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1. Abstract  

Part 1  
Growing evidence suggest that bone marrow-derived mesenchymal stem cells (BM-MSCs) 

are key players in tumor stroma. Here, we investigated the cross-talk between BM-MSCs 

and osteosarcoma (OS) cells in tumor progression.  

We revealed a strong tropism of BM-MSCs towards these tumor cells and identified 

monocyte chemoattractant protein (MCP)-1, growth-regulated oncogene (GRO)-α and 

transforming growth factor (TGF)-β1 as pivotal factors for BM-MSC chemotaxis. Once in 

contact with OS cells, BM-MSCs trans-differentiate into cancer-associated fibroblasts, 

further increasing MCP-1, GRO-α, interleukin (IL)-6 and IL-8 levels in the tumor 

microenvironment. These cytokines promote mesenchymal to amoeboid transition (MAT), 

driven by activation of the small GTPase RhoA, in OS cells, as illustrated by the in vitro 

assay and live imaging.  

The outcome is a significant increase of aggressiveness in OS cells in terms of motility, 

invasiveness and trans-endothelial migration. In keeping with their enhanced trans-

endothelial migration abilities, OS cells stimulated by BM-MSCs also sustain migration 

and invasion. Thus, BM-MSC recruitment to the OS site and the consequent cytokine-

induced MAT are crucial events in OS malignancy.  

Part 2 

Metastatic melanoma is one of the most aggressive and lethal malignancies with a poor 

prognosis. Melanoma cells are able to migrate using different types of cell motility such as 

the rounded/amoeboid-type motility and the elongated/mesenchymal-type motility thanks 

to their high plasticity. Really several data underline the crucial role of amoeboid motility 

in the dissemination process of highly metastatic melanoma cells. Thus, targeting this 

process could be a promising strategy to prevent the metastatic spreading of melanoma 

cells. 

Claisened Hexafluoro is a chemical analog of Honokiol (HKL), a biphenolic compound 

derived from Magnolia officinalis which has antitumoral and antimetastatic effect in 

numerous cancers, including melanoma. 
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Starting from these evidence, here we tested Claisened Hexafluoro on human metastatic 

melanoma cells, as an inhibitor of amoeboid motility. Data here reported demonstrate that 

Claisened Hexafluoro, impairing mitochondrial activity and affecting AMP-activated 

protein kinase (AMPK) signaling, strongly inhibits amoeboid motility and many steps of 

the disseminating process in vitro as well as in vivo, confirming its possible future 

application to fight metastatic spreading of melanoma cells. 
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2. Introduction 
2.1 Hallmarks of Cancer 

Cancer is a generic term for a large group of diseases that are characterized by cells 

endowed with abnormal growth and the potential to invade and spread to other parts of the 

body. Cancer is the second cause of death worldwide, after cardiovascular diseases, 

accounting for 8.2 million deaths in 2015 1. 

Carcinogenesis is a progressive process during which successive genetic alterations induce 

a sequence of cellular and molecular events that promote the transformation of a normal 

cell into a cancer cell. These events consist in the acquisition of specific features 

summarized by Hanahan and Weinberg as the “Hallmarks of cancer” 2. Nowadays, the 

acknowledged hallmarks are ten: self-sufficiency in growth, insensitivity to growth-

inhibitory signals, evasion of programmed cell death (apoptosis), limitless replicative 

potential, sustained angiogenesis, and tissue invasion and metastasis, genomic instability 

and mutations (necessary for the acquisition of such traits), tumor promotion inflammation, 

avoid immune destruction and reprogramming of energy metabolism 3. 

Among these, one of the hallmarks that has become of great interest for studying the 

mechanisms of tumor survival, growth and resistance to therapies, is the cancer 

metabolism. Multiple molecular mechanisms that converge to alter core cellular 

metabolism, providing support for the basic needs of dividing cells. Moreover, growing 

evidence indicates that several of mentioned hallmarks are under metabolic control, 

suggesting the importance of metabolic characterization for the development of new 

therapeutic approaches against cancer 4. 

 

2.2 Cancer metabolism 

Since1920s Warburg demonstrated that tumor cells convert large amount of glucose in 

lactate, even in presence of oxygen. This metabolic phenotype, observed in tumor cells, 

consists in a shift from oxidative phosphorylation (OXPHOS) to glycolysis to generate 

adenosine triphosphate (ATP), nowadays it is known as the “Warburg effect” or “aerobic 

glycolysis” 5. Although ATP production by glycolysis can be faster than by OXPHOS, 

ATP generated per unit of glucose is significantly lower. Indeed, each molecule of glucose, 
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Figure 1. The differences between oxidative phosphorylation, anaerobic glycolysis, and the Warburg 
effect (Vander Heiden MG, Cantley LC, and Thompson CB, Science, 2009). 

through lactate fermentation pathway, produces only 2 ATPs, whereas OXPHOS generates 

up to 36 ATP. The glycolytic switch therefore needs that tumor cells increase glucose 

uptake in order to respond to their energetic, biosynthetic and redox requirements. 

This apparent waste of energy in proliferating cancer cells using glycolysis preferentially 

to OXPHOS, even in the presence of oxygen, led Warburg to hypothesize that increased 

aerobic glycolysis in tumor cells was due to defects in mitochondrial respiration function, 

and that aerobic glycolysis was a necessary adaptation to the lack of ATP 6. However, 

subsequent studies demonstrated that the mitochondrial functionality is not impaired in 

most tumor cells 7 (Fig. 1). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

This phenomenon raises the question of why a less efficient metabolism, at least in term of 

ATP production, would be selected in tumor cells. 

There are several explanations for the glycolytic switch: first of all, tumor cells must 

respond to important metabolic requirements that go beyond simple ATP demand. Indeed, 

they need nucleotides, amino acids and lipids to maintain their high proliferative rate. 

Thus, metabolic reprogramming can be exploited to support the biosynthesis of these 

macromolecules. Second, glucose and glutamine are main metabolic requirements for 
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cancer cells, as they supply most of the carbon, nitrogen, free energy and the reduced form 

equivalent necessary to support cell growth and division 8. Therefore, in proliferating cells, 

glucose is not fully oxidized to CO2 via OXPHOS, rather, glucose is mainly driven to the 

synthesis of macromolecular precursors, such as acetyl-coA for fatty acids, glycolytic 

intermediates for nonessential amino acids and ribose for nucleotides. Thus, although ATP 

hydrolysis provides free energy for some of the biochemical reactions responsible for 

replication of the biomass, cells cannot use glucose only for ATP production during growth 

and cell division since they have to generate intermediates for biosynthesis and biomass. In 

addition, in the case a high rate glycolysis would serve only to produce ATP, the increase 

in the ATP/adenosine diphosphate (ADP) ratio would severely impair the flux through 

glycolytic intermediates, limiting the production of acetyl-CoA and nicotinamide adenine 

dinucleotide phosphate hydrogen (NADPH) required for macromolecular synthesis. 

Excessive lactate production, that accompanies the Warburg effect, would appear as an 

inefficient use of cellular resources and a waste of three carbons that might otherwise be 

utilized for ATP production or macromolecular biosynthesis. A possible explanation of this 

phenomenon is that the release of lactate allows faster incorporation of carbon into 

biomass, which facilitates a quick turnover of the cells 9 (Fig.2). 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 
 

 

 

Although the traditional view of cancer metabolism is that cancer cells are dependent on 

aerobic glycolysis, it has been shown that they have a broad spectrum of bioenergetic 

states, ranging from a predominance of aerobic glycolysis to a predominance of OXPHOS 

to adapt to rapidly changing microenvironments. As already mentioned, the Warburg effect 

plays a vital role in cancer cell proliferation and survival 9. A good example of this 

metabolic flexibility inhabits in the concept of “metabolic symbiosis” between cancer cells. 

Sonveaux et al. in 2008 showed that in the  tumor milieu exists different populations of 

cancer cells that adapt to the relative abundance of oxygen and nutrients 10. Properly 

oxygenated cancer cells at the tumor edge rely on OXPHOS for energy production. They 

use lactate produced from hypoxic cells resident in the tumor core, instead of glucose, as a 

main metabolic fuel, so sparing glucose for the hypoxic core. On the contrary, lactate 

produced by the hypoxic population of cells is used as an oxidative fuel by well-

oxygenated cells. The expression of different lactate transporters defines this symbiosis, 

and it has been reported that glycolytic cancer cells normally express lactate transporter 

monocarboxylate transporter 4 (MCT4) (optimized for lactic acid extrusion) 11, whereas 

Figure 2. Glycolysis, oxidative phosphorylation, the pentose phosphate pathway, and glutamine 
metabolism in proliferating cells (Vander Heiden MG, Cantley LC, and Thompson CB, Science, 2009. 
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oxidative cancer cells mostly express monocarboxylate transporter 1 (MCT1), which is 

optimized for lactate uptake 12.  

Accordingly, Lisanti and colleagues in 2009 proposed a complementary model. Cancer-

associated fibroblasts (CAFs) can also employ aerobic glycolysis. It is induced by cancer 

cells that produce reactive oxygen species (ROS), and results in the production of energy-

rich metabolites (such as lactate and ketone bodies) that can be taken from the cancer cells 

and can be fuel the tricarboxylic acid (TCA) cycle, resulting in high ATP production via 

OXPHOS. Basically, the stromal fibroblasts are forced to feed cancer cells via the transfer 

of high-energy metabolites. This interplay between CAFs and cancer cells is termed “The 

Reverse Warburg Effect” 13 and includes a mutual metabolic reprogramming. CAFs 

acquire a Warburg metabolism and undergo mitochondrial stress as a result of contact with 

cancer cells. Intracellular contact activates CAFs, triggering increased expression of 

glucose transporter 1 (GLUT1), lactate production and extrusion of lactate by de novo 

expressed MCT4. Contrariwise, cancer cells, upon contact with CAFs, are reprogrammed 

toward an aerobic metabolism, with a decrease of GLUT1 expression and an increase in 

lactate uptake via MCT1. Metabolic reprogramming of both stromal and cancer cells is 

under the stringent control of hypoxia inducible factor-1 (HIF-1) 14,15. The theory suggests 

that cancer cells induce oxidative stress in adjacent fibroblasts, which in turn induces the 

autophagic program via the activation of HIF-1 and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB). During autophagy, the cellular components are 

destroyed by lysosomal degradation, leading to the production of recycled nutrients to feed 

cancer cells. Mitophagy further promotes aerobic glycolysis in CAFs 16.  

 

2.2.1 The major metabolic pathways 

Cancer cells must activate or enhance metabolic pathways in order to achieve and sustain 

the proliferative capacity 17. The major metabolic pathways involved in cancer cell 

anabolism, maintenance and biosynthesis will be described below. 

Glucose 

As described above, the cancer cells drive glucose catabolism through Warburg 

metabolism, promoting lactate production. Lactate is carried out of cells by MCT4, which 

is target for cancer therapy, since it is essential to sustain glycolysis in cancer cells 18. 
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Moreover, pyruvate, derived from glucose, contributes to the synthesis of the aspartate and 

asparagine and the synthesis of acetyl-CoA, involved in fatty acid, cholesterol and lipid 

synthesis. By oxidative action of glucose 6 phosphate dehydrogenate (G6PD), glucose 

became glucose 6-phosphate (G6P) first metabolite of the pentose phosphate pathway 

(PPP), which generates the ribose groups for the synthesis of nucleotides. The PPP is also a 

major pathway for NADPH generation, most important in the redox pathway 19. Finally, 3-

phosphoglycerate (3PG) is the branching point for the synthesis of the amino acid serine 

(discussed deeply below). Serine donates one-carbon units to the folate cycle, producing 

glycine. Glycine, in turn, acts as a precursor for the synthesis of purine and glutathione 

(GSH), essential for redox pathway 20. 

Glutamine 

Glutamine is the most abundant circulating amino acid in humans 21. The anaplerotic role 

of glutamine has been shown to sustain the anabolic metabolism of cultured cancer cells 

derived from various tissues, as well as glutaminases (GLS) is identified as a potential 

therapeutic target for tumors addicted to glutamine 22,23. A high percentage of glutamine is 

generally deaminated and released into the medium as glutamate 21,24. Glutamate is 

converted into α-ketoglutarate (αKG), by glutamate dehydrogenase (GDH) or 

transaminases, that contributes to the replenishing of TCA cycle, both oxidatively (to 

succinyl- CoA) and reductively (to citrate). Moreover, citrate derived from αKG through 

reductive carboxylation has been reported to be crucial for growth of cancer cells with 

mitochondrial defects 25. 

One-carbon metabolism 

Serine is a non-essential amino acid most consumed by cancer cells 21,26. The first step of 

its biosynthesis  is catalyzed by 3PG dehydrogenase (PHGDH), this enzyme is found 

genetically amplified in breast cancers 27 and melanoma 28. Serine is mostly converted into 

glycine 29,30 through serine hydro methyltransferases (SHMT1 and SHMT2), releasing a 

one-carbon unit to the one-carbon pool. Also the glycine could contribute to the one-

carbon pool, but, in cancer cells, serine is the major donor 31. The one-carbon unit donated 

by serine is utilized in the biosynthesis of thymidine monophosphate (dTMP) and purines. 

The one-carbon stock for dTMP synthesis is generated in the cytosol in a cyclical pathway 

involving SHMT1, thymidylate synthase (TYMS) and the co-enzyme folate in the form of 

dihydrofolate (DHF) and tetrahydrofolate (THF) 32. Instead, for purine synthesis, the one-
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carbons are generated in the mitochondria via SHMT2 33. High SHMT2 drive cancer cell 

growth 34,35. In conclusion one-carbon metabolism could be a new target for anticancer 

therapy. 

ROS. It will be discussed deeply below. 

 

2.2.2 Metabolic oncogenes 
The metabolic phenotype of cancer cells is controlled by intrinsic genetic mutations and 

the crosstalk with the tumor environment. Oncogenic signaling pathways are activated by 

the loss of activity of tumor suppressors or the unregulated activation of oncoproteins. 

These altered signals modify cellular metabolism to reach the requirements for cell 

division 4. Therefore, it is not surprising that several known oncogenes also modify the 

metabolic activity of cancer cells. The most frequent mutations occur in the following 

genes: 

• p53.The transcription factor and tumor suppressor p53 is known for its role in the 

response to DNA damage and apoptosis, but it also plays an important role as 

regulator of cell metabolism. In over 50% of human tumors, p53 is mutated, mostly 

for a loss of function. The expression of mutant p53 increased glucose uptake, 

glycolytic rate and lactate production 36–38. P53 is involved in the regulation of both 

glycolysis and oxidative phosphorylation. It can intervene on several genes and 

mechanism: p53 inhibits the expression of the glucose transporters GLUT1 and 

GLUT4 39; decreases the levels of phosphoglycerate mutase (PGM) 40 while 

increases the expression of TP53-induced glycolysis and apoptosis regulator 

(TIGAR), an enzyme that decreases the levels of glycolytic activator fructose-2,6-

bisphoshate and thus reduces glycolysis and diverts glucose catabolism to the PPP 
41. Zhang et al. showed that p53 mutant forms, in lung carcinoma, promote GLUT1 

and GLUT4 translocation on the cell membrane through RhoA/Rho-associated 

protein kinase (Rock) activation. While, the inhibition of the RhoA/Rock/GLUT1 

axis abolished Warburg effect mediated by mutant p53 42. 

Moreover, p53 modulating the nuclear factor-κb (NF-κb) pathway can also 

indirectly regulates glycolysis 43, it limits the activity of  Iκb kinase-α (IKKα) and 

IKKβ, decreasing the activation of NF-κb and thereby the expression of glycolysis-
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promoting genes such as GLUT3 44. Matoba et al., in 2006, have been reported 

that, even if p53 activates the expression of hexokinase 2 (HK2), it inhibits the 

glycolytic pathway by upregulating the expression of TIGAR 45. p53 supports the 

expression of phosphatase and tensin homolog (PTEN) by binding to PTEN 

promoter 46, which inhibits the phosphatidylinositol 3-kinase (PI3K) pathway, 

thereby decrease glycolysis. Recently, Wang L. et al. have demonstrated that in 

prostate cancer cells the loss of p53 and PTEN determines an increase of HK2 

expression, contributing to aerobic glycolysis 47. Additionally, p53 affects energy 

metabolism by regulating AMP-activated protein kinase (AMPK), kinase 

mammalian target of rapamycin (mTOR), PTEN and insulin-like growth factor 

binding protein 3 (IGFBP3) 48. Furthermore, p53 suppresses the transcription of 

MCT1 to inhibit the carriage of lactate out of cancer cells. Higher expression of 

MCT1 in p53-deficient cancer cells adapts these cells to metabolic needs by 

facilitating lactate export or import depending on the glucose availability 49.  

• AMPK. It will be discussed deeply below. 

• c-MYC. MYC proteins are a small family of oncoproteins, among these, c-MYC, 

N-MYC, L-MYC have been involved in the genesis of several human tumors 50,51. 

Their expression, in normal cells, is strictly controlled by growth factor-dependent 

signals; whereas in tumor cells is deregulated and enhanced through many 

mechanisms. Numerous evidence demonstrate clearly that enhanced MYC 

expression is a major driving force of tumorigenesis 52–55. c-MYC has several 

important effects on cell metabolism. Oncogenic levels of c-Myc, both in Burkitt’s 

lymphoma 56,57 and in liver carcinoma 58 promote high consumption of glucose. 

Indeed Myc controls cell growth and proliferation and collaborate with HIF-1 for 

the activation of several glucose transporters and glycolytic enzymes, including 

GLUT1, HK2, phosphofructokinase (PFK), enolase, lactate dehydrogenase A 

(LDHA) and pyruvate dehydrogenase kinase 1 (PDK1) 59. c-MYC also promotes, 

through the upregulation of glutamine transporters SLC5A1 and SLC7A1, the use 

of glutamine in cancer cells 60. Aerobic glycolysis is regulated by pyruvate kinase 

isoform M2 (PKM2), which is expressed almost in all tumors 61. In glioma cells, 

has been demonstrated that MYC enhances expression of PKM2 by promoting the 

expression of hnRNP splicing factors 62,63. Moreover, nicotinamide adenine 
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dinucleotide (NAD+) is reduced to nicotinamide adenine dinucleotide hydrogen 

(NADH) + H+ during glycolysis, and cells need to regenerate NAD+ to maintain 

the glycolytic flux. LDHA utilizes pyruvate as substrate derived from both the 

glycolytic and the glutaminolytic pathway and converts it into lactate generating 

NAD+ 64,65. Overexpressing of MYC increases LDHA expression and typically 

results in extracellular acidification due to the increased production of lactate 64,66–

68. MYC also promotes the secretion of lactate through the expression of MCT1 69; 

lactate, in turn, has several and well known oncogenic effects 70. 

• PI3K. The PI3K pathway is often modified in cancer cells. This pathway is 

activated by mutations of tumor suppressor genes (such as PTEN), and its 

activation provides strong growth, survival signals and alteration in cell 

metabolism. Protein kinase B (PKB or AKT1) is the most studied downstream 

effector of PI3K. It stimulates glycolysis activating key glycolytic enzymes, such 

HK and PFK2, and increasing the expression of glucose transporters. AKT1 

signaling inhibits Forkhead box protein O1 (FOXO1) transcription factor resulting 

in an increased cells glycolytic capacity 71 and stimulates mTOR. Activation of 

mTOR induces protein and lipid synthesis and cell growth in response to nutrient 

and energy availability 72, and activates transcriptional factors, such as HIF-1, even 

under normoxic conditions. 

• HIF-1. HIF-1 is a heterodimeric transcription factor that consists of 2 subunits: 

HIF-1α, that is O2-regulated and HIF-1β, constitutively expressed. HIF-1, through 

the activation of transcription of genes encoding for glucose transporters and 

glycolytic enzymes, plays a key role in reprogramming cancer metabolism. In 

normoxic conditions, HIF-1α is hydroxylated by prolyl hydroxylase domain 

protein 2 (PHD2), which uses O2 and αKG as substrates. Then, von Hippel-Lindau 

tumor suppressor protein (VHL) binds prolyl-hydroxylated HIF-1α and recruits an 

E3-ubiquitin ligase that marks HIF-1α for proteasomal degradation. Under hypoxic 

conditions, prolyl-hydroxylation reactions are inhibited by O2 deprivation and by 

the mitochondrial generation of ROS; thus, HIF-1α is rescued from degradation 

and can migrate into the cell nucleus where it binds to HIF-1β to activate the 

transcription of its target genes that possess a hypoxia-responsive element (HRE) 

in their promoter sequence 73,74. Once activated, HIF-1 promotes the expression of 
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most glycolytic enzymes and transporters, such us GLUT1 and GLUT3, HK2 

(which converts glucose to G6P), LDHA (which converts pyruvate to lactate), 

MCT4 (which transports lactate out of the cell), PDK (which phosphorylates and 

inactivates the catalytic domain of pyruvate dehydrogenase) 73. It is considered to 

be a main promoter of glycolysis in tumors 75. HIF-1α can also be activated under 

normoxic conditions by oncogenes, including PI3K, and by mutations that 

inactivate tumor suppressor genes, such as VHL, succinate dehydrogenase (SDH) 

and fumarate hydratase (FH) 76–78. Accumulation of succinate or fumarate directly 

inhibits PHD2 activity, thus contributing to normoxic HIF-1α stabilization. The 

interplay between HIF-1 and metabolism is reciprocal, as it has been shown that 

lactate itself can directly stabilize HIF-1α in normoxia by inhibiting PHD2 79.  

• Rat sarcoma (Ras) family. Ras mutations are important in cancer initiation and 

progression. K-Ras, the most commonly mutated oncogenic Ras in pancreatic 

cancer, has been shown to affect the shape and function of mitochondria during 

fibroblast transformation 80. Further studies showed that fibroblasts transformed by 

K-Ras attenuate OXPHOS by suppressing the activity of respiratory complex I, 

with a corresponding decrease in the expression level of complex I proteins 81. 

Similarly, H-Ras-transformed mouse fibroblasts exhibit low mitochondrial 

respiration and an increased dependency on glycolysis, a sensitivity to glycolytic 

inhibitors and an insensitivity to OXPHOS inhibitors 82. 

Mutations of Ras pathway was observed in almost 30% of cancers, these 

alterations leads to a constitutively expression of Ras proteins 83. Indeed, mutations 

in KRAS or BRAF play important roles in regulating metabolic reprogramming in 

several type of cancers such us pancreatic cancer, adenocarcinoma, melanoma and 

others 84–87. The colorectal cancer cell lines DLD-1 and RKO, which are mutated 

respectively in KRAS and BRAF, show increased expression of GLUT1 and 

exhibit a Warburg effect phenotype 84. As well as, pancreatic ductal 

adenocarcinomas, characterized by a KRAS G12D mutation, exhibit increased 

glucose utilization drove in the PPP 88 and are highly dependent upon glutamine 

metabolism for tumor growth 85. Moreover, BRAF V600E mutation in melanoma 

cells decreased expression of TCA cycle enzymes and mitochondrial oxidative 

phosphorylation effects reversed by selective kinase inhibitors of BRAF V600E 89.  



13 
 
 

 

 

2.2.3 Reactive oxygen species (ROS) 

ROS include a large group of oxygen-derived small molecules that comprises radicals and 

non-radical species. Radicals such as superoxide (O2˙⁻), the hydroxyl anion (OH˙) and 

peroxyls (RO2˙) are short-lived, highly electrophilic and reactive molecules with an 

unpaired electron in their external shell. Non-radical ROS include hypochlorous acid 

(HOCl), ozone (O3), singlet oxygen (1O2) and hydrogen peroxide (H2O2). During aerobic 

metabolism, ROS are constantly generated from oxygen. Mitochondria consumes about 

80% of O2 available during oxidative phosphorylation, contributing the maximum in the 

generation of ROS <sup>5</sup>5,90.  
The first step in the formation of these molecules is the transfer of one electron to O2 to 

form the anion O2˙⁻, which can then be transformed into H2O2 spontaneously or by the 

activity of SODs. Supplementary steps in the cascade of ROS production include the 

reaction of O2˙⁻ with nitric oxide (NO) to form peroxynitrite (ONOO⁻), the peroxidase-

catalyzed formation of HOCl from H2O2, and the iron-catalyzed Fenton reaction leading to 

the generation of OH˙ 91. Mitochondria and the family of NADPH oxidases (NOXs) are the 

two main sources of ROS. The three best-characterized sites in the mitochondria are 

complexes I, II and III. These complexes generate O2˙⁻ by the one-electron reduction of 

molecular oxygen 92. In normal cells ROS homeostasis is required for proper cell signaling 

and cellular fitness. Low doses of ROS indeed promote cell survival, growth, proliferation 

and angiogenesis. However, higher ROS levels can be toxic to the cells, inducing cell 

proliferation arrest and even cell death 93. Thus, the availability of ROS results from the 

balance between its production from various sources and its clearance by enzymatic and 

non-enzymatic antioxidants 94. This equilibrium is allowed by several types of antioxidants 

which play important roles in ROS homeostasis, such as endogenous molecules (e.g. 

glutathione, α-lipoic acid, ferritin, coenzyme Q, bilirubin, uric acid); antioxidant enzymes 

(e.g. catalases [CATs], glutathione peroxidases [GPXs], SODs, glutathione reductase [Gr], 

Trx and Prx) and dietary natural antioxidants (e.g. β-carotene, tocopherol, ascorbic acid, 

selenium and polyphenol metabolites) 95. 

Cancer cells show a persistent metabolic oxidative stress (a hallmark of many cancers) 

compared with normal cells, which is mainly due to mitochondrial dysfunction. Indeed, 
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they are usually subjected to high levels of ROS and aberrant antioxidant levels 93,96. It is 

well known that although many cancer cells exhibit high glycolysis rates, they still 

conserve some mitochondrial oxidative phosphorylation activity 97. Nowadays, it is well 

demonstrated that cancer cells use the oxidation of glucose, glutamine and other nutrients 

coupled to the electron transport chain (ETC) to satisfy part of their energy demand 98,99, 

with O2 as the final electron acceptor. Moreover, tumor cells periodically could go under 

hypoxic conditions which results in increased glycolysis and, correspondingly, decreased 

oxidative phosphorylation that is caused either directly, or indirectly, by the activation of 

HIF1α 100,101. Moreover, oxidative stress in tumor microenvironment, in particular in 

CAFs, determine the amplification of ROS production feeds back upon cancer cells, 

inducing DNA damage and aneuploidy, which are characteristic of genomic instability. 

Therefore, ROS production in the stroma could fuel cancer cell evolution via a process of 

random mutagenesis 102. Cancer cells increase rate of ROS production to promote 

proliferation and aggressiveness. On the other hand, tumor cells produced higher levels of 

antioxidant proteins to survive 103. Antioxidant systems in cancer cells are regulated by 

several factors including nuclear factor erythroid-2-related factor 2 (Nrf2), forkhead 

homeobox type O family (FoxOs) ataxia telangiectasia mutated (ATM) and 

apurinic/apyrimidinic endonuclease1/redox factor-1 (APE1/Ref-1). It has been reported in 

melanoma that cells to sustain metastatic process must have reversible metabolic changes 

by GSH regeneration in order to endure increased oxidative stress 104. In castration-

resistant prostate cancer (CRPC) increase of antioxidants like Trx1 has been associated 

with tumor progression. Whereas the Trx1 inhibition determines an increase in tumor 

suppressor p53 levels and cell death due to higher ROS levels 105.  

Thus, the role of ROS in cancer is bilateral: moderate levels of ROS contribute to cancer 

initiation, progression and spreading through the activation and maintenance of signaling 

pathways that regulate cellular proliferation, survival, angiogenesis and metastasis 93, 

altering different signaling pathway such us p53 loss 106 and constitutive activation of RAS 

down streaming (PI3K/AKT/mTOR) 48,107. However, excessive levels of ROS can also 

induce cell cycle arrest, cell death signaling and senescence 93, as well as mitochondrial 

DNA damage and mutations and alterations of the mitochondrial genomic functions that 

seem to be implicated in the process of carcinogenesis 108. In order to survive under stress 

conditions, cancer cells adapt and acquire different mechanisms to maintain ROS levels as 
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close as possible to their pro-tumorigenic concentration. More specifically, the increased 

rate of ROS production in cancer cells promotes the acquisition of various hallmarks of 

cancer: sustained proliferation, increased cell survival and disruption of cell death 

signaling, epithelial to mesenchymal transition (EMT), angiogenesis and metastasis 109. 

Several biological features of cancer cells are affected by ROS, including: 

• Cell proliferation. ROS promote cancer cell proliferation by increasing 

proliferative signaling pathways like PI3K/AKT/mTOR and mitogen-activated 

protein kinases/extracellular signal–regulated kinases (MAPK/ERK) cascades 110. 

H2O2 oxidizes and inactivates phosphatases, such as protein tyrosine phosphatase 

1B (PTP1B) and PTEN, which both inhibit the PI3K/AKT pathway 111,112. 

Moreover, ROS also inactivate phosphatases inhibiting MAPK, thus resulting in 

the activation of mitogen signaling 113. 

• Cell survival. Hyper-activation of the PI3K/AKT pathway by ROS can promote 

cancer cell survival through inhibition of PTEN 114. ROS can also activate and 

stabilize antioxidant regulator Nrf2, protecting cells against oxidative stress, cell 

death and senescence 115.  

• Anoikis resistance. Cancer cells often enter in the bloodstream, but only few of 

them are able to survive without anchorage-dependent prosurvival signaling, and 

then, to induce metastatic spread; this particular skill is called “anoikis resistance”. 

During the invasive process, cancer cells are exposed to different stresses, such as a 

loss of interaction with their environment, that can trigger anoikis. Mechanisms 

adopted by cancer cells, to overcome anoikis include: (i) overexpression of 

neurotrophin receptor TrkB 116 which can be upregulated directly by HIF-1 117 and 

can regulate vascular endothelial growth factor (VEGF) expression via HIF1 118; 

(ii) c-Met signaling, which supports anchorage independence 119; (iii) HIF 

signaling, that increases the metastatic potential of cancer cells by promoting cell 

survival in the bloodstream and in metastatic colonies 117; (iv) Src family kinases, 

critically involved in the control of cytoskeletal organization and in the generation 

of integrin-dependent signaling that is triggered by cell attachment to the ECM 120; 

moreover, Src has been described as playing a key role in anoikis resistance, and 

its redox sensitivity has an essential role in this function 121. Indeed, in metastatic 
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prostate carcinoma cells undergoing a constitutively deregulated production of 

ROS, Src kinase is constitutively oxidized and activated in the absence of 

adhesion. This allows a constitutive, Src-dependent and ligand-dependent, 

transphosphorylation of epidermal growth factor receptor (EGFR), activating the 

ERK- and AKT-mediated pro-survival pathways. Antioxidant treatment of 

prostatic cancer cells totally abolishes the ligand-independent activation of EGFR 

and reestablishes the pro-apoptotic stimuli. Contrariwise, addition of H2O2 

physiological doses to normal epithelial cells allows them to escape from anoikis, 

confirming the central role of ROS in anoikis resistance 122. 

• Metastasis. Mithochondrial- (mt) ROS have been shown to promote metastasis 

formation by upregulating several redox-sensitive pathways, including proline-rich 

tyrosine kinase 2 (Pyk2), two members of the transforming growth factor β (TGFβ) 

signaling pathway 123. Furthermore, ROS further induce HIF-1α stabilization, 

which in turn is related to various key steps of the metastatic cascade and selects 

for metastatic modifications 124.  

• Angiogenesis. Angiogenesis is important for tumor development insofar as it 

provides nutrients and oxygen for continuous tumor growth. ROS induce HIF-1α 

stabilization through inhibition of PHDs, which leads to increased VEGF 

expression and subsequent angiogenesis and tumor progression 125.  

• Epigenetics. In addition to genetic mutations, also epigenetic changes are involved 

in tumor progression and metastasis. For instance, hypermethylation of CpG 

islands in promoter regions of tumor suppressor genes is frequently seen in cancer 

cells 126,127. Lim et al. confirmed that prolonged ROS stress induces the methylation 

of the E-cadherin promoter via a Snail-dependent pathway. Remarkably, redox 

stress seems to be associated with Snail upregulation, methylation of the E-

cadherin promoter and its downregulation 128. 
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2.2.4 AMP-activated protein kinase (AMPK) signaling 

AMPK is a serine/threonine protein kinase consisting in a heterotrimeric complex 

containing one catalytic α-subunit and two regulatory β- and γ-subunits 129. In mammals, 

AMPK α- and β-subunits have two isoforms each, whereas the γ-subunit has three 

isoforms. Suggesting several AMPK active isoforms, all regulated differently under 

different physiological conditions 130,131. AMPK is regulated allosterically and by post-

translational modifications. Mainly, AMPK activation is regulated both by phosphorylation 

on threonine residue (Thr-172) of the α-subunit and by adenosine monophosphate (AMP) 

and/or ADP binding to γ-subunit 132. The binding of AMP and ADP to the γ-subunit is 

competitively inhibited by ATP, thus, resulting in AMPK as a sensor of AMP/ATP or 

ADP/ATP ratios. Phosphorylation in Thr-172 of the AMPK α-subunit is regulated by three 

kinases: calcium-/calmodulin-dependent kinase kinase 2 (CaMKK2); TGFβ-activated 

kinase 1 (TAK1); liver kinase B1 (LKB1); and by three phosphatases: protein phosphatase 

2C (PP2C); protein phosphatase 2A (PP2A) and Mg2+-/Mn2+-dependent protein 

phosphatase 1E (PPM1E) 133–140. 

AMPK is active when is phosphorylated by upstream kinases at Thr-172 in response to 

cellular stresses that reduce cellular energy levels 141. AMPK is activated under situations 

in which the cellular level of ATP is depleted (such as hypoxia and tissue ischemia), and 

the level of AMP is increased (with subsequently increase of the AMP/ATP ratio) such as 

those triggered by glucose deprivation, hypoxia, oxidative stress, hyperosmotic stress, 

tissue ischemia and muscle contraction/exercise 142,143. Indeed, high levels of AMP and 

ADP bind CBS3, a region on the γ-subunit, which avoids the access to Thr-172 to 

phosphatases, increasing its phosphorylation. Furthermore, AMP could bind to CBS3, 

stimulating LKB1-mediated phosphorylation, which requires myristylation of the AMPK 

β-subunit 144. Moreover, the binding of AMP, but not of ADP, to the CBS1, γ-subunit 

segment, increases intrinsic AMPK activity by causing its allosteric activation. Finally, 

intracellular calcium through CaMKK2-mediated phosphorylation and TAK1, a MAPKKK 

family member (MAP3K7) also phosphorylate and activate AMPK; although, the 

physiological conditions under which the TAK1–AMPK pathway operates remain to be 

clarified 145,146. Once activated, AMPK reestablishes cellular energy levels by stimulating 

catabolic pathways, such as glucose uptake, glycolysis and fatty acid oxidation 147 and 
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limits ATP-consuming cellular events including synthesis of protein, cholesterol and fatty 

acids 148,149.  

Certainly, AMPK acts as a crucial sensor of the cellular energy balance in mammalian 

cells, regulates glucose and lipid metabolism by contrasting the effect of AKT1 and 

functions as a potent inhibitor of mTOR 150,151. Moreover, recent studies have implicated 

AMPK as an important factor in cancer cell growth and migration 152,153. Cancer cells must 

overcome this checkpoint in order to proliferate in response to activated growth signaling 

pathways, even in periods of energetic stress. Several oncogenic mutations can suppress 

AMPK signaling, allowing cancer cells to respond to inappropriate and aberrant growth 

signals. In particular, loss of AMPK signaling promotes the activation of mTOR and HIF-1 

and might therefore also support the glycolytic shift 151. 

 

2.3 Cell motility and plasticity 

Cell migration is a universal process that involves different mechanisms based on the type 

of cell and the characteristics of the microenvironment in which it happens. These 

phenomena not only occur during the processes of invasion and metastasis of tumor cells, 

but also is important during physiological processes such as embryo-morphogenesis, 

wounds repair, angiogenesis as well as during immune responses, moreover with 

mechanisms similar to those used by cancer cells 154. For many cells, including epithelial, 

stromal, and neuronal cells, migration occurs only in some phases of cellular 

differentiation, during morphogenesis or tissue regeneration. On the other hand, for other 

cell types, such as leukocytes, migration is an integral part of their functionality and they 

maintain this ability throughout lifelong 155. 

There are several migration strategies, principally divided into two main groups: single cell 

motility (mesenchymal or amoeboid) and collective motility as multicellular groups. Then 

it is possible to classify migration on the basis of cell morphology, adhesion 156–158 and 

contractility ability 159,160, Rho-family GTPase signalling activity 161,162, cytoskeletal 

organization, composition and rigidity of extracellular matrix (ECM) 163,164 and the types 

of cell-ECM and cell-cell interaction 155. Changes in some of these factors can induce 

switches in style of migration. This plasticity allows the cells to continue to migrate in 

response to changes in their environment. 
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Collective motility 

Collective motility occurs in fundamental physiological processes such as the formation of 

embryonic sheets and glandular epithelia 154. 

Several studies have demonstrated that collective movement could be considered as the 

movement of a single functional unit in which cells remain adherent each other thanks to 

the establishment of cortical actin junctions that allow the formation of a single contractile 

body 165. Thus, cells could form groups in which they are held together by cadherins, 

molecules of the immunoglobulin superfamily and connexins through gap junctions 
154,166,167 (Fig 3B). 

The cellular complex moves through the formation of pseudopods that generate traction 

forces and push forward, degrading the matrix with the production of matrix 

metalloproteases (MMPs), especially MMP 1 and 2, and co-localizing clusters of integrins 

α1β3 adhered to collagen fibers to "stick" to the ECM and to perform the movement 168. 

 

Single cell motility 

The single-cell migration outcomes from five interdependent molecular steps that alter 

shape and position of the cells as well as the tissue structure towards which they migrate 

and are valid in many types of cell movement for both normal and neoplastic single cells 
155,169,170. During the first step, thanks to the actin polymerization, the cytoskeleton 

polarizes and forms a leading protrusion at the opposite end of a ‘‘pre-uropod’’ region, 

which characterizes the constitutive rear end of the cell 171,172. In the second step, it is 

coupled the extracellular adhesion to the force generation at the leading-edge protrusion 

through engagement of extracellular substrates, followed by the recruitment and adhesion 

of cell surface receptors that form focalized clusters 173. In the third step, cell surface 

proteases bind extracellular scaffold proteins and induce locally proteolysis 155. Proteolysis 

modifies the molecular and mechanical properties of the tissue and leaves space for the 

movement of the cell 173. In the fourth step, the small GTPase Rho activates myosin II, and 

the contraction, mediated by actomyosin, generates tension inside the cell. Finally, in the 

last step, after the contraction, there is a gradual turnover of adhesion bonds at the trailing 

edge, which slides forward while the leading edge further protrudes 173 (Fig. 3A).  
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Figure 3. (A) The five molecular steps involved in single cell migration. (B) Collectively 
migration. From Friedl P and Alexander S, Cell, 2011 

 

 

 

 

 

 

 

 

 

 

 

 

 

The protein–protein interactions and signaling events that cause shape modification and 

control cell migration are linked to the events of adhesion, actomyosin polymerization and 

contraction 169,174,175. Adhesion to ECM, leading by pseudopods, are mediated by integrin 

binding, which are transmembrane receptors family. Integrins, coupled to the actin 

cytoskeleton, cluster and develop into an initial small focal complex, which can become 

focal contact. In each focal contact different pattern of integrins could be involved, 

according to differences in ECM substrate and cell type. These include α5β1 integrin, 

which binds fibronectin 176; αvβ3 which binds fibronectin or vitronectin 177, α2β1, which 

binds collagen 178 and α6β1 or α6β4, which bind laminin 179. Additional, non-integrin 

receptors also interact with ECM such as CD44, discoidin receptors, CD26, 

immunoglobulin superfamily receptors, and surface proteoglycans. In the meanwhile, the 

actin filaments locally assemble, through the action of crosslinking proteins such as α-

actinin and myosin II 175,180. The arrangement of actin below the inner part of the plasma 

membrane is called cortical actin, whereas cytoplasmic bundles of actin filaments are 
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nominated stress fibers 180. The assembly and contraction of the stress-fibers are controlled 

by myosin II, mainly induced by Rho and its important downstream kinase, ROCK 181,182. 

While, the cortical actin network is controlled by the myosin light-chain kinase (MLCK), 

but not by Rho 183–185. This allows the cell to separately control cortical actin dynamics 

from contractions in inner regions. Actomyosin contraction promotes the shortening of the 

cells length axis and generates inner tension towards focal contacts that are located at 

external edges 154,186. The number and size of focal contacts can change from cell to cell in 

response to different environments, and the speed generated by the migration cycle is 

limited from the turnover rates of the adhesion events 169, causing an inverse relationship 

between migration rates and focal contact strength. Stabilization of focal contacts increases 

attachment, reduces detachment and impairs migration rates, whereas weakening of 

adhesion strength, forces migration 169,187,188. 

The single-cell motility described below is effective for normal cells as well as for cancer 

cells. Indeed, integrin signaling, focal-contact formation and actomyosin-dependent 

contractility are involved in tumor cells motility 178,179,189–191. Moreover, frequently, in 

tumor cells ECM-degrading enzymes, such as cathepsins and MMPs, are overexpressed 
192,193, and simplify migration in vitro 194–196, as well as metastasis in vivo 197,198. Likewise, 

the upregulation or activation of the GTPases Rac and Rho and their downstream effector 

ROCK or MLCK have been demonstrated to be correlated with in vitro tumor cell 

migration and in vivo invasion and progression 199–202. Single-cell motility of tumor cells 

typically initiates from the interstitial stroma or bone-marrow. Indeed, cells originate from 

a multicellular compartment, such as epithelium, lose their cell contacts and migrate as 

individual cells through the adjacent connective tissue 203. The migration of cancer cells 

seems to be activated by an imbalance between pro-migratory and anti-migratory signals 
204,205, and this allows cancer cells to increase their invasiveness towards tumor metastasis. 

There are multiple factors that can regulate cancer motility: chemokines and growth factors 

sustain migration by pro-migratory signals transduction via PI3K, Rac and Rho signalling; 

matrix proteases generate chemotactic ECM fragments as well as pro-migratory 

neoepitopes that engage specific sets of integrins 205,206; insulin-like growth-factor-1 

(IGF1) and the epidermal growth factor (EGF), that also promotes cell proliferation and 

survival 207.  
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Figure 4. Cell morphologies, migration modes, and transitions. From Friedl and Wolf, 2010 

Single cell motility is characterized by two subtypes: mesenchymal motility and amoeboid 

motility, in which cells assume completely different phenotypic, morphological and 

molecular characteristics (Fig.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.1 Mesenchymal motility 

Mesenchymal-like motility predominates in connective tissue tumors such as fibrosarcoma, 

glial cell tumors, and myoblastomas 154. Cells that moves with mesenchymal motility have 

a typically elongated morphology and lack polarity, both functional and morphological. 

This type of motility depends on the proteolysis of the ECM mediated by an intense 

secretion of MMPs. The cells stably adhere to the ECM thanks to focal contacts, where the 

integrin receptors cluster and firmly anchor the cell to the substrate. The activation of 

integrin signaling stimulates the secretion of MMPs which, by degrading the matrix, 

generate the space necessary for cell movement. The actin cytoskeleton is organized in 

stress fibers connecting several focal adhesions. Cell movement is driven by membrane 
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portion on the leading edge 208,209. Different cell types generate different cytoplasmic 

protrusions: lamellipodia, filipodia and pseudopodia or invadopodia 154. These membrane 

structures are formed by bundles of actin filaments and lined with integrin receptors 
154,179,192,210,211. At the molecular level, mesenchymal motility is driven by GTPases Rac 

and Cdc42, which are essential for the formation of cytoplasmic protrusions 175,212. 

 

2.3.2 Amoeboid motility 

Different kinds of amoeboid movement have been described in the last 10 years 155,213, and 

in most of the cases, there are not described adhesion regions which mediate interaction 

with substrate 157. One type of non-adhesive amoeboid movement is characterized by the 

formation of membrane blebs. The amoeboid motility was described for the first time 

during embryonic development 214–216 and it was observed in the amoeba Dictyostelium 

discoideum, which is able to move quickly in a few seconds by alternating cycles of 

expansion and contraction of the cell body 217,218. This type of motility has also been 

observed in leukocytes, in hematopoietic stem cells and in some cancer cells such as 

leukemia, breast cancer, small cell lung cancer and metastatic melanoma 154,219. Lorentzen 

et al., showed that melanoma cells with increased metastatic potential, contain a higher 

proportion of cells (90%) which move through squeezing amoeboid motility 219. Moreover, 

rounded cells predominate in the invasive front of melanoma, confirming the relevance of 

amoeboid motility in the invasive process 220. For lymphocytes and neutrophils migration, 

integrin-mediates adhesion within connective tissue is not entirely necessary, both in vitro 

and in vivo 156,221,222. Indeed, this type of migration is completely independent of cell 

adhesion to the substrate and ECM proteolysis. The cells show a rounded morphology and 

pass through the tissues by “squeezing” rapidly between the fibers of the ECM in the 

absence of proteolytic enzymes due to their lack of focal contacts allowing them to move 

at 10-30 fold higher velocities then cells that use mesenchymal migration mechanism 
223,224. This ability depends on the rapid changes in morphology promoted by the 

contraction of the actin filaments organized to form cortical rings 218. Cells with blebbing 

amoeboid movement are characterized by a lack of apparent polarization and high 

actomyosin contractility 155,213 regulated by the GTPase RhoA inhibiting p190RhoGap 225 

or engaging of ephrin A2 (EphA2, an indirect Rho activator) 226 . Blebbing starts by the 
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disassembly of the submembrane actin cortex 227. Cytoplasm is hard up through such 

ruptures to form membrane blebs 228,229 that grow until actin-binding proteins, such as 

those of the ezrin radixin moesin (ERM) family, are assembled in the blebs, which in turn 

recruit actin and actin-bundling proteins to the bleb membrane to form a new cortex. 

Finally, myosin II is recruited and drives retraction of the blebs 230. The position of blebs 

formation determines the direction of cell movement 231. However, some cells, such as 

A375 melanoma cells, form multiple blebs over the membrane and therefore they would 

not be able to move directionally, while they are able to invade into a collagen matrix and 

move both in vitro and in vivo 232,233. Amoeboid dissemination allows cancer cells to 

undergo early metastatic spread from a small primary tumor 234. 

 

2.3.3 Tumor cell plasticity 

Different cell types preferably use a different migration style, for example leukocytes use 

amoeboid migration, stromal cells move with a mesenchymal mode, epithelial cells with 

collective movement 235. However, in recent years, it has become clear that some 

modifications induced by the environment or by the cells themselves, can cause an 

adaptation that alters the style of migration 155. Cancer cells, during growth and neoplastic 

progression, are able to shift from one to another type of motility, adapting to the 

modification in the microenvironment depending on the differences in ECM or on the 

cellular components. This ability is defined as “migratory plasticity” and often correlates 

with highly invasive and metastatic phenotypes in cancer cells 154,235,236 (Fig.5). 
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Figure 5 The migratory plasticity of cancer cells. The ability of tumor cells to switch from one migration 
style to another (From Friedl and Wolf, Nature Reviews, 2003) 

 

Epithelium-mesenchymal transition (EMT) 

EMT is an epigenetic transcriptional program that leads to a profound reprogramming of 

epithelial cells, which lose their phenotype and acquire the mesenchymal characteristics 

necessary to migrate from the primary site 235,237. The EMT program firstly determines the 

loss of cell-cell and cell-ECM contacts followed by the loss of functional polarity typical 

of epithelial cells, and by a deep reorganization of the cytoskeleton. The induction of EMT 

is determined by stimuli induced from the tumor microenvironment. The main activator of 

this transcriptional program is TGF-β, but also hypoxia, ROS and paracrine signals 

released by the cellular components of the tumor stroma 238,239. The crucial events during 

EMT are both the loss of E-cadherin, which leads to the destruction of cell-cell junctions, 

and the increased expression of MMPs 240. In addition, cells that undergo EMT show an 

increased expression of some mesenchymal markers such as vimentin, fibronectin, α-

smooth muscle actin (SMA) and N-cadherin. There are many transcription factors involved 

in this process; among the most specific, Snail-1, Twist, Slug, ZEB1 and 2, and SIP1 
237,241–243. 
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Mesenchymal-amoeboid transition (MAT) 

During the mesenchymal-amoeboid transition (MAT), a motile cell acquires a more 

rounded morphology and becomes completely independent of adhesion to the substrate. 

Indeed, this type of transition is associated with an increased ability to overcome the 

anoikis conferring further benefits to cancer cells during the last stages of the metastatic 

cascade 218,244,245. Numerous studies have shown that using integrin and/or protease 

inhibitors, typically in mesenchymal cells such as HT1080 fibrosarcoma cells, or MDA-

MB-231 breast cancer cells, cells shift from mesenchymal to amoeboid motility 246. In 

prostate cancer it also been demonstrated that CAFs, in a synergistic way with endothelial 

cells recruited in situ, lead cancer cells to undergo MAT via Eph1/EphA2 signaling 247.  

Moreover, in melanoma cells, MAT is associated with the acquisition of a stem-like 

phenotype which sustains tumor progression 248.  

This shift induces not only a change in morphology (from elongated to rounded), but also a 

redistribution of the integrin receptors (from focused to dispersed on the membrane), a 

reorganization of the actin cytoskeleton (the membrane protrusions), as well as changes in 

the molecular strategy used to overcome the anatomical barriers that prevent cell spread 

(from protease-dependent to protease-independent). Consequently, the main molecular 

markers of this transition are represented by a drastic decrease of MMPs expression and 

GTPases Rac1 and Cdc42 activation and by a strong increase in the expression and/or 

activation of RhoA and its downstream effector ROCK 246. 

 

2.4 Metastatic dissemination 

Most of cancer deaths, statistically up to 90%, are due to the development of metastases 
249,250. 

Metastasis is the process by which a primary tumor spreads to distant organs and develops 

a second cancerous lesion 251. It is an adaptive process, characterized by a series of critical 

steps (Fig.6), including: 

1. Local infiltration and detachment from the primary tumor mass (EMT) 

2. Dissemination (intravasation); 

3. Resistance to anoikis; 

4. Adhesion to the endothelium and trans-endothelial migration (extravasation); 
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5. Survival in the bloodstream, arrival in the new site and development of metastasis 
252,253. 

It has now been widely demonstrated that genetic mutations in cancer cells alone are not 

enough to explain tumor growth and progression. Both stimuli, from the microenvironment 

and epigenetic alterations of tumor cells, play a leading role during the various phases of 

the metastatic cascade 254,255.  

Figure 6.  The five successive steps of the metastatic process. (From Ding D. et al, Oncology Letter, 2016) 
 

2.4.1 Local infiltration and detachment from the primary tumor mass 
In the primary site, the tumor, thanks also to the microenvironmental factors, grows and 

spreads, modifying its structure. However, the tumor mass, without blood circulation, 

grows up to 1-2 mm3 in diameter. Since 1971, several studies have been demonstrated that 

the absence of neo-vascularization causes a stop in tumor growth 256,257. Therefore, the 

establishment of new blood vessels that provide to the tumor growth factors and nutrients 

is necessary. Indeed, angiogenesis, one of the hallmarks of cancer, is essential for growth 

and especially for metastasis formation. Angiogenesis allows the spread from the primary 

site to distant organs of the metastasizing cancer cells, representing the so-called “escape 

route” 256,257. The term “tumor angiogenesis” has been coined since 1968 by Greenblatte 

Shubik to describe the vascularization associated with tumor growth. Tumor angiogenesis 
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can occur through various mechanisms; in addition to sprouting angiogenesis and 

vasculogenesis, it has recently been described a third modality of tumor angiogenesis: the 

“vascular mimicry”. It was defined as the ability of tumor cells, and of some stromal 

components, to acquire functional capabilities typical of endothelial cells, therefore 

“mimicry”. It was described for the first time in melanoma 258 and then in other types of 

tumors such as glioblastoma, breast, ovarian and hepatocellular carcinoma 259. Tumor 

endothelial cells (TECs) are irregular in shape and size with poorly defined margins 

compared to the normal endothelial cells, with long cytoplasmic protrusions extending and 

crossing the vessel lumen. At the top of these cytoplasmic protrusions there are 

intercellular gaps that create micro pores in the vessel wall, increasing its permeability 260. 

The blood flow in these vessels is heterogeneous and it can go both in an antegrade and 

retrograde direction 261. 

The main causes of induction of vascular mimicry are vascular endothelial (VE) -cadherin, 

endothelial (E) -selectin, CD34, EphA2, tyrosine kinase receptor (TKR) -1, and neuropilin 

1. Furthermore, a leading role in the development of tumor angiogenesis is played by 

hypoxia and by HIF1 and HIF2. These factors not only support angiogenesis but can also 

induce and select tumor cells with a more invasive and metastatic phenotype 262. Hypoxia 

can also induce the transcription of pro-angiogenic factors, including VEGF, and can 

inhibit the signals that normally control the stability and integrity of the vessels. Given the 

importance of tumor angiogenesis in the tumor mass progression, targets to inhibit this 

process have been identified. Bevacizumab, or Avastin, is a humanized monoclonal 

antibody directed against VEGFA. It was the first anti-angiogenic drug to be used, in 2004, 

for colorectal cancer; currently, it is used in combination with other drugs such as 5-

fluorouracil, because it has proved to be ineffective, sometimes also capable to select more 

aggressive clones determining the formation of secondary tumors 263,264. 

Once neovascularized, the tumor uses the new vessels not only as a source of nutrients, but 

also to spread and metastasize. Tumor cells must escape from the primary mass and thus 

acquire motile and invasive abilities; in epithelial carcinomas this process is called EMT 

(already described above). 
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2.4.2 Dissemination (intravasation) 
On this step  cancer cells enter into blood or lymphatic vessels (intravasation), first through 

the invasion into the basal lamina of the endothelium, then, moving between the 

endothelial cells that structure the capillaries and, finally, entering into the bloodstream 
249,265–267. To achieve the intravasation step, cancer cells need to break the cadherin-

dependent bonds, present between endothelial cells, and form new cell-to-cell contacts 268. 

Furthermore, the cancer cells undergo several morphological changes that allow them to 

rapidly penetrate into the vessel, such as a significant increase in cytoplasmic plasticity 269–

271. In this phase, the effect exerted on the endothelial cells is also central, indeed they must 

reduce the tight junctions that keep the vessel layer compact. 

Key factors of the intravasation process are: 

- T-α, produced mainly by tumor-associated macrophages (TAMs), is essential for 

increasing vessel permeability and promoting interactions between tumor cells and 

the endothelium; 

- Interleukin (IL) -1 and IL-6, produced by leukocytes and monocytes infiltrated in 

the tumor site, activate different MMPs, and Urokinase-Type plasminogen activator 

(uPA); 

- Hypoxia. It represents one of the most effective inducers of VEGF secretion by 

tumor cells. A high concentration of VEGF is in turn essential to inhibit the tight 

junctions between endothelial cells 272. 

 

2.4.3 Circulation survival (resistance to anoikis) 
In physiological conditions, in the absence of adhesion to the ECM, the cells undergo a 

particular type of apoptosis called anoikis. The execution of anoikis can be mediated by 

both apoptotic pathways: the intrinsic and the extrinsic pathway. Both pathways end with 

the activation and translocation in the nucleus of caspases, cytoplasmic endonucleases that 

fragment DNA inducing cell death 273,274. 

The Bcl-2 family of proteins plays a key role in both pathways. It can be divided into 3 

different protein groups: 

• Anti-apoptotic proteins such as Bcl-2, Bcl-XL and Mcl-1; 

• The pro-apoptotic multi-domain proteins Bax, Bak and Bok; 
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• Pro-apoptotic proteins BH3-only Bid, Bad, Bim, Bik, Bmf, Noxa, Pumae Hrk 275. 

The intrinsic pathway 

The intrinsic, or mitochondrial, pathway is activated in response to a series of intracellular 

signals that include DNA damage, growth factors deprivation, radiation, or endoplasmic 

reticulum stress. In response to death signals, the pro-apoptotic proteins, Bax and Bak, 

translocate from the cytosol to the outer mitochondrial membrane (OMM), where form 

oligomers creating channels in the membrane and causing permeabilization of the 

mitochondria and the release of cytochrome c 276. The release of cytochrome c determines 

the formation of the apoptosome, composed of caspase 9, a cofactor of apoptosis, Apaf, 

and cytochrome c itself, with the subsequent activation of caspase 3 and its translocation 

into the nucleus 277–279. 

The extrinsic pathway 

The extrinsic pathway begins with the binding from extracellular ligands to receptors of 

the tumor necrosis factor receptor (TNFR) family, such as fragment apoptosis stimulating 

(FAS) 280,281. Briefly, FAS and FAS ligand (FASL) induce the establishment of the death 

inducing signaling complex (DISC); which interacts with fas-associated death domain 

(FADD), that recruits numerous pro-caspases 8 and promotes their activation. Caspases 8 

activated and translocated into the cytoplasm, cut and activate caspases 3, 6, and 7 which 

induce cell death 280,281. 

Alternatively, caspase 8 activates, through proteolytic cutting, Bid, that in its truncated 

form, t-Bid, promotes the release of cytochrome c by the mitochondria and induces the 

assembly of the apoptosome. At this point the intrinsic and extrinsic pathways converge 282 

(Fig.7). 

 

Epithelial cells are protected by anoikis when they adhere to ECM proteins. Integrin 

receptors play a key role in ensuring the adhesion of cells to the matrix and therefore 

protection from anoikis. In particular, the integrins α5β1, αvβ3, α1β1, α6β1. When these 

receptors permanently lose the link with the ECM, activate different intracellular pathways 

capable to trigger both the extrinsic and the mitochondrial pathways. Not only cell-matrix 

adhesion, but also cell-cell contacts are essential to ensure cell survival. Contacts between 

cells are mediated by cadherins, a family of membrane receptors that allow homotypic or 

heterotypic cell-to-cell calcium-mediated anchoring. It has been reported that the blocking 
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Figure 7. Intrinsic and extrinsic apoptosis pathways. (From Zang F. et al., International Journal of 
Molecular Medicine, 2016) 

of the binding mediated by E-cadherin induces anoikis in epithelial cells 283,284, while the 

over-expression of β-catenin, a downstream target in the signaling of many cadherin 

receptors, induces resistance to anoikis 285. EMT, metabolic shifts, autophagy and 

constitutive activation of survival pathways, are other mechanisms by which cancer cells 

implement resistance to anoikis 240. The constitutive activation of the PI3K/Akt signaling 

pathway is the most common mechanism to induce anoikis resistance in cancer cells, and 

PTEN is the most important negative regulator. The prolonged activation of Akt can be 

induced by various pathways; for example through the over-expression of integrin 

receptors; the constitutive activation of Ras through mutations; the loss of phosphatase and 

PTEN activity through gene mutations such as deletion or methylation; alterations in PI3K 

activity; amplification or over-expression of the Akt gene 286,287. Akt activation modulates 

the activity of transcription factors that control the expression of pro- and anti-apoptotic 

genes, such as IKKβ, Forkhead box proteinO1 (FKHR), Forkhead box proteinO3 

(FKHRL1), and Forkhead box protein O4 (AFX), or through direct phosphorylation of pro-

apoptotic proteins, such as Bad and procaspase-9, inhibiting their function 278,288–291. 

Another important transcription factor that contributes to anoikis resistance is HIF-1. 

Activation of HIF-1 pathway triggers the transcriptional program of EMT, activating the 

transcription of specific factors such as Snail, Twist and NF-κB 292–296. Furthermore, HIF-1 

can induce resistance to anoikis through the increased expression of EGFR, the activation 

of MAPK and causing the degradation of pro-apoptotic proteins such as Bim and Bmf 297. 
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2.4.4 Adhesion to the endothelium and trans-endothelial migration 

(extravasation) 
Extravasation is the process by which cancer cells migrate from the bloodstream, or from 

the lymphatic system to a secondary site. Cancer cells move passively or actively within 

the vessel 298 and respond to signals that derive from the vascular endothelium 299. There 

are two possible theories that have been considered for the arrest of cancer cells at the level 

of the endothelial barrier and that can explain the formation of metastases with a greater 

frequency in certain organs. The first is Paget's "seed and soil" hypothesis, according to 

which the tumor (the seed) depends on the characteristics of the distant organ (the fertile 

soil) to spread 300. Numerous studies, both in vitro and in vivo, have shown that cytokines 

and growth factors, as well as specific cell-cell interactions, play a crucial role in 

determining the metastasis of given types of cancer in specific organs and tissues. These 

molecules are called "homing factors" 301,302. For example, breast cancer cells, which 

express high levels of CXCR4, preferentially metastasize into bone, recalled by a high 

concentration of its specific ligand, stromal-derived factor (SDF) -1. This gradient is also 

involved in the metastasis of leukemia and prostate cancer, while the chemokine (CC 

motif) ligand (CCL) -21 is the main homing factor for lungs and lymph nodes 303,304.  

On the other hand, according to Ewing's hypothesis, tumor tropism is based exclusively on 

mechanical phenomena 305. For example, tumor cells tend to aggregate to leukocytes and 

platelets forming heterogeneous aggregates, the so-called “metastatic emboli”, which flow 

more slowly on the endothelial wall favoring the extravasation process 306,307. 

Once firmly adhered to the vascular endothelium, the cancer cells migrate through the 

vessel wall, crossing the basement membrane and invade the new tissue. 

 

2.4.5 Survival at the new site and development of metastasis 
Once exceed the basement membrane of the vessel, the metastatic cells must survive, 

invade and proliferate in the new tissue. Numerous evidence have shown that metastatic 

tumors appear histologically less differentiated than the primary lesion and frequently 

express a stem-like phenotype. Balic M. et al. demonstrated for the first time that cancer 

cells from bone metastases derived from breast cancer expressed CD133+, 

CD44high/CD24low phenotype, typical of undifferentiated stem cells 308 . Hermann et al. 
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instead, by isolating CD133+ cells from pancreatic carcinoma that showed a marked 

migratory capacity, demonstrated that the elimination of these cells abolishes the ability of 

the tumor to form metastases 309. 

The growth of the metastatic lesion is characterized by the ability of tumor cells and 

microenvironment components to establish conditions that induce the formation of so-

called "metastatic niches", created to provide the optimum microenvironment for the 

growth of metastatic cells in the secondary lesion 310–313. Therefore, a cross-talk is 

established between tumor and stromal cells which supports tumor growth both recruiting 

endothelial cell progenitors for the formation of new vessels and by the secretion of 

numerous soluble molecules, such as growth factors, cytokines and chemokines, which 

influence the behavior of cancer cells, by each of the niche residents 314–316. During the 

final steps of metastatic event the tumor cells acquire the possibility to shift towards an 

amoeboid phenotype undergo MAT. This transition is associated not only with an increase 

in the ability to overcome the anoikis but also with an enhance of stem-like phenotype, 

promoting spread of cancer cells and sustain tumor progression 235,245,248,265. In particular, it 

has been demonstrated that 90% of metastatic melanoma cells move through squeezing 

amoeboid motility with respect to the less metastatic parental melanoma cell line 219. 

However, not all tumor cells belonging to the primary site are able to acquire all the 

characteristics necessary to all the events that occur during the metastatic cascade, but this 

capacity remains limited to a small pool of tumor cells. This explains the sporadic nature of 

the metastatic event. 
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3. Part 1 
3.1 Osteosarcoma 

Osteosarcoma (OS) is the most common primary bone cancer, characterized by high 

aggression and rapid metastatization mainly to the lung, which is associated with reduced 

survival 317,318. OS shows high tumor heterogeneity, a feature common to various solid 

tumors. There are two general models of tumor heterogeneity. In the “genetic mutations” 

model, the neoplastic transformation occurs in a single cell, from which the primary lesion 

will be originated. In the “cell of origin” model, instead, the tumor derives by oncogenic 

events which are sustained simultaneously by different cell populations 319. The 

histological heterogeneity of OS, indeed, is due to a cell of multipotent origin, which is 

identified in the mesenchymal stem cell (MSCs) during the osteoblastic differentiation 

process. The mutations which trigger the disease are still unknown, mainly because it is 

characterized by high genetic instability. Cytogenetic studies have shown various complex 

changes involving some chromosomes without a specific pattern. Two genes - an 

hereditary retinoblastoma mutation and an autosomal recessive mutation of p53 in Li 

Fraumeni syndrome - located at 13q14 and 17p13 respectively, seems to be involved in a 

gradual accumulation of genomic defects 320. More recently, Gambera S et al., 

demonstrated that the overexpression of c‐JUN and c‐JUN/c‐FOS in immortalized hMSC 

was sufficient to induce cell transformation and OS formation 321. 

Understanding the origin and etiology of OS is therefore complicated due to numerous 

factors such as genomic rearrangements, marked histological heterogeneity, and the high 

genetic instability that prevents the identification of the main genes 322. 

Localization 

Bone is a very complex connective tissue, composed of various cell types, including 

osteoblasts, osteoclasts, chondrocytes, endothelial cells, hematopoietic stem cells (the 

progenitors of blood cells) and MSCs 323. 

Primary OS can develop in any bone, but it forms mainly in the long bones at the level of 

the metaphysis (90%). Particularly, bones of the knee (50%), distal femur (30%), proximal 

tibia (15%), and pelvic 323–325. In addition, several cases have also been documented in the 

skeleton axial (10%) 326. 
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Epidemiology 

OS is classified as a rare tumor, with a European incidence of 3/100,000 patients in 1 year 
327. Although it represents less than 1% of all cancers, it is the third most common cancer 

in adolescents, less frequent only than lymphomas and brain tumors in this age group 328. 

The highest incidence of cases (70%) was found in children and adolescents aged between 

10 and 16 years, or in more adult patients, in 30% of cases, over 40 years of age 317. It is 

extremely rare in children under 5 years 329. It has been shown that the location of the 

primary tumor is a determining factor in the outcome of the disease. For example, the 

survival for patients who develop the primary lesion in the pelvis has been estimated from 

27% to 47% at 5 years from the onset; between 10-38 months instead, for patients with a 

primary tumor at the level of the vertebral column. Overall, axial localization was 

associated with a worse prognosis. To date, about 10-20% of patients have macroscopic 

metastases, the most common (90%) in the lung, which develop within 2-3 years of onset, 

but may also be present in the bones (8-10%) and in the lymph nodes. However, 80-90% of 

patients also have micro-metastases that are subclinical 320. 

Etiology 

The etiology is unknown, although there is an increase in the incidence of primary OS in 

many genetic diseases such as Li Fraumeni syndrome, Rothmund Thomsone's hereditary 

retinoblastoma 323 . Physical agents such as radiation, even if not in young patients, and 

chemical agents such as beryllium oxide, asbestos, and chromium salts may also be 

involved in the etiology of this tumor 330,331. 

Numerous studies show that the use of radiotherapy on children for the treatment of other 

types of solid tumors leads, in 5.4% of these, to the development of a secondary tumor and 

25% of these are sarcomas 332. 

The rapid growth that occurs from puberty to adulthood associated with tumor 

predisposing factors could be responsible for the preponderance of cases in a young age. 

This is confirmed by the research of Gelberg et al., who noted an association between the 

tumor and stature one year before the diagnosis, also compared with other factors, such as 

size and body mass index 333. Furthermore, despite a male: female ratio, that is of 1.5: 1, 

the disease occurs at an earlier age in females than in males, which is believed to be due to 

earlier development in females than in males 334. 
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Current therapy 

Nowadays, surgery combined with chemotherapy is the first-line treatment for most OS 

cases. Almost all patients, as initial treatment (8-10 weeks before surgery), receive 

combined  neoadjuvant chemotherapy intravenously (doxorubicin and cisplatin with or 

without methotrexate and Ifosfamide), and after surgery for another 12-29 weeks 335,336. 

Although it is considered a tumor resistant to radiation therapy, this could be an option for 

local treatment for inoperable OS, following resection or as a palliative for symptomatic 

metastases 337. 

With modern therapy, in patients without metastases, survival at 5 years after surgery is 

about of 60-70%. In patients with metastases or relapse, survival at 3-5 years has remained 

at 10-30% since 1980 320, highlighting the necessity for a better understanding of the 

disease and therefore the development of new therapies 338. 

 

3.1.1 Bone marrow-mesenchymal stem cells (BM-MSCs) 
MSCs are a heterogeneous group of multipotent progenitors capable of self-renewal and 

resident in some tissues such as: umbilical cord, adipose tissue (in Wharton's Jelly), 

peripheral blood, liver, lungs, placenta and amniotic fluid. In these tissues, their resident 

pool is maintained through self-renewal and migration of bone marrow-mesenchymal stem 

cells (BM-MSCs) 339–341. 

After ex vivo expansion, BM-MSCs isolated from different tissues have similar properties 

but are able of exerting different effects in different biological contexts 342. Phenotypically, 

they express several membrane antigens such as CD29, CD44, CD49, CD73, CD90, 

CD105, CD106, CD140b, CD166 and STRO-1, with negativity for CD34, CD45, HDA-

DR, CD14 or CD11b, CD79a, or CD19 343,344. They also express numerous adhesion 

molecules for binding ECM components, such as integrin receptors α5β1, αvβ1 and αvβ3; 

for the binding to fibronectin, α1β1 and α2β1; for the binding to collagen, α3β1 and α6β1 

for the laminin binding 345. Genotypically, they derive from different tissues and therefore 

express different levels of transcription factors associated with pluripotent stem cells such 

as NANOG, OCT-4 and/or SOX-2. But, the functional contribution to the proliferation and 

differentiation of MSCs of these transcription factors is still under investigation 346. 

MSCs are cells that normally participate in the structural and functional homeostatic 

maintenance of the connective tissue in normal conditions. Their activities include the 
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regulation of vital processes such as hematopoiesis and the preservation of the integrity of 

blood vessels and bones. Crucially, also their role in cases of wound healing and tissue 

repair, indeed, in response to systemic factors released from damaged tissue, MSCs exit 

from their niches in the bone marrow and are recruited into the injury site to restore normal 

homeostasis 346. 

BM-MSCs mainly differentiate towards the mesodermal lineage: osteoblasts, 

chondrocytes, adipocytes and stromal cells (fibroblasts and pericytes). Nevertheless, their 

ability to differentiate into cells of endo- and ectodermal origin, such as myoblasts, 

neurons and epithelial cells, has recently been demonstrated 347,348. 

The differentiation of BM-MSCs is controlled by several factors present in the 

microenvironment including cell-to-cell and cell-to-ECM contact, cytokines, chemokines, 

growth factors, and by numerous transcription factors, such as RUNX-2 and OSTERIX 

that trigger the differentiation towards the osteoblastic phenotype 348,349. 

 

3.1.2 Role of BM-MSCs in neoplastic progression 
Several studies, both in vivo and in vitro, have demonstrated the high tropism of BM-

MSCs for different types of epithelial carcinomas. This migration is driven by a 

chemotactic gradient of cytokines and growth factors released by the tumor cells 350. For 

example, EGF and platelet-derived growth factor (PDGF) are responsible for the 

chemotaxis of BM-MSCs in pancreatic cancer  351, while the VEGF, mediates the 

recruitment of BM-MSCs in models of murine glioma 352. Monocytes chemoattractant 

protein (MCP) -1 and IL-6 are responsible for the migration of BM-MSCs in breast cancer 
353, uPA and its receptor (uPAR), determines a consistent migration of BM-MSCs in lung 

cancer 354. Finally, as regards OS, some authors have recently reported the involvement of 

SDF-1 in the recruitment of BM-MSCs towards the primary lesion site 355. 

Once the BM-MSCs have migrated within the tumor stroma, they can promote neoplastic 

growth and progression through different mechanisms: 

• They exert their activity on cancer cells through the paracrine secretion of various 

molecules such as cytokines and growth factors which influence the proliferation 

and metastatic spread of cancer cells 356, 

• They can induce tumor vascularization through neo-angiogenesis, thanks to the 

production of pro-angiogenic factors such as VEGF, angiopoietin, TGF-β, PDGF 
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and fibroblast growth factor (FGF) -7; or by differentiating themselves into 

endothelial cells and pericytes 357,358; 

• They act as immunomodulators capable of suppressing both the innate and the 

acquired immune response against the tumor 346; 

• MSCs are able to trans-differentiate into other stromal components such as TAMs 
359, and CAFs, both crucial modulators of the neoplastic progression process 346,360. 

 

While we have described the pro-tumor role of MSCs, there is also evidence showing an 

anti-tumor activity. Khakoo et at. described an intrinsic capacity of anti-tumor BM-MSCs 

since they induce the inactivation of Akt signaling (a constitutively active pathway in 

cancer cells) in Kaposi's sarcoma cells 361. Furthermore, Barcellos-de-Souza P. et al., 

demonstrated that BM-MSCs, through the secretion of oncostatin-M, a cytokine that exerts 

an anti-proliferative effect in several types of cancer, inhibit in vitro proliferation, 

migration and invasion and in vivo tumor growth of lung adenocarcinoma cells 362. 

Therefore, to date the role of MSCs in tumor progression is controversial and still under 

investigation. To understand it better, it would be required to define the complex network 

of interactions that takes place among tumor cells, BM-MSCs and the other stromal 

components. Thus, once integrated into the tumor stroma, the equilibrium between the pro-

and anti-tumor effects exerted by the BM-MSCs is determined by the changes in the 

microenvironment where they are resident 362. 
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3.2 Aim of the project 
Several studies, both in vitro and in vivo, have documented the high tropism of BM-MSCs 

for different types of primary tumors. Numerous cytokines and growth factors, have been 

found involved in recruiting MSCs from their niche in the bone marrow of different types 

of epithelial carcinoma, such as melanoma, breast, prostatic, hepatic, and ovarian cancer 
350–355. Once recruited in the tumor stroma, BM-MSCs can actively promote tumor growth 

and progression, on the other hand, it has been described in literature their anti-tumorigenic 

abilities 362. Consequently, the role played by BM-MSCs in tumor progression remains an 

open question and object of study.  

The purpose of this project was to evaluate the effects induced by the cross-talk between 

BM-MSCs and tumor cells, in the progression of osteosarcoma, a tumor with mesenchymal 

origin. Given the high heterogenicity of this tumor, in our studies we used three different 

cell lines: HOS, Saos-2 and MG-63, which differ in proliferative rate, migratory and 

invasive capacity, resistance to anoikis and tumorigenicity in vivo 363. HOS show a more 

aggressive phenotype than MG-63 and Saos-2, which have an intermediate phenotype, 

both in terms of migratory capacity and in vitro proliferation. We used BM-MSCs isolated 

from the bone marrow of 4 different healthy donors. These cells were characterized by the 

Immunohematology Unit of the Meyer Hospital, directed by Dr. Franco Bambi, for their 

ability to differentiate in vitro into osteoblasts, chondrocytes and adipocytes, as well as for 

the expression of specific surface markers (CD73 ++; CD90 ++; CD105 ++; CD34 -; 

CD45 -; CD19 -; CD14). 
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3.3 Results 
 

3.3.1 BM-MSCs show significant tropism for OS cells-derived conditional 

medium and strongly affect the metastatic potential of cancer cells. 

Accordingly with data from the literature that described a strong homing properties of BM-

MSCs for several tumors, including OS 355,364–366, we confirmed a significant chemotaxis 

of BM-MSCs toward conditional medium (CM) obtained from the three OS cell lines 

(SaOS-2, MG-63 and HOS), with a 2- to 2.5-fold increase in migration compared with 

control (St Med, Fig. 1A). It has been reported that SDF-1 is a key factor to promote BM-

MSCs homing to CM from SaOS-2 cells 355. Nevertheless, by performing chemotaxis 

experiments with blocking antibodies against CXCR4 (Fig. 1B) we excluded the 

involvement of the CXCR4/SDF-1 axis. Consequently, to identify the soluble factors 

involved in the BM-MSC chemotaxis toward OS cells, CM derived from MG-63, that 

disclosed the highest chemoattractant skills, was analyzed by ELISA. We quantified 

cytokines and growth factors already known to be involved in BM-MSC migration in other 

cancer models 352,362 (Fig. 1C). Among these, we focused on those with the highest levels 

of secretion: GRO-α (542 pg/mL-1 ± 70), MCP-1 (359.9 pg/mL-1 ± 65) and TGF-β1 

(1161.7 pg/mL-1 ± 81), a pattern of cytokine expression common to other OS cell lines, as 

reported in several studies 367–370. The role of these chemokines in BM-MSC recruitment, 

were validated performing transwell migration assays with the specific inhibitors: 

neutralizing antibodies against MCP-1 (αMCP-1), a TGF-β receptor blocker (TbR blk) and 

a pharmacological inhibitor of the GRO-α receptor, SB225002 371. The treatment of MG-

63-derived CM with anti-MCP-1 antibodies, or the incubation of BM-MSCs with 

SB225002 and TbR blk, significantly reduces BM-MSC migration compared with 

untreated MG-63-derived CM (Fig. 1D), Moreover, the combined treatment of all the 

compounds further reinforces this effect, confirming the key role of these cytokines in BM-

MSC chemotaxis toward CM.  

Almost 50% of OS patients develop lung metastasis, the primary cause of death for this 

tumor 372,373. We investigated whether the conditioning of OS cells by BM-MSCs could 

affect the metastatic potential of cancer cells. OS cells were incubated for 48 h with CM 

derived from BM-MSCs, and their invasion and intravasation abilities were analyzed by 

transwell migration assays. We demonstrated that the treatment of OS cells with CM from 
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BM-MSCs significantly increases tumor cell migration through either a Matrigel-coated 

membrane (Fig. 1E) or a monolayer of human umbilical vein endothelial cells (HUVECs) 

(Fig. 1F), thus suggesting the positive role of BM-MSCs in promoting the invasive 

properties of OS cells. 
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Figure 1. BM-MSCs migrate toward CM from OS cells and affect the invasive behavior of tumor cells. (A) 
BM-MSCs were let to migrate overnight toward CM from OS cells (SaOS-2, MG-63 and HOS). Starvation 
medium (St Med) was used control. (B) BM-MSCs starved for 24 h in the presence or absence of neutralizing 
antibodies against CXCR4 (20 μg/mL-1) were allowed to migrate toward CM from OS cells. (C) ELISA of 
cytokines and growth factors in CM derived from MG-63 starved for 48. (D) BM-MSC migration toward CM 
from MG-63 with neutralizing antibodies against MCP-1 (5 μg/mL-1, a-MCP-1), blocking of GRO-a receptor 
(200 nM, SB 225002) and TGF-b1 receptor (100 μg/mL-1, TbR blk). (E) OS cells were maintained for 48 h in 
St Med or CM obtained from BM-MSCs starved for 48 h. Cells were then allowed to invade or (F) 
transmigrate toward complete medium (FBS 10%). Results are presented as mean ± SEM of three biological 
replicates; * P < 0.05; ** P < 0.01; *** P < 0.005 vs. St Med. 

3.3.2 BM-MSCs acquire a CAF-like phenotype after contact with OS cells. 

Once engrafted into the tumor microenvironment, BM-MSCs can promote tumor growth 

and progression through different mechanisms: i) direct effect on cancer cells; ii) 

stimulation of the neo-angiogenesis process; iii) trans-differentiation into other 

components of the tumor stroma, such as CAFs; iv) immunomodulation. Furthermore, the 

establishment of the crosstalk with tumor cells could promote the trans-differentiation of 

BM-MSCs towards different tumor stromal cells, such as CAFs, pericytes and endothelial 

cells 364,374. BM-MSCs were incubated for 48h with OS CM-derived. To determine which 

kind of soluble factors produced by OS cells could stimulate their trans-differentiation, the 

expression of established markers of endothelial cells and pericytes were analyzed through 

flow cytometry, respectively: CD31 and neural/glial antigen 2 (NG2). As shown in Fig. 

2A, following the treatment of BM-MSCs with CMs, the levels of CD31 and NG2 are 

undetectable. Furthermore, to analyze a possible trans-differentiation into CAF-like cells, 

we measured the expression of α-SMA and collagen I-α1 in tumor-activated BM-MSCs 

through Western Blot analysis. We found that the levels of both proteins significantly 

increase after CM from OS exposure (Fig.2B). Notable, according with our results, the 

contraction capacities of BM-MSCs are potentiated after conditioning with CM from HOS 

cells (Fig. 2C). All together these data confirm the trans-differentiation of BM-MSCs 

towards a CAF-like phenotype after the contact with the tumor CM. Consequently, we 

investigated if the acquisition of this activated phenotype could in turn improve the pro-

tumorigenic activity of BM-MSCs. A crucial step in the progression of tumor malignancy, 

is the trans-endothelial migration, the passage of cells from the tumor stroma to the lumen 

of the blood vessel. Thus, we prepared CM derived from BM-MSCs which were 

maintained in St Med (CM BM-MSCsSt) or stimulated with CM derived from HOS cells 

(CM BM-MSCsHOS) for 48 h. We chose HOS cells since they display the more aggressive 
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phenotype in terms of invasion and migration potential 375,376. HOS were treated for 48 h 

with CM BM-MSCs-derived and then, we evaluated the migration, invasion and trans-

endothelial migration abilities. The migration assay was performed as already described for 

BM-MSCs. with the only difference that in the upper part of the transwell, adhering to the 

porous membrane was placed a layer of Matrigel in a concentration of 50μg/cm2. 

Considering the phenotypic differences of the 3 OS lines, assays were performed with 

different cell numbers and times depending on the line used. In particular, 5 x 104 HOS 

cells and 1x105 Saos-2 and MG-63 cells were plated. The trans-endothelial migration was 

performed by plating 5x104 endothelial cells (ECs) on the bottom of each transwell to form 

a monolayer that mimics the wall of the vessel. The ECs used in the assays were HUVECs, 

pretreated for 24h with TNF-α 10 ng/mL, to promote the formation of tight junctions 

between cells. OS cells were conditioned with the CMs of the BM-MSCs 24h before the 

assay and labeled with carboxyfluorescein succinimidyl ester (CFSE). At the end of the 

test the transwells were fixed in methanol, observed under a fluorescence microscope, and 

photographed. We found that both BM-MSCsSt and BM-MSCsHOS potentiate the invasive 

behavior of OS cells, suggesting an increase of OS malignancy induced by BM-MSCs 

despite their activation levels (Fig 2D-F). 
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Figure 2. CM derived from OS cells stimulates the BM-MSCs trans-differentiation into CAF-like cells. 
(A) FACS analysis of NG-2 and CD31 expression in BM-MSCs treated for 48 h with CM OS cells. (B) 
Immunoblot analysis evaluating α-SMA and Col I-α1 performed on BM-MSCs stimulated for 48 h with 
CM derived from OS cells. (C) Collagen contraction assay of BM-MSCs treated for 24 h with St Med or 
HOS CM. Data are expressed as percentages of the relative area of collagen disc following contraction in 
comparison with an empty well. (D) Migration assay of HOS cells stimulated for 48 h with CM derived 
from BM-MSCs previously activated or not activated by CM of tumor cells (CM BM-MSCs St/HOS). Cells 
were let to migrate toward complete medium (FBS 10%). (E) Invasion and transmigration (F) assays of 
HOS cells treated as in (D). Mean ± SD, n = 3 independent experiments. ** P < 0.005 vs. St Med; *** P 
< 0.001 vs. St Med. 
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3.3.3 The crosstalk between BM-MSCs and OS leads OS cells towards amoeboid 

motility. 

In recent years, it has become clear that stimuli from tumor microenvironment (TME), 

such as cell-cell or cell-ECM interactions, growth factors and cytokines produced by 

stromal cells, influence the abilities of cancer cells to shift from one type of motility to 

another. The ability of cells to take advantages from different migration strategies based on 

the  microenvironment changes, is defined “migratory plasticity”, a typical feature of more 

aggressive cancer cells 235,246. As we have already described above (see Introduction), the 

two main single-cell migration strategies are mesenchymal motility and amoeboid motility. 

The MAT generally occurs in the terminal stages of the metastatic process, during blood or 

lymphatic dissemination. In particular, it is useful during the final steps of extravasation 

and colonization of the secondary site. 

Then, we decided to investigate the activity and the expression of MMPs in the OS cells 

treated with BM-MSCs OS-derived CM, to study deeply the molecular mechanism leading 

to increased invasion potential of OS cells induced by BM-MSCs. In the following 

experiments we decided to use only CM derived from tumor-activated BM-MSCs, given 

that BM-MSCsSt and BM-MSCsHOS showed a similar effect on OS migration capacities, 

mimicking the in vivo conditions. Through zymography assay, we confirmed that all 

tumors cell lines produce significant amounts of pro-gelatinases MMP-2 and MMP-9 (Fig. 

3A). As you can see, HOS cells secrete the highest levels of these MMPs; but there isn’t an 

increase of this gelatinases after the treatment with CM BM-MSCs HOS. Although MG-63 

cells show a similar behavior, SaOS-2 cells exhibit an increase in pro-MMP2 following 48 

h of incubation with CM derived from BM-MSCsSaOS. Next, we analyzed the activation 

levels of the small GTPases RhoA and Rac1. After the contact with CM derived from 

tumor-activated BM-MSCs, there is a significant decrease of bound Rac1-GTP, with a 

parallel increase of bound RhoA-GTP in OS cells. Particularly, the CM treatment induces 

an approximately two-fold increase in the RhoA/Rac1 ratio in all the OS cell lines tested 

(Fig. 3B, left and right panels). These data suggest a shift in the migration strategy of OS 

cells from a mesenchymal to an amoeboid-like motility. Moreover, to better characterize 

the type of movement acquired by OS cells, we performed a confocal analysis. First, we 

evaluated the distribution of F-actin filaments (staining with FITC-Phalloidin). The 

analysis shows clearly that MG-63 cells acquire a rounded morphology and undergo a 
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redistribution of actin fibers as cortical rings following the treatment with CM derived 

from tumor-activated BM-MSCs (Fig. 3C). Accordingly, then we demonstrated that the 

active form of myosin light chain (p-MLC), which is the downstream of RhoA signalling, 

organizes in cortical rings, similar to cells treated with the RhoA activator, Calpeptin. By 

contrast, control cells (St Med) show an elongated morphology and actin-myosin 

cytoskeleton organized in parallel bundles along the cytoplasm, typical of mesenchymal 

phenotype. The shift toward an amoeboid motility style is also supported by live imaging 

of MG-63 cells in a three-dimensional collagen lattice (Fig. 3D). This assay is performed 

seeding the cells, labeled with CFSE, in a 3D collagen matrix, and let them to invade 

overnight. This technique allows the operator to verify the phenotypic movement-style of 

the cells in 3D matrices. Crucially, when exposed to three-dimensional matrices of type I 

collagen, untreated MG-63 cells move through a spindle-shaped mesenchymal and 

proteolytic stage. By contrast, the MG-63 cells conditioned with CM from tumor-activated 

BM-MSCs show a rounded squeezing movement, independent of matrix degradation, 

typical of amoeboid motility style.  
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Figure 3.  Crosstalk between BM-MSCs and OS cells promotes the acquisition of an amoeboid-like motility 
in cancer cells. (A) Gelatin zymography of CM obtained from SaOS-2, MG-63 and HOS cells stimulated or 
not stimulated for 48 h with CM derived from BM-MSCs activated by each OS cell line (CM BM-MSCsOS). 
The white line indicates the junction of two different gels. (B) Representative images of pull-down assay of 
Rac1 and RhoA GTPases (left panel) and related quantification (right panel). The assay was performed on 
OS cells grown for 48 h in CM from tumor-activated BM-MSCs (CM BM-MSCs OS) or in starvation 
medium. Rac1-GTP and RhoA-GTP expression was normalized with respect to total Rac1 and RhoA in OS 
lysates. ### P < 0.001, Rac1-GTP CM BM-MSCs vs. Rac1-GTP St Med. * P < 0.05, RhoA-GTP CM BM-
MSCs vs. RhoA-GTP St Med. (C) Confocal analysis of F-actin (FITC phalloidin) and P-MLC staining in 
MG-63 cells treated or not treated with CM BM-MSCsMG63 for 48 h. Scale bar: 10 μm. (D) Live imaging of 

MG-63 cell migration in three-dimensional collagen matrix. CFSE-labeled MG-63 cells were incorporated 
into the collagen matrix and monitored by confocal fluorescence-reflection video microscopy. Tumor cells 
are visualized in green and the back-scatter signal of the collagen I is shown in white. On the left, arrows 
indicate the point at which MG-63, treated with ST medium, shows an elongated morphology. In MG-63 
cells treated for 48 h with CM from tumor-activated BM-MSCs (right), arrowheads indicate the rounded 
shape of the cells squeezing across collagen I fibers. Scale bar: 20 μm. 
 

Finally, in order to further demonstrate the shift toward an amoeboid-like motility, we 

performed both invasion and trans-endothelial migration assays with OS cells stimulated 

by CM of tumor-activated BM-MSCs and treated with a wide-range MMPs inhibitor, 

Ilomastat (Ilo). According to the data obtained, OS cells present a lack of sensitivity to the 

treatment for both assays, indeed there isn’t a decrease in their invasion and migration 

abilities (Figs.4 A, B). Interestingly, we also observed a significant increase in the levels of 

tissue inhibitor of MMPs, (TIMP)-1 and -2, secretion in BM-MSCs stimulated for 48 h 

with CM from HOS and MG-63 cells (Fig. 4C). All together, these data suggest that the 

reciprocal interplay between BM-MSCs and cancer cells promotes tumor cell plasticity 

characterized by a shift toward an amoeboid-like phenotype. 
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Figure 4. OS cells motility was not affected by MMPs inhibitor Ilomastat. OS cells were cultured 
for 48 h in St Med or CM derived from tumor‐activated BM‐MSCs (CM BM‐MSCs OS) 
supplemented or not with MMPs inhibitor Ilomastat, 50 μM. The invasion (A) or trans-endothelial 
migration (B) was evaluated by counting migrating cells in four randomly chosen fields. * P < 0.05 
St Med vs. St Med + Ilo; ** P < 0.01 St Med vs. CM BM‐MSCs OS; *** P < 0.001 St Med vs. CM 
BM‐MSCs OS; # P < 0.05 St Med vs. CM BM‐MSCs OS + Ilo; ## P < 0.01 St Med vs. CM 
BM‐MSCs OS + Ilo; ### P < 0.001 St Med vs. CM BM‐MSCs OS + Ilo. (C) 3.5 × 105 BM‐MSCs 

were starved (St Med) or conditioned with CM from HOS and MG‐63 cells for 48 h. Then, 
BM‐MSCs were starved for a further 24 h and media were collected, centrifuged and analyzed by 
ELISA for quantification of TIMP‐1 and ‐2. Results are expressed as mean ± SD of three biological 
replicates. * P < 0.001 vs. St Med. 
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3.3.4 GRO-a, IL-6, IL-8 and MCP-1 produced by BM-MSCs determine the 

migration plasticity of OS cells  

The crosstalk that occurs between BM-MSCs and OS cancer cells is mediated by soluble 

factors that are secreted into the TME, such as growth factors and cytokines. In order to 

identify the soluble factors produced by BM-MSCs responsible for changes induced in the 

style of motility of OS cells, we performed a cytokine immunoarray of CM derived from 

unconditioned and tumor-activated BM-MSCs (Fig. 5A). Expression value > 10 000 

arbitrary units was set to identify a threshold for cytokines to be considered. The cytokine 

immunoarray is an assay that allows to analyze the expression of 80 cytokines and growth 

factors simultaneously in the medium. It is a test based on an ELISA assay that uses 

several antibodies fixed on a membrane that bind cytokines. A secondary antibody HRP-

streptavidin conjugated is then used, following the addition of its own substrate, develops 

an enzymatic reaction that produces a colored product visible in chemiluminescence in 

correspondence with the antigen complex. The expression of each protein is evaluated 

thanks to densitometric analysis, carried out through the ImageJ software. As shown in Fig. 

5A, among the 80 cytokines, we found detectable spots of GRO-α, IL-6, IL8, 

osteoprotegerin (OPG), a decoy receptor of RANKL, MCP-1, TIMP-1 and TIMP-2. The 

relative bar plot is showed in Fig. 5B.  
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St Med CM HOS CM MG-63 St Med CM HOS CM MG-63

GRO-a  7 pg mL -1 ±0,2 11 pg mL -1 ±1 13 pg mL -1 ±1 6 pg mL -1 ±0,1 8 pg mL -1 ±0,3 28 pg mL -1 ±9

IL-6 11 pg mL -1 ±3 24  pg mL -1 ±5 700 pg mL -1 ±190 79 pg mL -1 ±13 223 pg mL -1 ±13 6557 pg mL -1 ±223

IL-8  6 pg mL -1 ±0,33 50 pg mL -1 ±6 177 pg mL -1 ±20 10 pg mL -1 ±2 42 pg mL -1 ±12 382 pg mL -1 ±73

MCP-1  89 pg mL -1 ±21 598 pg mL -1 ±151 647 pg mL -1 ±120 783,9 pg mL -1 ±151 1104,9 pg mL -1 ±126 991,8 pg mL -1 ±177

BM-MSC 1 BM-MSC 2

Figure 5. BM-MSCs secrete a specific pattern of cytokines and growth factors. (A) CM from BM-MSCs 
grown in St Med or HOS CM was collected and analyzed with Human Cytokine Antibody Array according 
to manufacturer’s protocol; (1) GRO; (2) IL-6; (3) IL-8; (4) MCP1; (5) OPG; (6) TIMP-1; (7) TIMP-2. (B) 
Bar graph reporting the spot density quantified on each membrane with ImageJ. Expression values > 10 
000 arbitrary units were set to identify a threshold for cytokines to be considered. 

Table 1. BM-MSCs isolated from two different healthy donors (BM-MSC 1 and 2) were grown to confluence, 
then serum-starved (St Med) or stimulated with CM from HOS and MG-63 cells for 48 h. The media were 
replaced with St Med for another 24 h, then collected, clarified by centrifugation and analyzed by ELISA 
immunoassay for GRO-a, IL-6, IL-8 and MCP-1. The results are the mean 
 SD of three technical replicates 

To verify if different OS cell lines share this pattern of cytokines and growth factors, we 

stimulated BM-MSCs isolated from two different donors with CM from both HOS and 

MG cells. Levels of GRO-α, IL-6, IL-8 and MCP-1 were measured by ELISA 

immunoassay (Table 1). As shown, we confirmed that even if some differences in 

cytokines concentration are present at the basal level, due to intra-individual variability, the 

amount of these cytokines is similar between the two donors. Furthermore, the increase of 

cytokines expression following conditioning with CM from both OS cell lines (HOS and 

MG-63) follows a similar trend, suggesting the crucial role of these cytokines in promoting 

aggressiveness of OS cell lines.  

 

 

To validate the role of these factors in modulating the migratory abilities of cancer cells, 

we performed invasion and transmigration assay on HOS cells stimulated with CM BM-

MSCs HOS and then treated or not with neutralizing antibodies against IL-6, IL-8, MCP-1 

and SB225002. As showed in Fig 6A, the invasion of cancer cells is strongly dependent on 

this pattern of cytokines. In particular, the inhibitors of IL-6 and GRO-α drastically impairs 

HOS cell invasion. On the other hand, HOS transmigration is significantly affected by IL-8 

and MCP-1 inhibition. By contrast, blocking GRO-α signalling does not affect the 

migration of cancer cells across the endothelial monolayer (Fig 6B).  

 

 



52 
 
 

 

Figure 6. The pro-tumorigenic activities of BM-MSCs depend on GRO-α, IL-6, IL-8 and MCP-1 secretion. 
(A) Invasion assay of HOS cells treated with CM BM-MSCs HOS supplemented or not with antibodies 
against IL-6 (5 μg/mL-1 ), IL-8 (10 μg/mL-1 ) and MCP-1 (10 μg/mL-1 ) and GRO-α receptor inhibitor (SB 

225002, 200 nM). ** P < 0.005 CM BM-MSCsHOS vs. CM BM-MSCsHOS + α-IL-8 and CM BM-MSCsHOS 
vs. CM BM-MSCsHOS + α-MCP-1; *** P < 0.001, CM BM-MSCs HOS vs. CM BM-MSCs HOS + α-IL-6; 
§§§ P < 0.001, CM BM-MSCs HOS vs. CM BM-MSCs HOS + SB 225002. (B) Trans-endothelial migration 
assay of HOS cells treated as in (A). * P < 0.05, CM BM-MSCsHOS vs. CM BM-MSCsHOS + α-IL-6; ** P < 
0.005, CM BM-MSCsHOS vs. CM BM-MSCsHOS + α-IL-8; *** P < 0.001, CM BM-MSCsHOS vs. CM BM-
MSCsHOS + α-MCP-1. 
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3.4 Discussion 

The TME is a complex milieu consisting of cells, signalling molecules and ECM that 

supports tumor growth and progression. Several studies, both in vitro and in vivo, have 

demonstrated high tropism of BM-MSCs for different types of primary tumors. Many 

cytokines and growth factors, have been found involved in recruiting MSCs from their 

niche in the bone marrow towards different types of epithelial carcinoma, such as 

melanoma, breast, prostatic, hepatic, and ovarian cancer 350–355. Here, we investigated the 

effects induced by the cross-talk between BM-MSCs and OS cells on tumor malignancy. 

First, we found that BM-MSCs are efficiently recruited by three different OS cell lines 

(SaOS-2, MG-63 and HOS) identifying MCP-1, GRO-α and TGF-β1 as key molecules in 

promoting this tropism. We excluded the involvement of CXCR4/SDF-1 axis in this 

migration. In agreement with our results, several reports indicate that BM-MSCs secrete 

high levels of SDF-1 but express low levels of CXCR4, whereas OS cells release small 

amounts of SDF-1 but express elevated levels of CXCR4, crucial to promote the metastatic 

spread of the tumor to the lung 366,377,378.  

It is well known that, following cytokine and growth factor stimulation, BM-MSCs trans-

differentiate into different stromal components, leading to promotion of tumor 

aggressiveness. We have demonstrated that BM-MSCs, subsequent to the contact with CM 

from OS cells, trans-differentiate into α-SMA-expressing fibroblasts, CAFs. Unexpectedly, 

we observed that activated CAF-like BM-MSCs induce a comparable increase in the 

migratory/invasive abilities of OS cells with respect to non-activated BM-MSCs. Most 

probably because we tested only standard conditions (without hypoxia or acidosis), and 

because OS is a mesenchymal tumor with a high aggressiveness.  

Once engrafted into the TME, BM-MSCs are able to encourage tumor growth and 

progression. Accordingly with data in literature, showing that cytokines secreted by BM-

MSCs, not previously in contact with cancer cells, can directly support proliferation and 

migration of tumor cells 355,379–381, we demonstrated that BM-MSCs promote both invasion 

and trans-endothelial migration of OS cells, suggesting an increase in the metastatic 

potential of cancer cells. This mutual interaction between BM-MSCs and OS cells is led by 

the mesenchymal stroma, activated by tumor cells itself, which secretes higher levels of 
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IL-6, IL-8, GRO-α and MCP-1 in the TME; OS cells, in turn, due to the changes of the 

microenvironment, undergo MAT, further enhancing their aggressiveness, increasing 

invasion and trans-endothelial migration abilities and, consequently, their metastatic 

potential. We have demonstrated that recruited BM-MSCs promote a shift to an amoeboid 

phenotype in OS cells. In keeping with our results, Cortini et al. 382, have recently 

demonstrated that IL-6 secreted by the mesenchymal stroma is critical to promote OS 

stemness and migratory potential. In line with this, a previous work by our group showed 

that CAFs co-operate with endothelial progenitor cells to engage a clear MAT in prostate 

cancer cells critical to promote cancer cell adhesion to endothelium and trans-endothelial 

migration 247. To date, very little is known about the molecular mechanisms that govern 

this transition. In the present study, we showed that BM-MSCs promote MAT in OS cells 

through the secretion of a specific pattern of cytokines: GRO-α, IL-6, IL-8 and MCP-1. We 

demonstrated that each of these cytokines, particularly IL-6 and GRO-α, modulates the 

invasive behavior of tumor cells, using specific inhibitors. By contrast, the mechanism of 

trans-endothelial migration is completely independent of GRO-α/CXCR2 signalling. 

According to our results, it has been reported that in squamous carcinoma cells, melanoma 

and stromal fibroblasts, IL-6 pathway activates ROCK and generates a high level of 

actomyosin contractility 220. Additionally, it has been shown that the activation of IL-8 

signalling pathways leads to RhoA activation and actin stress fibers formation in cancer 

and endothelial cells 383,384. Lastly, several studies have showed that MCP-1 secreted by 

tumoral and stromal cells induces trans-endothelial migration of monocytes, T cells, 

smooth muscle cells and adult neural stem cells 385–387. Moreover, in our study, given to the 

differences in morphology, aggressiveness and proliferation kinetics of three different OS 

cell lines, due to the dissimilar genetic mutations 376,388, we characterized the response of 

each cell lines investigated. In particular, following the contact with CM from BM-MSCs, 

SaOS-2 cells seem to act in a different manner compared with MG-63 and HOS cells with 

regard to cell migration and MMPs expression. This effect is probably due to their 

prominent mesenchymal phenotype. On the other hand, SaOS-2 cells showed the higher 

reduction of the active form of Rac-1, underlining that the mesenchymal stromal 

compartment can strongly affect the tumor cell phenotype and thus in the OS evolution.  

Interestingly, we showed that the pattern of cytokines secreted by both BM-MSCs and OS 

cells is very similar, confirming the common mesenchymal origin of these two cell types 
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372,373. Most likely, the recruitment of BM-MSCs to the tumor site promotes a local 

increase of the cytokines which are already produced by tumor cells themselves. Thus, 

both cell populations concurrently contribute to the generation of a milieu enriched in 

cytokines, which stimulates in an additive manner the migratory and invasive properties of 

OS cells. In conclusion our data indicate that the recruitment of BM-MSCs into the OS 

stroma is a crucial event to promote tumor progression. Crucially, both recruitment of BM-

MSCs to the OS site and cytokine-induced MAT of tumor cells represent innovative 

targets to test in vivo OS models to design innovative therapeutic approaches aiming to 

hinder the metastatic dissemination of OS cells. 

 

To date, less is still known about MSCs promoting osteosarcoma mechanisms. Moreover, 

there is not new evidence describing the role of BM-MSCs in MAT promotion in tumors. 

Nevertheless, a fascinating debate is still open about the role of BM-MSCs in tumor 

progression or suppression (our laboratory recently published an interestingly review 

describing also this topic 389 ). For instance, Zhang et al., lately, described the role of miR-

206 exosomal BM-MSCs derived as tumor suppressor 390, already known to be involved as 

inhibitor of malignant progression in osteosarcoma cells, targeting Notch3 signaling 391. 

Whereas Qin et al, described microRNA-208a exosomal MSCs-derived as promoter of 

proliferation, invasiveness and aggressiveness of osteosarcoma cells 392. These recent 

papers illustrate clear as the crosstalk between osteosarcoma and MSCs in tumor 

progression is still largely unclear, needing further investigations. 
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4. Part 2  
4.1 Malignant melanoma 

Melanoma is a malignancy that affect the melanocytes, a melanin-producing cells resident 

in the basal layer of the epidermis. Normally melanocytes are responsible for the basic 

pigmentation of the skin, and for the protection versus UV lights 393. 

Metastatic melanoma is one of the most aggressive and lethal malignancies with a poor 

prognosis. Indeed, until cancer cells remain localized into the skin compartment, 

melanoma patients generally have a better outcome, but once they spread to distant organs, 

mostly to the brain, lungs, liver, and small bowel, life expectancy strongly decreases. Even 

if in recent years, with the immunotherapy admission, the overall survival seems to be 

increased 394, new therapies aimed at targeting invasive cells and prevent their metastatic 

dissemination are urgently needed.  

Etiology 

Nowadays melanoma is considered as a multi-factorial disease, indeed, in the pathogenesis 

of melanoma are involved several factors both environmental and genetic. One of the most 

important environmental risk is UVs radiation. There is a direct correlation between time 

of exposure under the sun and risk of melanoma 395. On the other hand, genetic factors are 

particularly important for the pathogenesis of melanomas, the mutations involved could 

activate oncogenes or inactivate tumor-suppressor genes.  

Data published in the Cancer Genome Atlas (TCGA) Network classified melanomas on the 

basis of the mutations that are found: with mutations in BRAF, RAS, NF1 and the so-called 

triple negative melanomas 396,397.  

BRAF or RAS mutations are the most common in primary melanomas, generally not 

observed concomitantly, while, in 13-25% of the case, have been co-reported with 

mutations in NRAS gene. All these genes are involved in MAPK pathways, its constitutive 

activation, present in the 98% of melanomas, promote cellular proliferation, survival and 

angiogenesis 398,399. The most recent data of Pan-Cancer Analysis of Whole Genomes 

highlighted that in 107 melanomas analyzed have been found 52 mutations of BRAF, 20 in 

TP53 and 74 in TERT, moreover it was discovered frequently mutated genes CDKN2A 

(also called ARF or p16-INK4) and CDKN2B, both involved in cell cycle regulation 400. 

While some of these genes mutated (BRAF, NRAS and TERT) are present in benign and 
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malignant lesions, alterations in CDKN2A, TP53 and PTEN are observed only in invasive 

melanomas 401. 
Although transformation of melanocytes to melanoma cells is still largely unclear, several 

molecular pathways seems to be involved in progression of normal melanocyte to 

metastatic malignant cells, such us a polymorphism on melanocortin 1 receptor gene 

(MC1R) 402–404. 

Furthermore, alteration of cell cycle proteins has a key role in transformation and 

progression in melanocytic tumors. It has been demonstrated that the loss of p16 could be 

involved in transformation from benign nevi to melanoma and to metastatic melanoma as 

well as increased expression of cyclin D1 and pRb is associated with progression to 

melanoma cells 405. Higher expression of protease-activated receptor- 1 (PAR-1), that 

mediates high levels of Cx-43, has been observed in melanoma cell lines and tissue 

specimens. This molecule is involved in tumor cell diapedesis and attachment to 

endothelial cells 406. It is also shown that downregulation of E-cadherin and upregulation of 

N-cadherin could have a role in proliferation, invasion, and migration in melanoma cells 
407. Moreover, the Sviatoha et al. demonstrated that there is a higher expression of CD44 

antigen in melanomas with known metastases than in those without metastases, but this 

difference was not statistically significant 408. Finally, the interaction of the transcription 

factor E2F-1 with EGFR can act as driving force in melanoma progression 409. 

Epidemiology 

Malignant melanoma accounts for 1% of skin tumors and causes of 60% mortality due to 

skin cancers. Over the past four decades, the incidence of melanoma has been increase 

worldwide and is currently the highest incidence in Australia, with 40/100.000 of new 

cases per year 410. The incidence of melanoma is not equal in men and women, with higher 

incident in women, but is uncommon in children. Taking age into account, adolescent and 

young adult women are more susceptible to melanoma than men. This could be due to the 

different way of the sun exposure among females. By contrast after the 40 years old, rates 

reverse, and melanoma incidence among men is greater than that of women. If considering 

overall, men are more susceptible to melanoma 411. 

The incidence of melanoma is uneven also among ethinicity. For instance, in the United 

States, melanoma is 15 times more common in whites than blacks. Moreover, in groups 

with low economic status, the mortality rate is higher 410. The most important risk factor 
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for malignant melanoma is the presence of etiologic melanocytic macules with a melanoma 

family history, which increases the risk of 2-8 times. The incidence of melanoma 

worldwide is related to geographic site, indeed the United States Academy of Dermatology 

has reported that melanoma is prevalent in Australia and New Zealand, but it is also 

common in Asia, Africa and Latin America. In the United States, Europe and Australia, 25, 

20 and 45% of reported cancers, respectively, in one year are skin cancers. 410,412. A 

representative study showed that the most common sites are the trunk (43.5%), extremities 

(33.9%), acral sites (11.9%), and head and neck (10.7%) 413,414. Head, neck, and extremity 

melanomas are associated with chronic sun exposure, whereas truncal lesions are 

associated with intermittent UV radiations 415,416. Nowadays, there the mortality rate of this 

disease continues to rise and it is influenced by age, sex, ethnicity and geography 411. 

Median survival rates after metastasis occurs have been reported as from 6 to 9 months, 

with records of a 5-year survival rate less than 5% to 10% 415,417,418. For these reasons new 

therapies are needed. 

Current therapy  

The first-line treatment for malignant melanoma is surgical resection, but in about 20% of 

patients who undergo surgical resection involved in a metastatic relapse following their 

primary treatment of melanoma and their prognosis is poor, with a median survival under 

12 months, if untreated. Starting from 2011, dacarbazine was used as the international 

standard cytotoxic chemotherapy for metastatic melanoma, offering at best a 15% 

objective response rate. However, in the last decade, scientific progresses have led to an 

extraordinary shift in management of more aggressive melanoma. Two new agents were 

approved in 2011 and 2012 with survival benefit. They derived from two different classes 

of molecules: inhibitors of the MAPK pathway and antibodies against immune checkpoint 
419. 

First of all, vemurafenib (and then dabrafenib), an oral biological serine/threonine kinase 

inhibitor targeting BRAF, was approved for use in patients with metastatic melanoma with 

a BRAFV600 gene mutation. Randomized trials of vemurafenib 420,421, and the more 

recently of dabrafenib 422, showed a good response rate, around 50%. Unfortunately, it has 

been described the development of resistance, with a median progression-free survival 

(PFSs) little major of six months. Additionally, these treatments cause several side effects, 
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Figure 8.  Magnolia officinalis, Magnolia obovate and Magnolia grandiflora, respectively. 

 

among them has been reported: photosensitivity (occurring within days of starting the 

treatment), rash, myalgia, fatigue, arthralgia and incidence of other skin lesions. 423.  

As regard the immunotherapeutic approaches, ipilimumab is a humanized monoclonal 

antibody blocking CTLA4, which it was licensed in Europe in the 2011 for the treatment of 

advanced melanoma patients who have already received systemic therapy. It was 

demonstrated, by an international multi-center randomized trial, a gained in survival rate of 

10.1 months after the treated group compared with 6.4 months of the control group 424. In a 

second randomized study, with patients affect by untreated metastatic melanoma, standard 

treatment with dacarbazine or combined treatment with dacarbazine and ipilimumab was 

evaluated; the survival rate was significantly higher in the combined treatment group (11.2 

months versus 9.1 months, HR= 0.72, P = 0.0009) 425. On the other hand, 1 on 10 patients 

treated with ipilimumab develops immune-related side effects including: colitis, skin 

reactions and endocrinopathies 426.  

Nowadays the numbers of immune checkpoint molecules developed are increasing, and 

ipilimumab as single agents and in combination with BRAF/MEK inhibitors or nivolumab 

are the standard therapies in melanoma which developed resistance to other therapies or 

become metastatic 427. Moreover, there are other promising T-cell immune checkpoints 

targets like TIM-3, LAG3, KIR, VISTA as well as oncolytic viruses for which new 

treatments are being developed 427. Determining the optimal combinations will be one of 

the main challenges for the future therapies.  

 

4.2 Honokiol (HNK) 
Honokiol (HNK) is a biphenolic compound found in the extracts of Magnolia officinalis, 

Magnolia obovate, and Magnolia grandiflora (Fig. 8). For centuries it has been used in 

traditional Chinese medicines for the treatment of a wide range of the disorders 428–430.  
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HNK exerts several biological activities such as anti-microbial 431,432, anti-fungal 433, anti-

inflammatory 434 , anxiolytic 435,436, anti-depressant 437,438, antiarrhythmic 439, anti-oxidative 
440, neuroprotective 434,441, anti-angiogenesis 442,443, anti-nociceptive 444, anti-thrombocytic 
445, anti-spasmodic 446,  gamma-aminobutyric acid (GABA) modulator 447 and anti-human 

immunodeficiency virus (HIV) 448. Moreover, both in vitro and in vivo studies have 

demonstrated the efficacy of HNK as antitumoral treatment in many cancers such as 

hepatocarcinoma lung, breast, colon, prostate and skin cancer 449. But HNK anti-cancer 

activity is still to be defined clinically.  

The effects of HNK are exerted through modulation of the expression of several genes 

involved in different hallmarks of cancer including:  

Cell cycle  

HNK modulates several proteins involved in the cell cycle 450,451. Indeed, in human gastric 

carcinoma and human neuroglioma cells HNK decreases the expression of cyclin-B1, 

CDC2, and CDC25C 452,453. Huang K.J. et al., have been reported that, in human oral 

squamous cell carcinoma (OSCC) cells, HNK reduces proliferation by downregulation of 

cyclin dependent kinase (CDK)-2 and CDK-4 and overexpressing of p21 and p27454. 

Moreover, HNK arrests cell cycle in prostate cancer cells by downregulating the 

expression of c-Myc 455. 

Apoptosis 

HNK increases the expression of the pro-apoptotic proteins Bax, Bid and Bak and 

decreases the expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL, in vitro as well 

as in vivo. Furthermore, HNK induces the release of cytochrome c into the cytosol 

activating caspase cascades 456,457. 

EGFR signaling 

HKN acts on EGFR signaling decreasing its expression by inhibiting its phosphorylation 
458–460. Indeed, overexpression of EGFR, found in several kind of tumors, trigger an altered 

metabolism enhancing cell survival and proliferation 461–463. HNK decreases EGFR 

expression both in vitro and in xenograft mouse models of head and neck squamous cell 

carcinoma (HNSCC). Furthermore, molecular docking analysis demonstrated that HNK 

binds and inhibits EGFR with better binding affinity than the inhibitor used in clinical 

therapy: gefitinib 459. 

 



61 
 
 

 

STAT3, mTOR and NF-κB pathway 

STAT3 is involved in various physiological and unphysiological processes such as 

metabolism, differentiation, immunity as well as cancer 464. Studies have demonstrated that 

HNK downregulates STAT3 expression both in vitro and in vivo 465,466.   

mTOR controls numerous cellular processes such as cell growth, proliferation, and 

metabolism. In cancer, mTOR pathway is constitutively activated by the upregulation of 

PI3K/Akt pathway 72. HNK inhibits the activation of mTOR downregulating the ERK 

pathway and suppressing the mTOR signaling mediators 4E-BP1 and p70 S6 kinase 

through overexpressing of PTEN. It has been shown that in breast cancer cells the 

combination of Rapamycin, an inhibitor of mTOR, with HNK increased the apoptosis 
458,467. Additionally, HNK through the downregulation of the PI3K/mTOR pathway 

reduces the immuno-resistance of several cancer in vitro such as breast, glioblastoma, and 

prostate cancer 468. 

 NF- κB is involved in early and late developmental stages of cancer, in which is 

constitutively expressed, but it regulates also in several biological processes such as 

differentiation, immunity and metabolism 469. It was demonstrated that HNK inhibits NF-

κB activation via Akt signaling pathway suppression. Moreover, HNK, modulating NF-κB 

pathway, inhibits invasion and osteoclastogenesis and increases cell apoptosis 470. 

Autophagy 

Autophagy is a mechanism which allows the cell to orderly disassemble and recycle 

different cellular component. Autophagy is a promising target for cancer therapy because 

counteracts different malignancies by supporting cell death 471,472. It has been demonstrated 

that HNK activates autophagy in cancer models by several preclinical studies. For 

example, in human osteosarcoma cells, HNK stimulates autophagic cell death through 

ROS/ERK1/2 and PI3K/Akt/mTOR signaling pathways 473,474, in KRAS mutant lung 

cancer cells HNK induces autophagy by regulating the AMPK-mTOR signaling pathway 
475 and in neuroblastoma cells by activation of the PI3K/Akt/mTOR and ERK1/2 pathways 
476,477. 
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Figure 9.  Synthesis of honokiol analogs: Claisened Hexafluoro. (Figure from Bonner et.al 2016) 

 
4.2.1 A Honokiol analogue: Claisened Hexafluoro 

Due to the increasing popularity of HNK in modern medical research, several new 

synthetic analogues have been synthesized and some of them have been developed for 

delivery through oral, liposomal, intravenous and transdermal preparations 478–481  

Claisened hexafluoro is obtained by adding bis-trifluoro-methyl radicals to Honokiol (Fig. 

9).  

Although the mechanisms of action of this compound are still to be clarified, it has been 

shown that Claisened hexafluoro regulates the expression of SIRT3 mitigating the organ 

fibrosis. Indeed, Claisened hexafluoro impairs the downstream TGF-β signaling, 

decreasing the phosphorylation of Smad 2/3 proteins and increasing the levels of SIRT3 

expression, therefore suppressing the transcription of fibrotic genes 482. Since SIRT3 is a 

sirtuin protein plays a crucial role in the preservation of the integrity of the mitochondria 

modulating the oxidative stress and the homeostasis of fibroblasts 483. Moreover, Bonner 

M.Y et al., demonstrated that both Honokiol’s analogues, Honokiol DCA and Claisened 

Hexafluoro, decrease the proliferation of vemurafenib resistant melanoma in vivo and 

promote the respiration and ROS generation 484. 
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4.3 Aim of the project 
Cell motility is a physio-pathological process occurring during embryo-morphogenesis, 

wound repair, angiogenesis, and immune responses, as well as during different steps of the 

cancer metastatic process of cancer cells 154. Cells can adopt several migration strategies 

that can be divided into two main groups: single cell and collective motility. Among the 

first group, amoeboid and mesenchymal motilities have been described, both strictly 

implicated in the metastatic process but endowed with different cell morphology, adhesive 
157,158,485 and  contractile abilities 159,160, Rho-family GTPase signaling activity 161,233, and 

cytoskeletal organization 155,163,164. In particular, amoeboid motility is described as the 

fastest migratory phenotype, often associated with a stem-like phenotype 248. Cells 

employing amoeboid motility are characterized by rounded morphology and are able to 

move rapidly through the fibers of the ECM without the need for proteolytic enzymes 

production 224,485. Moreover, amoeboid cells display a lack of polarization and a strong 

actomyosin contractility 155,213 promoted by the contraction of the actin filaments organized 

to form cortical rings 218. A key player of this process is the small GTPase RhoA and its 

downstream effectors ROCK and MLC 212,486.  

Metastatic melanoma is one of the most aggressive and lethal malignancies with a poor 

prognosis. Indeed, until cancer cells remain localized into the skin compartment, 

melanoma patients generally have a better outcome, but once they spread to distant organs, 

mostly to the brain, lungs, liver, and small bowel, life expectancy strongly decreases. Even 

if in recent years with the immunotherapy admission the overall survival seems to be 

increased 394, new therapies aimed at targeting invasive cells and prevent their metastatic 

dissemination are urgently needed. 

Targeting ameboid motility in melanoma could be a promising strategy to prevent the 

metastatic dissemination. Indeed, melanoma cells are able to shift between mesenchymal 

and amoeboid motility, thus displaying a great plasticity in migration 226. Amoeboid 

motility is more efficient and less energy-consuming compared to the mesenchymal 

strategy thus potentiating the ability to migrate in the complex and dynamic ECM 
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environment, even under stressful conditions, such as hypoxia 487. For these reasons, 

dampening the amoeboid motility of melanoma cells may reduce the possibility of cancer 

cells to find a strategy to metastasize to different organs, thereby strongly increasing the 

hope of recovery of melanoma patients. 

Claisened Hexafluoro is a chemical analog of HKL, a biphenolic compound derived from 

Magnolia officinalis. For centuries HKL  has been used in traditional Chinese medicine for 

the treatment of a wide range of disorders, thanks to its biological activities, such as anti-

inflammatory 434,  antiarrhythmic 439, anti-oxidative 440, neuroprotective 434,441, anti-

angiogenesis 442,443, and others 431–433,435,437,438. Moreover, several studies have 

demonstrated the antitumoral efficacy of HNK in numerous cancer types, such as 

hepatocarcinoma, lung, breast, colon, prostate, and melanoma  cancers both in vitro and in 

vivo 449,488 and also its ability to prevent the metastatic dissemination of breast cancer and 

melanoma 489,490. 

Less is known about the antitumoral properties of Claisened Hexafluoro and, to date, no 

data are available about its mechanism of action. However, it has been recently 

demonstrated that Claisened Hexafluoro can regulate the expression of SIRT3, mitigating 

the organ fibrosis 482. Furthermore, it decreases the proliferation of in vivo Vemurafenib-

resistant melanoma by promoting an increase in ROS generation 484. 

Starting from these evidences, we wondered whether Claisened Hexafluoro could be 

adopted also in the treatment of metastatic melanoma. Here we tested Claisened 

Hexafluoro on melanoma cells derived from lung metastasis, as an inhibitor of amoeboid 

motility and of in vivo tumor dissemination. Our results may pave the way for possible 

future application of this compound to fight melanoma invasion, thanks to its extraordinary 

effectiveness in blocking amoeboid migration. 
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4.4 Results 
4.4.1 Claisened Hexafluoro inhibits amoeboid motility and invasion ability 

To test Claisened Hexafluoro as a potential inhibitor of amoeboid motility, we utilized the 

human metastatic melanoma A375M6 cell line. Really, highly invasive metastatic 

melanoma cells are characterized by an increased  amoeboid motility style 200,219,220,491.  

First, we performed a crystal violet assay to determine the maximal non-toxic 

concentration of Claisened Hexafluoro after 24h and 48h on A375M6 (Fig.1A). On the 

basis of the obtained results, we decided to perform all the experiments with 10µM 

Claisened Hexafluoro. First of all, we tested the effect of Claisened Hexafluoro treatment 

on two of the main amoeboid markers: the activity of the small GTPase RhoA and the 

expression of EphA2 (an upstream RhoA activator) 226. As shown in Fig 1B and 1C, 

Claisened Hexafluoro treatment induces a decrease of Rho-GTP level (Fig. 1B) as well as 

EphA2 expression (Fig. 1C). To verify whether this reduced activation in RhoA was also 

correlated with a decrease in cell motility, we performed invasion assays with both Boyden 

chamber coated with Matrigel and 3D invasion. A375M6 treated for 24h with Claisened 

Hexafluoro in starvation medium, were let to migrate for 5h towards complete medium 

(FBS 10%) (Fig.1D). As expected, the cells show a strong decrease in their invasion ability 

after the treatment. Next, we tested Claisened Hexafluoro on the invasion abilities of the 

Hs294T cells, characterized by a mesenchymal phenotype 248. Results confirm that 

Claisened Hexafluoro specifically block amoeboid motility since it is not affective on 

mesenchymal moving cells.  

In addition, the 3D invasion assay (Fig. 1F), performed on spheroids grown on agar in the 

presence of Matrigel, with or without Claisened Hexafluoro, confirmed a strong decrease 

in the invasion ability of A375M6 following the treatment.   

To corroborate the obtained results, we next visualized the motility of A375M6 cells in 3D 

collagen I matrix, monitored by time lapse confocal video microscopy. Cells, treated with 

or without Claisened Hexafluoro for 24h, were seeded in a matrix of collagen and let to 

invade overnight. The videos and images obtained clearly show that, compared to 

untreated cells, Claisened Hexafluoro-treated cells almost completely lose their ability to 
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move with amoeboid motility and to squeeze between the collagen fibers (Fig.1G, 

photograms). 
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Figure 1. Treatment with Claisened Hexafluoro decreases amoeboid motility of metastatic A375M6 
melanoma cells. The A375M6 cells were serum-starved for 24h and then treated for 24h or 48h with different 
concentration of Claisened Hexafluoro; Cristal violet assays was performed to determine the maximum no-
toxic concentration (A). The cells were serum-starved for 24h and then treated with 10μM Claisened 

Hexafluoro. Pull Down assay was then performed to test RhoA activation. An anti-total RhoA and anti actin 
immunoblots were performed for normalization (B). (C) Western blot analysis was performed to test EphA2 
protein levels. (D-E) Boyden Chamber invasion: A375M6 or Hs294T cells were treated as in B) then 5x104 

or 6x104 cells (respectively) were transferred to a Boyden chamber coated with Matrigel (50 µg/cm2) and 
allowed to invade for 5h or 24h toward complete medium (FBS 10%). Cell invasion was evaluated after Diff-
Quick staining by counting cells in three randomly chosen fields. The results are representative of three 
experiments with similar results. 3D invasion assay was performed by seeding cells in 96-well plate and, 
following the spheroids formation (4 days), Matrigel (50 µg/cm2) were added in each well and the cells were 
treated or not with Claisened Hexafluoro (10µM) for 24h (F). The pictures were then taken, and invasion area 
was calculated by subtracting the inner spheroid area from the total area by Image J software. (G) The cells 
treated or not with Claisened Hexafluoro for 24h before the assay, were seeded in a matrix collagen and a 
time lapse video was performed. Here are represented some photograms of the videos. Data were shown in 
mean ± SEM, t-test, for fig. 1 A and B; 1-way-ANOVA, for fig.1 C; * p< 0.05, **p<0.01, *** P< 0,001. 

 

4.4.2 Claisened Hexafluoro decreases adhesion ability and trans-endothelium 

migration of A375M6 cells. 

One of the first steps of metastatic dissemination is the adhesion of cells to the ECM,a 

crucial step for tumor cell migration 154. To test Claisened Hexafluoro as a potential 

inhibitor of metastatic dissemination, we performed adhesion assays using two main ECM 

components: collagen and fibronectin, as supports. Cells were pre-treated for 24h with 

Claisened Hexafluoro, then were let to adhere for 10 minutes on plates previously coated 

with collagen or fibronectin. Results show that Claisened Hexafluoro decreases the 

adhesion ability of A375M6 cells to both ECM components (Fig. 2 A, B). 

The ability of tumor cells to enter the vessels and survive into the vasculature is a 

fundamental prerequisite for ensuring their metastatic spread. Therefore, to investigate if 

Claisened Hexafluoro is able to inhibit this central metastatic step in melanoma cell 

dissemination, we performed an adhesion assay to the endothelium and trans-endothelial 

migration assay.  

The adhesion assay was performed by seeding A375M6 cells onto the HUVEC’s 

monolayer and let to adhere for 30 minutes. For the trans-endothelium migration assays 

cells were seeded and let to migrate overnight through the monolayer. After the treatment 

with Claisened Hexafluoro, we observe a decrease in the adhesion ability to the 

endothelium (Fig. 2C) as well as in trans-migration capacity (Fig.2 D), suggesting an 
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impairment of melanoma cells to enter the blood vessels and, in this way, to spread to 

distant organs. 
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Figure 2. Claisened Hexafluoro inhibits adhesion ability of A375M6 to ECM and endothelium and 

trans-endothelium migration of melanoma cell. Adhesion assays to collagen (A) and fibronectin (B). 

Cells were let to adhere to collagen or to fibronectin coated plates for 10 minutes. Adherent cells were 

photographed and, then the number of attached cells was evaluated. (C) Adhesion assay to the 

endothelium: 3x105CSFE labeled A375M6 cells, treated or not with Claisened Hexafluoro for 24h were 

seeded and let to adhere for 30 minutes onto a monolayer of HUVEC cells. The adherent cells were 

photographed using an inverted fluorescent microscope and then quantified by counting the CSFE-

positive cells. (D) Trans-endothelial migration assay: Cells treated as in A) were let to migrate overnight 

towards complete medium. Migrated cells were photographed using an inverted fluorescent microscope 

and quantifiedData were shown in mean ± SEM, t-test; *** P< 0,001 

 

 

 

 

 

 

 

 
4.4.3 Claisened Hexafluoro inhibits the stemness features of A375M6 cells 

The amoeboid phenotype is frequently correlated with stemness features and it is often 

acquired by the most aggressive sub-populations within the tumor 248. To investigate 

whether Claisened Hexafluoro is a potential inhibitor of the stem-like phenotype, we 

analyzed the expression of the main melanoma stemness markers by FACS analysis and 

RT-PCR. 

First, we treated the A375M6 cells with or without Claisened Hexafluoro for 48h and we 

evaluated the expression levels of CD133 through FACS analysis. Results point out a 

decrease of about 40% in CD133 levels in treated cells compared to control ones (Fig. 3 

A).  

Moreover, we analyzed by RT-PCR the expression levels of a set of genes involved in 

stemness features and able to induce pluripotency 492,493: OCT3/4, KLF4 and NANOg (Fig. 

3B). The results obtained showed a decrease in the expression of all the selected markers in 

A375M6 cells after the treatment with Claisened Hexafluoro.  

Finally, we performed a melanospheres formation assay to confirm the reduction of the 

stem-like phenotype following Claisened Hexafluoro treatment. This assay is based on the 

ability of stem cells to survive in non-adherent conditions and to self-renew in a serum-free 

medium 494. The results obtained clearly show that the treatment with the compound 

decreases the ability of A375M6 cells to form melanospheres (Fig. 3C). Taken together, 

these results suggest that Claisened Hexafluoro, besides its ability to decrease amoeboid 

motility, acts as a potential inhibitor of melanoma stem-like phenotype. 
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Figure 3. Claisened Hexafluoro decreases the stem-like phenotype of A375M6. (A) Percentage of CD133-

positive cells: Cells were treated with Claisened Hexafluoro for 48h and then CD133 expression level was 

evaluated by FACS analysis. (B) OCT3/4, NANOg and KLF4 expression levels were analyzed by q-RT-

PCR. (C) A375M6 cells were treated or not with Claisened Hexafluoro 10μM for 24h and then 1000 cells 

were seeded in a no-adherent plate (100cm2). After 15 days the photos were taken. Data were shown in 

mean ± SEM, t-test; * p< 0.05, **p<0.01, *** P< 0,001. 

 

 

 

 
 

 

 

 

 

 

4.4.4 Claisened Hexafluoro inhibits the mitochondrial activity and ATP 

production. 

Several evidences support the existence of a strong correlation between increased motility 

and altered mitochondrial metabolism in cancer cells 123. In order to evaluate whether 

changes in motility induced by Claisened Hexafluoro treatment are correlated with an 

altered mitochondrial activity, we performed Seahorse XFe96 Mito Stress analysis. 

A375M6 cells were pre-treated for 24h with or without 10µM Claisened Hexafluoro before 

performing the metabolic assay. 
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Interestingly, the treatment with the compound induces a strong decrease in the cellular 

oxygen consumption rate (OCR) both in basal conditions and after the treatment with 

different mitochondrial drugs (namely Oligomycin, FCCP and Rotenone/antimycin A) 

(Fig. 4 A, B,). In particular, the significant reduction in the ATP-linked OCR measured in 

treated cells indicated that the compound strongly impairs mitochondrial functionality (Fig. 

4D). Moreover, treated cells also display a slight increase in OCR following FCCP 

injection indicating a diminished spare respiratory capacity, defined as the difference 

between maximal and basal respiration (Fig. 4A). In keeping with an impairment in 

mitochondrial functionality, we can expect that treated cells enhance glycolytic activity in 

trying to overcome the lack of ATP availability. Indeed, we measured higher extracellular 

lactate release (Fig. 4E) and decreased OCR/ECAR ratio (Fig. 4C) in A375M6 cells after 

24h of treatment with the compound.  

Altogether, these data suggest that the treatment with Claisened Hexafluoro impairs the 

mitochondrial functionality.  

Mitochondrial activity disfunction frequently correlates with increased mitochondrial-ROS 

(mt-ROS) production 495. In order to further confirm the compound-induced alteration in 

mitochondrial functionality, we assayed the mt-ROS content in treated and untreated cells. 

As expected, MitoSOX staining analysis pointed out a strong increase of the oxidative 

stress inside the mitochondria following the treatment with the compound (Fig. 4F). 

Furthermore, we measured the mitochondrial membrane potential by staining A375M6 

cells, treated with or without Claisened Hexafluoro, with tetramethylrhodamine ethyl ester 

(TMRE). In line with our previous results, A375M6 cells showed a decrease in the 

mitochondrial membrane potential after the treatment with the compound (Fig. 4G), further 

suggesting a decrease of mitochondrial activity induced by Claisened Hexafluoro 

treatment. On the other hand, through MitoTracker Green staining we showed an increase 

in mitochondrial mass measured by FACS analysis (Fig. 4H) and the presence of extensive 

mitochondrial fusions by confocal microscopy (Fig.4I). All together these data suggest that 

treated cells increase the mitochondrial mass as a compensatory mechanism to overcome 

the mitochondrial dysfunction induced by the treatment. 
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Figure 4. Claisened Hexafluoro decreases the mitochondrial activity of A375M6 cells and increases 

mitochondrial ROS production. Oxygen consumption rate (OCR) measured in real time with Seahorse XFe96 

Mito Stress Test analysis in A375M6 cells treated or not with Claisened Hexafluoro (A). The respiratory 

capacity was calculated based on the OCR after the administration of the ATP synthase inhibitor oligomycin, 

the proton uncoupler carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP), and the respiratory 

complex I inhibitor rotenone, together with the respiratory complex III inhibitor antimycin A. (B) Basal OCR 

and (C) the ratio OCR/ECAR are shown. (D) ATP-linked respiration is reported. (E) Lactate production in 

medium was measured. (F) Mitochondrial ROS level, (G) mitochondrial membrane potential (TMRE) and 

Mitochondrial mass (MitoTracker Green) (H) were analysed by FACS analysis after treatment with Claisened 

Hexafluoro. Mitochondrial morphology of A375M6 cells, treated as above, were analysed by confocal 

analysis after labelling with MitoTracker Green and Hoechst 33342 (I). Data were shown in mean ± SEM; 1-

way-ANOVA, for fig.5 A, B, C, D; t-test, for fig. 4 E and F; * p< 0.05, **p<0.01, *** P< 0,001. 

4.4.5 Claisened Hexafluoro affects AMPK signalling  

Alterations in mitochondrial energetics have been related to the activation of the AMPK 

signalling  as a result of the impaired energy balance and the consequent increase in the  

AMP/ATP ratio 496. AMPK is the main sensor of cellular energy status and a key player of 

different cellular functions 150. 

In order to evaluate whether Claisened Hexafluoro-induced mitochondrial dysfunction has 

an impact also on the energy status of treated cells, we measured the AMP/ATP ratio. 

Interestingly, following Claisened Hexafluoro treatment it is possible to observe an 

increase of the AMP/ATP ratio (Fig. 5A) indicating an energy stress. 

Accordingly, in Claisened Hexafluoro treated melanoma cells, we found increased level of 

AMPK phosphorylation (on Thr-172) and hence its activation (Fig. 5B). Interestingly, 

AMPK pathway is implicated in several cellular processes, including cell motility, 

adhesion and invasion 497. In order to evaluate whether AMPK activation may mediate the 

reported decrease in cellular motility, we assayed cell invasion in the presence of 

Compound C 498, a selective AMPK inhibitor.  Interestingly, the impairment of cell 

invasion following Claisened Hexafluoro treatment is almost completely reversed in the 

presence of Compound C, confirming the involvement of AMPK activation in Claisened-

induced inhibition of cell migration (Fig. 5C). 
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Figure 5. AMPK activity is involved in the inhibition of ameboid motility after treatment with Claisened 

Hexafluoro. The graph represents the AMP/ATP ratio in A375M6 treated or not with 10µM Claisened 

Hexafluoro (A).  Phosphorylation levels of AMPK normalized on total levels of AMPK in A375M6 treated or 

not with10µM Claisened Hexafluoro and/or 8µM Compound C (B). Invasion assay of A375M6 cells treated 

as in B (C). Data were shown in mean ± SEM, t-test; * p< 0.05, **p<0.01, *** P< 0,001 vs ctrl. §p< 0.05 

C+C vs Claisened 10μM. 

 
 

 

4.4.6 Claisened Hexafluoro decreases the in vivo lung metastasis formation. 

Finally, to prove whether Claisened Hexafluoro could decrease A375M6 metastatic 

dissemination in vivo, we performed an experimental metastasis assay in NU-Foxn1nu 
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Figure 6 Claisened Hexafluoro decreases lung colonization in NU-Foxn1nu mice. Lung colonization 

assay: mice were injected into the lateral tail vein with 1 x 106 A375M6 cells. Claisened Hexafluoro 3 

mg/mouse/day in 30% intralipid was administered intraperitoneally five times a week. Mice were 

sacrificed after 8 weeks and the lungs were inspected for metastatic nodules. The graph reports the 

number of metastatic nodules per group Student t-test, * p < 0.05 treated vs untreated.   

mice. A375M6 cells were injected into the tail vein of the mice and Claisened Hexafluoro 

was administrated intraperitoneally five a week. Results shown in Fig. 6 highlight that 

Claisened Hexafluoro treatment strongly inhibits lung colonization of circulating 

melanoma cells, as demonstrated by the decrease in the number of metastatic nodules in 

treated mice. Moreover, it is possible to observed a better conserved morphology of the 

lung parenchyma in Claisened Hexafluoro treated mice. These data confirm a crucial role 

of Claisened Hexafluoro-mediated inhibition of amoeboid motility in the in vivo metastatic 

process of melanoma cells. 
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4.5 Discussion 

Cancer cell dissemination is one of the major deleterious phenomenon during cancer 

progression, frequently representing the leading cause of the fatal outcome of this 

pathology. The metastatic disease is particularly aggressive especially because, besides 

increased invasive abilities, disseminating cells are also endowed with metabolic 

alterations allowing them to adapt to changes occurring in the tumor  milieu, and with 

enhanced resistance to both anoikis and existing therapies 499. Altogether, these 

characteristics allow disseminating cells to overcome all the metastatic steps and facilitate 

the formation of new lesions.  

Metastatic melanoma accounts for the majority of skin cancer deaths (over 80%) and, for 

this reason, halting melanoma dissemination through developing new therapeutic 

approaches represents one of the most promising challenges in the clinic. In this context, 

besides the successful therapies aimed at inhibiting oncogenes involved in melanoma and 

the efficacious immunotherapy (described in detail in the introduction part), there is a real 

need for therapies that specifically target the metastatic process.  

Actually, different types of cell motility have been described in melanoma, such as the 

rounded/amoeboid-type motility, the elongated/mesenchymal-type motility, and the 

collective motility 232,233,500, supporting the idea that melanoma cells are highly plastic and 

can switch between different migration styles, mainly depending on changes in the tumor 

microenvironment 165,230,232,233. However, several studies have recognized the amoeboid 

motility as a detrimental feature of metastatic melanoma. Lorentzen et al., showed that a 

selected melanoma A375 population characterized by increased metastatic potential 

contain a higher proportion of cells (90%) which move through squeezing amoeboid 

motility with respect to the less metastatic parental cell line 219. Moreover, rounded cells 

predominate in the invasive front of melanoma, confirming the relevance of amoeboid 

motility in the invasive process 220. 

It is well known that high levels of Rho-ROCK signaling are strongly required for 

rounded-amoeboid, blebs-based movement with respect to the elongated, protrusive one 
232,233,501,502. In keeping with these observations, several Rho GTPase proteins have been 

found overexpressed or mutated in tumors 503. Furthermore, recently, Misek et al. showed 

that activation of RhoA family GTPases is present in ~50-60% of melanoma cell lines with 
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Vemurafenib resistance acquired in vitro, reinforcing the idea that this signaling has a key 

role in the achievement of aggressive features by melanoma cells 504. In this context, some 

efforts have been made in order to arrest melanoma invasion by blocking Rho activity. 

Even if the sole pharmacological inhibition of ROCK is efficacious in decreasing cell 

invasion 505,  due to the great plasticity of melanoma cells, only the combination of 

different drugs aimed at inhibiting both elongated, mesenchymal-type and rounded, 

amoeboid motility 232,233,506 is really efficacious in blocking the metastatic process in 

melanoma. 

In this study, we demonstrated that Claisened Hexafluoro, a fluorinated synthetic Honokiol 

analogue, is efficient in blocking the amoeboid movement of metastatic melanoma cells. In 

particular, we observed that, differently from other described inhibitors of the amoeboid 

motility, Claisened Hexafluoro does not induce a shift towards the mesenchymal style, 

suggesting a possible use of this compound to block the metastatic process of tumour cells. 

This approach is particularly promising for the treatment of melanoma, endowed with a 

great plasticity in cell motility. Furthermore, Claisened Hexafluoro exerts its action 

specifically on cells which moves through amoeboid motility since it is completely 

inefficient in inhibiting the migration abilities of melanoma cells with mesenchymal 

features (Figs. 1D-E). Altogether, the aforementioned features suggest that Claisened 

Hexafluoro displays a real therapeutic potential for melanoma treatment. 

Moreover, our results show that Claisened Hexafluoro is able to inhibit several steps of the 

metastatic process, especially the trans-endothelial migration, a feature necessary to 

extra/intravasate during the disseminating process. Coherently, this phenomenon is mainly 

based on the ability of cancer cells to pass-through the endothelial barriers by an amoeboid 

motility style. The inhibition of melanoma cell ability to trans-migrate is strictly correlated 

with the observed decrease in the number of metastatic nodules in the in vivo experimental 

metastases model (Fig. 6). Moreover, we showed that Claisened Hexafluoro inhibits the 

stemness phenotype of melanoma cells as well as the ability to form melanospheres (Fig. 

3). These data are in keeping with previous results showing that the achievement of 

amoeboid motility is characterised by increased stemness and clonogenic features in 

melanoma cells 248. In looking for the molecular mechanism through which Claisened 

Hexafluoro displays these promising effects, we found that it has a strong impact on the 

metabolic features of melanoma cells. Indeed, the treatment with this compound severely 
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affects mitochondrial functionality as demonstrated by decreased OCR levels, 

mitochondrial depolarization and decreased mitochondria-related ATP production (Fig 4). 

Thanks to its detrimental effects on mitochondrial functionality, Claisened Hexafluoro, 

could be of great utility in the treatment of tumors which are dependent on mitochondrial 

respiration in a similar manner to what has been observed for Honokiol 507. Interestingly, 

melanoma treated with MAPK-signaling inhibitors shift their metabolism from glycolysis 

to OXPHOS 508,509, thus the concomitant co-treatment with Claisened Hexafluoro could be 

very beneficial in targeted therapies. In keeping, Bonner et al., reported that Claisened 

Hexafluoro is effective in decreasing proliferation of Vemurafenib resistant melanoma 

cells 484. 

We also observed that the reduction of respiratory chain function following Claisened 

Hexafluoro treatment is strictly connected with an increase in both the AMP/ATP ratio and 

the activation of the AMPK signaling (Fig. 5A-B). Our data show that the inhibition of cell 

invasion induced by Claisened Hexafluoro is strictly dependent on AMPK 

phosphorylation/activation, as it is almost completely reverted by treating cells with 

Compound C, an inhibitor of AMPK 498. Indeed, AMPK signaling, acting as the “sensor” 

of the energy status of the cell, play crucial roles also in the regulation of cell migration as 

demonstrated by the correlation between AMPK and Rho A signaling. Indeed, Gayard M 

et al., showed that AMPK is able to phosphorylate RhoA on Ser188 and to subsequently 

restrain the RhoA/ROCK signaling 510. In keeping with these data, Guo et al., 

demonstrated that in melanoma cells, AMPK-mediated inhibition of RhoA decreases cell 

invasion and migration 511. In this light, we hypothesize that the AMPK/RhoA/ROCK axis 

could be an indirect target of Claisened Hexafluoro action: the mitochondrial dysfunction 

caused by the treatment, sustaining the AMPK signaling, finally leads to a decrease in 

RhoA activation and to an impairment of amoeboid motility (Fig 5).  

Collectively, data herein presented suggest that Claisened Hexafluoro could be a powerful 

tool to counteract the amoeboid motility and the metastatic dissemination of melanoma 

cells. 
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5. Materials and Methods 

5.1 Materials  
5.1.1 Isolation and culture cell  

Human OS cell lines (SaOS-2, MG-63 and HOS) and HUVECs cells were purchased from 

Sigma Aldrich (ECACC). A375M6 metastatic melanoma cells were kindly donated by 

prof. Lido Calorini, isolated in its laboratory from lung metastasis of SCID bg/bg mice as 

previously described 512. Hs294T mesenchymal melanoma cells was purchased from 

ATCC. Tumor cells were routinely maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) high glucose with 2 mM L-glutamine (Euroclone, Milan, Italy) supplemented 

with fetal bovine serum (FBS; 10% v/v, Euroclone) and penicillin/streptomycin (P/S, 1% 

v/v, Sigma‐Aldrich, St. Louis, MO), in cell culture flasks until 70–80% cell confluence. 

HUVECs were cultured in complete endothelial cell growth medium (EBM-2 Basal 

Medium, Lonza, Basel, Switzerland) plus the SingleQuots Kit, supplemented with 2 mM 

L-glutamine, P/S (1% v/v) and FBS (10% v/v). A375M6 and Hs294T starvation medium 

was supplied with 1% of FBS, 1% P/S and 2mM L-glutamine. Human BM-MSCs used in 

this study were isolated from healthy donors and characterized by Dr Bambi’s Unit (AOU 

Meyer Hospital, Florence, Italy) as previously reported 364. BM-MSCs were cultured in 

DMEM low glucose (Euroclone) containing FBS (10% v/v), 2 mM L-glutamine and P/S 

(1% v/v).  

5.1.2 Preparation of conditioned media (CM)  

OS CM were obtained from 1x106 tumor cells maintained in low glucose media deprived 

of serum (St Med) for 48 h at 37 °C in 5% CO2 humidified atmosphere. CM derived from 

untreated (BM-MSCsSt) and conditioned MSCs (BM-MSCsOS) were obtained from BM-

MSCs grown to sub-confluence and serum starved in low glucose media or stimulated with 

CM from OS cells for 48 h. Media were then removed and replaced with St Med (low 

glucose) for an additional 24 h. CM derived from the different experimental conditions 

were harvested, clarified by centrifugation and frozen at 80 °C until use. 
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5.1.3 Antibodies and material 

The following antibodies were used for western blot analysis: CollagenI-α1 (NB600-408, 

rabbit; Novus Biologicals, Littleton, CO, USA), a-SMA (A2547, mouse), Rac1 (07-1464, 

rabbit) and tubulin (T5168, mouse) from Sigma-Aldrich (St. Louis, MO, USA) RhoA (sc-

418, mouse, and βActin (sc-47778) were from Santa Cruz Biotechnology, AMPK (#2532), 

p-AMPK (Thr172) (#2535) were from Cell Signaling, EphA2 (Fisher Scientific). 

Secondary antibodies were from Santa Cruz Biotechnology. For the immunofluorescence 

experiments, FITCphalloidin (F432, Molecular Probes, Eugene, OR, USA), anti-p-MLC 

(Ser 19) antibodies (3671, Cell Signaling, Danvers, MA, USA) and secondary antibodies 

conjugated with AlexaFluor 488 (A-11034, Life Technologies Invitrogen, Carlsbad, CA, 

USA) were used. Hoechst 33342 (62249) was from Thermofisher scientific. For the 

migration experiments, blocking antibodies were used against: CXCR4 (555971, BD 

Bioscience, Franklin Lakes, NJ, USA), MCP-1 (555055, BD Biosciences), IL-6 (mabg-

hil6-3, InvivoGen, San Diego, CA, USA) and IL-8 (MAB208-100, R&D System, 

Minneapolis, MN, USA). SB225002 [(N-(2-hydroxy-4-nitrophenyl)-N0 -(2-bromophenyl) 

urea, 559405] and Ilomastat (GM 6001, 364205) were from Merck Millipore (Billerica, 

MS, USA). TGF-β1R blocker (TbR blk, p17) was developed by Digna Biotech (Pamplona, 

Spain) as previously described (Barcellos-de-Souza et al., 2016). MatrigelTM Basement 

Membrane Matrix (356234) was from BD Biosciences. Rho Activator (calpeptin, CN01) 

was from Cytoskeleton, Inc. (Denver, CO, USA); GST-Rhotekin (14-662) and 

recombinant human TNF-α (300-01A) were from Peprotech (Peprotech Inc, Rocky Hill, 

NJ, USA) and CFSE (C34554) was from Life Technologies. Collagen I rat tail was BD 

biosciences (354236). Claisened Hexafluoro was provided by Jack L. Arbiser from Emory 

University.  

5.2 Methods 
5.2.1  In vitro migration assays  

Migration assays were performed in Boyden Chamber with 8μm pore size filters (CC3422, 

CostarTM, Corning, NY, USA). In BM-MSC chemotaxis assays, 2.5x104 cells were 

serum-starved for 24 h and allowed to migrate overnight toward CM from SaOS2, MG-63 

and HOS cells. Untreated cells (St Med) were used as control. Migrating cells were fixed, 
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stained and counted in four randomly chosen fields in bright field. In chemotaxis 

experiments with inhibitors, BM-MSCs were starved overnight in the presence or absence 

of 20 μg/mL-1 anti- CXCR4 blocking antibodies, 200 nM SB225002 and 100 μg/mL-1 TbR 

blk. Anti-MCP-1 neutralizing antibodies 5 μg/mL-1 were added to CM 1 h before 

performing the assays. Migration assays of HOS cells were performed by treating 3.5x105 

tumor cells with CM BM-MSCsSt or CM BM-MSCsOS for 24 h. St Med was used as 

control. Then, 5x104 HOS cells were allowed to migrate for 6 h toward complete medium 

(FBS 10%). Invasion assays were achieved by covering the upper compartment of the 

Boyden chamber with 50 μg/cm2 of reconstituted Matrigel. OS cells were treated with CM 

from starved or tumor-activated BM-MSCs for 36 h. Then 5x104 HOS and 1x105 SaOS-2 

or MG-63 were allowed to migrate toward complete medium (10% FBS) for 5 h, overnight 

or 24 h, respectively. Trans-endothelial migration was performed with OS cells treated as 

above and stained with CFSE. Tumor cells (3x104 HOS and 8x104 MG-63 and SaOS-2) 

were seeded onto 5x104 HUVECs activated with 10 ng/mL-1 TNF-α and allowed to 

migrate toward 500 μL of complete medium (HOS for 5 h, MG-63 and SaOS-2 for 16 h). 

In invasion and trans-endothelial migration assays with inhibitors, conditioned HOS cells 

were treated or not treated with neutralizing antibodies against IL-6 (5 μg/mL-1), IL-8 (10 

μg/mL-1 ), MCP-1 (10 μg/mL-1) and SB225002 (200 nM). To evaluate MMP dependence, 

OS cells treated or not treated with BM-MSCs, CM were incubated overnight with 50μM 

Ilomastat. The number of migrating cells was determined by counting in four randomly 

chosen fields in an inverted optical or fluorescent microscope for invasion and trans-

endothelial migration, respectively. Recruitment assays of HUVECs were performed 

allowing migration or invasion of 5x104 cells for 6 h toward CM HOSSt and CM HOSBM-

MSCs. St Med was used as negative control. 

A375M6 or HS294T cells were serum starved for 24h and then were treated or not with 

10μM Claisened Hexafluoro for other 24h combined with or without 8μM Compound C. 

Then 5x105 or 6x105cells, respectively, were seeded onto Matrigel-precoated Boyden 

chamber (performed as above) in starvation medium (FBS 1%). In the lower chamber 

complete medium FBS 10% was used as chemoattractant. Following 5h (or 24h for 

Hs294T) of incubation, the inserts were removed and the noninvading cells on the upper 

surface were removed with a cotton swab. The filters were then stained using the Diff-
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Quik kit (BD Biosciences) and photographs of randomly chosen fields are taken. The 

quantification was performed by Image J software. 

For trans-endothelial migration assays, HUVECs were grown to confluence on the 

separating filter of a Boyden chamber (8-mm pore size, 6.5 mm diameter) and were 

activated with 10 ng/mL-1 TNFα for 90 minutes. Thereafter, culture media were changed 

with fresh media and cells incubated for an additional 2.5 hours. A375M6 cells treated or 

not with 10μM Claisened Hexafluoro for 24h and stained with CFSE (360 ng/mL-1) were 

seeded onto HUVECs monolayer and allowed to migrate toward complete medium 

overnight. Then, the noninvading cells were removed on the upper surface with a cotton 

swab and the cells fixed with methanol 70% (Sigma Aldrich). The number of migrated 

cells to the lower face of the filter was evaluated by counting the fluorescent cells using an 

inverted fluorescent microscope and quantified with Image J software. 

5.2.2 3D invasion assay 

2x104 A375M6 cells were seeded in 96-multiwell plates coated with 1,5% Agar. Then, 

after 4 days, spheroids were obtained and photographed (t0). Subsequently, Matrigel (50 

μg/cm2) was added to each well and the cells were treated or not with 10μM Claisened 

Hexafluoro. The photos were taken 24h (t1) after the treatment. The invasive capacity was 

calculated by subtracting the inner area, which represents the initial spheroid, from the 

total area. The area was calculated with ImageJ software.  

5.2.3 Western blotting 

Cells were lysed on ice in radioimmunoprecipitation assay (RIPA) buffer (50 mM TrisHCl 

pH 7.5, 150 mM NaCl, 100 mM NaF, 2 mM EGTA, 1% triton X‐100, 10 μL/mL protease 

and phosphatase inhibitor; Sigma‐Aldrich), 20 to 50 μg of total proteins were loaded on 

SDS‐PAGE gels and transferred to PVDF membranes (BioRad, Hercules, CA). 

Membranes were incubated overnight at 4°C with the primary antibody. After washing in 

PBS‐Tween 20 (0.1%) membranes were incubated with the appropriate horseradish 

peroxidase‐conjugated secondary antibodies (Santa Cruz Biotechnology) for 1 hour. 

Proteins were detected using Clarity Western ECL (BioRad) and images were acquired by 

using Amersham Imager 600 luminometer (Amersham, Buckinghamshire, UK). 

Quantification of bands was carried out by using the Amersham quantification software. 
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5.2.4 RhoA and Rac1 activity assays 

Cells were directly lysed in RIPA buffer, the lysates were clarified by centrifugation, and 

RhoA-GTP or Rac1-GTP levels were quantified. Briefly, lysates were incubated with 10 

μg of Rhotekin–glutathione S-transferase (GST) or p21 activated kinase (PAK)-GST 

fusion protein both absorbed on glutathione-Sepharose beads for 1 h at 4°C. GST pulled-

down immunoreactive RhoA or Rac 1 were then quantified by Western blot analysis. 

Lysates were normalized for RhoA or Rac1 content by immunoblot.  

5.2.5 Collagen contraction assay  

BM-MSCs 1.5x105 maintained for 24 h in St Med or HOS CM were harvested and 

resuspended in a DMEM solution containing 1 mg/mL-1 Collagen A (L7220, Merck 

Millipore) as previously reported 364. The area of each gel (number of pixels) was 

determined using IMAGEJ. 2.7. Gelatin zymography CM derived from untreated or 

conditioned MSCs was collected, centrifuged and concentrated 10-fold with Amicon Ultra 

4 mL centrifugal filter (UFC800324, Merck Millipore). Gelatin zymography was 

performed as previously described 248.  

5.2.2 Confocal analysis 

MG-63 treated with CM from tumor-activated BM-MSCs CM was fixed in p-

formaldehyde (4% v/v in PBS) for 20 min, permeabilized in Triton X-100 (0.5% v/v in 

PBS) for 5 min, then washed twice with bovine serum albumin (BSA; 1% v/v) and FBS 

(5% v/v in PBS) solution and incubated overnight at 4 °C with primary antibodies against 

p-MLC (1 : 100). After two washes with PBS, cells were incubated with anti-rabbit 

AlexaFluor 488 antibodies (1: 1000) and FITC-phalloidin for 1 h at room temperature in 

the dark. As positive control, we used 1 U/mL-1 Calpeptin, a RhoA activator. The 

coverslips were mounted in Gel MountTM Aqueous Mounting Medium (Sigma-Aldrich). 

A Nikon Eclipse TE2000-U (Nikon, Tokyo, Japan) confocal microscope was used for data 

acquisition.  

A375M6 cells were treated with or without 10μM Claisened Hexafluoro and then labeled 

with 30nM MitoTracker Green (M7514, Thermofisher scientific) used accordingly to 
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manufacturers’ instructions and 1μg/mL Hoechst 33342. Then, the cells were analyzed by 

confocal imaging (Leica TCS SP8). 

5.2.3 Flow Cytometric Analysis 

Staining of BM-MSCs cultivated in St Med or treated with CM from OS cells for 48 h was 

performed as previously described 364.  

A375M6 cells were serum starved for 24h were treated with 10μM Claisened Hexafluoro 

for 48h. Then, the cells were detached with Accutase (Sigma) and stained with anti-

CD133-APC (566596, BD Biosciences) antibody for 30 minutes and analyzed through 

flow cytometry analysis.   

For mitochondrial superoxide detection, cells were treated in starvation medium (FBS 1%) 

with or without 10μM Claisened Hexafluoro for 24h. Cells were then incubated for 10 

minutes at 37°C with 5 μM MitoSox (M36008, Thermofisher scientific) in PBS. Cells 

were detached with Accutase, centrifuged, washed with PBS, and resuspended in 300 μL 

PBS. A flow cytometer analysis was then performed (MitoSox excitation/emission: 

510/580 nm). 

For mitochondrial analysis, 30nM MitoTracker Green and TMRE were used accordingly to 

manufacturers’ instructions (Thermofisher scientific, T669). Cell were analyzed by flow 

cytometry using FACScan flow cytometer (BD Biosciences) or by confocal imaging 

(Leica TCS SP5). 

5.2.4 ELISA and cytokine antibody array  

Cytokine concentration in CM from MG-63 cells and from BM-MSCs was determined by 

ELISA single kits for IL-1 alpha (EH2IL1A), IL-6 (EH2IL6), IL-8 (EH2IL8), IL-17 

(EH2IL17), GRO-a (EHCXCL1), MCP-1 (KHC1011), PDGF-BB (EHCSRP2), TGF-b1 

(EHTGFBI) and TNF-a (EH3TNFA), according to the manufacturer’s instructions 

(Invitrogen). The qualitative analysis of cytokines and growth factors produced by BM-

MSCs was performed in CM obtained from 7.5 9 105 cells grown in St Med or stimulated 

with CM from HOS cells for 48 h. Cells were then starved for a further 24 h and CM was 

collected, clarified by centrifugation and analyzed with Human Cytokine Antibody Array 

C5 (AAH-CYT-5, RayBiotech, Aachen, Germany) according to the manufacturer’s 
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protocol. Membranes were developed with streptavidin-HRP chemiluminescence reaction 

and then exposed to X-ray film. Pixel densities of detectable spots were calculated using 

IMAGEJ software. The intensity of each spot was normalized to the intensities obtained 

using positive antibody array controls and subtracted from the related background. 

Expression values higher than 10 000 arbitrary units were set to identify a cut-off for 

cytokines to be considered. The same type of analysis was performed in CM obtained from 

HOS cells stimulated or not stimulated with CM from tumor-activated BM-MSCs to 

determine the relative amounts of pro-angiogenic factors.  

5.2.5 RT-qPCR  

Total RNA was purified from cells using the RNeasy mini Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. Total RNA amount was quantified at 

NanoDrop Microvolume Spectrophotometers and Fluorometer. The reverse transcription 

reaction was performed with QuantiTech reverse transcription Kit (Qiagen) using 1 μg of 

total RNA. mRNA expression was performed using QuantiFast SYBR Green (Qiagen). 

The primers for NANOG: 5′-ACCTTGGCTGCCGTCT CTGG-3′ (forward), 5′-

AGCAAAGCCTCCCAATCCCAA ACA-3′ (reverse); KLF4: 5′-

GCAGCCACCTGGCGAGTC TG-3′ (forward), 5′-CCGCCAGCGGTTATTCGGGG-3′ 

(reverse) and OCT3/4: 5′-TTTTGGTACCCCAGGCTATG-3′ (forward), 5′-

GCAGGCACCTCAGTTTGAAT-3′ (reverse). β2 microglobulin: 5′-

AGTATGCCTGCCGTGTGAAC-3′ (forward), 5′-GCGGCATCTTCACAAACCTCCA-3′ 

(reverse) was used as normalizer. All the amplifications were run on 7500 Fast Real‐Time 

PCR System (BioRad). Data were reported as relative quantity with respect to the 

calibrator sample using the −ΔΔ 2 Ct method. 

5.2.6 Cell migration in three-dimensional collagen matrices  

Reconstruction by time-lapse video microscopy and confocal microscopy was performed 

on MG-63 or A375M6 cells. Subconfluent MG-63 cells treated or not treated with CM 

from tumor-activated BM-MSCs or A375M6 cells treated or not with Claisened 

Hexafluoro 10μM previously for 24 h, were labelled by CFSE (360 ng/mL-1) and then were 

detached by EDTA (2 mM), washed, incorporated into three dimensional collagen lattice 

(1.67 mg/mL-1 ; native dermal bovine type I collagen; RD Systems for MG-63, or collagen 
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I, rat tail, BD biosciences for A375M6) and monitored by time-lapse video microscopy 

(Brocker, 2004; Friedl, 2004). For three-dimensional time-lapse confocal microscopy 

(Leica-SP5 system), cells were scanned for 12 h at 3- min time intervals for simultaneous 

fluorescence and back scatter signal (reflection), and reconstructed. Three-dimensional 

motility of cells is shown by time lapse of xyzt analysis (three-dimensional analysis over 

time).  

5.2.7 Cell viability assay 

A375M6 cells (2x104) were seeded in 24-multiwell plates and serum starved for 24 h 

before treatment with or without increasing concentration of Claisened Hexafluoro for 24 

and 48 h. Cell viability were evaluated by the addition of a crystal violet solution (0,5% in 

20% methanol). After 5 min of staining, the fixed cells were washed with phosphate-

buffered saline (PBS) and solubilized with 200 µl/well of 0.1 M sodium citrate, pH 4.2. 

The absorbance at 595 nm was evaluated using a microplate reader. 

5.2.8 Adhesion assay 

A375M6 cells were serum starved for 24h and then treated or not with 10μM Claisened 

Hexafluoro for 24h. 1x105 melanoma cells were seeded on 24-multiwell plates coated with 

300 μg/mL collagen (354236, rat tail I collagen; RD Bioscience) as already described by 

513 or 2,5μg/cm2 fibronectin (Sigma Aldrich - F2006) for 10 minutes. Adherent cells were 

fixed with methanol and photos of the wells were taken. Cells were counted using the 

ImageJ software. Adhesion to endothelium assay was performed as previously described 
514. Briefly, A375M6 cells treated as above and stained with CFSE (360 ng/mL-1) were 

seeded onto a transwell precoated with 5x104 HUVECs activated with 10 ng/mL-1 TNF-a 

for 90’ and allowed to adhere for 30 minutes.  

5.2.9 Melanospheres formation 

For melanospheres formation assay, A375M6 cells, treated or not with 10μM of Claisened 

Hexafluoro for 24h, were detached using Accutase (Sigma) and plated at 1000 cells/plate 

on low attachment 100 mm plate in serum-free DMEM/F12 1:1 (Invitrogen, Carlsbad, CA, 

USA) supplemented with N2 (Invitrogen), 0.6% glucose (Sigma), 20 μg/ml insulin (Eli 
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Lilly), 10 ng/ml b-FGF and 10 ng/ml EGF. Cells were grown under these conditions for 15 

days to obtain melanospheres. 

5.2.10  Seahorse XFe96 Metabolic Assays  

Cells were seeded in XFe96 cell culture plates with 3x105 cells per well and subjected to 

the XF mito stress test. The cells were treated or not with 10μM Claisened Hexafluoro for 

24h. Medium was replaced with XF base medium supplemented with 25 mM glucose, 2 

mM glutamine and 1 mM sodium pyruvate. Cells were incubated for 1 h at 37 °C in a non-

CO2 incubator before the analysis. Mito Stress test analysis reveals basal respiration, 

maximal respiration and the ability of the cells to exploit mitochondrial oxidative 

metabolism. This analysis is performed by real-time measurement of extracellular 

acidification (ECAR) and of oxygen consumed (OCR) after a sequence of compounds that 

interfere with the electron transport chain: oligomycin (1 µM), carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone (FCCP) (1 µM) and Rotenone/Antimycin A (0.5 µM). 

Protein quantification was used to normalize the results. 

5.2.11  Lactate quantification assay 

A375M6 cells were treated for 24h with or without 10μM of Claisened Hexafluoro and 

Lactate Colorimetric/Fluorimetric Assay Kit (Biovision) was performed according to the 

manufacturer’s instructions. All data were normalized on cell protein content. 

5.2.12 ADP/ATP quantification assay 

A375M6 cells were treated for 24h with or without 10μM of Claisened Hexafluoro and the 

ADP/ATP Ratio Colorimetric/Fluorometric Assay Kit (Biovision) was performed 

according to the manufacturer’s instructions. All data were normalized on cell protein 

content 

5.2.13  Lung colonization assay 

The tail vein injection method was developed and approved by the Institutional Animal 

Care and Use Committee (IACUC) of Emory University, and all in vivo experiments were 

performed in accordance with the approved IACUC protocol guidelines and regulations.  

Male NU-Foxn1nu mice (8 weeks old, 5 animals per group) were injected with 1x106 
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A375M6 into the tail veins. The mice were treated for 8 weeks with or without Claisened 

Hexafluoro: 3mg/animal/day, 5 times a week in 30 % Intralipid. Claisened Hexafluoro was 

dissolved in 100% ethanol at 100 mg/mL, diluted 1:10 in 30 % intralipid, and 300 μL was 

injected via IP. Claisened Hexafluoro was prepared fresh. Lungs were inspected for 

metastatic nodules by histological analysis after hematoxylin-eosin staining. The number 

of metastatic nodules is expressed as mean and standard errors of the mean (SEM). 

5.2.14  Statistical analysis  

Statistical analysis for part 1 were performed by one-way ANOVA followed by a 

Bonferroni comparison test and Student’s t-test (two-tailed), used to determine statistical 

significance with a p-value threshold set at < 0.05. Statistical analysis of the data was 

performed by unpaired Student t test for pairwise comparison of groups if not specified. 

All data were expressed as the mean ± SEM. A p value < 0.05 was considered statistically 

significant. Statistical analysis was carried out on three biological replicates. 
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