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Melanoma in the Eyes of Mechanobiology
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Skin is the largest organ of the human body with several important functions that can be impaired by injury, genetic or chronic diseases. Among all skin diseases, melanoma is one of the most severe, which can lead to death, due to metastization. Mechanotransduction has a crucial role for motility, invasion, adhesion and metastization processes, since it deals with the response of cells to physical forces. Signaling pathways are important to understand how physical cues produced or mediated by the Extracellular Matrix (ECM), affect healthy and tumor cells. During these processes, several molecules in the nucleus and cytoplasm are activated. Melanocytes, keratinocytes, fibroblasts and the ECM, play a crucial role in melanoma formation. This manuscript will address the synergy among melanocytes, keratinocytes, fibroblasts cells and the ECM considering their mechanical contribution and relevance in this disease. Mechanical properties of melanoma cells can also be influenced by pigmentation, which can be associated with changes in stiffness. Mechanical changes can be related with the adhesion, migration, or invasiveness potential of melanoma cells promoting a high metastization capacity of this cancer. Mechanosensing, mechanotransduction, and mechanoresponse will be highlighted with respect to the motility, invasion, adhesion and metastization in melanoma cancer.
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MELANOMA

Melanoma is one of the most severe skin cancers in humans with a mortality rate of 80% (Hofschroer et al., 2017), due to the high resistance of this tumor to radiotherapy and chemotherapy (Uong and Zon, 2010). The resistance to those treatments is due to high number of mutations (approx. 75%) affecting specific genes, which lead to an increasing proliferation and survival (Kozar et al., 2019). Immunotherapy is being exploited and investigated, and can be grouped in five types: (i) targeted antibodies (Sanlorenzo et al., 2014; Herzberg and Fisher, 2016); (ii) adoptive cell therapy (Sanlorenzo et al., 2014); (iii) oncolytic virus therapy (Franklin et al., 2017); (iv) cancer vaccines (Tuettenberg et al., 2007; Rodriguez-Cerdeira et al., 2017); and (v) immunomodulators (Johnson et al., 2014; Faries, 2016; Cancer Research Institute, 2019). Chemotherapy and immunotherapy, can be combined (biochemotherapy) regarding the stage disease (Sanlorenzo et al., 2014; Kozar et al., 2019). The disease appears due to the malignant transformation of melanocytes located in the stratum basale of the epidermis although it is not clear how a melanocyte becomes malignant (Uong and Zon, 2010). Bandarchi et al. (2010) suggested that a combination of up and down regulation of factors in several molecular pathways, seem to be the mechanism of transformation of normal into malignant melanocytes. If the disease is detected in an early stage, there is a high probability of disease control, however, when metastization occurs, the 5 years life expectancy drops to 14%. Some epidemiological evidence related to melanoma incidences in white and dark skinned population (Bandarchi et al., 2013) was presented by the authors whereas Bradford (2009) presented epidemiological data about the total numbers of melanoma incidences in the world. Dark skin results in a lower incidence of skin cancer due to the protection of the increased epidermal melanin, which filters UV light twice as good as white skin of Caucasian people (Bradford, 2009). Malignant melanoma are diagnosed by the ABCD rule, where A stands for asymmetry, B for borders irregularity, C for color variation and D for diameter higher than 6 mm (Bandarchi et al., 2010). Melanoma shows three perceptible steps in tumor progression: (i) one only affecting the epidermis; (ii) a second one affecting both the epidermis and the superficial papillary of the dermis; and (iii) a third one affecting the epidermis, dermis and hypodermis (vertical growth melanoma) (Bandarchi et al., 2010). Haass et al. (2005) divided the process of melanoma development in the following steps: (i) the damage of adhesion between keratinocytes by down-regulation of E-cadherin, P-cadherin, desmoglein, and connexins, which is influenced by growth factors produced by fibroblasts or keratinocytes; (ii) the interaction of melanoma with fibroblasts and/or melanoma with melanoma cells normally not found in melanocytes, is up-regulated by MCAM and N-cadherin; and (iii) alteration of integrin expression, inducing the loss of basement membrane anchorage (Haass et al., 2005). According to the At Melanoma Foundation (AIM), melanoma develops in a similar way than other cancers: the DNA of a gene that controls cell division and proliferation is mutated. This damaged gene results in a lack of control of cell division and growth. This DNA mutation is passed to the daughter cell during division. Melanoma is originated from a melanocyte that experienced too many mutations growing in an abnormal way. In the case of melanoma, this DNA mutation is caused by an overexposure to UV radiation, affecting the melanocytes (At Melanoma Foundation, 2014). When there is DNA damage, several genes may be affected, resulting in encoding errors of several molecules hampering their function (At Melanoma Foundation, 2014; Kunz, 2014) and there is a risk for a melanocyte to generate a melanoma. If the melanoma is not suppressed or treated, it will spread along the epidermis, after penetrating the dermis and hypodermis, getting in contact with the lymph and the blood vessels (At Melanoma Foundation, 2014). The main function of melanocytes is to produce melanin (responsible for skin pigmentation) that absorb UV light to avoid keratinocytes’ DNA damage (Hirobe, 2014). Keratinocytes will distribute melanin to the upper parts of the skin layer (Wang et al., 2017). Wang et al. (2017) also mentioned that hormonal factors, family history and cosmetics are the three main triggering and aggravating factors for melanoma development. When a primary melanoma is formed, it activates some signals, which will provide conditions that make the primary tumor strong such as: (i) attachment to the wall of the blood and/or lymphatic vessels, enabling the movement through a new organ; (ii) enough nutrients to grow; and (iii) it is resistant to the immune system. With the three conditions mentioned before the primary tumor has the capacity to promote the metastization (At Melanoma Foundation, 2014). Why can melanoma develop in some body parts that are not exposed to sunlight? It was suggested that there are different changes occurring in genes of tissue cells exposed, compared with the changes of genes of tissue cells not exposed to UV light. These mutations are transmitted into the next generations. Some genes appear during melanoma development, being not genetic. The transformation of melanocytes into melanoma cells is a very complex process, which involves several signaling pathways reviewed by Paluncic et al. (2016). Briefly, melanocytes are formed from their precursors: melanoblasts. Melanoblasts differentiate into melanocytes, which get mature and start melanin production on melanosomes, which will be transferred to keratinocytes. Melanomagenesis depends on the microenvironment, genetic and environmental factors. Although genetic factors are crucial, they are not sufficient to induce melanomagenesis (Paluncic et al., 2016). Melanoma tumors are different from patient to patient. The environment, where melanoma tumors grow, is very complex depending on the interactions with ECM, microvasculature, fibroblastic cells and changing concentration of growth factor, cytokines, and nutrients like glucose, oxygen, etc (Paluncic et al., 2016). Some signaling pathways are more involved in tumor development, whereas other signals are more crucial in the metastization process. The description of biochemical pathways signaling is beyond of this review, however the readers can find more information in different sources (Dissanayake et al., 2007; Straussman et al., 2012; Moriceau et al., 2015; Stark et al., 2015; Wang et al., 2016; Ahmed and Haass, 2018; Kodet et al., 2018). Melanoma can be pigmented or not pigmented. The color of melanoma is due to the existence of melanin, secreted and stored in melanosomes in the cytoplasm of melanocytes. There are two types of melanin: eumelanin (has a black color) and pheomelanin (has a red/yellow color). Normal melanocytes may or may not secret either type of melanin (Lassalle et al., 2003). Mechanical properties and cell pigmentation are correlated (Sarna et al., 2013, 2014).

As melanoma needs a high amount of iron and copper, the development of substances that target these ions could be another methodology (Gorodetsky et al., 1986).



MECHANOBIOLOGY OF SKIN CELLS

Currently, mechanobiology brings together biologists and biophysicists in order to better understand the role of mechanical forces in cell motility, adhesion and invasion. For developing therapies that avoid the invasiveness of cancer cells, it is crucial to understand the mechanisms of tumor invasion. The mechanical stiffness of tumors is correlated with its invasiveness, which was demonstrated by a study with cancer ovarian cells: more invasion corresponds to softer cells resulting in deformation and shape changes, being suitable for metastization (Swaminathan et al., 2011). Makale (2007) raised three hypotheses correlating cancer and cell mechanobiology: (i) the cell biology of tumor invasion is a key to understand cancer treatment; (ii) cancer cells activate physiological mechanisms and migratory processes that are used by cells usually during embryo morphogenesis; and (iii) forces that are sensed by the tissue and cells trigger the differentiation and spreading of tumors. In fact, mechanical forces are generated by tissues, being sensed by cells, during embryogenesis and tumor expansion (Makale, 2007).

In melanoma the Epithelial to Mesenchymal Transition (EMT) switching, and forces behind this process (Wei et al., 2015) are crucial processes regarding the loss of connections between melanocyte and keratinocytes; melanocytes acquired the embryonic phenotype, promoting cells invasion, their intravasation in body fluids and the extravasation to other organs. Arriving at their target destination, tumor cells are reverted to their original phenotype known as Mesenchymal to Epithelial Transition (MET), establishing secondary tumors. The production of metalloproteinases (MMP) will induce ECM degradation, favoring metastization (Paluncic et al., 2016). Migration of collective cells interact with the extracellular environment via integrins (Hegerfeldt et al., 2002). When normal cells are compressed because of a tumor, these forces will be sensed by cell body, through membrane molecules, the integrins, which are connected to the cytoskeleton, and to the nucleus. All cells respond to these external forces organizing cellular components in the cell and generating biochemical signals that will help them to adapt to external physical pressure. The normal ECM produced by fibroblasts also induces pressure on tumor cells via its cytoskeleton, resulting in cell and nucleus deformation. A consequence of nucleus compression could be the modulation of gene expression that may induce changes in cell viability, promoting locomotion, due to the adoption of a more malignant phenotype. In spite of high tumor stroma stiffness, tumor cells are deformable and have some degree of plasticity (Makale, 2007). In melanoma, the relation among melanocytes, keratinocytes, fibroblasts and the ECM mediate and control this disease. In the next paragraphs, mechanobiology of these cell types and ECM contribution to melanoma will be addressed.


The Role of Melanocytes

Melanocytes are located in the basal layer of the epidermis, eyes, ears, hair and meninges (Bandarchi et al., 2013). Melanocytes have a dendritic shape (Figure 1). They are originated from migratory embryonic cells, called neural crest cells, which have a high capacity of migration (Uong and Zon, 2010). Melanocytes are the cells responsible for skin pigmentation, through the production of melanin, also named melanogenesis (Lassalle et al., 2003). They are present in the epidermis and exhibit long dendritic protrusions, which are extended through the epidermal keratinocytes. Melanocytes synthesize melanosomes and transport them to the keratinocytes (Zhang et al., 2004).
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FIGURE 1. Schematic representation of skin and cell population. Melanocytes are located in the basal layer of epidermis. Each melanocyte is connected to several keratinocytes. Melanosomes (black spots) are distributed in the dentrites, produce and store melanin. The dendrites allow the transfer of the melanin to keratinocytes, which will be transferred to the stratum corneum layer of the epidermis.


Melanocytes adhere to keratinocytes through E-cadherins, Desmoglein (DSg)/Desmocollin (DSc), Connexins (CX) molecules (Li et al., 2003) and to the basement membrane through integrins (Wang et al., 2016). The ratio of melanocytes and keratinocytes is around 1:36/1:40. 8 to 12% of malignant melanoma are associated with mutations on CDKN2A (cyclin-dependent kinase Inhibitor 2) gene (Bandarchi et al., 2013). Uong and Zon (2010) also mentioned that the pathways involved in melanocyte development and proliferation start to be subverted in melanoma formation. BRAF and NRAS (a gene of the RAS family identified for the first time at human neuroblastoma) (Pugh et al., 2013) overactive mutations are found in 65 and 20% of melanomas, respectively. CDKN2A is lacking by melanoma cells, consequently the encoding suppressor genes (INK4a and ARF) are not active (Bandarchi et al., 2010).

Malignant melanocytes are characterized by changes of biophysical properties (like shape, elasticity and stiffness) which will contribute to the cell locomotion, invasion and metastization in other organs. In this case, the plasticity of melanocytes is very important, since they need to be highly deformable. Since the mechanical properties of melanoma cells may be affected by the production of melanin, this has to be considered (Sarna et al., 2013). Melanin and melanogenesis may act in two different directions: melanin act as a protection shield to radiation, however it also attenuates the effectiveness of radiotherapy, chemotherapy and phototherapy in the case of melanotic melanoma. This characteristic can provide tumor growth and progression (Slominski et al., 2015).

AFM was used to observe the shape of human epidermis melanocytes in culture and to observe the melanosome transfer in vivo. Filopodia originated from the dendrite tips of the cell body of melanocytes, which contained melanosomes have been observed (Zhang et al., 2004). Van Den Bossche et al. (2006) hypothesized different mechanisms for melanin transfer: (i) keratinocytes phagocyte the melanocyte dendrites; (ii) the melanosomes release melanin into the extracellular space by melanosome exocytosis, being internalized by the keratinocytes; (iii) melanosomes are transported via membrane nanotubes; and (iv) the melanocytes enriched of melanosomes are phagocytosed by the keratinocytes (Van Den Bossche et al., 2006).

Wu et al. (2012) studied melanocytes of mice lacking myosin Va (Myo5a). This protein is involved in the accumulation of melanosomes in the melanocyte dendrites. When myosin Va is present, melanosomes stay concentrated in the centre of cancerous melanocytes reducing melanosome transfer to keratinocytes (Wu et al., 2012). Wäster et al. (2016) studied the relation between UV skin radiation and skin pigmentation response. They concluded that when pigmented skin is exposed to UVA, there is a spillage of extracellular vesicles from the melanocyte’s plasma membrane. This does not happen when pigmented skin is exposed to UVB (Wäster et al., 2016).

AFM was used to study the morphological changes of melanocytes exposed to the melanocyte stimulated hormone α-MSH, which induces melanization (Shin et al., 2014). The authors found that the roughness inside the pore-like structures on dendrites increased and MSH produced an increase in the size and density of the melanosomes. However, regarding the response to the presence of α-MSH, more studies are needed to correlate morphological shape alterations with the movement of melanosomes (Shin et al., 2014). Human melanocyte’s pigmentation in melanoma cells are also important in regulation of elastic properties according to Choi et al. (2014). The authors studied the effect of substrates with different stiffness on the pigmentation, using normal human melanocytes (NHM) and melanoma cells (MNT1) cultured on polydimethylsiloxane (PDMS) coated with laminin. They observed a reduction of dendrite formation in both cell type as well as a difference on the transference rate of melanosomes for both cell type on softer substrates. Cells cultured on stiffer substrates showed lower migration capacity once traction forces formation are more evident through via focal adhesion integrin complexes (Choi et al., 2014).

Based on some studies of cell elasticity, cancer cells typically show a decrease in stiffness relatively to normal cells. Sarna et al. (2013) described a study of elastic properties comparing melanoma cells and healthy melanocytes. Basically, the authors used AFM to determine the stiffness of human melanoma cells SKMEL-188 with different stages of pigmentation and compared with SKMEL-188 cells not pigmented and with NHMs healthy human melanocytes (Sarna et al., 2013). They found that healthy melanocytes were softer than cancer cells. This feature could be related with the amount of melanin present in melanoma cells, resulting in some limitations for cancer diagnosis using the stiffness. Lazova and Pawelek (2009) mentioned that melanoma cells do not excrete the pigment (Lazova and Pawelek, 2009) like healthy melanocytes do, which may result in pigment accumulation in melanoma cells in relation to melanocytes. This could explain the higher stiffness of cancer cells, since they are often highly pigmented (Lazova and Pawelek, 2009). In conclusion, by AFM nanoindentation assays it is not possible to distinguish melanoma cells from melanocytes. AFM can be used as a complementary technique, however, this study was useful in understanding better pigmented cell elasticity. Sarna et al. (2014) also mentioned the need to understand if there is a correlation between the pigmentation of melanoma cells and the metastization phenotype process. In this process, malignant cells must pass the epithelial barrier, having the capacity to deform their cell body, including the nucleus to migrate through tissue. Cells with low Young’s moduli exhibit a great potential to invade tissue (Sarna et al., 2014), so this is why biophysical properties, as cell elasticity, must be taken into account. The authors showed that melanin granules inhibit the transmigration potentialities of melanoma cells. For non-pigmented melanoma cells, the stiffness was lower, and the transmigration efficiency was higher. This study contributed with new insights about the relationship between pigmentation and elasticity of melanoma cells in terms of migration and invasion.

Some substances are responsible for the retraction of melanocyte dendrites. Ito et al. (2006) have studied the effect of dendrite retraction using a flavonoid substance. In this case, TYRP-1 signaling pathway is interrupted, once this molecule is important for melanosome migration. Rho signaling molecule, when activated induces dendritic retraction, reducing the melanosome transfer to the keratinocytes but does not affect the amount of melanin production. However, this melanin will not be transferred due to the dendrite’s retraction. The mechanism of dendrite retraction via RhoA involves changes in cytoskeleton and microtubules organization due to actin and tubulin-β disassembly. These changes will induce stress fiber formation promoting actin polymerization and reorganization of microtubules (Ito et al., 2006). Rac is involved in melanocyte dendrite growing, inducing the appearing of lamellipodia (Scott, 2002). The dendrite tips of melanocytes are also stimulated by the α-MSH and endothelin – 1 proteins from keratinocytes that are surrounding the melanocytes and the ECM produced by the keratinocyte (Kippenberger et al., 1998). Kippenberger et al. (1998) demonstrated that co-cultures of melanocytes and keratinocytes in the presence of high concentration of calcium, showed sheets of keratinocytes formation, surrounding by melanocytes with polar dendrites extended around the differentiated keratinocytes. Differentiated keratinocytes will have stable areas of contact with melanocytes due to the calcium gradient. The normal melanocytes that lose their dendrites soon will be in an apoptosis state (Kippenberger et al., 1998). The senescence of primary melanocytes could also be important in the melanoma appearance (Feuerer et al., 2019), however, there are no studies that correlate melanocytes’ senescence with mechanical properties measured by AFM. Some studies showed a correlation between the melanocytes aging and senescence biomarkers (Wang and Dreesen, 2018) and exposition of melanocytes to light (Bennet et al., 2017). AFM is a powerful tool to assess the morphological and elastic properties regarding the interface between primary melanocytes and primary melanoma with and without senescence. In opposition to the melanoma cell lines that are immortalized and thus, submitted to several passages, the primary melanocytes and primary melanoma cells should be assessed in order to evaluate what passage the senescence will not interfere with mechanical properties. The quantification of senescence level can be performed using the quantification of the Population Double Level (PDL) method (Kruse and Patterson, 1973).



The Role of Keratinocytes

Keratinocytes are the predominant cell type in the epidermis, most of them (90%) being located at the outmost epidermis layer (McGrath et al., 2004). Keratinocytes are connected to each other through actin cell junctions (Hsu et al., 2018).

The main function of keratinocytes is to form a barrier against pathogenic microorganisms, heat, UV radiation and water loss. They also produce cytokines that attract leukocytes to the location of pathogen invasion (Hall et al., 2014). Keratinocytes also produce different keratins. Keratins (type 1, 5, 10, and 14) are the main structural protein of their cytoskeleton, all of which play an important role in the mechanics of these cells (Ramms et al., 2013). Keratins become altered when responding to stresses, resulting in its modification and reorganization (Karantza, 2011). Keratinocytes become corneocytes, when they are completely differentiated, losing their nucleus and cytoplasmic organelles (Mi, 2009). Differentiation of keratinocytes is driven by a calcium gradient, which is established between the interior of the cell and the ECM (Proksch et al., 2008) and regulated by vitamin D3 (Bikle, 2004), cathepsin E (Kawakubo et al., 2011), TALE homeodomain transcription factors (Jackson et al., 2011), and hydrocortisone (Rheinwald and Green, 1975). Keratinocytes are affected by senescence, losing their biological function with age (Orioli and Dellambra, 2018). Keratin, actin filaments and microtubules form the cytoskeleton network of keratinocytes, providing shape and structure of cells allowing transmission of mechanical loads (Silver and Siperko, 2003). For keratinocytes migration one of the most important parameters is the substrate stiffness (Ramms et al., 2013), since it is expected that the keratinocytes must change their shape during migration through the epidermis until they reach the outmost layer and become corneocytes (Zarkoob et al., 2015). This change in shape will affect also the components existing inside the cytoplasm, namely the cytoskeleton, in which keratin fibers are crucial (Ramms et al., 2013). Ramms et al. (2013) used AFM to probe keratinocytes (in the nuclear region and in the cell body) deficient in keratins finding that they are softer than healthy ones. In addition, with magnetic tweezers, the viscous contribution to the displacement of magnetic beads increased, corroborating the results achieved by AFM. These authors also found that the softening was reversible and could depend on the re-expression of two types of Keratins (K4 and K15) only (Ramms et al., 2013). Bar et al. (2014) reported the skin fragility in mice and hampered desmosomes adhesion when there is a lack of all keratins Bar et al., 2014. AFM showed a reduction of adhesive forces and membrane stability in murine keratinocytes when lacking keratin filaments (Vielmuth et al., 2018). Adherent junctions (AJ) have functions in mechanosensing and transducing mechanical forces between the plasma membrane and the actomyosin cytoskeleton. Desmosomes and intermediate filaments promote the mechanical stability to maintain tissue architecture and integrity when they are submitted to mechanical stress. Both (AJ and desmosomes) connect the actin and keratin filament network of adjacent cells. Desmosomes are important for intercellular cohesion, where keratins determine cell mechanics but are not involved in tension generation (Hatzfeld et al., 2017). Zarkoob et al. (2015) investigated the role of substrate stiffness on keratinocyte colony formation (in vitro) during epithelial formation, due to calcium exchange during keratinocyte cell culture. Keratinocytes cultured on soft polyacrylamide substrates (E = 1.2 KPa) presented small contact areas, an increase in migration velocity and in colony formation compared to those cultured on stiff polyacrylamide gels (E = 24 KPa) (Zarkoob et al., 2015). How melanoma cells escape the keratinocyte’s control invading other tissues and form metastasis, is still unclear. In a healthy tissue, there is a homeostasis maintained by each cell. In this normal tissue, keratinocytes are the “surveyors” of melanocytes, controlling their growth and behavior through complex paracrine growth factors and cell-cell adhesion molecules. When alterations occur to this homeostatic balance, cell-cell adhesion and cell communication molecules change and induce melanoma development resulting in the damage of the epidermal melanin unit, inducing the continuous melanocyte proliferation, and eventually leading to melanoma development (Haass et al., 2005). Chung et al. (2011) suggested keratinocytes-derived ECM factors may act as regulators of melanocytes. The authors showed that laminin-332, a component of basement membrane, plays a crucial role in the adhesion and migration of melanocytes and melanoma. It is known that keratinocytes regulate the behavior of melanocytes such as proliferation, melanin synthesis and dendrite formation and the ECM also regulates different cell behaviors (Chung et al., 2011).



The Role of Fibroblasts and the ECM

Fibroblasts are produced in the bone marrow. They synthesize the components of the ECM, for instance collagen, glycosaminoglycans and elastic fibers. Fibroblasts also produce a structural network called “stroma” in animal tissues (connective tissue), playing an important role in cancer and in wound healing (Desjardins-Park et al., 2018). Kwa et al. (2019) mentioned that cancer is associated with fibroblasts and how these fibroblasts affect metastization. Fibroblasts produce high amounts of ECM molecules, cytokines and growth factors contributing to the stroma, cancer progression and metastization due to several pathways. These pathways could be a target for new cancer treatment strategies to be developed. However, it is difficult to characterize this subtype of fibroblasts and to identify specific molecules involved in this process (Kwa et al., 2019). Mechanosensing has a large impact in Cancer-Associated Fibroblasts (CAFs). Fibroblasts sense mechanical stresses and activate mechanosignaling processes, which use mechanoreceptors located in the cell membrane, the cytoskeleton and transcription factors. The ECM stiffness is determinant in the mechanosignaling, which by itself can activate the mechanosensing pathways in CAFs, leading to ECM production and stiffness increasing, supporting different CAFs differentiation (Kwa et al., 2019).

The study of mechanosignaling and fibroblasts response to the ECM stiffness was conducted using hydrogels, to mimic pathologically the ECM of tissues. Viji Babu et al. (2018) have used the AFM to study the stiffness and viscoelasticity of normal, scar and Dupuytren’s disease fibroblasts, growing on top of soft (1 KPa) and stiff (50 KPa) hydrogels. Basically, a MLCT-Bio pyramidal cantilever (nominal spring constant of 0.01 N/m, Bruker, United States) was used to indent the fibroblasts, using the z-step response methodology, in which the elasticity and viscosity was assessed (Figure 2). The authors wanted to evaluate the effect of TGF-α in the fibroblast’s elasticity. The authors concluded that Dupuytren’s fibroblasts increased their elastic moduli and became stiffer in TGF-β1 presence, whereas they did not find significant changes in the elastic moduli of scar and normal fibroblasts, before and after addition of TGF-β1. Dupuytren’s fibroblasts presented a wide number of well-organized stress fibers and bundles of stress fibers were even thicker in presence of TGF-β1 (Viji Babu et al., 2018).
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FIGURE 2. Basic components of (A) AFM and (B) force curve with (C) viscoelastic creep response measurement. (A) The basic four components of AFM (i) a laser diode, (ii) a cantilever of 0.01 N/m spring constant with 30 nm radius AFM pyramidal tip, (iii) a position-sensitive photo detector (PSPD), and (iv) xyz-piezo stage. (B) Sample indentation by the AFM tip obtains the force curve that gives the approach (red arrow) and retract (blue arrow) curve on deflection vs. Z-height graph, and apparent Young modulus was calculated by applying Hertz model to the approach curve. In creep response curve (C), the Z-height profile (i) shows the approach and retract ramp toward the cell for 3 s, and in-between, there is a z step, which is applied at t = 1.5, which is enlarged in panel (ii). (iii) The deflection data show global creep of the cell, which includes the creep after loading and unloading step, which is enlarged in panel (iv), and global creep was determined by the exponential fit (black curve) and was subtracted for qualitative analysis (reproduced with permission from John Wiley and Sons with Copyright Clearance Center’s Right, Journal of Molecular Recognition, 2018) (Viji Babu et al., 2018).


RhoA signaling is the key for the fibroblast’s reaction to ECM stiffness. RhoA is activated by a stiff matrix, causing cell contraction and actin polymerization, inducing the differentiation of fibroblasts in myofibroblasts. Therefore, CAFs need the activation of this pathway, since it is required for their contractile and invasive properties. It has been mentioned that there are several CAF subtypes, however, there is a lack of information about their plasticity, which could be important for the progression and metastization of cancer (Kwa et al., 2019). AFM could give new insights regarding the characterization of fibroblasts subtype based in their morphometric characteristics (shape factor, volume and area) and mechanical properties. As far as we know, there is not any specific study in literature, which could be useful for the development of therapies directed to a specific fibroblast subtype related with melanoma. This study could also promote new insights to develop therapeutic strategies to other cancer types.

The ECM is composed by (i) the structural proteins collagen and elastin; (ii) adhesion proteins such as fibrillin, fibronectin, vitronectin and laminin; and (iii) the proteoglycans (which have a protein core bound to glycosaminoglycans) (Makale, 2007). The ECM is responsible for cellular support. Variations in its structure and composition alter the mechanical properties of the ECM. Generally, the external forces applied to cell-matrix complexes are transmitted to the interior of the cell by integrins according to three steps (Roca-Cusachs et al., 2009): (i) integrins binding to ECM molecules; (ii) transmission of forces to the interior of the cells, through integrins, where they are transformed into biochemical signals (mechanotransduction); and (iii) integrins binding to cytoskeleton, transmitting the forces all over the cell, and reinforcing their adhesion properties to resist the force. The integrins inside of cell recruit several other molecules, which bind to the cytoskeleton and/or signaling proteins to form what is called “focal adhesion” to resist to the external force (Roca-Cusachs et al., 2009).

What are the mechanical cues sensed by cells when forces are applied from the outside? Integrin-associated complexes (IACs) in cellular membranes establish the connection between the ECM and the cytoskeleton of the cell, via actin filaments (Haase et al., 2016). Haase et al. (2016) found that physical forces stemming from the ECM have a huge impact on gene regulation; it has been hypothesized that gene expression is affected by nucleus deformation, which was observed in 3T3 fibroblasts. The actin and microtubule network generates nuclear deformation. The deformation of the nucleus will be anisotropic being observed along the shorter axis and is intrinsic to the nucleus. This behavior is due to the chromatin organization and lamin-A expression (Haase et al., 2016). The ECM uses the concept of “tensegrity,” which employs tensile forces and rigid support structures to distribute and manage the loads mediated by the cellular cytoskeleton complex. In the cytoskeleton microfilaments and microtubules, which are connected to the ECM, there are forces in between (Makale, 2007). This means that the pressure exerted on the ECM will influence the cell’s behavior in terms of differentiation, motility, adhesion, invasion, and metastasis (Makale, 2007). ECM mechanical properties are directly related with elastin fibers, collagens, glycosaminoglycans (GAGs) and proteoglycans. Elastin fibers contribute to cyclic stretching during life; collagen fibers contribute to the tissue stiffness and mechanical strength of tissues and GAGs affect ECM viscoelasticity, forming bridges between the collagen fibers and contributing to the compressive tissue stiffness. Cells sense the forces exerted by the ECM, converting these stimuli into intracellular signal pathway, which further downstream regulate transcriptional changes (Hsu et al., 2018). Several mechanosensors are identified in cells: glycocalyx, lipid raft/caveolin-1, cell adhesion structures (integrin, hemi-desmosomes and focal adhesion), ion channels (calcium-sensing receptor), transient receptor potential channels, connexins, intercellular complexes (desmosomes or cadherin) and the cytoskeleton (particularly the actin filaments) (Hsu et al., 2018). Any abnormality that causes changes in the ECM mechanical properties, cell interactions, or cellular response to mechanical stimuli will induce tensional homeostasis, contributing to several diseases like cancer and fibrosis (Hsu et al., 2018). Integrins (transmembrane proteins) are responsible for transmission of forces between ECM and the interior of the cell. Tumor cells expressed the avb3 integrin and the invasiveness of melanoma cells depends on the expression of β-3 and β-1 integrins, which are related with their aggressive properties (Petitclerc et al., 1999; Hegerfeldt et al., 2002). Therefore, one therapeutic strategy could contribute to the reduction of these integrins expression (Makale, 2007). Stiffness of tumors is important since it activates biochemical pathways regarding the cell cycle, EMT, cell motility and leads to compression in neighboring healthy cells. These healthy cells may then activate tumourogenic pathways (Broders-Bondon et al., 2018).

Cell spreading depends on substrate stiffness, which, in turn, depends on the complex adhesion type. A7 melanoma cells were seeded in polyacrylamide gels laminated with collagen type I (Coll I), fibronectin (FN) and a mixture of Coll I and FN (Winer et al., 2011). Figure 3 shows the stiffening and spreading of filamin A-expressing A7 human melanoma cells and is compared with different stiffnesses substrates coated with FN or Coll I. Stiffening but not spreading of A7 melanoma cells depends very strongly on whether integrins specific for FN or Coll I are engaged. When A7 cells are plated on gels coated with saturating amounts of either FN or Coll I, they spread to approximately the same extent (Figure 3B), but the cells on Coll I are much stiffer than those adherent to FN (Figure 3A). When both FN and Coll I are present, allowing both α1 and β3 integrins to bind, adherent area increases, but cell stiffness reaches an intermediate value between those found on FN or Coll I alone (Kandow et al., 2007).
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FIGURE 3. Melanoma stiffness (A) and spreading (B) in function of Collagen type I (Coll I) and Fibronectin (FN) presence in hydrogels. When A7 cells are plated on gels coated with saturating amounts of either FN or Coll I, they spread to approximately the same extent (B), but the cells on Coll I are much stiffer than those adherent to FN (A). When both FN and Coll I are present, allowing both α1 and β3 integrins to bind, adherent area increases, but cell stiffness reaches an intermediate value between those found on FN or Coll I alone. Each trace drawing inside the cells corresponds to 1 KPa (based on Kandow et al., 2007).




CELL MIGRATION AND PROGRESSION IN MELANOMA


Motility

Melanoma starts with the lost binding intercellular connections between melanocytes and keratinocytes (Figure 4).
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FIGURE 4. Melanocytes – keratinocytes adhesion molecules in healthy and in cancer tissues. In a healthy state the melanocyte-keratinocyte interactions are characterized by the existence of E-cadherin adherent junctions. The keratinocytes and melanocytes are connected to the ECM through the integrins. In a cancer state, the E-cadherins are lost and N-cadherins are the adherent junctions stablished between melanocytes. Melanocyte dendrites retracted and melanocytes acquired a round shape phenotype.


In the process of melanoma development, due to EMT, cells acquired a mesenchymal stem cell phenotype, contributing to cell migration (Bandarchi et al., 2010). The EMT model is very well explained by Nieto et al. (2016) and Brabletz et al. (2018), the forces involved in EMT and its relation with cancer metastasis are described by Wei et al. (2015). After losing their connections, melanocytes move due to a motility process.

Motility is the capacity of a living system to move independently, using metabolic energy to perform mechanical work and should not be confused with mobility (Allen, 1981; Figure 5). For cell migration, there is the contribution of the internal forces (which are generated by some structures present inside each cell, such as the cytoskeletal filaments) and the external forces (the shear flow of blood or lymphatic fluids contributions). The motility of cells through tissues is a process mediated by internal forces, which are related with the polarization of the cell body within the ECM. This motion depends on shape changes, cell-substrate interaction, and the generation of forces from the cells mediating through the tissue. The internal forces responsible for cell motility are composed by the following steps: (i) cytoskeletal polarization, forming extensions of actin filaments located in the leading edge; (ii) cell protrusions connect to the ECM scaffold by cell surface adhesion receptors; (iii) contraction of actomyosin motors that are connected with the ECM substrates exerting traction forces; (iv) bipolar tension, which is transmitted through the substrate, allows the retraction of the cell rear completing the movement of the cell; and (v) when cells move, they produce ECM degrading proteases and the transmigrated ECM is remodeled by proteolysis (Tao et al., 2017). Tao et al. (2017) also refers that the actin cytoskeleton exhibits viscous and elastic responses, which can be characterized by the relaxation time observed in a creep response after applying a stress. The relaxation corresponds to the time scale where the cell cytoskeleton can flow and behave in an elastic way. Cytoplasm is more than cytoskeleton: it has a lot of water content (around 70%), which also play a role in cell motion, since water flows in between the cytoplasm organelles. The external forces are related with the water flow and osmotic pressure, as well to the fluid shear stress of the blood and lymph. The water can pass through the cell membrane via aquaporin in both directions, so the cell can change its volume, either forced by external cues like the osmotic pressure difference between inside and outside of the cell or actively controlled by ion pumps (Tao et al., 2017).
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FIGURE 5. Cell motility: Stage 0 (Steady state) -Cells maintain the connections to the ECM through the integrins; Stage 1 (Protrusion of the leading edge) -internal forces induce the F-actin polymerization and the water flow enters through the cell membrane; the actin polymerization induce the formation of protrusions; Stage 2 (Adhesion of leading edge) - the cortex under tension, accumulates new actin, through the movement of unpolymerized actin to the protrusion edge, and new adhesion molecules appear in the protrusion part. Stage 3 (Movement of the cell body) - there is the contraction of the cell in the same direction of the cell movement, and the water flow exits from the cell in the opposite direction, contributing to cell motility; Stage 4 (Deadhesion of the trailing edge) - Deadhesion on the cell back edge: the integrins in the back of the cell decreases, and new adhesion molecules appeared in the front of the cell in the same direction of cell movement based on Tao et al. (2017).


Cytoskeleton rearrangement occurs through the arrangement of three proteins: Rho, Rac and Cdc42. The Rho GTPase family since they influence the appearance and structure of filopodia, stress fibers and adhesion plaques of melanoma cells (Tao et al., 2017) encourage actin retraction; Rac was treated to encourage lamellipodia extension but block actin depolymerization; Cdc42 was assumed to encourage filopodia elongation and block actin depolymerization (Tao et al., 2017). Motility is resulting from what is calling the mechanotransduction “inside-out” combining with a water flow in and out.

In human melanoma, by micropore filtration, it was found that vimentin and keratin intermediate filament expression results in a more migratory and invasive phenotype (Gao, 2014). The authors also found that damage of actin filaments and microtubules increases the deformability contributing to motility and metastization (Gao, 2014). Cell motion requires that the cytoplasm viscosity change in the cell periphery through the transformation of the gel state to a fluidic one. This mechanism also induces formation of protrusions that facilitate cell locomotion. Actin filaments are bond to the plasma membrane by a glycoprotein. In the presence of this glycoprotein cells are stable, the protrusions are well organized, occurring cell movement. If this glycoprotein is not present, as in the case of certain human melanoma, locomotion is impaired, and the plasma membrane shows blebbing (because of the cytoskeleton instability). If the presence of the glycoprotein is re-established, blebbing disappears and cell movement is recovered. This glycoprotein also increases the stiffness of normal cells, meaning that in melanoma cancer the lack of this protein increases the deformability and contributes to the efficiency of the migration process of tumor cells (Gao, 2014).

The whole cell, including the nucleus, must present a certain plasticity. Inside the nucleus, there is chromatin together with lamins in coordination with the cytoskeleton, maintaining shape and mechanical stability of the nucleus. Chromatin works like an elastic spring and is responsible for the force response to small deformations of the nucleus. Lamin A deforms easily for small extensions and gives stiffness to resist large nuclear deformations (Stephens et al., 2019). Microtubules in the cell cytoskeleton exert forces generated by dynein that can deform or even cause the rupture of the nucleus. Vimentin protects the nucleus giving it stability and perinuclear stiffness, which hinders 3D motility. Actin also stabilizes the nucleus shape together with microtubules (Stephens et al., 2019). Alterations to chromatin due to mechanical or physical properties, which could alter the nuclear shape, may be a biomarker of disease. Mechanotransduction pathways that sense and respond to ECM forces will regulate the shape of the nucleus. Physical properties of nuclear components also regulate cellular functions and could give rise to abnormal nuclear shape or other diseases (Stephens et al., 2019). In these cases, nuclear disruption may occur originating inflammation, senescence or cancer.

Wen et al. (2017) studied the morphological differences in four cell types: a human healthy melanocyte and melanoma cell types M14, A375 and MV3. Transwell migration assays were performed and filopodia, lamellipodia, stress fiber and adhesion plaque were characterized. Melanocytes did not show stress fibers or adhesion plaques. In contrast, the three melanoma cell types showed thin and short filopodia and stress fibers. The transwell test showed that melanocytes have no ability to migrate through the transmembrane, in contrast to the other three cell types (Wen et al., 2017). Rho GTPases family members are involved in several cellular activities (like stress fibers and adhesion plaques) through the signal transduction, such as cytoskeleton rearrangement, cell proliferation, cell polarization and cell chemotaxis, being reduced in melanoma cells. The overexpression of Rho can inhibit the expression of other factors like P21 (a tumor-inhibitor factor). Thus, Rho may be crucial for the inhibition of melanoma cells. Rac1 is responsible for microtubule stabilization, being increased in melanocytes (Wen et al., 2017).



Invasion

Weder et al. (2014) also demonstrated, by AFM studies, that the transformation of Radial Growth Phase (RGP) to Vertical Growth Phase (VGP) contribute to the melanoma progression. The transformation of RGP to VGP cells is associated with decrease of cell stiffness, which promotes the cell deformation and invasion into the surrounding stroma and the intravasation (Weder et al., 2014). Invasion is the capacity of cell penetration into neighboring tissues. This concept also includes the extravasation, however, this concept will be described in the section “Metastization.” The invasion of melanoma cells occurs through the blood or the lymphatic system. Primary melanoma will grow and spread horizontally on the top of skin layer (epidermis). When the melanoma cells go deeply into the dermis (vertical growth) they can reach the lymph nodes or blood vessels (intravasation). Some cells may get detached from the primary tumor and spread along the vessels, forming metastases, which eventually spread to regional lymph nodes (the cervical, the axillary and the inguinal basin). If the melanoma cells will be confined to these sentinel nodes, they can be removed by surgery. In the lymphatic vessels, there are the lymphocytes B and T and the Natural Killer cells. Melanoma cells must have a certain plasticity to cross not only the lymph vessels (endothelium tissue) but also the smooth muscle that is in the external part of the lymphatic vessels (this smooth muscle tissue avoids that the lymphatic fluid goes in the opposite direction as well as the valves that are inside of these vessels). The vessels are porous, allowing the entrance of other cells such as cancer cells (At Melanoma Foundation, 2014). The Circulating Tumor Cells (CTCs) are a subject that is transversal to several cancer types. Studying this cell type could be beneficial for developing new therapeutic strategies against metastization (Wang et al., 2018). CTCs traveling across the blood need to be strong enough to withstand the blood shear stress (Huang et al., 2018). Figure 6 illustrates different steps of melanoma progression, from invasion until the metastization process.
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FIGURE 6. Illustration of a malignant melanocyte invasion to a new organ. (A) Tumor microenvironment - the tumor tissue becomes stiffer comparing with the surrounding tissue microenvironment; the generation forces (solid stress) by the tumor components contribute to displacement of the surrounding normal tissue. The EMT process contributes to cell movement. The malignant melanocyte, due to internal forces, is detached from the primary tumor through the ECM, passing through the endothelial cell of the blood or lymph vessel (intravasation). The tumor environment is stiffer than the healthy cells, being not so deformable, when compared with the tissue around. (B) Liquid stress is related to the forces exerted by the blood, lymphatic and interstitial vessels. The tumor compresses the vessels, which are squeezing; the O2, comes outside the vessels and the tumor is deprived of oxygenation, must develop conditions to grow in hypoxia. The compression of lymphatic vessels avoids the drainage of excessive interstitial liquids, resulting in accumulation of fluids in the interstitial space and formation of edema.


The mechanical forces exerted by the tumor components are named “solid stress.” These forces drive the tumor tissue and deforms the surrounding normal tissue. The normal tissue, in turn, resists tumor expansion. Solid stress affects tumor pathophysiology in two manners: directly by compressing cancer and stromal cells and indirectly by deforming blood and lymphatic vessels. Cell compression induces alterations in gene expression, cancer cell proliferation, apoptosis and invasiveness, stromal cell function, and the organization of extracellular matrix and its synthesis. Blood and lymphatic vessel compression reduces the delivery of oxygen, nutrients and drugs, creating a hypoxic and acidic microenvironment, compromising therapeutic outcomes (Padera et al., 2004; Stylianopoulos and Jain, 2013; Jain et al., 2014). The forces exerted by the fluid components in the tumor are called “fluid stress.” These forces include the microvascular and interstitial fluid pressures (MVP and IFP, respectively), as well as the shear stress exerted by blood and lymphatic flow on the vessel wall and by interstitial flow on cancer and stromal cells as well as extracellular matrix (Koumoutsakos et al., 2013). Fluid stresses are a combination of the effect of structure of tumor vessels and blood and lymphatic vessels compression. The compression of blood vessels reduces the cross section of vessel, increasing the resistance to the blood flow, which can affect the MVP, shear stress and perfusion (Jain, 1988). The compression of lymphatic vessels avoid the drainage of excessive interstitial liquids, resulting in accumulation of fluids in the interstitial space and formation edema (Jain and Baxter, 1988; Baxter and Jain, 1989). The hyper-permeability of the tumor vessels, formed during the process of angiogenesis, usually lead to increased fluid flux from the vascular to the interstitial space. This fluid leakage reduces tumor perfusion and, along with the loss of functional lymphatics through physical compression, elevates IFP. The elevated IFP reduces perfusion, because the upstream microvascular pressure is communicated to the extravascular space and then to downstream vessels, minimizing the pressure drop between upstream and downstream segments of vessels leading to reduced flow. The elevated IFP and MVC will contribute to a barrier to drug delivery therapies (Jain et al., 2014).

In the eyes of mechanotransduction, fluid shear stress activates YAP1 protein (yes-associated protein 1) which starts a step cascade that promotes cancer cell motility, since it is a potent oncogene present in several cancer types (Huang et al., 2005). Lee et al. (2017) showed that mechanical forces exerted by the fluid flow regulate cell behavior, being crucial for the metastasis process (Lee et al., 2017). Chivukula et al. (2015) also demonstrated that cancer prostate cells may be able to adapt to the fluid shear stress (FSS) (Chivukula et al., 2015). Micropipette aspiration was used to measure the Young’s modulus of prostate epithelial and prostate cancer cells. The Young’s modulus was determined before and after the exposition (low and high) to FSS. Normal prostate cells were 140% stiffer than cancer cells not exposed to FSS. After exposing cancer cells to low and high FSS, the authors obtained only 47 and 77% of the initial stiffness, respectively. The Young’s modulus of normal cells did not change significantly when in contact with FSS. Blood vessels are very diverse in terms of size, porosity, structure, cellular components, mechanical properties, depending on their location in the body and the specific function of the local environment. Endothelial cells can sense the strength of shear flow stresses and respond to it with the production of nitric oxide and prostacyclin to relax vascular smooth muscle cells, increasing the diameter of the vessel and thus decreasing the flow shear stress (Huang et al., 2018). When melanoma cells move through the blood or lymph, they are subjected to shear forces caused by liquid flow. How melanoma cells react to the shear stress of the circulating fluid? For blood fluid characterization, the following parameters must be taken into account: the pressure, the fluid shear stress, the viscosity, the blood vessels stiffness and the circulating blood cells. All maintain the mechanical equilibrium in a healthy state. If this equilibrium is lost, it will contribute to the appearance of hematological or vascular diseases (Qiu et al., 2019). Several techniques can be used to measure the mechanical properties of blood fluid, blood cells, and tissues in contact with blood and adherent cells to blood vessels. AFM (Kasas and Dietler, 2013), optical tweezers (Tan et al., 2012) and Micropipette aspiration (Daza et al., 2019) are used to measure the mechanical properties of cells. AFM is used to measure the mechanical properties of tissues (Lekka et al., 2012); the micro-viscometer is used to measure the viscosity of blood (Kim et al., 2017) and traction force microscopy is suitable to measure focal adhesion forces exerted by adherent cells to the ECM or other substrates (Checa et al., 2015). A detailed description of these techniques is beyond the scope of this manuscript.

Marsavela et al. (2018) mentioned the importance of the Melanoma Circulating Tumor Cells (MelCTCs) as a benefit and challenge for clinical applications. The MelCTCs cells are clones of primary and/or circulating metastatic cells in blood. MelCTCs can pass through the blood flow using a passive intravasation, which requires low energy. The melanoma cell detached from the tumor due to the increased blood flow and or the existing low levels of CDH1 (tumor suppressor gene). Activated intravasation occurs when some melanoma metastatic proteins (NEDD9 and DOC-3) are expressed by the cell, inducing the Rac18 activation, causing changes in actin assembly in the cell causing the migration into vessels. The intravasation by active process means better metastatic ability, since the melanoma cell survives in the blood stream (Mumford and Robertson, 2014).

In spite the MelCTCs being in low concentration in the periphery of blood system, to collect these cells is an advantage, mainly when the biopsy of the tumor is difficult to perform due to its localization. EpCAM, are found in cancers such as breast and prostate cancers but, are not present in melanoma cells, once the breast and prostate cancer cells are original from epithelia tissue and the melanocytes are derived from neural crest. Other limitation is that MelCTCs are a very heterogeneous population (Marsavela et al., 2018). There are several isolation techniques for MelCTCs, from the use of simple surface markers until new methodologies based in the physical characterization of MelCTCs. MelCTCs have a size range between 13 and 21 μm, what confirm the molecular and phenotype heterogeneity (Aya-Bonilla et al., 2017). More studies are needed to be performed in the MelCTCs to know more regarding its phenotype and know their behavior when subjected to some drug treatment. The authors hypothesized that AFM could have a significant contribution in this field regarding the study of morphometric parameters when the MelCTCs are subjected to specific drugs. Force spectroscopy molecular recognition studies could be helpful to improve the knowledge about the receptors of MelCTCs through the utilization of polyclonal antibodies in order to find receptors expressed in these cells. These results could lead to the development of markers and detection strategies helping in the isolation of these cells. The new findings could be promising to find new drugs in immunotherapy fields.



Adhesion

Melanoma cell adhesion molecule (MCAM) is a cell-surface adhesion molecule expressed by melanocytes in over 70% of metastatic melanoma cells, not being expressed in normal melanocytes in vivo (Yoshioka et al., 2003). Endothelin-1 (ET-1) contributes to the up-regulation of MCAM that will contribute for the melanoma progression (Mangahas et al., 2004). Chen et al. (2019) mentioned that the MCAM is a driving force for the dissemination of melanoma cells through specific binding in original skin lesions (Chen et al., 2019). There are antigens shared between melanoma and vascular endothelial cells. The intravasation of the melanoma cells is based in melanoma adhesion molecules and the interaction with surface molecules on endothelial cells. L1-CAM from melanoma cells bind to integrin avb3 inducing intravasation. N-cadherin also bind to endothelial cell (Braeuer et al., 2013). Klemke et al. (2007) demonstrated that the interaction between α4β1 and the adhesion molecule VCAM-1 enhances the migration of human melanoma cells across activated endothelial cells. The transmigration through the endothelium of high metastatic human melanoma cell lines also occurred through the unstimulated VCAM-1 negative endothelial cells. The authors of this work used human melanoma cells that were devoid of β2 integrins, therefore did not bind to ICAM-1. The transmigration through the endothelial cells is mediated via interactions of other adhesion molecules than VCAM-1 or ICAM-1 (Klemke et al., 2007). Rebhun et al. (2010) also studied the importance of the integrin 4α binding existing in B16-F1 melanoma cells in the adhesion to the lymphatic vasculature, in vitro and how this mechanism impact the lymphatic metastization of melanoma cells in vivo, in mice. Lymphatic vessels express the VCAM-1 molecules in endothelial cells. The B16-F1 metastized in 30% in lymph nodes, while the B164α + metastized 80% in the lymph nodes; B164α- (deficient in 4α) was non-tumourigenic. This study demonstrated that 4α expressed in melanoma cells contributes to the metastization of the lymph nodes, due to a stable connection established between the melanoma cell and the lymphatic vasculature (Rebhun et al., 2010). Therapeutic strategies must be developed, avoiding these specific binding molecules. Using drugs that provide the capacity to compete and bind first to 4α, avoiding the VCAM-1 contact or a drug that works through the weakness forces stablishing between these binding complexes. Immunotherapy development could be based in this approach.

Kolasińska et al. (2019) also mentioned that sialic acid (SA) monosaccharides are commonly found at the outermost end of the sugar chains of various glycoconjugates. SA external position on cell surface molecules strongly influence cell behavior because SA may interact with other cell surface molecules and ECM proteins. SA has been reported to have an important role in the progression of melanoma cells. The ECM integrins also play an important role in melanoma cell adhesion to fibronectin (FN) as well as melanoma cell migration rate on FN. The main receptor of FN (α5β1) can be modified by the α2-3 and α2-6 linked SA residues and its expression level on melanoma cells was positively associated with the progression of melanoma (Kolasińska et al., 2019). The authors suggest that AFM molecular recognition force spectroscopy could be used to assess the unbinding forces between SA and α2-3 and α2-6 integrins. These findings could contribute to the development of new therapies that could avoid the bindings between the SA and the integrins.



Metastization

The main target organs for melanoma metastases are the lungs, the liver and the brain (Ju et al., 2018). Metastization occurs after a cell/group of cells detached from the primary tumor, passed through the basal membrane, migrated through the ECM, entered the circulation system (blood and lymph nodes), adhered to epithelial cells, leaving again the circulatory system and entering finally to another organ(s), where the secondary tumor(s) establishes (Hofschroer et al., 2017). Contributing factors and associated physical phenomena can be observed and quantified during metastization. Like in other cancers (Kim et al., 2016), melanocyte(s) detached from the primary tumor must have high “strength” that make them different from those that stayed in the primary tumor. These characteristics are related with the nuclear size, architecture and cytoskeleton network. The physical processes associated are related to cell deformability, contractility, migration, traction forces and invasion. As previously referred, the malignant cells need to cross the basement membrane that is associated with structure integrity, being stiff and leakiness. Blood or lymph vessels contribute to the cell mobility because of their structure integrity, leakiness and osmolality changes. Associated physical processes like fluid shear stress, friction, and adhesion and cell deformation contribute to mobility of malignant melanocytes through the flow due to its nuclear architecture, nuclear size, cytoskeleton network and surface molecules. The ECM also contributes to the cell migration to a new organ(s) through the pore size and substrate properties. The physical phenomena associated are: matrix stiffness, adhesion and traction stresses and invasion (Kim et al., 2016). Melanoma cell invasion is facilitated by the relation between the melanoma, ECM and stroma, in which the mechanical ECM has an important role (Tanner, 2018). The tumor-stroma tissue involves extracellular matrices, fibroblasts, adipocytes, pericytes, endothelial, immune, and inflammatory cells, such as macrophages and neutrophils (Pietras and Ostman, 2010). Transformed CAFs have shown to facilitate tumor invasion through the integrin αVβ3-dependent fibronectin secretion, which promote the mechanical changes in the ECM through the contraction of collagen fibers (Gao et al., 2013; Kim et al., 2016). Ju et al. (2018) described the dynamic of 3D migration in metastatic melanoma. This process involves the mesenchymal and amoeboid migration (Figure 7). Mesenchymal process is based in a front-rear 3D polarity to generate a predominant pseudopodium, showing the spindle like shape and depending on the ECM degradation by the MMPs and integrin-dependent cell-matrix attachment protein complexes known as focal adhesions (FAs). These FAs work like exocytic structures for MMPs, mediated by the cortical microtubule stabilization complexes containing microtubule associated proteins. The amoeboid migration is based from blebbing, chimneying, to actin gliding modes. This last migration process requires little to no integrin activity and or MMP-mediated matrix degradation. Transformed cancer-associated fibroblasts (CAFs) are known to facilitate ECM changes through deposition of fibronectin that crosslinks collagen I fibers. CAFs - dependent contractility further in reorganization of ECM influencing melanoma migration and survival mechanosensory proteins (Ju et al., 2018).
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FIGURE 7. Mesenchymal and amoeboidal 3D migration dynamic modes in metastatic melanoma. Mesenchymal migration depends on RAC signaling to establish front-rear 3D polarity. This polarity generates a predominant pseudopodia, producing the characteristic spindle like morphology. Mesenchymal migration depends on MMP-dependent ECM degradation and integrin-dependent cell-matrix attachment protein complexes known as focal adhesions (FAs). Most probably, FAs are related as being important for exocytic trafficking of MMPs. In contrast, amoeboid migration assumes different migration modes from blebbing, chimneying to actin gliding modes. Amoeboidal migration requires little to no integrin activity and or MMP-mediated matrix degradation. CAFs facilitate ECM changes through deposition of fibronectin that crosslinks collagen I fibers. CAF-dependent contractility further in reorganization of ECM influencing melanoma migration and survival mechanosensory proteins (based in Ju et al., 2018).


According to Huang et al. (2018), the fluid shear stress (FSS) is important for migration and metastization. The shear stress flow is a variable in tumor metastasis-related fluid microenvironment. Blood shear stress levels (1–3000 dyn/cm2) is higher than interstitial flow (0.1 dyn/cm2) and lymph flow (0.64 dyn/cm2). In blood, only 0.02% of CTCs survive. In lymphatic fluid, the FSS generated at sentinel lymph nodes can significantly upregulate ICAM-1 in lymphoid endothelial cells, facilitating lymph node metastasis. Low FSS facilitate cell melanoma adhesion facilitating the extravasation and metastization (Huang et al., 2018). The MelCTCs are promising cancer biomarkers but isolation from the blood is very challenging because of their huge heterogeneity, which makes difficult their biological and clinical study (Aya-Bonilla et al., 2017). In melanoma, the metastization occurs in several organs being the lung, brain (Tawbi et al., 2018) and liver, the most affected ones (Damsky et al., 2010). “Why is melanoma so metastatic?” asked Braeuer et al. (2013). Melanoma cells are very efficient in invading the host immune system sharing several molecules with the vascular system, having a potentiality for angiogenesis, mesenchymal nature more than other tumors (Braeuer et al., 2013).

The extravasation process, in melanoma, can be classified as paracellular and transcellular. The paracellular type is based on cell adhesion molecules (like CD44 and others). In transcellular extravasation, cancer cells can exit the circulatory system and penetrate through endothelial cells, not between endothelial cells (Lee et al., 2019). Regarding the metastization to the brain, Central Nervous System (CNS) has no lymphatic system, being the blood stream and the Blood-Brain Barrier (BBB) the pathway to melanoma reach the brain. Fazakas et al. (2011) investigated this process in vitro using cerebral endothelial cells (CECs), the A2058 metastatic lymph node and B16/F10 melanoma cell lines, respectively. Melanoma cells adhere to confluent brain endothelial cells. Melanoma cells migrate through the endothelial monolayer, continuing its movement beneath the endothelial cell layer. Melanoma cells, in contact with the brain endothelial cells, disrupted the TJ and AJ of CECs and used partially the paracellular transmigration pathway. During the experiment, melanoma cells produce and release large amount of secreted factors, which, if inhibited, decrease 44 to 55% of melanoma cell migration through the CECs. Figure 8 presents a possible explanation for paracellular migration of melanoma cells through the endothelial monolayer (Fazakas et al., 2011). In terms of forces involved in this process refer that this process in not totally understood and to our knowledge there is no literature related to this mechanism that could help to understand how the cells behave. In terms of biophysics, more work should be performed to understand the role of the forces and contractibility in the hypothesis proposed.


[image: image]

FIGURE 8. Paracellular migration mechanism used by melanoma cells in metastization of brain tissue, through the cerebral endothelial cells. (Step 1) Melanoma cells settled on the endothelial cell junctions; (Step 2) Factors secreted by melanoma cells are directed to the paracellular junctions. The secreted factors will affect the adherent junctions permeability and the protrusion of melanoma cell extends through the endothelial paracellular junctions; (Step 3) Melanoma cell extension and the secreted factors disrupt endothelial paracellular and basolateral junctions [Based in Anchan et al. (2019), Herman et al. (2019)].


Melanoma cells may attach in clusters to the brain endothelial monolayer, through N-cadherin mediated junctions (Herman et al., 2019).

Some studies about melanoma transmigration were performed using human lung microvascular endothelial cells, in which was found that melanoma cells used the transcellular migration pathway (Qi et al., 2005). To our knowledge there are no studies regarding the migration (paracellular or transcellular), in liver metastization. It seems, based on literature, that both pathways can be used, being different if the metastasis achieve the brain or the lungs. In terms of driven forces in both processes, also to the best of the authors knowledge, there is no literature related to biophysical processes; more investigation should be performed in this field. Huang et al. (2018) referred that CD44 ligand-receptor interactions is also involved in cell migration and tumor cell metastization. High levels of CD44 expression will be expressed in a poor diagnosis for melanoma patients when treated with decarbazine (DTIC).

AFM force spectroscopy was used to map CD44-coupled surface receptors of melanoma cells. The effect of DTIC treatment was assessed by the dynamic binding strength and ligand free energy landscape. The unbinding force between CD44 ligand and its receptor, even when the CD44 nanodomains were reduced significantly, were not affected by the DTIC. Meanwhile, DTIC did affect the kinetic and thermodynamic interactions of the CD44 ligand–receptor, presenting greater dissociation rate, lower affinity, lower binding free energy, and a narrower energy valley for the free-energy landscape. The results demonstrated DTIC affects, but not completely inhibits, the binding of CD44 ligand to membrane receptors, suggesting the reason for the poor prognosis associated with DTIC treatment of melanoma. Therefore, AFM gives thermodynamic and kinetic insights into the effect of DTIC on the CD44 ligand-binding process (Hj et al., 2017). Bobrowska et al. (2019) also demonstrated that vertical growth phase melanoma cells showed surface biochemical and biomechanical changes in parallel, which could be used as a fingerprint of melanoma progression (Bobrowska et al., 2019).

Nikolovska et al. (2017) mentioned that when uronyl-2-O sulfotransferase (Ust) is knocked down in human melanoma cells, the amount of Ust protein is reduced, as well as adhesion and migration of melanoma cells (Nikolovska et al., 2017). Adhesion, spreading and migration of some melanoma cells depend on the presence of collagen. Type IV collagen has a complex molecular basis which is partially dependent on RGD-related sequences (Chelberg et al., 1989). Some integrins are also linked to the human melanoma progression such as the αvβ3 integrin. The highly metastatic K1735M2 murine cells expressed αvβ3 integrin, while the poorly murine metastatic K1735C23 cells did not present the αvβ3 integrin (Li et al., 2001).

Sarna et al. (2014) also found that cell melanoma pigmentation interfere in cell transmigration in vitro. The transmigration efficiency decreased with the increase of the apparent Young’s modulus, being proportional to the number of melanin granules present in the melanosomes inside the cell (Sarna et al., 2014).

Targeting MelCTCs in personalized therapy using markers found in cells isolated from patients’ blood stream, appears to be a promising way of preventing metastasis. The identification of MelCTCs in patient blood samples during the first year after surgical tumor removal, has an 83% correlation with the recurrence of disease after 8 months MelCTCs detection. The detection of MelCTCs in blood samples in the early stages (0-I) of melanoma development is indicative of patients with a high risk of developing metastasis (Mocellin et al., 2006). The endothelium has a potential molecular target that can be used in order to block its interactions with melanoma cell molecules; this way invasion could be prevented. Targeting MelCTCs for personalized therapy using markers found in cells isolated from patients’ blood can be a promising way of metastasis prevention (Mocellin et al., 2006).



MELANOMA: FUTURE PERSPECTIVES

Several biophysical mechanisms, which are responsible for cell motility, invasion, adhesion, metastization, and progression in melanoma, were described in this review. It was shown that keratinocytes are an important factor in melanocyte’s control. If this control is hampered, it will lead to retraction of melanocyte’s dendrites and promotion of the movement of melanocytes through the basement membrane. Other consequences of dendrite retraction are a hindered transfer of melanosomes and melanin, not being performed by the keratinocytes anymore. Melanoma cells are characterized by the disruption of cell-cell adhesion molecules between melanocytes and keratinocytes. The internal forces generated by keratin filaments drive melanoma cell motility, like in other cancer cells. For cell motility, progression and migration, shear stress forces influence the circulation of the cancer cells contributing to the metastization in other organs. In terms of therapeutic strategies, we must invest in the development of therapies targeting disruptions between keratinocytes-keratinocytes and/or between melanocytes-keratinocytes, and the retraction of melanocyte’s dendrites. Force spectroscopy studies of adhesion molecules in adherent cells will contribute to define therapeutic strategies based on the quantification of binding forces, the energy landscape and dissociation constants of those adhesion molecules. Hampering these adhesion processes is intensively linked with the relation established by the ECM, cytoskeleton and cell nucleus. The forces produced by the tumor mass causes an increased pressure on healthy cells, which will activate several signaling pathways (mechanosensing vs. mechanotransduction), and thus transmitting these forces through the ECM, the cytoskeleton and the nucleus, causing several abnormalities in these structures, which will eventually lead to melanoma cancer progression. Keratins can be used as diagnostic biomarkers.

It was also highlighted that melanoma has a great potential of progression and metastization, and a special note was given to cancer-derived fibroblasts, since the identification of specific molecules is difficult, due to the existence of several fibroblast subpopulations. It is very important to identify the molecules participating in these pathways and quantify the forces involved, in order to understand how metastasis are formed and maintained. This also leads to the resistance of cancer to conventional treatments like radiotherapy and chemotherapy, once the specific genes expressed in this cancer, are highly mutated. These two conventional treatments affect not only tumor cells but also healthy cells. They showed fast results but harmful side effects for healthy cells. Although immunotherapy is not directed to the tumor cells themselves, reinforces the immunological system based in antibodies, vaccines and adoptive therapies. This treatment can be personalized and combined with the chemotherapy (biochemotherapy), depending on the stage of disease and the mutations on specific genes. Researchers are trying to develop biological treatments to target specific oncogenes in cancerous cells. Occasionally, some patients do not respond to immunotherapy due to the instability of cancer cells. A possible way to overcome this problem is to target some stable and not mutated cells existing on the stroma like fibroblasts, endothelial cells, immune cells and activated fibroblasts. Another strategy could be derived from a detailed knowledge of the different subtypes of fibroblasts in order to target specific molecules. The development of transfection molecules, which could reach the cell nucleus, avoiding the expression of genes, causing mutations or changes in lamins, could be another strategy. Gene therapy approaches, that inhibit the BRAF gene, could also be a possible option. As shown in this review the investigation of melanoma using different approaches and techniques, bringing together biologists, physicists, biochemists and medical specialists, is very important to deepen our knowledge and to develop novel drugs and treatments for melanoma cancer.



AUTHOR CONTRIBUTIONS

MMB conceived, designed, and wrote the manuscript. MR revised the manuscript, making substantial, direct and intellectual contribution to the work, and approved it for publication. SRS helped MMB to define the subject, gave intellectual contributions, revised the manuscript and approved it for publication. PLG approved the manuscript for publication.



ACKNOWLEDGMENTS

The authors acknowledge to Ana Silva (ana@anasilvaillustrations.com) for expert assistance with graphical design, and to Portuguese funds – FCT UID/BIM/04293/2019.


REFERENCES

Ahmed, F., and Haass, N. K. (2018). Microenvironment-driven dynamic heterogeneity and phenotypic plasticity as a mechanism of melanoma therapy resistance. Front. Oncol. 8:173. doi: 10.3389/fonc.2018.00173

Allen, R. D. (1981). Motility. J. Cell Biol. 91, 148s–155s. doi: 10.1083/jcb.91.3.148s

Anchan, A., Kalogirou-Baldwin, P., Johnson, R., Kho, D. T., Joseph, W., Hucklesby, J., et al. (2019). Real-time measurement of melanoma cell-mediated human brain endothelial barrier disruption using electric cell-substrate impedance sensing technology. Biosensors 9:56. doi: 10.3390/bios9020056

At Melanoma Foundation (2014). Understanding Melanoma. https://www.aimatmelanoma.org/about-melanoma/melanoma-develops/cells-tumors/ (accessed July 14, 2019).

Aya-Bonilla, C. A., Marsavela, G., Freeman, J. B., Lomma, C., Frank, M. H., Khattak, M. A., et al. (2017). Isolation and detection of circulating tumour cells from metastatic melanoma patients using a slanted spiral microfluidic device. Oncotarget. 8, 67355–67368. doi: 10.18632/oncotarget.18641

Bandarchi, B., Jabbari, C. A., Vedadi, A., and Navab, R. (2013). Molecular biology of normal melanocytes and melanoma cells. J. Clin. Pathol. 66, 644–648. doi: 10.1136/jclinpath-2013-201471

Bandarchi, B., Ma, L., Navab, R., Seth, A., and Rasty, G. (2010). From melanocyte to metastatic malignant melanoma. Dermatol. Res. Pract. 2010:583748. doi: 10.1155/2010/583748

Bar, J., Kumar, V., Roth, W., Schwarz, N., Richter, M., Leube, R. E., et al. (2014). Skin fragility and impaired desmosomal adhesion in mice lacking all keratins. J. Investig., Dermatol. 134, 1012–1022. doi: 10.1038/jid.2013.416

Baxter, L. T., and Jain, R. K. (1989). Transport of fluid and macromolecules in tumors. I. Role of interstitial pressure and convection. Microvasc. Res. 37, 77–104. doi: 10.1016/0026-2862(89)90074-5

Bennet, D., Viswanath, B., Kim, S., and An, J. H. (2017). An ultra-sensitive biophysical risk assessment of light effect on skin cells. Oncotarget 8, 47861–47875. doi: 10.18632/oncotarget.18136

Bikle, D. D. (2004). Vitamin D regulated keratinocyte differentiation. J. Cell. Biochem. 92, 436–444. doi: 10.1002/jcb.20095

Bobrowska, J., Awsiuk, K., Pabijan, J., Bobrowski, P., Lekki, J., Sowa, K. M., et al. (2019). Biophysical and biochemical characteristics as complementary indicators of melanoma progression. Anal. Chem. 91, 9885–9892. doi: 10.1021/acs.analchem.9b01542

Brabletz, T., Kalluri, R., Nieto, M. A., and Weinberg, R. A. (2018). EMT in cancer. Nat. Rev. Cancer. 18, 128–134. doi: 10.1038/nrc.2017.118

Bradford, P. T. (2009). Skin cancer in skin of color. Dermatol. Nurs. 21, 170–178.

Braeuer, R. R., Watson, I. R., Wu, C. J., Mobley, A. K., Kamiya, T., Shoshan, E., et al. (2013). Why is melanoma so metastatic? Pigment Cell Melanoma Res. 27, 19–36. doi: 10.1111/pcmr.12172

Broders-Bondon, F., Nguyen Ho-Bouldoires, T. H., Fernandez-Sanchez, M. E., and Farge, E. (2018). Mechanotransduction in tumor progression: the dark side of the force. J. Cell Biol. 217, 1571–1587. doi: 10.1083/jcb.201701039

Cancer Research Institute. (2019). What is immunotherapy? Avaliable at: https://www.cancerresearch.org/immunotherapy/what-is-immunotherapy (accessed July 14, 2019).

Checa, S., Rausch, M. K., Petersen, A., Kuhl, E., and Duda, G. N. (2015). The emergence of extracellular matrix mechanics and cell traction forces as important regulators of cellular self-organization. Biomech. Model. Mechanobiol. 14, 1–13. doi: 10.1007/s10237-014-0581-9

Chelberg, M. K., Tsilibary, E. C., Hauser, A. R., and Mccarthy, J. B. (1989). Type IV collagen-mediated melanoma cell adhesion and migration: involvement of multiple, distinct domains of the collagen molecule. Cancer Res. 49, 4796.

Chen, Y., Sumardika, I. W., Tomonobu, N., Winarsa Ruma, I. M., Kinoshita, R., Kondo, E., et al. (2019). Melanoma cell adhesion molecule is the driving force behind the dissemination of melanoma upon S100A8/A9 binding in the original skin lesion. Cancer Lett. 452, 178–190. doi: 10.1016/j.canlet.2019.03.023

Chivukula, V. K., Krog, B. L., Nauseef, J. T., Henry, M. D., and Vigmostad, S. C. (2015). Alterations in cancer cell mechanical properties after fluid shear stress exposure: a micropipette aspiration study. Cell Health Cytoskelet. 7, 25–35. doi: 10.2147/chc.S71852

Choi, H., Kim, M., Ahn, S. I., Cho, E. G., Lee, T. R., and Shin, J. H. (2014). Regulation of pigmentation by substrate elasticity in normal human melanocytes and melanotic MNT1 human melanoma cells. Exp. Dermatol. 23, 172–177. doi: 10.1111/exd.12343

Chung, H., Suh, E.-K., Han, I.-O., and Oh, E.-S. (2011). Keratinocyte-derived laminin-332 promotes adhesion and migration in melanocytes and melanoma. J. Biol. Chemi. 286, 13438–13447. doi: 10.1074/jbc.M110.166751

Damsky, W. E., Rosenbaum, L. E., and Bosenberg, M. (2010). Decoding melanoma metastasis. Cancers 3, 126–163. doi: 10.3390/cancers3010126

Daza, R., González-Bermúdez, B., Cruces, J., De La Fuente, M., Plaza, G. R., Arroyo-Hernández, M., et al. (2019). Comparison of cell mechanical measurements provided by atomic force microscopy (AFM) and micropipette aspiration (MPA). J. Mech. Behav. Biomed. Mater. 95, 103–115. doi: 10.1016/j.jmbbm.2019.03.031

Desjardins-Park, H. E., Foster, D. S., and Longaker, M. T. (2018). Fibroblasts and wound healing: an update. Regen. Med. 13, 491–495. doi: 10.2217/rme-2018-0073

Dissanayake, S. K., Wade, M., Johnson, C. E., O’connell, M. P., Leotlela, P. D., French, A. D., et al. (2007). The Wnt5A/protein kinase C pathway mediates motility in melanoma cells via the inhibition of metastasis suppressors and initiation of an epithelial to mesenchymal transition. J., Biol. Chemi. 282, 17259–17271. doi: 10.1074/jbc.M700075200

Faries, M. B. (2016). intralesional immunotherapy for metastatic melanoma: the oldest and newest treatment in oncology. Crit. Rev. Oncog. 21, 65–73. doi: 10.1615/CritRevOncog.2016017124

Fazakas, C., Wilhelm, I., Nagyoszi, P., Farkas, A. E., Haskó, J., Molnár, J., et al. (2011). Transmigration of melanoma cells through the blood-brain barrier: role of endothelial tight junctions and melanoma-released serine proteases. PloS One 6:e20758. doi: 10.1371/journal.pone.0020758

Feuerer, L., Lamm, S., Henz, I., Kappelmann-Fenzl, M., Haferkamp, S., Meierjohann, S., et al. (2019). Role of melanoma inhibitory activity in melanocyte senescence. Pigment Cell Melanoma Res. 32, 777–791. doi: 10.1111/pcmr.12801

Franklin, C., Livingstone, E., Roesch, A., Schilling, B., and Schadendorf, D. (2017). Immunotherapy in melanoma: Recent advances and future directions. Eur. J. Surgical Oncol. 43, 604–611. doi: 10.1016/j.ejso.2016.07.145

Gao, H. (2014). Probing mechanical principles of cell-nanomaterial interactions. J. Mech. Phys. Solids 62, 312–339. doi: 10.1016/j.jmps.2013.08.018

Gao, J., Aksoy, B. A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S. O., et al. (2013). Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 6:l1. doi: 10.1126/scisignal.2004088

Gorodetsky, R., Sheskin, J., and Weinreb, A. (1986). Iron, copper, and zinc concentrations in normal skin and in various nonmalignant and malignant lesions. Int. J. Dermatol. 25, 440–445. doi: 10.1111/j.1365-4362.1986.tb03449.x

Haase, K., Macadangdang, J. K., Edrington, C. H., Cuerrier, C. M., Hadjiantoniou, S., Harden, J. L., et al. (2016). Extracellular forces cause the nucleus to deform in a highly controlled anisotropic manner. Sci. Rep. 6:21300. doi: 10.1038/srep21300

Haass, N. K., Smalley, K. S., Li, L., and Herlyn, M. (2005). Adhesion, migration and communication in melanocytes and melanoma. Pigment Cell Res. 18, 150–159. doi: 10.1111/j.1600-0749.2005.00235.x

Hall, C. J., Boyle, R. H., Sun, X., Wicker, S. M., Misa, J. P., Krissansen, G. W., et al. (2014). Epidermal cells help coordinate leukocyte migration during inflammation through fatty acid-fuelled matrix metalloproteinase production. Nat. Commun. 5:3880. doi: 10.1038/ncomms4880

Hatzfeld, M., Keil, R., and Magin, T. M. (2017). Desmosomes and intermediate filaments: their consequences for tissue mechanics. Cold Spring Harbor Perspect. Biol. 9:a029157. doi: 10.1101/cshperspect.a029157

Hegerfeldt, Y., Tusch, M., Brocker, E. B., and Friedl, P. (2002). Collective cell movement in primary melanoma explants: plasticity of cell-cell interaction, beta1-integrin function, and migration strategies. Cancer Res. 62, 2125–2130.

Herman, H., Fazakas, C., Haskó, J., Molnár, K., Mészáros, Á, Nyúl-Tóth, Á, et al. (2019). Paracellular and transcellular migration of metastatic cells through the cerebral endothelium. J. Cell. Mol. Med. 23, 2619–2631. doi: 10.1111/jcmm.14156

Herzberg, B., and Fisher, D. E. (2016). Metastatic melanoma and immunotherapy. Clin. Immunol. 172, 105–110. doi: 10.1016/j.clim.2016.07.006

Hirobe, T. (2014). Keratinocytes regulate the function of melanocytes. Dermatol. Sinica 32, 200–204. doi: 10.1016/j.dsi.2014.05.002

Hj, X., Zhang, Ht, Su, K., Yang, J., Wang, H., et al. (2017). Effect of dacarbazine on CD44 in live melanoma cells as measured by atomic force microscopy-based nanoscopy. Int. J. Nanomedicine 12, 8867–8886. doi: 10.2147/ijn.s149107

Hofschroer, V., Koch, K., Ludwig, F., Friedl, P., Oberleithner, H., Stock, C., et al. (2017). Extracellular protonation modulates cell-cell interaction mechanics and tissue invasion in human melanoma cells. Sci. Rep. 7:42369. doi: 10.1038/srep42369

Hsu, C. K., Lin, H. H., Harn, H. I., Hughes, M. W., Tang, M. J., and Yang, C. C. (2018). Mechanical forces in skin disorders. J. Dermatol. Sci. 90, 232–240. doi: 10.1016/j.jdermsci.2018.03.004

Huang, J., Wu, S., Barrera, J., Matthews, K., and Pan, D. (2005). The hippo signaling pathway coordinately regulates cell proliferation and apoptosis by inactivating Yorkie, the Drosophila Homolog of YAP. Cell 122, 421–434. doi: 10.1016/j.cell.2005.06.007

Huang, Q., Hu, X., He, W., Zhao, Y., Hao, S., Wu, Q., et al. (2018). Fluid shear stress and tumor metastasis. Am. J. Cancer Res. 8, 763–777.

Ito, Y., Kanamaru, A., and Tada, A. (2006). Centaureidin promotes dendrite retraction of melanocytes by activating Rho. Bioch. Biophys. Acta 1760, 487–494. doi: 10.1016/j.bbagen.2006.01.003

Jackson, B., Brown, S. J., Avilion, A. A., O’Shaughnessy, R. F., Sully, K., and Akinduro, O. (2011). TALE homeodomain proteins regulate site-specific terminal differentiation, LCE genes and epidermal barrier. J. Cell Sci. 124, 1681–1690. doi: 10.1242/jcs.077552

Jain, R. K. (1988). Determinants of tumor blood flow: a review. Cancer Res. 48, 2641–2658.

Jain, R. K., and Baxter, L. T. (1988). Mechanisms of heterogeneous distribution of monoclonal antibodies and other macromolecules in tumors: significance of elevated interstitial pressure. Cancer Res. 48, 7022–7032.

Jain, R. K., Martin, J. D., and Stylianopoulos, T. (2014). The role of mechanical forces in tumor growth and therapy. Annu. Revi. Biomed. Eng. 16, 321–346. doi: 10.1146/annurev-bioeng-071813-105259

Johnson, D. B., Smalley, K. S., and Sosman, J. A. (2014). Molecular pathways: targeting NRAS in melanoma and acute myelogenous leukemia. Clin. Cancer Res. 20, 4186–4192. doi: 10.1158/1078-0432.Ccr-13-3270

Ju, R. J., Stehbens, S. J., and Haass, N. K. (2018). The Role of Melanoma Cell-Stroma Interaction in Cell Motility, Invasion, and Metastasis. Front. Med. 5:307. doi: 10.3389/fmed.2018.00307

Kandow, C. E., Georges, P. C., Janmey, P. A., and Beningo, K. A. (2007). Polyacrylamide hydrogels for cell mechanics: steps toward optimization and alternative uses. Methods Cell Biol. 83, 29–46. doi: 10.1016/s0091-679x(07)83002-0

Karantza, V. (2011). Keratins in health and cancer: more than mere epithelial cell markers. Oncogene 30, 127–138. doi: 10.1038/onc.2010.456

Kasas, S. L., and Dietler, G. (2013). Mechanical properties of biological specimens explored by atomic force microscopy. J. Phys. D: Appl. Phys. 46:133001. doi: 10.1088/0022-3727/46/13/133001

Kawakubo, T., Yasukochi, A., Okamoto, K., Okamoto, Y., Nakamura, S., and Yamamoto, K. (2011). The role of cathepsin E in terminal differentiation of keratinocytes. Biol. Chem. 392, 571–585. doi: 10.1515/BC.2011.060

Kim, B. J., Lee, S. Y., Jee, S., Atajanov, A., and Yang, S. (2017). Micro-viscometer for measuring shear-varying blood viscosity over a wide-ranging shear rate. Sensors 17:1442. doi: 10.3390/s17061442

Kim, T. H., Rowat, A. C., and Sloan, E. K. (2016). Neural regulation of cancer: from mechanobiology to inflammation. Clin. Transl. Immunol. 5:e78. doi: 10.1038/cti.2016.18

Kippenberger, S., Bernd, A., Bereiter-Hahn, J., Ramirez-Bosca, A., and Kaufmann, R. (1998). The mechanism of melanocyte dendrite formation: the impact of differentiating keratinocytes. Pigment Cell Res. 11, 34–37. doi: 10.1111/j.1600-0749.1998.tb00708.x

Klemke, M., Weschenfelder, T., Konstandin, M. H., and Samstag, Y. (2007). High affinity interaction of integrin alpha4beta1 (VLA-4) and vascular cell adhesion molecule 1 (VCAM-1) enhances migration of human melanoma cells across activated endothelial cell layers. J. Cell Physiol. 212, 368–374. doi: 10.1002/jcp.21029

Kodet, O. D. B., Bendlova, B., Sykorova, V., Krajsova, I., Stork, J., Kucera, J., et al. (2018). Microenvironmentdriven resistance to BRaf inhibition in a melanoma patient is accompanied by broad changes of gene methylation and expression in distal fibroblasts. Int. J. Mol. Med. 41, 2687–2703. doi: 10.3892/ijmm.2018.3448

Kolasińska, E., Janik, M. E., Lityñska, A., and Przybyło, M. (2019). Contribution of sialic acids to integrin α5β1 functioning in melanoma cells. Adv. Med Sci. 64, 267–273. doi: 10.1016/j.advms.2019.02.002

Koumoutsakos, P., Pivkin, I., and Milde, F. (2013). The fluid mechanics of cancer and its therapy. Annu. Rev. Fluid Mech. 45:30. doi: 10.1146/annurev-fluid-120710-101102

Kozar, I., Margue, C., Rothengatter, S., Haan, C., and Kreis, S. (2019). Many ways to resistance: how melanoma cells evade targeted therapies. Biochim. Biophys. Acta (BBA) Rev. Cancer 1871, 313–322. doi: 10.1016/j.bbcan.2019.02.002

Kruse, P. F. Jr., and Patterson, M. K. (1973). Tissue Culture Methods and Applications. New York: Academic Press.

Kunz, M. (2014). Oncogenes in melanoma: an update. Eur. J. Cell Biol. 93, 1–10. doi: 10.1016/j.ejcb.2013.12.002

Kwa, M., Herum, K., and Brakebusch, C. (2019). Cancer-associated fibroblasts: how do they contribute to metastasis? Clin. Exp. Metastasis 36, 71–86. doi: 10.1007/s10585-019-09959-0

Lassalle, M. W., Igarashi, S., Sasaki, M., Wakamatsu, K., Ito, S., and Horikoshi, T. (2003). Effects of melanogenesis-inducing nitric oxide and histamine on the production of eumelanin and pheomelanin in cultured human melanocytes. Pigment Cell Res. 16, 81–84. doi: 10.1034/j.1600-0749.2003.00004.x

Lazova, R., and Pawelek, J. M. (2009). Why do melanomas get so dark? Exp. Dermatol. 18, 934–938. doi: 10.1111/j.1600-0625.2009.00933.x

Lee, G., Han, S.-B., Lee, J.-H., Kim, H.-W., and Kim, D.-H. (2019). Cancer mechanobiology: microenvironmental sensing and metastasis. ACS Biomater. Sci. Eng. 5, 3735–3752. doi: 10.1021/acsbiomaterials.8b01230

Lee, H. J., Diaz, M. F., Price, K. M., Ozuna, J. A., Zhang, S., Sevick-Muraca, E. M., et al. (2017). Fluid shear stress activates YAP1 to promote cancer cell motility. Nat. Commun. 8, 14122. doi: 10.1038/ncomms14122

Lekka, M., Gil, D., Pogoda, K., Duliñska-Litewka, J., Jach, R., Gostek, J., et al. (2012). Cancer cell detection in tissue sections using AFM. Arch. Biochem. Biophys. 518, 151–156. doi: 10.1016/j.abb.2011.12.013

Li, G., Satyamoorthy, K., Meier, F., Berking, C., Bogenrieder, T., and Herlyn, M. (2003). Function and regulation of melanoma-stromal fibroblast interactions: when seeds meet soil. Oncogene 22, 3162–3171. doi: 10.1038/sj.onc.1206455

Li, X., Regezi, J., Ross, F. P., Blystone, S., Ilic, D., Leong, S. P., et al. (2001). Integrin alphavbeta3 mediates K1735 murine melanoma cell motility in vivo and in vitro. J. Cell Sci. 114, 2665–2672.

Makale, M. (2007). Cellular mechanobiology and cancer metastasis. Birth Defects Res. Part C Embryo Today 81, 329–343. doi: 10.1002/bdrc.20110

Mangahas, C. R., Dela Cruz, G. V., Schneider, R. J., and Jamal, S. (2004). Endothelin-1 upregulates MCAM in melanocytes. J. Investig. Dermatol. 123, 1135–1139. doi: 10.1111/j.0022-202X.2004.23480.x

Marsavela, G., Aya-Bonilla, C. A., Warkiani, M. E., Gray, E. S., and Ziman, M. (2018). Melanoma circulating tumor cells: benefits and challenges required for clinical application. Cancer Lett. 424, 1–8. doi: 10.1016/j.canlet.2018.03.013

McGrath, J. A., Eady, R. A. J., and Pope, F. M. (2004). Anatomy and Organization of Human Skin. Blackwell Publishing.

Mi, K. (2009). “Making an epidermis,” in International Symposium on Olfaction and Taste, ed. T. E. Finger (New York, NY: Academy of Sciences), 4.

Mocellin, S., Keilholz, U., Rossi, C. R., and Nitti, D. (2006). Circulating tumor cells: the ‘leukemic phase’ of solid cancers. Trends Mol. Medi. 12, 130–139. doi: 10.1016/j.molmed.2006.01.006

Moriceau, G., Hugo, W., Hong, A., Shi, H., Kong, X., Yu, C. C., et al. (2015). Tunable-combinatorial mechanisms of acquired resistance limit the efficacy of BRAF/mek cotargeting but result in melanoma drug addiction. Cancer Cell. 27, 240–256. doi: 10.1016/j.ccell.2014.11.018

Mumford, B. S., and Robertson, G. P. (2014). Circulating melanoma cells in the diagnosis and monitoring of melanoma: an appraisal of clinical potential. Mol Diagn Ther. 18, 175–183. doi: 10.1007/s40291-013-0071-2

Nieto, M. A., Huang, R. Y., Jackson, R. A., and Thiery, J. P. (2016). EMT: 2016. Cell 166, 21–45. doi: 10.1016/j.cell.2016.06.028

Nikolovska, K., Spillmann, D., Haier, J., Ladányi, A., Stock, C., and Seidler, D. G. (2017). Melanoma cell adhesion and migration is modulated by the uronyl 2-O sulfotransferase. PloS One 12:e0170054. doi: 10.1371/journal.pone.0170054

Orioli, D., and Dellambra, E. (2018). Epigenetic regulation of skin cells in natural aging and premature aging diseases. Cells 7, E268. doi: 10.3390/cells7120268

Padera, T. P., Stoll, B. R., Tooredman, J. B., Capen, D., Di Tomaso, E., and Jain, R. K. (2004). Pathology: cancer cells compress intratumour vessels. Nature 427:695. doi: 10.1038/427695a

Paluncic, J., Kovacevic, Z., Jansson, P. J., Kalinowski, D., Merlot, A. M., Huang, M. L., et al. (2016). Roads to melanoma: Key pathways and emerging players in melanoma progression and oncogenic signaling. Biochim. Biophys. Acta Mol. Cell Res. 1863, 770–784. doi: 10.1016/j.bbamcr.2016.01.025

Petitclerc, E., Stromblad, S., Von Schalscha, T. L., Mitjans, F., Piulats, J., Montgomery, A. M., et al. (1999). Integrin alpha(v)beta3 promotes M21 melanoma growth in human skin by regulating tumor cell survival. Cancer Res. 59, 2724–2730.

Pietras, K., and Ostman, A. (2010). Hallmarks of cancer: interactions with the tumor stroma. Exp Cell Res. 316, 1324–1331. doi: 10.1016/j.yexcr.2010.02.045

Proksch, E., Brandner, J. M., and Jensen, J. M. (2008). The skin: an indispensable barrie. Exp. Dermatol. 17, 1063–1072. doi: 10.1111/j.1600-0625.2008.00786.x

Pugh, T. J., Morozova, O., Attiyeh, E. F., Asgharzadeh, S., Wei, J. S., and Auclair, D. (2013). The genetic landscape of high-risk neuroblastoma. Nat. Genet. 45, 279–284. doi: 10.1038/ng.2529

Qi, J., Chen, N., Wang, J., and Siu, C.-H. (2005). Transendothelial migration of melanoma cells involves N-cadherin-mediated adhesion and activation of the beta-catenin signaling pathway. Mol. Biol. Cell 16, 4386–4397. doi: 10.1091/mbc.e05-03-0186

Qiu, Y., Myers, D. R., and Lam, W. A. (2019). The biophysics and mechanics of blood from a materials perspective. Nat. Rev. Mater. 294–311. doi: 10.1038/s41578-019-0099-y

Ramms, L., Fabris, G., Windoffer, R., Schwarz, N., Springer, R., Zhou, C., et al. (2013). Keratins as the main component for the mechanical integrity of keratinocytes. Proc. Natl. Acad. Sci. U.S.A. 110, 18513–18518. doi: 10.1073/pnas.1313491110

Rebhun, R. B., Cheng, H., Gershenwald, J. E., Fan, D., Fidler, I. J., and Langley, R. R. (2010). Constitutive expression of the alpha4 integrin correlates with tumorigenicity and lymph node metastasis of the B16 murine melanoma. Neoplasia 12, 173–182. doi: 10.1593/neo.91604

Rheinwald, J. G., and Green, H. (1975). Serial cultivation of strains of human epidermal keratinocytes: the formation of keratinizing colonies from single cells. Cell 6, 331–343. doi: 10.1016/S0092-8674(75)80001-8

Roca-Cusachs, P., Gauthier, N. C., Del Rio, A., and Sheetz, M. P. (2009). Clustering of alpha(5)beta(1) integrins determines adhesion strength whereas alpha(v)beta(3) and talin enable mechanotransduction. Proc. Natl. Acade. Sci. U.S.A. 106, 16245–16250. doi: 10.1073/pnas.0902818106

Rodriguez-Cerdeira, C., Carnero Gregorio, M., Lopez-Barcenas, A., Sanchez-Blanco, E., Sanchez-Blanco, B., Fabbrocini, G., et al. (2017). Advances in immunotherapy for melanoma: a comprehensive review. Med. Inflamm. 2017, 3264217. doi: 10.1155/2017/3264217

Sanlorenzo, M., Vujic, I., Posch, C., Dajee, A., Yen, A., and Kim, S. (2014). Melanoma immunotherapy. Cancer Biol. Ther. 15, 665–674. doi: 10.4161/cbt.28555

Sarna, M., Zadlo, A., Hermanowicz, P., Madeja, Z., Burda, K., and Sarna, T. (2014). Cell elasticity is an important indicator of the metastatic phenotype of melanoma cells. Exp. Dermatol. 23, 813–818. doi: 10.1111/exd.12535

Sarna, M., Zadlo, A., Pilat, A., Olchawa, M., Gkogkolou, P., Burda, K., et al. (2013). Nanomechanical analysis of pigmented human melanoma cells. Pigment Cell Melanoma Res. 26, 727–730. doi: 10.1111/pcmr.12113

Scott, G. (2002). Rac and rho: the story behind melanocyte dendrite formation. Pigment Cell Res. 15, 322–330. doi: 10.1034/j.1600-0749.2002.02056.x

Shin, M., Lim, H., Kang, B., Lee, G., Uhm, Y., and Lee, M. (2014). Nanostructural change of human melanocytes stimulated with alpha-melanocyte stimulating hormone observed by atomic force microscopy. Scanning 36, 570–575. doi: 10.1002/sca.21156

Silver, F., and Siperko, L. (2003). Mechanosensing and mechanochemical transduction: how is mechanical energy sensed and converted into chemical energy in an extracellular matrix? Crit. Rev. Biomed Eng. 31, 255–331. doi: 10.1615/CritRevBiomedEng.v31.i4.10

Slominski, R. M., Zmijewski, M. A., and Slominski, A. T. (2015). The role of melanin pigment in melanoma. Exp. Dermatol. 24, 258–259. doi: 10.1111/exd.12618

Stark, M. S., Bonazzi, V. F., Boyle, G. M., Palmer, J. M., Symmons, J., Lanagan, C. M., et al. (2015). miR-514a regulates the tumour suppressor NF1 and modulates BRAFi sensitivity in melanoma. Oncotarget 6, 17753–17763. doi: 10.18632/oncotarget.3924

Stephens, A. D., Banigan, E. J., and Marko, J. F. (2019). Chromatin’s physical properties shape the nucleus and its functions. Curr. Opi. Cell Biol. 58, 76–84. doi: 10.1016/j.ceb.2019.02.006

Straussman, R., Morikawa, T., Shee, K., Barzily-Rokni, M., Qian, Z. R., Du, J., et al. (2012). Tumour micro-environment elicits innate resistance to RAF inhibitors through HGF secretion. Nature 487, 500–504. doi: 10.1038/nature11183

Stylianopoulos, T., and Jain, R. K. (2013). Combining two strategies to improve perfusion and drug delivery in solid tumors. Proc. Natl. Acad. Sci. U. S. A. 110, 18632–18637. doi: 10.1073/pnas.1318415110

Swaminathan, V., Mythreye, K., Tim O’brien, E., Berchuck, A., Blobe, G. C., and Superfine, R. (2011). Mechanical Stiffness grades metastatic potential in patient tumor cells and in cancer cell lines. Cancer Res. 71, 5075–5080. doi: 10.1158/0008-5472.CAN-11-0247

Tan, Y., Kong, C. W., Chen, S., Cheng, S. H., Li, R. A., and Sun, D. (2012). Probing the mechanobiological properties of human embryonic stem cells in cardiac differentiation by optical tweezers. J. Biomech. 45, 123–128. doi: 10.1016/j.jbiomech.2011.09.007

Tanner, K. (2018). Perspective: The role of mechanobiology in the etiology of brain metastasis. APL Bioeng 2, 031801. doi: 10.1063/1.5024394

Tao, J., Li, Y., Vig, D. K., and Sun, S. X. (2017). Cell mechanics: a dialogue. Rep. Prog. Phys. 80:036601.

Tawbi, H., Glitza Oliva, I. C., and Schvartsman, G. (2018). Advances in the systemic treatment of melanoma brain metastases. Anna. Oncol. 29, 1509–1520. doi: 10.1093/annonc/mdy185

Tuettenberg, A., Schmitt, E., Knop, J., and Jonuleit, H. (2007). Dendritic cell-based immunotherapy of malignant melanoma: success and limitations. J. Deutsch. Dermatol. Ges. 5, 190–196. doi: 10.1111/j.1610-0387.2007.06179.x

Uong, A., and Zon, L. I. (2010). Melanocytes in development and cancer. J. Cell Physiol. 222, 38–41. doi: 10.1002/jcp.21935

Van Den Bossche, K., Naeyaert, J. M., and Lambert, J. (2006). The quest for the mechanism of melanin transfer. Traffic 7, 769–778. doi: 10.1111/j.1600-0854.2006.00425.x

Vielmuth, F., Wanuske, M. T., Radeva, M. Y., Hiermaier, M., Kugelmann, D., Walter, E., et al. (2018). Keratins regulate the adhesive properties of desmosomal cadherins through signaling. J. Investig. Dermatol. 138, 121–131. doi: 10.1016/j.jid.2017.08.033

Viji Babu, P. K., Rianna, C., Belge, G., Mirastschijski, U., and Radmacher, M. (2018). Mechanical and migratory properties of normal, scar, and dupuytren’s fibroblasts. J. Mol. Recogn 31:e2719. doi: 10.1002/jmr.2719

Wang, A. S., and Dreesen, O. (2018). Biomarkers of cellular senescence and skin aging. Front. Genet. 9:247. doi: 10.3389/fgene.2018.00247

Wang, J. X., Fukunaga-Kalabis, M., and Herlyn, M. (2016). Crosstalk in skin: melanocytes, keratinocytes, stem cells, and melanoma. J. Cell Commun. Signal. 10, 191–196. doi: 10.1007/s12079-016-0349-3

Wang, W. C., Zhang, X. F., Peng, J., Li, X. F., Wang, A. L., Bie, Y. Q., et al. (2018). Survival mechanisms and influence factors of circulating tumor cells. BioMed Res. Int. 201:6304701. doi: 10.1155/2018/6304701

Wang, Y., Viennet, C., Robin, S., Berthon, J. Y., He, L., and Humbert, P. (2017). Precise role of dermal fibroblasts on melanocyte pigmentation. J. Dermatol. Sci. 88, 159–166. doi: 10.1016/j.jdermsci.2017.06.018

Wäster, P., Eriksson, I., Vainikka, L., Rosdahl, I., and Öllinger, K. (2016). Extracellular vesicles are transferred from melanocytes to keratinocytes after UVA irradiation. Sci. Rep. 6:27890. doi: 10.1038/srep27890

Weder, G., Hendriks-Balk, M. C., Smajda, R., Rimoldi, D., Liley, M., Heinzelmann, H., et al. (2014). Increased plasticity of the stiffness of melanoma cells correlates with their acquisition of metastatic properties. Nanomedicine 10, 141–148. doi: 10.1016/j.nano.2013.07.007

Wei, S. C., Fattet, L., and Yang, J. (2015). The forces behind EMT and tumor metastasis. Cell Cycle 14, 2387–2388. doi: 10.1080/15384101.2015.1063296

Wen, S. J., Zhang, W., Ni, N. N., Wu, Q., Wang, X. P., Lin, Y. K., et al. (2017). Expression of Rho GTPases family in melanoma cells and its influence on cytoskeleton and migration. Oncotarget 8, 30112–30122. doi: 10.18632/oncotarget.15618

Winer, J. P., Chopra, A., Kresh, J. Y., and Janmey, P. A. (2011). “Janmey. Substrate Elasticity as a Probe to Measure Mechanosensing at Cell-Cell and Cell-Matrix Junction,” in Mechanobiology of Cell-Cell and Cell-Matrix Interactions, eds A. W. Johnson and B. A. C. Harley (Berlin: Springer Science+Business Media).

Wu, X. S., Masedunskas, A., Weigert, R., Copeland, N. G., Jenkins, N. A., and Hammer, J. A. (2012). Melanoregulin regulates a shedding mechanism that drives melanosome transfer from melanocytes to keratinocytes. Proc. Natl. Acad. Sci. U.S.A. 109, E2101–E2109. doi: 10.1073/pnas.1209397109

Yoshioka, S., Fujiwara, H., Higuchi, T., Yamada, S., Maeda, M., and Fujii, S. (2003). Melanoma cell adhesion molecule (MCAM/CD146) is expressed on human luteinizing granulosa cells: enhancement of its expression by hCG, interleukin-1 and tumour necrosis factor-alpha. Mol. Hum. Reprod. 9, 311–319. doi: 10.1093/molehr/gag042

Zarkoob, H., Bodduluri, S., Ponnaluri, S. V., Selby, J. C., and Sander, E. A. (2015). Substrate stiffness affects human keratinocyte colony formation. Cel. Mol. Bioeng. 8, 32–50. doi: 10.1007/s12195-015-0377-8

Zhang, R.-Z., Zhu, W. Y., Xia, M. Y., and Feng, Y. (2004). Morphology of cultured human epidermal melanocytes observed by atomic force microscopy. Pigment Cell Res. 17, 62–65. doi: 10.1046/j.1600-0749.2003.00111.x


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Brás, Radmacher, Sousa and Granja. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-08-00054-g005.jpg
MIGRATION

0. Steady state °
L] .

1. Protrusion of
leading edge

7 —
2. Adhesion of
leading edge & 4

3. Movement of - contracy

the cell body

4. Deadhesion of
the trailing edge

direction of
movement
—> o

°

Cortex
under tension

direction of cell
body movement
A

n

water
new poymerized
new ool

acnesion

new adhesion

=0

e actnnetvork

A CSmanged acin

< vterfix





OPS/images/fcell-08-00054-g006.jpg
interstitial fluid
inflow

nutrients outflow
O, outflow
lymphatic flow
blood flow

solid stress
interstitial fluid

nutrients

hyaluronan

malignant melanocyte
healthy keratinocyte
endothelial cells
stromal cell

healthy tissue invaded
by metastatic cells

blood vessels
extracellular matrix

collagen






OPS/images/fcell-08-00054-g007.jpg
AMOEBOID MESENCHYMAL

-bebbling- and chimneying- like
shape morphology
-little to low MMP-dependent /

-little to low integrin-dependent

-RAC signaling
-spindle shape morphology
-predominant pseudopia
-focal adhesion
MMP-dependent
integrin-dependent

melanoma
cells

" MMPs
— ECM
= stress fiber cancer
: . associated .
integrin i
f] fibroblasts ECM 'deposition

@ actin network & remodeling
. focal adhesion (FA)
t FA adaptor proteins





OPS/images/fcell-08-00054-g008.jpg
endothelial
cells

melanoma cell

basolateral
junction

paracellular
junction

melanoma
secreted factors

Melanoma cells settled on the endothelial
cell junctions.

Factors secreted by melanoma cells are
directed to the paracellular junctions.

The secreted factors will affect the adherent
junctions permeability and the protrusion of
melanoma cell extends through the endothelial
paracellular junctions.

Melanoma cell extension and the secreted
factors disrupt endothelial paracellular and
basolateral junctions.

| d31S

¢ d3ls

€ d3ls





OPS/images/fcell-08-00054-g001.jpg
sweet gland hair follicle

Epidermis

Dermis )
keratinocyte

Hypodermis |

vasculature melanocyte





OPS/images/fcell-08-00054-g002.jpg
A PSPD B
(1]
N / 20 —
e\ = i
AFM tp 0—
L L \
Piezoclectric & z =
Stage ] 8 -20
[ VR
vl -40nm —
x ——
Couscie T T T T T T T
30ym 25 20 15 10 05 00
ZHeight (um)
Ci z step W
—_ 2 -
3 2.93
2 g £ 292
i Z 291
§’ -4 § 2.90
-6 2.89
S e S T R A ol; 1]o 15 20
00 05 10 15 20 25 : " Timel[s]
w Time [s] v
Eieo0 3
c -220 e 30
v E
8-280 g 10
2 -300 3 o0
< f T T T T T e
00 05 10 15 20 25 05 1.0 15 2.0
Time [s) Time [s]





OPS/images/fcell-08-00054-g003.jpg
A
Coll II

5 10 15 20
Gel Stiffness (kPa)





OPS/images/fcell-08-00054-g004.jpg
Healthy tissue Cancer tissue

4 melanocytekeratinocytes
melanosomes transmission

& healthy melanocyte
Y % Keratonocytes-keratinocytes

@ malignant melanocyte ‘melanosomes transmission
® healthy keratinocyte © integrins
© melanosomes = Eadherin

basement membrane == N-cadherin





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Melanoma in the Eyes of Mechanobiology



		MELANOMA



		MECHANOBIOLOGY OF SKIN CELLS



		The Role of Melanocytes



		The Role of Keratinocytes



		The Role of Fibroblasts and the ECM







		CELL MIGRATION AND PROGRESSION IN MELANOMA



		Motility



		Invasion



		Adhesion



		Metastization







		MELANOMA: FUTURE PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Cell and Developmental Biology










OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





