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Abstract

:

The extracellular matrix (ECM) is a complex network of extracellular-secreted macromolecules, such as collagen, enzymes and glycoproteins, whose main functions deal with structural scaffolding and biochemical support of cells and tissues. ECM homeostasis is essential for organ development and functioning under physiological conditions, while its sustained modification or dysregulation can result in pathological conditions. During cancer progression, epithelial tumor cells may undergo epithelial-to-mesenchymal transition (EMT), a morphological and functional remodeling, that deeply alters tumor cell features, leading to loss of epithelial markers (i.e., E-cadherin), changes in cell polarity and intercellular junctions and increase of mesenchymal markers (i.e., N-cadherin, fibronectin and vimentin). This process enhances cancer cell detachment from the original tumor mass and invasiveness, which are necessary for metastasis onset, thus allowing cancer cells to enter the bloodstream or lymphatic flow and colonize distant sites. The mechanisms that lead to development of metastases in specific sites are still largely obscure but modifications occurring in target tissue ECM are being intensively studied. Matrix metalloproteases and several adhesion receptors, among which integrins play a key role, are involved in metastasis-linked ECM modifications. In addition, cells involved in the metastatic niche formation, like cancer associated fibroblasts (CAF) and tumor associated macrophages (TAM), have been found to play crucial roles in ECM alterations aimed at promoting cancer cells adhesion and growth. In this review we focus on molecular mechanisms of ECM modifications occurring during cancer progression and metastatic dissemination to distant sites, with special attention to lung, liver and bone. Moreover, the functional role of cells forming the tumor niche will also be reviewed in light of the most recent findings.
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1. Extracellular Matrix Structure and Function


The extracellular matrix (ECM), for years considered as a mere support structure for tissue architecture, is actually a dynamic compartment that modulates and regulates cell functions such as adhesion, migration, proliferation and differentiation [1]. It is an intricate network composed of approximately 300 proteins that vary in a cell/tissue-specific manner. Remodeling, production and degradation of its components can deeply influence cell and organ functions. In fact, on the basis of the relative amounts and organization of the different ECM constituents, ECM displays specific features for each tissue to support and modulate cell functions. The structural and functional differences in ECM composition determine physical and biomechanical properties of the ECM such as stiffness and mesh size, thus allowing cells to respond to mechanical stimuli in the surrounding environment [2].



The ECM is mainly composed of proteoglycans (PGs) and fibrous proteins [3,4]. PGs form a hydrated gel that fills the extracellular interstitial space and play a fundamental role in regulating tissue buffering and hydration, force-resistance tissue properties, also modulating cell binding to ECM. The most represented and studied proteins in the ECM architecture are collagens, elastins, fibronectins and laminins.



Collagen is composed of three peptidic α chains, forming a triple helical structure. In vertebrates, 46 different collagen chains can assemble to form 28 different collagen types [5]. The triple-stranded α helix can, in turn, assemble to form supramolecular structures, such as fibrils and networks.



Elastin, another abundantly expressed protein in ECM, is secreted as a precursor protein, tropoelastin, that assembles in fibers with a great number of crosslinks due to the presence of lysine residues. In tissues subjected to mechanical stretch, to absorb the mechanical stress, elastin fibers are tightly associated to collagen fibrils [6].



Fibronectin (FN) is secreted as a dimer formed by two chains joined by two C-terminal disulfide bonds, with binding sites to other ECM components such as FN dimers and collagen, and also to cell-surface integrin receptors [7]. FN, in fact, contains the RGD (Arg-Gly-Asp) motif that binds the RGD-binding integrin family [8,9].



Non-activated tissue fibroblasts synthesize and release ECM components such as type I and III collagens, elastin, fibronectin, tenascin and a variety of PGs that combine to form a network of fibers embedded in a hydrogel of PGs. Consequently, this network of protein fibers and PGs regulates the homeostasis of cells, tissues and organs and allows the ECM to resist a wide range of mechanical stresses.



It is therefore not surprising that alterations in a specific ECM component or in the interactions with adhesion receptors can have a remarkable impact on the biochemical and physical properties of the ECM and eventually lead to dysregulation of cell adhesion and function.




2. The Metastatic Process


Tumors can be defined as a loss of tissue organization and aberrant behavior of some cellular types that, growing independently from the surrounding tissue [10], induce changes in ECM similar to those found in wounds that fail to heal [11,12]. While early tumor detection and diagnosis are irreplaceable tools in cancer management, currently the most critical issue in tumor therapy is represented by limiting the dissemination of malignant tumors, due to their ability to spread from original solid mass and then colonize distant sites, giving rise to the metastatic process.



Briefly, the development of metastasis could be described as a complex five-steps process: (1) invasion, (2) intravasation, (3) cell survival in the circulation, (4) extravasation and (5) formation of premetastatic niche and secondary tumors growth [13]. Key players in this process are circulating tumor cells (CTC) that, upon detaching from the original tumor mass, achieve specific features necessary to survive in the bloodstream and to give rise to metastatic colonization. Several studies have demonstrated that the most important feature required for the dissemination and survival of CTCs is represented by a de-differentiation process resulting in gaining of a specific and tumor type-dependent stemness pattern. Tumor cell plasticity during all the above steps is supported by two main mechanisms: epithelial to mesenchymal transition (EMT) and its reverse counterpart mesenchymal to epithelial transition (MET).



The EMT process has been recognized as a biological cell reprogramming characterized by loss of cell adhesion, inhibition of E-cadherin expression and increased cell mobility [14]. EMT is essential during development and is regulated by several transcription factors, many of which are actually considered EMT markers: zinc finger protein snail 1 (SNAI1, SNAI2), zinc finger E-box-binding homeobox 1 (ZEB1, ZEB2), TWIST, forkhead box protein 1 (FOXC1), FOXC2, homeobox protein goosecoid (GSC), N-cadherin, vimentin and fibronectin-1 [14,15]. However, EMT and MET processes, though extensively studied, are still far from being completely understood; the prevailing hypothesis claims that EMT operates in the first steps to form CTCs that, upon survival in the circulation, after reaching the appropriate organ site, undergo MET thus gaining appropriate features required to prepare the soil as premetastatic niche and promote tumor progression [16].



Although the entire metastatic cycle may represent a potential therapeutic target, the main efforts of researchers are aimed at interfering with the molecular pathways involved in the formation of the pre-metastatic niche. In this step of the process, interactions between tumor cells and the novel microenvironment are largely influenced by the ECM composition and ECM components play key roles in the niche formation; for these reasons, studies on the molecular mechanisms supporting these interactions and ECM alterations are necessary to exploit new avenues in the therapeutic approach to cancer metastasis.




3. Premetastatic Niche and Tumor Microenvironment


In order to prepare the appropriate soil for the colonization of distant sites, metastatic tumor cells set in motion a complex mechanism aimed at promoting the formation of a suitable microenvironment, thereby creating the conditions for attachment, survival and growth of CTCs (Figure 1). This peculiar microenvironment, termed pre-metastatic niche [17], represents an abnormal, tumor growth-favoring microenvironment devoid of cancer cells. Several soluble factors and cells have been identified in the pre-metastatic niche formation, such as growth factors secreted by tumor cells, bone marrow-derived cells (BMDCs), extracellular vesicles (EVs), suppressive immune cells and host tissue stromal cells [18]. In more detail, the primary tumor cells were found to secrete pro-inflammatory factors such as vascular endothelial growth factor A (VEGF-A), transforming growth factor β (TGFβ) and tumor necrosis factor α (TNFα) that, in turn, induce the expression of chemoattractants such as S100A8 and S100A9 (a calcium-binding protein family) [19,20,21]. The increased expression of S100A8/S100A9 promotes cell proliferation and inhibits cell differentiation and apoptosis, thus contributing to the onset of a metastasis favorable environment. However, at the present time, the exact mechanism by which the overexpression of these chemoattractants elicits these cellular effects is still unknown. In other studies, the S100 protein and the recruitment of bone-marrow-derived myeloid cells in response to tumor-secreted factors [22,23], cooperate with fibronectin upregulation in lung resident cells to shape the pre-metastatic niche. The intriguing hypothesis assuming that soluble factors released by primary tumors could establish a favorable microenvironment promoting the growth of disseminated tumor cells was further strengthened by a seminal study [24]. In this study, the authors demonstrated that tumor-secreted exosomes, expressing different integrins subtypes on their membranes, are selectively taken up by distant non-tumor cells in a tissue-specific way, thereby contributing to prepare the soil for metastatic niche formation. Although the S100 protein was a major component of the tumor-secreted exosomes, its precise role in this mechanism remains to be disclosed.




4. The Tumor Microenvironment and ECM Modifications


The tumor microenvironment is formed by a wide variety of cells deputated to specific tasks in a strictly spatial defined context, such as fibroblasts, endothelial cells, pericytes, macrophages and other immune cells [25]. Nearly all the cellular components of the tumor microenvironment, especially stromal cells, contribute to metastatic cell invasion by different mechanisms, which converge on ECM modifications.



4.1. Fibroblasts


Tumors are generally stiffer than the normal tissue, with surrounding ECM alterations mainly induced by fibroblasts; fibroblasts are responsible for deposition and remodeling of ECM proteins [26] and facilitate tumor cell invasion through force- and protease-mediated ECM remodeling [27,28]. Moreover, growth factors and chemokines produced by cancer and endothelial cells promote stromal fibroblast activation, infiltration of T lymphocytes, macrophage activation and fibroblasts differentiation into myofibroblasts and cancer associated fibroblasts (CAFs) [28]. Myofibroblasts and CAFs, found in the stroma of carcinomas and especially in the tumor invasive edge, secrete ECM proteins, cytokines, growth factors, chemokines, hormones and inflammation proteins, thus promoting cancer cell proliferation and CSCs de-differentiation and migration [29,30]. The main contribution of CAFs and myofibroblasts to tumor microenvironment is therefore the synthesis and release of significant amounts of ECM proteins; newly deposited collagen and elastin fibers, in fact, are reoriented and remodeled to generate larger, more-rigid fibrils that contribute to the tumor-surrounding ECM special features [31,32].




4.2. Tumor Associate Macrophages (TAM)


Activated TAMs contribute to tumor progression by producing pro-inflammatory cytokines, such as IL-6, thus inducing a wide variety of genes involved in tumor progression and apoptosis suppression [33]. Other roles proposed for TAMs in cancer progression include VEGF, CXCL13, CCL16 and CCL18 secretion, underlining the relevance of these cells in the regulation of tumor microenvironment [34].



However, TAMs were also found to directly contribute to tumor niche formation and tumor ECM shaping by producing proteolytic enzymes (MMP-2 and MMP-9) and matrix-associated proteins. In a mouse colorectal cancer model, TAMs were found to play a role in the deposition, cross-linking and linearization of ECM collagen fibers, thus showing that the cancer ECM collagen deposition is not solely deputed to CAFs [35].




4.3. Pericytes (PC)


PCs reside within the wall of post-capillary venules and microvascular structures and, like other stromal components, they synthesize and release several ECM proteins. PCs play several distinct roles in the survival of cell belonging to the tumor niche: they spare endothelial cells (EC) from apoptotic death elicited by action of exogenous interleukin-12 and block the proapoptotic effect induced by tumor cell-secreted VEGF [36].



A second potential role of PCs relates to cancer microvessels formation; newly formed EC sprouts from small tumor vessels initially lack PCs and, subsequently, pericyte recruitment around these new vessels reduces EC proliferation and sprouting, leading to the formation of larger microvessels [37,38]. In a recent study, uveal melanoma and Ewing sarcoma cell lines were found to mimic the behavior of normal blood vessels by producing PDGF and recruiting PCs to induce the formation of vascular-like networks [39]. In a collagen VI-null mouse model, the basement membrane deficits deriving from the lack of collagen VI, deeply impair tumor vessel development and function thus reducing tumor growth [40].




4.4. Matrix Metallo Proteinases (MMPs)


As discussed above, tumor cells, CAFs, myofibroblasts, macrophages and other stromal components promote cancer cell invasion by secreting MMPs that, in turn, lead to ECM degradation, a necessary step to allow cancer cell invasion (Table 1) [41,42]. The MMP-mediated ECM modifications affect tumor evolution by facilitating the growth of solid tumor mass with different mechanisms that involve an increase of matrix stiffening and of interstitial fluid pressure. MMPs are zinc-dependent ECM remodeling endopeptidases deeply implicated in almost all steps of metastasis and a high MMP expression in tumors correlates with poor prognosis and increased risk of recurrence [1]. Different mechanisms have been shown by which MMPs alter ECM composition and promote cancer progression: for example, denaturation of fibrillar collagen stimulates melanoma cell proliferation through down-regulation of p27kip1 [43]. MMPs also contribute to the release ECM-embedded growth factors [44] and, among factors released by MMPs, VEGF plays a key role in vascular homeostasis by stimulating the proliferation of surrounding cells, promoting the formation of new blood vessels and enhancing vascular permeability [45].



The ADAM (a disintegrin and metalloproteinases) family members, including ADAM8, ADAM9, ADAM10, ADAM12 and ADAM15, exert their action by degrading the ECM proteins collagen IV and FN, thus contributing to niche formation and cancer progression [1].



ADAM8, besides cleaving important ECM components of the tumor stroma such as collagen I, fibronectin and periostin [46], can cluster with β1 integrin and could direct tumor cell invasion through localized proteolytic ECM degradation in protrusions of cancer cells [47,48]. Moreover, ADAM17 expression has been proposed as a prognostic marker for gastric cancer because this enzyme promotes metastasis and progression via activation of the Notch or Wnt signaling pathways [49].



Another MMP sub-type that can modify ECM components is represented by meprins; these enzymes cleave ECM proteins such as collagen IV and FN and can also indirectly regulate ECM remodeling by activating other metalloproteinases [1]. For example, ADAM10 is cleaved by meprin-β, and both meprin-α and meprin-β promote the cleavage of pro-MMP9 by MMP3, thus accelerating the activation of MMP9 [50]. Meprin α is expressed in several different tumors and can be secreted leading to an accumulation of meprin α in the tumor stroma [51]. For these reasons, meprin α is thought to alter ECM components structure, thereby affecting proliferation and migration of tumor cells into the surrounding tissue. However, since meprin α expression differs between different carcinomas [51], the role of meprins in cancer progression and metastasis seems to be more complex than a simple ECM-degrading function, thus requiring further studies to clarify the issue.



Another family of MMPs recently found to be implicated in cancer progression is represented by bone morphogenetic protein (BPM)/tolloid-like proteinases (BTPs) [52]. These enzymes are involved in the maturation of procollagens I–III, of fibrillar collagens V and XI and cleave procollagens V and XI. A member of the BTP family, BMP1, has been recently shown to be associated with tumor metastasis and found to be secreted by CAFs in colorectal cancer [1]; downregulation of BMP1 by microRNA miR-194 reduces lung metastasis, probably by decreasing TGF-β activation [53], while BMP1 expression predicts poor progression in clear cell renal cell carcinoma patients [54].



The amount of experimental and clinical evidence associating MMPs with tumor progression prompted efforts in synthesizing compounds targeting MMPs to be tested in clinical trials as MMP inhibitors (MMPIs) for various cancer types [55]. In spite of the large efforts made, MMPIs uniformly failed to demonstrate a survival benefit and, more importantly, severe side effects were reported. The reasons for this failure are still debated and probably administration of MMPIs in the early cancer stages rather than in stage IV could open new perspectives. However, at the moment no tangible prospect of clinical use for MMPIs are in sight.





5. Other Mechanisms Involved in ECM Alteration in Cancer Progression


A number of studies highlights mechanisms involved in cancer progression that require or are the consequence of ECM alterations. Mutated KRAS, for example, is known to promote squamous cell carcinoma proliferation through the MEK pathway; nevertheless, malignant transformation has been found to depend upon RAS/RHO-associated protein kinase (ROCK)-induced matrix remodeling and stiffening [56,57].



ECM stiffness directly modulates ErbB receptor dependent PI3K activation and regulates malignant mammary epithelial cells (MEC) invasion [58]. Phosphatase and tensin homolog (PTEN) is a protein-phosphatase frequently mutated or deleted in human cancers that exerts its action on cellular functionality by dephosphorylating PI3, necessary for PI3K activation, and thus negatively regulating its activity [59]. The missing link between ECM, PI3K and PTEN in MEC was identified in a mechanically-regulated miRNA, miR-18a, which targets PTEN and reduces its expression, thereby promoting PI3K-dependent malignancy [58].



Another cancer type in which an important contribution of stromal ECM is involved in tumor progression is pancreatic ductal adenocarcinoma (PDAC). Notably, in PDAC cells a loss of TGF-β signaling, in part mediated by elevated integrin β-1 mechanosignaling, elicits a positive loop in which the STAT3-dependent-signaling pathway promotes tumor progression by increasing matricellular fibrosis and tissue tension [60]. This intriguing finding opens up the possibility to reduce the aggressiveness of PDAC, elicited by an excess of matricellular fibrosis, by blocking or interfering with STAT3 hyperactivity.



However, other proteins found in stromal cells could contribute to promote tumor invasion by different mechanisms. Caveolin-1 is a scaffolding protein highly expressed in stromal cells involved in a plethora of cellular processes, such as cell proliferation, survival, motility and migration, via the modulation of a variety of signaling pathways aberrantly activated in cancer cells [61,62]. An interesting link has been found between hypoxia in cancer cells and caveolin-1; in HeLa cells this protein regulates the availability of cell surface proteins and endocytosis in hypoxic conditions thus disclosing potential implications for the identification of novel targets in tumor microenvironment [63]. A loss of caveolin-1 in fibroblasts induces a CAF phenotype in the tumor microenvironment and drives the constitutive activation of several oncogenes, such as c-Myc, v-Abl, v-Src, H-Ras, and Neu/ErB2 in stromal fibroblasts. This process results in a myofibroblast conversion with increased deposition of ECM components and hyperactivation of TGF-β signaling pathway, thereby promoting EMT in cancer cells [64].



Another ECM remodeling mechanism in cancer has been recently described: invadopodia are actin-rich membrane protrusions with a marked matrix degradation activity formed by invasive carcinoma cells [65]. Cortactin (CTTN) is also an important player in invadopodia function and in invadopodia-associated ECM degradation, playing an important role in actin assembly, cytoskeletal arrangement and membrane trafficking [66]. It was reported that miR-182, acting as tumor suppressor, inhibited invadopodia formation in NSCLC by targeting cortactin, thus inhibiting ECM degradation and suppressing the migration and invasion of lung cancer cells [67].



Podosomes are conical-shape structures, rich in actin and adhesion or scaffolding proteins, characterized by membrane protrusions and invaginations that could be spotted on a wide variety of cells including cancer cells, macrophages, dendritic cells, vascular smooth cells and endothelial cells [65]. As suggested by their molecular composition, the primary function of podosomes deals with cellular motility and invasion and therefore deciphering the functional consequences of their interaction with the ECM surrounding the microenvironments is a key issue in oncology. Indeed, although the precise role of podosomes and the agents that regulate their formation and turnover is still poorly understood, early findings obtained from macrophage podosomes point toward a mechanism in ECM remodeling and degradation [65].




6. Organ-Specific Pre-Metastatic Niches


6.1. Lung


Metastatic cancers such as bladder, breast, colon, kidney, melanoma and sarcoma often spread to the lungs, and several ECM components have been recognized to be involved in this process.



Among the ECM proteins involved in the metastatic colonization of lung (Table 2, Figure 2), Tenascin-C (TNC), Periostin (POSTN) and the large chondroitin sulfate proteoglycan Versican (VCAN) have been identified as key players [68,69]. TNC is normally produced by fibroblasts but can also be secreted by breast cancer metastatic cells to create a pre-metastatic niche in the lungs for lung metastasis-initiating processes [70,71] while POSTN, a stromal-derived protein, supports the survival and viability of metastatic cancer stem cells thus allowing these cells to prime the metastatic niche. Similarly, VCAN is secreted by lung cancer cells and by the infiltrating bone marrow-derived myeloid cells CDllbC/Ly6Chigh within metastatic niches in the lung to potentiate lung metastasis [72,73].



Breast cancer cells have developed an interesting mechanism to increase their metastatic potential; these cells produce vascular cell adhesion molecule-1 (VCAM-1), that, upon binding to α4β1 integrin expressed in the pulmonary parenchyma, prepares the soil for the homing of metastatic breast cancer cells [74]. Under certain experimental conditions, melanoma cells may stimulate expression of VCAM-1 directly at pulmonary metastatic sites [75] and VCAM-1 density has been found to modulate melanoma metastatic cell adhesion to the lung [76].



Another mechanism involved in lung pre-metastatic niche formation was reported: toll-like receptors (TLRs), that recognize inflammatory signals and are involved in innate immunity processes [77], have been found to promote metastasis, probably by initiating chronic inflammation. Recently, exosomes-derived small RNAs produced by primary tumors have been found to enhance the secretion of several chemokines and to induce neutrophil recruiting in the PMN, via a molecular mechanism primed by the activation of the TLR3 receptor in lung epithelial cells [77]; this smallRNA-mediated TLR3 activation resulted in a sort of “fertilization” of the lung environment.



In another recent and interesting study, collagen-based ECM production and modifications in lung by breast cancer cells was investigated [78]. In particular, the authors found that pyruvate promotes collagen hydroxylation without affecting its synthesis; the working hypothesis supports the notion that inhibition of pyruvate metabolism could prevent collagen remodeling in the lung ECM thus reducing metastatic growth in the lung.



Several MMPs have been found to take part in lung metastases [79]: MMP-1 overexpression has been found to significantly promote lung metastasis [80]; adenovirus-mediated knockdown of MMP-2 decreased tumor growth and prevented formation of lung nodules [81] while, in a previous study, an increased expression of MMP9 in the premetastatic lung niche derived from a distant primary tumor was found to be induced by VEGFR-1 and to promote lung metastasis [82]. For these reasons, MMPs were identified as possible therapeutic targets to prevent metastasis but, unfortunately, no MMP inhibitor ever resulted in therapeutic application [83].




6.2. Liver


All the most important cell types found in the liver, such as stellate cells, sinusoidal endothelial cells and Kupffer cells secrete the main components of ECM, thus underscoring its functional importance in the liver homeostasis and in the pre-metastatic and tumor niche formation [84].



Major alterations of ECM composition related to metastatic niche formation involve a number of proteins with different roles: the cell-adhesion molecule carcinoembryonic antigen (CEA), cell adhesion molecules (CAMs), CXC motif-chemokines (CXCLs), VEGF, MAPK, NF-κB, Citrullinated proteins/PAD, Spermine pullulan, MMPs and collagen isoforms and these alterations may vary dependently from the originating primary tumor [85].



Patients with colorectal liver metastasis (CRLM) have elevated levels of type I collagen in urine and plasma, indicative of an increased collagen turnover in the liver, and specific collagen types derived from primary tumors in the niche (Table 2, Figure 2) [86]. These alterations of collagen turnover, together with changes found in the expression pattern of collagen isoforms, induce changes in ECM composition, thus contributing to prepare and favoring the appropriate soil for tumor seeding [87].



Another study showed a mechanism by which circulating tumor cells (CTCs) adhere to endothelial cells of liver blood vessels using FN deposits as a substrate that allows them to extravasate and form metastasis. In this study, the authors underline that endothelial cells could release FN or accumulate soluble plasma fibronectin produced in situ by hepatocytes. The tumor itself (cancer or stromal cells) could either directly produce FN or stimulate fibronectin production in hepatocytes or liver endothelial cells. In addition, recent evidence has shown that fibronectin upregulation is important for liver pre-metastatic niche formation induced by pancreatic cancer–derived exosomes [88]. Another important mechanism is related to chemotherapeutic agents: in a mouse model, liver metastasis was enhanced by cisplatin or vincristine dependently on cancer cell type [88]. This observation supports the notion that profibrotic microenvironment established by cisplatin or chronic inflammatory condition established by vincristine, may result in a favorable microenvironment capable of promoting metastasis [89]. Another study on collagen IV and liver metastasis showed that upregulation of collagen IV could be a possible driver of metastasis, while downregulating this ECM protein reduces metastasis, indicating tumor-derived ECM type IV collagen as a critical mediator in liver metastasis [90].



In a recent, comprehensive whole-genome study of colorectal metastases, the authors found a higher mutation rate in metastases, compared to matched primary tumors; interestingly, metastases specific mutations were mainly correlated to PI3K-Akt signaling, cell adhesion, ECM and hepatic stellate activation genes, which are critical for homing within the metastatic niche, suggesting the existence of cellular programs for site-specific colonization [91]. Intriguingly, mutations of the FAT atypical cadherin 1 (FAT1), a protein that not only regulates cell invasion but also primes stemness properties, were found to be a unique feature of colorectal metastases. Cadherin-related proteins can interact with β-catenin and segregate it, thereby preventing its nuclear migration and regulating its transcriptional activity. The mechanism by which β-catenin induces cell proliferation and stem cell phenotype is quite complex; β-catenin induces the translocation of T-cell factor (TCF) receptor into the nucleus increasing the transcription of Wnt-target genes [92,93]. The mechanism by which the protocadherin FAT1 acts as a tumor suppressor that relies on its ability to enhance Wnt/β-catenin signaling that could augment metastatic cell malignity [94]. Another report disclosed an additional mechanism by which β-catenin could indirectly promotes epidermal hyperplasia; for example, actomyosin-mediated cellular tension enhances tissue biomechanical properties, such as stiffness, via a β-catenin-mediated activation [56].




6.3. Bone


Bone is a complex static structure in which several cell types, such as osteoclasts, osteoblasts, osteocytes and bone marrow stromal cells (BMSC), are embedded and surrounded by a dense ECM network. The bone ECM is composed by an organic compartment, formed by type I collagen, proteoglycans and glycoproteins, and by an inorganic compartment in which calcium and phosphate ions are packed into hydroxyapatite crystals [95]. The bone ECM contributes to different cellular processes necessary for bone life cycle, including cell attachment, differentiation, and migration. Bones could be classified on the basis of their structural features, such as degree of density and porosity, in cortical and trabecular bones; long bones have an interior porous trabecular structure and an external compact coating of cortical bone. Cortical bone is formed by densely packed collagen type I fibrils and is highly mineralized to strengthen the bone structure thus providing a steady support for the skeleton [96], while trabecular bone is a porous matrix organized in a broader structural network [97]. Either in cortical and in trabecular bones, vascularization is provided by sinusoids, large and permeable blood vessels that under specific circumstances allow cell extravasation into the bone tissue [97].



Mesenchymal stem cells give origin to osteoblasts through a differentiation process induced by several soluble factors, such as endothelin-1 (ET-1), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), bone morphogenetic proteins (BMPs) and transforming growth factor β (TGF-β). Although the main function of osteoblast is osteogenesis, a subpopulation of osteoblasts embedded in the bone matrix, upon acquisition of specific structural functions, can differentiate into osteocytes [98].



Osteoclasts, whose main function deals with bone resorption, derive by differentiation from macrophages; the regulation of osteoclasts activity is quite complex being controlled by a wide variety of extracellular stimuli of different origin. Their activation is induced by 1,25-dihydroxyvitamin D3, parathyroid hormone (PTH) PTH related protein (PTH-rP), interleukin-1 (IL-1), IL-6 and macrophage colony-stimulating factor (MCSF) while other factors, such as calcitonin, IL-4, IL-18 and interferon-β, inhibit their activity [99].



A key role in bone metabolism is played by the receptor activator of nuclear factor-κB (NF-κB) ligand (RANKL): RANKL belongs to the tumor necrosis factor TNFα superfamily and binds to a membrane receptor, named receptor activator of nuclear factor-κB (RANK). RANKL, once produced by osteoblasts and stromal T-cells, stimulates osteoclasts activity, while its interaction with the soluble receptor osteoprotegerin (OPG) turns off RANKL-dependent signaling pathways by blocking RANKL binding to RANK [100].



The bone microenvironment is particularly suitable for bone metastasis (BM) dissemination and a number of different primary tumors tend to metastasize to bone tissue, even at early stages, by stimulating BMSC to prepare pre-metastatic niches. As a result of BM dissemination, bone remodeling is altered with consequences even on the bone matrix and bone structure, such as brittle bones and bone fractures. The disarrangement of collagen/apatite microstructure in BM was found to deeply affect bone mechanical properties; in a recent study the authors found that interactions between cancer cells and osteoblasts disorganize the osteoblast alignment, alter cell-cell and cell-ECM interactions thus leading to a deteriorated bone tissue (Table 2, Figure 2) [101].



Another mechanism by which cancer cells in BM alter the surrounding ECM is the production of enzymes that modify the chemical composition and structure of ECM molecules. The secretion of the enzyme lysyl oxidase (LOX) is upregulated in BM cancer cells, resulting in collagen hydroxilation grade changes that in turn alter tissue stiffness [102], a key factor in cancer growth.



After extravasation in bone, cancer cells become quiescent and express osteoblast or osteoclast cell surface markers (osteomimicry) to escape immune surveillance [103]. These cancer cells nested in bone ECM have been found to overexpress chemokine receptors, such as CXCR-4, whose ligand CXCL-12, or SDF-1, is secreted by BMSC. However, other chemokines, such as CXCR-6/CXCL-16 and CXCR-3/CXCL-10, have also been found to be involved in the process of tumor niche formation [104]. During this stage of apparent dormancy, cancer cells recruit other cells present in the bone microenvironment, such as fibroblasts or osteoblasts, to promote collagen I, III, IV and FN deposition thus leading to ECM disorganization characterized by changes in ECM dynamics and structural properties [97].



Once the surrounding environment appears to be favorable, cancer cells exit the quiescent state and start to proliferate, thus leading to actual BM formation. Based on their different mechanisms and effects on bone ECM, BM can be classified into two main types: lytic and sclerotic. In lytic BM, cytokines promoting osteoclasts activity are secreted by cancer cells to stimulate bone resorption; during this process, growth factors physiologically embedded in the ECM, such as TGFβ, PDGF, FGF, are released and, in turn, stimulate cancer cell proliferation [104,105]. Several studies have demonstrated that a pharmacological approach targeting different molecular mechanisms could be fruitful in the management of BM. In a mouse model of breast cancer BM, a monoclonal antibody neutralizing parathyroid hormone-related protein (PTH-rP), a potent stimulator of osteoclastic bone resorption, suppressed BM [106]; in addition, ibandronate and tisedronate, two bisphosphonate analogues that are specific inhibitors of osteoclastic bone resorption, inhibited osteolytic bone metastases in women with breast cancer receiving hormonal therapy [107,108].



Another molecule that plays a key role during bone resorption in lytic BM onset is cathepsin K. Cathepsin K is a papain-like cysteine protease involved in bone remodeling, highly expressed in osteoclasts and in activated reactive macrophages [109]; this protease affects cancer progression in several tumor types such as breast carcinoma and in prostate cancer [110].



These findings have stimulated efforts in designing and screening new synthetic inhibitors of cathepsin K that are currently under preclinical evaluation [111], even though the recent history of other cathepsin K inhibitors was troubled. Odanacatib, displaying efficacy in inhibiting bone resorption and increasing bone mineral density, also increased the risk of stroke and was dropped during phase III clinical trial. Several other cathepsin inhibitors have previously failed: balicatib was dropped because of dermatological adverse events and relacatib was dropped because of off-target toxicity [112].



Sclerotic BM growth factors secreted by cancer cells, such as TGFβ, BMPs, FGF and Wnt, induce osteoblast differentiation and activity, while ET-1 inhibits osteoclasts activity [97], thus shifting the bone metabolism towards a blastic uncontrolled behavior. Prostate cancer commonly gives rise to BM and prostate cancer cells induce the transition from endothelial cells to osteoblasts by releasing BMP-4 in the bone marrow [98,113]; however, this issue is far from being clarified because in most patients both lytic and sclerotic BM are present, suggesting that a real boundary between the two mechanisms cannot be actually identified [114].



Recently, the role of several factors leading to BM by a “vicious cycle” has been characterized; PTHrP secreted by tumor cells stimulates osteoblasts and prime osteolysis; concomitantly, upregulation of the RANKL-dependent signaling pathway in osteoblasts leads to osteoclasts activation and bone resorption [115]. The activated osteoclasts subsequently degrade the bone matrix releasing proteinases, such as cathepsin K, MMP-9, and MMP-13 and growth factors such as TGFβ, IGF1. These growth factors, together with the release of hydrogen ions to create a strong acid microenvironment, stimulate tumor growth and induce the release of tumor derived PTHrP [116], thereby reinforcing “the vicious cycle”.





7. Conclusions


The impact of metastasis on cancer mortality is still dramatic, and an extensive effort by the scientific community is mandatory in this field. Recently, new insights have emerged in the identification of circulating metastatic cells because of great improvement in liquid biopsies techniques and applications. However, it appears that the most easily targetable steps in metastasis deal with the formation of premetastatic niche and colonization of distant sites—two mechanisms that deeply imply the involvement of ECM.



Unfortunately, previous pharmacological approaches based on single molecules aimed at inhibiting cell attachment by targeting interaction of surface receptors with ECM components or by disturbing specific signaling pathways gave disappointing results or limited benefits.



On the basis of recent studies, three different approaches may be hypothesized to counteract metastatic processes.



The first option exploits the possibility, already working in other pathologies, that treatment with multiple agents, targeting different mechanisms in an aberrant signaling pathway, could be much more effective in preventing or shrinking the metastatic process compared to single molecule administration. Moreover, therapeutic schemes taking into account early timing and accumulating dose of combined drugs could be screened in appropriate in vitro settings to ascertain whether these combined treatments affect the composition and subsequent functionality of ECM.



Another approach could be focused on the potential “educational” role of EV secreted by metastatic cells in directing and changing the properties of the “soil” in distant sites to colonize. Blocking or interfering with EV uptake might be a fruitful strategy to understand the role of these vesicles in instructing the target cells to modify their pattern of expression of ECM. The multidrug approach, together with the EV-discovery approach, could be now tested and screened using novel outstanding in vitro models such 3D cell (co)cultures, cancer organoids and cancer-on-a-chip technologies. The main advantages of these models rely on the possibility of mimicking very closely the interplay among all the cancer and non-cancer cells belonging to the metastatic niche and observing the consequences of induced ECM modifications on the functionality of these cells.



Finally, a giant leap forward in our knowledge on the molecular events that govern the interplay between ECM and cancer cells could come from innovative single-cell multiomics technologies. Indeed, comparing healthy vs. cancerous human specimens obtained from surgery by spatial genomic or transcriptomic could hold great promise in characterizing the dynamic changes occurring at different stages in the formation of premetastatic niche.



These considerations, stressing the complexity and the difficulty of the fight against metastasis, indicate that only a synergistic huge collaboration among the pharmaceutical industry, academic and government organizations will have better chances in the near future to defeat metastasis.
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