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Abstract 

The impact of metabolic stress induced by obesity on the bone marrow niche during 

melanoma growth and metastasis is largely unknown. Here we employed diet induced 

obese mouse models, where mice received high-fat (HFD) or normal diet (ND) for 6 

weeks before challenge with B16F10 melanoma cells. Tumor size, bone loss and 

osteoclast numbers were assessed histologically in the tibial bones. For defining the 

molecular pathway, osteopontin (OPN) knock-out mice, interleukin (IL) 6 neutralizing 

antibody or Janus kinase (JAK) 2 inhibition was carried out in the same model. 

Mechanistic studies such as adipocyte-melanoma co-cultures for defining adipocyte 

induced changes of tumor cell proliferation and expression profiles were also performed. 

Moreover, bone marrow derived monocyte-melanoma co-cultures were set up to define 

circulating factors present in HFD mice induced activation of osteoclasts. In addition, 

the effects of systemic factors from HFD mice on B16F10 melanoma cells were also 

evaluated in vitro. As results, HFD enhanced melanoma burden in bone by increasing 

tumor area and osteoclast numbers. This process was associated with higher numbers of 

bone marrow adipocytes expressing IL-6 in direct vicinity to tumor cells. Inhibition of 

IL-6 or of its downstream signalling JAK2 blocked HFD-induced tumor progression. In 

addition, circulating factors present in HFD mice enhanced melanoma cell proliferation 

and migration, activated nuclear factor-κB (NF-κB) signalling, and upregulated its 

downstream targets, such as chemokine (C-X-C motif) ligands (CXCLs) and adhesion 

and angiogenesis molecules in melanoma cells in vitro. The phenotypic changes of 

melanoma cells triggered macrophage and osteoclast accumulations accompanied by 

increased osteopontin expression and CD31+ cells in the bone melanoma niche. In 

addition, melanoma cells pre-treated with HFD serum increased osteoclastogenesis in 

an OPN dependent manner in vitro. Furthermore, OPN triggered osteoclastogenesis and 

also exerted a positive feedback loop to tumor cells, which was abrogated in its absence 

in vivo and in vitro. Moreover, melanoma cells became more “aggressive” in the 

presence of bone marrow adipocytes, whereas the latter underwent a dedifferentiation 
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process into preadipocytes with upregulation of CXCLs and pro-inflammatory genes. 

Therefore, the bone marrow adipocytes, macrophages/osteoclasts and CD31+ cells 

constitute a stroma rich environment for melanoma cells in the bone marrow by HFD. 

Metabolic stress by HFD promotes melanoma cell growth in the bone marrow niche by 

an increase in IL-6-JAK2-osteopontin mediated activation of tumor cells and osteoclast 

differentiation. 
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Zusammenfassung 

Der Einfluss von metabolischem Stress auf die Knochenmarks-Nische während des 

Melanomwachstums und der Metastasierung ist weitestgehend unbekannt. In der 

vorliegenden Studie verwendeten wir daher ein Diät-induziertes Adipositas-Modell, bei 

dem Mäuse für sechs Wochen entweder mit normaler Diät (ND) oder Hochfett-Diät 

(HFD) gefüttert wurden. Im Anschluss wurde den Tieren B16F10 Melanomzellen 

induziert und die Tumorgröße, der Knochenverlust und die Osteoklasten-Zahl 

histologisch in den Tibiaknochen analysiert. Um den molekularen Signalweg genauer 

zu bestimmen wurde dieses Modell zusätzlich auch noch in Osteopontin-defizienten 

Mäusen sowie unter der Verwendung von Interleukin-6 neutralisierenden Antikörpern 

und Janus Kinase (JAK) 2 Inhibitoren durchgeführt. Zudem wurden in mechanistischen 

Studien, wie etwa der Co-Kultur von Adipozyten und Melanomzellen, Veränderungen 

im Tumor-Wachstum und dem Expressionsprofil untersucht. Darüber hinaus wurden 

Co-Kulturen von aus dem Knochenmark stammenden Monozyten und Melanomzellen 

angesetzt um zirkulierende Faktoren zu identifizieren, die unter der HFD zur 

Aktivierung von Osteoklasten führten. Der Effekt systemischer Faktoren der HFD auf 

B16F10 Melanomzellen wurde in vitro untersucht. Die HFD erhöhte die Tumorlast im 

Knochen durch eine vergrößerte Tumorfläche und eine erhöhte Osteoklasten-Zahl. 

Dieser Prozess war zudem mit mehr IL-6 exprimierenden Adipozyten in direkter Nähe 

zu den Tumorzellen verbunden. Inhibierung von IL-6 oder der IL-6 induzierten 

Signalprozesse durch JAK2-Blockade hemmte die HFD-induzierte Tumorprogression. 

In vitro Versuche zeigten, dass zirkulierende Faktoren in Mäusen unter HFD die 

Proliferation von Melanomzellen verstärkten und deren Migration aktivierten. 

Weiterhin wurden eine Aktivierung des NF-κB-Signalweges und die Hochregulation 

von NF-κB-Zielgenen beobachtet. Darunter befanden sich chemokine (C-X-C motif) 

ligands (CXCLs) und Gene, welche die Adhäsion und Angiogenese betreffen. Die 

phänotypischen Veränderungen der Melanomzellen führten zur Akkumulation von 

Makrophagen und Osteoklasten und waren mit vermehrter Osteopontin-Expression und 
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mehr CD31-positiven Zellen in der Knochen-Melanoma-Nische verbunden. Weiterhin 

erhöhten Melanomzellen, die mit dem Serum von Mäusen unter HFD inkubiert wurden, 

die Osteoklastogenese auf eine OPN-abhängige Art und Weise in vitro. Darüber hinaus 

löste OPN Osteoklastogenese aus und induzierte einen positiven 

Rückkopplungskreislauf auf Tumorzellen, welcher in Abwesenheit von OPN sowohl in 

vitro als auch in vivo ausblieb. Weiterhin wurden Melanomazellen „aggressiver“ in der 

Gegenwart von Knochemarks-Adipozyten, wobei Letztere eine Differenzierung zu Prä-

Adipozyten unterliefen und CXCLs sowie inflammatorische Gene heraufregulierten. 

Wir schließen daraus dass Adipozyten, Makrophagen/Osteoklasten und CD31-positive 

Zellen eine Umgebung darstellen, die das Melanomwachstum in der Knochenmarks-

Nische unter dem Einfluss einer HFD fördern. Der metabolische Stress, der durch die 

HFD ausgelöst wird, fördert dabei das Melanomwachstum durch eine erhöhte Zahl an 

Knochemarks-Adipozyten und IL-6-JAK2-OPN abhängige Aktivierung von 

Tumorzellen und Osteoklasten.  
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1 Introduction 

1.1 Obesity as risk factor for cancers 

1.1.1 Obesity is one major epidemic factor of the 21st century worldwide 

Obesity is one major epidemic factor of the 21st century (Kaidar-Person et al., 2011). A 

basic cause for overweight and obesity is the energy imbalance between calories 

consumed (by eating) and calories expended (by exercise and everyday living) 

(Organization, 2015). Currently, overweight and obesity assessment and classification 

are dependent on a scale known as the body mass index (BMI), which is determined as 

weight (in kilograms) divided by height (in meters) squared. In 2014, around 39% of 

the world adult population (aged 18+) was overweight (BMI ≥ 25 kg/m2) divided for 

39% of men and 40% of women; and 13% was obese (BMI ≥30 kg/m2) (11% of men 

and 15% of women) resulting from analysis of the Global Health Observatory (GHO) 

data. In addition, overweight and obesity is occurring in children with younger ages 

(Hurt et al., 2010; Mitchell et al., 2011; Organization, 2015; Wu, 2006). For example, 

the World Health Organization (WHO) estimates that 42 million children under the age 

of 5 of the world were overweight or obese in 2013(Organization, 2015). Moreover, the 

prevalence of overweight and obesity in developing countries continues to soar 

(Organization, 2015; Wu, 2006). The alarming increase in obese and overweight 

population posed a major public health issue worldwide, because overweight and 

obesity increase the risk of several serious chronic diseases, including certain forms of 

cancer (WHO and Consultation, 2003). 

1.1.2 Obesity as a risk factor for malignant melanoma development and 

progression 

Cancer is another epidemic factor of the 21st century (Kaidar-Person et al., 2011). It has 

been estimated that around 20% of all cancers are due to excess weight (Berrington de 

Gonzalez et al., 2010; Calle et al., 2003; De Pergola and Silvestris, 2013; Wolin et al., 
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2010). Fortunately, obesity, like tobacco, is a preventable cause of cancer (Organization, 

2015). Obesity is linked to cancer susceptibility, including malignant melanoma 

(MM)(Antoniadis et al., 2011; Berrington de Gonzalez et al., 2010; Calle et al., 2003; 

De Pergola and Silvestris, 2013; Kaidar-Person et al., 2011; Louer et al., 2012; Mitchell 

et al., 2011; Sergentanis et al., 2013; Wolin et al., 2010). However, the biological 

mechanisms are not fully understood (De Pergola and Silvestris, 2013). To explain this, 

several hypotheses were proposed, such as hyperinsulinemia or insulin resistance, 

adipose tissue dysfunction with excess amounts of estrogen, adipokines, and 

inflammatory molecules production, oxidative stress, hypoxia and involvement of 

nuclear factor kappa beta (NF-κB) signalling in adipose tissue, shared genetic 

susceptibility, and altered immune function (Antoniadis et al., 2011; Berrington de 

Gonzalez et al., 2010; Calle et al., 2003; De Pergola and Silvestris, 2013; Kaidar-Person 

et al., 2011; Louer et al., 2012; Mitchell et al., 2011; Sergentanis et al., 2013; Wolin et 

al., 2010). Among these hypotheses, the dysfunctional adipose tissue is highlighted as 

the central player in the increased susceptibility of cancers (Bluher, 2013; de Ferranti 

and Mozaffarian, 2008; Diedrich et al., 2015; Iyer et al., 2010; Kloting and Bluher, 2014; 

Nieman et al., 2013; Nikki A. Ford, 2013; van Kruijsdijk et al., 2009), including 

melanoma(Brandon et al., 2009; De Pergola and Silvestris, 2013; Dennis et al., 2008; 

Institute, 2012; Mori et al., 2006; Nieman et al., 2013; Nikki A. Ford, 2013; Odenbro et 

al., 2007; Sergentanis et al., 2013; Shors et al., 2001; Veierod et al., 1997). 

Melanoma is a skin neoplasm disorder, arising from transformed and uncontrolled 

proliferation of melanocytes. Melanoma is one of the most aggressive cancers. Even 

though melanoma accounts for only 4% of all skin cancers, melanoma contributes to 

around 75% of deaths from skin cancer (Maryland, 2003 ). Moreover, the incidence of 

melanoma is rising faster than any other malignancy worldwide (Bataille, 2009 -a; 

Foundation., 2015). 

The well-known risks of melanoma include sun exposure, dysplastic nevi, age, race, 

personal or family history of melanoma, and immune suppression so on (Bataille, 2009 
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-b; Chen et al., 2013; Foundation., 2015). In recent, obesity as a risk for melanoma was 

increasingly attracted much attention in the field of melanoma research. Indeed, 

epidemiological, clinical and experimental studies have shown that over nutrition 

leading to adipose tissue expansion increases the risk of melanoma (De Pergola and 

Silvestris, 2013; Dennis et al., 2008; Institute, 2012; Mori et al., 2006; Nieman et al., 

2013; Nikki A. Ford, 2013; Odenbro et al., 2007; Sergentanis et al., 2013; Shors et al., 

2001; Veierod et al., 1997), melanoma cell growth (Amjadi et al., 2011; Brandon et al., 

2009; Kwan et al., 2014), distant metastasis (Jung et al., 2015; Kushiro et al., 2012; Mori 

et al., 2006), and resistance to chemotherapy and targeted therapy(Chi et al., 2014), and 

worsens its prognosis (Dennis et al., 2008; Pandey et al., 2012). In addition, obesity is 

associated with a state of chronic systemic inflammation (Institute, 2012; Kwan et al., 

2014; van Kruijsdijk et al., 2009), which may presents a critical role of inflammation in 

skin carcinogenesis and progression (Maru et al., 2014; Melnikova and Bar-Eli, 2009). 

Therefore, a better understanding of how obesity contributes melanoma initiation and 

progression could help us to beat this devastating disease. 

1.2 Dysfunctional adipose tissue and adipocytes in obesity and their implications 

in melanoma growth and metastasis 

1.2.1 Dysfunctional adipose tissue and adipocytes in obesity 

Metabolic stress induced by obesity is characterized by the hypertrophic expansion of 

adipose tissue, and in consequence dysfunction of this tissue. In obese setting, activation 

of some transcription factors (TFs) were observed in adipocytes or stromal cells, which 

mainly include NF-κB, signal transducer and activator of transcription 3 (STAT-3), 

hypoxia-inducible factor-1 alpha (HIF-1α) (He et al., 2011; Jiang et al., 2013). These 

TFs induce inflammatory gene targets, such as prostaglandins, cyclooxygenase-2 

(COX-2), cytokines (tumor necrosis factor- alpha (TNF-α), interleukin (IL)-1, IL-6), 

chemokines (CXC-chemokine ligands (CXCLs)) and chemokine receptors, and in 

consequences trigger a chronic “low-grade” inflammatory response to obesity 

(Greenberg and Obin, 2006; Kabir et al., 2014). The inflammatory microenvironment 
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in adipose tissue can predispose individuals to develop metabolic syndromes, including 

type 2 diabetes mellitus (T2DM) and cardiovascular disease(Gregor and Hotamisligil, 

2011; Jung and Choi, 2014; Lumeng and Saltiel, 2011). And the chronic inflammatory 

state was regarded as critical mediators for both obesity and cancers (Bald et al., 2014; 

Jung et al., 2015; Malvi et al., 2015; Maru et al., 2014; van Kruijsdijk et al., 2009). Also, 

the unique influence of adipose tissue providing systemic endocrine factors, such as 

adipokines and pro-angiogenic factors, favor both melanoma initiation and progression 

(Nieman et al., 2011; Park et al., 2014; Rivera-Gonzalez et al., 2014).  

1.2.2 Dysfunctional adipocytes are involved in malignant melanoma initiation and 

metastasis 

Though, adipocytes were long thought to act as reservoirs for storage of excess energy 

as lipid, they could also involve in natural cancer history (Tan et al., 2011). In skin, 

adipocytes exist in a specialized dermal depot and display dynamic changes in number 

and size during tissue homeostasis (Kruglikov et al., 2016; Rivera-Gonzalez et al., 2014). 

Recent studies revealed, that the dermal adipocytes is closely associated with the hair 

cycle, wound healing following injury, and aging in skin(Rivera-Gonzalez et al., 2014). 

Due to the anatomical structure of adipocytes in skin, crosstalk between melanocytes 

and adipocytes are likely necessary to melanoma initiation and progression (Figure 1.1). 

 

Figure 1.1 A mouse model for skin cancers including melanoma initiation and progression. 

Carcinogen induces specific mutations in cell of the epidermis or in melanocytes (red) to become 

Adipocytes 
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transformed skin cells, which can give rise to benign tumors. They can eventually develop into invasive 

carcinoma or melanoma, and metastasize to other organs such as lymph nodes, brain, lung and bone. 

Dermal adipocytes are likely necessary to melanoma initiation and progression. Inflammatory cells are 

shown as blue dots. (Adapted from Lee Sherman in 2011 on http://oregonstate.edu/terra/2011/10/how-

tumors-begin/, Illustration: Indra laboratory)  

Indeed, melanoma cells invade dermal compartment that are rich with adipose tissue, 

where adipocytes function as endocrine cells to critically shape their microenvironments 

and contribute to cancer development and progression (Kwan et al., 2014). In addition, 

peritumor adipose tissue may be a source of angiogenic factors for melanoma 

progression (Alasvand et al., 2015; Wagner et al., 2013). Like other cancers in 

adipocyte-rich soft tissue, such as the breast, adipocytes also interact dynamically with 

melanoma cells and induce tumor cell growth, invasion and metastasis(Bochet et al., 

2011; Chi et al., 2014; Coelho et al., 2015; Jung et al., 2015; Kushiro et al., 2012; Kwan 

et al., 2014). 

1.2.3 Adipocytes as a major component of the tumor stroma/environment 

Melanoma like other solid tumors are generally composed of two major components: 

heterogeneous malignant cells and non-malignant stromal part (Inada et al., 2015; 

Kucerova and Skolekova, 2013). It is now clear that stromal cells in tumor 

microenvironment play an important role in cancer development and progression (Inada 

et al., 2015; Mao et al., 2013). In adipocyte-rich tissue, such as breast, omentum and 

dermal depot, the adipocytes surrounding tumors are one major component of the tumor 

stroma, and act as one of the tumor-promoting cell types(Bochet et al., 2013; Dirat et 

al., 2011; Mao et al., 2013; Nieman et al., 2011; Pollard, 2004; Tan et al., 2011), besides 

fibroblasts and macrophages(Pollard, 2004). 

Mechanistically, the tumor-associated adipocytes contribute to tumor growth by acting 

as an energy source for the embedded cancer cells(Mao et al., 2013; Nieman et al., 2011; 

Park et al., 2014; Sturtz et al., 2014; Wagner et al., 2013). For supporting this point, 

metastatic cancer cells, including melanoma, can recruit adipocyte progenitors into the 

stromal vascular fractions(Zhang et al., 2009b), and further enhance adipogenesis by 
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their soluble factors, e.g. IL-8, and bone morphogenetic protein (BMP) 4(Hirano et al., 

2008; Wong et al., 2014; Zhang et al., 2009b). The enhanced adipocytes are probably 

able to recruit fibroblasts and macrophages (Kwan et al., 2014; Rivera-Gonzalez et al., 

2014). In obese states, dysfunctional adipose tissue and adipocytes promote tumor 

growth and metastasis by functioning as an endocrine organ, through secretion of 

signalling molecules, such as leptin(Brandon et al., 2009), IL-6(Dirat et al., 2011), and 

IL-8(Nieman et al., 2011), for tumor cells(Park et al., 2014). Thus, adipocytes play an 

important role in promoting cancer development and progression. 

1.2.4 Cancer-associated adipocytes (CAAs) 

Indeed, melanoma cells are closely aligned with adipose tissue (Kwan et al., 2014; 

Wagner et al., 2013). The reciprocal interactions between adipocytes and tumor cells 

may are essential for melanoma development and progression(Park et al., 2014; Wagner 

et al., 2013), and that might be amplified in obese individuals(Dirat et al., 2011; Park et 

al., 2014; Tan et al., 2011; Wagner et al., 2013). Invasive cancer cells induce phenotypic 

and functional modifications of tumor surrounding adipocytes, such as loss of 

adipogenic markers, upregulated expression of inflammatory cytokine and protease 

genes, and enhanced release of free fatty acids(Dirat et al., 2011; Nieman et al., 2011; 

Park et al., 2014; Tan et al., 2011; Wagner et al., 2013). Due to the dramatically changes 

in phenotype and specific biological features, tumor surrounding adipocytes are also 

named cancer-associated adipocytes (CAAs) (Figure 1.2)(Dirat et al., 2011; Nieman et 

al., 2011; Park et al., 2014; Tan et al., 2011; Wagner et al., 2013). Importantly, all 

changes occurring in adipocytes support aggressive tumor growth and 

invasiveness(Dirat et al., 2011; Nieman et al., 2011; Park et al., 2014; Tan et al., 2011; 

Wagner et al., 2013). In addition, adipocytes also undergo apoptosis or necrosis in 

tumors setting, which recruits and activates macrophages, contributing to tumor-

associated inflammation (Wagner et al., 2013).  
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Figure 1.2 Cancer associated adipocytes. Crosstalk between cancer-associated adipocytes and cancer 

cells within the tumour microenvironment is crucial for creation of a niche that is permissive for cancer 

cell growth and metastasis. Cancer cells stimulate lipolysis in adipocytes, which leads to delipidation and 

acquisition of a fibroblast-like phenotype in adipocytes. These alterations in cancer-associated adipocytes 

are associated with functional changes in the cells, such as loss of adipogenic markers, increased secretion 

of inflammatory cytokines and proteases, and increased release of free fatty acids, all of which support 

aggressive tumor growth and invasiveness. (Park J, et al. Nat Rev Endocrinol. 2014 Aug; 10(8): 455–465. 

doi: 10.1038/nrendo.2014.94 ) 

1.2.5 CAAs contribute to alter cancer cells metabolism 

Tumor cells can actively direct the metabolism of tumor stromal cells, by transferring 

high-energy metabolites such as lactate, ketones, glutamine and fatty acids to cancer 

cells (Park et al., 2014). The adipocyte-rich tissue surrounding tumor cells provides an 

easily accessible reservoir of lipids (Park et al., 2014). The phenotypic transition of 

CAAs is likely to reflect the high energy requirements of cancer cells (Park et al., 2014).  

Indeed, melanoma cells differentially express genes regulating lipid metabolism during 

melanoma progression (Kwan et al., 2014; Sumantran et al., 2015). Like fatty acid-

binding protein 4 (FABP4) in ovarian cancers and prostate cancers, FABP7 is involved 

in lipid metabolism and is associated with proliferation and invasion of melanoma cells 

(Slipicevic et al., 2008). Recent studies showed that acquisition of a lipogenic phenotype 

in melanoma promotes tumorigenesis and progression (Kwan et al., 2014; Sumantran et 

al., 2015). Indeed, CAAs provide fatty acids to melanoma cells and stimulate melanoma 

growth via thymoma viral proto-oncogene 1 (Akt) signalling pathway (Kwan et al., 
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2014). In addition, fatty acid synthase (FASN) expression is a reliable prognostic marker 

for human melanomas (Innocenzi et al., 2003; Malvi et al., 2015). 

Glucose transport proteins (Glut), including Glut1-4(Huang and Czech, 2007), 

participate the process of glycolysis in melanoma cells (Bedogni and Powell, 2009; Ito 

and Suda, 2014; Kwan et al., 2014; Wang et al., 2016). Enhanced glycolysis, which is 

highly related to hypoxia and the transcription factor HIF-1α (Bedogni and Powell, 2009; 

Hall et al., 2013; Hersey et al., 2009; Ito and Suda, 2014; Robey et al., 2005), is another 

distinctive feature of melanoma. In obese states, adipocyte-rich tissues such as the skin 

are hypoxic, which provide a permissive microenvironment for melanocyte 

transformation and melanoma development (Robey et al., 2005). Thus, cellular 

interactions between the stroma and melanocyte cells may provide key signals for 

melanocytes to exit from a quiescent state, and progression (Bedogni and Powell, 2009). 

1.3 The development and progression of bone metastasis 

1.3.1 Osteolytic bone metastasis and skeletal-related events 

Melanoma cell metastasis is the primary cause of deaths of melanoma patient(Tas, 

2012), which can occur in multiple sites, including the lung, liver, brain, bone, and 

lymph nodes(Braeuer et al., 2014). Indeed, bone is a preferred metastatic site of most 

advanced malignancies including malignant melanoma (Ell and Kang, 2012; Jain et al., 

2007; Peinado et al., 2012; Shiozawa et al., 2015). Bone metastases are referred to non-

bone tissue derived tumor cells entering and growing in the bones. Bone metastases 

derived from melanoma are very common in autopsy series (23-49%) but also 

frequently observed in clinical series (5%-17%) (Costache et al., 2014). Furthermore, 

elderly patients (60–79 years old) are more prone to occur bone metastasis, with 

incidence 3 to 4 times higher than middle-aged patients (40-59 years old) (Aebi, 2003). 

In fact, the skeletal complications in metastatic melanoma are associated with a poor 

prognosis of patients. After diagnosis of bone metastasis, the patient’s life expectancy 

is rather short with a median survival up to 2-6 months (Costache et al., 2014; Tas, 2012). 
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Since more than 90% of melanoma patients with bone metastasis are osteolytic 

metastasis(Brountzos et al., 2001; des Grottes et al., 2001; Hiraga et al., 1995; Lau et 

al., 2006; Takita et al., 2007), these patients are at high risks of developing skeletal-

related events (SREs), which are currently defined as pathologic bone fractures or a 

need for surgery, palliative radiation therapy for bone pain, spinal cord compression, or 

hypercalcaemia of malignancy(Brountzos et al., 2001; Cetin et al., 2014; Poon et al., 

2013). Importantly, SREs can greatly reduce the quality of life, and are associated with 

increased mortality and cost (Cetin et al., 2014). 

1.3.2 Current therapies and challenges for metastatic melanoma and osteolytic 

metastasis 

The treatment for melanoma usually depends on the size and stage of cancer. An early-

stage melanoma just needs a simple surgery to remove the melanoma and possible 

requires no further treatment. However, if melanoma has spread beyond the skin, 

extensive treatments, including surgery, radiation therapy, chemotherapy, and 

biological therapy, are necessary. Currently, the biological therapy, which includes 

targeted therapy and immunotherapy, provides significant clinical benefits for patients 

with metastatic or unresectable melanoma (Hugo et al., 2016; Tomei et al., 2014). The 

targeted therapies are able to target the cancer cells, which have a certain genetic 

mutation (Boespflug and Thomas, 2016), such as B-Raf proto-oncogene, 

serine/threonine kinase (BRAF) and mitogen-activated protein kinase kinase (MEK) 

inhibitors. In addition, the novel immunotherapy, such as anti-cytotoxic T-lymphocyte-

associated protein 4 (CTLA4) or anti-programmed cell death protein 1 (PD1) therapies, 

seems to be extremely promising in patients with advanced melanoma due to counteract 

immune checkpoints (Tomei et al., 2014; Wolchok et al., 2013). Although improved 

overall survival in patients with metastatic melanoma due to better therapies is observed 

(Hodi et al., 2010; Wolchok et al., 2013), the patients with bone metastasis still has a 

poor clinical outcome (Bostel et al., 2015; Buijs et al., 2010). To improve the prognosis 

of melanoma patients with osteolytic metastasis, interventions could be required to 
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target both the disseminating osteotropic cancers (the seed) and the metastatic soil (or 

niche) (Buijs et al., 2010). 

Currently, targeting the osteolytic components is the main therapeutic strategy for bone 

metastasis. Inhibition of osteoclast activity (by bisphosphonates) or receptor activator 

of nuclear factor kappa-B ligand (RANKL) (by denosumab) can effectively reduce the 

incidence of SREs over time, especially in pathological fractures and the need for 

surgery (Poon et al., 2013), and improve the quality of life of patients with osteolytic 

metastases (Ortiz and Lin, 2012). However, less efficacy was observed in improving the 

osteoblastic bone disease found in prostate cancer (Ortiz and Lin, 2012). In addition, 

whether their use can effectively prevent recurrences in early-stage disease is not as well 

established (Ortiz and Lin, 2012). 

1.3.3 Bone metastasis: the “seed and soil” theory  

The “seeds and soil” hypothesis, firstly proposed by Steven Paget in 1889, was later 

recognized as a theoretical basis in the field of tumor metastasis (Cox et al., 2015; 

Hoshino et al., 2015; Liu and Cao, 2016; Paget, 1989; Psaila and Lyden, 2009; 

Ramakrishna and Rostomily, 2013; Ren et al., 2015). For bone metastasis, a small 

number of cancer cells in the heterogeneous primary tumor acquires a set of genes 

mutation or amplification (Kang et al., 2003), and become the osteotropism cancer cells, 

which can be called as the “seeds”. However how key genes govern the transformation 

of cancer cell into the seeds remains need to be fully elucidated. Several critical gene 

sets regulated by transforming growth factor (TGF)-β and/or hypoxia(Dunn et al., 2009; 

Ell and Kang, 2013; Kang et al., 2003), such as parathyroid hormone-like related protein 

(PTHrP)(Ell and Kang, 2012; Li et al., 2011) and its regulator v-maf avian 

musculoaponeurotic fibrosarcoma oncogene homolog (MAF)(Pavlovic et al., 2015), a 

gene signature composed of IL-11/CXCR4/OPN/connective tissue growth factor 

(CTGF) (Kang et al., 2003), Lysyl oxidase (LOX) (Cox et al., 2015; Erler et al., 2009), 

Follistatin-like protein 1 (FSL1) (Kudo-Saito et al., 2013; Kudo-Saito et al., 2009), 

Vascular Cell Adhesion Molecule 1 (VCAM1) (Lu et al., 2011), Jagged1(Sethi et al., 
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2011), SRC proto-oncogene, non-receptor tyrosine kinase (Src) (Bakewell et al., 2003; 

Liu et al., 2015; Zhang et al., 2009a) and microRNAs (Ell and Kang, 2014), have been 

identified as breakthrough for this area. 

1.3.4 The bone marrow niche for disseminated melanoma cells 

Consistent with Paget’s notion, crosstalk between the “seeds” and the “soil” determines 

the formation of a secondary tumor in bone (Fidler, 2003). Although the seeds have lots 

of genetic changes, the bones, named as the “soil”, also need to be extensively modified 

during bone metastasis. To achieve this, the osteotropism cancer cells secrete soluble 

factors and/or exosomes and modify the distant bone marrow microenvironment 

(designated as the soil or niche) (Fidler, 2003).  

In physiology, the hypoxic bone marrow niche is crucial for sustaining a quiescent 

haematopoietic stem cells (HSCs) pool and supporting glycolytic metabolism (Reagan 

and Rosen, 2016). When challenged with stress, including metabolic stress and tumor, 

the quiescent HSCs pool can be activated, mobilize and export out of the bone marrow 

(Luo et al., 2015; Reagan and Rosen, 2016).  

In the bone marrow metastatic niche, the metastasized cancer cells can hijack the HSCs 

niche and progress by acquiring helps from a variety of cellular components (Herroon 

et al., 2013; Templeton et al., 2015; Weilbaecher et al., 2011), including endothelial 

cells, osteoblasts, fat cells, nerve cells, immune cells, such as monocyte-derived 

macrophages, osteoclasts, T cells, Dendritic cells (DCs), neutrophils and platelets 

(Figure 1.3).  



Introduction 

16 
 

 

Figure 1.3 The two mini-organs of the bone marrow niche. The bone marrow niche is composed of 

multiple cells of mesenchymal and haematopoietic lineages. A hypoxic environment, endosteal bone cells 

and the proximity of sinusoids and microvessels provide a unique environment for haematopoietic stem 

cells (HSCs) and mesenchymal stromal cells (MSCs). The union of the skeletal remodelling system and 

the vascular network within the bone marrow provides a unique niche that regulates whole-body 

homeostasis. CAR cell, CXCL12-abundant reticular cell. (Adapted from Reagan, M. R., & Rosen, C. J.. 

Nat Rev Rheumatol. 2016 Mar;12(3):154-68. doi: 10.1038/nrrheum.2015.160.) 

 

For examples, platelets guard circulating tumor cells from immune attack and support 

the tumor cells spread to the bone marrow (Gay and Felding-Habermann, 2011). In the 

early stage of bone colonization, osteoblasts provide an ideal niche for supporting the 

proliferation and progression of the disseminated cancer cells by heterotypic adherens 

junctions (hAJs) (Wang et al., 2015). Indeed, these osteoblasts are osteoprogenitors with 

maturation arrest, which highly expressing OPN, IL-6 and RANKL, directly activating 

the bone resorbing osteoclasts (Hanoun et al., 2014; Sethi et al., 2011; Wang et al., 2015). 

In osteolytic metastasis, activated osteoclasts dissolve the bone, and result in release of 

O2↓           
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bone stored growth factors, including TGF-β, fibroblast growth factors (FGFs), insulin 

like growth factors (IGFs) and BMPs as well as calcium and phosphorous(Chen et al., 

2010). Since all of these factors favor disseminated cancer cell progression, the activated 

osteoclasts are regarded as a vicious cycle generator and the key targets for the treatment 

of patients with osteolytic metastases. Furthermore, angiogenesis promote tumor growth 

in bone indicating the involvement of endothelial cells in bone metastasis (Morgan and 

Lipton, 2010; Stacer et al., 2015). Therefore, targeting niche-cancer interactions is a 

promising therapeutic avenue (Reagan and Rosen, 2016). 

1.4 The molecular mechanism for bone metastasis 

1.4.1 The molecular mechanism for bone metastasis development and progression 

The development of bone metastasis is a complex multistep process. For any metastasis, 

the first essential step is how cancer cells escape the primary tumor and enter into 

circulation (Chambers et al., 2002; Patel et al., 2011). In the early stages of bone 

metastasis, osteotropism cancer cells must lose their cell polarity and adhesion 

molecules, and gain migratory and invasive properties. This whole process is usually 

called epithelial-mesenchymal transition (EMT) (Kudo-Saito et al., 2009; Zheng and 

Kang, 2015). The transcription factors related to EMT for bone metastasis have also 

been identified, such as Snail Family Zinc Finger 1 (Snail)(Kudo-Saito et al., 2009), 

Twist Basic Helix-Loop-Helix Transcription Factor 1 (Twist1)(Chang et al., 2015; 

Croset et al., 2014), Zinc finger E-box binding homeobox 1 (Zeb1)(Liu et al., 2012; 

Mock et al., 2015), and Fos-related antigen 1 (Fra1)(Desmet et al., 2013). Next, these 

osteotropism cancer cells have to escape through the basement membrane and 

intravasation into the blood or lymphatic vessel. Genes related to this process include 

increased expression of matrix metalloproteinase (MMPs) and urokinase-type 

plasminogen activators (uPAs), while lower expression of tissue inhibitors of 

metalloproteinase (TIMPs) (Ell and Kang, 2012; Lu et al., 2009). 



Introduction 

18 
 

To gain insights into the mechanisms of bone marrow metastasis in vivo, certain 

transgenic or syngeneic mouse models are used to delineate early stages of metastasis; 

however, little of them develop bone metastasis lesions despite long period of 

observations (Fantozzi and Christofori, 2006). To the next choice, models with 

implantation of tumor cells into the primary site are used to recapitulate the homing step 

in the study of bone metastasis(Francia et al., 2011; Sakamoto et al., 2015; Yang et al., 

1999), such as injection of 4T1 murine breast cancer cells into the 4th mammary 

gland(Monteiro et al., 2013). 

The later stages of bone marrow metastasis include tumor cells circulating in the 

bloodstream, rolling and arrest at a distant bone marrow capillary, extravasation across 

the endothelial lining, and colonization of the bone marrow niche (Reagan and Rosen, 

2016). Up to now, scientists found that the cancer cells target the hypoxic bone marrow 

HSC niche and compete with HSCs for this niche (Shiozawa et al., 2011). Then, they 

reprogramme the bone marrow and finally establish their footholds in a bone tumor 

niche (Hanoun et al., 2014; Price and Sipkins, 2014; Reagan and Rosen, 2016), in favor 

for tumor cell growth, dormancy, recurrence and/or resistance (Wang et al., 2015; Zheng 

and Kang, 2015) (Figure 1.4). The commonly used mouse models such as intracardiac 

(i.c.) injection and direct orthotopic injections (intrafemoral or intratibial (i.t.) injection) 

(Reagan and Rosen, 2016; Shiozawa et al., 2011; Weilbaecher et al., 2011), ideally 

reflect the later stage of bone marrow metastasis (Reagan and Rosen, 2016). 



Introduction 

19 
 

 

Figure 1.4 Cross-section of bone depicting stages of bone metastasis. Schematic representation of 

osteotropism tumor cell interactions within the bone microenvironment during stages of tumor metastasis 

to bone — tumor cell homing, dormancy, colonization and expansion. Osteotropism cancer cells home 

to and enter the bone marrow cavity. They either remain quiescent (or dormant) or begin growth and 

colonization. Tumor-mediated recruitment and modulation of bone-residing cells (osteoclasts, osteoblasts, 

fibroblasts, blood vessels, mesenchymal stem cells, haematopoietic stem cells (HSCs), lymphocytes, 

macrophages, platelets, neurons and osteocytes) and bone matrix degradations alter the bone environment 

for HSCs. Indeed, the reprogrammed bone environment favor tumour growth and invasion and resulting 

in pain, fracture and further tumor dissemination. (Weilbaecher, K. N., Guise, T. A., & Mccauley, L. K. 

(2011). Nature Reviews Cancer, 11(6), 411-25.)  

 

However, there are still missing knowledges to fully illustrate the mechanisms involved 

in the aforementioned rate-limiting step in the later stages of bone metastasis (Reagan 

and Rosen, 2016). In efforts for addressing the molecular mechanisms, several classical 

molecular signalling pathways involved in bone metastasis have been revealed. For 

examples, the chemokine and its receptors, such as CXCL12 (SDF-1)/CXCR4 axis, 

Cancer cells    
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CXCL10/CXCR3 axis and chemokine (C-C motif) ligand 2 (CCL2)/chemokine (C-C 

motif) receptor (CCR2) axis, play a pivotal role in cancer cells targeting and growing in 

the bone marrow niche(Lee et al., 2012; Mizutani et al., 2009; Wang et al., 2006). Also, 

interaction between integrins (α5β1/3, α2β1 and α4β1) and adhesion molecules, such as 

intercellular cell adhesion molecule-1 (ICAM1), VCAM1, E-cadherin, fibronectin and 

vitronectin, and the small integrin-binding ligand N-linked glycoproteins (SIBLINGs) 

family, such as OPN and bone sialoprotein (BSP), contribute to malignant cell 

proliferation, detachment, invasion, metastasis and recurrence of several osteotropic 

cancers in the bone marrow(Gay and Felding-Habermann, 2011; Kruger et al., 2014; Lu 

et al., 2011; Wu et al., 2007). In addition, the inflammatory cytokines, such as IL-1, IL-

6, IL-8, IL-17, TNF-α, RANKL, M-CSF, prostaglandin E2 (PGE2), and macrophage 

inflammatory protein (MIP)-1α, are involved in activating monocyte derived 

osteoclastogenesis and also promote tumor cell growth in the bone niche(Ara and 

Declerck, 2010; Kwan Tat et al., 2004). In the meanwhile, MMPs and cathepsin K are 

related to osteoclasts resorption of the bone matrix and release bone-stored growth 

factors, such as TGFβ, IGF1, BMPs, FGFs, platelet-derived growth factors (PDGFs) 

and collagens, known to be critical for cancer cells growth in the bone marrow 

niche(Ren et al., 2015). Furthermore, a CXCL1/2-S100A8/9 loop causes cancer cells 

chemoresistance (Acharyya et al., 2012; Hiraga et al., 2012). Moreover, angiogenesis 

associated molecules, such as vascular endothelial growth factor (VEGF), heparenase, 

TGF-β, IGF1, PDGF, IL-8 and IL-6, are increased in the process of bone metastasis 

(Pluijm et al., 2000; Roberts et al., 2013). Noticeably, most of these molecules have 

overlapping functions at multiple stages of bone metastasis (Reagan and Rosen, 2016).  

1.4.2 Role of osteoclasts and macrophages in the tumor-bone niche 

At present, bone metastasis can be generally divided into two types, i.e. osteolytic and 

osteoblastic metastasis (Ell and Kang, 2012; Ortiz and Lin, 2012). The osteolytic 

metastasis, such as in breast cancer(Ell and Kang, 2012; Roodman, 2004), lung cancer 

(Ell and Kang, 2012), and melanoma (Costache et al., 2014; Hiraga et al., 1995; 
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O'Connell et al., 1989), are characterized by destruction of normal bone, while the 

osteoblastic metastasis, such as in prostate cancer(Ell and Kang, 2012; Roodman, 2004), 

with the deposition of new bone based upon the predominant radiologic appearance(Ell 

and Kang, 2012). This distinction is not absolute. In fact, mainly the osteolytic 

metastasis develop mortality can be observed in melanoma patients with bone 

metastasis (Brountzos et al., 2001; Ell and Kang, 2012; Steiner and MacDonald, 1972). 

Bone resorption is one of the key features of osteolytic metastasis. The osteoclasts, a 

specialized bone-resorbing cell type, were recognized as major players in bone marrow 

tumor niche during osteolytic metastasis (Lau et al., 2006; Perez et al., 2001). By 

releasing bone-deposited matrix, osteoclasts activated by tumor cells direct the self-

perpetuating vicious cycle for disseminating tumor cells growth, dormancy, or 

recurrence in the bones(Akunuru et al., 2011; Cox et al., 2015; Ell and Kang, 2012; 

Furugaki et al., 2011; Roato, 2014; Roodman, 2004; Wang et al., 2006; Weilbaecher et 

al., 2011). In addition, myeloid derived monocyte cells (MDSCs), a mixed population 

of granulocytic Ly6C+Ly6G+ cells and monocytic Ly6C+Ly6G-, can differentiate into 

osteoclasts in the bone tumor niche(Lau et al., 2006; Sawant et al., 2013; Stiff et al., 

2016; Zhuang et al., 2012). Other cells, such as eosinophils, basophils, neutrophils and 

mast cells, share also common progenitors with osteoclasts (Vasiliadou and Holen, 

2013). In bone tumor microenvironment, melanoma cells can produce soluble factors or 

cell surface molecules that directly or indirectly stimulate osteoclastic bone resorption 

(Hiraga et al., 1995; Lau et al., 2006; Perez et al., 2001). These factors include IL-1, IL-

6, IL-8, granulocyte macrophage colony-stimulating factor (GM-CSF), PGE2, 

CXCL1/2/10, CCL2, TGF-α/β, RANKL, ICAM1, VCAM1, PTHrP and colony 

stimulating factor 1 (CSF-1)(Hiraga et al., 1995; Hirbe et al., 2007; Inada et al., 2015; 

Jones et al., 2006; Lau et al., 2006; Lee et al., 2012; Takita et al., 2007). Also, tumor 

associated stromal cells and/or extracellular matrices stimulate osteoclastogenesis, such 

as fibroblasts, osteoblasts, heparan sulfate proteoglycan (HSPG) and fibronectin (FN) 

(Hiraga et al., 1995; Inada et al., 2015; Lau et al., 2006; Perez et al., 2001; Takita et al., 
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2007). Activation of transcription factors such as c-Fos, NF-κB, and nuclear factor-

activated T cells c1 (NFATc1) is sufficient to promote osteoclast differentiation (Kim 

and Kim, 2014; Takayanagi, 2007), leading expression of tartrate-resistant acid 

phosphatase (TRAP), cathepsin K, and MMP-9 in osteoclasts (Takayanagi et al., 2002). 

Indeed, all of them are known to play key functions in resorbing the bone matrix 

(Sawant et al., 2013).  

In melanoma, osteoclasts can be derived from tumor associated macrophages (TAMs), 

which per se play a significant role in the bone tumor niche, in the presence of 

macrophage colony stimulating factor 1 (MCSF) and RANKL(Lau et al., 2006). 

Macrophages can be generally categorized into two types, i.e. classically activated 

macrophages (M1) promoted by ‘classical activators’, such as interferon γ and 

lipopolysaccharide (LPS) and alternatively activated macrophages (M2) induced by IL-

4, IL-10 and or IL-13 (Roszer, 2015; Vasiliadou and Holen, 2013). In tumor 

microenvironment, the phenotype and the function of differentiated mature TAMs 

resembles the anti-inflammatory macrophages named as M2, rather than the M1 

(Shiozawa et al., 2015; Vasiliadou and Holen, 2013). The main characteristics of TAMs 

are their poor capacity for antigen presentation and nitric oxide (NO) production, while 

they have a strong ability to express anti-inflammatory cytokines, such as IL-10, TGF-

β1, chitinase-like 3 (Ym-1), cysteine-rich secreted A12-alpha-like protein 1 (FIZZ1) 

and Arginase-1(Raes et al., 2002; Shiozawa et al., 2015; Vasiliadou and Holen, 2013). 

Moreover, they are able to suppress the function of cytotoxic CD8+ T-cell (Shiozawa 

et al., 2015; Vasiliadou and Holen, 2013). In addition, TAMs are considered as one of 

the most important regulators of angiogenesis in tumors (Vasiliadou and Holen, 2013), 

due to their ability to produce VEGF, TGF-β and PDGF. By these, TAMs are able to 

promote tumor growth and facilitate the survival and metastatic spread of cancer cells 

(Shiozawa et al., 2015; Vasiliadou and Holen, 2013). Furthermore, tumor-derived 

molecules, such as IL-6, CXCL10, PDGF, VEGF, M-CSF and TGFβ are chemotactic 

for macrophages, stimulate their differentiation and maintain their survival (Shiozawa 
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et al., 2015; Vasiliadou and Holen, 2013). However, more researches are necessary to 

fully reveal the roles of TAMs in bone metastasis (Vasiliadou and Holen, 2013). 

1.4.3 The contribution of inflammatory cytokines in the bone tumor niche: IL-6 

and OPN 

As mentioned above, inflammatory cytokines produced by either tumor cells or stromal 

cells, are crucial for recruitment and activation of osteoclasts and/or macrophages in the 

bone tumor niche (Kim et al., 2011b).  

IL-6 is one of the most important cytokines in bone metastasis, based on its multiple 

effects on bone metabolism, tumor cell proliferation and survival, angiogenesis, and 

inflammation(Ara and Declerck, 2010; Hoejberg et al., 2012; Yang et al., 2010). These 

effects are mediated by the signaling pathways Janus kinase/signal transducer and 

transcription activator (JAK/STAT-3), and amplified in the presence of soluble IL-6 

receptor (sIL-6R)(Hiraga et al., 1995; Hoejberg et al., 2012; Yang et al., 2010). Indeed, 

human melanoma tissues express high amount of the IL-6 receptors. Melanoma patients 

with bone metastasis showed remarkable elevation in IL-6 level, which is also 

associated with a poor clinical outcome, supporting the role of IL-6 in melanoma bone 

metastasis (Ara and Declerck, 2010; Mouawad et al., 1996). 

Similarity, OPN is another important cytokine in bone metastasis. OPN originally 

isolated from bone by Heingard et al. in 1985, also known as BSP-1, or secreted 

phosphoprotein 1 (SPP1) or early T-lymphocyte activation-1 (Eta-1)(Franzen and 

Heinegard, 1985; Kahles et al., 2014; Lund et al., 2009). OPN is both a matricellular 

protein and a soluble cytokine, which can bind to the cell surface via integrins or CD44. 

Consequently, OPN activates several pathways, including phosphoinositide 3-kinase 

(PI3K), extracellular signal-regulated kinase (ERK), and c-Jun NH2-terminal kinase 

(JNK), and NF-κB (Franzen and Heinegard, 1985; Kahles et al., 2014; Lund et al., 2009). 

OPN is involved in normal physiological processes and enhanced the cell to facilitating 

cell adhesion, migration, extracellular matrix invasion and cell proliferation, as well as 

escaping complement-mediated cell lysis (Franzen and Heinegard, 1985; Kahles et al., 
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2014; Lund et al., 2009). OPN is implicated in the pathogenesis of a variety of disease 

states, including several chronic inflammatory diseases, obesity and bone metastasis 

(Franzen and Heinegard, 1985; Kahles et al., 2014; Lund et al., 2009). Indeed, host OPN 

deficiency exhibits decreased markers of inflammation, melanoma growth, 

angiogenesis and bone metastasis(Carlinfante et al., 2003; Hayashi et al., 2007; Kumar 

et al., 2013; Nemoto et al., 2001; Nomiyama et al., 2007; Ohyama et al., 2004). It was 

also known that OPN expressed in the cytoplasm of osteoclasts could be an important 

determinant for the osteolytic metastasis process (Carlinfante et al., 2003; Ibrahim et al., 

2000; Nemoto et al., 2001; Ohyama et al., 2004). 

Interestingly, both IL-6 and OPN levels are increased in individuals with obesity or 

cancers, and are linked to macrophages and osteoclasts activities. Signaling by IL-6 can 

also promote M2 macrophages in obesity(Mauer et al., 2014) and act as pro-

inflammatory in other circumstance such as chronic inflammatory disorders like Crohn's 

disease and rheumatoid arthritis(Scheller et al., 2011). OPN can skew macrophages 

toward M2 or TAMs, by a feedback loop action during cancer progression (Kale et al., 

2014; Lin et al., 2015; Rao et al., 2013). However, despite a close connection between 

IL-6 and OPN (Wen et al., 2015), their link in obesity and cancer bone metastasis might 

be worth to explore. 

1.4.4 Role of bone marrow adipocytes in the tumor-bone niche 

Adipocytes, are not only present in subcutaneous fat tissue, but are also found in large 

quantities in the bone marrow. Indeed, bone marrow adipocyte content increases with 

obesity (Luo et al., 2015), as well as with age (Justesen et al., 2001; Krings et al., 2012). 

In the bone marrow, mesenchymal stem cells differentiate into the bone forming 

osteoblasts or into adipocytes (Luo et al., 2015). Balance between bone marrow 

osteoblasts and adipocytes assure the maintenance of the bone mass and the integrity of 

the bone marrow space (Luo et al., 2015). Bone marrow adipocytes have both white and 

brown adipose tissue characteristics (Krings et al., 2012), and have the capability to 
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enhance osteoclasts differentiation and activity (Goto et al., 2011; Hozumi et al., 2009; 

Muruganandan and Sinal, 2014).  

In one hand, inflammatory cytokines can affect adipocytes function. For example, in 

obese adipose tissue, macrophages are the primary cells expressing OPN, which can 

induce inflammatory signaling in both adipocytes and macrophages (Zeyda et al., 2011). 

OPN can also be a chemotactic cytokine for PDGFRα+ progenitors, which proliferate 

and differentiate into adipocytes at sites of dead adipocyte clearance (Lee et al., 2013). 

On another hand, adipocytes can secrete pro-inflammatory cytokines and adipokines, 

such as MCP-1, TNF-α, IL-6, IL-8, MMP-11, TGF-β, plasminogen activator inhibitor-

1 (PAI-1) and collagen VI(Andarawewa et al., 2005; Dirat et al., 2011; Nieman et al., 

2011; Nieman et al., 2013; Park and Scherer, 2012), in the tumor microenvironment. 

The effects of bone marrow adipocytes on bone metastasis is a new frontier in bone 

metastasis (Reagan and Rosen, 2016), which just start to be investigated. 

During obesity, the HSC niche is largely disturbed by the increased presence of 

adipocytes in the bone marrow (Luo et al., 2015). As bone marrow adipocytes are 

perturbing HSC maintenance and myeloid cell differentiation(Luo et al., 2015; Naveiras 

et al., 2009), they may exert an important role in building tumor cell niches, or 

promoting tumors within the bone marrow (Reagan and Rosen, 2016). In support of this 

concept, one previous study mentioned that bone marrow adipocytes modulate the 

FABP4-IL-1β pathway in prostate cancer cells, when homing into bone (Herroon et al., 

2013). Recently, an interesting research showed that the marrow adipose tissue might 

provide a niche for extensive breast cancer cell colonization of the bone marrow, via 

expression of Leptin and IL-1β (Templeton et al., 2015). Moreover, adipocytes seem to 

promote cancer stem cell self-renewal via cathepsin B (CTSB) (Tang et al., 2016; 

Wolfson et al., 2015). However, it is still unknown whether obesity-induced bone 

marrow changes affect the homing and survival of melanoma cells into the bone niches. 
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1.5 Aim of the thesis 

1.5.1 Aim of the thesis 

Dietary fat increases melanoma growth, metastasis, and mortality(Kushiro et al., 2012; 

Kushiro and Nunez, 2011; Kwan et al., 2014; Malvi et al., 2015; Sergentanis et al., 2013; 

Shors et al., 2001). Bone metastasis is a devastating complication for melanoma patients, 

which is not curable. To decipher the crosstalk among metabolic stress by obesity, bone 

marrow niche and melanoma cells might be of potential interest. Because it might 

provide insight into the disease, and possibly new targets to develop innovative 

therapeutic strategies for improving prognosis of obese patients with melanoma and/or 

bone metastasis. It might also improve our understanding of the relationship between 

obesity or metabolic disorders and cancer risk and/or poor patient outcome (Tan et al., 

2011). 

The aim of this thesis was to determine the role of obesity induced fat bone marrow on 

the homing and survival of melanoma cells into the bone. To do this, we first established 

high fat diet (HFD) induced obese mouse model in C57BL/6N male mice, and then 

performed two classical bone metastasis mouse models (intratibial and intracardiac 

injection of B16F10 melanoma cells) in the overweight mice. We delineated the bone 

tumor niche changes and the serum cytokine profiles in these mice after challenge of 

metabolic stress by HFD and melanoma cells. In addition, we analyzed the effects of 

obesity-related systemic factors on melanoma cells and osteoclasts differentiation in 

vitro. Moreover, we performed bone marrow adipocyte/melanoma cell co-cultures to 

assess the changes in melanoma cells and adipocytes. Furthermore, we tested whether 

inhibition of inflammatory cytokines could counterbalance the induced melanoma 

burden in vivo. We made use of osteopontin-deficient (OPN-/-) mice, and blockade of 

IL-6/JAK2 signaling pathway with neutralizing monoclonal antibody to IL-6 and small 

inhibitor AG490, respectively, where we applied and assessed in the intratibial mouse 

model.  
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1.5.2 Declaration 
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supervisors at the Department of Internal Medicine 3, Rheumatology and Immunology, 

University of Erlangen-Nuremberg. 

 

 

  



Materials and Methods 

28 
 

2. Materials and Methods 

2.1 Materials 

2.1.1 Buffer and staining solutions 

Tail Lysis Buffer 50ml Tris-HCl (1M), pH 8.5 

5ml  EDTA (0.5M), pH 7.5-8.0 

10ml SDS (10%) 

20ml  NaCl (5M) 

dH2O (autoclave) ad 500ml,  

Add,10µl Proteinase K (20mg/ml) per 100µl 

 

Erythrocyte lysis buffer  4.012g NH4Cl 

0.5g KHCO3 

50mM  EDTA 

dH2O ad 500ml 

 

PBS(10×) 80g  NaCl 

2g KCl 

14.4g Na2HPO4 

2.4g KH2PO4 

dH2O ad 1000ml adjust pH to 7.4 

 

TBS(10×) 24.2g Tris 

80g  NaCl 

dH2O ad 1000ml adjust pH to 7.6 

 

PBS-T 1×  PBS 

  0.05% Tween-20 
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TBS-T 1× TBS 

0.05% Tween-20 

 

Running buffer (10×)  30.3g Tris-base 

144.0g glycine 

10.0g SDS 

dH2O  ad 1000ml 

 

Transfer buffer (1×) 3.03g Tris base 

14.4g glycine 

200ml  Methanol 

dH2O ad 800ml 

 

SDS-PAGE gel (10%) 2ml dH2O 

1.67ml 30% acrylamide/Bis 

1.25ml 1.5M Tris (pH 8.8) 

25μl 20% SDS 

25μl 10% ammonium persulfate 

2.5μl TEMED 

 

FACS buffer 1× PBS 

1%  BSA 

 

IHC block buffer  5% Serum (from Dako kits) 

0.1% BSA in PBS 

 

IHC staining solution 2%  FBS 
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0.05% Tween-20 in PBS 

 

Citrate buffer 1.92g Citrate Acid 

0.05% Tween-20 

dH2O ad 1000ml 

 

Fixation buffer 12.5ml  Citrate buffer 

4ml  37% Formaldehyde 

32.5ml  Acetone 

 

ELISA coating Buffer 15mM Na2CO3 

35mM NaHCO3 

 

HRP-Substrate 20mM Na2HPO4 

7mM Citric acid 

0.1% O-Phenylendiamin 

0.1% H2O2 (30%) 

 

Oil Red-O stock solution 0.5g Oil Red-O powder 

100ml Isopropanol 

 

Oil Red-O working solution 3 parts Oil Red-O stock solution 

2 parts dH2O 

mix well, and filter with 0.45 µm syringe filter 

 

TRAP staining solution  9ml  dH2O 

100µl Naphtol 

400µl  Acetate 
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200µl Tartrate 

 100µl Sodium Nitrate 

 100µl Fast Garnet 

 

2.1.2 Cell culture media and supplements 

DMEM medium 500ml DMEM 

10% FBS 

1% Penicillin/Streptomycin 

 

α-MEM medium  500ml α-MEM+GlutaMAX 

10% FBS 

1%  Penicillin/Streptomycin 

 

Osteoclast medium 500ml α-MEM+GlutaMAX 

10%  FBS 

1%  Penicillin/Streptomycin 

20ng/ml M-CSF 

5ng/ml RANKL 

 

Bone marrow-derived 

macrophages  

(BMM) medium 

500ml DMEM 

10% FBS 

1% Penicillin/Streptomycin 

10%  L929-conditioned medium 

 

Adipogenic cocktail   5μg/ml Insulin 

0.5mM 3-isobutyl-1-methylxanthine 

1μM Dexamethasone 
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2μM Rosiglitazone 

2.1.3 Oligonucleotides 

Primers were ordered from Invitrogen. 

RT-PCR 

β-actin fw 5’ TGT CCA CCT TCC AGC AGA TGT 3’ 

rev 5’ AGC TCA GTA ACA GTC CGC CTA GA 3’ 

HPRT fw 5’ GCT TGC TGG TGA AAA GGA CCT C 3’ 

rev 5’ CAA ATC AAA GTC TGG GGA CGC 3’ 

Adiponectin fw 5’ GCG ATA CAT ATA AGC GGC TTC T 3’ 

rev 5’ GCA GGC ATC CCA GGA CAT C 3’ 

Akt1 fw 5’ GGA CTA CTT GCA CTC CGA GAA G 3’ 

rev 5’ CAT AGT GGC ACC GTC CTT GAT C 3’ 

Ang-2 fw 5’ CTC TGT CTC AGG ATG ACT CCA G 3’ 

rev 5’ AGG TGT TGA CAT CTT TGC AGA AAG 3’ 

aP-2 

(FABP-4) 

fw 5’ TGA AAT CAC CGC AGA CGA CAG G 3’ 

rev 5’ GCT TGT CAC CAT CTC GTT TTC TC 3’ 

Cathepsin K fw 5’ AGG GCC AAC TCA AGA AGA AAA CT 3’ 

rev 5’ TGC CAT AGC CCA CCA CCA ACA CT 3’ 

Cyclin D1 fw 5’ GCA GAA GGA GAT TGT GCC ATC C 3’ 

rev 5’ AGG AAG CGG TCC AGG TAG TTC A 3’ 

CD11c fw 5’ TGCCAGGATGACCTTAGTGTCG 3’ 

 rev 5’ CAGAGTGACTGTGGTTCCGTAG 3’ 

CD44 fw 5’ CGG AAC CAC AGC CTC CTT TCA A 3’ 

rev 5’ TGC CAT CCG TTC TGA AAC CAC G 3’ 

CD74 fw 5’ GCT GGA TGA AGC AGT GGC TCT T 3’ 

rev 5’ GAT GTG GCT GAC TTC TTC CTG G 3’ 

CD206 fw 5’ GTTCACCTGGAGTGATGGTTCTC 3’ 
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 rev 5’ AGGACATGCCAGGGTCACCTTT 3’ 

CEBPα fw 5’ AAG AGC CGC GAC AAG GC 3’ 

rev 5’ GTC AGC TCC AGC ACC TTG TG 3’ 

CEBPβ fw 5’ CAA CCT GGA GAC GCA GCA CAA G 3’ 

rev 5’ GCT TGA ACA AGT TCC GCA GGG T 3’ 

c-Fos fw 5’ CGG GTT TCA ACG CCG ACT AC 3’ 

rev 5’ CAG GTC TGG GCT GGT GGA GA 3’ 

c-Myc fw 5’ TCG CTG CTG TCC TCC GAG TCC 3’ 

rev 5’ GGT TTG CCT CTT CTC CAC AGA C 3’ 

CTGF fw 5’ CTG TCA AGT TTG AGC TTT CTG G 3’ 

rev 5’ GGA CTC AAA GAT GTC ATT GTC C 3’ 

CXCL1 fw 5’ TCC AGA GCT TGA AGG TGT TGC C 3’ 

rev 5’ AAC CAA GGG AGC TTC AGG GTC A 3’ 

CXCL2 fw 5’ CAT CCA GAG CTT GAG TGT GAC G 3’ 

rev 5’ GGC TTC AGG GTC AAG GCA AAC T 3’ 

CXCL5  fw 5’ CCG CTG GCA TTT CTG TTG CTG T 3’ 

rev 5’ CAG GGA TCA CCT CCA AAT TAG CG 3’ 

CXCL14 fw 5’ TAC CCA CAC TGC GAG GAG AAG A 3’ 

rev 5’ CGC TTC TCG TTC CAG GCA TTG T 3’ 

CXCR2 fw 5’ CTC TAT TCT GCC AGA TGC TGT CC 3’ 

rev 5’ ACA AGG CTC AGC AGA GTC ACC A 3’ 

CXCR4  fw 5’ GTG TAA GGC TGT CCA TAT CAT C 3’ 

rev 5’ GAC AGC TTA GAG ATG ATG ATG C 3’ 

CXCR7 fw 5’ GAC CGC TAT CTC TCC ATC ACC T 3’ 

rev 5’ GTT GGA AGC AGA TGT GAC CGT C 3’ 

Fizz-1 fw 5’ GAACGCGCAATGCTCCTTTGAG 3’ 

 rev 5’ AGCCACAAGCACATCCAGTGAC 3’ 

Foxa1 fw 5’ GCC TTA CTC CTA CAT CTC GCT C 3’ 
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rev 5’ CTG CTG GTT CTG GCG GTA ATA G 3’ 

ICAM1  fw 5’ AAA CCA GAC CCT GGA ACT GCA C 3’ 

rev 5’ GCC TGG CAT TTC AGA GTC TGC T 3’ 

IGF1 fw 5’ GTG GAT GCT CTT CAG TTC GTG TG 3’ 

rev 5’ TCC AGT CTC CTC AGA TCA CAG C 3’ 

IL-1β fw 5’ TGG ACC TTC CAG GAT GAG GAC A 3’ 

rev 5’ GTT CAT CTC GGA GCC TGT AGT G 3’ 

IL-6 fw 5’ TCC TTC CTA CCC CAA TTT CC 3’ 

rev 5’ GCC ACT CCT TCT GTG ACT CC 3’  

INOS fw 5’ GAGACAGGGAAGTCTGAAGCAC 3’ 

rev 5’ CCAGCAGTAGTTGCTCCTCTTC 3’ 

Jagged-1 fw 5’ AAC GAC CGT AAT CGC ATC GT 3’ 

rev 5’ TAT CAG GTT GAA TAG TGT CAT TAC TGG AA 3’ 

Krt-18 fw 5’ AAT CAG GGA CGC TGA GAC CAC A 3’ 

rev 5’ GCT CCA TCT GTG CCT TGT ATC G 3’ 

Leptin fw 5’ATC TGA AGC AAG CCA TCA GC 3’ 

rev 5’ CCA GTC ACC AGA GGT CAA GC 3’ 

M-cadherin fw 5’ AGG ACG AGC ATA GCT GAA GGA G 3’ 

rev 5’ GTC CAC TTG CAG CCA GTC TTC T 3’ 

MCSF fw 5’ GCC TCC TGT TCT ACA AGT GGA AG 3’ 

rev 5’ ACT GGC AGT TCC ACC TGT CTG T 3’ 

MMP-9 fw 5’ GCT GAC TAC GAT AAG GAC GGC A 3’ 

rev 5’ TAG TGG TGC AGG CAG AGT AGG A 3’ 

Mpa3K  fw 5’ GGC TTT CTG ACG GAG TAT GTG G 3’ 

rev 5’ GTT GGA GAG CAT CTC AGC CAG A 3’ 

N-cadherin fw 5’ TCG CTG CTT TCA TAC TGA ACT TT 3’ 

rev 5’ AGC GCA GTC TTA CCG AAG G 3’ 

NFATc1 fw 5’ GGT GCC TTT TGC GAG CAG TAT C 3’ 
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rev 5’ CGT ATG GAC CAG AAT GTG ACG G 3’ 

Notch1 fw 5’ GCT GCC TCT TTG ATG GCT TCG A 3’ 

rev 5’ CAC ATT CGG CAC TGT TAC AGC C 3’ 

Nrp-1 fw 5’ TAC CTC ACA TCT CCC GGT TAC C 3’ 

rev 5’ GAA GAT TTC ATA GCG GAT GG 3’ 

Osteopontin  fw 5’ TCC TTA GAC TCA CCG CTC TT 3’ 

rev 5’ TCT CCT TGC GCC ACA GAA TG 3’ 

PDGFα fw 5’ CTG GCT CGA AGT CAG ATC CAC A 3’ 

rev 5’ GAC TTG TCT CCA AGG CAT CCT C 3’ 

PI3K fw 5’ CAA ACC ACC CAA GCC CAC TAC T 3’ 

rev 5’ CCA TCA GCA GTG TCT CGG AGT T 3’ 

PIGF fw 5’ AGT TTC ACA GGA GCG TGG CTT G 3’ 

rev 5’ GAT CCA GAG TGG CGA GAT AAC C 3’ 

PPARγ2 fw 5’ CTG ATG CAC TGC CTA TGA GC 3’ 

rev 5’ GGG TCA GCT CTT GTG AAT GG 3’ 

Pref-1 fw 5’ GAC ACT CGA AGC TCA CCT GG 3’   

rev 5’ GGA AGG CTG GGA CGG GAA AT 3’ 

Pten fw 5’ TGA GTT CCC TCA GCC ATT GCC T 3’ 

rev 5’ GAG GTT TCC TCT GGT CCT GGT A 3’ 

S100a8 fw 5’ CAA GGA AAT CAC CAT GCC CTC TA 3’ 

rev 5’ ACC ATC GCA AGG AAC TCC TCG A 3’ 

Sema3a fw 5’ GAC ATC TAT GGC AAA GCC TGT GC 3’ 

rev 5’ GTG AGT CAG TGG GTC TCC ATT C 3’ 

TGF-β1  fw 5’ TGA TAC GCC TGA GTG GCT GTC T 3’ 

rev 5’ CAC AAG AGC AGT GAG CGC TGA A 3’ 

TGF-β3 fw 5’ AAG CAG CGC TAC ATA GGT GGC A 3’ 

rev 5’ GGC TGA AAG GTG TGA CAT GGA C 3’ 

VCAM1 fw 5’ GCT ATG AGG ATG GAA GAC TCT GG 3’ 
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rev 5’ ACT TGT GCA GCC ACC TGA GAT C 3’ 

VEGF-α fw 5’ CTG CTG TAA CGA TGA AGC CCT G 3’ 

rev 5’ GCT GTA GGA AGC TCA TCT CTC C 3’ 

VEGF-c fw 5’ CCT GAA TCC TGG GAA ATG TGC C 3’ 

rev 5’ CGA TTC GCA CAC GGT CTT CTG T 3’ 

VEGF-R2 fw 5’ CAT CAC CGA GAA CAA GAA CA 3’ 

rev 5’ CAT TGA TCT TTG CCT CAC AG 3’ 

YM-1 fw 5’ TACTCACTTCCACAGGAGCAGG 3’ 

 rev 5’ CTCCAGTGTAGCCATCCTTAGG 3’ 

2.1.4 Antibodies 

Immunohistochemistry 

Name Company Catology Dilutions 

Mouse anti-human HMB45 Pierce™ , ThermoFisher, Inc. Cat#MA1-34759 1:50 

Rat anti-mouse IL-6 BioXCell, Inc. Cat#BE0046 1:100 

Goat anti-mouse OPN R&D system, Inc. Cat#AF808 1:100 

Goat anti-Rat IgG H&L Abcam Cat# ab150157 1:1,000 

Donkey anti-Mouse  

IgG H&L 

Abcam Cat#ab150103 1:1,000 

DAPI solution Vector Laboratories Inc. Cat#H-1200 - 

 

Western Blot 

NF-κB(p65) Cell signaling 

Technology, Inc. 

Cat#8242 1:500 

phospho-NF-κBp65 

(Ser468) 

Cell signaling 

Technology, Inc. 

Cat#3039 1:500 

β-actin mouse mAb Sigma-Aldrich, Inc. Cat#A5316 1:5,000 

FACS 
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Antigen Antibody Source, dilution 

CD11b FITC rat anti-mouse CD11b BD Pharmingen, 1:200 

CD11c Alex Flour 488 anti-mouse CD11c BD Pharmingen,1:200 

B220 Percp anti-mouse B220 BD Pharmingen, 1:100 

SiglecF PE rat anti-mouse SiglecF BD Pharmingen, 1:200 

CD31 PE-Cy7 anti-mouse CD31 eBiosciences, 1:100 

Ly6C APC rat anti-mouse Ly6C BD Pharmingen, 1:100 

Ly6G PerCP-Cy5.5 rat anti-mouse Ly6G Biolegend, 1:200 

Propidium Iodide Sigma-aldrich 

2.1.5 Molecular weight marker and loading dye 

GeneLadder 100bp plus 1.5kb Genaxxon Cat#M3094 

Loading Buffer DNA II Applichem Cat#A2571.0025 

 

2.1.6 Reagents for cell culture 

Cell culture 

DMEM  Invitrogen™ Cat#10566 

α-MEM Invitrogen™ Cat#32561 

Dulbecco’s PBS (1×)  Gibco™ Cat#14190-144 

Fetal Bovine Serum Biochrom, Inc. Cat#s0113 

Fetal Bovine Serum (for Osteoclast) Biochrom, Inc. Cat#s0415 

Penicillin/Streptomycin Gibco™ Cat#15140 

MCSF PeproTech, lnc. Cat#315-02 

RANKL PeproTech, lnc. Cat#315-11 

Insulin Sigma Cat#I2643 

3-isobutyl-1-methylxanthine Sigma Cat#I7018 

Dexamethasone Sigma Cat#D4902 

Rosiglitazone Sigma Cat# R2408 
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Cell stimulation 

Interleukin-6 Protein Sino Biological Inc. Cat#50136-MNAE-100 

2.1.7 Dietaries and treatments for mice experiments 

Mice diet 

Name Company Catolog number 

Normal diet (ND) Sniff Cat#D59494 

High fat diet (HFD) Research Diets Cat#D12330 

Food content 

Main Ingredient ND HFD 

Protein 19.00% 23.0% 

Fats and oil 3.30% 35.8% [Coconut oil (33.5%) + soybean oil (0.225%)] 

Carbohydrates 4.9% 3.5% 

kcal 3059.3/kg 5558.5/kg 

Mineral Mix 3.07% 5.09% 

Vitamine 0.93% 1% 

In vivo injection 

IL-6 monoclonal antibody BioXCell, Inc. Cat#BE0046 

AG490 AdooQBioScience Cat#A10047 

2.1.8 Kits and enzymes 

RNA isolation 

Water, nuclease-free  Fermentas Cat#R0582 

peqGold Trifast  PeQlab, Inc. Cat#30-2020 

peqGold RNAPureTM reagent PeQlab, Inc. Cat#30-1030 

RNAlater® Solution Ambion Cat#AM7021 

TRIzol® Reagent Invitrogen Cat#15596018 
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cDNA synthesis and RT-PCR 

DNAse I Fermentas Cat#EN0521 

GeneAmp® 10×PCR  

Buffer II & MgCl2 

Applied Biosystems Cat#N8080130 

GeneAmp® dNTPs Applied Biosystems Cat# N8080007 

MuLV Reverse Transcriptase Applied Biosystems Cat#N8080018 

Oligo d(T)16 (50 µM)  Applied Biosystems Cat#N8080128 

RNAse Inhibitor Applied Biosystems Cat#N8080119 

High-Capacity  

RNA-to-cDNA™ Kit 

Applied Biosystems Cat#4368813 

SYBR Green I-dTTP Eurogentec Cat#RT-SN2X-03+WOUN 

Immunohistology 

StreptABComplex/HRP Dako Cat#K0377 

Liquid DAB+Substrate Dako Cat#K3468 

 

FlowCytomix™ Multiple Analyte Detection Kits 

Mouse Th1/Th2 10plex ebioscience Cat#BMS820FF 

ELISA 

IL-6 R&D system, Inc. Cat#DY406 

Osteopontin  R&D system, Inc. Cat#DY441 

Leptin R&D system, Inc. Cat#DY498 

CXCL-1 R&D system, Inc. Cat#DY453 

Western Blot 

2x Laemmli Sample Buffer Bio-Rad Laboratories, Inc. Cat#1610737 

Bradford Protein Assay Bio-Rad Laboratories, Inc. Cat#5000205 
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ECL™ Prime GE Healthcare Cat#RPN2232 

Genotyping 

AmpliTaq® DNA Polymerase  Applied Biosystems Cat#N8080161 

Taq DNA Polymerase Peqlab Cat#01-1030 

dNTP Mix PCR Roth Cat#L541.2 

Proteinase K  Invitrogen Cat#25530031 

2.1.9 Chemicals 

Acrylamide stock (30%)  Bio-Rad Laboratories 

Agarose   AppliChem 

Ammonium peroxydisulphate  Roth 

Bovine Serum Albumin Sigma 

DEPC Roth 

DMSO Merck 

EDTA Roth 

Eosin Sigma 

Ethanol pure Roth 

Ethanol denatured Roth 

Glycine Roth 

Glycerol Roth 

Hematoxylin Solution, Mayer’s Sigma 

Hemalum Mayer  Merck 

Hydrogen peroxide 30% Merck 

Isopropanol Roth 

KCl  Roth 

KHCO3 Roth 

KH2PO4  Roth 

Magnesium chloride hexahydrate  Roth 
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Magnesium sulphate heptahydrate Roth 

Methanol Roth 

β-Mercaptoethanol Roth 

Na2HPO4 Roth 

NaCl  Roth 

NH4Cl  Roth 

Oil red O Sigma 

Roti-Histofix 4%  Roth 

Rotiphorese 50× TAE Buffer  Roth 

Sodium bicarbonate Roth 

Sodium hydroxide solution Roth 

Sodium dodecyl sulfate Roth 

TEMED  Life Technologies, Gibco® 

Tween-20 Roth 

Tris Base Roth 

Triton X-100 Sigma-Aldrich 

Xylene Roth 

Vectashield Mounting Medium Vector 

2.1.10 Consumables 

Cell strainer  BD Falcon Cat#352350 

Cell lifter Corning Cat#3008 

Injection needles(27G¾)  BD  Cat#03086999 

Injection needles(29G) Micro-Fine™, BD Cat#320926 

MicroAmp Optical 96-well Plate Applied Biosystems Cat#N8010560 

MicroAmp Optical Adhesive Film Applied Biosystems Cat#4311971 

Hyperfilm ECL GE Healthcare Cat#28906837 

96 well ELISA Microplates Greiner Bio-one Cat#655001 
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Optical adhesive cover sheeting Excel Scientific Cat#100-seal-PLT 

Cell Culture Insert  Merck Millipore  Cat#PICM01250 

Filter Tip 10-1000µl, Flasks, Dishes, plates  Greiner Bio-one 

2.1.11 Laboratory Instruments 

Name  Company 

Biological Safety Cabinet Nu-440-600E Nuair 

Centrifuge Heraeus Fresco 17  Thermo Electron Corporation 

Centrifuge Rotina 420R Hettich Zentrifugen 

Color digital camera DP72 Olympus 

Color digital camera DS-5Mc Nikon 

FACS Calibur BD 

GalliosTM flow cytometer Beckman Counter 

Homogenizer Precellys 24  PeqLab 

Thermocycler PeqLab 

Incubator Heraeus Instruments 

Microscope Nikon Eclipse 80i  Nikon 

Microtome SLIDE 2003 mpo pfm 

Neubauer counting chamber Laborcenter 

pH meter HI 9321 HANNA Instruments 

Photometer BioPhotometer Eppendorf 

Real-time PCR Cycler Applied Biosystems 

CFX96 Touch™ Real-Time PCR Bio-Rad 

Thermocycler GeneAmp® PCR system Applied Biosystems 

Thermocycler Mastercycler Eppendorf 

Thermomixer comfort Eppendorf 

2.1.12 Software 

Beckman flow cytometry Beckman Coulter, Inc. 
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ImageJ NIH, Bethesda, Maryland, USA 

Microsoft Office Microsoft®, Unterschleißheim 

GraphPad Prism GraphPad Software, Inc, USA  

NIS-Elements BR2.2 Nikon Instruments Inc. 
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2.2 Methods 

2.2.1 Animal experiments 

Mice and treatment 

Male C57BL/6N mice (6 week-old) were purchased from Jackson Labs and maintained 

at 25°C with 12-h light and dark cycles. Mice were fed with normal (ND; sniff, 

Cat#D59494) or high fat diet (HFD; Research Diets, Cat#D12330) ad libitum for 6 

weeks. OPN deficient mice were purchased from Jackson Labs (B6.128S6(Cg)-

Spp1tm1Blh/J). All mice were housed in a temperature and humidity controlled facility 

with free access to water. All experiments were performed according to the rules and 

regulations of the animal facilities in the Franz Penzoldt Center (FPZ) at the University 

Erlangen-Nürnberg and University Hospital Erlangen in Germany and approved by the 

local ethics authorities. 

Anti-IL-6 antibody and JAK2 inhibitor injection 

For blocking IL-6, 0.5 mg of IL-6 monoclonal antibody (BioXCell, Inc. Cat#BE0046) 

was injected intraperitoneally (i.p.) every other day after the intratibial injection of 

B16F10 cells. For Janus kinase 2 (JAK2) inhibition, 17μg/kg of the JAK2 inhibitor 

AG490 (AdooQBioScience, Inc. Cat#A10047) was daily administrated i.p. after the 

injection of B16F10 cells into the tibia. 

2.2.2 Bone metastasis mouse models 

Intratibial and intracardiac injection of B16F10 cells were performed as previously 

described by Bakewell et al. (Bakewell et al., 2003). Briefly, mice were anaesthetized 

with isoflurane (Abbott; IsoFlo®, Cat#05260-05). For intratibial (i.t.) injection, 1×104 

B16F10 melanoma cells suspended in 50μl PBS or only PBS (vehicle) were injected 

into the tibiae of anaesthetized mice within 30 minutes after the cells were trypsinized. 

The 27G¾ needle (BD, Cat#03086999) was inserted into the mouse tibia for delivering 

the cells into the metaphysis. For intracardiac (i.c.) injection, 29G needles (BD Micro-

Fine™, Cat#320926) were used to inject 1×105 B16F10 cells suspended in 100 μl PBS 
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into the left cardiac ventricle within 30 minutes after trypsinization of the cells. All mice 

were sacrificed at the indicated time point after B16F10 cells inoculation. 

2.2.3 Cell culture 

B16F10 cells culture and serum stimulations 

Murine melanoma cell lines (B16F10) were obtained from the American Type Culture 

Collection (ATCC), and were maintained in alpha minimum essential medium (α-MEM, 

Invitrogen™, Cat#32561) containing 10% fetal bovine serum (FBS, Biochrom, Inc. 

Cat#s0113) with 1% penicillin and streptomycin (Gibco™, Cat# 15140) at 37°C (5% 

CO2 , 95% air). B16F10-cells were starved in serum-free α-MEM medium containing 

1% antibiotics and antimycotics for 24-48h. Then, 5×105 cells/well or 5×104 cells/well 

were plated on 6-well plates or 12-well plates, respectively, and stimulated with medium 

containing 2% serum from ND or HFD exposed mice. 

In vitro osteoclast differentiation assay 

For primary osteoclast assays, total bone marrow cells were isolated from C57BL/6 

mice (6~8 weeks) by flushing femur and tibia. After filtered in 70 µm cell strainer, cells 

were incubated at 37°C in 100mm dish in α-MEM medium supplemented with 5 ng/ml 

macrophage colony-stimulating factor (M-CSF) (Peprotech, Inc. Cat#315-02) overnight 

(5% CO2 , 95% air). Non-adherent cells were collected, washed and further cultured in 

osteoclast medium in 24-well plate at the concentration of 1×106 cells/ml. In some 

experiments, 2% serum from ND or HFD mice was added. Medium was changed every 

2-3 days. Osteoclast differentiation was evaluated around day 5-7 by tartrate-resistant 

acid phosphatase (TRAP) activity staining using the leukocyte acid phosphatase kit 

(Sigma-Aldrich, Inc. Cat#387A) according to the manufacturer’s instructions. TRAP+ 

multi-nucleated (n ≥ 3) cells were considered as osteoclasts. 

In vitro bone marrow-derived macrophages differentiation assay 

Bone marrow-derived macrophages (BMM) were prepared following the protocol 

described previously by Weischenfeldt J. and Porse B.(Weischenfeldt and Porse, 2008). 

Briefly, fresh primary bone marrow cells were collected following the same protocol to 
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osteoclast differentiation assays. The bone marrow cells with a concentration of 2×106 

cells/mL were plated on 12-well plates in DMEM medium containing 10% L929-

conditioned medium (BMM medium). BMM were incubated in BMM medium for 7 d, 

and were used for next experiments after an additional 24h incubation in DMEM 

medium. 

Co-culture of adipocye and melanoma 

A purified population of bone marrow (BM) mesenchymal stem cells (MSCs) (BM-

MSCs) were prepared following the method reported previously by Soleimani M, et al. 

(Soleimani and Nadri, 2009). BM-MSCs or the murine adipocyte cell line (14F1.1 cells 

were provided by Prof. Dov Zipori of the Weizmann Institute of Science, Rehovot, Israel) 

were differentiated into BM adipocytes by the addition of the adipogenic cocktail 

(5μg/ml insulin, Sigma Cat#I2643; 0.5mM 3-isobutyl-1-methylxanthine, Sigma 

Cat#I7018; 1μM dexamethasone, Sigma Cat#D4902; and 2μM rosiglitazone, 

SigmaCat#R2408) for 2 days, and followed by maintaining within a DMEM medium 

supplemented with 5μg/ml insulin for additional 7-10 days. B16F10 cells were cultured 

on 24-well Transwell inserts with a 0.4µm pore size (Merck Millipore, Cat#PICM01250) 

within DMEM medium. After 48h of co-culture, BM adipocytes (lower chamber) and 

B16F10 cells (upper chamber) were separately harvested for Oil red O staining or gene 

expression profile analysis. 

 

Co-culture of melanoma cells and osteoclasts 

B16F10 cells were first cultured in α-MEM medium supplemented with a low 

concentration of FBS (0-2%) for 48h. The starved B16F10 cells were either treated with 

2% heat-inactivated (56°C, 30 min) serum from ND or HFD mice. After removal of the 

serum from mice, the B16F10 cells were cultured in FBS-free α-MEM medium for 

additional 48h. In order to evaluate melanoma-secreted factors, supernatants were 

harvested after the 2 days starvation, and then were added during the process of 

osteoclasts differentiation, which was described above (refer to In vitro osteoclast 

differentiation assay).  
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For the study of melanoma cells surface alteration, the procedure for tumour 

cell/osteoclast co-culture was adapted from Yagiz and colleagues (Yagiz and Rittling, 

2009). Briefly, 5×104 B16F10 cells were pre-incubated with 2% serum from ND or HFD 

mice at 37°C for 12h. The cells were then fixed with 2.5% glutaraldehyde for 1 min and 

immediately quenched with 1.5% glycine in PBS for 20 minutes. Fixed cells were 

washed and incubated overnight in complete DMEM medium before the co-culture with 

monocytes. The co-culture cells were cultured in osteoclast medium. Medium was 

replaced every 2-3 days. TRAP staining and TRAP+ cells quantification were 

performed as described above (refer to In vitro osteoclast differentiation assay). 

2.2.4 Flow cytometric analyses 

FACS analyses of bone tumor niche 

To analyze infiltrated immune cells into the bone tumor niche, tibial bone marrow 

injected with B16F10 cells (i.t model) at day 7 were isolated from ND or HFD mice. 

The cells were washed, filtered through 70μm cell strainer, and followed by staining 

with antibody mixtures at 4°C. The following Antibodies were used: FITC-labeled anti-

CD11b, CD11c, PE-labeled anti-SiglecF (both from BD Pharmingen), APC-labeled 

anti-F4/80, PerCP-Cy5.5-labeled anti-Ly6G, Ly6C, B220 (all from Biolegend). Cells 

were washed in 1ml FACS buffer twice, and then re-suspended in 200µl FACS buffer 

and analyzed by GalliosTM flow cytometer (Beckman Coulter, Inc.). 

FACS analyses of serum cytokines 

Serum levels of IL-1α, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, TNFα, IFN-γ and GM-CSF 

were detected by Mouse Th1/Th2 10plex Multiple Analyte Detection Kits 

(FlowCytomix™, ebioscience, Cat#BMS820FF) according to the manufacturer’s 

instructions. Briefly, 10μl microbeads mixture (vortex before pipetting) were added to 

25µl serum, followed by 10μl biotin conjugate, vortex and incubate for 2h in the dark 

at room temperature (25°C). After wash with 1ml FACS buffer, add 10μl Streptavidin-

PE dilution to each sample, vortex and incubate for 1h in the dark at room temperature. 
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Then wash again, re-suspend in 300µl FACS buffer and analyzed by GalliosTM flow 

cytometer.  

FACS analyses of cell cycle 

To analyze the cell cycle changes induced by HFD in melanomas, 2×105 B16F10 cells 

were coating on 6-well plates and starved overnight before incubation of serum from 

ND or HFD mice. The trypsinized and detached B16F10 cells were fixed with ethanol 

for 15min on ice. After centrifuged at 1500 rpm for 5 min, the cells were suspended in 

500 µl PI-solution in PBS (50 µg/ml PI from 50x stock solution (2.5 mg/ml), 0.1 mg/ml 

RNase A, 0.05% Triton X-100), and incubated for 40 min at 37°C. After wash twice 

with 1ml FACS buffer, the cells were re-suspended in 200µl FACS buffer and analyzed 

by GalliosTM flow cytometer. 

2.2.5 Methods for RNA levels quantification 

RNA extraction 

Frozen tissue was homogenized in Precelly tubes containing ceramic beads (1.4mm) 

and Trizol (Invitrogen) or Trifast (Peqlab) (6500rpm, 2×20sec, break 30sec) with a 

Precellys 24 (Peqlab). RNA was isolated according to the manufacturer’s instructions. 

RNA from cells in osteoclast cultures were isolated in 500µl Trizol reagent (Invitrogen) 

according to the manufacturer’s instructions. 

DNase I digestion and cDNA synthesis 

One microgram RNA was digested with 1µl of DNase I in a total of 10µl for 30min at 

37°C, followed by a 10min inactivation step at 65°C. For reverse transcription into 

cDNA, 4µl of the DNase I digested RNA was used (20°C for 10min, 42°C for 15min, 

95°C for 5min): 

Magnesium chloride (25mM) 4µl 

10×PCR buffer  2µl 

dNTPs (10µM) 8µl 

Oligo d(T) primer (50µM) 1µl 
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RNase Inhibitor (20U/µl) 1µl 

Reverse Transcriptase (50U/µl) 1µl 

DNase I digested RNA 4µl 

Quantitative PCRs (qPCRs) 

Q-PCRs were performed using SYBR Green I-dTTP (Eurogentec). The following 

reaction mixture and program was used: 

Reaction mixture: SYBR Green I-dTTP 7.5µl 

RNAse free water 5.5µl 

cDNA  1µl 

forward primer  0.5µl 

reverse primer  0.5µl 

 

Program: 1×50°C for 2min 

1×95°C for 10min 

40×95°C for 2min, 60°C for 1min 

1×95°C for 15min 

1×60°C for 1min 

1×95°C for 5min 

Samples were analyzed in duplicate and normalized to the levels of β-actin or HPRT. 

The threshold cycle (CT) values were exported from the CFX96 system (Bio-Rad). The 

fold changes in target genes were determined by using the 2−ΔΔC
T method(Livak and 

Schmittgen, 2001). 

2.2.6 Methods to study protein levels 

Western blot 

B16F10 cells were pre-incubated with 2% serum from ND or HFD mice at 37°C for 5 

to 30 minutes, and then were handled with a denaturing and electrophoretic method 

named sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The 

proteins were then transferred to 0.45μM nitrocellulose membrane (BD, Cat#1620115), 
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where they are stained with the following antibodies: nuclear factor kappa B (NF-κB) 

p65 (Cell signaling Technology, Inc. Cat#8242; 1:500 dilutions), phospho-NF-κB p65 

(Ser468) (Cell signaling Technology, Inc. Cat#3039; 1:500 dilutions) and anti-β-actin 

mouse mAb (Sigma-Aldrich, Inc. Cat#A5316; 1:5,000 dilutions). 

2.2.7 Histology 

Immunohistochemistry 

Mouse tibia paraffin sections were deparaffinized at 60°C for 1h, washed 3×5min in 

xylene, re-hydrated in 100% (2×), 96% (2×), 80% and 70% ethanol for 2min and washed 

in dH2O. Antigens were unmasked by citrate buffer (95°C for 10min), cooled for 20min, 

and rinsed in dH2O. Endogenous peroxidase was blocked with hydrogen peroxide (3% 

in PBS, 10min) and washed in PBS (2×5min). Slides were blocked with 5% serum (the 

host in which the secondary antibody was produced), and incubated with goat anti-

mouse OPN (R&D system, Inc. Cat#AF808; 1:100 dilutions). Slides were washed and 

incubated with biotinylated secondary IgG and avidin-biotin complex (Vector 

laboratories) according to the manufacturer’s instructions. Sections were stained with 

DAB substrate. After washing in dH2O for 5min, slides were counterstained with 

Hemalum and washed in PBS for 5min, and then mounted in Roti-Histokitt II (Roth). 

Images were acquired using a Nikon Eclipse 80i microscope, equipped with Sony DXC-

390P digital camera and NIS-Elements BR2.2 software.  

For fluorescence immunostaining, slides were then treated with 0.2% Triton X-100 and 

blocked with 5% normal serum control after antigen retrieval with citrate buffer (10mM 

Citric Acid, 0.05% Tween 20, pH 6.0), and incubated with mouse anti-human HMB45 

(Pierce™, ThermoFisher, Inc. Cat#MA1-34759; 1:50 dilutions), Ki-67 (Pierce™, 

ThermoFisher, Inc. Cat# PA5-19462; 1:50 dilutions), or rat anti-mouse IL-6 (BioXCell, 

Inc. Cat#BE0046; 1:100 dilutions). Slides were washed and incubated with pre-

adsorbed goat anti-Rat IgG (Alexa Fluor® 488) and donkey anti-Mouse IgG (Alexa 

Fluor® 647) (All from abcam; 1:1,000 dilutions). Slides were counterstained and 

covered with DAPI solution (Vector Laboratories Inc. Cat#H-1200). Images were 

acquired as described above. 
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Bone histomorphometric analyses 

Tibiae were fixed overnight in 4% formalin and then decalcified in 14% EDTA until 

bones became flexible. Long bones were embedded in paraffin and sliced at equivalent 

coronal sections through the centre of the bone with 1~2 μm thickness. Histological 

sections were stained with Hematoxylin and Eosin (H&E), and TRAP activity. Area of 

tumor, bone erosions, number of osteoclasts (N.Oc) per tibia, osteoclast surface per bone 

surface (Oc.S/BS), number of osteoclasts per bone perimeter (N.Oc/B.Pm) were 

assessed by Osteomeasure Analyses System (OsteoMetrics, Decatur, Georgia, USA) 

according to previously reported protocol(Diarra et al., 2007; Luo et al., 2015; Parfitt et 

al., 1987). Tumor area was assessed in H&E stained sections by OsteoMeasure 

according to a standard protocol (Li et al., 2010). Briefly, tissue sections were 

investigated at 4× magnifications using Zeiss Axioskop 2 microscope (Zeiss, Inc. 

Marburg, Germany) directly below the growth plate at the distal end of the tibia or at 

the bone tumor area. 

2.2.8 Statistical analyses 

All data are expressed as means ± SEM. The statistical significance was determined by 

Student’s t test, or Mann-Whitney U test, or One-Way ANOVA by using GraphPad 

Prism software Version 5.0 (Graphpad software, La Jolla, CA). Significance is shown 

as ns, not significant, or *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
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3. Results 

3.1 High fat diet (HFD) increases melanoma growth and bone-resorbing osteoclast 

numbers in the bone tumor niche 

3.1.1 Increased melanoma growth in the bone niche of mice exposed to HFD 

To determine whether obesity impacts melanoma growth in the bone, C57BL/6N male 

mice (6-week-old) were first fed with high fat diet (HFD, 60 kcal% fat) or normal diet 

(ND, 10 kcal% fat). The mice were overweight and body mass index were significantly 

increased 6 weeks after HFD exposure as was previously reported by our group (Luo et 

al., 2015). Next, ND and HFD-fed mice were injected with B16F10 melanoma cells into 

the tibial bone marrow (Figure 3.1A). In the intratibial (i.t.) tumor model, bone tumor 

volume was significantly higher in HFD tumor-bearing (HFD-T) compared to ND 

tumor-bearing (ND-T) mice already 6 days after melanoma cell injection (Figure 3.1B).  

 

Figure 3.1 Mice induced by high fat diet have an increased bone tumor growth. (A) Experimental 

scheme: C57BL/6N mice fed for 6 weeks with normal diet (ND) or high fat diet (HFD) were injected 

intratibially (i.t.) with B16F10 cells (1×104) in PBS (50 μl) or with vehicle (PBS, 50 μl). Mice were 
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sacrificed at day 3, 5, 6, 7, and 9 post tumor inoculation. Normal diet (ND)- and high fat diet (HFD)-fed 

mice with injection of tumor cells were defined as ND-T and HFD-T, respectively. (B) Representative 

hematoxylin & eosin (H.E.) stained pictures of tibiae from ND and HFD mice at day 7 post i.t. injection 

of B16F10 cells (magnification ×10). Tumor areas are shown by red dashed line. Quantification of the 

normalized tumor area at the indicated time point (n=6-8 per group). (C-D) Representative Ki67 staining 

(C) and Ki67 + cells quantification (D) in bone tumor area from ND and HFD mice at day 7 post i.t. 

B16F10 cell injection (magnification ×100). Arrows in the color of yellow indicate Ki67 + cells. (E) 

Cyclin D1 mRNA levels in bone from ND and HFD mice at 7 days post i.t. B16F10 cells injection (n=6-

8 per group). Data are shown as means ± SEM. Asterisks show statistically significant difference (ns, not 

significant; *P<0.05; **P<0.01; ***P<0.001). 

 

When characterizing tumor cell proliferation, an increased number of Ki67 positive cells, 

consistent with increased Cyclin D1 mRNA levels were found in tumor cells of HFD 

compared to ND mice (Figure 3.1C-E) (Chen et al., 2016). 

3.1.2 Increased growth rate of disseminating melanoma cells in the bone metastatic 

niche of high fat diet fed mice 

To confirm the observed increase of tumor growth in mice fed HFD, we also performed 

another well-established bone metastasis mouse model, i.e. the intracardiac (i.c.) 

injection of B16F10 cells into ND or HFD-exposed mice (Figure 3.2 A). In general, we 

observed that disseminated melanoma cells delivered through the left-ventricle form an 

overt bone tumor foci (defined as re-activation stage (Croucher et al., 2016) and 

indicated with dashed lines in Figure 3.2B) for around 4 days earlier in ND than HFD 

mice, i.e. at day 6 vs. day 10, respectively (Figure 3.2 B). Surprisingly, tumor growth 

rate at the re-activation stage in the bone metastatic niche were strikingly higher around 

24-fold in HFD than ND mice (Figure 3.2 B), suggesting that HFD promotes melanoma 

cell growth in the bone metastatic niche when the disseminated melanoma cells are re-

activated (Croucher et al., 2016). 
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Figure 3.2 Analyses of melanoma cell growth in the intracardiac (i.c.) injection mouse model. (A) 

Overview of experimental designs: C57BL/6N mice fed for 6 weeks with normal diet (ND) or high fat 

diet (HFD) were injected intracardiaclly with B16F10 cells (1×105) in PBS (100 μl). Mice were sacrificed 

at day 6, 8, 10, and 14 post tumor inoculation. Normal diet (ND)- and high fat diet (HFD)-fed mice with 

injection of tumor cells were defined as ND-T and HFD-T, respectively. (B) Quantification of the 

normalized tumor area in the tibial bone marrow at the indicated time point after B16F10 cells inoculation. 

Growth rate was calculated with the following equation. % Growth rate =100*((the 4th day’s tumor area 

- the1st day’s tumor area)/ the 1st day’s tumor area)). (n=6-10 per group) All data are expressed as means 

± SEM. Asterisks mark statistically significant difference (*P<0.05; **P<0.01; ****P<0.0001). 

3.1.3 HFD induces increased numbers of tumor associated bone-resorbing 

osteoclast 

Melanoma bone metastases are commonly osteolytic (Lau et al., 2006). Crosstalk 

between tumor cells and bone marrow resident cells promotes a self-amplifying cycle 

of tumor growth and bone destruction (Ell and Kang, 2012; Hirbe et al., 2009; Lau et 

al., 2006; Yoneda and Hiraga, 2005). To determine whether the bone marrow resident 
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cell populations are affected, osteoclasts were quantified. Indeed, osteoclast numbers 

and size were significantly increased in the tumor microenvironment of HFD mice 

compared to ND-fed mice from i.t. model (Figure 3.3A-C). Consistently, molecular 

profiling for osteoclasts markers revealed increased expression of Cathepsin-K, matrix 

metalloproteinase 9 (MMP-9), FBJ Murine Osteosarcoma Viral Oncogene Homolog 

(FOS) (c-Fos), intercellular adhesion molecule 1 (ICAM1), transforming growth factor 

β1 (TGFβ1), connective tissue growth factor (CTGF), chemokine (C-X-C motif) 

receptor 2 (CXCR2), CCAAT/enhancer-binding protein beta (CEBPβ), notch homolog 

1, translocation-associated (Notch1) and vascular cell adhesion molecule 1 (VCAM1) 

in HFD- compared to ND-treated mice 7 days after tumor cell challenge (Fig 3.3D). In 

addition, an increased mRNA expression levels of X-box binding protein 1 (Xbp1), 

Jagged1 and chemokine (C-X-C motif) ligand 1 and 2 (CXCL-1, -2), while decreased 

mRNA expression of Glucose transporter type 4 (Glut-4) was found in HFD tumor-

bearing mice (Fig 3.3E). Furthermore, osteoclast numbers and size were also 

significantly increased in the tumor microenvironment of HFD- compared to ND-fed 

mice from the i.c. model (Figure 3.3F-H), suggesting that the enhanced tumor associated 

osteoclasts by HFD are independent of the delivery route of tumor cells . 
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Figure 3.3 Increased osteoclasts marker genes expression in the tibiae of HFD mice injected with 

B16F10 cells. (A) Representative pictures of tartrate-resistant acid phosphatase (TRAP) activity staining 

in bone tumor area from ND or HFD mice (magnification ×20). Normal diet (ND)- and high fat diet 

(HFD)-fed mice with injection of tumor cells were defined as ND-T and HFD-T, respectively. (B-C) 

Histomorphometric osteoclast quantification in the tumor center of ND or HFD mice. Abbreviations: 

N.Oc/B.Pm, number of osteoclasts per bone perimeter; Oc.S/BS, osteoclast surface/bone surface. (D-E) 

Osteoclast gene markers expression (D) and other bone metastasis-related gene profile (E) in bone from 

ND and HFD mice 7 days post intratibial (i.t.) B16F10 cells injection. (F-H) Representative pictures of 

TRAP staining (F) in bone tumor area from ND or HFD mice (magnification ×20). Histomorphometric 

osteoclast quantification (H) in the tumor center of ND or HFD mice 10 days post intracardiac (i.c.) 

B16F10 cells injection. (n=6-10 per group) All data are expressed as means ± SEM. Asterisks mark 

statistically significant difference (*P<0.05; **P<0.01; ***P<0.001). 

 

To determine whether metabolic stress per se might activate bone-resorbing osteoclasts 

after the in vivo injection, bone slides were stained with H&E and for TRAP activity. 

Despite a decreased bone volume and trabecular bone thickness (Figure 3.4 A-B), no 

difference in osteoclast numbers and size were observed in HFD-fed compared with 

ND-fed mice without tumor injection (Figure 3.4C-D). Moreover, most of mRNA levels 

of osteoclast marker genes showed no difference between ND- and HFD-fed mice 

(Figure 3.4E). All together, these data indicates that the enhanced bone-resorbing 

osteoclast numbers and size are closely associated with an increased melanoma cell 

growth in the murine bone tumor niche after exposure to HFD.  
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Figure 3.4 HFD do not affect the number of osteoclasts in the tibial bone from PBS-injected mice. 

(A-B) Representative images of H&E stained tibia section (A) from normal diet (ND) or high fat diet 

(HFD) mice injected with PBS (ND-PBS and HFD-PBS, respectively). Histomorphometric quantification 

of bone volume and trabecular bone thickness (B) in bone section from (A). Abbreviations: BV/TV, bone 

volume per total volume; Tb.Th, trabecular bone thickness. (C-D) Representative images of tartrate-

resistant acid phosphatase (TRAP) activity stained tibia section (C) from mice injected with PBS. 

Histomorphometric quantification of osteoclasts (D) in the bone section from (C). Abbreviations: 

N.Oc/B.Pm, number of osteoclasts per bone perimeter; Oc.S/BS, osteoclast surface/bone surface. (E) 

Osteoclast marker genes expression in the bone from ND and HFD mice 7 days post i.t. injection of PBS. 

(n=6-8 per group) Data are shown as means ± SEM. Asterisks mark statistically significant difference (ns, 

not significant; *P<0.05).  

3.1.4 HFD leads to upregulation of osteopontin and interleukin 6 levels in vivo 

Since obesity is known to induce inflammation (Shalapour and Karin, 2015), we 

hypothesized that increased cytokine levels in sera of HFD tumor-bearing mice could 
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be responsible for melanoma cell and osteoclasts activation in the bone tumor niche. 

Therefore, cytokine levels in the sera were analyzed by multiplex arrays and ELISA. 

Out of the 13 cytokines tested in mice from i.t. model (Figure 3.5 and table 1), 

osteopontin (OPN) and interleukin (IL)-6 levels were significantly higher in the sera of 

HFD-fed mice compared to ND-fed mice and further increased after melanoma cell 

challenge at day 7 (Figure 3.5A, table 1). Although an elevated leptin level in serum 

was detected in naïve HFD compared to ND mice, leptin serum levels were 

downregulated after melanoma cell inoculation at day 7 (Figure 3.5B). In addition, 

CXCL1 levels in serum were significantly increased in HFD mice with or without tumor 

(Figure 3.5C). Moreover, IL-17 levels were increased in HFD compared to ND mice 

after melanoma cell transplantation at day 7 based on the results of the multiplex arrays 

(table 1), while no significant alteration in serum levels of IL-1α and β, IL-2, 4, 5, 10, 

IFNγ, GM-CSF and TNFα was observed (Figure 3.5 and table 1). Taken together, the 

increased IL-6, OPN and CXCL1 suggested that they might have an important role in 

the crosstalk between melanoma cells and osteoclasts/macrophages in the bone tumor 

niche after HFD exposure. 
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Figure 3.5 Cytokine levels in naïve or tumor-bearing HFD mice compared to ND mice. (A) Cytokine 

levels of osteopontin (OPN), interleukin (IL)-6, and IL-1β in serum were detected by ELISA. (B-C) 

Leptin (B) and CXCL1 (C) levels in serum. (n=6-8 per group). Data are shown as means ± SEM. Normal 

diet (ND)- and high fat diet (HFD)-fed mice with injection of tumor cells were defined as ND-T and 

HFD-T, respectively. ND- and HFD-fed mice injected with PBS were defined as ND-PBS and HFD-PBS, 

respectively. Asterisks mark statistically significant difference (ns, not significant; *P<0.05; **P<0.01; 

***P<0.001). 

Table 1, Cytokine multiplex arrays analysis of serum from naïve and B16F10 injected mice.  
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All data represent the mean ± SEM. One-way analysis of variance. Normal diet (ND)- and high fat diet 

(HFD)-fed mice with injection of tumor cells were defined as ND-T and HFD-T, respectively. ND- and 

HFD-fed mice injected with PBS were defined as ND-PBS and HFD-PBS, respectively. 

3.1.5 Increase of OPN-producing macrophages and osteoclasts in the bone marrow 

tumor niche favor melanoma cell growth 

To address which cells express OPN in the bone marrow of HFD and ND treated mice 

having been challenged with melanoma cells, histological sections were prepared and 

stained with an anti-OPN monoclonal antibody (mAb) and TRAP activity in the bone 

tumor niche (Figure 3.6A). Indeed, OPN was expressed by macrophages and osteoclasts 

(TRAP+) in the bone marrow (Figure 3.6A). Additionally, TRAP-negative 

multinucleated cells around the tumor expressed OPN (Figure 3.6A). Monocytes 

progenitor cells are known to be shared by macrophages and osteoclasts (Udagawa et 

al., 1990). It has been also established that CD11b+Ly6C+Ly6Gint inflammatory 

monocytes, also known as myeloid-derived suppressor cells (MDSCs), have the 

potential to infiltrate into the tumor area and differentiate into bone-resorbing 

osteoclasts in the bone tumor niche(Sawant et al., 2013), we next examined the bone 

marrow monocyte population by flow cytometry. In line with increased TRAP activity 

in bone tumor area, a higher percentage of CD11b+ cells and CD11b+Ly6C+Ly6Gint 

cells was found in HFD compared to ND mice bearing melanoma (Fig 3.6B-C). Besides, 

mRNA profiling of macrophage gene markers revealed a decreased mRNA level of 

CD206, Ym-1, Fizz-1 and CD11c in HFD PBS-injected (HFD-PBS) mice than ND PBS-

injected (ND-PBS) mice, while markedly increased mRNA expression level of Ym-1 

and Fizz-1 was observed, which both are main markers of alternatively activated 

macrophages(Raes et al., 2002), in HFD tumor-bearing (HFD-T) mice compared with 

ND tumor-bearing (ND-T) mice (Figure 3.6D). Collectively, these data imply that OPN 

produced by osteoclasts and macrophages may play significant roles in promoting 

melanoma cell growth in the bone tumor niche of HFD mice. 
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Figure 3.6 Osteopontin (OPN) expressed by macrophages and osteoclasts in bone tumor niche. (A) 

Staining of OPN and tartrate-resistant acid phosphatase (TRAP) activity in tibial bone with or without 

B16F10 i.t. injection. Red arrows indicate OPN expression TRAP-positive osteoclast. Black arrows mark 

OPN expression TRAP-negative multinucleated cells. Magnification 20×. (B-C) CD11b+ and 

CD11b+Ly6C+Ly6Gint cells from tumor-bearing mice in the bone tumor niche were analysed with FACS. 

(D) Macrophage genes markers expression level in tibial bone with or without B16F10 i.t. injection. (n=4-

8 per each group). Normal diet (ND)- and high fat diet (HFD)-fed mice with injection of tumor cells were 

defined as ND-T and HFD-T, respectively. ND- and HFD-fed mice injected with PBS were defined as 
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ND-PBS and HFD-PBS, respectively. Data are shown as means ± SEM. Asterisks mark statistically 

significant difference (*P<0.05; **P<0.01; ***P<0.001). 

3.1.6 Increase of IL-6-producing adipocytes in the bone marrow tumor niche by 

HFD upregulates cancer cell growth 

More than as storage cells for fat, adipocytes were recently identified as being a critical 

source of IL-6 within adipocyte-rich connective tissue in tumor microenvironments such 

as breast cancer (Dirat et al., 2011). To better understand the remarkable increase of 

osteoclasts and macrophages in the bone tumor niche of mice challenged with HFD and 

tumor cells, we hypothesized an interaction between fat cells and tumor cells, which 

would elicit local inflammatory responses. Therefore, we first examined whether HFD 

triggers an enhanced anatomical connection between tumor cells and adipocytes in the 

bone tumor niche. As shown in Figure 3.7A-B, bone marrow adipocytes were more 

abundant in the bone marrow of HFD-fed tumor-bearing mice than ND-fed tumor-

bearing mice in both the i.t. and the i.c. model. Indeed, we found that a higher number 

of bone marrow adipocytes in vicinity to the site of tumor growth in HFD-fed mice with 

injection of melanoma cells than ND-fed mice with injection of melanoma cells (Figure 

3.7A-B). Since adipocytes are the IL-6 expressing cells in the tumor microenvironment 

(Dirat et al., 2011; Nieman et al., 2011). We performed a immuno-staining of IL-6 in 

the bone tumor niche and confirmed that adipocytes indeed actively expressed IL-6 

(Figure 3.7C). These data suggested that an accumulation of IL-6-producing adipocytes 

probably play an important role in boosting melanoma cell growth in the bone tumor 

niche of mice exposed to HFD (Chen et al., 2016). The IL-6-expressing adipocytes 

together with OPN-producing macrophages and osteoclasts were hypothesised to 

provide a ‘fertile soil’, which is possibly generated by a crosstalk of bone marrow 

adipocytes and osteoclasts in the bone tumor niche. 
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Figure 3.7 IL-6 expressing adipocytes in bone tumor niche in HFD mice. (A-B) Representative H&E 

stained pictures from bone tumor area at day 6 (intratibial model) (A) and at day 10 (intracardiac model) 

(B). Quantification of the number of adipocytes in bone marrow tumor area by Photoshop software. 

(Magnification 20×). (n=5-8 per group). Yellow arrows indicate bone marrow adipocytes. Normal diet 

(ND)- and high fat diet (HFD)-fed mice with injection of tumor cells were defined as ND-T and HFD-T, 

respectively. (C) Staining of IL-6 in bone marrow tumor area from HFD-fed mice. Blue arrow indicate 

IL-6 secreting adipocytes. (Magnification 20×). Data are shown as means ± SEM. Asterisks mark 

statistically significant difference (*P<0.05; **P<0.01 determined by Student’s t test). 

3.1.7 Increased CD31+ cells in the bone tumor niche of HFD mice injected with 

B16F10 cells 

To further profile the cells involved in the bone tumor niche induced by HFD, we 

assessed CD31+, B cells (B220+), eosinophils (siglec-F+), and dendritic cells (DC) 
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(CD11c+) cells population in the tibial bone marrow from ND and HFD-treated tumor 

bearing mice. As shown in Figure 3.8A, the percentage of CD31+ cells was significantly 

upregulated in HFD melanoma cells injected mice compared to ND melanoma cells 

injected mice. The decreased percentage of B220+ cells in HFD mice was attributed to 

the difference in naïve stage (Figure 3.8B). Both siglec-F+ and CD11c+ cells remained 

unchanged (Figure 3.8C-D). As CD31+ cells in bone marrow are highly angiogenic and 

vasculogenic cells (Kim et al., 2010a; Kim et al., 2010b). The upregulation of CD31+ 

cells indicates that tumor-associated angiogenesis might also induce the increased 

melanoma cell growth in the bone tumor niche of mice fed with HFD. 

 

Figure 3.8 HFD increased CD31+ cells in the bone melanoma metastatic niche. (A) Representative 

contour plots of CD31+ cells in HFD and ND mice intratibially treated with melanoma. Numbers 
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represent percentage of the gated population. (B) Representative contour plots of B220+ cells in HFD and 

ND mice intratibially treated with melanoma. Numbers represent percentage of the gated population. (C-

D) Percentage of tibial bone marrow eosinophils and dendritic cells (DC) cells (defined as siglec-F+ and 

CD11c+ cells, respectively) in HFD mice injected or not with melanoma at day 7 post B16F10 intratibial 

injection (n=3 per group). Normal diet (ND)- and high fat diet (HFD)-fed mice with injection of tumor 

cells were defined as ND-T and HFD-T, respectively. ND- and HFD-fed mice injected with PBS were 

defined as ND-PBS and HFD-PBS, respectively. Data are shown as means ± SEM. Asterisks mark 

statistically significant difference (ns, not significant; *P<0.05; **P<0.01; **** P<0.0001). 

3.2 The nuclear factor-κB (NF-κB) signalling pathway contributes to alter the 

biological behaviour of melanoma cells challenged with high fat diet (HFD) serum 

in vitro 

3.2.1 Circulating factors present in HFD-fed mice enhance melanoma cells 

proliferation 

Apart from the local effect on melanoma cell growth, circulating factors could also 

potentially influence tumor cells. To figure out whether circulating factors present in 

HFD-fed mice could influence melanoma cell proliferation in vitro, we treated B16F10 

cells with 2% heat-inactivated serum derived from ND- or HFD-fed mice. As shown in 

Figure 3.9A, a significant increase of melanoma cell numbers was detected after HFD 

compared to ND serum exposure. Flow cytometry analysis of cell cycle phase revealed 

that the length of the S- and G2M-phases decreased in B16F10 cells after HFD serum 

treatment (Figure 3.9B-C). Gene expression analyses of proliferation markers showed a 

significant increase in expression levels of cyclin D1 (CCND1), v-akt murine thymoma 

viral oncogene homologue 1 (Akt1), mitogen-activated protein kinase 3 (Map3K), and 

forkhead box a1 (Foxa1) in melanoma cells treated with HFD-fed mice derived serum, 

while a decrease in B-cell lymphoma 2 (Bcl-2) expression and no difference for the other 

parameters were observed (Fig 3.9D). Taken together, these results suggest that HFD 

enhances melanoma cell growth in vitro. 



Results 

66 
 

 

Figure 3.9 HFD enhance proliferation rate of melanoma cells in vitro. (A) Cell number was 

determined after ND or HFD serum exposure within 2 days. (B-C) Cell cycle was detected by flow 

cytometry and quantified after B16F10 cells treatment with serum from ND or HFD mice for 48h. (D) 

Proliferation genes expression was analysed by RT-qPCR. Three independent experiments were carried 

out in triplicates. Normal diet-fed mice, ND; high fat diet-fed mice, HFD. Data are shown as means ± 

SEM. Asterisks mark statistically significant difference (ns, not significant; *P<0.05; ** P<0.01). 

3.2.2 Enhanced cell migration in melanoma cells pre-treated with HFD serum  

To determine whether cell morphology or migration of B16F10 cells would be 

modulated by HFD, B16F10 cells were treated with HFD serum or ND serum. After 

24h of exposure, a phase contrast microscope was used to morphologically analysis of 

these cells. However, no striking difference was observed between two groups (Figure 
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3.10A). Interestingly, HFD serum promoted the migration ability of melanoma cells 

more than ND serum already at the time point of 8h, as indicated by a ~20% increase of 

coverage percentage in HFD group compared with the ND group (Figure 3.10B). These 

data indicate that metabolic stress by HFD does not alter the cell shape but promote 

migration of murine melanoma cells in vitro. 

 

Figure 3.10 Cell shape and migration were assessed in vitro. (A) Cell morphology was evaluated by 

phase contrast microscope after 24h of ND or HFD serum treatment. (B) Wound healing assay was 

performed in B16F10 cells after 8h of HFD or ND serum stimulation. Coverage percentage was calculated 

and compared between HFD and ND group. Three independent experiments were carried out in triplicate. 

Normal diet-fed mice, ND; high fat diet-fed mice, HFD. Data are shown as mean ± SEM. Asterisks mark 

statistically significant difference (*P<0.05 determined by Student’s t test). 
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3.2.3 Upregulation of chemokine (C-X-C motif) ligands secretion by B16F10 cells 

stimulated with HFD serum 

To further investigate gene profile altered by HFD, matrix metalloproteinases (MMPs), 

chemokine (C-X-C motif) ligands (CXCLs), and inflammatory related genes expression 

levels were first analysed by quantitative PCR. As demonstrated in Figure 3.11A, MMP-

1α was significantly upregulated while MMP-9 was reduced in B16F10 cells treated 

with HFD than ND serum. Except for CXCL-12 and CXCL-14, almost all CXCLs 

mRNA expression levels were higher with a range of two to six fold changes in B16F10 

cells treated HFD than ND serum (Figure 3.11B). Indeed, CXCL1 levels in culture 

supernatant of B16F10 cells are induced by HFD serum stimulation (Figure 3.11C). A 

serial number of pro-inflammatory genes were downregulated in B16F10 cells treated 

with HFD than ND serum, including IL-1β, IL-6, IL-11, TNF-α, G-CSF, CTGF, and 

MIP-2a (Figure 3.11D). To determine the protein levels changes, we collected B16F10 

cells-conditioned medium (CM) pre-treated with ND or HFD serum. However, no 

difference in pro-inflammatory cytokines between HFD and ND group was detected by 

the Th1/Th2 cytokine multiplex kit (ebioscience) (Figure 3.11E). These data suggest 

that upregulation of chemo-attractants such as CXCLs in melanoma cells induced by 

HFD possibly plays a vital role in tumor cell crosstalk with adipocytes and 

osteoclasts/macrophages in bone tumor metastatic niche in vivo. 
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Figure 3.11 Treatment with HFD serum boost chemokine (C-X-C motif) ligands (CXCLs) gene 

mRNA levels in melanoma cells. (A) Matrix metalloproteinase (MMPs) genes mRNA expression were 

semi-quantified by the method of polymerase chain reaction (PCR). rel., relative. (B) Chemokine (C-X-

C motif) ligands (CXCLs) gene mRNA expression. rel., relative. (C) CXCL1 levels in B16F10 cells 

derived conditioned medium (CM) pre-treated with 2% ND or HFD serum. (D) Pro-inflammatory and 

bone metastasis related gene mRNA expression. rel., relative. (E) Cytokine levels in B16F10 cells derived 

CM were detected by Th1/Th2 cytokine multiplex. Three independent experiments were carried out in 

triplicate. Normal diet-fed mice, ND; high fat diet-fed mice, HFD. Data are shown as mean ± SEM. 

Asterisks mark statistically significant difference (ns, not significant; *P<0.05, **P<0.01, ***P<0.001 

determined by Student’s t test). 

3.2.4 Activation of NF-κB pathway in melanoma cells induced by HFD serum 

To get an insight into possible pathways activated by HFD, we tested NF-κB and signal 

transducer and activator of transcription 3 (STAT3) phosphorylation levels in B16F10 
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cells after HFD serum stimulation. As shown in Figure 3.12A, the phosphorylated 

protein levels of p65 were upregulated in B16F10 cells treated with HFD serum when 

compared to ND serum. However, no difference in phosphorylated STAT3 was 

observed (data not shown). However, Activator protein 1 (AP-1) transcription factors 

gene mRNA levels were downregulated in B16F10 cells after incubated with HFD 

serum, e.g. Fos-related antigen 2 (Fra2), c-Fos, and c-Jun (Figure 3.12B). No 

difference in Fra1, hypoxia-inducible factor (HIF)1β, runt-related transcription factor 

2 (Runx2), and Catenin (Cadherin-Associated Protein), Beta 1 (CTNNB1) mRNA level, 

while increase of PPARγ mRNA level were detected in B16F10 cells treated with HFD 

serum (Figure 3.12B). Adhesion markers and the downstream targets of NF-κB pathway 

were markedly increased in B16F10 cells in the HFD group, such as intercellular 

adhesion molecule 1 (ICAM1), cadherin 2 (N-cadherin), C-X-C chemokine receptor 

type 7 (CXCR7), CXCR4, and integrin subunit alpha 2 (ITGA2) (Figure 3.12C). 

Moreover, bone metastasis related genes, such as S100a8, TGFβ1&3, PTHrP, and 

BMP2, were significantly increased in mRNA levels with a range from two to seven 

fold changes in B16F10 cells treated HFD than ND serum (Figure 3.12D). These data 

indicate that NF-κB pathway activated in melanoma cells by HFD is possibly 

responsible for the tumor cell crosstalk with bone marrow adipocytes/ monocyte derived 

macrophages and osteoclasts in the bone tumor niche (Chen et al., 2016).  
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Figure 3.12 Analyses of cell signalling pathway in B16F10 cells after 2% HFD or ND serum 

incubation. (A) Representative western blot image of p65 and phosphorylated-p65 (p-p65) level in 

B16F10 cells and quantification of band intensity by the software of ImageJ. (B-C) Some selected 
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transcription factors mRNA levels and the downstream targets of NF-κB signalling pathway or adhesion 

molecules were semi-quantified by PCR. (D) Angiogenesis and bone metastasis related genes mRNA 

expression. Three independent experiments were carried out in triplicate. Normal diet-fed mice, ND; high 

fat diet-fed mice, HFD. Data are shown as means ± SEM. Asterisks mark statistically significant 

difference (ns, not significant; *P<0.05, ** P<0.01, ***P<0.001). 

3.2.5 Both IL-6 and OPN are essential for CXCLs production by B16F10 

melanoma cells in vitro 

Since both serum levels of IL-6 and OPN were found increased in HFD-fed melanoma 

bearing mice and to determine whether these proteins could induce CXCLs expression, 

we treated B16F10 cells with recombinant IL-6 and OPN proteins in vitro. Indeed, 

recombinant IL-6 proteins with a concentration of 1 to 10 ng/ml upregulated CXCL1 

secretion in culture supernatant by B16F10 melanoma cells (Figure 3.13A). Also, 

recombinant OPN proteins could induce CXCL1 and CXCL2 mRNA levels in B16F10 

melanoma cells (Figure 3.13B) (Chen et al., 2016). These findings suggest that the 

increased expression of chemoattractants in melanoma cells as mediated by 

inflammatory cytokines may have a role in the recruitment of stromal cells into the 

tumor microenvironment by HFD. 

 

Figure 3.13 CXCLs production by B16F10 cells induced by recombinant IL-6 and OPN. (A) CXCL1 

(KC) levels in culture supernatant from B16F10 cells treatment with a concentration of 1, 3, or 10 ng/ml 

recombinant IL-6 protein for 48h. (B) Quantification of CXCL1,2&5 mRNA levels in B16F10 melanoma 

cells after 1000ng/ml OPN treatment for 48h. rel., relative. All data are means ± SEM; Three independent 

experiments were carried out in triplicates. *p<0.05. 
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3.3 Activation of osteoclasts differentiation by melanoma cells pre-stimulated with 

HFD serum is dependent of cell-cell contact 

3.3.1 The secretome of melanoma cells induced by HFD serum is not sufficient to 

promote osteoclastogenesis in vitro 

In order to uncover the mechanism behind the enhanced osteoclastogenesis triggered by 

HFD in tumor bearing mice, conditioned medium (CM) was first collected from B16F10 

cells, which were pre-treated with HFD or ND serum for 48h. Then, fresh bone marrow 

monocytes were incubated with osteoclast differentiation medium (Oc medium) plus 

with the above-mentioned CM (Figure 3.14 A). We did not observe significant 

differences in the number of TRAP+ cells in HFD compared to ND group (Figure 

3.14B). Accordingly, mRNA levels of osteoclasts marker genes showed no differential 

expression of NFATc1, OPN, VCAM1, and Cathepsin K, while even significant lower 

expression of c-Fos, MMP9, and ICAM1 were observed in HFD group compared to ND 

group (Figure 3.14C). These data suggest that the melanoma cells’s secretome changes 

induced by HFD-associated circulating factors do not promote osteoclastogenesis in 

vitro (Chen et al., 2016). 
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Figure 3.14 Conditioned medium from B16F10 cells pre-treated with HFD serum did not promote 

osteoclast differentiation compared to ND serum in vitro. (A) Overview of experimental setting in 

vitro. (B) Representative pictures of TRAP staining in ND and HFD group and quantification of the 

number of TRAP+ cells in each plate. Magnification 5×. (C) Quantitative RT-PCR analyses of osteoclast 

marker gene mRNA expression in ND and HFD group. Three independent experiments were carried out 

in triplicate. Normal diet-fed mice, ND; high fat diet-fed mice, HFD. Data were expressed as the mean ± 

SEM. Asterisks mark statistically significant difference (ns, not significant; *P<0.05, ** P<0.01, 

***P<0.001). 

3.3.2 Melanoma cells pre-treated with HFD serum increase osteoclastogenesis in 

an OPN dependent manner in vitro 

To evaluate whether the cell surface molecules expressed on melanoma cells could 

trigger increase in osteoclast differentiation, as previously suggested in breast cancer 

cells(Yagiz and Rittling, 2009), B16F10 cells were treated with HFD or ND serum for 

2 days, and then fixed and co-cultured with bone marrow derived monocytes following 

a standard protocol for osteoclast differentiation assay in vitro (Figure 3.15A). As 

demonstrated in Figure 3.15B-C, melanoma cells pre-primed by HFD serum did raise 

the number of TRAP+ cells compared with ND serum. The increased osteoclastogenesis 

was further confirmed by a remarkable upregulation of osteoclast marker gene mRNA 

levels, such as c-Fos, MMP9, OPN, VCAM1 and Cathepsin K (Figure 3.15C). Therefore, 

the altered expression of molecules on the melanoma cancer cell surface induced by 

HFD serum are responsible for the enhanced osteoclast differentiation in the HFD group. 

To further examine the circulating factors responsible for the above observation, we 

applied a neutralizing monoclonal antibody to OPN in the co-culture experiment based 

on the cytokine profile detailed in the section of 3.1.4 (page 57-59). Indeed, depletion 

of OPN in serum diminished the promoting effects on osteoclast differentiation of HFD-

related circulating factors as compared with ND (Figure 3.15D). Consistently, mRNA 

levels of osteoclast marker genes showed a distinct decline expression of c-Fos, MMP9, 

OPN and Cathepsin K after clearance of OPN from the circulating factors (Figure 3.15E). 

Taken together, these data suggest that the increased osteoclast activation observed in 

the tumor area probably results from the increase of osteopontin mediated by HFD 

(Chen et al., 2016). 
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Figure 3.15 Effect of metabolic stress by HFD on osteoclast activation via cell surface molecules 

expressed by melanoma cells and dependent of OPN. (A) Scheme of the experiment procedures. (B) 

Representative TRAP staining and quantification of the number of TRAP+ cells in ND and HFD group. 

(C) Quantitative RT-PCR analyses of osteoclast marker gene mRNA expression in ND and HFD group. 

(D) Representative TRAP staining and quantification of the number of TRAP+ cells in ND and HFD 

group after depletion of OPN with a neutralizing monoclonal antibody (1μg). (E) Quantitative RT-PCR 

analyses of osteoclast marker gene mRNA expression in ND and HFD group after blockage of OPN. 

Three independent experiments were carried out in triplicate. Normal diet-fed mice, ND; high fat diet-fed 
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mice, HFD. Data are shown as means ± SEM. Asterisks mark statistically significant difference (ns, not 

significant; *P<0.05, ** P<0.01, ***P<0.001). 

3.3.3 HFD associated circulating factors also promote osteoclast differentiation in 

vitro 

To explore whether HFD serum per se could stimulate osteoclast differentiation, we 

incubated bone marrow derived monocytes within osteoclast medium containing 2% 

heat- inactivated serum from tumor-free HFD- or ND-fed mice (Figure 3.16A). After 6 

days incubation, we observed that the number of osteoclasts was higher in the HFD than 

the ND group (Figure 3.16B). Similarly, the levels of osteoclast marker genes were 

significantly increased in the HFD serum treated group than the ND serum treated group, 

including MMP9, NFATc1, VCAM1, and Cathepsin K (Figure 3.16C). Noticeably, no 

significant difference in mRNA level of OPN was observed in the HFD serum-treated 

group, while it was upregulated in the co-culture of melanoma cells/osteoclasts in the 

HFD group (Figure 3.15C). This data suggests that circulating factors from HFD-fed 

mice can impact osteoclastogenesis in vitro (Chen et al., 2016).  
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Figure 3.16 HFD associated circulating factors promote osteoclast differentiation. (A) Overview of 

experiment procedures. (B) Representative TRAP staining and quantification of the number of TRAP+ 

cells in ND and HFD group. (C) Quantitative RT-PCR analyses of osteoclast marker gene mRNA 

expression in ND and HFD group. Three independent experiments were carried out in triplicate. Normal 

diet-fed mice, ND; high fat diet-fed mice, HFD. Data are shown as the mean ± SEM. Asterisks mark 

statistically significant difference (*P<0.05, ** P<0.01, ***P<0.001). 

3.4 Melanoma cells potentiate a biological crosstalk with bone marrow adipocytes 

and osteoclasts in the bone tumor niche 

3.4.1 B16F10 cells become more “aggressive” in the presence of adipocytes 

To address whether bone marrow adipocytes influence the function of melanoma cells, 

we performed adipocyte/melanoma cell co-cultures (Figure 3.17A). As shown in Figure 

3.17B, mRNA level of c-Fos, Notch1, Jagged1 and CD44 was increased in B16F10 

cells following 48h of co-cultures. Adipocytes also triggered increases of mediator 

expression by the melanoma cells, including the angiogenesis molecule VEGFα, and 

pro-inflammatory cytokines IL-6 and IL-1β as well as the chemokines CXCL1, CXCL2 

and CXCL5. Together, this data indicates that melanoma cells showed increased survival 
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signalling and invasive properties in the presence of bone marrow adipocytes (Chen et 

al., 2016). 

 

Figure 3.17 Analyses of cell signalling in B16F10 cells after incubation with bone marrow 

adipocytes. (A) Experimental setting for co-cultures. (B) Gene expression profiling in B16F10 cells by 

qPCR methods. Three independent experiments were carried out in triplicate. Data are shown as means 

± SEM. Asterisks mark statistically significant difference (*P<0.05, ** P<0.01, ***P<0.001). 

3.4.2 Upregulation of chemokine (C-X-C motif) ligands and inflammatory gene 

expression in bone marrow adipocytes by a crosstalk of cancer cells 

To further investigate how the bone marrow niche was altered by adipocytes in a 

crosstalk with melanoma cells, bone marrow adipocytes and B16F10 cells were co-

cultured as mentioned above (section 3.4.1). After co-culture for 48h, adipocytes lost 

their lipid droplets (Figure 3.18A). Together with the increase mRNA levels of Pref-1 

while decline of CEBPα/β, PPARγ, Leptin and aP2 were observed in adipocytes when 

co-cultured with melanoma cells (Figure 3.18B), suggesting that mature adipocytes 

undergo a dedifferentiation process. Interestingly, mRNA levels of IL-1β, IL-6, MCP-1, 

CXCL-1/-5, MCSF, and PDGFβ were significantly increased in the tumor-associated 

adipocytes after 48h of co-cultures with 106 B16F10 cells. These data indicate that 

mature adipocytes undergo a dedifferentiation process into pre-adipocyte-like cells with 
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a characteristic of upregulated chemokine and inflammatory cytokine secretion in the 

bone niche, which probably recruits macrophages and/or activates osteoclasts. 

 

 

Figure 3.18 Bone marrow adipocytes become inflammatory during the co-culture with melanoma 

cells. (A) Oil Red O staining in adipocytes and the positive area was quantified by the software of ImageJ. 

Magnification 10×. (B) Adipocytes differentiation marker genes mRNA level in adipocytes/B16F10 co-

cultures. (C) Quantitative RT-PCR analyses of inflammatory and chemokine genes mRNA level in 

adipocytes/B16F10 cells co-cultures. All experiments were replicated twice with triplicate. Data are 
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expressed as the mean ± SEM. Asterisks mark statistically significant difference (*P<0.05, ** P<0.01, 

***P<0.001). 

3.5 Interruption of IL-6/JAK2-OPN axis rescue melanoma cell growth in mice 

exposed to HFD 

3.5.1 Both IL-6 and OPN are essential for tumor growth induced by HFD in vivo 

As reported, a close connection exists between IL-6 and OPN (Wen et al., 2015). Since 

both the increased serum levels of IL-6 and OPN were closely linked to the enhanced 

melanoma cell growth in obese mice in vivo, we thus hypothesized that HFD-induced 

melanoma cell growth might be mediated by these inflammatory cytokines. To 

determine the importance of osteopontin and IL-6 in the bone marrow tumor niche, we 

used osteopontin deficient (OPN-/-) mice and an IL-6 neutralizing monoclonal antibody 

(mAb) treatment in the i.t. model, respectively. Interestingly, OPN deficient mice 

showed a significantly reduced tumor burden and significantly lower osteoclast numbers, 

when challenged with HFD, compared to HFD wild-type controls (Fig 3.19A-B), 

suggesting that OPN was a tumor-promoting and osteoclastogenic factor induced by 

HFD. Furthermore, neutralization of IL-6 by the mAb had a very similar effect, showing 

virtual restoration of the enhanced tumor growth and osteoclast activation induced by 

HFD (Fig 3.19C-E). In addition, administration of the IL-6 neutralizing mAb reduced 

OPN levels in serum of tumor bearing mice, and more strikingly in HFD tumor-bearing 

mice (Fig 3.19F), suggesting that IL-6 is able to initiate OPN production in vivo. 

Collectively, these data indicate that both IL-6 and OPN are essential for the tumor 

progression and osteoclasts activation in the bone marrow of HFD fed mice (Chen et al., 

2016). 
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Figure 3.19 OPN deficiency or IL-6 mAb treatments rescue the increased tumor growth in tibia of 

high fat diet mice. (A) Representative pictures of TRAP staining in normal diet (ND), high fat diet (HFD) 

wild-type or HFD deficient OPN mice at day 7 post intratibial (i.t.) B16F10 cell injection (magnification 

20×). Normal diet (ND)- and high fat diet (HFD)-fed mice with injection of tumor cells were defined as 

ND-T and HFD-T, respectively. (B) Quantification of tumor growth, osteoclast number and surface in 

tibia from ND, HFD wild-type or HFD deficient OPN mice at day 7 post i.t. B16F10 cells injection. (C) 

Schematic pictures for experimental setting of IL-6 mAb (0.5mg/mouse) intraperitoneal (i.p.) injection. 

(D) Relative tumor area in ND or HFD mice injected with B16F10 cells with or without mAb IL-6 

treatment. (E) Representative pictures of TRAP staining (magnification 20×) and quantification of 

osteoclast number and surface in ND or HFD mice at day 9 post injected with B16F10 cells with or 

without IL-6 mAb treatment. (F) Serum levels of OPN in tumor bearing mice with or without IL-6 mAb 

treatment (1μg). All data are means ± SEM; (n=4 to 8 per group.) *P<0.05, ** P<0.01, ***P<0.001. 

3.5.2 Inhibition of JAK2 is essential for reducing the bone tumor cell growth and 

blocking IL-6 signalling in vivo 

To further analyze the role of IL-6, we blocked downstream signalling JAK2 with the 

inhibitor AG490. As shown in Figure 3.20A-C, AG490 injection reduced B16F10 

melanoma cell growth as well as osteoclast activation in HFD-treated mice, suggesting 

that the IL-6-JAK2 pathway is responsible for the enhanced tumor growth and osteoclast 

activation in obese mice. Consistent with the rescue of tumor growth and osteoclast 

activation by JAK2 inhibitor, also the HFD-induced elevation of bone marrow 

CD11b+Ly6C+Ly6Gint cells and the elevated levels of IL-6 were abolished in vivo 

when compared to ND melanoma bearing mice (Figure 3.20D-E). Indeed, recombinant 

IL-6 upregulated OPN expression, while inhibition of the IL-6 downstream JAK2 by 

AG490 effectively blocked OPN secretion by bone marrow-derived macrophages in 

vitro (Figure 3.20G). Also, inhibition of JAK2 by AG490 diminished the increased 
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CXCL1 (KC) levels in HFD tumor bearing mice in vivo (Figure 19G). Taken together, 

these data demonstrate that IL-6/JAK2 signalling and OPN are the main mediators for 

enhanced melanoma growth in bone marrow and the elevated CXCL1 (KC) levels 

following HFD (Chen et al., 2016). 

 

 

  

 



Results 

84 
 

Figure 3.20 Blockade of JAK2 pathway rescues the tumor size and the number of osteoclasts 

infiltrated in high fat diet melanoma bearing mice. A) Schematic picture of the experimental setting: 

AG490 was intra-peritoneally injected every day till day 9 with the dose of 17mg/kg/mouse. Normal diet 

(ND)- and high fat diet (HFD)-fed mice with injection of tumor cells were defined as ND-T and HFD-T, 

respectively. B) Quantification of tumor size in tibia of each group. (C) Representative pictures of TRAP 

staining and osteoclast number and size in each group. (D) FACS analysis of CD11b+Ly6ChiLy6Gint 

populations in bone marrow from tumor bearing mice. (E-F) IL-6 (E) and OPN (F) levels in serum of  

ND-fed or HFD-fed mice injected with B16F10 cells with or without AG490 and IL-6 mAb treatment, 

respectively. (F) OPN levels in supernatant from bone marrow derived macrophages treated with IL-6 

recombinant (10ng/ml) and AG490 (25μM). (G) CXCL1 levels in serum of ND-fed or HFD-fed mice 

injected with B16F10 cells with or without AG490 treatment. (in vitro) 3 independent experiments were 

carried out in triplicate; (in vivo) n=6 to 8 per group. All data are means ± SEM; n=6 to 8 per group. 

*p<0.05, **p<0.01, ***p<0.001.  
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4. Discussion 

4.1 Increased melanoma cell growth in the bone tumor niche was triggered by 

HFD-induced factors 

Obesity increases the risk of developing certain bone marrow originated 

haematological malignancies, including leukaemia, lymphoma, and myeloma (Caers 

et al., 2007; Friedman and Herrinton, 1994; Lichtman, 2010). However, the impact of 

obesity on solid tumors with bone metastases has sparsely been recorded in the 

literature. This study shows that high fat diet (HFD) exposure induced melanoma cell 

growth in the bone tumor niche. In accordance, obesity also increases tumor growth in 

bone from metastatic prostate cancer (Hardaway et al., 2014), which preferentially 

metastasizes to skeletal sites. The evidence support the idea that metabolic stress 

induced by obesity promotes solid tumor growth in the bone marrow niche, and may 

worsen the prognosis of obese individuals with bone metastases. 

Obesity is associated with metabolic syndrome, which is associated with increased risk 

of various cancers including malignant melanoma (Antoniadis et al., 2011; Berrington 

de Gonzalez et al., 2010; Calle et al., 2003; De Pergola and Silvestris, 2013; Kaidar-

Person et al., 2011; Louer et al., 2012; Mitchell et al., 2011; Sergentanis et al., 2013; 

Wolin et al., 2010). Malignant melanoma is one of the most aggressive cancers, which 

often disseminate and metastasize to multiple sites including bone. In the bone marrow, 

metastatic melanoma cells grow in the bone tumor niche, which also represents as a 

hypoxic niche and a common site for tumor cells resistance to chemotherapy and 

targeted therapy and disease recurrence (Lux et al., 2014; Walker et al., 2015). During 

obesity developed by HFD exposure, adipocyte numbers increase in the bone marrow, 

as well as in adipose tissue (Luo et al., 2015). Although the effects of subcutaneous 

adipocytes on melanoma cell growth have been studied (Jung et al., 2015; Kushiro et 

al., 2012; Kwan et al., 2014), the impact of obesity on malignant melanoma growth in 

the bone tumor niche has yet to be investigated. 

To address this, we performed two classical bone metastasis mouse models, i.e. 

intratibial (i.t.) and intracardiac (i.c.) injection models. In the i.t. model, melanoma 
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cells were directly delivered into the bone marrow niche. We observed an increased 

tumor burden in HFD-fed than ND-fed mice, suggesting that the increased adipocyte 

numbers in the HFD bone marrow niche enhanced melanoma burden in the bone tumor 

niche. Since the disseminating metastatic melanoma cells, the seed, proliferation and 

aggressiveness were increased by systemic factors present in HFD serum when 

compared to ND serum, as shown by the increases in the cell number counting and 

CCND1 expression or coverage percentage in the wound healing assay. These findings 

suggest that the seed was not impaired but rather enhanced by HFD. Interestingly, a 

delay for the metastasized melanoma cells in initiating tumor foci in the bone marrow 

of HFD-fed mice was observed in the i.c. injection model compared to ND-fed mice, 

suggesting that the bone metastatic niche, the soil, is possibly impaired by HFD. 

Our lab previously found that HFD changes the hematopoietic stem cell pool in the 

bone marrow, which results in a shift from lymphoid to myeloid cell differentiation 

(Luo et al., 2015). Hence, the alterations of the bone metastatic niche induced by HFD 

is possibly due to a decline in hematopoietic stem cell (HSC) pool (Luo et al., 2015), 

since the HSC niche could also be targeted by tumor cells in the bone marrow 

(Laharrague et al., 2000b; Luo et al., 2015; Malvi et al., 2015; Pandey et al., 2012; 

Reagan and Rosen, 2016; Schuettpelz and Link, 2011; Shiozawa et al., 2011). In vitro, 

we found that B16F10 cells are prone to proliferate more in HFD than ND serum. 

Although how HFD affect the bone marrow metastatic niche and the homing of 

melanoma cells from primary tumors is required for future studies, the current findings 

raises the question about the mechanism, behind how a fat-rich diet influences tumor 

growth, which is increasingly recognized in the tumor field(Brandon et al., 2009; Dirat 

et al., 2011; Jung et al., 2015; Kim et al., 2011a; Mori et al., 2006; Pandey et al., 2012; 

Parkin and Boyd, 2011; Valles et al., 2013) and becomes important facing the 

pandemic of obesity in the Western countries(Ribatti et al., 2010). 
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4.2 Inflammatory cytokines mediated the increased melanoma cell growth in the 

HFD bone niche 

Obesity is now considered a disease associated with chronic low-grade inflammatory 

state(Iyengar et al., 2013; Park et al., 2014), in which a dysregulated metabolism plays 

an integral role(Iyengar et al., 2013; Park et al., 2014; Valles et al., 2013). 

Epidemiological studies have associated obesity with a range of cancer types including 

malignant melanoma (Ellerhorst et al., 2010; Gogas et al., 2008). Attention to the 

inflammatory microenvironment as a possible mechanism linking obesity with 

increased tumour burden has been paid (Calle and Kaaks, 2004; Dirat et al., 2011; 

Khandekar et al., 2011; Park et al., 2014).  

In order to determine the molecular mechanisms behind the increased bone tumor 

burden observed in HFD-fed mice in the i.t. model, a cytokine screening was first 

performed. Indeed, OPN was found increased in HFD serum during steady state and 

following B16F10 cells injection. OPN was a good candidate for increased tumor 

burden, since it was previously shown to be a regulator of melanoma cell growth, 

angiogenesis and metastasis (Kumar et al., 2013; Yin et al., 2014). IL-6 was also found 

up-regulated in HFD mice after injection of B16F10 cells. Consistently with our results, 

Herroon MK. et al. (Herroon et al., 2013) proposed that upregulated levels of the 

inflammatory cytokines interleukin-1β and oxidative stress protein HMOX-1 in the 

bone metastatic niche stimulate prostate cancer cell growth and invasiveness. Later, 

Hardaway A L. et al. (Hardaway, 2015), from the same research group, also suggested 

the significant contribution of CXCR2 and OPN in prostate tumor progression in bone. 

Thus, an enhanced inflammatory bone tumor microenvironment promoted by HFD is 

involved in melanoma growth in the bone melanoma niche of our HFD model. 

In addition, an increase in IL-17 levels in the serum was found in HFD-fed mice 

compared to ND-fed mice after challenge with melanoma cells. IL-17 affects 

melanoma growth through a direct effect on IL-17 receptors bearing cells, including 

tumor cells and tumor-associated stromal cells, in the bone tumor niche. Thus, 

increased IL-17 levels may contribute to an increased tumor growth in obesity. 
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Interestingly, IL-17 could also induce IL-6 production (Chen, 2010; Gislette and Chen, 

2010; Wang et al., 2009), and promote melanoma growth, in part via an IL-6 dependent 

mechanism (Wang et al., 2009). However, the role of IL-17 in the bone melanoma 

niche requires further investigation. It would be of great interest to determine whether 

inhibition of IL-17 may have preventive and therapeutic implications in obese patients 

with bone metastatic melanoma (Gislette and Chen, 2010).  

4.3 Role of adipocytes in the bone melanoma niche for melanoma growth by HFD 

The inflammatory bone tumor microenvironment facilitating tumor growth lead us to 

explore which inflammatory cells were actively involved in the bone tumor niche. In 

obesity, adipocytes are widely recognized as the major players in inflammatory 

adipose tissue (Greenberg and Obin, 2006; Stephens, 2012). Indeed, deregulated white 

adipocytes could release many obesity-related factors including inflammatory 

cytokines and chemokines (Belaid-Choucair et al., 2008; Caers et al., 2007; Cawthorn 

et al., 2014). However, the potential role of adipocytes in the tumor microenvironment 

was just recently introduced into the field of cancer research. In fact, bone marrow is 

also considered as an adipocyte-rich microenvironment (Herroon et al., 2013; Luo et 

al., 2015). However, currently their functional role is usually neglected in studies of 

bone metastases. Only recently, did scientists propose that bone marrow fat cells tied 

adipocyte-induced inflammation with skeletal metastasis in the bone-prostate cancer 

niche (Hardaway et al., 2014). 

We have shown that adipocyte numbers increase in the bone marrow during obesity-

induced by HFD (Luo et al., 2015). We thus speculated that these bone marrow 

changes provide an ideal microenvironment for tumor growth providing melanoma 

cells with a fertile niche. Our data support the concept that bone marrow adipocytes 

drive melanoma growth. Our results are also supported by previous observations 

showing adipocyte number increasing in the bone marrow with age(Lecka-Czernik et 

al., 2010; Takeshita et al., 2014) and the prevalence of bone metastasis in elderly 

melanoma patients(Macdonald et al., 2011; Markovic et al., 2007; Rogiers et al., 2015; 

Scutellari et al., 2003; Tellez et al., 2016).  
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Despite several reports on IGF1, RANKL, and the cytokine IL-8, the molecular 

signalling linking bone marrow adipocyte and bone tumor growth remains to be fully 

elucidated (Dougall et al., 2014; Lecka-Czernik et al., 2010; Takeshita et al., 2014). 

Indeed, adipocytes in the vicinity of the tumor cells express large amounts of IL-6, 

which can promote tumor growth in the bone marrow. Furthermore, earlier data have 

shown that adipocyte numbers in the bone marrow affect leptin levels(Laharrague et 

al., 1998; Laharrague et al., 2000a; Laharrague et al., 2000b), which were shown to 

accelerate melanoma growth (Brandon et al., 2009; Ellerhorst et al., 2010; Gogas et 

al., 2008; Mizutani et al., 2013). However, leptin levels decreased during tumor 

progression in HFD mice, suggesting that it may not be involved in the high tumor 

burden in the bone of HFD-exposed mice. 

In fact, stress hormone promoted growth of B16-F10 melanoma metastases relies on 

an interleukin 6 dependent mechanism (Valles et al., 2013). The effects are activated 

by IL-6 and mediated by several signalling pathways, including the Janus kinase/signal 

transducer and transcription activator (JAK/STAT-3) (Jones et al., 2011; Na et al., 

2013; Tamura et al., 1993). In our study, in support of the important role of IL-6 in 

promoting cancer growth in the bone marrow, we observed that blockade of IL-6 by 

neutralizing antibodies as well as inhibition of JAK2 by small-molecule inhibitors 

(AG490) significantly blocked tumor growth in the HFD model. Blocking IL-6/JAK2 

pathway in the melanoma microenvironment may therefore inhibit disease progression 

(Na et al., 2013). Interestingly, similar observations have also been made in breast 

cancer models (Ara and Declerck, 2010; Dirat et al., 2011; Rahim et al., 2014; Sethi 

et al., 2011). 

To reveal the possible role of local adipocytes in melanoma activation, we co-cultured 

mature bone marrow adipocytes with melanoma cells. As shown, melanoma cells were 

activated to express genes in the downstream of the NF-κB pathway. Simultaneously, 

stressed by melanoma cells, mature bone marrow adipocytes undergo a 

dedifferentiation process, associated with a pro-inflammatory phenotype, less lipid 

content, and a gene signature similar to preadipocytes. Although apoptosis or necrosis 

of adipocytes may also take place (Wagner et al., 2013), these data are in line with the 
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observations made in other cancers, such as prostate cancer and breast cancer (Dirat et 

al., 2011; Hardaway, 2015; Wagner et al., 2013).  

Furthermore, adipocytes could be also involved in the crosstalk of tumor cells with 

immune cells in tumor microenvironment. Indeed, CD4+ T cell subsets require distinct 

metabolic programs, such as glycolysis and lipid oxidation promoting effector T cell 

(Teff) or inducible regulatory T cell (Treg), respectively (Michalek et al., 2011). In our 

study, an elevated serum level of IL-17 indicate that a possible Th17 response was 

elicited in tumor bearing mice exposed to HFD. In addition, Sturtz, L.A. et al. revealed 

an increased expression of anti-inflammatory genes in adipose tissue from invasive 

breasts(Sturtz et al., 2014), suggesting a possible importance of adipocytes in aiding 

tumor cells to escape the surveillance of immune system. Especially the impact of 

adipocytes during the cancer initiation stage may be an interesting topic for the future 

study. 

4.4 Contribution of OPN produced by macrophages and osteoclasts to the bone–

melanoma niche 

Macrophages in metastatic melanomas bone lesion can differentiate into osteoclasts 

(Lau et al., 2006). The recruitment and activation of the osteoclast by invading 

malignant cells is a key feature of the bone-melanoma niche, where mature osteoclasts 

cause bone resorption (Hiraga et al., 1995; Lau et al., 2006). In our study, osteoclasts 

and macrophages in the tumor area were strongly induced in bone of HFD-fed mice. 

Consistently, the tumor-promoting effects of osteoclasts and macrophages in the bone 

melanoma niche were strongly associated with enhanced bone melanoma burden.  

To uncover the possible molecular mechanism linking macrophages and osteoclasts 

with melanoma, OPN seems a good candidate. In a cytokine profiling of sera, we found 

the serum level of OPN increased in HFD treated mice challenged with melanoma 

cells. We further showed that OPN present as a circulating factor in HFD mice is 

critical for B16F10 melanoma cell induced osteoclastogenesis. In situ of tumor area, 

we found that melanoma cells associated with macrophages and osteoclasts can 

express OPN, which seems to be important as it is released by macrophages and induce 
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osteoclastogenesis (Tanabe et al., 2011; Yamate et al., 1997). TRAP-negative 

multinucleated cells around the tumor also expressed OPN. Furthermore, OPN in the 

bone microenvironment have a crucial stimulatory role in melanoma progression (Kiss 

et al., 2015; Nemoto et al., 2001; Yin et al., 2014). Deletion of osteopontin (OPN-/- 

mice) resulted in lower bone melanoma burden and osteoclast numbers in HFD-fed 

melanoma bearing mice, suggesting that this cytokine is a important driver of 

melanoma growth and tumor-induced bone degradation in HFD-fed mice. In line with 

our results, the pro-tumogenesis effect of OPN producing macrophages in prostate 

cancer in bone tumor niche was also suggested by Hardaway A.L. and colleagues 

(Hardaway, 2015). Therefore, the hypothesis that osteoclasts releasing bone matrix 

proteins fuels tumor cell growth, thereby creating a vicious cycle of bone destruction 

and tumor proliferation for the metastasized melanoma cells in the bone of HFD model. 

4.5 HFD exposure drives melanoma cells to orchestrate a stromal cells-rich niche 

in the bone marrow 

4.5.1 Impact of circulating factors on melanoma cells via the NF-κB pathway 

Obesity is associated with a marked alteration in circulating protein levels. Regarding 

the altered circulating factors in obesity, reports mainly focused on glucose and lipid 

profiles(Plourde, 2002; Szczygielska et al., 2003), elevated growth factors(Frystyk et 

al., 1999; Rehman et al., 2003), inflammatory cytokines(Al-Daghri et al., 2012; 

Dalmas et al., 2011; Rodriguez-Hernandez et al., 2013), and other mediators, that may 

raise the risk for health problems including cancers(Hursting and Hursting, 2012; Khan 

et al., 2006; Kushiro and Nunez, 2011; Lim et al., 2014; Price et al., 2012). The altered 

systemic factors as a link between obesity and cancers is very intriguing. Because the 

circulating factors may have prominent influences on the circulating tumor cells or the 

disseminating of cancer cells in metastatic cancer patients (AE Lohmann, 2016; RJO 

Dowling, 2016, 76.). 

To investigate the effects of obesity-associated systemic factors on tumor cells, 

scientists exposed tumor cells to HFD serum. For prostate cancer, Price, R.S. et al. 



Discussion 

92 
 

(Price et al., 2012) reported that HFD serum increase proliferation, migration, and 

induce proteins critical for epithelial-mesenchymal transition (EMT) in tumor cells. 

Obesity-associated circulating factors also enhanced non-genomic estrogen receptor 

crosstalk with the PI3K/Akt and MAPK pathways in breast cancer (Bowers et al., 

2013). In our study, we exposed B16F10 melanoma cells to heat-inactivated serum 

from HFD or ND mice. As results, the proliferation, cell cycle, migration, and 

osteoclast differentiation effects are enhanced in B16F10 melanoma cells by obesity-

associated systemic factors. Moreover, we showed the circulating factors increased the 

NF-κB pathway and its downstream targets, including CXCLs, angiogenesis, 

migration, adhesion, and osteoclast-promoting molecules, in melanoma cells. In 

accordance, serum from genetically obese mice (ob/ob) promotes the epithelial–

mesenchymal transition (EMT) with increased Snail, Twist, and MMP9 expression in 

murine melanoma cells (Kushiro and Nunez, 2011). However, the expression of 

MMP9 is decreased in our study which may be due to the differences in the cell line 

and mouse model previously used. 

The NF-κB pathway is hyperactivated in human melanoma cells (Madonna et al., 2012; 

Yang et al., 2010). Since the transcription factor NF-κB is a key regulator of the 

expression of genes involved in proliferation, cell cycle, migration, apoptosis, 

angiogenesis, inflammation, and tumorigenesis in cancers (Madonna et al., 2012; 

Yang et al., 2010). Our analysis found that the NF-κB pathway and its downstream 

targets are activated in melanoma cells by obesity-associated circulating factors. As a 

result, the inflammation related genes are suppressed while the upregulated chemokine 

ligands are highly induced by systemic factors from HFD mice. The upregulated 

chemokine ligands, and their receptors genes, such as CXCR-4, -7, are critical for 

colonization and growth in the bone marrow niche. They are also enable melanoma 

cells to target the bone marrow niche, where they use stromal cells expressing 

chemokine ligand receptors, which constitute a stromal-rich niche full of adipocytes, 

macrophages, and endothelial cells. The increased TGFβ3 (Hayashida, 2010; 

Margadant and Sonnenberg, 2010), PTHrP (Bryden et al., 2002; Onan et al., 2009; 

Soki et al., 2012), S100a8 (Acharyya et al., 2012), and BMP2 (Gordon et al., 2009; 
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Myers et al., 2015) expression by HFD directly or indirectly provides assistance during 

the process (Acharyya et al., 2012). In addition, circulating factors such as OPN and 

induced cell-surface molecule such as ICAM1 alterations in melanoma tumor cells, 

could likely accelerate osteoclast differentiation in vitro. 

Interestingly, the decreased mRNA level for AP-1 transcription factors, including Fra2, 

in melanoma cells might also be of relevance. Knockdown of Fra2 in murine 

melanoma cell lines is associated with increased migration and metastatic ability of 

cancer cells in vitro, and with prone to disseminate to distant organs, which is 

associated with increase of the proliferation rate, cell cycle transition, and angiogenesis 

in vivo, which are also validated in human melanoma samples (our unpublished data).  

Furthermore, the upregulated PPARγ by systemic factors, together with reduced Glut4 

gene mRNA expression in HFD model, suggest that cancer cell metabolism is altered 

in HFD condition (Karnieli and Armoni, 2008). Similar observations have also been 

made in metastatic prostate tumors in bone (Mackenzie K. Herroon, 2015). In 

metastatic malignant melanoma, PPARγ expression may be a predictive marker for 

response to therapy (Meyer et al., 2009). Due to enhanced glucose metabolism in 

cancer cells (Calvo et al., 2010; Karnieli and Armoni, 2008), it is proposed as a 

therapeutic strategy to inhibit glycosis, which could be thought to kill the cancer cells 

including melanoma (Calvo et al., 2010; McBrayer et al., 2012; Parmenter et al., 2014). 

Indeed, obese cancer patients had a better prognosis than normal weight cancer 

patients after anti-cancer therapy (Daniell, 1996). A good prognosis could be possibly 

reach after the inhibition of NF-κB pathway in obese patients with melanoma (Meyer 

et al., 2009; Nava-Villalba et al., 2015). However, more work is required to clarify the 

possible implications and therapeutic targets in cancer cell metabolism in obese 

individuals with melanoma. 

4.5.2 Crosstalk of adipocytes and macrophages in the stromal cells-rich bone 

melanoma niche: role of IL-6-OPN-CXCLs axis 

The increased adipocyte and macrophage numbers in the bone melanoma niche 

induced by HFD lead us to hypothesize a link with melanoma cell growth. Since the 
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communication between adipocytes and macrophages is very common, that could 

influence tumor growth in the stromal cells-rich bone melanoma niche. 

As mentioned above, tumor-associated adipocytes produce IL-6, while macrophages 

and osteoclasts express OPN. Indeed, OPN impairs adipocyte differentiation and 

function, and induce a profound inflammatory cytokine secretion, such as TNFα and 

IL-6 (Samuvel et al., 2010; Zeyda et al., 2011). Furthermore, IL-6 was sufficient to 

stimulate OPN production from macrophages in vitro. Indeed, we showed that bone 

marrow adipocytes producing IL-6 seemed to induce OPN level in vivo, since 

inhibition of IL-6/JAK2 pathway reduced the OPN levels in HFD model. Additionally, 

we showed that adipocytes also increased secretion of CCL2 and CXCLs in response 

to the stress from the cancer cells, which recruit and activate macrophages. Similar 

results has been found in breast and prostate cancers (Arendt et al., 2013; Hardaway 

et al., 2015). Therefore, adipocytes and macrophages are most likely involved in a 

feedback loop with each other in the bone melanoma niche in HFD model. Surprisingly, 

OPN and IL-6 formed a positive loop, which led to CXCLs production from melanoma 

cancer cells. Interestingly, this activation of tumor cells appears to entail an 

accumulation of macrophages and in consequence also osteoclasts in the bone marrow. 

Indeed, while osteoclasts and macrophages were not increased in the bone marrow of 

HFD-treated mice, they were strongly induced after melanoma challenge in HFD-

treated mice. Since adipocytes also express CXCR2/7(Kabir et al., 2014), the tumor 

cells could also recruit adipocytes into the bone melanoma niche. This observation is 

also supported by Zhang.Y and colleagues (Zhang et al., 2009b). Importantly, 

blockade of OPN, IL-6/JAK2 signalling, rescue melanoma growth as well as 

osteoclastogenesis in the bone melanoma niche. Similar observations also were made 

by Kim SW et al. in prostate cancer (Kim et al., 2011b). Furthermore, several of these 

inhibitors for IL-6 are now testing in phases I and II clinical trials (Ara and Declerck, 

2010), which might also be relevant for our model. Therefore, the tumor cells 

orchestrate the stromal cell rich niche in the bone marrow, in an OPN-IL-6-CXCLs 

axis dependent manner in the HFD model. 
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4.5.3 CD31+ endothelial cells in the stromal cells-rich bone melanoma niche 

The stromal cell-rich bone melanoma niche contains CD31+ cells. CD31+ cells in the 

bone marrow represent a subpopulation of cells with high angiogenic ability. 

Angiogenesis plays a critical role in melanoma metastasis and progression (Jour et al., 

2016; Ribatti et al., 2010). We showed that CD31+ cells are richer in HFD than ND 

model. In addition, the circulating factors, as well as adipocytes, can induce NF-κB 

pathway, including Ang-2, VEGF-α/c, and Nrp-1 angiogenic genes, in B16F10 

melanoma cells. Furthermore, in the local tumor area, the increased osteoclastogenesis 

could also secret PDGF isoforms (Rahman et al., 2015), which induced vascular 

generation. In addition, increased levels of IL-6 and OPN are also associated with the 

increased angiogenesis (Dai et al., 2009; Wang et al., 2009; Wang et al., 2011). 

Moreover, increased angiogenesis is also observed in obese mice after being 

inoculated subcutaneously with breast cancers, lung cancers, colon cancers, and 

prostate cancers (Gu et al., 2011; Park et al., 2012; Ribeiro et al., 2010; Zhang et al., 

2009b). Targeting angiogenesis with neuropeptide Y suppressed melanoma growth in 

obese mice (Alasvand et al., 2015). In addition, several reports mentioned a strong 

relationship between inflammation, angiogenesis and metastasis in melanoma (Jour et 

al., 2016; Ribatti et al., 2010). Therefore, angiogenesis could also support the bone-

resident melanoma cell growth in the bone tumor niche. However, further 

investigations are necessary to confirm the possible benefits for the inhibition of 

angiogenesis in obese melanoma patients with osteolytic metastases. Whether 

angiogenesis inhibitors, such as bevacizumab (humanized anti-VEGFα antibody) 

(Turley et al., 2012), in combination with cytotoxic agents would restrict bone tumor 

growth and metastasis, and potentially improve clinical outcomes in obese patients 

with melanoma is of great interest.  
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4.6 Conclusions  

In conclusion, these findings provide a novel insight of how HFD influences cancer. 

HFD drive the tumor cells to orchestrate a stroma-rich bone marrow tumor niche, 

where fat cell accumulation in the bone marrow providing fuel and an inflammatory 

milieu for tumor cells promoting their proliferation dependent on IL-6 and JAK2. In 

addition, the interaction of cancer cells with the bone marrow fat facilitates the 

accumulation of mononuclear cells and osteoclasts in the bone marrow by expressing 

CXC chemokines and OPN. Moreover, increased angiogenesis could also participate 

in the bone melanoma niche. Hence, the IL-6-JAK2-OPN axis is a key pathway for 

setting up the metabolic tumor niche and an interesting therapeutic target (Figure 4.1). 

This is an important finding since inhibitors of IL-6, like the tocilizumab, and JAK2, 

like the ruxolitinib (Passamonti et al., 2011), are already in clinical use for the 

treatment of rheumatoid arthritis and osteomyelofibrosis, respectively. 

 

Figure 4.1 A model of crosstalk between tumor cells, adipocytes, macrophages and angiogenesis 

in HFD bone tumor microenvironment.  
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6. Appendix 

6.1 Abbreviations 

Akt Via thymoma viral proto-oncogene 1 

BM  Bone marrow 

BMI Body mass index  

BMPs Bone morphogenetic proteins 

BRAF B-Raf proto-oncogene, serine/threonine kinase 

BSA Bovine Serum Albumin 

BV/TV  Bone volume per total volume 

CAAs Cancer-associated adipocytes  

CEBPβ CCAAT/enhancer-binding protein beta 

c-Fos FBJ Murine Osteosarcoma Viral Oncogene Homolog 

CM Conditioned medium 

COX-2 Cyclooxygenase-2  

CSF-1 Colony stimulating factor 1 

CTGF Connective tissue growth factor  

CTGF Connective tissue growth factor 

CTLA4 Cytotoxic T-lymphocyte-associated protein 4  

CXCL CXC-chemokine ligand  

CXCR2 Chemokine (C-X-C motif) receptor 2 

DCs Dendritic cells 

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethyl Sulfoxide 

EDTA  Ethylenediaminetetraacetic Acid 

ELISA Enzyme Linked Immunosorbent Assay 

EMT Epithelial-mesenchymal transition 

ERK Extracellular signal-regulated kinase 

Eta-1 Early T-lymphocyte activation-1 

FABP4 Fatty acid-binding protein 4 
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FACS Fluorescence Activated Cell Sorting  

FASN Fatty acid synthase 

FBS Fetal Bovine Serum 

FGFs Fibroblast growth factors 

FIZZ1 Cysteine-rich secreted A12-alpha-like protein 1 

FN Fibronectin 

Fra1 Fos-related antigen 1 

FSL1 Follistatin-like protein 1 

Glut Glucose transport proteins  

hAJs Heterotypic adherens junctions 

HFD High fat diet 

HIF-1α Hypoxia-inducible factor-1 alpha  

HRP Horseradish Peroxidase 

HSCs Haematopoietic stem cells 

HSPG Heparan sulfate proteoglycan  

i.c.  Intracardiac 

i.t. Intratibial 

ICAM1  Intercellular adhesion molecule 1 

IGFs insulin like growth factors  

IHC Immunohistochemistry 

IHC Immunohistochemistry 

IL Interlukin 

JAK2 Janus kinase 2 

JNK c-Jun NH2-terminal kinase 

KO  Knock-out 

LOX Lysyl oxidase 

M2 Alternative activation of macrophages  

MAF v-maf avian musculoaponeurotic fibrosarcoma oncogene 

homolog 
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MCSF Macrophage colony stimulating factor 1 

M-CSF Macrophage Colony Stimulating Factor 

MDSCs Myeloid derived monocyte cells 

MEK Mitogen-activated protein kinase kinase 

MEM Minimal Essential Medium 

MIP Macrophage inflammatory protein  

MM Malignant melanoma 

MMP9  Matrix metalloproteinase 9 

MMPs Matrix metalloproteinases 

MSCs Mesenchemal stem cells 

N.Oc/B.Pm Number of osteoclasts per bone perimeter 

N.Oc/B.Pm Number of osteoclasts per bone perimeter 

N.Oc/BS Osteoclast number/bone surface 

N.Oc/BS Osteoclast number/bone surface 

ND Normal diet 

NFATc1 Nuclear factor-activated T cells c1 

NF-κB Nuclear factor kappa beta  

Notch1  Notch homolog 1, translocation-associated 

Notch1  Notch homolog 1, translocation-associated 

OPN Osteopontin 

PAI-1 Plasminogen activator inhibitor-1 

PBS Phosphate Buffered Saline 

PD1 Programmed cell death protein 1 

PI3K Phosphoinositide 3-kinase 

PTHrP Parathyroid hormone-like related protein 

RANKL  Receptor Activator of NF-κB Ligand 

RNA Ribonucleic Acid 

RT-PCR Reverse Transcription Polymerase Chain Reaction 

SDS-PAGE Sodium Dodecyl sulfate-Polyacrylamide gel electrophoresis  
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SEM Standard error of the mean 

SIBLINGs Small integrin-binding ligand N-linked glycoproteins 

sIL-6R Soluble IL-6 receptor 

Snail Snail Family Zinc Finger 1 

SPP1 Secreted phosphoprotein 1 

Src SRC proto-oncogene, non-receptor tyrosine kinase 

SREs Skeletal-related events 

STAT3 Signal transducer and activator of transcription 3 

T2DM Type 2 diabetes mellitus 

TAMs Tumor associated macrophages 

Tb.Th Trabecular bone thickness 

TBS Tris Buffered Saline 

TFs Transcription factors 

TGFβ1 Transforming growth factor β1 

TIMPs Tissue inhibitors of metalloproteinases 

TNF-α Tumor necrosis factor- alpha 

TRAP Tartrate Resistant Acid Phosphatase 

Twist1 Twist Basic Helix-Loop-Helix Transcription Factor 1 

uPAs Urokinase-type plasminogen activators 

VCAM1 Vascular cell adhesion molecule 1 

VEGF Vascular endothelial growth factor  

WB  Western blot 

Ym-1 Chitinase-like 3  

Zeb1 Zinc finger E-box binding homeobox 1 
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