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I. Cancer and metastasis
I.1 Background
According to Medicine World (http://medicineworld.org), the first records of cancer appeared thousands of years ago. Cancer was documented during the ancient Egyptian period at a time when surgery was practiced, with an extremely radical treatment. Indeed, there was no anesthesia or antisepsis available. The first description of cancer takes place in approximately 1600 B.C. At this time, a papyrus described cases of tumors in the breast. The document comments about the disease: “There is no treatment”. Nowadays, despite the technological advances, cancer diseases still constitute a major public health problem. According to the Belgian cancer registry 2011 1[]
, a total number of 59996 new cases of cancer were diagnosed in Belgium in 2008. In general, cancer occurs more frequently in males (32508) than in females (27488). About one in three males and one in four females will develop cancer before their 75th birthday. A total number of 26647 patients died from cancer in 2008 in Belgium, 15095 males and 11552 females, respectively. After an increased incidence during 70 years, the total number of cancer deaths decreased for the first time in 1996-1997 2[]
. Despite recent advances in cancer research the understanding of the molecular mechanisms that allow for the initiation and the progression of cancer represent a major objective in oncology research.
I.2 Cancer progression: general consensus
Genetic instability and/or genomic lesions in a plethora of genes characterize cancer disease. Activation of oncogenes (responsible for proteins who promote the growth of the tumor), coupled with inhibition of tumor suppressor genes contribute to the transformation of healthy into malignant cancer cells. If these modifications allow for a proliferative advantage of the malignant cells over their normal counterpart, the result is a net abnormal cell growth and tumor formation. However, sustained growth is not the only hallmark that a tumor cell must possess in order to establish itself. Once the growth brakes have been removed, the tumor cell needs to change its environment such that the resources needed to fuel its development are readily supplied. Therefore, cancer occurs through the acquisition of several pro-cancer characteristics and can take several years before it develops. Accordingly, cancer progression is generally depicted as a multistep transformation, and a general consensus has been reached to describe the different steps that are required for a successful malignant transformation (Figure 1) 3[]
. 
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Figure 1: The hallmarks of cancer: properties required for a successful tumor malignancy 3[]
.

These steps were defined to simplify the high complexity of a neoplastic disease. The steps include (i) the sustaining of the proliferative signaling, (ii) the evasion of growth suppressors, (iii) the resistance to the cell death, (iv) the enabling of replicative immortality, (v) the induction of the angiogenesis, (vi) the activation of invasion and metastasis, (vii) the reprogramming of the energy metabolism, and (viii) the escape of immune destruction 3[]
. 
In healthy cells, repair mechanisms exist to preserve the genomic integrity, keeping the probability that a critical mutation occurs during lifetime low. Even with these checks in place cancers are relatively frequent among the human population. This incidence can be explained by the emergence of a mutation in the DNA repair system itself (e.g. p53) that is responsible for the genome instability [4, 5]. However, genetic and epigenetic alterations in the cancer cells genome are not generally sufficient to allow the development of tumors and metastasis. Indeed, tumors are complex tissues composed by different cell types (cancerous but also surrounding normal cells) that interact with each other to promote tumor progression. Therefore, tumors cannot be simplified by the biology of cancer cells alone, but it is essential to consider the tumor as a whole 
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[3, 4]
. 
I.3 Metastatic cascade
An estimated 90 % of cancer related deaths are attributed to the development of metastases, highlighting the urgent need for novel treatment strategies in this area 
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[5, 6]
. Metastases occur following the spread of cancer cells from a primary site resulting in the formation of secondary tumors in distant organs. Metastasis is common faith amongst all malignant tumors, but its progress is specific to the cancer type. Determinant for the secondary site of novel tumor growth is the origin of the cancer cells, their affinity to a specific tissue, and the ability of cancer cells to adapt to the novel environment. Interestingly, in 1889 Stephen Paget already hypothesized that different types of cancer can develop metastases in specific secondary sites and proposed the “dependence of the seed (= cancer cells) on the soil (= the distant organ)” concept 7[]
. This idea was contested in the 1920s by James Ewing, who proposed that adaptations of the circulating cells between the primary tumor and the metastatic site were enough to form metastasis 8[]
. In fact, these theories are not mutually exclusive, and both concepts can contribute to a successful metastatic process. Nowadays, the development of a metastasis is typically described as a multistep process (Figure 2) 
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[5, 6, 9]
. The process starts with an initial tumorigenic mutation with potential to induce proliferative signals and/or the ability to perform indefinite cell division 10[]
. Secondly, to form distant tumors, cancer cells must adapt their phenotype to become motile in order to migrate through the extracellular space. This mobility can be explained by the loss of cell adhesion and the increase in factors that allow the degradation of the extracellular matrix. Furthermore, motility of cells facilitates the intravasation process (movement of the cancer cells through the endothelial cells layers) via the secretion of vascular destabilizing factor produced by the cancer cells. Subsequently, the vasculature is disrupted and cancer cells can move through the circulation, which is the major mode of cancer cell dissemination to distant organs. Once the metastatic cells reach the circulation, some properties of the vasculature system are involved in the dissemination of metastatic cells. For example, metastatic cells can protect themselves from the immune system by interacting with the platelets. Moreover, the resulting aggregates can be responsible of the metastatic cells emboli playing a role during the extravasation 
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[11, 12]
. 
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Figure 2: Different stages of a metastasis process 5[]
. A metastasis occurs through the multistep acquisition of capabilities that allow malignant cells of a primary tumor to disseminate and colonize a distant organ. The specific steps of this sequence may vary between the tumor types and the primary tumor site.
All the steps in the process of metastasis are sequential and depend both on the target organ as well as the primary tumor type. Therefore the process of metastatic tumor dissemination may take variable amounts of time and is usually characterized with a latency period during which no detection can be made in the clinics (Figure 3) 13[]
. For example, the 5-year recurrence-free rate in lung carcinoma patients is ~60 % in comparison with 98 % for breast cancer 14[]
. Essentially it is still not know if the cancer cells are conditioned to metastasize in the primary tumor itself (deciding which tissue will/can be colonized) or are first disseminated and then adapt their phenotype following the selective pressure of the novel microenvironment (Figure 4). 
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Figure 3: Hypothetic fates of cancer cells in the metastatic site, following the migration of circulating cancer cells in a distant organ 15[]
.
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Figure 4: Possible mechanisms for the development of a metastasis 
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[16]
. (A) Metastasis comes from a distinct group of cells present in the primary tumor. (B) Metastasis comes from the tumor mass and changes its phenotype as a result of a selective adaptation to the novel microenvironment.
Along these lines several questions have to be answered. What are the phenotypic differences between primary tumor and corresponding metastasis? Do disseminated cancer cells develop the ability to colonize the host organ during the multistage process? Which proteins enable metastatic cells dissemination, survival and growth? 
II. Breast cancer
II.1 Epidemiology

The breast is composed of adipose tissue, ducts, and lobules (Figure 5). Ducts and lobules are both constituted by specialized epithelium. There is 6 to 10 major ductal systems, taking their origin at the nipple and forming consecutive branches, ending by a terminal duct lobular unit. In adult woman, these terminal duct lobular units consist of grape-like structures of acini that form the lobules. 
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Figure 5: Side view of breast (from “Yale Medical Group” website).

Each ductal system typically occupies a quarter of the breast that overlaps with another quarter. Both ducts and lobules consist of two different types of cells. First, the contractile cells containing myofilament (myoepithelial cells) form a low and discontinuous layer and are adjacent to the basement membrane, assisting the milk expulsion during the lactation and maintaining the structure of the lobule 17[]
. A second layer of epithelial cells lines the lumens. It is these specialized epithelia that are often at the origin of malignant lesions. The majority of the breast consists of connective tissue mixed with adipose tissue that forms the interlobular stroma, a structure fed by blood and lymph vessels. The lymph vessels lead to the most proximal lymph nodes, which are found under the arm, above the collarbone, and in the chest 17[]
. These are the first sites of the disseminated breast cancer cells and usually are a sign for a well-advanced disease with poor prognosis.
Breast cancer is the most common cancer in women in Belgium with ~35 % followed by colon (~13 %) and lung cancer (~6 %), while breast cancer in males is very rare (~0.3 %) (Figure 6) 1[]
. In 2008, breast cancer was the leading cause of cancer death in females (~20 %) before lung (~12 %) and colon (~11 %) cancer (Figure 7). The mean age at diagnosis is 62 years in females 1[]
. As the population continues to live longer, the number of woman with breast cancer is expected to continue to increase during the next 20 years.
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Figure 6: The 10 most frequent tumors, Belgium 2008 1[]
.
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Figure 7: The 10 most frequent causes of cancer death, Belgium 2008 1[]
.
Carcinomas are divided into in situ carcinomas and invasive carcinoma. Carcinoma in situ is related to a neoplastic population of cells that are limited to duct or lobule by the basement membrane, whereas invasive carcinoma (commonly named cancer) is defined by its invasion of the surrounding tissues. Almost all breast malignancies are adenocarcinomas (cancer of an epithelium that originates in glandular tissue), making up fewer than 5 % of all the other breast cancer types 17[]
. Amongst the invasive breast adenocarcinomas, several subtypes have been identified. Invasive ductal carcinomas represent the largest group (~80 %), whereas the invasive lobular carcinoma is less common (~15 %) 18[, 19]
. Nevertheless, breast cancer subtypes are not a good prognostic marker in preventing the risk of a metastasis occurrence 19[]
. 
II.2 Etiology and pathogenesis

The major risk factors for the development of breast cancer are hormonal and genetic. Therefore, breast cancers can be divided into sporadic (related to hormonal exposure) or hereditary (associated to germ-like mutations). 
A hereditary cause of breast cancer is reported in ~13 % of women with the disease 17[]
, and can be attributed to mutations in one allele of some susceptible genes. The major breast cancer predisposing genes are the BRCA1 and BRCA2, which can be attributed to ~25 % of these autosomal-dominant hereditary cancers 17[]
. Women that have the hereditary mutations have a high risk of 60 % to 85 % to develop a breast cancer, and the age of cancer development is approximately 20 years before the women who do not possess these mutations. BRCA1 and BRCA2 do not have sequence homology, but their functions are similar and they interact with the same complexes of proteins. Both act as tumor suppressors. Indeed, it is their loss of function that confers the high-risk of developing malignancy. BRCA1 protein interacts with BARD1 
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[20]
, which contain the BRCT domain which is involved in DNA repair and cell cycle regulation 21[]
. The BRCA1 and BRCA2 proteins also interact as a complex with RAD51 protein, resulting in a “gatekeeper” mechanism that maintains genome integrity 22[]
. When DNA is damaged, BRCA1 is responsible for the transcriptional activation of p21, a cyclin dependent kinase that is involved in the suppression of cell growth 23[]
. This provokes the cell cycle arrest at the G1/S checkpoint. Mutations in other genes such as CHECK2, p53 or PTEN are also implicated in the failure of the DNA damage repair and transcriptional regulation, such as the activation of BRCA1 or cell cycle control. However, mutations in these other genes are less common, and together account for less than 10 % of the hereditary breast carcinomas 24[]
. Some of these genes (e.g., BRCA1, P53) involved in hereditary breast cancer can also be implicated in sporadic cancer cases.
Concerning the sporadic cases of breast cancer, it is the accumulation of “acquired and uncorrected mutations”, without germ-like mutation that plays a role in the tumor development 24[]
. Acquired and uncorrected mutations are most of the time related to hormone exposure (gender, age at menarche and menopause, reproductive history, breast-feeding, and exogenous estrogens) 17[]
. The majority of these cancers occurs after menopause and over-express estrogen receptor (ER). Estrogen drives the proliferation of the cancer cell via its hormonal actions. Moreover, estrogen exposure itself can cause mutations or DNA damage via its metabolites 
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[25]
. Seventy to 80 % of the breast cancers express ER, whatever it is for ductal or lobular carcinomas. Lobular carcinomas can be distinct from the ductal by the specific cell adhesion molecules expression. Indeed, the lobular subtype is linked to the loss of E-cadherin, which is present in most other carcinomas within the ER-positive group. However, mechanisms other than ER expression can also play a role. A significant part of breast cancer is ER-negative or is not exposed to a higher level of estrogen. Results have demonstrated that expression profiling identifies two major types of ER-negative carcinomas 17[]
. The first group is represented by the over-expression of the HER2/neu protein (human epidermal growth factor receptor 2), a cell membrane surface receptor tyrosine kinase which is involved in the signal transduction pathways, leading to cell growth and differentiation. The second group is discerned by the expression of keratins that are typical of myoepithelial cells. Because these cells are located in front of the basal membrane of the lobules and the ducts, this last group of breast carcinomas was called as “basal-like”. This basal-like subtype is also termed as “triple-negative”. Indeed, it is mostly ER, progesterone receptor (PR) and HER2 negative.
II.3 Therapeutic approaches in breast cancer

As the majority of breast cancers express the ER, they are sensitive to the growth-promoting effect of circulatory estrogens. Indeed, steroid hormones are involved in the gene activation of these cancer cells. Consequently, changing the level or activity of certain hormones can cause a decrease of the cell growth and cell death. It is therefore not surprising that therapies were designed to target the estrogen pathway and represent the standard treatment for ER-positive breast cancers. These therapies involve the manipulation of the endocrine system via the administration of specific hormones or drugs that will restrain the production or activity of such hormones. Endocrine therapies with tamoxifen, an antagonist of the estrogen receptor in breast tissue via its active metabolite hydroxytamoxifen, have proved extremely beneficial in these tumors. However, the benefit of this treatment is limited since it is also an agonist in endometrial cells, increasing the risk of cancer development in this organ 26[]
. More recent attention has been focused on the development of aromatase inhibitors. Aromatase is an enzyme which converts androgen into estrogen by a process named “aromatization”. By inhibiting this enzyme, aromatase inhibitors block the ER activation, but without the estrogenic effect that is present with the tamoxifen. Unfortunately, effectiveness of such treatments is limited by the development of resistances and metastatic disease 
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[27, 28]
. Another promising target is the epidermal growth factor receptor (EGFR). Tamoxifen-resistant breast cancer cell lines over-express EGFR. Consequently, as EGFR is over-expressed in many breast cancers, EGFR and downstream signal inhibitor can serve as clinical targets 
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[29]
. Moreover, EGFR activates RAS, an important protein in signal transduction and cellular transformation. In this context RAS must attach to the plasma membrane by a farnesyl transferase that makes the protein more hydrophobic. Therefore, inhibitor of farnesyl transferase has been developed to inhibit the RAS-mediated signaling 
 ADDIN EN.CITE 
[30]
. 
Approximately 20 % of breast cancers over-express HER2, mostly because of its gene amplification. In clinic, over-expression of HER2 is related to resistance to endocrine therapies and aggressive disease, resulting in a poor patient prognosis. HER2 is activated through the complex formation with another HER2 or with another member of the EGFR family, both resulting in the RAS-MAPK and PI3K/AKT/mTOR signaling pathway. The net result being cell proliferation, survival and angiogenesis. Currently, trastuzumab and lapatinib are the two therapeutic antibodies directed against the HER2-mediated signaling pathway. Trastuzumab (or Herceptin) is a humanized monoclonal antibody which targets the extracellular domain of HER2. The binding of the antibody to the receptor suppresses the HER2 signaling pathway, leading to cell cycle arrest and angiogenesis inhibition. When Trastuzumab is used in conjunction with chemotherapy it reduces the risk of cancer relapse by ~50 % 
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[31]
. Trastuzumab can also be conjugated with DM1 (or mertansine), an anti-microtubule agent, to achieve a selective delivery of the chemotherapeutic agent to the tumor cells 32[]
. Lapatinib is a tyrosine kinase inhibitor molecule that competes with ATP for the binding site of both HER2 and EGFR, resulting in an inhibition of the downstream PI3K/AKT and ERK1/2 signaling which regulates proliferation and survival 
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[33]
. Additionally, a number of new therapies are also currently under development as first line therapies for HER2-positive tumors, but also for HER2-positive tumors that become resistant to trastuzumab and lapatinib 32[]
. One of them is the pertuzumab, a humanized monoclonal antibody that prevents the HER2 dimerization. Another monoclonal antibody is the ertumaxomab, which targets both CD3 expressed on the T-cells and HER-2 on the tumor cells. The antibody forms cross-links between the cancer cell and the cytotoxic T-cell, inducing antitumor efficacy 34[]
.
Finally, in the context of breast cancer it is important to highlight a specific group of patients that are referred to as “triple-negative”, representing ~15 % of all breast cancer 35[]
, The triple negativity refers to the expression of ER, PR and HER2, which are absent in these patients. The triple negative tumors are characterized as highly aggressive, additionally disseminating to the brain. Molecular profiling of this breast cancer subtype has led to the identification of potential targets, such as PARP, EGFR or Scr inhibitors 32[]
. However, more work must be undertaken to fully understand the phenotype of triple negative breast cancers.
III. From breast cancer to bone metastasis

III.1 Epidemiology 
Approximately 10 to 15 % of patients with breast cancer will develop metastases 3 years after the diagnosis of the primary tumor, and patients with breast cancer have a risk of developing metastasis during their whole life 36[]
. Among the different common subtypes of breast cancer, a recent study showed that invasive lobular carcinomas have a higher risk to develop metastases (~25 %), compared to the invasive ductal carcinomas (~16 %) 37[]
. Once disseminated, metastases from breast carcinoma are formed in various organs. The most frequent sites for metastatic spread are bone, lung and liver 36[]
. Bone metastases are often associated with skeletal-related events, which include severe pain, bone fractures, need for radiation therapy and surgery, spinal cord compression and bone demineralization, severely reducing the quality of life. 
Nowadays, it is not possible to precisely predict a metastasis development, but some prognosis markers for breast cancer metastasis development can be determined by the primary tumor size, the lymph-node status, the grade of the tumor, the angiogenesis, the uPA/PAI1 and HER2 protein levels and the low steroid-receptor expression. According to the Consensus recommendations in advancing treatment for metastatic bone cancer 
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[38]
, there still exist critical gaps in knowledge and one of the priorities for research includes the characterization of the disseminated tumor cells.
III.2 Mechanism of breast cancer bone metastasis
There are two types of bone metastasis. Metastases that lead to bone loss are classified as osteolytic, whereas those that cause an excess of bone deposition are considered as osteoblastic. In breast cancer, either bone degradation or deposition occurs in the early metastatic process, but the great majority (~90 %) ultimately cause bone loss 
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[39]
. It was originally noted that it was tumor cells that caused the bone degradation, but it is now widely accepted that healthy cell osteoclasts are largely responsible for the osteolysis of the bone metastatic lesions 40[]
.
Bone is a metabolic active tissue, it is a reservoir of growth factors, calcium and phosphor, which are liberated during the bone remodeling. The skeleton is continually remodeling, and the normal process of “bone turn-over” (resorption - formation) is extremely well equilibrated 40[]
. However, the presence of cancer cells disturbs the equilibrium that exist between bone matrix depositing cells, osteoblasts, and bone degradating cells, osteoclasts. Osteoblasts derive from mesenchymal stem cells in the bone marrow under the control of Runx2, a key osteoblastic transcription factor. Osteoclasts come from hematopoietic stem cells. Cells of this monocyte-macrophage lineage are stimulated to form by fusion the non-functional pre-osteoclasts (multinucleate cells). In normal conditions, micro fractures, hormones, calcium levels and inflammation can initiate the remodeling of the bone. Bone turn-over is classically described by starting its cycle with bone degradation and ending with bone deposition (Figure 8 A) 40[]
. Osteoblasts produce macrophage colony stimulating factor (M-CSF) and receptor activator of NFkB ligand (RANKL), which both bind to pre-osteoclasts via their receptor c-fms and RANK, leading to their osteoclasts differentiation and activation. Osteoblasts also secrete osteoprotegrin (OPG), a trap receptor of RANKL that blocks its action. Therefore, balance between OPG and RANKL is crucial for the osteoclasts activity. Active osteoclasts bind the bone surface creating the “sealed zone” where acid and proteolytic enzymes (e.g. cathepsin K) are secreted, resulting in bone matrix degradation 40[]
. Following the bone degradation, pre-osteoblasts are recruited from the mesenchymal stem cells and differentiated into active osteoblasts, which will repair the bone matrix. Once osteoblasts terminate bone deposition, they go through apoptosis, reside in the matrix or revert to mesenchymal cells.
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Figure 8: Bone turn-over 40[]
. (A) In normal conditions. (B) In osteolytic bone metastases.

The entry of cancer cells into the microenvironment of the bone will modify the cell-cell interaction. The presence of metastatic cells has been referred to as “vicious cycle of bone metastasis” (Figure 8 B) 41[]
. Tumors cells produce growth factors, such as parathyroid hormone-related protein (PTHrP), causing the production of RANKL and the down-regulation of OPG by the osteoblasts, and consequently activate the osteoclasts 42[]
. Bone degradation will release growth factors and others factors stored in the matrix such as transforming growth factor β (TGF-β), vascular endothelial growth factor (VEGF), insulin-like growth factors (IGFs) and calcium. These factors can stimulate the tumor cells, inducing their proliferation and their production of more growth factors and more PTHrP. Moreover, the cytokines (e.g. interleukin-6, -8, -11) secreted by metastatic cells also promote osteoclasts activation. Additionally, secretion of the cytokines is increased in the presence of TGF-β 
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[43]
. All these activations and secretions will supply and amplify the “vicious cycle”.
In comparison the mechanisms of bone formation, the osteoblastic lesions are less understood 
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[44]
. One of the most well studied mediators is the ubiquitous growth factor endothelin-1 or TGF-β2, which stimulate osteoblasts formation and proliferation. Proteases can also playing a role in osteoblastic lesions by cleaving proteins such as PTHrP, reducing RANKL secretion, resulting in its inability to activate osteoclasts.
Metastatic cells are able to survive in the bone microenvironment. It has been proposed that cancer cells metastasize into bone owing their gene expression that is considered to be “bone-related” 45[]
. With the expression of such proteins, cancer cells are able to colonize, survive and show persistent growth into the bone microenvironment 40[]
. Osteomimetic factors include osteopontin (OPN), bone sialoprotein (BSP) or PTHrP 46[]
. In particular, the homing of the breast cancer cells to the bone is facilitated by haptotaxis (active binding to a cell surface molecule). Two chemo-attractants are particularly relevant: the expression of RANK by the metastatic cells that bind RANKL 
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[47]
, and chemokine receptor CXCR4 that bind stromal-derived factor 1 (SDF-1 or CXCL12) 
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[48]
. Both RANKL and SDF-1 are expressed by osteoblasts that are situated at the vascular surface of the bone, suggesting an important role of the osteoblast in guiding the breast metastatic cells to the bone.
III.3 Bone metastasis therapies

Currently, ~80 % of breast cancer patients are treated by chemotherapy. However, ~40 % of these patients will develop metastases and ultimately die from these lesions 36[]
. Therefore, breast cancer patients could be viewed as “over-treated” potentially suffering from the toxic side effects of chemotherapy without having any effect on the metastases. Currently, different strategies are used in the clinic to treat bone metastasis from breast cancer. These comprise surgery and radiation, which are used to reduce the pain and repair fractures, increasing the mobility and survival times of patients 
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[49]
. However, these strategies are not curative, as they do not target the process of bone destruction. Therefore, to modernize the clinical treatment and improve the quality of life of the patients, it is important to identify novel proteins that will allow a better understanding of the metastatic mechanisms. Nowadays there has been important advances in the knowledge of the osteoclast biology and their roles in the tumor microenvironment, allowing the development of novel therapies to prevent osteolytic metastasis lesions (Figure 9).
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Figure 9: Principle targets for breast bone metastases therapy 50[]
. OC: osteoclast; TCE-9908: CXCR4 inhibitor; Denosumab: monoclonal antibody against RANKL; Dasatinib: inhibitor of multiple tyrosine kinases including Scr; NBPs: nitrogen-containing bisphosphonates.

Bisphosphonates are a class of drugs that target the process of bone destruction by inhibiting the function of the osteoclasts. Bisphosphonates bind the bone by their structure of 2 phosphate groups. The first generation of bisphosphonates (e.g. clodronate) does not possess the nitrogen molecule, and osteoclasts activity solubilizes these bisphosphonates that can be therefore internalized by osteoclasts. Their metabolic products are cytotoxic ATP analogs, and consequently lead to osteoclast apoptosis 51[]
. The novel generation, containing nitrogen (e.g. zoledronate), inhibits osteoclast activity by a different mechanism. They inhibit the farnesyl diphosphonate synthase required for post-translational modification of several GTPases that are required for vesicle transport, resulting in the inability of osteoclasts to form the sealing zone, which is required for bone resorption 51[]
. Although bisphosphonates show promising results in the bone metastasis prevention, their efficacy is reduced by the occurrence of resistance mechanisms due to the presence of the cancer cells 
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[52]
. For that reason, a second line therapy is required for resistant cases. Osteoblasts are critical partners in bone remodeling and are major actors of the metastatic osteolytic process. As described in the previously (see section III.2), they secrete RANKL, a major key mediator of osteoclastogenesis 53[]
. Denosumab is a humanized monoclonal antibody against RANKL and is an acceptable option for patients that are resistant to bisphosphonates treatment, but long-term toxicity is not yet well characterized 
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[54]
. Since Scr is involved both in tumor development and osteoclast function, it could be a logical target 55[]
. Dasatinib is the most commonly used Scr inhibitor. Dasatinib was shown to inhibit the migration, proliferation and invasion of the metastatic cells in vitro 
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[56]
, and to reduce osteoclasts formation by enhancing osteoblasts differentiation, that subsequently decrease the RANKL/OPG ratio 
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[57]
. Considering the indication that CXCR4 is involved in tumor metastasis, TCE-9908, an analogue peptide of SDF-1, was demonstrated to decrease breast bone metastasis in mouse model 
 ADDIN EN.CITE 
[48]
. 
IV. Models of breast bone metastasis

IV.1 Animal models of bone metastasis
The ideal animal model for bone metastasis would be a reproduction of the genetic and phenotypic adaptations that occurs in human cancer. These include invasion, spread to the bone via the vasculature, and proliferation and survival in the bone microenvironment that lead to bone matrix modifications. Rats and mice frequently develop mammary carcinoma. However, it is rare to observe natural bone metastasis in these animals. This limitation has resulted in the use of a specific model representing specific stages of the disease. Therefore, since animal models are still a representation of what occurs in patients, it was important to determine what can be considered as “bone metastasis”. The general consensus defined that cancer lesions can be considered as bone metastasis once the tumor cell proliferation in bone modifies bone structure 58[]
.   
Compared to others metastases, there is a very low incidence of bone metastasis development in both the chemical induction model and transgenic induction model of mammary carcinoma in rodent.  This is also the case for syngenic models of mammary carcinoma, making the study of bone metastasis challenging. However, cancer cell lines can be selected in vivo to increase the frequency of bone metastasis development after orthotopic injection. Unfortunately, these cell they usually do not develop primary tumors. Therefore the early steps in the metastatic process are often bypassed, and such models lack information on the complete metastatic process happening in humans. To get round these issues, models of breast cancer metastasis, in which the breast cancer cells and the bone target of the osteotropic metastasis are both of human origin, were developed. In this model, orthotopic injection of human breast cancer cell lines later resulted in bone metastases, but only in the bones of human origin and not the mouse skeleton, indicating a “species-specific osteotropism” 
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[59]
. Interestingly, more promising results have been obtained by using tumor tissue subcutaneous implantation. This technique, using MDA-MB-435 cells, resulted in the formation of bone lesions in nude mice 60[]
. Intracardiac injection of human cancer cell lines (xenogeneic; derived from different species) into the left ventricle of nude mice is also able to induce bone metastases formation in vivo 
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[61]
. The growth of these cell lines in the bone microenvironment can be decreased by bone resorption inhibitors, proving their “bone metastasis” model validity 
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[62]
. But many of these metastases occur in the long bones and it is the vascular arrangement that can favor the tumor cell arrest in young rodents and not the ability of the cancer cells themselves 63[]
. 
IV.2 Osteotropic MDA-MB-231 / B02 model
Due to the osteolytic lesion development, most of the bone metastasis models use intra-cardiac inoculation of human MDA-MB-231 breast cancer cell in nude mice 64[]
. Normally, MDA-MB-231 cells develop metastases after 3 or 4 weeks after the injection. The osteolytic lesions formation occurs with the involvement of the MDA-MB-231 product, such as PTHrP and cytokines production, and the growth of the cancer cells is increased by growth factors release during the bone destruction 65[]
. Therefore, inoculation of MDA-MB-231 stimulates the “vicious cycle”. However, heart injection of MDA-MB-231 cells in mice does not result in a high rate of incidence of bone lesions 66[]
. For this reason, metastatic variants with a unique bone tropism have been established from the inoculation of MDA-MB-231 human breast cancer cells that formed bone metastases 
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[67]
. After 6 in vivo passages in bone, the B02 subclone was chosen for its properties to metastasize into the bone when injected into the tail vein. This injection, overcame the intra-cardiac injection limitation, and showed a significant increase in terms of number and area of osteolytic lesions compared to the MDA-MB-231 cells (Figure 10). These data showed that B02 cells have a “unique predilection for dissemination to bone in vivo” 
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[67]
.
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Figure 10: Number of osteolytic lesions induced by MDA-MB-231 and B02 breast cancer cell lines 4 weeks after inoculation in nude mice 
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[67]
. 
V. Cell surface and extracellular proteins

V.1 Importance of cell surface and extracellular proteins in the metastatic process

Cancer cells in an aggressive primary tumor mass are able to exploit their particular microenvironment. However, once they leave favorable surroundings, they must adapt their phenotype to allow them to survive in novel hostile environments 15[]
. Cancer cells have lost proteins such as tumor suppressors or adhesive molecules, but generally have not lost all their interactions with the surrounding extracellular architecture. Moreover, these interactions change and evolve during the metastatic process. Interestingly, metastatic cells themselves are capable of secreting extracellular proteins that can modify the microenvironment. Moreover, during their progression tumor cells also exploit and interact with the surrounding healthy cells to their own advantage. Extracellular matrix modifications and cellular adaptation in adhesion molecules are both required for a cancer cell become malignant. Therefore, cell surface and extracellular matrix proteins have a major role in the metastatic process. As discussed in the previous sections, these proteins are the first interface in the complex dialogue between the tumor cells, normal cells that compose the surrounding tissue, and the microenvironment during the metastatic dissemination, invasion, proliferation and bone destruction. 
V.2 The concept of targeted therapy

Despite the important advances in molecular biology and genetic research, most of the therapies against cancer are not specific to the cancer and often results in damage to the normal healthy tissue. Moreover, to have a therapeutic effect, the dose of a therapeutic agent is generally very high leading to an important toxic side effect, which often results in the critical limitation in the cure of the patient. It is well known that to overcome this issue, it is important to use “personalized drugs” that precisely target a specific molecular pathway of malignant cells. One hundred years ago, Paul Ehrlich already imagined the idea of “magic bullets” to treat human diseases and that immune system could prevent tumor formation 68[]
. He claimed the existence of specific receptors, which may bind antigens that can be distributed through the blood stream. These last decades, scientists that followed in his footsteps were able to identify these specific receptors at the surface of the cancer cells. The key strategy to realize Ehrlicht’s vision is to develop monoclonal antibodies that are “magic bullets” capable to identify specific targets without damaging the surrounding tissue. Such group of proteins targetable through the blood stream, is mostly cell surface or embedded in the surrounding extracellular matrix. For example, one important advance in breast cancer research was the development of the humanized monoclonal antibody (trastuzumab) against HER2 
 ADDIN EN.CITE 
[69]
. From the novel strategies in terms of targeted therapy, the development of this first specific antibody was a major step in the realization of the “magic bullet” concept. But developing humanized antibodies is a time consuming process. For example, more than 10 years separate the demonstration of the role of HER2 amplification in breast cancer and the first drug administration in human.

One promising aspect of targeted therapy is based on the attachment of toxic compounds to antibodies to improve their therapeutic efficiency (Figure 11) 70[]
.
[image: image11.emf]
Figure 11: Illustration of the cell surface or extracellular proteins “targeted therapy” concept 71[]
. Antibodies coupled with toxic compounds are brought to the specific target by the vasculature system. The labeled antibodies specifically recognize the cancer vasculature, the extracellular matrix or the cell surface proteins.  

Accordingly, in recent years, geldanamycin (antibiotic) was associated to trastuzumab to increase the efficacy in a murine xenograft tumor model compared to trastuzumab alone 
 ADDIN EN.CITE 
[72]
. However, nowadays no therapy is perfect and side effects usually appear. For example, trastuzumab also binds a receptor in the heart tissue, causing cardiac toxicity. Nevertheless, cell surface and extracellular proteins also have the potential to be used as targets for diagnostic applications. Specific antibodies can be coupled with imaging reagents. Consequently, the imaging of the targets distribution can demonstrate that the target is really “accessible” through the injection into the blood vasculature, representing important advances in diagnosis and therapeutic purposes 
 ADDIN EN.CITE 
[73]
.  
V.3 Glycoproteins  

Most of the cell surface and extracellular proteins are glycoproteins, but generally it is not known which proteins are expressed at the cell surface, and how this protein expression pattern changes during differentiation or disease conditions. For many years the study of glycoproteins has become increasingly of interest and it would appear that they are involved in most of the studied biological process.
Glycoproteins are composed of a protein core and covalently attached glycans (oligosaccharide chains). The sugar is attached to the protein during a post-translational modification. This process is known as glycosylation. Glycosylation is often located at the extracellular domain of the protein. Glycoproteins can also be present in the cytoplasm, but their function and their production in this compartment are not yet well understood. There are two types of glycoproteins: the N-glycosylated and the O-glycosylated. Among all the glycoproteins, at least two thirds are N-glycosylated. N-glycoproteins are most of the time secreted or present at the cell membrane. The sugar link is located on an asparagine in a particular consensus sequence (Asn-X-Ser/Thr) (Figure 12). The link between the N-glycans to Asn-X-Ser/Thr consensus site occurs into the lumen of the endoplasmic reticulum membrane, while the protein core is synthesized on endoplasmic reticulum-associated ribosome. Membrane glycoproteins remain anchored in the endoplasmic reticulum membrane with a portion exposed to the ER lumen, a portion embedded in the membrane and further regions located in the cytoplasm. Only domains that are accessible to the endoplasmic reticulum lumen will be N-glycosylated. 
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Figure 12: Glycoproteins are proteins that have covalently attached sugar residues 74[]
. The common links between the sugars and the protein is an N-glycosidic linkage between the -OH group of the sugar at C1 and an asparagines or arginine amino-acid of the protein. The sugar shown here is glucose. Other sugars can be attached to proteins.
In comparison to the N-glycosylation, O-glycosylation is less common, and the characterization of this modifications is analytically more difficult 75[]
. In contrast to the N-glycosylated proteins, there is no known consensus sequence for O-glycosylation. The links to the sugar can occur on the hydroxyl group of a hydroxylysine, hydroxyproline, serine, or threonine amino acid.

VI. Proteomics

VI.1 Biomarkers identification

Due to the performance of mass spectrometry (MS), proteomic studies are able to identify a high number of proteins that are specific to a given malignancy compared to the surrounding healthy tissue. Unfortunately, common approaches are global and do not generally consider the sub-cellular localization information. Therefore, for targeted therapy the less abundant cell surface and extracellular proteins are masked by the highly abundant cytoplasmic proteins, resulting in a loss of information. This is especially critical for the precious clinical sample, which is available only in minute amounts. Indeed, the identification of valuable biomarkers is related to the use of an appropriate clinical material (e.g. primary tumor, secondary metastasis and healthy surrounding tissue). Therefore, novel strategies have been developed to enrich the protein subset of interest before mass spectrometry analysis 71[]
. 
To identify a specific subset of proteins, all proteins that can be considered as contaminants must be removed. Several techniques can be considered. Centrifugation or chemical extractions are two well described methods to isolate membrane fraction 
 ADDIN EN.CITE 
[71, 76]
. However, these methods do not purify the cell surface proteins alone. Indeed, proteins expressed in the cytoplasmic side of the membrane and proteins present in the intracellular membranes such as the endoplasmic reticulum, Golgi apparatus or mitochondrial membranes, will also be purified. 
For both tissues and cell lines, one further technique to enrich the cell surface and extracellular protein is the use of a modified biotin reagent 71[]
. This chemical molecule is composed of a biotin group at one end and by a reactive group that will bind to the protein at the other end (Figure 13). The link between biotin and the protein is usually based on the reaction between the ester group of the reagent of the biotin and an accessible free primary amine group of proteins.
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Figure 13: Example of biotin modified reagent (NHS-SS-Biotin) that interacts with free primary amine group of proteins (from Thermo Scientific NHS-SS-Biotin datasheet).
Following the principle that the cell membranes of the fresh tissues are not damaged, the biotinylation reagent will not penetrate inside the cells. Therefore, biotin will label only the cell surface and the extracellular matrix. Proteins are then solubilized and passed on a high-affinity streptavidin column. As streptavidin and biotin have a high affinity, the column will specifically capture the biotin-labeled proteins, and consequently purify them. 
Theoretically, proteins extracted from clinical samples (tissues), animal organs, or even cells can be labeled with biotin reagents, using organ perfusion or by diffusion (Figure 14) 71[]
. For example, blood vessels of both normal and tumor kidney were successfully biotinylated in vivo 77[]
. Similarly, our group applied this method with human kidney tumors that were perfused ex vivo 78[]
, and developed a novel method to biotinylate organs that cannot be perfused (e.g. breast and pancreas tumors) 
 ADDIN EN.CITE 
[79, 80]
. Although valuable clinical specimens are rare, this methodology is commonly used on animal models 
 ADDIN EN.CITE 
[81]
 and cell lines 82[]
. 
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Figure 14: Schematic view of the biotinylation method 71[]
. After streptavidin purification, biotinylated proteins of cell surface and extracellular proteins from human tissues, cell lines, or in vivo model samples can be identified by MS techniques. 

As glycoproteins represent an important part of the cell surface and extracellular proteome, glycoproteomics can serve as another relevant method to study this protein subgroup 
 ADDIN EN.CITE 
[83, 84]
. Two well established strategies exist for glycoprotein isolation. The first of these methods is based on the high-affinity of the specific proteins, called lectins, to the sugar group. However, there are a numbers of lectins, and each of the lectins is specific to a type of glycan. For that reason, a combination of different lectins must be used at the same time to isolate a maximum of glycoproteins 85[]
. The second strategy is more reproducible. It is based on the formation of a Schiff base that is created during the reaction between oxidized glycans and a hydrazide group which is immobilized on a chromatographic resin (Figure 15) 
 ADDIN EN.CITE 
[83, 84]
. Following their binding, the N-glycoproteins can be easily released from the resin using PNGase F. Indeed, PNGase F digests the link between the asparagine group and the sugar, creating a deamidation on the asparagine residue, converting it to aspartate (Figure 16). This technology was already applied both using cells and tissue as starting material 
 ADDIN EN.CITE 
[71, 86]
. 
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Figure 15: Schematic reaction between an oxidized glycan and its coupling with hydrazide groups, resulting in a schiff base formation. 
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Figure 16: Elution of the glycopeptides following its deamidation using PNGase F digestion. 
Although these different strategies led to promising results, these methods recover only a part of the extracellular and cell surface proteins. Indeed, biotinylation will not target proteins that do not possess a free amine (which should be accessible to the reagent in solution). Conversely, not all membrane and extracellular proteins are glycosylated and some of glycoproteins are not recovered (detected) with the present technique because they are O-glycosylated. Therefore, novel methods combining the advantages of each technique into a new workflow are needed to be able to comprehensively exploit scarce human materials and yet preserve the ability to detect quantitative modulations of individual proteins in the sample.    
VI.2 Breast bone metastasis signature
Understanding the molecular mechanisms that lead to the metastatic development represent a major need in the fight against cancer. Accordingly, several studies have conducted detailed gene expression pattern analysis to in order to discover modulated genes that could explain the steps in the metastatic process. During the last decade, cell line models were commonly used for studying metastatic process. The results suggested that gene expression signature is able to identify the secondary site of metastasis dissemination from a primary breast tumor 
 ADDIN EN.CITE 
[87]
. For example, gene pattern known to encode for osteolytic factors were identified in the parental breast cancer cell line, suggesting that growth of metastasis requires specific phenotype that appears during the development of the primary tumor and before the formation of the bone metastasis 
 ADDIN EN.CITE 
[43]
. Additionally, our group and others specifically studied the gene expression of the MDA-MB-231/B02 cell line model to highlight the acquisition of an osteomimetic phenotype by bone metastatic breast cancer cells 
 ADDIN EN.CITE 
[88, 89]
. More recently, studies on human clinical specimens were also performed. A gene expression profile of 18 brain metastases, 8 bone metastases and derived breast tumors were analyzed to identify differentially expressed genes that could highlight distinct groups of primary tumor that give specific sites of metastasis 
 ADDIN EN.CITE 
[90]
. Another study showed that the analysis of 107 primary breast tumors, where presence or absence of bone metastasis status was known, identified a panel of relevant genes for bone metastasis development, providing diagnostic information for the administration of bisphosphonate therapy 91[]
. At transcriptomic level, the comparison of the different data obtained suggested that metastases resemble their primary tumors but the specific signatures obtained in the different studies are different. A reason that can explain the poor reproducibility can be found in the fact that mRNA levels do not always correspond to changes in protein expression. The quantity of protein expressed by a cell depends not only on the gene transcription, but also on protein degradation or its transport in specific cell compartment. Therefore, assays other than transcriptomics are necessary to determine actual protein content. However, the lack of studies is particularly apparent when it comes to characterizing the main changes associated with tumor cell dissemination at the protein level. From a proteomics point of view, the bone cancer field is extremely understudied 92[]
. Interestingly, at a protein level, a proteomic study using cell lines derived from bone marrow of breast cancer patients examined their protein expression patterns 
 ADDIN EN.CITE 
[93]
. These cell lines were compared to 3 standard human breast carcinoma cell lines, resulting in the identification of key players of the metastatic process such as the loss of epithelial cytokeratins or the expression of proteins commonly expressed in mesenchymal cells. However, these identified proteins did not correlate with either transcriptomic study. More recently, links between clinical tumor classifications and protein signatures was found 
 ADDIN EN.CITE 
[94]
. This study, analyzing 105 breast carcinomas, identified subgroups of patients with distinct clinically relevant characteristics such as tumor type, nuclear grade and hormonal status. Moreover, for the first time, the identified subgroups of patients were identical to those previously classified on the basis of their gene expression patterns (e.g. HER2 subtypes). Together, these two studies represent major steps into the analysis of bone metastatic cancer proteome. 
VI.3 Matched breast cancer metastasis
Genetic variation between different individuals can cause variations in terms of genes and proteins modulation. Therefore, the most relevant information will come from the analysis of primary tumor and associated metastases of the same patient. However, it is very difficult to obtain such suitable clinical specimens 95[]
. An obvious reason is that primary breast tumors are usually surgically removed before the occurrence of metastases. This is particularly the case for the breast cancer for which macroscopic metastases may erupt many years after the primary tumor resection 
 ADDIN EN.CITE 
[96]
. Moreover, the metastases are not removed when the disease is too advanced to be cured. Furthermore, metastases that are removed are generally small and must be processed intact for pathology to confirm their metastatic identity, leaving no samples for research. For these reasons, original studies on matched metastases and primary tumors from clinical specimens are rare. From human subjects, there are 4 publications that concern the study of gene expression in matched metastases and primary tumors 
 ADDIN EN.CITE 
[95, 97-99]
, and only two have been reported at a protein level 
 ADDIN EN.CITE 
[16, 100]
. All compared paired primary breast carcinomas with their associated lymph node metastases. Both proteomic and transcriptomic profiles between primary tumors and matched lymph node metastases were remarkably similar, suggesting that general key biological characteristics of the primary tumor are conserved in the distant metastases. However, the identified differentially expressed genes and proteins in these studies have a function in various processes such as cell survival and growth, suggesting that these processes are critical for tumor metastasis and that the proteins identified could be valuable candidate markers in the clinic 
 ADDIN EN.CITE 
[100]
.  
Objectives
The current work is a contribution to the part of cancer research that aims at clarifying the mechanism of tumor metastasis. Although a plethora of studies have been conducted to understand the underlying mechanisms, inappropriateness of in vitro and lack of suitable in vivo assays have limited the potential to discover new genes and proteins that contribute to the tumor dissemination process. The current study exploits a rare opportunity to investigate a primary breast tumor and its cognate bone metastasis from the same patient, sampled at the same time. The unique fresh autopsy material allowed for an insight into proteomic differences between these two closely related lesions. Specifically, the study aims at investigating modulations of a proteome subgroup consisting of cell surface and extracellular proteins. These proteins are particularly involved in cell-to-cell interactions and hence are critical for signals that induce proliferation, migration, invasion and the selective implantation of cancer cells into the host tissue. An additional reason to study this protein subclass is their specific potential to serve as therapeutic targets. Membrane and extracellular proteins are particularly “accessible” to homing antibodies or small molecules, both being important vehicles to deliver cytotoxic compounds, imaging reagents or per se induce the anti-tumor effect.  

Despite the clear importance of the cell surface and extracellular proteins, these have been relatively understudied mainly because of their hydrophobicity and poor recovery in classical proteomic approaches. Therefore, an additional aim of the present work is to provide a novel tool to comprehensively and quantitatively study membrane and extracellular proteins. This novel method will use as a base the existing biotinylation methodology, developed in house and is in fact an important prerogative to the main aim of the current work outlined above. 
Finally, the present study compares the profile of membrane proteins of MDA-MB-231 cancer cell line and its osteotropic B02 subclone. These data are here contrasted to the findings made in the human study because this cell model was previously shown to exhibit some key features, like the osteomimetic phenotype, frequently observed in in vivo situations. The objective of this comparison was to strengthen the clinical data and to validate the potential use of MDA-MB-231/B02 model for future in vivo studies aimed at the identification of biological functions of novel proteins highlighted in the present work.

Materials and Methods
I. Novel comprehensive proteomic approach for cell surface and extracellular protein identification from precious human tissues

The following protocol for mass spectrometry analysis was described by our group in a recent publication 101[]
 (see “Appendices” section), with small modifications.

I.1 Tissues harvesting and biotinylation
The breast tumors and surrounding normal breast tissues were obtained following tumorectomies or mastectomies through the Department of Pathology (Centre Hospitalier Universitaire of Liège, Belgium). The Ethics Committee of the University Hospital of Liège reviewed and approved the protocol used in this study.

Pieces of tissues were sliced (~3 mm3), washed with phosphate buffered saline (PBS) (Invitrogen, Carlsbad, CA, USA), and soaked in 25 ml of freshly prepared sulfosuccinimidyl-2 (biotinamido) ethyl-1,3-dithiopropionate (1 mg/ml EZ-link sulfo-NHS-SS-biotin; Pierce, Thermo Scientific, Rockford, IL, USA) in PBS (pH 7.4) during 20 min of incubation at 37 °C, except for a portion of each sample that was directly immersed in formalin and then processed for further investigations. The biotinylation reaction was quenched following 5 min incubation in 25 ml of 50 mM Tris PBS solution (pH 7.4). Tissues samples were then snap frozen in liquid nitrogen.
I.2 Preparation of the “master sample”

Frozen tissues were pulverized using a Mikro-Dismembrator U (Braun Biotech, Melsungen, Germany). Approximately 100 mg of tissues powder were dispersed in 500 µl of PBS buffer (pH 7.0) containing 0.5 M NaCl, protease inhibitor cocktail (Halt™, Pierce), and 0.5 mM of oxidized glutathione (GSSG) (Sigma Aldrich, St. Louis, MO, USA). Homogenates were sonicated (2 x 30 s) with a 2 mm microprobe, centrifuge at 20000 g, and soluble proteins were subjected to human serum albumin (HSA) and immunoglobulin (IgGs) depletion (Qproteome HSA and IgGs Removal Kit, Quiagen, Hilden, Germany). The insoluble pellets were then dissolved in 500 µl of lysis buffer (1 % NP-40, 0.5 % DOC [deoxycholic acid], 0.1 % SDS [sodium dodecyl sulfate], 0.5 M NaCl, 0.5 mM GSSG, and PI [protease inhibitor] cocktail in PBS, pH 7.0). Obtained lysates were sonicated (2 x 30 s), centrifuged at 20000 g, and further depleted in HSA and IgGs. The remaining insoluble pellets were finally dissolved in 2 % SDS, and again centrifuged at 20000 g to keep only the soluble fractions. The two HSA- and IgGs-depleted proteins fractions and 2 % SDS-solubilized proteins were pooled and boiled for 5 min to denature the proteins.

Several breast tumors and normal breast lysates were pooled to prepare a “master sample” that was employed for the MS analysis. At this level of tissue preparation, 3 full technical replicates were performed with the same following tools and prepared on independent days using the same “master sample”.
In each technical replicate, level 1 of internal standard (IS1) were added before the next stage of the processing. IS1, consisting in bovine, bovine casein, and biotinylated chicken ovalbumin, was injected at a ratio spike/sample of 1/200. The ovalbumin biotinylation was performed by its incubation with EZ-link sulfo-NHS-SS-biotin reagent (Pierce).
I.3 Isolation of biotinylated proteins

High capacity streptavidin-agarose beads (100 µl of slurry/mg of total proteins; Pierce) were washed twice with 500 µl of buffer A (1 % NP-40, 0.1 % SDS, 0.5 M NaCl and 0.5 mM GSSG in PBS) and mixed with 1mg of the solubilized “master sample”. Biotinylated proteins were bound for 2 h at room temperature in a rotating mixer. The beads were transferred to spin columns (Pierce), centrifuged briefly (the flow-through was collected for the glycopeptide isolation), and the resin was subjected to several wash steps: twice with 400 µl of buffer A, twice with 400 µl of buffer B (0.1 % NP-40, 1.5 M NaCl, 0.5 mM GSSG in PBS), twice with 400 µl of buffer C (0.1 M sodium carbonate, 0.5 M NaCl, and 0.5 mM GSSG in PBS, pH 11), and once with 400 µl of PBS (containing 0.5 M NaCl) (pH 7.0). The flow-through from the first two washes was also collected for glycopeptide isolation. Efficiency of the biotin-streptavidin binding was verified on the flow-through by dot blot using neutravidin-HRP (Pierce). Biotinylated proteins bind to the streptavidin beads were then eluted from the resin by 2 x 30 min incubation steps in 1 % SDS and 100 mM DTT (dithiothreitol) (Sigma Aldrich) in PBS, pH 7.0, at 60°C and subsequently alkylated with iodoacetamide (Sigma Aldrich) for 30 min in the dark. At this stage, level 2 of internal standard (IS2) consisting in bovine beta-lactoglobulin was added at a ratio spike/sample of 1/200. Biotinylated protein fraction was then precipitated overnight with 20 % trichloroacetic acid (TCA) and washed twice with cold acetone (-20 °C). The pellet was dissolved in a solution of 50 mM NH4HCO3, pH 8.0, and further digested with trypsin (1/50 trypsin/protein ratio; Promega, Madison, WI, USA) overnight at 37 °C. Digestion was extended for 4 h by addition of fresh trypsin (1/100 trypsin/protein ratio). Before mass spectrometry analysis, samples were dried, dissolved in water containing 2 % acetonitrile and 0.1 % formic acid, and purified using C18 ZipTip (Millipore, Billerica, MA, USA).
I.4 Isolation of glycopeptides
Flow-through fractions obtained from the streptavidin-unbound proteins and washes were pooled, and were subsequently reduced with 100 mM of DTT (Sigma Aldrich) and alkylated with iodoacetamide (Sigma Aldrich) for 30 min in the dark. IS2 (bovine beta-lactoglobulin) was then added at a ratio spike/sample of 1/200. Subsequently, non-biotinylated proteins were precipitated overnight with 20 % trichloroacetic acid (TCA) and washed twice with cold acetone (-20 °C). The obtained pellet was dissolved with a solution of 1 % DOC and 50 mM NH4HCO3 (pH 8.0), and digested with trypsin (1/50 trypsin/protein ratio; Promega) overnight at 37 °C. Following this, the digestion was completed with new 4 h incubation with additional fresh trypsin (1/100 trypsin/protein ratio). Digested samples were then acidified with ~30 µL of 1 % HCl and purified using the C18 Sep-Pak column (Waters Corporation, Milford, MA, USA). For this purpose, the columns were washed three times with 1 ml of 0.1 % formic acid (FA) solution and loaded with the acidified sample. The peptides were then washed 3 times with 1 % FA solution, eluted using 80 % acetonitrile (ACN), and subsequently dried under speedvac. Following this, the samples were oxidized in 50 µl of 100 mM sodium acetate buffer containing 150 mM NaCl and 10 mM sodium periodate, pH 5.5 (Pierce), for 1 h in the dark. The reaction was quenched with 10 µl of 100 mM sodium sulfite (final concentration of 20 mM) for 10 min at room temperature (RT). The samples were then loaded on hydrazide resin (Bio-Rad, Hercules, CA, USA) and the binding of the oxidized glycans to the beads was performed overnight at RT. After the two washing steps with H2O, 1.5 M NaCl, methanol, 80 % ACN, and 50 mM NH4HCO3, the hydrazide resin was resuspended in 50 mM NH4HCO3 and incubated overnight with 500 units of PNGase F (New England Biolabs, Ipswich, MA, USA) at 37 °C. This step enzymatically deglycosylated the N-glycopeptides and released them from the hydrazide beads. The supernatants were collected, dried, dissolved in water containing 2 % acetonitrile and 0.1 % formic acid, and purified using ZipTip (Millipore) before mass spectrometry analysis.

I.5 Preparation of the “rest” fraction

Following the binding of the glycopeptides on the hydrazide beads, the flow-through containing the unbound peptides was collected as well as the 2 first washes with water. Residual glycopeptides inside the flow-through of the “glycosylated” fraction were measured on dot blot using gel code kit as describe in the manufacture’s instruction.

The flow-through containing the remaining peptide was dried, and desalted with ZipTip (Millipore) for the subsequent mass spectrometry analysis.

I.6 Mass spectrometry analysis

After the 5 µg of peptide originating from the “biotinylated”, “glycosylated” and “rest” fractions ZipTip purification, the samples were desiccated and dissolved in 18 µl of a 100 mM ammonium formiate buffer (pH 10). Level 3 of internal standard (IS3), consisting in MassPREP Digestion Standard Mixture 1 (Waters Corporation) which is composed of an equimolar mix of yeast alcohol dehydrogenase, rabbit glycogen phosphorylase b, bovin serum albumin and yeast enolase, was added to the dissolved samples. Of the prepared samples, 2.5 µg of each was loaded on a 2D-nano Aquity UPLC (Waters Corporation) coupled online with SYNAPT G1 qTOF system (Waters Corporation). The configuration of the 2D-nano UPLC system was the following: first dimension separation column X-Bridge BEH C18 5 μm (300 μm x 50 mm), trap column Symmetry C18 5 μm (180 μm x 20 mm) and analytical column BEH C18 1.7 μm (75 μm x 150 mm) (all Waters Corporation). Each sample was loaded at 2 μL/min (20 mM ammonium formiate, pH 10) on the first column, and eluted in 5 steps (10, 14, 16, 20 and 65 % acetonitrile). Each eluted fraction was desalted on the trap column and subsequently separated on the second analytical column; flow rate 300 nL/min, solvent A (0.1 % formic acid in water) and solvent B (0.1 % formic acid in acetonitrile), gradient 0 min, 97 % A; 90 min, 60 % A. The MS acquisition parameters were: data independent, alternate scanning (MSE) mode, 50-1500 m/z range, ESI+, V optics, scan time 1 s, cone 30 V and lock mass [Glu1]-Fibrinopeptide B ([M + 2H]2+ 785.8426 m/z). 
Raw data were processed (deconvoluted, deisotoped, protein identification, absolute and relative quantification) using ProteinLynx Global SERVER (PLGS) v2.4. The processing parameters were: MS TOF resolution and the chromatographic peak width were set to automatic, low-/elevated- energy detection threshold to 250/100 counts, identification intensity threshold to 1500 counts and lock mass window to 785.8426 ± 0.30 Da. For protein identification UniProt human database served as reference (canonical sequence data with 20280 enteries). To this database the sequences of all spiked proteins (internal standards) of non-human origin were manually added. Peptide modification carbamidomethylation (C) was set as fixed and oxidation (M) as variable. In addition, for the “glycosylated” fraction analysis, deamidation (N) was also included as a variable modification. A response factor (2200) for the conversion of the peptide intensities into absolute quantities was deduced previously following a repeated injection of the alcohol dehydrogenase (yeast, Swiss-Prot P00330) digest. This response factor was kept constant throughout the entire study. IS1, IS2 and IS3 were checked for the correct relationship between the spiked and the measured absolute amount as well as for the relative ratio between the compared replicates. The IS tolerances for both absolute quantities had to be within ±35 % deviation for the data set to be acceptable and included in further analysis. PLGS software calculated score and the false positive rate (FPR) for each individual protein hit. Within the present study, a protein was considered as identified if the score was ≥80. 
I.7 Glycoprotein analysis
Specifically for the glycoproteins, the processed MS data (deconvoluted spectra) were submitted to the database search (Mascot®/Swissprot®). Following this, all the glycoproteins originating from the hydrazide beads were filtered out with a homemade program (ARAC v3.5, available on request). This program checked for the presence of deamidated asparagines at the consensus sequence site (NXS/T, where X can be any amino acid but proline) for each of the identified peptides. In this initial step, a certain number of glycopeptides could immediately be assigned to a respective glycoprotein. These identified glycoproteins represent the “glycosylated” fraction. 
The remaining glycopeptides were not specific enough or had a relatively low score so they could not be unambiguously associated with a protein. In order to help assign these peptides to a protein they were matched with the peptides from the “rest” fraction analysis where several non-glycosylated peptides in conjunction with the glycosylated peptides (from the “glycosylated” fraction) permitted the protein identification. This new list of identified glycoproteins that combine the “glycosylated” and the “rest” fractions was named “glyco rest” fraction. 
II. Proteomic analysis of a breast tumor and its associated bone metastase identified cell surface and extracellular proteins potentially involved in the metastatic process
The following protocol for the identification of cell surface and extracellular proteins modulated between a primary breast tumors and its associated bone metastasis was described by our group in a recent publication 102[]
 (see “Appendices” section), with small modifications.
II.1 Patient

The patient was diagnosed with breast cancer in 1986 at the age of 57 and underwent a tumorectomy. After surgery, she was treated by a classical radiotherapy and chemotherapy regimen. Adjuvant tamoxifen therapy was also administered. In December 2005, the patient was admitted for a worsening in her general status and aggravation of an anterior epileptic illness. One month later, she died from disseminated metastatic disease. An autopsy performed within 8 hours revealed a breast tumor relapse and metastases in bone, liver, and adrenal glands. The samples derived from the newly developed (2005) breast tumor and its associated bone metastasis was simultaneously obtained at autopsy through the Department of Pathology (Centre Hospitalier Universitaire of Liège, Belgium). The Ethics Committee of the University Hospital of Liège reviewed and approved the protocol used in this study.
II.2 Single nucleotide polymorphism analysis of the primary breast tumor and its matched bone metastasis

To confirm the clonal relationship between the breast tumor and the matched bone metastasis, whole genome screening for single nucleotide polymorphism (SNP) was performed. Additionally, one non-related case of breast tumor was also analyzed. Frozen tissues were transformed into powder using a Mikro-Dismembrator U (Braun Biotech, Melsungen, Germany). DNA was extracted and purified with the Maxwell 16 Tissue DNA Purification kit (Promega, Madison, WI, USA) as described in the manufacture’s instruction. 750 ng of isolated DNA was amplified, fragmented, and hybridized on the BeadChip HumanOmni 2.5-4 V1 using Infinium® II Assay Workflow (Illumina, San Diego, CA, USA). Data were accrued using the iSCAN scanner (Illumina) and the results were processed with the GenomeStudio software (module Genotyping; Illumina). The correlation analysis between different samples was performed using Pearson correlation of allele frequency (Excel, 

Microsoft, Redmond, WA, USA).
II.3 Sample processing
The tissue biotinylation and the sequential processing of the bone metastasis / breast primary tumor in “biotinylated” “glycosylated” and “rest” fractions were performed as describe above (see section I.1 to I.5). However the mass spectrometry analysis was modified as follows:
II.4 Mass spectrometry analysis 

After ZipTip purification, peptide samples originating from the “biotinylated”, “glycosylated” and “rest” fractions were analyzed on a 2D-nano-HPLC system UltiMate 3000® (Dionex, Sunnyvale, CA, USA). The HPLC system was connected online with an electro spray ion-trap mass spectrometer Esquire HCT ultra® (Bruker Daltonics, Bremen, Germany).  The digested protein samples (5 µg in 25 µl at 0.25 µg/µl 2 % acetonitrile and 0.1 % formic acid) were loaded on the Bio-X-SCX column (500 µm internal diameter (i.d.) x 15 mm; Dionex, p/n: 161395). Subsequently, four different concentrations of salt injections were performed (45, 75, 150, and 500 mM ammonium acetate). After each salt injection, the eluted peptides from the SCX column were trapped on a C18 pre-column (Acclaim PepMap©, 300 µm i.d. x 5 mm; Dionex, p/n: 160454) and desalted for 5 min at a flow rate of 30 µL/min using solvent A (97.9 % water, 2 % acetonitrile, and 0.1 % formic acid). Following this, separation of the peptides was conducted on the C18 analytical column (Acclaim® 75 µm i.d. x 150 mm; Dionex, p/n: 162224) using a 120 min solvent gradient [t = 0 min, 0 % B (B: 80 % acetonitrile, 19.9 % water, and 0.1 % formic acid); t = 120min, 40 % B] at a flow rate of 0.3 µL/min. A mass range from 200 to 1600 m/z was used. The four most intensive peptides found in this range (bearing +2 and +3 charges) were automatically selected and further fragmented in the MS/MS mode (m/z range 100-2500).
Raw spectra were deconvoluted using Data Analysis® software (Bruker Daltonics). Proteins were identified using the minimally redundant Swiss-Prot human protein database 103[]
 (version 57.7 with 20,405 entries) and the MS/MS ion search algorithm of the MASCOT search engine (Daemon v2.2) 104[]
. Mass tolerances of the precursor and fragmented ions were respectively set at 0.6 and 0.3. Allowed modifications were partial oxidization (M) and fixed carbamidomethylation (C). In addition, for the “glycosylated” fraction analysis, deamidation (N) was included as a variable modification. One missed cut was allowed. Multidimensional protein identification technology (MudPIT) scoring was employed and ions score cut-off was set to 30. By setting the threshold to this value, all of the low scoring matches (i.e. random peptide matches) were cut out, and homologous proteins were more likely to collapse into a single hit. Furthermore, the absolute probability (P) was set to 0.01 (i.e. less than 1 % probability of a random match). In addition, protein hits were manually inspected one by one.
II.5 Relative quantification

To estimate the relative protein contents we used the exponentially modified protein abundance index (emPAI), which has been demonstrated to be proportional to the protein abundance in a complex mixture 
 ADDIN EN.CITE 
[105]
. The normalization was conducted assuming the Gaussian distribution of the data. 

II.6 Immunohistochemical validations
For the validation of the selected biomarkers, samples (paraffin-embedded tissues) were selected from the patient used for the proteomic analysis and from 9 additional patients for whom primary breast cancer and matched bone metastasis were available. Paraffin-embedded tissue blocks were sectioned at 5 µm thickness. Preceding the immunohistochemistry analysis, bone specimens were decalcified either with a solution of ethylenediaminetetraacetic acid (EDTA) and hydrochloric acid (Decalcifier II, Labonord, Waregem, Belgium) or with a solution of formalin (20 %) and nitric acid (5 %). All the antibodies used (anti-ASPN, SUSD2, CD166) were Prestige Antibodies® purchased from Sigma-Aldrich. The secondary antibody was a biotinylated anti-rabbit antibody (ABC kit; Vector Laboratories, Burlingame, CA, USA). The staining was performed with diaminobenzidine tetrahydrochloride (DAB) substrate (Sigma-Aldrich). Finally, the sections were counterstained with Mayer’s hematoxylin. 
II.7 Immunostaining scoring and statistical analysis

Scoring of the staining intensity was performed by two independent observers according to a semi-quantitative arbitrary scale of 0, +1, +2, and +3, where 0 was considered as undetectable staining in the cancerous cells, +1 as weak positive, +2 as moderate positive, and +3 as highly positive staining. The scores obtained for each breast primary tumor mass (PT) were subtracted from the score of the matched bone metastatic lesion (BM) to give the score. Results were expressed as score means ± standard error of means. The mean values of the score were compared to the theoretical value of 0 employing a one-sample t-test. Gaussian distribution of the data was assayed by the d’Agostino-Pearson normality test. Following the rationale that the result of the IHC was predicted by the MS analysis, we used a one-tailed t-test where p < 0.05 was considered as statistically significant.

III. Cell membrane proteomic analysis of human breast cancer cell lines identifies osteotropic phenotype and related pattern expression with clinical specimens
The following protocol for the membrane proteome of the invasive MDA-MB-231 cancer cell line and its osteotropic B02 subclone was described by our group 82[]
 (see “Appendices” section), with small modifications.
III.1 MDA-MB-231 and B02 cell culture
The MDA-MB-231 and its osteotropic subclone B02 selected in vivo in nude mice 
 ADDIN EN.CITE 
[67]
 were cultured for several passages in RPMI 1640 (Invitrogen) containing additional 10 % fetal calf serum (ICN, Asse Relegem, Belgium) at 37 °C in a humidified incubator (5 % CO2). Cells were used when approaching 100 % confluence.
III.2 Biotinylation of the cell surface
The confluent cell monolayer was washed once with PBS (pH 7.4) in order to remove all the protein contained in the culture medium. Cells were incubated for 5 min on a shaker at 4 °C in an EZ-link sulfo-NHS-SS-biotin solution (335 µM in PBS, pH 8.0). The biotinylation reaction was then stopped by the addition of Tris (pH 7.4) to a final concentration of 50 mM during 5 min. Cells were washed twice with PBS (pH 7.4) containing 0.5 mM GSSG and detached with a solution of 10 mM EDTA and 0.5 mM GSSG (PBS, pH 7.4). The cells that were not easily detached were gently scraped in EDTA. 
Efficiency and distribution of biotinylation were validated by immunofluorescence staining. Cells (from a no-detach dish) were fixed with paraformaldehyde 3 % preheated at 37 °C during 10 min and washed 3 times with PBS (0.5 mM GSSG). Cells were then incubated twice with PBS containing BSA 1 % and 0.5 mM GSSG during 5 min. Streptavidin-conjugated to Alexa 488 fluorescent dye (dilution 1/5000) (Invitrogen) was used to visualize the biotinylated proteins by confocal microscopy (Leica, Groot Bijgaarden, Belgium) after 2 washes with PBS-BSA 1 % and once with PBS alone (all containing 0.5 mM GSSG). Nuclei were stained with DAPI (Invitrogen). 

III.3 Isolation of biotinylated proteins

Cell pellets of ten million cells per pellet were obtained following 400 g centrifugation. Subsequent cellular fractionation was helped by freezing the cells for more than 5 min at -80 °C. Cells were then exploded by 50 passages in a “tight fitting Dounce homogenizer” in hypotonic CLB buffer (10 mM HEPES pH 7.5, 5.5 mM EDTA, 10 mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 1 mM CaCl2, 0.5 mM MgCl2, 0.5 mM GSSG, and protease inhibitor). Nuclear fractions were eliminated following a centrifugation at 3000 g during 3 min at 4 °C. The resulting supernatant was then centrifuged at 35000 g for 30 min at 4 °C to generate a pellet containing the membrane fractions. The efficiency of these purification steps was checked by light microscopy after coloration of the membrane fractions with 5 µl of methyl green. Membrane proteins were then solubilized in a PBS solution (pH 7.4) containing 1 % triton X-100 and 0.2 % SDS, and boiled for 5 min. High capacity streptavidin-agarose beads (150 µl/mg of slurry/mg of total proteins) were washed twice with 500 µl of buffer A (1 % NP-40, 0.1 % SDS, 0.5 M NaCl and 0.5 mM GSSG in PBS) and binding of biotinylated proteins was performed overnight at 4 °C with rotating agitation. The streptavidin resin was then washed twice with 400 µl of buffer A, twice with 400 µl of buffer B (0.1 % NP-40, 1.5 M NaCl, 0.5 mM GSSG in PBS), twice with 400 µl of buffer C (0.1 M sodium carbonate, 0.5 M NaCl, and 0.5 mM GSSG in PBS, pH 11), and once with 400 µl of PBS (containing 0.5 M NaCl) (pH 7.0). Biotinylated proteins were then eluted from the resin by 2 x 30 min incubation steps in 1 % SDS and 100 mM DTT (Sigma Aldrich) in PBS, pH 7.0, at 60 °C and subsequently alkylated with iodoacetamide (Sigma Aldrich) for 30 min in the dark. Eluted proteins were precipitated with TCA (final concentration of 20 %), pelleted following a centrifugation at 16000 g, and washed twice with cold acetone (-20 °C). Protein pellet was then dissolved in 50 mM NH4HCO3 and 0.2 % Rapigest (Waters Corporation). Proteins were digested with trypsin (1/100 trypsin/protein ratio) overnight at 37 °C. Rapigest was cleared by TFA addition as described in the manufacturer’s instructions. Before mass spectrometry analysis, samples were dried, dissolved in water containing 2 % acetonitrile and 0.1 % formic acid, and purified using C18 ZipTip.
III.4 Mass spectrometry analysis
The analysis by mass spectrometry was performed as previously described (see section II.3). 

Regulation of the proteins was determined first by their presence in one of the 2 cell lines. When presence of the proteins was similar in both cell lines, spectral counting was taken into account. Associated spectral counting (number of redundant spectra of the same peptide) was determined as semi-quantification data to have relative protein abundance in the two cell lines 106[]
.
III.5 Western blot validation
The proteins modulated between the MDA-MB-231 and the B02 as well as some of proteins identified in the comparison of the primary breast tumor and its associated bone metastasis were validated using Western blot technique. MDA-MB-231 and B02 cells were lysed in SDS 1 % and protease inhibitor (in water). A total of 20 (g total protein extracts were separated on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions. Proteins were transferred to nitrocellulose membranes (Bio-Rad) at 30 V overnight at 4 °C. Following the transfer, the membranes were blocked for 2 h at RT with 5 % milk (Bio-Rad). The membrane was incubated for 2 h at RT with primary antibodies. Following the incubation with the related HRP-conjugated secondary antibody, the membrane was washed with TBS-T 0.05 % and then developed on x-ray films (Fuji, Dusseldorf, Germany) using ECL substrate (Pierce). 
Mouse monoclonal anti-HLA class I and rabbit polyclonal anti- sushi domain-containing proteins 2 (SUSD2) were from Sigma-Aldrich. Others mouse monoclonal antibodies against CD107b, -αV and –β3 integrins were from BD Biosciences (Erembodegem, Belgium). All antibodies were used at a concentration of 1/500. HSC70 and α-tubulin proteins were used for normalization purposes.
III.6 FACS analyses

 One million MDA-MB-231 and B02 cells were washed twice with PBS and incubated with the mouse monoclonal anti-HLA class I antibody (Sigma-Aldrich) for 1 h at 4 °C. Cells were then washed again and incubated with the secondary antibody combined with fluorescein isothiocyanate at 1/1000 dilution for 1 h at 4 °C. Fluorescent signal was analysed using a FACSCalibur (BD Biosciences) flow cytometer and data were obtained using CellQuest (BD Biosciences) and FlowJo (Tree Star, Ashland, USA) softwares. Negative control was performed without the primary antibody incubation step.
III.7 Immunohistochemistry validations

In order to validate the selected differentially expressed cell surface proteins identified from the human specimen samples on the cell line model, cell pellet paraffin blocks of the primary breast cancer MDA-MB-231 cell line and its osteotropic B02 subclone were also used. Paraffin-embedded blocks were sectioned at 5 µm thickness. All the antibodies used (anti-SUSD2, CD166, KTN1) were Prestige Antibodies® purchased from Sigma-Aldrich. The secondary antibody was a biotinylated anti-rabbit antibody (ABC kit; Vector Laboratories, Burlingame, CA, USA). The staining was performed with diaminobenzidine tetrahydrochloride (DAB) substrate (Sigma-Aldrich). 

Results
I. Novel comprehensive proteomic approach for cell surface and extracellular protein identification from precious human tissues

I.1 The sequential method: high specificity of the different fractions
The overview of the method, essentially composed of sequential 3 steps, is presented in the Figure 17. The first step of this technique leads to the identification of the biotinylated proteins (“biotinylated” fraction), whereas the second and the third step allow the detection of the glycoproteins (“glycosylated” fraction) and the remaining proteins (“rest” fraction), respectively. Since this last fraction potentially contains cell surface and extracellular proteins, it also contributes to the detection of other proteins that were of interest. From a protein quantification perspective, starting with 100 mg of tissue, ~4 mg of solubilized proteins were obtained. From these solubilized proteins, ~100 µg of biotinylated proteins were further isolated. Subsequently, 1 mg of non-biotinylated proteins were used for downstream processing steps, and ~5 µg / 700 µg were obtained for the “glycosylated” / “rest” fractions.
Because of the many different stages of the method, specificity of each fraction was screened. The examination of the streptavidin and hydrazide flow-through steps by dot blot showed a clear binding specificity of the biotinylated and glycosylated proteins to their resin (Figure 18). Additionally, internal standards (IS1, 2, and 3) were injected at different steps of the process as described in the “Materials and Methods” section. With the same “master sample”, 3 full complete technical processes were performed. Ideally, each of the internal standards must be identified in their specific fraction, and there must be as little technical variability as possible. This was obviously observed in our data (Figure 19). As far as IS1 is concerned, “Biotinylated” fraction (BIOT) recovers all the biotinylated ovalbumin and only a very small quantity of fetuin was detected. Glycoprotein fetuin was mostly detected both in the “glycosylated” (GLYCO) and “rest” (REST) fractions. Casein, a non glycosylated protein, was only identified in the REST fraction. IS2 was used to monitor the reproducibility of the protein digestion and their subsequent purification steps. The non-glycosylated protein beta-lactoglobulin that composes the IS2 was recovered in all but the GLYCO fractions. Finally, the very late spiked IS3 (just before the sample injection in the mass spectrometer) demonstrated the good performance of the quantification. The quantification of the 4 proteins showed that absolute quantification is feasible and reproducible between the technical replicate and the different fractions.
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Figure 17: Schematic view of the sequential method for the identification of cell surface and extracellular proteins. Following tissue biotinylation and protein extraction, the first step consists of purification on streptavidin resin of the biotinylated proteins (“biotinylated” fraction). The second step isolates the glycopeptides on Hydrazide beads (“glycosylated” fraction). The final step collects the remaining non-glycosylated peptides (“rest” fraction). All these fractions were analyzed using MS technique. Internal standards (IS1, 2, and 3) were injected at different stages of the process in order to monitor the reproducibility and the quantification’s accuracy of the method.
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Figure 18: Specificity of the streptavidin and hydrazide resins to the biotinylated proteins and the glycoproteins, respectively. Neutravidin-HRP was used to detect the biotinylated proteins, whereas gel code kit was used to detect the glycoproteins.
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Figure 19: Specific recovery of the internal standards in the different fractions. Spiked internal standards (IS1, 2, and 3) were quantitatively evaluated using the PLGS software. Standard deviation of mean indicate the error based on the 3 full process technical replicates. BIOT: “biotinylated” fraction; GLYCO: “glycosylated” fraction; REST: “rest” fraction.

I.2 Reproducibility of the method

As the addressed technique is an absolute quantitative method, the question of reproducibility becomes important. It is particularly true when the same sample was processed in different technical replicates. Therefore, the comparison of the qualitative protein identification as well as their absolute quantification was performed on the different fractions between the 3 technical replicates.

At a qualitative level and in respect to the overlap of protein identification between the technical replicate, it is the BIOT fraction that displayed the smallest variability. Indeed ~75 % of identified proteins were recovered in all the 3 technical replicates (Figure 20). The REST fraction also presented a weak variability (~65 %), but the GLYCO fraction showed in comparison a bigger variability with only ~55 % of protein identification overlap between the technical replicate. 
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Figure 20: Qualitative protein identification reproducibility. Each proteins overlap is indicated in percentage for all technical replicates and fractions. BIOT: “biotinylated” fraction; GLYCO: “glycosylated” fraction; REST: “rest” fraction.
In term of absolute quantification, the coefficient of similitude between the different replicates was based on the Pcc (the Pearson correlation coefficient). Each of the proteins shared between the technical replicates were taken into account (Figure 21). The Pcc indicated a high correlation for the BIOT (Pcc average = 0.97) and the REST fractions (Pcc average = 0.92), whereas the Pcc of the GLYCO fraction was weaker (Pcc average = 0.86).
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Figure 21: Reproducibility of the method in terms of absolute quantification for the proteins by the technical replicates. The Pearson correlation coefficient (Pcc) is indicated for each comparison and fraction. BIOT: “biotinylated” fraction; GLYCO: “glycosylated” fraction; REST: “rest” fraction.

I.3 In silico combination of the “glycosylated” and “rest” fractions

In addition to its role in the cell surface and extracellular proteins identification, the “rest” fraction serves also for the additional in silico identification of glycoproteins (Figure 22). This combination of the “glycosylated” and the “rest” fraction is called “glyco rest” fraction (GLYCO REST [GR]). 
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Figure 22: Overview of the in silico combination of the “glycosylated” and the “rest” fraction. Glycopeptides not specific enough to identify a given protein were pooled with the “rest” fraction and subject to a novel database research.

In order to establish the effectiveness of the additional in silico step by combining these two previously described fractions, only the second part of the method (“glycosylated” and “rest” fractions) without the “biotinylated” fraction part (which is not implicated in the identification of the glycoproteins) was performed. As far as technical aspects are considered, this “standalone” method is closely similar to the full sequential method. The direct purification of the glycopeptides (GLYCO ONLY [GO]) and the associated flow-through (REST from GO) recovered also fetuin from the IS1, but biotinylated ovalbumin and casein were identified only in the REST from GO fraction (Figure S1). Internal standards 2 and 3, which monitor the digestion, purification and MS quantification, were comparable. Qualitatively and quantitatively, the “standalone” technique showed also similar results that the full sequential method. The reproducibility of the protein identification was more variable in the GLYCO ONLY fraction than in the REST from GO fraction (Figure S2). Regarding the absolute protein quantification, a stronger correlation was found between the replicates of the REST from GO (Pcc average = 0.89) than for the GLYCO ONLY fraction (Pcc average = 0.80) (Figure 23).  
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Figure 23: Reproducibility of the “standalone” method for the absolute quantification of the proteins share by the technical replicates. The in silico combination of the “glycosylated” and “rest” fractions increases the repeatability. The Pearson correlation coefficient (Pcc) is indicated for each comparison and fraction. GLYCO ONLY (GO): “glycosylated” fraction from the “standalone” method; GLYCO ONLY REST: in silico combination of the GLYCO ONLY and the REST from GO fractions; REST from GO: “rest” fraction from the “glycosylated” fraction.

Interestingly, in silico combination of the non-glycopeptides (REST from GO) with the glycopeptides (GLYCO ONLY) fractions allowed a considerable increase in the quantitative reproducibility (Pcc average = 0.93) (Figure 23). Additionally, this combination not only increases the reproducibility, but also the absolute number of proteins (Figure 24). Indeed, following the combination of the two fractions, two times more glycoproteins were identified. It is also important to note that these novel identified glycoproteins were not recovered before in the “rest” fraction. 
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Figure 24: Absolute number of identified cell surface and extracellular proteins. Three full process technical replicates are displayed. Using the in silico method (GR), the number of glycoproteins was increased. A high number of identified proteins for the REST fraction (R) indicates its significance in the cell surface and extracellular proteins identification. Gonly: “glycosylated” fraction from the “standalone” method; GRonly: in silico combination of the Gonly and the Ronly fractions; Ronly: “rest” fraction from the “glycosylated” fraction from the “standalone” method.

I.4 Comparison of the sequential method with individual methods
Taken separately, each of the stages of the sequential method has previously been described in the literature. Therefore, the major goal of this novel strategy was to obtain a real benefit in the discovery of clinically relevant proteins compared to the described procedures alone. Hence, it was critical to compare the number of cell surface and extracellular proteins obtained with our novel sequential method with biotinylation or glycoproteins isolation as “standalone” techniques.
At this stage, it is important to acknowledge that among the proteins identified in all fractions, only a part of them are potentially localized at the cell surface or in extracellular space. Indeed, only ~45 % of proteins identified in the “biotinylated” fraction, ~80 % in the “glycosylated” fraction, and ~30 % in the “rest” fraction belonged to the interesting subset of localization. These percentages were similar when the different stages were performed alone. However, once absolute number of cell surface and extracellular proteins are considered, considerable improvement was observed. Taken alone, “biotinylated” fraction identified ~310 proteins, whereas the “glycosylated” and “rest” fractions respectively identified ~80 (increase to ~110 after the in silico combination with the non-glycosylated peptide fraction) and ~200 proteins (Figure 25). The combination of these entirely separate steps highlights ~410 proteins. Thus, an increase of more than 30 % was observed in comparison to others methods taken alone.
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Figure 25: Effective benefit of the sequential method in comparison with the method taken as “standalone” (BIOT, GLYCO or REST) in terms of absolute number of cell surface and extracellular proteins. Three full process technical replicates are displayed. The absolute number of identified proteins of each fractions as well as the total number of unique identified proteins in the full sequential method are displayed. B: “biotinylated” fraction; G: “glycosylated” fraction; GR: in silico combination of the GLYCO and the REST fractions; R: “rest” fraction; BGR: full sequential method.

Moreover, each fraction brings their own quantity of unique proteins in the sequential method in comparison to the individual method alone (Figure 26). The “biotinylated” fraction revealed the largest number of unique proteins (~170; 66 %). However it is important to note that the “glycosylated” (~44; 17 %) and the “rest” (~44; 17 %) numbers are not negligible.  
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Figure 26: Overlap of the cell surface and the extracellular proteins between the different fractions of the sequential method. This figure shows that despite the existing overlap, each fraction identifies its own unique proteins. The Venn diagram displays the three full technical replicates. In parentheses, proteins observed in 3 out of 3, 2 out of 3 and 1 out of 3 fractions were indicated. B: “biotinylated” fraction; GR: in silico combination of the “glycosylated” and the “rest” fractions; R: “rest” fraction.

II. Proteomic analysis of a breast tumor and its associated bone metastase identified cell surface and extracellular proteins potentially involved in the metastatic process
II.1 Clonal relationship between the primary breast tumor and its matched bone metastasis
As the breast tumor removed in 1986 was no longer available, the origin of the bone metastasis was assessed by comparing its single nucleotide polymorphism (SNP) pattern present on the 22 pairs of autosomal chromosomes with the claimed primary tumor and an additional non-related breast tumor (Figure 27). Allelic frequency pattern of the paired breast tumor and bone metastasis appears as highly similar. The pattern of the additional non-related tumor looks different, suggesting that the SNP analyzed is a coherent method to determine the clonal relationship between two lesions. Coefficients of similitude for the SNP allelic frequencies between the different cancer lesions were based on the Pearson correlation coefficient (Pcc). The high value of the Pcc (Pcc = 0.998) between the primary breast tumor and the bone metastasis from the same patient indicated the clonal relationship between these two lesions, whereas the weaker Pcc score (Pcc = 0.767) between the two breast tumors pointed out their genetic divergence.
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Figure 27: Allelic frequency of the SNP (single nucleotide polymorphism) of the 22 autosomal chromosomes for the bone metastasis (BM), the primary breast tumor (PT), and another breast tumor from unrelated individual (PT#2). Every blue dot represents one SNP. From the displayed image and the Person correlation of allelic frequencies the PT is more similar to the matched BM (Pcc= 0.998) than to the PT#2 (Pcc= 0.767).

II.2 Identification of modulated proteins between the primary breast tumor and the paired bone metastase

The major focus of the current investigation was the identification of differentially expressed proteins located in the cell membrane and in the extracellular space between the primary breast tumor and the bone metastasis. We had the unique opportunity to analyze one breast tumor and its matched bone metastatic lesion, originating from the same patient and collected at the same time. This material was processed as depicted previously (see section I.1; Figure 17) but in four technical replicates for the biotinylated fraction and two for the glycosylated and rest protein fractions. The proteins were identified using the Swissprot® and their potential sub-cellular localization was determined with Uniprot® database. Proteins marked as membrane, extracellular or secreted were selected for further analysis. In breast tumor and bone metastasis specimens, each fraction contributed to a certain number of membrane and extracellular proteins (Figure 28A) with the glycosylated fractions providing the most important proportion of membrane and extracellular matrix proteins. In comparison to each other, fractions displayed some overlap in protein identification, but a significant portion of proteins was unique to each fraction (Figure 28B). 
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Figure 28: (A) Comparison of the protein subcellular localization profiles of the primary breast tumor and its bone metastasis in the different fractions analyzed (“biotinylated”, “glycosylated”, and “rest”). Protein subcellular localization was determined using the Uniprot® database, and the proteins marked as membrane, extracellular or secreted were selected for further analysis. (B) Venn diagrams display protein distributions between the different fractions in the primary tumor and its bone metastasis.
In terms of protein number and with respect to the followed methodology, the glycosylated fraction (79 and 84 proteins) revealed more unique proteins compared to the biotinylated (38 and 80 proteins) and the rest fraction (42 and 30 proteins), both for the breast tumor and bone metastase, respectively. Interestingly, as previously described (see section I.4), the sequential method significantly increased the number of identified cell surface and extracellular proteins in comparison to any individual fraction taken alone. 

Following the selection of membrane and extracellular proteins a comparative analysis between the primary tumor and the bone metastasis was performed. The normalization was conducted following the Gaussian distribution of the data, where the maximum number of proteins has an emPAI abundance ratio of 1.0 (Figure 29). 
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Figure 29: Relative quantification of identified proteins in the “biotinylated”, “glycosylated” and “rest” fraction. The grey zone represents the proteins considered not modulated (≤ 2-fold up-/down-regulation). The red line represents the threshold used to highlight modulated proteins (≥ 4-fold up-/down-regulation). The percentages indicate the respective portions of identified proteins found in the different modulation zones.

The protein modulations were calculated with respect to the presence or absence in all the technical replicates. Moreover, emPAI was used as a semi quantitative value when one protein was found in both conditions 
 ADDIN EN.CITE 
[105]
. A protein was considered as differentially expressed when it (i) was detected in one of the disease related conditions but not in the other, (ii) was found in both conditions but more often identified in one, (iii) was found equally in both conditions but with an emPAI value at least 4 times greater. If a protein was identified in different fractions (biotinylated, glycosylated or rest) displaying opposite disease related modulation, the protein was considered as not modulated. Based on these criteria, 354 (85 %) proteins were found as not modulated, whereas 63 (15 %) proteins were found as modulated (Figure 30). Among them, 34 (54 %) proteins were found as down-regulated whereas 29 (46 %) proteins were found as up-regulated in the bone metastase (Figure 30; Table 1, and Table 2). Identified glycopeptides (score > 30) from the modulated glycoproteins are further detailed in the supplementary data (Table S1). Values of the score, number of unique peptides and sequence coverage of each differentially expressed protein (for the “biotinylated”, “glycosylated”, and “rest” fractions) are detailed in the Table S2. Annotated MS/MS spectra corresponding to the proteins displayed in the Table 1 and Table 2 and identified with only one peptide are shown in Figure S3.
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Figure 30: Proportion of differentially expressed proteins identified following the comparison of the human bone metastasis to the primary breast tumor.
A survey of the existing literature related to these 63 differentially expressed proteins identified important processes linked to tumor progression and bone metastasis development. Importantly, these included processes such as cell migration and extracellular matrix remodeling. Indeed, 10 down-regulated and 3 up-regulated proteins in the bone metastase were found as having a role in cell migration and/or aggressiveness (Table 3A), whereas 14 down-regulated and 5 up-regulated proteins seem to be involved in the bone mineralization (Table 3B). These results are summarized in the Table 3 and the hypothetic connection with bone metastasis is detailed for each protein of interest. It is important to note that, according to the literature our up- or down-regulated proteins showed a general modulation that would result in a pro-metastatic phenotype. Indeed, while loss of a protein required for cancer cell migration was found down-regulated, proteins up-regulated are required to allow a more aggressive behavior. For mineralization process, the down-regulated proteins are associated with bone matrix formation, whereas the up-regulated proteins are mostly related to the bone destruction. Moreover, 6 members of the small leucine rich proteoglycan family (SLRP) were identified as down-regulated in the bone metastase. These proteins were found as implicated in both groups that were highlighted. 
Table 1: Membrane and extracellular proteins identified as down-regulated in the bone metastasis (BM) compared to its primary breast tumor (PT) a. 
	
	
	
	BIOTINYLATED

Fraction (n = 4)
	GLYCOSYLATED

Fraction (n = 2)
	REST

Fraction (n = 2)
	

	#
	Gene name
	Protein name
	PT
	BM
	emPAI b BM/PT
	PT
	BM
	emPAI BM/PT
	PT
	BM
	emPAI BM/PT
	Subcellular localization c

	1
	ASPN
	Asporin
	4
	0
	
	2
	2
	-7.54
	2
	0
	
	S ; E

	2
	THBS2
	Thrombospondin-2
	4
	0
	
	0
	0
	
	2
	0
	
	E

	3
	TGFBI
	Transforming growth factor-beta-induced protein ig-h3
	4
	0
	
	0
	0
	
	2
	1
	
	S ; E

	4
	MIME
	Mimecan
	4
	0
	
	0
	0
	
	2
	1
	
	S ; E

	5
	PEDF
	Serpin-F1
	4
	0
	
	2
	2
	-2.15
	2
	1
	
	S

	6
	AEBP1
	Adipocyte enhancer-binding protein 1
	4
	1
	
	2
	2
	-14.83
	2
	0
	
	S ; Cy ; N

	7
	DCN
	Decorin
	4
	1
	
	2
	2
	-2.33
	2
	1
	
	S ; E

	8
	THBS4
	Thrombospondin-4
	4
	1
	
	0
	0
	
	2
	1
	
	E

	9
	PRELP
	Prolargin
	4
	2
	-3.72
	2
	2
	-2.51
	2
	1
	
	S ; E

	10
	VTN
	Vitronectin
	4
	2
	-4.53
	2
	2
	-2.65
	2
	1
	
	S ; E

	11
	THBS1
	Thrombospondin-1
	4
	4
	-14.53
	2
	1
	
	2
	1
	
	E

	12
	POSTN
	Periostin
	4
	4
	-6.66
	2
	2
	-4.96
	2
	2
	-5.29
	S ; E

	13
	THY1
	Thy-1 membrane glycoprotein
	2
	0
	
	2
	2
	-1.43
	0
	0
	
	M

	14
	HLA-A
	HLA class I histocompatibility antigen, A-1 alpha chain
	2
	0
	
	0
	0
	
	0
	0
	
	M

	15
	FBLN2
	Fibulin-2
	3
	0
	
	2
	0
	
	2
	0
	
	S ; E

	16
	PZP
	Pregnancy zone protein
	2
	0
	
	0
	0
	
	1
	0
	
	S

	17
	ITGB1
	Integrin beta-1
	3
	1
	
	2
	0
	
	2
	0
	
	M

	18
	FBLN1
	Fibulin-1
	3
	1
	
	1
	0
	
	1
	0
	
	S ; E

	19
	APOH
	Apolipoprotein H
	3
	0
	
	2
	2
	-1.69
	1
	0
	
	S

	20
	COL14A1
	Collagen alpha-1(XIV) chain
	3
	0
	
	2
	1
	
	2
	1
	
	S ; E

	21
	HTRA1
	Serine protease HTRA1
	3
	0
	
	0
	0
	
	0
	0
	
	S

	22
	SUSD2
	Sushi domain-containing protein 2
	3
	0
	
	0
	0
	
	1
	0
	
	M

	23
	TNA
	Tetranectin
	0
	0
	
	0
	0
	
	2
	0
	
	S

	24
	SATT
	Neutral amino acid transporter A
	0
	0
	
	0
	0
	
	2
	0
	
	M

	25
	CPN2
	Carboxypeptidase N subunit 2
	0
	0
	
	2
	0
	
	0
	0
	
	S

	26
	ITGA2
	Integrin alpha-2
	0
	0
	
	2
	0
	
	0
	0
	
	M

	27
	ITGA5
	Integrin alpha-5
	0
	0
	
	2
	0
	
	0
	0
	
	M

	28
	MFAP4
	Microfibril-associated glycoprotein 4
	0
	0
	
	2
	0
	
	0
	0
	
	S

	29
	TSPAN8
	Tetraspanin-8
	0
	0
	
	2
	0
	
	0
	0
	
	M

	30
	CD59
	CD59 glycoprotein
	0
	0
	
	0
	0
	
	2
	0
	
	M ; S

	31
	HSPG2
	Perlecan
	2
	1
	
	0
	0
	
	2
	0
	
	S ; E

	32
	APOE
	Apolipoprotein E
	4
	3
	-4.04
	0
	0
	
	2
	2
	-3.31
	S

	33
	LUM
	Lumican
	4
	3
	-2.11
	2
	2
	-7.77
	2
	1
	
	E

	34
	BGN
	Biglycan
	4
	3
	-2.32
	2
	2
	-5.02
	2
	2
	-3.69
	E


a The selection of the proteins was done as described in the “Results” section. b For proteins showing the same presence in one of the fractions, emPAI ratio (semi-quantitative data) has been included when it was down-regulated in the metastasis (ratio < -4). c Potential subcellular location: S, secreted; E, extracellular; M, cell membrane; Cy, cytoplasm; N, nucleus.

Table 2: Membrane and extracellular proteins identified as up-regulated in the bone metastasis (BM) compared to its primary breast tumor (PT) a. 
	
	
	
	BIOTINYLATED

Fraction (n = 4)
	GLYCOSYLATED

Fraction (n = 2)
	REST

Fraction (n = 2)
	

	#
	Gene name
	Protein name
	PT
	BM
	emPAI b BM/PT
	PT
	BM
	emPAI BM/PT
	PT
	BM
	emPAI BM/PT
	Subcellular localization c

	1
	MYH7B
	Myosin-7B
	0
	4
	
	0
	0
	
	0
	1
	
	M

	2
	MYL3
	Myosin light chain 3
	0
	4
	
	0
	2
	
	0
	2
	
	Cy ; E

	3
	ALPL
	Alkaline phosphatase, tissue-nonspecific isozyme
	0
	4
	
	0
	0
	
	0
	1
	
	M

	4
	KTN1
	Kinectin
	0
	3
	
	0
	0
	
	0
	0
	
	M

	5
	NUCB2
	Nucleobindin-2
	0
	3
	
	0
	0
	
	0
	0
	
	M ; S ; Cy

	6
	ALCAM
	CD166 antigen
	0
	3
	
	1
	1
	
	0
	0
	
	M

	7
	LAMC1
	Laminin subunit gamma-1
	0
	3
	
	2
	2
	1.59
	0
	0
	
	S ; E

	8
	COL4A2
	Collagen alpha-2(IV) chain
	0
	3
	
	0
	0
	
	1
	1
	
	S ; E

	9
	HINT2
	Histidine triad nucleotide-binding protein 2
	0
	2
	
	0
	0
	
	0
	0
	
	S

	10
	RETN
	Resistin
	0
	2
	
	0
	0
	
	0
	0
	
	S

	11
	F2
	Prothrombin
	0
	2
	
	0
	0
	
	0
	0
	
	S ; E

	12
	PMP2
	Myelin P2 protein
	0
	2
	
	0
	0
	
	0
	0
	
	Cy ; M

	13
	TCTE3
	Tctex1 domain-containing protein 3
	0
	2
	
	0
	0
	
	0
	0
	
	Cy ; M

	14
	HNRPU
	Heterogeneous nuclear ribonucleoprotein U
	0
	2
	
	1
	2
	
	2
	2
	2.56
	N ; M

	15
	CTSG
	Cathepsin G
	0
	1
	
	0
	1
	
	0
	2
	
	M ; Cy ; E

	16
	LAMP2
	Lysosome-associated membrane glycoprotein 2
	0
	1
	
	2
	2
	3.85
	0
	2
	
	M

	17
	TFRC
	Transferrin receptor protein 1
	0
	1
	
	0
	2
	
	0
	1
	
	M

	18
	LRPAP1
	Alpha-2-macroglobulin receptor-associated protein
	0
	0
	
	0
	2
	
	0
	0
	
	M ; Cy

	19
	AOC3
	Membrane primary amine oxidase
	0
	0
	
	0
	2
	
	0
	0
	
	M

	20
	CASD1
	CAS1 domain-containing protein 1
	0
	0
	
	0
	2
	
	0
	0
	
	M

	21
	CGM6
	Carcinoembryonic antigen-related cell adhesion molecule 8
	0
	0
	
	0
	2
	
	0
	0
	
	M

	22
	CLPTM1
	Cleft lip and palate transmembrane protein 1
	0
	0
	
	0
	2
	
	0
	0
	
	M

	23
	CPVL
	Probable serine carboxypeptidase CPVL
	0
	0
	
	0
	2
	
	0
	0
	
	E

	24
	ELANE
	Leukocyte elastase
	0
	0
	
	0
	2
	
	0
	0
	
	Cy ; M

	25
	GLUT1
	Solute carrier family 2, facilitated glucose transporter member 1
	0
	0
	
	0
	2
	
	0
	0
	
	M

	26
	SORT1
	Sortilin
	0
	0
	
	0
	2
	
	0
	0
	
	M

	27
	LAMA4
	Laminin subunit alpha-4
	1
	1
	
	0
	2
	
	0
	0
	
	S ; E

	28
	PRTN3
	Myeloblastin
	0
	0
	
	0
	0
	
	0
	2
	
	M

	29
	MDU1
	4F2 cell-surface antigen heavy chain
	0
	0
	
	2
	2
	1.33
	0
	2
	
	M


a The selection of the proteins was done as described in the “Results” section. b For proteins showing the same presence in one of the fractions, emPAI ratio (semi-quantitative data) has been included when it was up-regulated in the metastasis (ratio > 4). c Potential subcellular location: S, secreted; E, extracellular; M, cell membrane; Cy, cytoplasm; N, nucleus.
Table 3: Representative differentially expressed proteins potentially associated with bone metastases and found as down- (↓) or up- (↑) regulated in the bone metastasis when compared with the primary breast tumor. 
	#
	Gene name
	Protein name
	Status
	Associated literature
	Ref.

	
	A. Cell Migration and aggressiveness
	
	
	

	1
	HLA-A
	HLA class I histocompatibility antigen, A-1 alpha chain
	↓
	Deficiency causes escape of the cancer cells and supports survival of the cancer cells in lymphoid tissue. Class I HLA is down-regulated in B02 osteotropic human breast cancer cells.
	
 ADDIN EN.CITE 
[82, 107]


	2
	CD59
	CD59 glycoprotein
	↓
	Loss of CD59 confers a selective advantage for breast cancers, resulting in more aggressive tumors and conferring a poor prognosis for patients. Protein expression decreased in invasive breast carcinoma compared to normal breast.
	
 ADDIN EN.CITE 
[108, 109]


	3
	FBLN1
	Fibulin-1
	↓
	Fibulin-1 inhibits breast cancer cell motility in vitro and therefore has the potential to inhibit tumor invasion.
	110[]


	4
	FBLN2
	Fibulin-2
	↓
	Loss of Fibulin-2 expression may facilitate migration and invasion in breast cancer.
	
 ADDIN EN.CITE 
[111]


	5
	HTRA1
	Serine protease HTRA1
	↓
	Loss of HtrA1 may contribute to the aggressiveness and metastatic ability of endometrial tumors.
	112[]


	6
	ITGA2
	Integrin alpha-2
	↓
	Integrin α2β1 functionally inhibits breast tumor metastasis. Decreased expression of the gene encoding α2 integrin was predictive of metastatic dissemination. β1 integrin inhibits melanoma cells migration.
	
 ADDIN EN.CITE 
[113]


	7
	ITGB1
	Integrin beta-1
	↓
	
	

	8
	LUM
	Lumican
	↓
	Lumican inhibits melanoma cells migration via alterations of focal adhesion complexes.
	
 ADDIN EN.CITE 
[114, 115]


	9
	DCN
	Decorin
	↓
	Decorin suppresses bone metastasis in breast cancer cell line.
	
 ADDIN EN.CITE 
[116]


	10
	SUSD2
	Sushi domain-containing protein 2
	↓
	SUSD2 expression reduces HeLa cells migration and invasion properties.
	
 ADDIN EN.CITE 
[117]


	11
	ALCAM
	CD166
	↑
	Patients who develop skeletal metastases tend to have low CD166 levels in their breast cancers. CD166 controls MDA-MB-231 cell invasion, migration and tumor growth.
	
 ADDIN EN.CITE 
[118, 119]


	12
	COL4A2
	Collagen alpha-2 (IV) chain
	↑
	Type IV collagen induces an increase of cell migration through a DDR1 and CD9-dependent pathway in MDA-MB-231 breast cancer cells.
	
 ADDIN EN.CITE 
[120]


	13
	LAMP2
	Lysosome-associated membrane glycoprotein 2
	↑
	Highly metastatic colon cancer cells express more LAMP2 on their cell surface than poorly metastatic carcinoma cells.
	
 ADDIN EN.CITE 
[121]


	
	B. Mineralization and bone marker
	
	
	

	14
	APOE
	Apolipoprotein E
	↓
	Apolipoprotein E deficiency enhances the reduction of bone formation induced by the stimulation of p53-mediated apoptosis in osteoblastic cells.
	
 ADDIN EN.CITE 
[122]


	15
	ASPN
	Asporin
	↓
	Asporin has a role in osteoblast-driven collagen biomineralization activity.
	
 ADDIN EN.CITE 
[123]


	16
	FBLN1
	Fibulin-1
	↓
	Fibulin-1 and -2 seem to be important components of the extracellular matrix of osteoblasts and are likely to negatively influence the proliferation rate of hematopoietic stem cells.
	
 ADDIN EN.CITE 
[124]


	17
	FBLN2
	Fibulin-2
	↓
	
	

	18
	LUM
	Lumican
	↓
	Lumican is a significant proteoglycan component of bone matrix, which is secreted by differentiating and mature osteoblasts.
	
 ADDIN EN.CITE 
[125]


	19
	OGN
	Mimecan
	↓
	Increased expression of mimecan in the early proliferation stage of cultured osteoblastic cells may play an important role in the stimulation of bone formation.
	126[]


	20
	PEDF
	Serpin-F1
	↓
	Serpin-F1 is possibly involved in bone homeostasis as an inhibitor of bone resorption.
	127[]


	21
	BGN
	Biglycan
	↓
	Biglycan promotes osteoblast differentiation and matrix mineralization.
	128[]


	22
	DCN
	Decorin
	↓
	Asporin competes with decorin to promote osteoblast mineralization.
	
 ADDIN EN.CITE 
[123]


	23
	POSTN
	Periostin
	↓
	Periostin is expressed in vivo and in vitro during the stages of osteoblast differentiation and maturation.
	
 ADDIN EN.CITE 
[129]


	24
	PRELP
	Prolargin
	↓
	Prolargin reduces osteoclast number and activity in ovariectomized mice, underlying its physiological and/or pathological importance in skeletal remodeling.
	
 ADDIN EN.CITE 
[130]


	25
	TNA
	Tetranectin
	↓
	Down-regulation of tetranectin expression in human osteoblastic cells is correlated with inhibition of mineralization.
	
 ADDIN EN.CITE 
[131]


	26
	THBS2
	Thrombospondin-2
	↓
	TSP2 may promote mineralization, by facilitating proper organization of the osteoblast-derived ECM.
	
 ADDIN EN.CITE 
[132]


	27
	THBS4
	Thrombospondin-4
	↓
	TSP4 transcript first appears in the mesenchyme surrounding bone anlage coinciding with the initial stages of osteogenesis.
	
 ADDIN EN.CITE 
[133]


	28
	CTSG
	Cathepsin G
	↑
	Cathepsin G activity at the tumor-bone interface plays an important role in mammary tumor-induced osteolysis.
	
 ADDIN EN.CITE 
[134]


	29
	KTN1
	Kinectin
	↑
	Kinectin is up-regulated in the B02 osteotropic breast cancer cell line compared to the non osteotropic MDA-MB-231.
	82[]


	30
	ALPC
	Alkaline phosphatase, tissue-nonspecific isozyme
	↑
	Elevated levels of alkaline phosphatase indicates high rate of bone degradation in breast metastatic cancer.
	
 ADDIN EN.CITE 
[135]


	31
	RETN
	Resistin
	↑
	Resistin increased the number of differentiated osteoclasts and stimulated NFkappaB promoter activity, indicating a role in osteoclastogenesis.
	
 ADDIN EN.CITE 
[136]


	32
	F2
	Prothrombin
	↑
	Prothrombin expression is increased during rodent osteoclastogenesis.
	137[]



II.3 Immunohistochemistry validation of the selected modulated proteins
In the frame of the current work, the validation of proteins was focused on the proteins which were previously poorly described in the process of metastasis. Specifically, 3 representative modulated proteins (SUSD2, CD166, ASPN) were validated by immunohistochemistry in 10 primary breast tumors and their matched bone metastasis (Figure 31). Results were expressed as score means ± standard error of means. Scores are detailed in the Table 4. 
Table 4: Scoring evaluation of the immunohistochemistry performed on 10 pairs of primary breast tumor and associated bone metastasis using antibodies against SUSD2, CD166 and ASPN. The scoring method is described in the “Materials and Methods” section.
	
	SUSD2
	CD166
	ASPN

	Sample couple
	Score PT
	Score BM
	Score BM - PT
	Score BT
	Score BM
	Score BM - PT
	Score BT
	Score BM
	Score BM - PT

	#1
	3
	2
	- 1
	1
	2
	+ 1
	3
	2
	- 1

	#2
	0
	0
	0
	0
	0
	0
	2
	0
	- 2

	#3
	2
	2
	0
	2
	3
	+ 1
	3
	3
	0

	#4
	2
	0
	- 2
	0
	0
	0
	3
	1
	- 2

	#5
	3
	2
	- 1
	1
	2
	+ 1
	3
	1
	- 2

	#6
	2 
	0
	- 2
	1
	3
	+ 2
	2 
	0
	- 2

	#7
	1
	0
	- 1
	2
	2
	0
	2
	3
	+ 1

	#8
	3
	0
	- 3
	1
	3
	+ 2
	3
	3
	0

	#9
	3
	2
	- 1
	2
	3
	+ 1
	3
	2
	- 1

	#10
	3
	2
	- 1
	1
	2
	+ 1
	3
	3
	0


Sushi domain-containing protein 2 (SUSD2), a membrane protein with no reported specific role in metastatic progression, was the first protein to be further exanimated. SUSD2 was found as down-regulated in 8 couples in the bone metastases. The immunostaining showed a clear presence of this protein in the plasma membrane and its down-regulation was confirmed by statistical test (t-test, p = 0.0013) (Figure 31: a, b, and c). Specific presence of the CD166 protein was further validated in the metastatic cells. While the primary tumors showed low CD166 levels, the bone metastatic lesions showed a strong positive staining mainly localized at the membrane and in the cytoplasm of metastatic cells of 8 samples couple (t-test, p = 0.0019) (Figure 31: d, e, and f). Finally, asporin (a SLRP protein) was found as down-regulated in the bone metastasis. The asporin protein was detected as over-expressed in 6 sample couples, whereas 2 couples showed no modulated expression and only one presented a higher expression level in the matched bone metastase. Immunostaining was detected mainly in the stroma, but it remained unclear whether asporin is biologically produced by tumor or surrounded stromal cells. These results showed that asporin was significantly (one-sample t-test, p = 0.0147) over-expressed in breast tumor cells (Figure 31: g, h, and i).
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Figure 31: Validation of selected differentially expressed proteins between primary breast tumors and their associated bone metastases using immunohistochemistry. Paraffin-embedded tissue sections were immunostained as described in the “Materials and Methods” section. Higher levels of SUSD2 (a and b) and ASPN (g and h) were detected in the breast tumors compared to their paired bone metastases. Higher expression of CD166 (d and e) was detected in bone metastases compared to their primary tumor masses. Statistical analysis of SUSD2 (c), CD166 (f), and ASPN (i) shows a significant modulation of protein expression (one-tailed sample t-test; p < 0.05* p < 0.01**) between the 10 primary breast tumors (PT) and their matched bone metastasis (BM). Original magnification: X400.
Based on these results, it can be summarized that sushi domain-containing protein 2, CD166 and asporin expressions were significantly modulated between bone metastases and primary breast tumor (one-sample t-test, p < 0.05), confirming that the MS analysis used in our study was able to correctly depict protein expression patterns between the breast cancer and its matched bone metastatic lesion.

III. Cell membrane proteomic analysis of human breast cancer cell lines identifies osteotropic phenotype and related pattern expression with clinical specimens

III.1 Sample processing and protein identification
The major focus of this part of the investigation was the identification of proteins expressed at the cell membrane surface and their potential role in the osteomimicry. Herein, two different breast cancer cell lines were analyzed: the well-known parental MDA-MB-231 and its derived osteotropic B02 subclone (see “Introduction” section IV.2). For this analysis, as the material was not limited in terms of quantity, “glycosylated” and “rest” fractions were not generated, and only a combination of cell fractionation and biotinylation was performed. Cell membrane specificity of the biotin labeling was validated by immunofluorescence technique (Figure 32: B and D). Overall very few cells showed intracellular staining. Furthermore, no streptavidin staining was observed when the biotinylation was omitted (Figure 32: A and C).
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Figure 32: Immuoflorescent analysis of biotinylated cell membranes. Biotinylation of the membrane and the labeling of the biotin and the nucleus were performed as described in the “Materials and Methods” section. MDA-MB-231 and B02 cell lines were unlabeled (A and C), or biotinylated using sulfo-NHS-SS-biotin (B and D). Confocal images original magnification: X630.
Following the cell fractionation, biotinylated proteins were captured on streptavidin beads, and extensive washing steps were used to remove the non-biotinylated proteins. The proteins were then eluted using reducer agent that will separate the proteins from the biotin moieties through the reduction of their binding disulfide bond. Following which, the proteins were digested with trypsin. This processing is summarized in the Figure 33. The material was processed in four full technical replicates. As described in the “materials and methods” section, expression profiles of purified proteins in the two human breast carcinoma cell lines were identified using the Multidimensional Protein Identification Technology technique, which is based on a two-dimensional separation of digested tryptic peptide and the use of a nano-flow liquid chromatography coupled to electrospray tandem mass spectrometry. The proteins were identified using the Swissprot® and their potential sub-cellular localization was determined with Uniprot® database. Proteins potentially present in the cell surface were selected for the further analysis. A selection of membrane proteins identified with high confidence is presented in  Table 5. 
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Figure 33: Schematic view of the method for the identification cell membrane proteins. After cell line biotinylation, the first step consisted of cell membrane extraction and the purification on streptavidin resin of the biotinylated proteins. After extensive washing, biotinylated proteins were eluted, digested, and analyzed in MS. This processing was performed in 4 complete technical replicates. Selected proteins were validated by FACS and WB.
Table 5: Selected membrane proteins expressed in the MDA-MB-231 (n = 4) and B02 (n = 4) cell lines.

	#
	Protein name
	MDA
	RS a
	B02
	RS a
	Subcellular localization b

	1
	CD51 (integrin αv)
	1
	3
	3
	4
	M

	2
	CD9 (MRP1)
	1
	1
	4
	5
	M

	3
	Plasma cell membrane glycoprotein PC1
	1
	1
	4
	13
	M

	4
	Kinectin
	1
	4
	4
	19
	M

	5
	Prohibitin
	1
	7
	4
	27
	M ; N ; E ; Cy

	6
	Moesin
	3
	35
	3
	26
	M ; Cy ; N

	7
	EGF receptor
	4
	12
	4
	26
	M ; Cy

	8
	CD49b (integrin α2)
	4
	19
	4
	15
	M ; Cy

	9
	Integrin β6
	4
	22
	4
	13
	M

	10
	Clathrin
	4
	47
	4
	22
	M ; Cy

	11
	CD44
	4
	61
	4
	29
	M

	12
	CD98
	4
	68
	4
	68
	M

	13
	CD29 (integrin β1)
	4
	162
	4
	60
	M

	14
	HLA-A
	4
	600
	4
	51
	M ; E

	15
	CD49c (integrin α3)
	4
	24
	3
	4
	M ; Cy

	16
	CD155 (PVR)
	1
	1
	0
	0
	M ; E

	17
	CD104 (integrin β4)
	1
	7
	0
	0
	M

	18
	CD107b (LAMP2)
	2
	2
	1
	1
	M ; E

	19
	CD49e (integrin α5)
	3
	8
	1
	1
	M

	20
	CD97
	3
	9
	1
	1
	M

	21
	CD49f (integrin α6)
	4
	21
	1
	1
	M

	22
	HLA-C
	4
	374
	0
	0
	M

	23
	HLA-B
	4
	431
	1
	19
	M ; E


a For proteins showing the same presence in both samples, number of redundant spectra (RS) of the same peptide (semi-quantitative data) indicate the relative protein abundance. b Potential subcellular location: E, extracellular; M, cell membrane; Cy, cytoplasm; N, nucleus.
This selection was performed according to: (i) over-expression in one of the two cell lines (how often it was identified in the 3 biological replicates), (ii) potential presence in the cell membrane, (iii) relevance in the metastasis-related events according to the literature mining. When a protein is equally present in both cell lines, the “associated spectral counting” (number of redundant spectra) was used to give a semi-quantitative value of the relative protein abundance in the samples 106[]
.  
III.2 Validation of selected proteins 
In order to validate the obtained MS data and our list of selected proteins, the expression level of proteins known to be involved in tumor and metastasis development was assessed. Expression levels of CD107b (LAMP2), integrin αv, and integrin β3 were then investigated by Western blotting (Figure 34: B, C, and D). Moreover, one of the most modulated proteins between the MDA-MB-231 and its B02 subclone cell lines was the Class I HLA. HLA-A are found in both cell lines, but the spectral counting shows a critical down-regulation in the B02 cell line. This down-regulation is also observed for HLA-B, and HLA-C, but was completely absent from the B02 subclone. Their expressions, whether for HLA-A -B or -C isoforms, were clearly down-regulated in osteotropic variant B02 compared to the parental MDA-MB-231 (Figure 34A).
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Figure 34: Western blot validation of the different proteins identified by MS analysis.
For the Class I HLA, FACS analysis was also performed to confirm the Western blot pattern, and to confirm that their differential expression was localized at the cell surface (Figure 35). Both FACS and Western blot analysis (depicting the Class I HLA proteins as down-regulated in the osteotropic B02 subclone compared to their parental MDA-MB-231 cell line) correlate with MS data. 

[image: image35.emf]
Figure 35: FACS analysis of Class I HLA proteins in MDA-MB-231 and B02 cell lines. Antibody against Class I HLA was used to label the cells. Analysis was performed as described in the “Materials and Methods” section. Negative control (-) is depicted in black, whereas B02 and MDA-MB-231 are illustrated in dark and light gray, respectively.

III.3 Comparison of mass spectrometry data between human clinical material and osteotropic cell line model
As shown in previous sections, MDA-MB-231 human mammary breast cancer cell line and its osteotropic clone named B02 aimed at the identification of bone metastases associated changes at a protein levels. The major interest of this present part is to compare the identified protein patterns of the cell lines model with the human clinical material. This comparison is an important step for the future studies aimed at explaining the mechanistic role of selected proteins from the clinical specimen in the process of bone metastasis development.
Among the 417 proteins identified in the clinical specimen (see section II.2), 80 membrane or extracellular proteins were found in common with the present cell line data. Considering that a given protein was marked as differentially expressed when it was present more often in one of the disease conditions, 20 proteins shared a modulation pattern in both data sets (Table 6). For example, kinectin (KTN1) appeared as highly up-regulated both in the bone metastasis and B02 cells.

Table 6: Modulated cell surface and extracellular proteins found in common between the osteotropic cell line model and the clinical data. 
	#
	Gene name
	Protein name
	Status in

B02 and BM a
	Subcellular localization b

	1
	KTN1
	Kinectin
	↑
	M

	2
	PHB
	Prohibitin
	↑
	M

	3
	TMX1
	Thioredoxin domain-containing protein 1
	↑
	M

	4
	MARCkS
	Myristoylated alanine-rich C-kinase substrate
	↑
	Cy ; M

	5
	LEPRE1
	Prolyl 3-hydroxylase 1
	↑
	E

	6
	CD81
	CD81 antigen
	↓
	M

	7
	HLA-G
	HLA class I histocompatibility antigen, alpha chain G
	↓
	M

	8
	LGALS1
	Galectin-1
	↓
	Cy ; E ; M

	9
	ANXA5
	Annexin A5
	↓
	E

	10
	ATP1B1
	Sodium/potassium-transporting ATPase subunit beta-1
	↓
	M

	11
	GNA13
	Guanine nucleotide-binding protein subunit alpha-13
	↓
	M

	12
	SYNGR2
	Synaptogyrin-2
	↓
	M

	13
	VCAN
	Versican core protein
	↓
	E

	14
	POSTN
	Periostin
	↓
	E

	15
	ICAM1
	Intercellular adhesion molecule 1
	↓
	M

	16
	CD59
	CD59 glycoprotein
	↓
	M

	17
	ITGA5
	Integrin alpha-5
	↓
	M

	18
	THBS1
	Thrombospondin-1
	↓
	E

	19
	CTL2
	Choline transporter-like protein 2
	↓
	M

	20
	ITGA6
	Integrin alpha-6
	↓
	M


a Up- (↑) and down-regulated (↓) proteins found in B02 cell line model and in the bone metastasis (BM) are indicated. b Potential subcellular location: E, extracellular; M, cell membrane; Cy, cytoplasm; N, nucleus.

Following the rationale that kinectin was over-expressed both in the cell lines model and the clinical specimen, and considering that its role in cancer progression and metastasis development is still unknown, this protein was selected for further validation. Strong kinectin immunostaining was effectively observed in B02 cells whereas parental MDA-MB-231 cells were negative (Figure 36: a and b), suggesting that kinectin expression may be associated with the osteotropic phenotype. However, comparative kinectin IHC performed on our set of paired primaries and bone metastases used in this study did not reach statistical significance (data not shown).
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Figure 36: Detection of KTN1, CD166, and SUSD2 in the MDA-MB-231 cell line and its osteotropic B02 subclone. Paraffin-embedded cell pellet sections were immunostained as described in the Materials and Methods section. Higher levels of KTN1 (a and b) and CD166 (c and d) were detected in the osteotropic B02 cells when compared to their parental cell line MDA-MB-231. SUSD2 was detected neither in MDA-MB-231 (e) nor in the B02 cells (f). Original magnification: X400. 
Two proteins of interest, SUSD2 and CD166, which were significantly modulated in the clinical specimens but not identified in the cell lines model, were further explored in MDA-MB-231 / B02 cell lines. Consistently, CD166, which was up-regulated in the bone metastatic samples, was found up-regulated at the cell surface of B02 cells when compared to the parental cells (Figure 36: c and d). This observation points to CD166 as a potential marker of osteotropism in breast cancer. SUSD2 was not detectable in either MDA-MB-231 or B02 cells (Figure 36: e and f). However, SUSD2 Western blotting performed on MDA-MB-231, B02, and MCF-7 total protein extracts showed positivity only in MCF-7 non-metastatic breast cancer cells (Figure 37), suggesting that this protein is silenced in cells with metastatic behavior. 
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Figure 40: Validation of SUSD2 protein expression using Western blot analysis on MDA-MB-231/B02 cells and non-metastatic MCF-7 breast cancer cell line. From Dumont et al. 102[]
.
Discussion

I. Novel comprehensive proteomic approach for cell surface and extracellular protein identification from precious human tissues
Acquiring suitable clinical material required to study the relationship between primary tumors and their matched metastases is difficult, especially as the metastases are usually removed (months, years) after the primary tumor 
 ADDIN EN.CITE 
[95, 96]
. Moreover, removed metastases are generally small, making this type of sample extremely precious. Because of sample scarcity, very few studies are performed on clinical metastatic specimens. It is particularly apparent when it comes to characterize the change that occurs at a protein level 
 ADDIN EN.CITE 
[43, 138]
. Currently, there have been no reported studies of comparative proteomic investigations based on primary breast cancer and its matched bone metastases. In the present study, following a rare opportunity, a primary breast tumor and its matched bone metastasis were collected and analyzed. One of the main purposes was to develop a novel proteomics approach capable of identifying, in a reproducible way, proteins that are biologically and clinically relevant in the development of bone metastasis, starting from valuable samples present in small quantity. 
Cell surface and extracellular matrix protein biotinylation is an efficient strategy to identify such proteins. This method relies on the labeling of the exposed primary amines residues (e.g. lysines) by biotin and on their purification on streptavidin high affinity columns. Another well known strategy is the exploitation of the fact that most of the proteins present in the external face of the membrane or in the extracellular matrix are glycosylated 139[]
. As the majority of the glycoproteins are characterized by an N-linked glycan, their oxidation allows their capture by hydrazide groups, resulting in selective covalent binding that allows their isolation. Therefore, methods using beads coated with hydrazide groups we were able to characterize glycoproteins in mass spectrometry 
 ADDIN EN.CITE 
[83, 140]
. Using a combination of these two methods, significant improvement of the number of identified cell surface and extracellular proteins was obtained in comparison to these approaches performed alone. Additionally, the fraction containing the non-biotinylated and non-glycosylated proteins (“rest” fraction) was analyzed. Notably, this late “rest” fraction also identifies some peptides with deamidated N-glycosylated consensus site. Since specific peptide modification on asparagines was used to select the glycopeptides in the “glycosylated” fraction, but no PNGase F was used during the “rest” fraction generation, it can be assumed that these deamidations occur spontaneously. Therefore, special attention was necessary to determine whether these proteins were truly glycoproteins or not. Nevertheless, it is important to remember that this “rest” fraction still contains ~30 % of cell surface and extracellular proteins. Moreover some of these proteins were uniquely identified in this “rest” fraction, and not in the “glycosylated” nor “biotinylated” ones. Another advantage of this late fraction analysis is the additional in silico step that consists of the combination of peptides found the “rest” fraction with the remaining glycopeptides that were not assigned to a protein in the “glycosylated” fraction because of their poor sequence coverage. This combination of peptides identified in the “rest” fraction with the glycopeptides identified in the “glycosylated” fraction led to the successful identification of the previously undetected glycoproteins. As a result, this in silico step provides an extra step to aid the determination of glycoproteins (more than 30 %) that would have previously gone unidentified due to their sequence coverage and score.   

The high specificity of the 3 fractions was validated using internal standards (IS1). As expected the biotinylated ovalbumin was recovered only in the “biotinylated” fraction, whereas the non-biotinylated and non-glycosylated casein were identified only in the “rest” fraction. However, as far as the glycoprotein fetuin was concerned; it is important to note that fetuin was identified both in the “glycosylated” but also in the “rest” fractions. Its presence in this late fraction can be easily explained by the fact that the tryptic digestion occurs before the glycopeptides capture by the hydrazide resin. Consequently, the non-glycosylated peptides of the fetuin were recovered in the “rest” fraction, whereas the glycopeptides were recovered in the “glycosylated” fraction, resulting in its identification in both fractions. These internal standards therefore indicated that the quantitative and qualitative variability between the replicates are within the adequate ranges. Regarding the protein quantification with the IS3, it has been demonstrated that absolute quantification of the proteins is feasibly and precise. However, small overestimations of the IS3 quantity were calculated, for example with the bovine ovalbumin. This can be related to the presence of human homologues inside the sample. Nevertheless, the overestimations stayed below the 1.5 fold change and the deviations were not considered to be consistent. 
Concerning the inter-replicate variability, it is apparent that this novel method is able to reproducibly identify the same quantity of proteins originating from the same sub-cellular localizations. It is less obvious for the “glycosylated” fraction, whereas the Pearson correlation coefficient (Pcc) between the 3 technical replicates was weaker that for the “biotinylated” and the “rest” fractions. From these data, it is plausibly assumed that the variability is weaker when the protein identification is performed at a protein level than at a peptide level. For this reason, the “glycosylated” fraction presents a weaker Pcc because the calculation was performed with less peptide for the protein identification. It is even clearer following the increase of the Pcc value after the in silico combination step, resulting in the increase of the number of matched peptides for the protein identification.
Altogether, the exclusivity of the presented strategy lies in the sequential combination of these 3 different protocols. Each of the 3 sequential steps brings a supplementary value to the technique as a whole. Therefore, this method allows the exploitation and the analysis of samples only available in a small quantity. Moreover, this strategy is an alternative method to the classical proteomics studies and is directed to extract the interesting group of cell surface and extracellular proteins that have high potential to be used in anti-cancer therapies or as diagnostic biomarkers 71[]
. The robustness of the analysis also has the potential for new applications such as providing answers to biological questions that require an approach to identify a specific subset of proteins sub-localization. This is the case for the identification of novel proteins potentially implicated in the bone metastatic development.

II. Identification of cell surface and extracellular proteins potentially implicated in bone metastasis development

Growth of cancer cells at a specific site depends on their inherent phenotype, but also on the interactions that exist between the tumor cells and their environment. These interactions are essential to determine whether a cancer cell has the potential to grow, migrate and invade a specific organ 141[]
. In this regard, identifying modulated proteins potentially involved in the mechanisms that allow the cancer cell to leave the primary tumor, towards the colonization of the distant organ represents a major challenge in cancer research. This is particularly true for bone metastasis for which there is an apparent dearth of proteomic data 
 ADDIN EN.CITE 
[43, 92, 138]
. Herein, a primary breast tumor and its matched bone metastatic lesion were collected simultaneously at the time of autopsy. Hence, this part of the work was focused on the identification of differentially expressed proteins localized at the cell membrane and in the extracellular space. This subset of proteins appears to be of particular interest, not only for better understanding the underlying cancer progression processes but also for the future development of diagnostic and therapeutic modalities. For this purpose, tissue material was processed with the newly developed method. As described in the previous sections, this novel strategy applied on the breast tumor and the bone metastasis specimens contributed to a certain number of membrane and extracellular matrix proteins for each fraction. As predicted the glycosylated fractions yielded the most important portion. Moreover, a significant portion of proteins was uniquely identified in each fraction, demonstrating the advantage of the sequential method to increase the number of identified cell surface and extracellular proteins in comparison to any part of the method taken alone. 
Following the identification of membrane and extracellular matrix proteins, a comparative analysis between the primary tumor and the bone metastasis was performed. According to the emPAI based relative quantification, the median ratio of the different fractions was approximately equivalent to 1. Consequently, no normalization was required to assess the relative quantification of the modulated proteins. Based on the selection criteria (see “Results” section II.2), most of the proteins were identified as non-modulated, whereas only a small portion were found as differentially expressed. The results obtained were in agreement with earlier microarray studies comparing primary tumors and metastatic samples from breast cancer patients which also possessed a similarity in gene expression patterns of clinical primary tumors and their metastases 
 ADDIN EN.CITE 
[90, 91, 142-144]
95[. Gene expression profiling of human lymph node metastases and matched primary breast carcinomas similarly showed that metastases resemble their primary tumors ]
. Recently, Klein et al. performed a transcriptomic study comparing primary tumors to their metastases and reported that primary tumors relapsing to bone share similar expression profiles with bone metastases while they do not cluster together with the brain metastases examined in the same study 
 ADDIN EN.CITE 
[145]
. However, because of the uniqueness of the clinical material and the membrane proteomic technique used in this study, no similarity was observed between the current study and others in terms of identified proteins/genes. There is no available data in the literature to serve as a direct comparison with our work. Nevertheless, despite the high level of similarity between the primary tumor and its matched metastasis, our study and others, also highlighted proteins that were differentially expressed between primary tumor and matched metastasis. These data suggest that metastastic cells must adapt their phenotype in order to develop a secondary tumor. Although there was no overlap in terms of identity of modulated proteins/genes between the current proteomic study and the previous genomic investigation, the function and the biological role of highlighted proteins/genes is similar.  Indeed, similar to our results, Klein et al. identified bone specific genes implicated in the cell migration and extracellular matrix remodeling, suggesting a role in the formation of a specific tumor microenvironment.
II.1 Differentially expressed proteins involved in cell migration and/or the acquisition of an aggressive phenotype
Tumor metastasis in the skeleton is a complex multistep event dependent on cancer cell properties and suitability of the bone microenvironment. In the circulation, metastatic cells must survive several stresses and escape the immune system 146[]
. The motility and aggressiveness of cancer cells are amongst the most important factors for the metastatic spread of a tumor. Among the proteins that were differentially expressed in the present work, some have previously been associated with cell migration and/or tumor aggressiveness. Importantly, up- or down-regulated proteins showed a modulation that was in favor of the acquisition of a pro-metastatic phenotype. 
Among the proteins that must be down-regulated to allow the metastatic behavior, HLA-A is, for example, known to be down-regulated. Its decrease in the bone metastasis fitted well with the global down-regulation or loss of HLA class I and II molecules previously shown to confer invasive cancer cells with the capacity to escape from the host immune defense 107[]
. Integrins, heterodimers composed of associated α and β subunits, are known to regulate cell-cell and cell-matrix adhesion and thereby play critical roles in tumor progression and metastasis. Integrin α2β1 mainly serves as a collagen type I receptor. It is noteworthy that α2 and β1 subunits were both significantly down-regulated in the bone metastatic lesion analyzed in this study. Taken separately, the decrease in expression of these subunits is known to be predictive of metastatic dissemination and cancer cell migration 
 ADDIN EN.CITE 
[113, 115]
. Taken together, integrin α2β1 has been shown to suppress metastasis in a clinically relevant spontaneous mouse model of breast cancer 
 ADDIN EN.CITE 
[113]
. In another study, re-expression of α2β1 into a poorly differentiated, motile, and highly invasive mammary carcinoma cell line induced a less motile and invasive phenotype in these cells 147[]
. Others proteins found to be down-regulated in the bone metastasis are also reported to be implicated in the migration of the breast cancer cells. Loss of CD59 glycoprotein, serine protease HtrA1, fibulin-1 and fibulin-2 results in more aggressive tumors and may facilitate migration and motility 
 ADDIN EN.CITE 
[108, 110-112]

. In addition to the proteins already known to have a potential role in breast cancer progression, the material used allowed us to highlight and validate proteins that had not previously been implicated in the breast metastatic process or for which their role has remained elusive. It is the case for the sushi domain-containing protein 2 (SUSD2), a scavenger receptor localized in the plasma membrane that was found to be down-regulated in the bone metastasis. The gene of SUSD2 was only discovered recently and little is known about its role. It carries a domain inherent to adhesion molecule and a recent study on Hela cells demonstrated that its expression provokes the detachment and aggregation of cancer cells, reducing their migration and invasion properties 
[117]
. Therefore, the reduced expression of Sushi domain-containing protein 2 (SUSD2) in bone metastatic cells was consistent with the previously reported role, and its absence on the cell surface of the bone metastatic cells may have a role on their detachment and their migration toward a distant organ. Altogether, the decreased cell surface expression of SUSD2 in metastatic cancer cells potentially promotes their invasive properties and their subsequent seeding and growth in the skeleton. These data are extremely promising and further studies are necessary to help clarify the potential function of SUSD2 as a metastasis suppressor gene. 

Among the most interesting proteins found to be up-regulated in bone-residing breast cancer cells is the activated leukocyte cell adhesion molecule (ALCAM; or CD166). The role of this protein is largely understood for leukocytes. By binding to other proteins, this cell adhesion molecule allows the activated leukocyte to migrate and invade inflamed tissues. Expression of CD166 was also previously documented in tumors. The protein is known to act as a regulator of actin cytoskeleton and as such has been linked to the invasive phenotype of breast cancer cells 
 ADDIN EN.CITE 
[119]
. In prostate cancer, CD166 expression was for example lost in high-grade primary tumors 
 ADDIN EN.CITE 
[148]
. In breast cancer, a decreased level of CD166 expression in the primary tumor correlated with nodal involvement, grade, clinical stage, and poor prognosis 
 ADDIN EN.CITE 
[118, 149]
. Additionally, lower levels of CD166 transcripts were detected in breast tumors from patients who went on to develop bone metastases suggesting that low CD166 in primary breast carcinoma may provide a means of identifying those patients at high risk of relapse in bone 118[]
. On the other hand, a recent study addressed the question of CD166 expression in liver, bone, brain, and skin metastatic lesions from breast cancer and provided evidence for the expression of this protein in all lesions, with a significantly increased CD166 expression in skin metastases 150[]
. Interestingly the present investigation showed that CD166 was over-expressed in the bone metastasis compared to the primary tumor for the first time. Taking all these studies in consideration, absence of CD166 in the primary tumor may be associated with a highly aggressive phenotype. CD166 and its reduced expression in aggressive primary tumors reminds of a decrease of another cell-cell adhesion protein E-cadherin in invasive cancer cells and during epithelial-mesenchymal transition (EMT). Interestingly, a comparable modulation of E-cadherin has been reported in bone metastatic cancer cells where the exit from EMT is marked by an increase in E-cadherin expression and is considered as necessary for tumor growth at sites of metastasis 151[]
. Furthermore, CD166 was reported to co-localize with E-cadherin in epithelial cells 152[]
 and it may therefore show similar properties. Therefore, the over-expression of CD166 in the bone metastatic lesion may be required to invade the distant organ. Other up-regulated proteins implicated in the invasive phenotype included type IV collagen and LAMP2 (lysosome-associated membrane glycoprotein 2). Both have been previously described as inducers of cancer cell migration with LAMP2 specifically found over-expressed at the cell surface of highly metastatic colon cancer cells 
 ADDIN EN.CITE 
[120, 121]
.

II.2 Differentially expressed proteins involved in bone turnover
Following dissemination of cancer cells through the blood circulation to bone, metastatic cancer cells need to colonize the bone tissue before fully establishing the metastase. The settling and proliferation of tumor cells in the bone microenvironment have important consequences for the mechanisms of bone turn-over 153[]
. Tumor cells are able to secrete soluble factors, such as interleukins and growth factors, which directly or indirectly interfere with osteoclast and osteoblast functions, leading to osteolytic 
 ADDIN EN.CITE 
[154]
, osteoblastic 155[]
, or mixed lesions 156[]
. In breast cancer, the majority of the derived bone metastases are osteolytic 
 ADDIN EN.CITE 
[39]
. In the present work, several extracellular matrix and/or secreted proteins are implicated in bone-residing breast metastatic cells. Interestingly, either up- or down-regulated proteins have been previously reported to possess specific effects on bone remodeling. Most notably, the down-regulated proteins were the ones reported to be in favor of osteoblast differentiation and maturation while the up-regulated proteins are rather known for their pro-osteoclastic functions.

Major down-regulated proteins in the bone metastatic lesion include apolipoprotein E, whose deficiency has been reported to be involved in the reduction of bone formation 
 ADDIN EN.CITE 
[122]
, and thrombospondin-2 and -4, whose secretion has been shown to coincide with the osteoblast-derived ECM organization and the initialization of mineral deposition in bone extracellular matrix 
 ADDIN EN.CITE 
[132, 133]
. Conversely, there are a number of proteins which are substantially up-regulated in bone metastases. The most representative examples are cathepsin G, whose activity at the tumor-bone interface plays an important role in breast tumor-induced osteolysis 
 ADDIN EN.CITE 
[134]
, resistin, which is known to increase osteoclastogenesis 
 ADDIN EN.CITE 
[136]
, and prothrombin, which is overexpressed during osteoclastogenesis in rodents 137[]
.

Among the proteins expressed in the bone metastase and the breast primary lesion, small leucine-rich proteoglycan (SLRP) family was well represented 157[]
. Indeed, among the 15 members reported to date, 7 were identified. Six were significantly down-regulated in the breast cancer metastatic lesion: asporin, lumican, mimecan, decorin, prolargin, and biglycan. Only fibromodulin was not modulated between the primary breast tumor and its associated bone metastasis. SLRPs are involved in many biological processes, both in health and disease, including cancer. In normal bone, lumican, mimecan, biglycan, decorin, and prolargin are all implicated in osteoblast-driven bone mineralization 
 ADDIN EN.CITE 
[123, 125, 126, 128, 130, 158]
. Despite their common role in normal bone formation, SLRPs appear to have distinct functions during cancer progression. In breast cancer tumors, lumican was reported as over-expressed and associated with high tumor grade, low estrogen receptor levels, and young age of patients 
 ADDIN EN.CITE 
[159, 160]
. High levels of lumican have been correlated with the spread of lymph node metastasis in colorectal cancer 
 ADDIN EN.CITE 
[161]
, whereas it has been reported to inhibit cancer cell migration in a melanoma cell line 
 ADDIN EN.CITE 
[114, 115]
. Lumican and the two other most studied SLRPs, decorin and biglycan, have been reported to interact with tyrosine kinase receptors and Toll-like receptors to modulate cellular behavior in terms of migration, proliferation, and tumor growth 
 ADDIN EN.CITE 
[157, 162]
. Consistent with the down-regulation observed for decorin in our metastatic sample, this SLRP has been recently described to reduce bone metastases when MDA-MB-231 breast cancer cells contain the decorin transgene, by diminishing cell growth and motility both in vitro and in vivo 
 ADDIN EN.CITE 
[116]
. Along with the SLRPs members found down-regulated in breast cancer bone-residing cells, asporin is one of the least studied. In normal bone, asporin acts as a negative regulator of osteoblast mineralization and calcification which are found primarily in regions surrounding skeletal tissue 
 ADDIN EN.CITE 
[163, 164]
. Asporin is also known to be implicated in a feedback loop with TGF-β that can cause osteoarthritis by the resulting relaxing of the bone matrix 165[]
. Asporin is a rather novel SLRP implicated in cancer. Indeed, asporin was not related to carcinogenesis until 2006, when an in situ hybridization study demonstrated its high transcript levels in breast primary tumors 
 ADDIN EN.CITE 
[166]
. Recently, our group also identified asporin as over-expressed in pancreas cancer 
 ADDIN EN.CITE 
[79, 80]
. However, no specific function in cancer has yet been identified for this SLRP. It can be postulated that asporin could have a role in the relaxation of the primary site extracellular matrix by acting with TGF-β to increase the cancer cells invasion. Alternatively, its absence in bone metastases can play a role in the osteolysis by disfavoring the balance between mineralization and bone destruction.  
II.3 A global program
When taking all these results into consideration it is important to emphasize that the changes observed at the proteomic level, in contrast to those described at the genomic level, are the final manifestation of a global program. The resulting up- and down-regulated proteins can confer specific capabilities thus producing metastatic cancer cells. Furthermore, the same protein might have a specific function in primary tumor breast cancer cells, whereas another function in bone-residing breast cancer cells. Therefore, caution is required before drawing final conclusions. For example, the decrease of an SLRP protein (e.g. lumican) in bone metastases could play a role in favor of bone matrix destruction, and be associated with an increased invasive capacity for breast cancer cells at the primary site 
 ADDIN EN.CITE 
[159-161]
.

III. A cancer cell line model as a perspective to further investigate the biological role of the selected proteins

The ability of cancer cells to migrate, invade and grow in a specific distant organ depends on the interactions that exist between the cancer cells and the metastatic site. As a result, the intrinsic cancer cells phenotype itself is important in this process. Consequently, identification of modulated proteins present at the cell surface, which are potentially implicated in the cross talk between the metastatic cells and their environment, would be very important in understanding how metastases occur. Therefore, the biological roles of the proteins highlighted during the comparison of the primary breast tumor and its corresponding metastasis can be assessed using cell line model. Human mammary breast cancer cell line MDA-MB-231 and its osteotropic clone named B02 model was well documented in the literature 
 ADDIN EN.CITE 
[67]
. This model has been successfully utilized in several studies to explore the metastatic behavior of breast cancer. It was the case for example for the study of the bisphosphonates roles in vivo, and for the roles of several integrins and cathepsins in bone metastasis development 
 ADDIN EN.CITE 
[67, 167-169]
. Moreover, our group also used this model to perform a transcriptomic study which aimed to identify bone metastases associated changes at the gene level, leading to the discovery of proteins implicated in osteomimicry 
 ADDIN EN.CITE 
[88]
. For these reasons, it was important to compare our clinical data to those obtained with these cell lines. This is an important step preceding the future studies aimed at explaining the mechanistic role of selected proteins in the process of bone metastasis development. 
III.1 Cell membrane proteomic analysis identifies proteins potentially implicated in bone metastasis development  
Using cell surface biotin labeling and proteomic method, membrane proteins differentially expressed between the parental MDA-MB-231 and its osteotropic clone B02 were identified. The changes observed could be of particular interest in characterizing the cell surface proteome leading to bone metastasis formation.

According to the current literature knowledge, validated proteins correctly depict the described osteotropism pattern. Integrins αv and β3 were, for example, found over-expressed in the osteotropic B02 clone in comparison to the MDA-MB-231 cells. These results are in agreement with the known documented role of these integrins in bone metastasis development. Evidence exists that integrin αvβ3 complex expression in breast cancer cells increases the propensity to develop bone metastasis 
 ADDIN EN.CITE 
[167]
, and in the development of spontaneous metastasis of breast cancer to bone 
 ADDIN EN.CITE 
[170]
. Additionally, integrin αvβ3 represents a therapeutic target for breast cancer bone metastases 171[]
. It is also important to acknowledge that over-expression of integrins αv and β3 were not detected at the gene expression level 
 ADDIN EN.CITE 
[88]
. Therefore, the data obtained in our proteomic approach could bring additional value to the transcriptomic method.  

Other proteins known to be implicated in the metastatic process were found down-regulated in the B02 cells. It is the case of CD107b (also named LAMP2), a glycoprotein localized in the cell surface. Up-regulation of LAMP2 on the cancer cells has been recognized to have a role in the cell adhesion to the extracellular matrix, resulting in an increase in the metastatic potential 
 ADDIN EN.CITE 
[121]
. In the present work, LAMP2 was identified as over-expressed in the MDA-MB-231 compared to the B02 but up-regulated in the metastasis during the analysis of the clinical specimen. As MDA-MB-231 is a cell line with high metastatic properties, it is possible that LAMP2 could have a global role in the metastatic behavior, but not in the osteotropism. Nevertheless, LAMP2 expression was correctly predicted by the proteomic analysis, validating the accuracy of this method. Among the proteins identified using this cell line model, HLA class I was one of the most down-regulated proteins in the osteotropic subclone. Lacking HLA class I expression on tumor cells potentially helps the homing and the survival of cancer cells in the lymphoid tissues 107[]
. Moreover, HLA class I were reported to be suppressed in the metastatic cells found in the bone marrow of patients with cancer of the head and neck 
 ADDIN EN.CITE 
[172]
. According to these publications, HLA class I down-regulation is a potential mechanism to escape from detection by the immune system and therefore facilitates their establishment in the bone environment.

In conclusion, the proteomic analysis of a cell line model is able to identify proteins implicated in the bone metastasis development. Investigations of the comparison of the clinical analysis with the analysis performed on the cell line model could bring information of particular interest for a better understanding of the in vivo scenario. Different assays can be further utilized to study the biological role of the selected proteins, and the up-regulation of cell surface proteins can constitute important potential targets for antibody-based anti-cancer therapies.  

III.2 Comparison of mass spectrometry data between human clinical material and osteotropic cell line

Overlap was observed in terms of membrane/extracellular proteins modulation between the tissue samples and the cell lines. This result is a good indicator of the effectiveness of the proteomic approach used to identify proteins involved in the bone metastatic process. For example, kinectin (KTN1) was up-regulated both in the bone metastatic lesion and in B02 cells, suggesting that it could be part of the osteotropic phenotype. Kinectin is the kinesin receptor, an evolutionary conserved integral membrane protein that can be accumulated in integrin-based adhesion complexes 
 ADDIN EN.CITE 
[173]
. Little is known about kinectin’s involvement in cancer, but the identification of the kinectin gene as a target of mutations in breast and colorectal cancer indicates that it is likely to play a role in these tumors and perhaps in other types of cancer 
 ADDIN EN.CITE 
[174]
. Variants of kinectin mRNA were also found to be over-expressed in hepatocellular carcinoma and this alteration may be associated with tumor genesis 
 ADDIN EN.CITE 
[175]
. More recently, kinectin was also reported to be over-expressed in giant cell tumors of bone, which are cancer cells known to cause osteolytic destruction and to be extremely aggressive in behavior 176[]
. Following the rationale that kinectin over-expression was found in both analysis and that strong kinectin immunostaining was effectively observed in B02 cells whereas parental MDA-MB-231 cells were negative, kinectin expression suggests a relation with an osteotropic phenotype.

Two proteins of interest, SUSD2 and CD166, which were significantly modulated in the clinical specimens but not detected in the cell lines model analysis, were further explored in MDA-MB-231/B02 cells. Consistently, CD166, which was up-regulated in bone metastatic samples, was found up-regulated at the cell surface of B02 cells when compared to the parental cells. This observation suggests that CD166 could be a potential marker of osteotropism in breast cancer. On the other hand, SUSD2 was not detectable in either MDA-MB-231 or B02 cells but in MCF-7. Its expression only in the primary tumor and on less aggressive MCF-7 cell line suggests that this protein is silenced in cells with metastatic potential. This observation is in agreement with the literature, confirming its anti-tumor properties.

Altogether, MDA-MB-231/B02 cell lines represent an attractive model to study the biological role both in vitro and in vivo of the novel proteins potentially implicated in the bone metastatic development which were identified using precious clinical materials.

IV. Perspectives

The novel proteomic approach described, allowed the comparison of cell surface and extracellular proteins between a primary breast tumor and its matched bone metastasis. The data highlighted proteins potentially implicated in the acquisition of a metastatic phenotype. These candidates could be responsible for greater aggressiveness and/or a particular tropism of breast cancer cells for the bone. Although migration is not a biological process limited to the cancer cells, this cellular event is particularly important for malignant progression.  
Specifically, the clinical material used in this study led to the identification of proteins up-regulated or down-regulated in bone metastases compared to primary breast tumors. This study provided evidence, for the first time, of proteins that had not previously been described in bone metastasis development. Among them, CD166 was identified as up-regulated in the bone metastases, whereas SUSD2 and asporin were over-expressed in the (primary) breast tumors. Notably, some similarity was found also between the results obtained from the clinical specimen and from the osteotropic cell lines model (MDA-MB-231/B02). Certain proteins, like kinectin, had not been previously linked to the bone metastasis development. Therefore, particular attention could be addressed to such proteins, and new studies could investigate their biological role in the metastatic progression. Along these lines, the expression of the identified proteins could be evaluated in different cell lines presenting a particular tropism, whether it is for breast to the bone (MDA-MB-231/BO2, SUM1315, MDA-MB-435/bone), to the lung (SUM225, MDA-MB435/lung), or even for prostate to the bone (LNCaP/C4-2B). The selected proteins could then be validated employing immunohistochemistry, FACS, or Western blot. Additionally, biological assays (e.g. migration, invasion, and proliferation) following the targeted silencing or over-expression of these proteins should be performed. In particular, it would be interesting to over-express SUSD2 (protein known to inhibit the migration and the invasion of the Hela cells in vitro 
 ADDIN EN.CITE 
[117]
) or asporin in the MDA-MB-231 and B02 to assess its biological role. Similarly, the suppression or the over-expression of CD166 (protein known to increase the migration in melanoma cell lines 
 ADDIN EN.CITE 
[177, 178]
) could prove interesting. Furthermore, the obtained results could be used to generate in vivo assays. Indeed, modified cancer cell lines could be injected into mice in order to study the role of each protein in metastatic development 
 ADDIN EN.CITE 
[59, 167]
. In addition, it may also be of interest to investigate the expression levels of these proteins in primary breast tumors and paired metastases occurring in other sites than bone.
Conclusion
The current work provides valuable insights into the novel proteins potentially implicated in metastatic progression. It is particularly important for the field of the bone metastasis development where there is a shortage of information. Cell surface and extracellular proteins have been implicated as having important roles in proliferation, migration and invasion. Using a comprehensive combination approach based on three sequential highly specific methods, we exploited the fact that cell surface and extracellular proteins can be labeled with biotin reagent and are predominantly glycosylated. Additionally, a last step involved analysis of the remaining peptides, which were neither biotinylated nor glycosylated, yielding a spectrum of interesting proteins. Moreover, a further in silico step that combines these remaining peptides with the identified glycopeptides brings extra value in terms of number of proteins identified and robustness of the method. Altogether, this strategy permitted the use of clinical material present in limited quantity and demonstrated its ability to identify a maximum number of cell surface and extracellular proteins starting from the same sample.
Following a unique opportunity, a bone metastatic lesion and its corresponding breast primary tumor were collected simultaneously from the same patient. Subsequently, the newly developed strategy was used to identify novel cell surface and extracellular proteins potentially involved in the bone metastasis development. In terms of protein expression, the primary breast tumor and the bone metastasis were similar. Nevertheless, variations were detected in proteins potentially associated with aggressive phenotype and/or bone metabolism were highlighted. It is important to note that these proteins of interest identified by the proteomic analysis from one single pair of primary breast tumor and bone metastasis were also validated in a larger collection. One of the identified proteins was CD166, which was found as over-expressed in the cancer cells residing in the bone compared to the cancer cells in the primary breast tumor. Other proteins, such as SUSD2 and ASPN, were not expressed by the residing bone cancer cells. These observations generate novel hypotheses for their potential role in bone metastasis development. These hypotheses can be further validated using in vivo and/or in vitro assays. For that reason, it was essential to investigate the relevance of the MDA-MB-231/B02 bone metastasis model which is described to mimic the development of bone metastases.
  A high degree of similarity was observed between the cell line model and the clinical specimen. This is particularly relevant for the kinectin-1, which was found as up-regulated in the bone metastasis in both models. Therefore, the investigation of the role of CD166, SUSD2, and ASPN in the bone metastasis progression using the cell line model could be of particular interest, not only to better understand the in vivo scenario that leads to the bone metastasis development, but also in terms of developing novel diagnosis and therapeutic modalities.
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Figure S1: Specific recovery of the internal standards in the different fractions for the “standalone” method. Spiked internal standards (IS1, 2, and 3) are quantitatively evaluated using the PLGS software. Standard deviation of mean indicate the error based on the 3 full process technical replicates. GLYCO ONLY (GO): “glycosylated” fraction from the “standalone” method; REST from GO: “rest” fraction from the “glycosylated” fraction. From Turtoi et al. 101[]
.
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Figure S2: Qualitative proteins identification repeatability for the “standalone” method. Each proteins overlap is indicated in percentage for all technical replicates and fractions. GLYCO ONLY (GO): “glycosylated” fraction from the “standalone” method; REST from GO: “rest” fraction from the GLYCO ONLY. From Turtoi et al. 101[]
.
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MS/MS Fragmentation of: HVLFGTVGVPEHTYR; Mascot score: 66;
Match t0:1710.917172 m/z from (571313000 m/z, z=2+); Observed: +MSn (57145 m/z) at retention time 76.5 min;

RMS error: 206 ppm; Miss cleavage: None; Modifications: Carbamidomethyl (C)

HTRA1 (Biotinylated fraction)

e = |
=Ey(6) vi8)
. B -
b(2) ¥(7
s h'l,‘ il
e o
" o
os. ¥i3) © (9
UL )

MS/Ms Fragmentation of: YNFIADVVEK; Mascot score: 58;
Match t0:1196.547448 m/z from (599.281000 m/z, 2=2+); Observed: +MSn (599.62 m/2) at retention time 284.8 min;

RMS error: 505 ppm; Miss cleavage: None; Modifications: Carbamidomethyl (C)
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MS/Ms Fragmentation of: IQEVAGSLIFR; Mascot score:45;
Match t0:1231.567448 m/z from (616.791000 m/z, z=2+); Observed: +MSn (617.04 m/2) at retention time 661.3 min;
RMS error: 3394 ppm; Miss cleavage: None; Modifications: Carbamidomethyl (C)

TCTE3 (Biotinylated fraction)

Vi)

Match t0:992.473448 m/zfrom (497.244000 m/z, 2=2+); Observed: +Msn (497.26 m/z) at retention time 654.1 min;
RMS error:581 ppm; Miss cleavage: None; Modifications: Carbamidomethyl (C)
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Ms/Ms Fragmentation of: IVNETLYENTK; Mascot score: 83;
Matcht0:1323.491448 m/z from (662.753000 m/z,

RMS error: 132 ppm; Miss cleavage: None; Modifications: Carbamidomethyl () ; Deamidated (NQ)

FBLN1 (Rest fraction)

+); Observed: +MSn (662.87 m/z) at retention time 47.0 min;

e

Ms/Ms Fragmentation of: DSSCGTGYELTEDNSCK; Mascot score: 86;
:+); Observed: +MSn (962.21 m/2) at retention time 40.6 min;

RMS error: 329 ppm; Miss cleavage: None; Modifications: Carbamidomethyl (C)

Matcht0:1921.507448 m/z from (S61.761000 m/z,





Figure S3: MS/MS spectra of identified proteins displayed in Table 1 and 2 with only one peptide (also showed in Table S3) in “biotinylated”, “glycosylated” or “rest” fraction. All ions which were assigned to a specific fragment are indicated in the spectrum along with the information regarding the peptide sequence, expected and observed masses, chromatographic retention time and mass error. From Dumont et al. 102[]
.
Table S1: Glycosylated peptides (score > 30) observed for the proteins displayed in tables 1 and table 2. 
	Gene name
	Glycopeptide sequence a
	Precursor m/z value b
	Charge c
	Peptide score d

	ASPN
	ITDIENGSLANIPR
	757.25
	2
	106.08

	PEDF
	VTQNLTLIEESLTSEFIHDIDR
	1287.52
	2
	51.64

	AEBP1
	IYPLTWNGSLCMR
	806.29
	2
	53.07

	DCN
	LGLSFNSISAVDNGSLANTPHLR
	795.27
	3
	91.39

	
	IADTNITSIPQGLPPSLTELHLDGNK
	915.96
	3
	66.15

	PRELP
	LEHLYLNNNSIEK
	530.15
	3
	53.22

	
	NSFNISNLLVLHLSHNR
	660.62
	3
	55.22

	
	INGTQICPNDLVAFHDFSSDLENVPHLR
	1070.75
	3
	51.96

	VTN
	NGSLFAFR
	456.62
	2
	33.15

	
	NNATVHEQVGGPSLTSDLQAQSK
	1191.46
	2
	74.01

	
	NISDGFDGIPDNVDAALALPAHSYSGR
	924.95
	3
	56.41

	THBS1
	VVNSTTGPGEHLR
	456.53
	3
	70.86

	
	VSCPIMPCSNATVPDGECCPR
	1212.4
	2
	69.29

	POSTN
	EVNDTLLVNELK
	694.75
	2
	83.12

	THY1
	HENTSSSPIQYEFSLTR
	666.22
	3
	43.86

	
	DEGTYTCALHHSGHSPPISSQNVTVLR
	988.73
	3
	66.25

	FBLN2
	DVDECALGTHNCSEAETCHNIQGSFR
	1003.33
	3
	70.07

	ITGB1
	DTCTQECSYFNITK
	884.3
	2
	87.76

	
	KDTCTQECSYFNITK
	632.57
	3
	48.59

	
	KENSSEICSNNGECVCGQCVCR
	883.23
	3
	50.87

	FBLN1
	CATPHGDNASLEATFVK
	606.9
	3
	73.18

	
	NCQDIDECVTGIHNCSINETCFNIQGGFR
	1154.42
	3
	43.55

	APOH
	LGNWSAMPSCK
	634.22
	2
	44.01

	
	VYKPSAGNNSLYR
	735.24
	2
	64.46

	
	DTAVFECLPQHAMFGNDTITCTTHGNWTK
	1124.11
	3
	32.97

	COL14A1
	SFMVNWTHAPGNVEK
	578.57
	3
	30.68

	
	AMNASANITSDGVEVLGK
	897.82
	2
	120.86

	CPN2
	LYLGSNNLTALHPALFQNLSK
	772.95
	3
	41.55

	ITGA2
	GEYFVNVTTR
	593.71
	2
	50.05

	
	YFFNVSDEAALLEK
	823.85
	2
	102.1

	ITGA5
	NLNNSQSDVVSFR
	740.83
	2
	80.3

	
	VTGLNCTTNHPINPK
	556.2
	3
	35.05

	
	GNLTYGYVTILNGSDIR
	929.43
	2
	72.45

	
	NALNLTFHAQNVGEGGAYEAELR
	825.6
	3
	49.62

	MFAP4
	FNGSVSFFR
	531.15
	2
	51.58

	
	VDLEDFENNTAYAK
	815.21
	2
	92.83

	TSPAN8
	IVNETLYENTK
	662.75
	2
	88.32

	LUM
	LHINHNNLTESVGPLPK
	942.3
	2
	102.92

	
	LGSFEGLVNLTFIHLQHNR
	732.64
	3
	65.66

	
	LSHNELADSGIPGNSFNVSSLVELDLSYNK
	1073.38
	3
	74.64

	
	AFENVTDLQWLILDHNLLENSK
	871.67
	3
	43.76

	BGS1
	MIENGSLSFLPTLR
	797.76
	2
	72.35

	
	LLQVVYLHSNNITK
	821.85
	2
	78.73

	MYL3
	EGNGTVMGAELR
	625.75
	2
	30.64

	ALCAM
	IIISPEENVTLTCTAENQLER
	811.03
	3
	56.6

	LAMC1
	LLNNLTSIK
	508.8
	2
	80.22

	
	VNNTLSSQISR
	610.26
	2
	75.57

	
	NISQDLEKQAAR
	687.28
	2
	7.06

	
	IPAINQTITEANEK
	771.87
	2
	87.4

	
	VAAANVSVTQPESTGDPNNMTLLAEEAR
	968.4
	3
	55.59

	HNRPU
	LQAALDDEEAGGRPAMEPGNGSLDLGGDSAGR
	1048.79
	3
	33.84

	CTSG
	EDFVLTAAHCWGSNINVTLGAHNIQR
	975.64
	3
	68.27

	LAMP2
	IAVQFGPGFSWIANFTK
	942.36
	2
	93.84

	
	VASVININPNTTHSTGSCR
	676.97
	3
	58.52

	TFRC
	DFEDLYTPVNGSIVIVR
	969.47
	2
	90.76

	LRPAP1
	VIDLWDLAQSANLTDK
	901.93
	2
	115.34

	AOC3
	YLYLASNHSNK
	437.5
	3
	46.45

	
	IQMLSFAGEPLPQNSSMAR
	1055.52
	2
	55.96

	CASD1
	MNITSIAPLLEK
	673.79
	2
	58.68

	
	IHNGSSEALSQYK
	478.87
	3
	38.81

	
	IDAYNEAAVSILNSSTR
	912.91
	2
	97.36

	CGM6
	LFIPNITTK
	524.29
	2
	37.39

	
	NDTGSYTLQVIK
	670.25
	2
	62.77

	
	ETIYPNASLLMR
	712.75
	2
	59.79

	CLPTM1
	DYYPINESLASLPLR
	876.29
	2
	81.97

	CPVL
	QAIHVGNQTFNDGTIVEK
	657.91
	3
	49.09

	
	LLDGDLTSDPSYFQNVTGCSNYYNFLR
	1054.03
	3
	43.07

	ELANE
	VVLGAHNLSR
	533.8
	3
	75.39

	
	GIASVLQELNVTVVTSLCRR
	739.29
	3
	55.4

	GLUT1
	VIEEFYNQTWVHR
	861.23
	2
	72.56

	SORT1
	DITDLINNTFIR
	718.36
	2
	90.5

	
	LANNTHQHVFDDLR
	560.83
	3
	43.61

	LAMA4
	RPASNVSASIQR
	643.8
	2
	46.22

	
	NLTEVVPQLLDQLR
	819.84
	2
	60.19

	MDU1
	DASSFLAEWQNITK
	805.83
	2
	96.22


The table provides an overview of a the exact peptide sequence, b observed mass, c peptide charge as well as d their score. Corresponding N-glycosylation consensus sites are marked in bold red. 

Table S2: Values indicate the score, the number of unique peptides and the sequence coverage (%) for each selected differentially expressed protein in tables 1 and table 2. The averages are calculated from the 4 replicates for the “biotinylated” fraction, 2 replicates for the “glycosylated” and “rest” fraction. Six proteins (THY1, HTRA1, RETN, TC1D3, TSN8 and FBLN1) were identified with one peptide only. MS/MS data supporting the identification of these proteins are outlined in figure S3.
	
	Breast tumor
	Bone metastasis

	Gene name
	Score
	No of unique peptides
	Protein coverage (%)
	Score
	No of unique peptides
	Protein coverage (%)

	Biotinylated fraction
	
	
	

	ASPN
	272
	9
	30
	 
	
	 

	THBS2
	629
	17
	20
	 
	
	 

	TGFBI
	119
	5
	12
	 
	
	 

	OGN
	255
	6
	21
	 
	
	 

	PEDF
	169
	4
	12
	 
	
	 

	AEBP1
	614
	12
	14
	35
	2
	2

	DCN
	183
	5
	20
	77
	2
	6

	THBS4
	122
	3
	5
	43
	4
	5

	PRELP
	500
	9
	28
	123
	6
	18

	VTN
	271
	7
	17
	110
	2
	5

	THBS1
	798
	24
	29
	98
	4
	4

	POSTN
	1018
	17
	31
	170
	5
	8

	THY1
	91
	1
	9
	 
	
	 

	HLA-A
	92
	4
	9
	 
	
	 

	FBLN2
	135
	3
	3
	 
	
	 

	PZP
	47
	3
	2
	 
	
	 

	ITGB1
	64
	3
	5
	35
	5
	8

	FBLN1
	154
	5
	10
	90
	3
	6

	APOH
	69
	2
	9
	 
	
	 

	COL14A1
	62
	5
	4
	 
	
	 

	HTRA1
	58
	1
	2
	 
	
	 

	SUSD2
	52
	2
	3
	 
	
	 

	HSPG2
	63
	7
	2
	47
	9
	3

	APOE
	321
	9
	34
	107
	4
	18

	LUM
	769
	11
	37
	322
	5
	20

	BGN
	443
	8
	33
	165
	4
	15

	MYH7B
	 
	
	 
	96
	9
	6

	MYL3
	 
	
	 
	190
	4
	23

	KTN1
	 
	
	 
	113
	9
	7

	NUCB2
	 
	
	 
	65
	4
	12

	ALCAM
	 
	
	 
	78
	2
	5

	LAMC1
	 
	
	 
	81
	6
	5

	COL4A2
	 
	
	 
	70
	6
	5

	ALPL
	 
	
	 
	78
	3
	9

	HINT2
	 
	
	 
	56
	3
	26

	RETN
	 
	
	 
	45
	1
	10

	F2
	 
	
	 
	73
	2
	3

	PMP2
	 
	
	 
	71
	2
	14

	TCTE3
	 
	
	 
	37
	1
	4

	HNRPU
	 
	
	 
	89
	5
	6

	CTSG
	 
	
	 
	42
	2
	7

	LAMP2
	 
	
	 
	88
	2
	5

	TFRC
	 
	
	 
	73
	2
	3

	LAMA4
	41
	4
	3
	82
	4
	4

	Glycosylated fraction 
	
	
	

	ASPN
	697
	14
	42
	101
	5
	17

	PEDF
	134
	6
	17
	131
	4
	14

	AEBP1
	659
	16
	20
	81
	7
	9

	DCN
	746
	9
	44
	274
	7
	32

	PRELP
	987
	17
	56
	436
	9
	29

	VTN
	441
	9
	25
	233
	4
	15

	THBS1
	1513
	30
	35
	225
	12
	12

	POSTN
	1604
	21
	36
	372
	12
	20

	THY1
	65
	3
	29
	66
	2
	17

	FBLN2
	114
	6
	6
	 
	
	 

	ITGB1
	98
	5
	7
	 
	
	 

	FBLN1
	151
	6
	13
	 
	
	 

	APOH
	115
	5
	20
	75
	2
	7

	COL14A1
	158
	12
	9
	105
	9
	7

	CPN2
	50
	2
	5
	 
	
	 

	ITGA2
	121
	7
	8
	 
	
	 

	ITGA5
	110
	5
	7
	 
	
	 

	MFAP4
	115
	2
	8
	 
	
	 

	TSPAN8
	88
	1
	5
	 
	
	 

	LUM
	3534
	17
	66
	875
	8
	37

	BGN
	2766
	11
	43
	874
	9
	35

	MYL3
	 
	
	 
	104
	5
	22

	ALCAM
	50
	6
	12
	57
	6
	14

	LAMC1
	69
	16
	12
	141
	15
	12

	HNRPU
	40 
	5
	7 
	63
	8
	15

	CTSG
	 
	
	 
	123
	7
	27

	LAMP2
	57
	5
	17
	222
	7
	18

	TFRC
	 
	
	 
	153
	8
	14

	LRPAP1
	 
	
	 
	96
	4
	11

	AOC3
	 
	
	 
	67
	3
	5

	CASD1
	 
	
	 
	103
	7
	9

	CGM6
	 
	
	 
	72
	4
	13

	CLPTM1
	 
	
	 
	81
	2
	3

	CPVL
	 
	
	 
	59
	2
	9

	ELANE
	 
	
	 
	125
	4
	14

	GLUT1
	 
	
	 
	74
	4
	9

	SORT1
	 
	
	 
	69
	5
	6

	LAMA4
	 
	
	 
	53
	18
	10

	MDU1
	103
	4
	7
	114
	5
	9

	Rest fraction
	
	
	

	ASPN
	431
	13
	36
	 
	
	 

	THBS2
	301
	13
	13
	 
	
	 

	TGFBI
	58
	7
	14
	44
	5
	12

	OGN
	102
	7
	24
	195
	4
	16

	PEDF
	100
	4
	8
	42
	4
	15

	AEBP1
	537
	14
	15
	 
	
	 

	DCN
	333
	6
	23
	263
	7
	29

	THBS4
	99
	4
	5
	88
	6
	8

	PRELP
	569
	12
	34
	615
	13
	40

	VTN
	239
	6
	13
	165
	4
	11

	THBS1
	1267
	24
	29
	97
	7
	8

	POSTN
	1418
	18
	32
	259
	8
	14

	FBLN2
	93
	5
	4
	 
	
	 

	PZP
	39
	4
	3
	 
	
	 

	ITGB1
	47
	3
	4
	 
	
	 

	FBLN1
	86
	1
	2
	 
	
	 

	APOH
	66
	2
	11
	 
	
	 

	COL14A1
	75
	7
	5
	37
	5
	4

	SUSD2
	57
	3
	6
	 
	
	 

	TNA
	91
	3
	12
	 
	
	 

	SATT
	52
	2
	4
	 
	
	 

	CD59
	43
	2
	16
	 
	
	 

	HSPG2
	57
	9
	2
	 
	
	 

	APOE
	132
	8
	30
	38
	7
	27

	LUM
	740
	11
	39
	353
	7
	32

	BGN
	1506
	10
	39
	438
	6
	21

	MYH7B
	 
	
	 
	90
	17
	10

	MYL3
	 
	
	 
	104
	4
	22

	COL4A2
	41
	2
	1
	65
	2
	1

	ALPC
	 
	
	 
	36
	2
	6

	HNRPU
	39
	5
	5
	63
	5
	10

	CTSG
	 
	
	 
	91
	4
	16

	LAMP2
	 
	
	 
	86
	3
	7

	TFRC
	 
	
	 
	108
	4
	6

	PRTN3
	 
	
	 
	64
	3
	9

	MDU1
	 
	
	 
	46
	3
	4
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