and Serum RANKL Levels    

 

Circulating levels of tartrate-resistant acid phosphatase 5b (TRAcP 5b), procollagen 

type I N-terminal propeptide (P1NP) and receptor activator of NFκB ligand (RANKL) 

were measured to evaluate the degree of bone remodeling. These markers of bone 

turnover were determined in the sera of mice collected on day 30.  

TRAcP 5b is an enzyme that is secreted by bone-resorbing osteoclasts and represents 

a marker of bone resorption and osteoclast number [129]. Consistent with the finding of 

diminished osteoclast numbers in TRAcP stained sections, reduced systemic TRAcP 5b 

levels are detected in the sera of mice in response to tocilizumab and/or zoledronic acid 

treatment compared to controls, suggesting reduced numbers of osteoclasts and their 

function. More specifically, tocilizumab reduced serum TRAcP 5b levels by 28 %          

(p < 0.05 vs. control), zoledronic acid by 32 % (p < 0.01 vs. control) and the combination 

of both by 38 % (p < 0.01 vs. control; Fig. 3.7A).   

Another biomarker of bone metabolism reflects P1NP which is released by osteoblasts 

in the course of bone formation. The collected data demonstrated that the three 

treatment groups diminished the osteoblastic bone formation marker P1NP to a similar 

degree in contrast to controls. Due to the coupling process of bone resorption and bone 

formation, decreased osteoclastic activity results in diminished generation of 

osteoblasts and their bone-forming activity [19]. More accurately, tocilizumab diminished 

serum P1NP levels by 32 % (p < 0.05 vs. control), zoledronic acid by 36 %                   



56 

 

(p < 0.05 vs. control), whereas the combination of tocilizumab and zoledronic acid led to 

a 29 % reduction relative to controls (p = 0.06 vs. control; Fig. 3.7B).  

Serum RANKL levels were measured only in mice treated with tocilizumab. The IL-6 

receptor antagonist significantly lowered circulating RANKL levels by 53 % compared to 

controls (p < 0.05 vs. control; Fig. 3.7C), which corresponds with the reduced amount of 

TRAcP-positive osteoclasts as well as the decreased levels of serum TRAcP 5b seen in 

tocilizumab-treated mice.  

 
 

 A          B 

 

 C 

 

 

Fig. 3.7: Effects of Tocilizumab and/or Zoledronic Acid on Serum Tartrate-

Resistant Acid Phosphatase 5b (TRAcP 5b), Procollagen Type I N-terminal 

Propeptide (P1NP) and Receptor Activator of Nuclear Factor Kappa B Ligand 

(RANKL) Levels.  

(A) A solid phase immunofixed enzyme activity assay was used to measure serum 

TRAcP 5b levels in mice treated with placebo (control), tocilizumab (Tmab),    
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zoledronic acid (ZA) or tocilizumab and zoledronic acid (Tmab + ZA). The three 

treatment groups lowered systemic TRAcP 5b levels to a similar extent when compared 

to controls.  

(B) A competitive enzyme immunoassay (EIA) was employed to quantify circulating 

P1NP levels in mice treated as mentioned above. All three medications led to a similar 

systemic decrease in the bone formation marker P1NP when compared to controls.  

(C) A solid phase enzyme-linked immunosorbent assay (ELISA) was used to measure 

serum RANKL levels in mice treated with tocilizumab alone. Administration of 

tocilizumab significantly reduced systemic RANKL levels relative to controls, indicating 

decreased osteoclast numbers. Data are mean ± SEM (bars) and n = 6 in each group of 

animals. * and ** denote significantly different from controls (*, p < 0.05; **, p < 0.01).   

 
 
 
 
3.8  Effects of Tocilizumab on Intra-Tibial PC3 Tumor RANK Expression  

 

To further verify our in vitro data which showed that tocilizumab treatment reduced 

RANK mRNA synthesis in PC3 cells, immunohistochemical RANK staining of harvested 

bone tissues was performed (Fig. 3.8). The intensity of the brown dye correlates 

positively with tumor RANK production. As shown in the figure below, inhibition of 

autocrine IL-6 receptor signaling via tocilizumab largely reduced the strength of the 

brown stain compared to control mice, suggesting diminished RANK expression levels 

in intra-tibial PC3 tumors. Reduced in vivo RANK expression in response to tumor IL-6 

receptor blockage is in line with our in vitro RANK data.  
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Fig. 3.8: Immunohistochemical Staining of Receptor Activator of Nuclear Factor 

Kappa B (RANK) in Bone Metastatic PC3 Tumors.  

Representative RANK stained sections of PC3 tumors in tibiae of nude mice treated 

with placebo (control) or tocilizumab. The upper two images were magnified 100 times, 

the lower ones 400 times. The intensity of brown colored cells correlates positively with 

tumor RANK expression. The pictures illustrate that anti-IL-6 receptor therapy 

substantially decreased RANK production in PC3 cancer cells compared to untreated 

control mice.  
 
 
 
 
3.9  Effects of Tocilizumab on Subcutaneous PC3 Tumor Growth 

 

PC3 cells were inoculated subcutaneously at the flank of five-week-old male nude mice 

and treated for 58 days with tocilizumab (50 mg/kg/3days) to find out whether IL-6 

Control Tocilizumab 
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receptor blockage has direct anti-tumor effects, i.e., tumor inhibitory actions that are not 

mediated by the tumor microenvironment. Seven days after subcutaneous tumor cell 

implantation, all animals developed palpable tumors. Neoplastic progression was 

measured every 3 days and cancer volumes were calculated by applying a formula 

described in materials and methods. Tumor mass (g) was determined following 

euthanasia of mice at day 58.  

Compared to controls, therapy of mice with tocilizumab showed effects neither on tumor 

volume (Fig. 3.9A) nor on tumor mass (Fig. 3.9B), resulting in similar clinical tumor 

sizes. These outcomes indicate that blocking IL-6 receptor signaling in subcutaneous 

PC3 tumor lesions did not imply direct anti-tumor effects.  

 
 

  A                         B 

 

 
 

Fig. 3.9: Effects of Tocilizumab on Subcutaneous PC3 Tumor Growth.   

(A) Analysis of subcutaneous tumor volume of nude mice treated with placebo (control) 

or tocilizumab (Tmab). Animals received tocilizumab (50 mg/kg) one day prior to tumor 

cell implantation and then every three days. Compared to controls, 58 days of anti-IL-6 

receptor therapy had no effect on tumor volume (mm3).  

(B) Assessment of subcutaneous tumor mass of nude mice after 58 days of placebo or 

tocilizumab treatment. There is no difference in tumor mass (g) between the two groups 

after mice being sacrificed (p = 0.69). Data are mean ± SEM (bars) and n = 10 mice in 

each group.  
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3.10  Effects of Tocilizumab on Subcutaneous PC3 Tumor RANK Expression 

 

Immunohistochemical RANK staining in subcutaneous PC3 tumors was conducted in 

order to compare RANK expression levels with those of PC3 bone metastasis. IL-6 

receptor blockage appeared to have no effect on RANK synthesis in the subcutaneous 

mouse model, which contrasts with tocilizumab-induced inhibition of tumor RANK 

production in bone, indicating that the availability of bone cells is required to suppress 

RANK expression (Fig. 3.10).  

 
 

 

 

 

 
 

Fig. 3.10: Immunohistochemical Staining of Receptor Activator of Nuclear Factor 

Kappa B (RANK) in Subcutaneous PC3 Metastasis.  

Representative RANK stained sections of subcutaneously inoculated PC3 tumors in 

nude mice after 58 days of treatment with placebo (control) or tocilizumab. The two 

images are magnified 400 times. The strength of brown colored cells correlates with 

tumor RANK expression. No difference in intensity of the brown color was observed 

when comparing the two pictures, suggesting that tocilizumab had no effect on RANK 

synthesis in subcutaneous PC3 cancers. 

 

 

 

 

 

  

 

Control Tocilizumab 
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Chapter 4 

Discussion 

 

In the present study, we provide experimental evidence that cells of the osteoblast 

lineage communicate directly with prostate cancer cells by signaling through feed-

forward loops that enhance tumor growth in bone. These signaling pathways mediate a 

complementary growth-stimulating function within the classical vicious cycle of bone 

metastasis as well as cancer cell migration and include cytokines such as IL-6, RANKL 

and RANK.  

It is well accepted that the cytokine IL-6 acts within the bone microenvironment as an 

osteolytic factor by stimulating RANKL synthesis in osteoblast lineage cells. In the 

current study, we now demonstrate that autocrine IL-6 signaling in PC3 cells promotes 

RANK expression on the surface of these cells, sensitizing cancer cells to osteoblast-

derived RANKL. Subsequent direct crosstalk between RANK-bearing tumor cells and 

RANKL-expressing osteoblasts increases IL-6 output levels by PC3 cells. As IL-6 

stimulates RANK expression on neoplastic cells through autocrine IL-6 signaling and 

RANKL synthesis on osteoblasts via paracrine mechanisms, cancer-derived IL-6 

creates the conditions required for its own synthesis, closing a feed-forward loop 

involving IL-6, RANKL and RANK (Fig. 4.1). Disruption of these self-amplifying signaling 

pathways significantly diminishes metastatic prostate cancer growth in bone in a 

xenograft mouse model.  
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Fig. 4.1: IL-6/RANKL/RANK Autoamplification Loop Within the Classical Vicious 

Cycle of Bone Metastasis. 

The proposed novel autocrine and paracrine signaling pathways are indicated by light 

red and blue arrows. The vicious cycle of bone metastatic growth is symbolized by 

yellow arrows. Osteolytic PC3 cells secrete large amounts of interleukin-6 (IL-6) into 

their environment, which then binds to IL-6 receptors, activating cancer cells and 

osteoblasts. Autocrine IL-6 signaling in neoplastic cells via the membrane-bound    

(mIL-6R) and/or soluble IL-6 receptor (sIL-6R) increases the expression of receptor 

activator of nuclear factor kappa B (RANK) [marked as number 2 in the figure], whereas 

the paracrine signal results in elevated synthesis of receptor activator of nuclear factor 

kappa B ligand (RANKL) in osteoblasts [marked as number 1 in the figure]. Augmented 

RANKL levels can either bind to RANK-bearing and thus sensitized tumor cells, 

conveying further amplification of the IL-6/RANKL/RANK feedforward loop as well as 

cancer cell migration or stimulate osteoclastogenesis and thus the release of tumor-

promoting growth factors from the bone matrix. Autocrine IL-6 signaling in cancer cells 

also induces parathyroid hormone-related protein (PTHrP) production, enhancing 

cancer-induced bone breakdown. This illustration emphasizes the central role of the   

IL-6/RANKL/RANK triad within the framework of the “classical” vicious cycle of bone 

metastasis, stimulating bone erosion on the one hand, while mediating cancer cell 

migration on the other. Figure adapted from [59]. 
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Multiple studies have shown that the cytokine IL-6 augments RANKL expression in 

osteoblast lineage cells [39, 101, 132], whereas in vitro treatment of PC3 cells with 

RANKL stimulates IL-6 synthesis [119, 131], closing a direct feed-forward loop between 

RANKL and IL-6. Since RANK is the only known activating receptor to RANKL, one can 

conclude that in vitro treatment of these cells with RANKL interacts with RANK, affecting 

in concert PC3 IL-6 output levels. In fact, Armstrong et al. demonstrate that in vitro 

activation of RANK by RANKL upregulates IL-6 protein levels 4-fold in PC3 cells [119]. 

Accordingly, Zheng et al. report that treatment of PC3 RANK-knockdown cells with 

RANKL strongly decreases IL-6 synthesis compared to RANK-expressing PC3 cells 

[131]. In addition to the effect of IL-6 on osteoblastic RANKL expression, we wondered 

whether PC3-derived IL-6 is also able to stimulate autocrine RANK production which 

would sensitize tumor cells to direct RANKL-RANK interaction with the host bone 

microenvironment. This setting would in fact represent an effective tool of adaptation for 

tumor cells within its new environment, a mechanism occasionally designated as 

osteomimicry.  

To support our hypothesis, we show that IL-6 treatment induces RANK mRNA 

expression in vitro and that IL-6 receptor inhibition via tocilizumab reduces this effect. 

To examine the expression of RANK in vivo, immunohistochemistry from PC3-derived 

bone tumors was performed. There, we see a net decrease of tumor RANK production 

in tocilizumab-treated mice compared to controls, revealing that inhibition of autocrine 

IL-6 receptor signaling clearly affects tumor RANK synthesis in vivo. Moreover, we 

demonstrate that tocilizumab reduces circulating RANKL levels and osteoclast numbers 

in bone, which led us to formulate a refined model of the vicious cycle of bone 

metastasis: since autocrine IL-6 receptor inhibition in PC3 cells via tocilizumab results in 

reduced in vitro and in vivo tumor RANK expression levels, diminishing in concert with 

reduced serum RANKL levels the probability of a RANKL-RANK interaction between 

tumor and bone cells and therefore tumor-induced IL-6 production, it thus appears that 

the triad of IL-6/RANKL/RANK gives rise to a bone-specific feed-forward loop that 

results in a strong upregulation of all three parameters. In other words, autocrine IL-6 

signaling in PC3 cells increases tumor RANK expression and serves as a sensitizer for 

direct RANKL-RANK crosstalk with osteoblasts, leading to elevated tumor IL-6 output 

levels. As IL-6 also induces RANKL synthesis on osteoblasts via paracrine signaling, 

tumor-derived IL-6 creates the conditions required for its own synthesis, closing an     
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IL-6/RANKL/RANK-loop. This cytokine can thus be considered as a molecule that 

mediates direct communication between invading cancer and resident 

osteoblastic/stromal cells. According to this notion, antagonizing autocrine IL-6 receptor 

signaling in PC3 cells via tocilizumab disrupts this autoamplification loop by 

downregulating all three parameters.  

 

The growth-promoting effect of this molecular triad appears to be dependent on the 

presence of the bone microenvironment, since tocilizumab did not alter tumor growth in 

subcutaneous PC3 metastases. In line with our data, Zaki and coworkers found no 

difference in tumor volume and tumor weight compared to controls when they treated 

subcutaneous PC3 tumors in nude mice with the chimeric antibody siltuximab (CNTO 

328), a potent inhibitor of human IL-6 [133]. The cause for the apparent tissue-

dependent effect of IL-6 receptor inhibition could be attributed to the availability of 

RANKL. RANKL is present at high levels within the bone environment and is mostly 

derived from cells of the osteoblast lineage and activated T-cells [131]. Since athymic 

nude mice lack T-cells and since the cancer cells used in our studies do not synthesize 

RANKL [119], we conclude that RANKL is mainly expressed by osteoblasts in the 

setting of our studies. 

The significantly reduced availability of RANKL within the subcutaneous environment 

appears to be the key reason why tocilizumab failed to inhibit subcutaneous PC3 tumor 

growth: less RANKL results in less RANKL-RANK interaction and therefore in less 

tumor-derived IL-6 secretion which, in turn, leads to reduced autocrine RANK and 

paracrine RANKL production. The finding that tocilizumab had no effect on RANK 

expression in subcutaneous PC3 tumors indicates that the amplifying effect of this 

molecular triad does not operate in soft tissue metastases. The existence of RANKL 

within the surrounding tumor environment determines whether or not this 

autoamplification loop is brought into action. In short: If RANKL is absent,      this triad 

cannot be activated.  

Supporting data comes from Morrissey and colleagues who demonstrated in a murine 

model by immunohistochemical staining that IL-6 expression was far more pronounced 

in intra-tibial PC3 tumors compared to subcutaneous PC3 metastases. They also 

performed immunohistochemistry on samples of patients with bone and soft tissue 

metastases due to prostate cancer to analyze the production of IL-6. There, they 



65 

 

estimated the intensity of IL-6 staining in RANKL-rich bone lesions to be 51 times 

stronger than that of RANKL-poor soft tissue metastases [134]. These findings are 

consistent with previously published results reporting that the concentration of IL-6 is 

significantly elevated in patients with osseous metastasis compared to ones with soft 

tissue or without bone metastases [74, 135]. However, it is unclear whether tumor 

growth in soft tissues may be suppressed by tocilizumab in immune competent mice, in 

which activated T-cells may synthesize RANKL to enable the interaction between 

RANKL-RANK and IL-6 from implanted tumors [131]. 

 

The boost of tumor-derived IL-6 expression within bone via the proposed                     

IL-6/RANKL/RANK autoamplification loop has two major pathophysiological 

consequences: First, it mediates further bone destruction and secondly, the axis 

conveys migration of tumor cells and therefore metastatic cell behavior.  

 

1) The quintessence of the vicious cycle of bone metastasis is the assumption that 

tumor expansion in bone mainly depends on its ability to induce osteolysis. With the 

successful creation of this cycle, metastatic cancer cells ensure their own nutritive 

supply, enabling proliferation and cell survival. Increased bone catabolism 

represents the linchpin of neoplastic growth and therefore the major strategy of 

cancer cells to prosper in bone. Studies have shown that IL-6 fosters bone 

destruction via effects on the OPG/RANKL/RANK-system, in particular, by 

increasing RANKL expression on osteoblastic and stromal cells [35, 39, 101, 132]. It 

is worth mentioning that IL-6 also promotes the production of other osteolytic factors 

such as PTHrP [70, 136], IL-1 [102, 136] and COX2/PGE2 [70, 136, 137]. As a 

matter of fact, we demonstrate in this thesis that treatment of PC3 cells with human 

IL-6 upregulates PTHrP expression in vitro. PTHrP is a well-known osteolytic factor 

and plays a significant role in the process of bone cancer lesions. In breast cancer 

bone metastases, the prototype of osteolytic tumors, PTHrP appears to function as 

the main mediator of osteoclast activation and bone degradation through 

upregulation of RANKL and downregulation of OPG by osteoblasts [39, 138]. 

Likewise, IL-6 also enhances PGE2 expression and vice versa and PGE2 has been 

shown to amplify osteoclast formation by signaling through the RANKL/RANK/OPG 

pathway as well [137]. Studies suggest that IL-6 functions as the mediator of PGE2-



66 

 

induced suppression of OPG production by osteoblasts [72, 137]. Interestingly, 

RANKL-independent stimulation of bone resorption by IL-6 has also been 

postulated [103, 104]. The bottom line is that any of these IL-6-related mechanisms 

promotes tumor growth in bone by enhancing the vicious cycle of bone metastasis.  

 

2) Previous data have demonstrated that RANKL-RANK signaling activates a number 

of crucial transcription factors that control the formation of epithelial-to-

mesenchymal transition (EMT), osteomimicry as well as stem cell properties [139]. 

EMT is a physiological cellular program, normally involved in steps of 

embryogenesis and wound healing that tumor cells acquire to develop a migratory 

and invasive phenotype [37, 140]. Armstrong et al. have shown that RANK 

activation in PC3 cells via RANKL results in an upregulation of a cocktail of key 

genes involved in migration, chemotaxis and invasion, including IL-6, MMP-9, IL-1, 

TNF-alpha, GM-CSF, VEGF-A and members of the CXC chemokine family [119]. 

Similarly, RANKL-RANK signaling in a lymph node metastatic prostate cancer cell 

line (LNCaP) is capable of inducing a more aggressive cell behavior, resulting in 

increased cell motility, migration and invasion [139]. Moreover, the rich source of 

RANKL within bone may act as a “soil” factor to RANK-expressing tumor cells, 

facilitating the development of bone metastases [119, 141]. Accordingly, a high 

concordance of RANK-producing primary tumors and corresponding bone 

metastatic lesions has been reported [142]. In addition, blocking the RANKL-RANK 

signaling pathway in vivo via OPG significantly decreased osseous tumor burden in 

a melanoma model that does not trigger osteoclast activation [141]. This setting is 

interesting because it allowed Jones and coworkers to differentiate between direct 

effects of RANKL on tumor cells and indirect effects on osteoclasts. Since RANKL is 

not consumed for osteoclastogenesis in this setting, the results suggest that bone-

derived RANKL acts directly on RANK-expressing melanoma cells through 

activation of cell motility [119, 141]. As neoplastic cells apply physiological 

mechanisms, it is not surprising to find RANKL-induced cell migration in normal, 

non-transformed cells as well. As such, RANKL causes mature osteoclasts to 

migrate towards a RANKL source [141]. In this context, direct crosstalk between 

cancer cells and osteoblast lineage cells through RANKL-RANK interaction may 

mediate cytoskeletal changes, triggering directional motility of cancer cells.  
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From these thoughts, we can recognize that autocrine/paracrine IL-6 receptor signaling 

kills two birds with one stone, meaning that activation of these signals promotes bone 

resorption on the one hand, while conveying cancer cell invasion on the other. By 

upregulating RANKL on osteoblasts either by paracrine IL-6 signaling or through the 

release of PTHrP, neoplastic cells initiate and maintain bone destruction, assuring their 

nutritive supply and space for migrating cancer cells. As autocrine IL-6 signaling 

induces RANK, cancer cells are sensitized for RANKL-RANK-regulated cell migration, 

filling in the spaces bone-resorbing osteoclasts created. These effects go hand in hand 

and are complementary.  

As downstream signaling pathways of RANK are frequently involved in cell proliferation, 

one could assume that direct crosstalk increases cancer cell proliferation in bone, 

rendering tumor cells (more) independent from growth factors released during bone 

resorption. However, this mechanism does not seem to be operational since the 

combination with tocilizumab and zoledronic acid did not result in additive and/or 

synergistic effects in the course of our studies. In line with our interpretation, other 

research teams have reported that RANKL had no effect on proliferation or death on 

RANK-positive tumor cells [143]. It is thus important to understand that the proposed   

IL-6/RANKL/RANK axis forms a complementary and amplifying element for growth 

stimulation within the framework of the “classical” vicious cycle with bone resorption 

being the critical mediator influencing tumor growth. Direct crosstalk between tumor 

cells and osteoblasts might be of particular relevance during early stages of metastasis 

when local cell populations and cytokine concentrations are still low [59]. It may function 

as a mechanism to accumulate local IL-6 that initiates bone resorption to feed the 

incoming tumor “seed”. As this feedforward loop also mediates cancer cell migration, 

which accelerates tumor expansion in bone, direct crosstalk may represent a rationale 

for the observed increased growth kinetics of bone metastases at late stages of the 

disease. As the present study reveals that blocking RANKL-RANK interaction may offer 

a new therapeutic approach, it is of particular interest to notice that denosumab, a 

human monoclonal antibody to RANKL, represented a more effective therapy in a 

phase 3 study for the prevention of skeletal-related events in bone metastatic prostate 

cancer patients than zoledronic acid [144]. Our proposed mechanism of direct crosstalk 

between tumor cells and osteoblasts might be one factor amongst others why 
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denosumab is of greater clinical benefit as opposed to the current standard of care 

zoledronic acid. 

 

It should be mentioned, however, that the bisphosphonate zoledronic acid, compared to 

tocilizumab, represents a slightly more effective medication in reducing tumor burden 

and preserving bone structure. Comparing both drugs, two major differences are found: 

first, zoledronic acid is almost twice as potent in limiting osteoclast numbers at the 

tumor-bone interface, secondly, the bisphosphonate is about 1.5 times more effective in 

inducing cancer cell apoptosis. The first finding is not surprising. Zoledronic acid is a 

potent nitrogen-containing bisphosphonate and represents the standard therapy for 

patients with pathological bone loss, leading to a strong inhibition of bone resorption 

through induction of apoptosis in osteoclasts. The second result underlines the pivotal 

role of the growth factors released by bone resorption even in cancer survival and 

inhibition of apoptosis, yet, direct anti-tumor actions by zoledronic acid cannot be 

excluded. In fact, it has recently been suggested that zoledronic acid exerts direct anti-

tumor effects, however, an animal study of bone metastatic breast cancer cells 

conducted in our own laboratory indicated that nitrogen-containing bisphosphonates 

(exemplified by ibandronate) mediate their tumor inhibitory effects primarily through 

inhibition of bone resorption rather than direct cytotoxicity [108]. 

 

Combined treatment with tocilizumab and zoledronic acid did not result in additive 

and/or synergistic effects. The effects on tumor growth were associated with increased 

tumor cell apoptosis and decreased cell proliferation but no evident additive effects on 

tumor growth, apoptosis or proliferation rate were detected. The lack of additive effects 

with combination treatments indicates that both agents block PC3 cell tumor growth in 

bone by a common mechanism, and this occurs indirectly, predominantly through the 

inhibition of bone resorption. The indirect anti-tumor effects of tocilizumab can be 

explained with the disruption of our proposed bone-specific IL-6/RANKL/RANK loop, 

resulting in less osteoclast-mediated bone degradation and cancer cell migration. 

Moreover, tocilizumab failed to reduce tumor growth rates in subcutaneous PC3 

metastases, which leads to the conclusion that the antibody lacks direct anti-tumor 

effects in our study.   
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However, as these direct tumor inhibitory actions by tocilizumab cannot be ruled out 

completely, growth-stimulatory effects, such as improved proliferation and evasion of 

apoptosis in response to autocrine IL-6 signaling have to be taken into consideration. It 

has been shown that many cancer cells generate their own growth signals, decreasing 

their dependence on stimulation from the surrounding environment. Different groups 

have recently postulated that endogenously produced IL-6 by prostate cancer cells 

results in the acquisition of a growth advantage compared to non-IL-6 secreting parental 

cells [80-82]. Clinically, elevated and autocrine synthesis of IL-6 correlates with 

progression and metastasis of prostate cancer [145]. Since PC3 cells secrete large 

amounts of IL-6 and express the corresponding membrane-bound as well as soluble   

IL-6 receptor, it is generally assumed that this cytokine acts as an autocrine growth 

factor on these cells [81, 86].  

As tumor growth not only depends on the rate of cell proliferation but also on the rate of 

cell death, acquiring resistance to apoptosis is fundamental to cancer progression and a 

hallmark of probably all types of neoplasias [38]. Experiments show that IL-6 is capable 

of upregulating anti-apoptotic members of the Bcl-2 family, such as Mcl-1 [84] and    

Bcl-xL [85] in IL-6 secreting prostate cancer cell lines. In addition, IL-6 confers 

resistance to cytotoxic agent-induced apoptosis in PC3 cells [85, 86]. In the same way, 

IL-6 is a well-known inducer of paclitaxel resistance in breast cancer [89].  

According to this logic, simultaneous administration of tocilizumab and zoledronic acid 

should have acted synergistically because both drugs would block tumor growth by 

different mechanisms: zoledronic acid would inhibit tumor growth indirectly by 

suppressing osteoclast-mediated bone breakdown, while tocilizumab would inhibit 

cancer expansion directly by stimulating PC3 cell apoptosis and blocking cell 

proliferation. However, as IL-6 receptor inhibition showed neither additive effects in the 

combination with zoledronic acid in bone metastatic lesions nor did the medication 

alone reduce cancer spread in subcutaneous PC3 metastases, it remains very unlikely 

that tocilizumab mediates direct anti-tumor effects in our experiments.  

 

Over the past decade, neoplastic lesions have increasingly been considered as 

complex organs, which are composed of a heterogeneous amount of cancer cells and a 

stroma that includes immune cells, fibroblasts and endothelial cells, representing the 

“other half” of the tumor [37]. The role of the immune system in cancer progression 
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appears to be a double-edged sword, conveying anti-tumor effects on the one hand, 

while supporting its progression on the other. The multifunctional cytokine IL-6 has been 

shown to fulfill immune evasive functions by favoring the accumulation of regulatory     

T-cells (Tregs) [146], while constructing, in concert with other cytokines, a tumor-

stimulating TH17 immune response [147]. Since athymic nude mice exhibit a deficiency 

in T-cells, the effects mentioned above appear negligible in our study. However, it 

should be considered that although some components of the immune system are 

missing, B-cells, dendritic cells and granulocytes are all relatively intact, and that there 

is a compensatory increase in both natural killer cells (NK cells) and macrophages in 

nude mice [148]. The transcription factor STAT3 has been shown to function as a point 

of convergence for various oncogenic signaling pathways that is constitutively activated 

both in tumor and immune cells in the tumor environment [146]. As a STAT3 activator, 

IL-6 could function as immunological brakes in macrophages, NK cells and neutrophils 

by reducing their cytotoxic anti-tumor immune responses [146]. Increased STAT3 

activity also promotes the generation of immature dendritic cells in the tumor 

microenvironment [146]. Moreover, the recruitment of tumor-associated macrophages 

(TAMs) by IL-6 could propagate the development of a tumor-friendly environment: these 

cells mediate immunosuppressive functions [149] as well as trophic activities [149, 150] 

on cancer cells.  

NFκB represents another important transcription factor, which has been shown to be 

crucial for the initiation and progression of tumor-promoting inflammation [146]. This 

transcription factor can be activated by more than 150 stimuli and the pro-inflammatory 

cytokine IL-6 is one of them [151]. Studies have demonstrated that constitutively active 

NFκB within the inflammatory environment is linked to the upregulation of anti-apoptotic, 

pro-proliferative and angiogenic factors [146]. In addition, inflammatory mediators 

downregulate DNA repair pathways and cell cycle checkpoints, elevating the mutation 

rate within inflamed tissues 4-fold compared to normal milieus, hence contributing to the 

accumulation of random genetic alterations [152].  

The suppression of these immune-mediated tumor-stimulating effects through 

downregulation of tumor-derived IL-6 via tocilizumab might have contributed to 

decrease PC3 cancer growth in bone, however, it is unlikely that they played a major 

role due to T-cell deficiency. It is difficult to estimate the full extent of the function of IL-6 
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on tumor-promoting inflammation and immunoevasion because these issues remain 

mostly unresolved.  

 

 

We can recognize that the multifunctional cytokine IL-6 supports bone cancer 

metastasis in multiple ways and might thus represent an interesting target for drug 

therapy. To date, there exists no official data for the efficacy of tocilizumab in restraining 

the progression of prostate cancer bone metastasis. Our animal study represents to our 

knowledge the first evidence that this antibody retards the growth of osteolytic prostate 

cancer lesions. Since tocilizumab could inhibit autocrine and paracrine IL-6 receptor 

signaling in human bone metastatic disease, this antibody might in fact constitute a 

potential therapeutic agent.  

Even though bone metastases in prostate cancer display a predominantly osteoblastic 

appearance, osteolytic changes usually precede bone formation, and elevated bone 

breakdown remains a dominant feature of metastatic prostate cancer [56]. Inhibition of 

bone degradation with anti-resorptive medications has been shown to significantly delay 

skeletal-related events in patients with advanced prostate cancer, emphasizing the 

fundamental role of bone resorption in the growth even of osteoblastic metastases 

[131]. Therefore, findings from a predominantly osteolytic cancer cell line such as PC3 

are of clinical relevance for the treatment of osteoblastic tumors [131]. According to the 

literature, it is important to get at least a 50 % inhibition in tumor growth in mouse 

models in order to predict clinical responses in patients [148]. The presented thesis 

fulfills this demand, yet, the neutralizing antibody did not stop the osteolytic process. 

This is not unexpected. Other factors in addition to IL-6 are also involved in bone 

resorption and in fact, IL-6 maintains many reciprocal interrelations with other pro-

resorptive cytokines, forming a whole network in which they often act in synergism 

[153].  

 

As animal trials have limitations, any study in immunodeficient mice must consider 

several points when one attempts to extrapolate findings to other xenograft mouse 

models or even humans [154]. First, as we only used one osteotropic prostate cancer 

cell line in our studies, the results obtained cannot automatically be generalized for 

other osteolytic cancers and require further research to be confirmed. Secondly, it is 
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now well established that tumor cell lines can bear little resemblance to primary cancers 

[154], an important argument why many mouse xenotransplantation models are rarely 

predictive of a clinical response in patients. Thirdly, the mouse xenograft model may 

mimic certain steps of bone cancer metastasis but it does not represent the exact 

conditions in humans owing to species difference, course of progression and lack of 

immune responses.  

 

 

In summary, we have identified a self-amplifying signaling triad, involving IL-6, RANKL 

and RANK that drives prostate cancer growth in bone. Our results bring new insight into 

the pathogenic mechanisms of IL-6 in osteolytic prostate cancer bone metastasis, albeit 

further research needs to be done in order to elucidate and define the complex role of 

this cytokine. Future studies should aim to confirm a causal relationship between 

autocrine IL-6 receptor inhibition and reduced activation of the IL-6/RANKL/RANK triad 

and to further define the effects of IL-6 on the tumor microenvironment. In this context, it 

might be interesting to see whether specific blockage of IL-6 trans-signaling may differ 

from global inhibition of IL-6 activity. Overall, our findings demonstrate the importance of 

autocrine/paracrine IL-6 signaling in supporting prostate cancer growth in bone and 

provide a rationale for the concept that abrogation of this signal may represent a 

beneficial strategy for the treatment of patients with prostate cancer bone metastasis.  
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Chapter 5 

Conclusions and Future Directions 

 
 
 
The present study demonstrates that PC3 prostate cancer cells communicate directly 

with osteoblasts through a molecular triad that consists of IL-6, RANKL and RANK. This 

axis functions as a complementary autoamplification loop within the “classical” vicious 

cycle of bone metastasis driving prostate cancer cell growth in bone. The major aim of 

this study was to investigate how the cytokine IL-6 affects bone metastatic prostate 

cancer growth. To address this question, in vitro experiments and a rodent model of 

malignant bone as well as subcutaneous disease were employed.  

 

The goal was to investigate whether the tumor-promoting effects of IL-6 are due to 

direct actions on the tumor or to indirect effects mediated by the bone 

microenvironment. By comparing the anti-tumor effects of tocilizumab with zoledronic 

acid, either dosed alone or in combination, this thesis evaluates how inhibition of 

autocrine IL-6 receptor signaling impacts prostate cancer cell growth in bone. The 

subcutaneous xenograft murine model was used to answer the question whether 

tocilizumab shows direct anti-tumor effects, that is, if PC3 tumors respond to treatment 

without the presence of the bone microenvironment.  

The selected doses of tocilizumab were efficacious in significantly decreasing cancer 

expansion and bone breakdown in metastatic PC3 lesions compared to controls. The 

effects on tumor growth were associated with diminished cancer cell proliferation and 

increased tumor cell apoptosis. Regarding the effect on bone homeostasis, therapy with 

tocilizumab was associated with reduced parameters of bone resorption. The nitrogen-

containing bisphosphonate zoledronic acid also represents an effective medication plan 

to diminish neoplastic burden and to preserve bone structure and architecture. 

Zoledronic acid treated mice exhibited a similar decrease in overall tumor area and 

osteolysis. Higher doses of zoledronic acid were administered in order to assure 

profound inhibition of cancer-induced bone erosion and to distinguish between direct 

and indirect effects of IL-6 on tumor growth. Simultaneous application of tocilizumab 

and zoledronic acid did not result in additive and/or synergistic effects. 
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Decreased PC3 tumor growth in bone in response to tocilizumab treatment may have 

several causes: 

 

1) Inhibition of the vicious cycle of bone metastasis is very likely to be the main 

mechanism for the anti-tumor effects of tocilizumab. In this thesis, I present the 

following evidence to support this notion. 

 First, the triad of L-6, RANKL and RANK forms a self-amplifying signaling pathway 

within the bone microenvironment by which prostate cancer cells communicate 

directly with osteoblasts. Paracrine IL-6 signaling promotes RANKL expression on 

osteoblasts while the autocrine signal stimulates RANK synthesis on PC3 cancer 

cells, sensitizing neoplastic cells to direct RANKL-RANK interaction which, in turn, 

enhances tumor IL-6 output levels. Direct crosstalk between RANK-expressing 

cancer cells and RANKL-producing osteoblasts promotes PC3 cancer growth in 

bone by supporting tumor-induced bone resorption and cancer cell migration. 

Treatment with tocilizumab interrupts this autoamplification loop by downregulating 

tumor RANK expression. Less RANK results in less RANKL-RANK interaction 

between osteoblasts and tumor cells and therefore in less tumor-derived IL-6 

secretion. The IL-6/RANKL/RANK axis can thus be interpreted as an additional 

signaling pathway within the “classical” vicious cycle of bone metastasis.  

 Secondly, autocrine IL-6 signaling increases PTHrP synthesis in PC3 cells in vitro 

and tocilizumab reverses this effect, offering an indirect mechanism by which IL-6 

promotes osteoclastic bone destruction through the release of a well-known 

osteolytic factor.  

 

2) Direct anti-tumor effects by tocilizumab may have participated to reduce tumor 

proliferation. However, since the combined treatment of tocilizumab and zoledronic 

acid did not result in additive and/or synergistic effects, direct cancer inhibitory 

actions by tocilizumab do not appear as a reasonable explanation. Moreover, 

tocilizumab therapy failed to decrease neoplastic growth rates in a subcutaneous 

xenograft mouse model, strongly suggesting that abrogation of autocrine IL-6 

receptor signaling lacks direct anti-tumor effects at the doses tested. Apparently, 

tocilizumab requires the presence of the bone microenvironment to mediate its anti-

tumor actions. This assumption leads to the conclusion that the tumor inhibitory 
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effects of tocilizumab are conveyed mainly indirectly, namely by the inhibition of 

communication between cancer and bone cells, nevertheless, direct anti-tumor 

effects cannot be ruled out completely.  

 

3) The inhibition of immune-mediated tumor-promoting effects by IL-6 may have 

contributed to retarding tumor expansion in bone. The multifunctional cytokine IL-6 

has been shown to support cancer-promoting inflammation [146, 147, 152] as well 

as evasion from anti-tumor immune responses [146]. As PC3 bone metastases 

were established in athymic nude mice that lack T-cell-mediated immune reactions, 

it is unlikely that these anti-tumor effects had a significant impact in this study, 

however, it is difficult to estimate the full extent of the effects of IL-6 on these issues 

because they remain to be investigated.  

 

 

Further studies are required to define the complex role of IL-6 in the tumor 

microenvironment and to confirm a causal relationship between autocrine IL-6 receptor 

inhibition and reduced activation of the IL-6/RANKL/RANK triad. In this context, it might 

be interesting to see whether specific blockage of IL-6 trans-signaling may differ from 

global inhibition of IL-6 activity. Collectively, our results bring new insight into the 

pathogenic mechanisms of IL-6 in prostate cancer bone metastasis. In this thesis, I 

have shown the importance of autocrine and paracrine IL-6 signaling in supporting 

prostate cancer growth in bone and the findings provide a rationale for the concept that 

abrogation of this signal may represent a beneficial future strategy for the treatment of 

patients with prostate cancer bone metastasis. Taken together, this thesis represents a 

comprehensive investigation of the tumor-promoting role of IL-6 in the pathogenesis of 

osteolytic bone metastasis due to prostate cancer.  
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