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The molecular and cellular mechanisms which drive metastatic spread are the topic of constant debate and sci-
entific research due to the potential implications for cancer patients' prognosis. In addition to genetics and envi-
ronmental factors, mechanics of single cells and physical interaction with the surrounding environment play
relevant role in defining invasive phenotype. Reconstructing the physical properties of metastatic clones may
help to clarify still open issues in disease progression as well as to lead to new diagnostic and therapeutic ap-
proaches. In this perspective cancer of unknown primary origin (CUP) identify the ideal model to study physical
interactions and forces involved in themetastatic process.We have previously demonstrated thatMET oncogene
ismutatedwith unexpected high frequency in CUPs.We here analyze and discuss how theMET activation by so-
maticmutationmay affect physical properties in giving rise to such a highlymalignant syndrome, as that defined
by CUP.

© 2017 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metastases identify a complex and multistep process which ulti-
mately result in patients' death. During neoplastic progression, cells
proliferate without control, loose cell-cell contact-inhibition, detach
ection of Respiratory System
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from their primitive sites and invade organs giving rise to secondary col-
onies (Hanahan and Weinberg, 2000). Cancer biologists have long un-
derstood that tumor progression towards malignancy derives from
both genetic and epigenetic changes affecting a cell and the altered re-
sponse from extrinsic soluble cues, such as growth factors, cytokines
and chemotactic stimuli as well as secretion of soluble signals that facil-
itate matrix remodeling, angiogenesis and immune tolerance. Thus,
tumor growth and metastases are intrinsically tied to the constituent
cell's ability to sense, process and adapt to the mechanical forces in
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their environment. If each step towards malignant transformation is
known to be characterized by a variety of genetic and histopathological
checkpoints, it should be underlined that over the past two decades it
has become evident that mechanical phenotype of both the cell and
its surrounding stroma is equally important for tumor spreading and
that it represents an element as crucial as genomic disruption and insta-
bility in the evolution of the tumor. Several data demonstrate that the
driving force for metastatic spreading seems not to be based on the ac-
tivation of metastasis-specific genes as late event in tumor progression
(Jones et al., 2008) and that cancer cell dissemination can occur early
during tumor formation (Hosseini et al., 2016). It is conceivable that ab-
errant activation of certain oncogenes could initiate dissemination be-
fore triggering primary tumor growth. Then, secondary lesions might
become clinically evident after a dormancy phase (Harper et al., 2016)
or even dominate the primary site growth (Wan et al., 2013). From
this perspective, to understand the interaction between invading cancer
cells and their 3D microenvironmental confinement and to clarify the
role played by cytoskeletal stiffness and cell contractility regarding the
invasive cell motility is mandatory to fully reveal the multifaceted sce-
nario of cancer metastasis.

2. Cancers of Unknown Primary (CUPs)

In some instances, distant dissemination arises at an extreme early
stage, so that metastatic phenotype reaches clinical relevance before
the appearance of the primary lesion. These tragic cases define a highly
malignant syndrome known as ‘cancers of unknown primary’ (CUP),
representing 3–5% of the cancer population (Stella et al., 2012). Accu-
mulated aggregate data from the last two decades have more than ade-
quately demonstrated that CUP presentation could be extremely
heterogeneous, with the hallmark being the clinical inability to find
the anatomical primary site. Indeed CUP key features are: i) early dis-
seminationmeaning early apparentmetastatic disease with no identifi-
able site of origin at the time of presentation; ii) clinical absence of
primary at presentation; iii) unpredictable metastatic pattern; iv) ag-
gressiveness. Based onmorphologic presentation CUPs are properly de-
fined as carcinomas, the vast majority of which (90%) is represented by
adenocarcinomas less prevalent characterizations include squamous
cell carcinoma and indifferentiated carcinomas. The inclusion of sarco-
mas, lymphomas andmelanomas of unknown primary is sometimes re-
ported, although in those cases the origin lineage is clearly solved
(Pavlidis and Fizazi, 2009; Hainsworth and Fizazi, 2009). There are, at
least, two different hypotheses which are trying to define CUPs: one
regards them as a single unique molecular and biochemical basis (still
to be defined) and responsible for ‘disappearance’ or ‘dormancy’ of the
primary tumor and the upfront metastatic phenotype; the other sug-
gests that CUP consist of unrelated groups of site-specific tumors
which all share the property of a small primary which escape diagnosis
(Varadhachary et al., 2008). Many efforts are now directed to integrate
molecular-based medicine and clinical practice with the aim to assign a
tissue of origin (ToO) (Greco et al., 2013; Hainsworth and Greco, 2014;
Moran et al., 2016). On these bases, a further sub-classification has
allowed the identification of predominant subtypes as gastrointestinal
and gynecological carcinomas. However, histologic definition remains
elusive (Oien, 2009; Varadhachary et al., 2008; Monzon and Koen,
2010) and at the present there are no clear theories regarding the
CUPs biology, which is still almost unknown regarding the pathogenetic
basis. Growing evidence highlight CUP as extremely heterogeneous
tumor patters as every patient features a unique molecular asset. Very
recent analysis from next generation sequencing allowed to identify
two emerging combinatorial strategies targeting cell cycle bock either
by epigenetic modifiers and by the MAPK/PIK3CA inhibition (Subbiah
et al., 2017). On these bases, it is conceivable that CUP patients, rather
to behave similarly to those patients who develop metastases from
known primary tumors, require a truly personalized therapeutic ap-
proach tailored on their unique tumor fingerprint.
3. The MET-driven Invasive Growth Program inMetastasis and CUPs

Growing evidence sustains thatmetastasis follows the inappropriate
activation of a genetic program termed ‘invasive growth’, a physiological
process that occurs during embryonic development and post-natal
organ regeneration (Trusolino and Comoglio, 2002) The MET proto-
oncogene is a key regulator of invasive growth. MET encodes for the
tyrosine-kinase receptor for ‘scatter factor’ or Hepatocyte Growth Factor
(HGF), a sensor of adverse microenvironmental conditions, e.g. hypoxia
(Pennacchietti et al., 2003) and ionizing radiations (De Bacco et al.,
2011) and drives cell invasion andmetastasis through the transcription-
al activation of the ‘invasive growth signature’, a genetic program in-
cluding cell scattering, invasion, protection from apoptosis and
angiogenesis (Fig. 1). We here plan to introduce the physics of the
MET-driven invasive process, mainly focusing on how the mechanical
dynamics of the program impact on biomolecular components in lead-
ing such an aggressive phenotype. This aim originates from our recent
observation demonstrating that invasive growth is aberrantly activated
- due to high frequency ofMET gene somatic mutations - in CUPs (Stella
et al., 2011). Thus, CUPs identify the ideal model to analyze how physi-
cal laws modulate metastatic behavior in transformed cells. In human
cancersMET activation confers a selective advantage for tumor progres-
sion (Engelman et al., 2007). It generally occurs as a late event, mainly
consequent to receptor overexpression driven by transcriptional upreg-
ulation; in some instances, overexpression is due to gene amplification
(Comoglio et al., 2008). Somatic point mutations are rarely found, ac-
counting for nomore than 3–4%of unselected primary cancers (COSMIC
database, www.cosmic.org). By a screening of about 50 CUP patientswe
have demonstrated, thatMET is frequently mutated and active in CUPs.
Because the hallmark of CUPs is their precocious neoplastic spread, it is
likely that one or more molecular pathways involved in the metastatic
process are hyperactive in these tumors. This notion implies that
targeting invasive signals represents a strong rationale for therapeutic
intervention. Moreover, based on CUP phenotype, it is arguable that
cancer stem cells are at the root of CUP tumourigenesis and play a key
role in CUP initiation, maintenance, and precocious spread. Recent evi-
dence indicates that commonmolecularmechanisms control both inva-
sive growth and stemness (Comoglio and Boccaccio, 2001) and suggests
that MET may be involved in the concomitant regulation of both prop-
erties. In such a setting, we showed that theMET oncogene is frequently
mutated (about 30% of cases, vs. the 3–4% of the general cancer popula-
tion), in the absence of high mutational background. Nucleotide chang-
es found clustered either in the kinase domain (TK) or in the
extracellular semaphorin (SEMA) domain of the receptor. Mutated re-
ceptors were functional and sustained the transformed phenotype, sug-
gesting that MET activating mutations are genetic markers associated
with the CUP syndrome. All themutations found occurred in fully undif-
ferentiated carcinomaswith no identifiable tissue of origin after exhaus-
tive diagnostic evaluation. We defined this tumor population as ‘truly
CUPs’ featuring the most aggressive clinical phenotype. Within respect
to the wild type receptor, TK and SEMA mutated cells feature an in-
creased proliferation rate, motile phenotype, invasion capacity and an-
chorage independent growth potential both in basal condition and
upon HGF stimulation.Whereas the tumorigenic potential of mutations
activating the TK domain is well documented (Michieli et al., 1999;
Graavel et al., 2004), the oncogenic potential of SEMA changes is some-
how unexpected since they do not affect receptor phosphorylation.
Thus, our data strongly suggest that the non-catalytic SEMA domain is
involved in neoplastic invasiveness, although no clear mechanistic ex-
planation is given by only biological characterization of SEMA mutants.
Notably, we further demonstrated that the occurrence of SEMA muta-
tions is associated with aggressive and radioresistant brain metastasis
fromknownprimary (lung) (Stella et al., 2016a, 2016b) thus confirming
the tumorigenic potential of SEMA-mutated cells. Those findings
allowed us to hypothesize that changes affecting the SEMAdomain cod-
ing sequence may be reflected in structural alteration of the

http://www.cosmic.org


Fig. 1.Cancer of unknownprimary (CUPs). Based on a graphic inwhich the axis of abscisses identifiesmetastatic growth and the axis of ordinates the primarymass growth, CUPs fall at the
end (X max, Y = 0) on the continuum of cancer presentation.
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extracellular portion of the MET receptor. This could, in turn, affect the
physical interaction of CUP cells and surrounding microenvironment
thus promoting their highly invasive properties. The unique SEMA-
mutated CUP cell phenotype is essentially defined by the two following
characteristics: i) the capacity to disseminate through the blood vessels
which allows the randomic and multiple pattern of metastatic growth;
ii) a specific viscoelasticity which provides the property to torsionally
deform and cross anatomical obstacles such as the blood-brain barrier.
Could themalignant advantage of SEMAmutated cells - as found inmet-
astatic lesions of known and unknown origin - be related to their phys-
ical properties? We reasoned that the precocious metastatic spread of
MET mutated CUPs can be sustained by nomadic cancer cells with
stem-like features, in which pro-invasive signals are hyperactivated by
physical forces and interactions. Indeed, although biochemical and bio-
logical features of these cells have been largely evaluated - also in our
previous work - details of mechanical and biological interaction remain
elusive. Nevertheless, the study of mechanical deformation of cells may
provide key insights for understanding how the changes in cellular
structure, response and function under forces may contribute to the in-
vasive phenotype. More importantly, this approach may offer new op-
portunities for the diagnosis and treatment of such aggressive diseases.

4. Mechanical Phenotype of Metastatic Cells

Living cells - and cancer cells - can sensemechanical forces and con-
vert them into biological responses. Most of the transformed cells fea-
ture variation in size and shape from 1 to 100 μm, (Emmelot, 1973)
and comprise many constituents. The cell is covered by a phospholipid
bilayer membrane reinforced with protein molecules, and the interior
of the cell includes a liquid phase (cytosol), the nucleus, the cytoskele-
ton consisting of networks of microtubules, actin and intermediate fila-
ments, organelles of different sizes and shapes, and other proteins.
Notably, it has been demonstrated that primitive stem cells in adult tis-
sues as well as cancer stem cells (CSC) are generally smaller than the
normal differentiated elements (Li et al., 2015). This finding suggested
a correlation between cell size and differentiation phenotypes and
pointed out that cell size is correlated to CSC activity. Notably, CSCs
can be compared to a gel microsphere embedded in a stiff and complex
scaffold, being the sphere the 3D solid structure at lower energy. The
study of how mechanical forces affect cellular function is termed
mechanobiology, while how the forces affect ECM function is defined
as biomechanics. In physiologic settings, cells pull on the extracellular
matrix to move and need to be attached to it to duplicate. Nevertheless,
proliferation decreaseswhen cells come in contact according to the phe-
nomenon called contact inhibition of growth. The interplay between the
biophysical properties of a cell and the ECM establishes a dynamic rec-
iprocity in which cell ability to exert contractile stresses against the ex-
tracellular environment balances the elastic resistance of ECM to
deformation. This force balance is involved in regulation of a wide vari-
ety of cellular process, including invasive growth. Cells are exposed to a
variety of mechanical forces and, on the other hand, exert mechanical
tensions on their surrounding microenvironment. Rheology is the
study of flow and deformation materials under applied forces. As
many commonly-used material systems, living cells exhibit rheological
properties, since - in contrast to ideal elastic materials -, their deforma-
tion depends on the rate of loading or better is strain-dependent, as for
viscoelastic materials. Viscosity and viscoelasticity can vary upon exter-
nal condition applied (e.g. stress, strain, temperature, timescale) and on
internal variations such as protein concentration stability. Cellular
models developed to study biomechanics derived either from a
micron-nanostructured approach or by a continuous one (Lim et al.,
2006). The first considers cytoskeleton as the most relevant structural
component of thewhole cell and it is mainly used to investigate biome-
chanics of adherent cells. On the other hand, according to the continu-
ous approach the cell is a compressible material harboring
homogeneous continuous properties and properly evaluates the me-
chanical properties at single cell level. Three continuous models have
been developed for living cells: 1) cortical shell-liquid core (or liquid
drop) models which consider the cell as homogeneous matter and do
not take in consideration the cellular membrane; 2) solid models (elas-
tic or viscoelastic) representing the cell as springs combined with pis-
tons; 3) structural damping models which are in general obtained by
using transient stress, such as creep or relaxation. Under physical per-
spectives, viscoelasticity is not plasticity, withwhich it is often confused.
A viscoelastic material will return to its original shape after any
deforming force has been removed (it will show an elastic response)
even though it will take time to do so (it will have a viscous component
to the response); on the contrary, a plastic material will not return to its
original shape after the load is removed. Thus, when the viscous-elastic
deformation presents after a stress threshold, we are in the presence of
an elastic visco-plastic behavior. Nevertheless, few is known about sin-
gle cells and- in particular - neoplastic scattering cells. It is reported that
for an invasive tumor with individual invasive cells that detach them-
selves from the primary tumor andmigrate into the surroundingmicro-
environment, a rougher tumor surface could imply that the individual
invasive cells possessed a strong extracellular matrix (ECM) degrada-
tion ability, high motility and weak cell-cell adhesion (Jiac and
Torquato, 2012). In conclusion, in addition to genetics and environmen-
tal factors, the physical properties and biomechanical between the aris-
ing metastatic sub-clone and its surrounding microenvironment are
emerging as key determinants of each of themultiple phases character-
izing the metastatic process. The deformability of cells is determined
largely by the cytoskeleton, whose rigidity is influenced by themechan-
ical and chemical environments including cell–cell and cell–ECM inter-
actions. During the complex metastatic process, cells detach from
primary site, vascularized tumor, penetrate the surrounding stroma,
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enter nearby the blood vessels and circulate in the vascular flow. Some
of these cells eventually adhere to the blood vessel walls and are able to
extravasate, migrate into local tissuewhere they can form secondary le-
sions (Fig. 2).

4.1. Detachment From the Primary Site

The detachment of a cancer cell from the epithelium and the subse-
quent invasion of surrounding stroma recall the well-characterized
epithelial-to-mesenchymal transition (EMT), or - in other words - the
invasive growth program. The latter is dictated by the physico-
chemical properties of the ECM. In physiological conditions, cells exert
and absorb continuous tensile traction forces on the ECM via their
integrin attachments (Tan et al., 2003; Marchiò et al., 2012; Bartolomè
et al., 2014). Even the stem cell population is sensitive to thesemechan-
ical cues Saha et al., 2008). Alteration of the mechanical interaction be-
tween cells and their surrounding stroma contribute to tumor onset and
dissemination. As a tumor cell detaches from the primary mass and in-
vades the surrounding parenchyma, its continues to exchange mechan-
ical forces with its environment, among which tractional forces
associate to locomotion and protrusive forces of the edge of the cell.
The latter are associated to the formation of invadopodia which are ac-
tive in facilitating initial digestion and invasion of the ECM (Yamaguchi
et al., 2005a). Three-dimension (3D) microscopy studies of cancer cell
motility documented that invadopodia are protruded first, pulling the
rear of the cell forward. Cells inside a 3D matrix never push the sur-
rounding matrix and only pull on surrounding fibres (Wirtz et al.,
2011). This activity requires the activation ofmultiple actin bindingpro-
teins, such as cofilin, Arp2/3 complex and its activators neural Wiskott-
Aldrich syndrome protein (N-WASP), Wiskott-Aldrich syndrome fami-
ly, member 1 (WASF1; also known as WAVE1), WASF2 and WASF3
(also known as SCAR3) (Yamaguchi et al., 2005b). Their expression
has been correlated to poor outcomes in several cancer types (Iwaya
et al., 2007). Indeed, it has been demonstrated that transformed epithe-
lial cells express different intermediate filament profiles and cytoskele-
tal architectures than their normal counterparts as demonstrated by the
fact that vimentin filaments follow the pre-existing cytokeratin net-
work during the epithelia-to-mesenchymal transition phase inmetasta-
tic cancer cells (Kokkinos et al., 2007; Pagan et al., 1996). Notably,
cellular traction on collagen fibres may activate matrix metalloprotein-
ases (MMPs). Therefore, the interplay between pulling by cell
Fig. 2. MET and Invasive Growth. Panel A: schematic structure of the MET oncogene; Panel B
program. SEMA domain, MRS: MET-related sequence domain, IPT domain: immunoglobulin-
catalytic site which regulate the enzymatic activity; Y1349 and Y1356: tyrosine residues at
which is responsible for the recruitment of a wide spectrum of downstream transducers leadin
protrusions, MMP activity and remodeling of pre-existing matrix
which support subsequent invasion, occurs within a feedback loop
(Ellsmere et al., 1999). As discussed above, dynamic changes in cyto-
skeleton organization and cellular mechanics occur, thus determining
variation in cellular and tissue stiffness. Growing evidence suggests
that cancer cells feature lower stiffness than normal ones (Wirtz,
2009). In addition, tumor expansion induces compression of the sur-
rounding ECM, which in turn constricts flow in vasculature, lymphatic
system and interstitial space. When these compressive stresses occur
in the setting of tissue that is highly compliant at baseline, such as pan-
creas or brain, altered organization and thinning of the basementmem-
brane occurs. The latter, may be involved in the neoplastic
disorganization as well as in the breakdown of boundaries which char-
acterizes malignant invasion (Ingber et al., 1981). These compressive
forces also contribute to clinical presentation of tumors, such as symp-
toms related to increase intracranial pressure or biliary obstruction in
case on pancreatic cancer (Watanapa and Williamson, 1992; Schankin
et al., 2007).

4.2. Intravasation and Circulation

During the journey through the circulatory systems, cancer cells are
subjected to hemodynamic forces, immunological stress and collisions
with host cells, among which blood cells and endothelial elements of
the vessel walls. All the processes inducing tumor cells squeezing be-
tween endothelial elements could affect cell survival and their ability
to metastatize. Moreover, they are known to be able to activate gene
programs associated with cytoskeletal remodeling and altered cell-cell
adhesion which ultimately induce reinforcement of cell structure and
attachment to vascular wall (Davies et al., 2005). Only circulating
tumor cells (CTCs) which overcome the effects of shear forces and
immunosurveillance, will eventually, be able to give rise to distant le-
sions. Indeed, aminor fraction of CTC survive, whereas the vastmajority
die (Steinert et al., 2014). Two physical andmechanical parameters can
influence cells fate into vessels are the following: the pattern of blood
flow and the diameter of vessels which can affect mechanisms of inter-
cellular cellular adhesion leading to cell arrest in larger vessels. Shear
forces arise between adjacent layers of fluid of viscosity moving at dif-
ferent velocities. The velocity of a fluid in a cylindrical tube is maximum
at the center and zero at the periphery, near the walls. Thus, relative ve-
locities of parallel adjacent layers of fluid in laminar flow define the
: biological effects of the MET signaling activation cascade, namely the Invasive Growth
like structures; P: phosphotyrosine residue; Y1234 and Y1235: tyrosine residues at the
the C terminal regulatory tail that, when phosphorylated, create a unique docking site
g to Invasive Growth.
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shear rate. The shear stress is defined by the product of viscosity and the
shear rate. Shear stress influences translational and rotational motion of
CTCs and determines thus modulating receptors-ligand interaction and
cell adhesion. As to arrest, CTCs have to undergo two different mecha-
nisms: i) physical occlusion: if the cell enters a vessels whole diameter
that is less than its one, it can stop due tomechanical trapping; ii) adhe-
sion: if the CTC is circulating a large diameter vessel, in order to arrest it
needs to adhere to the vessel walls through formation of specific bonds.
It has been calculated that the probability (P) of arrest at a large vessel
can be calculated as P∝ ft, where f is the collision frequency between
membrane-bound receptors and endothelial ligands and t is the resi-
dence time (Wirtz et al., 2011). The probability to arrest is expected to
be maximum at intermediate values of shear stress. Moreover, it has
been shown that shear can enhance phosphorylation of adhesionmole-
cules in cancer cells thus enhancing adhesion to collagen-based ECM.
Integrins and selectins cooperate in firming adhesions of cancer cells
to ECM [(Hynes, 2002; Thomas et al., 2008), as well as adhesion mole-
cules (Intracellular Adhesion Molecule 1-ICAM1 and Vascular Cell Ad-
hesion Molecule 1-VCAM 1, E-cadherin) (Kostantopoulos and Thomas,
2009; Lee et al., 2017) and kinases (Focal Adhesion Kinases (FAK) in
cancer cells (Xiong et al., 2017). Moreover, it has been reported that
CTCs may escape tumor immunosurveillance and enhance their arrest,
through association to platelets (Palumbo, 2005). The latter act on one
hand by masking CTC from immune-mediated clearance and on the
other (Nieswandt et al., 1999), by promoting cell adhesion to the vessel
walls andby enhancing the release of vascular endothelial growth factor
(VEGF) (Kim et al., 2007).

4.3. Arousal of Distant Metastasis

The pattern of metastasis has been explained by two hypotheses.
According to “the seed and soil hypothesis”, originally defined by
Stephen Paget, a tumor cell will metastasize where a local microen-
vironment is favorable (Paget, 1889), or better, the outcome of me-
tastasis is determined by the complex interactions between cancer
cells and their surrounding microenvironment. On the other hand,
the mechanical hypothesis states that metastasis is likely to occur
at sites based on the pattern of blood flow (Riihimaki et al., 2016).
Both the hypotheses are thought to have complementary roles in
influencing the arousal of metastatic lesions. Thus, when a tumor
cell encounters a capillary which diameter is smaller than its one,
(dcell N dvessel), the probability of cell trapping is very high. Then
that cancer cell need to extravasate and to invade local tissue/
organ and interact with local stroma before metastatic develop-
ment. The probability of the occurrence of extravasation is directly
related to the residence time after the collision between circulating
cell and the blood vessel and by the expression level of receptor-
ligands adhesion molecules. It has been reported that more than
50% of metastasis could be explained by the blood flow pattern be-
tween the primary and secondary site (Weiss, 1992). Notably, the
level of shear stress corresponding found in venous system, has
been calculated to be optimal to achieve sufficiently long residence
time (Mc Carty et al., 2000). On the other hand, higher shear stress
corresponding to that found in the arterial circulation, is associated
to cell cycle arrest of circulating cancer cells which are removed by
immune system elements Chang, 2008). As opposite, it has been re-
ported that venous shear stress can induce EMT, as shown by the
shear-mediated internalization of E-cadherin in metastatic cells
from oesophageal cancer (Lawer et al., 2009). For a tumor cell to es-
cape vasculature and colonize distant site, it must undergo diapede-
sis through the endothelial wall, which introduces additional
mechanical interactions between the tumor cell and endothelial
cells. Diapedesis is defined as process by which cells extend pseudo-
podial processes that penetrate cell-cell junctions in endothelium
which requires local and dynamic chances in cellular mechanisms
leading to a transition from cell-cell adhesion to cell-ECM adhesion.
The mechanisms underlying this switch may include conformation-
al activation of existing integrins and expression of newly
recombined ones (Stewart et al., 2004). Degradation of ECM is nec-
essary for tumor invasion and the most significant ECM component
that can modulate cell motility through ECM are collagen, fibronec-
tin (FN) and proteoglycan (PG). It has been reported that collagen
can resists to tensile forces, while FN and PG resist to compressive
forces. These latter components are easily digested by the most
MMPs, whereas collagen is limited degraded by few MMPs, among
which collagenases MMMP1, 8 and 13 as well as gelatinase
(MMP2). It has been demonstrated that when collagen is stretched
in tension it becomes resistant to enzyme cleavage (Wyatt et al.,
2009). There is scientific evidence that the collagen in the stroma
is stretched by the expanding tumor (Pasek et al., 2005;
Provenzano et al., 2008). Thus, when the tumor expands, the colla-
gen in the stroma will realign and stretch perpendicular to the
expanding tumor to resist the tumor expansion and stroma degra-
dation. On the other hand, the tumor cells need to overcome in-
creased collagen alignment and stretching in order to invade the
stroma. Indeed, it is known that cancer cells can increase their trac-
tion forces in response to increase ECM stiffness documented by
their transition to a myofibroblastic phenotype (Solon et al., 2007;
Hinz, 2010) and that they must also degrade ECM through synthesis
of MMPs, specifically directed against collagen, PG and FN (Xu et al.,
2005; del Casar et al., 2010).

5. Biomechanical Properties of MET Mutants: the Paradigm Shift.

The evolution of freely growing tumor is defined by an initial ex-
ponent growth followed by a transition period, during which growth
becomes linear in time. If the tumor mass is assumed as spherical, in
absence of external loads the change in growth rate is essentially due
to the reduced availability of nutrients that occur when the diameter
of the spheroid overcomes the diffusion length of the nutrients in the
spheroid. Coherently, MET activation is mainly induced by hypoxia
derived by discrepancy between tumor mass and tumor vasculature
and nutrients availability. Therefore - in this scenario - MET-driven
metastatic dissemination occurs as a late event (Trusolino and
Comoglio, 2002). Quite opposite, the highly malignant CUP-cell pheno-
type is defined by the two following critical features: i) the capacity to
early detach each other and to scatter; ii) the ability to easily cross ana-
tomical obstacles such as endothelial wall or the blood-brain barrier.
These points define - in essence - the Invasive Growth. HowMET early ac-
tivation bymutations contribute to the acquisition by the cell of the phys-
ical properties which are required for tumor spreading? As already
mentioned, themodel above described can be certainly improved by con-
sidering the viscoelastic behavior that characterizes the most biological
materials. Thus, cells adhere to each other via cadherin junctions and to
the ECM via integrin junctions. These bonds have a limited strength: the
adhesive strength of a single bond has been found to be in the range of
35–55 pN. Since the density of E-cadherin on a cell surface is about
400–800 molecules/μm (Basilico et al., 2014) of the surface, one can esti-
mate the resistance to pulling to be of the order of 0.1 kPa (Baumgartner
et al., 2000; Canetta et al., 2005). If early scattering is the key feature of
CUPs, it is reasonably conceivable that a proper cytoskeletal rheology al-
lows the acquisition by the CUP cell structure of higher number of degrees
of freedom. Therefore, the cell amplifies her response to central forces
mainly derived by externally applied mechanical forces and starts to mi-
grate into the elastic matrix. The effects of this interaction prevail on the
expected capacity of the transformed cells to continue proliferating to
form amultilayer by losing contact responsiveness. It has been already re-
ported that MET controls actin cytoskeleton which in turn, promotes sin-
gle cell scattering (Ponta et al., 2003;Menard et al., 2014). Some isoforms
of the transmembrane cell adhesion molecule CD44 are known to link
MET to the cytoskeleton thus modulating structural and topographical
regulation at the inner side of the cellular plasma membrane. Within
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respect to mutatedMET, as found in CUPs, TK and SEMAmutation seems
to act as functional genetic markers of the disease. Whereas in cells ex-
pressingMET TKmutants, actin is markedly modified through altered re-
ceptor endocytic trafficking (Joffre et al., 2011). Accordingly, the TK
mutants loss actin stress fibres and remodel their cytoskeleton to induce
migration. As opposite, no clear mechanism has been defined for SEMA
mutants. Nevertheless, based on the above discussed data, it is clearly ev-
ident that SEMA mutations are associated to highly invasive phenotype,
as well. SEMA-mutated cell feature increased migratory capacity if com-
pared to MET wild type cells (Stella et al., 2011). Notably the reported
rates were lower than those displayed by TK mutants. The SEMA-
mutated cell motile behavior, measured by the transwell migration
assay, seems to be not related tomatrices stiffness and it not varies at dif-
ferent pore sizes (data not shown). Thisfinding is quite unexpected, aswe
could instead hypothesize for CUP cells high migration ability even at
smallest pore sizes, as described for highly aggressive cancers (Justus
et al., 2014; Guzman et al., 2014; Anguiano et al., 2017). Although further
experimental validation is required, our preliminary data point out that
cell plasticity characterizing SEMA-mutated clones is not relying on in-
creased deformability and adaptation to foreign environments, as expect-
ed (Chaffer and Weinberg, 2011). Transferring this concept to tumor
mechanics, it is conceivable that a paradigm shift in the basic concept of
tumor dissemination biology is required based on the necessity to intro-
duce apseudo-plastic behavior in thedescription ofMET-relatedmetasta-
tic phenotype. According to this hypothesis, SEMA-mutated cells are
subjected to a sufficient high tension or stress that is responsible to
break bonds between cells and the ECM. In this way, duplicating cells
do not find place among their neighbors, bounce off the ECM becoming
prone to intravasation and distant dissemination (Fig. 3). To be more re-
alistic, one should hypothesize that mutations affecting the extracellular
SEMAdomain,might result in an unexpected interaction betweenmutat-
ed cell and the ECM which allows cellular scattering. It should be taken
into account that those cells mechanically behave as restless elements,
unable to follow the performance of a freely growing tumor, as it happens
in the vast majority of cases. The selective advantage ofMET mutation is
reflected in an altered ECM/cell stiffness balance might be responsible
to the impaired cell ability to degrade ECM. The latter allows cells to
spread towards blood vessels, where they are likely to follow the expect-
ed rheology behavior.
Fig. 3. Biomechanics ofmetastatic dissemination. Panel A: even in normal tissues, cells are
subjected to mechanical forces: i) Receptor-receptor interaction, ii) Interstitial pressure;
Panel B: continuous exchange of mechanical forces between tumor cell and surrounding
environment: i) traction forces; ii) protrusion anterior forces; Panel C: when the tumor
cell reaches the vasculature it is subjected to shear stresses associated to blood flow;
Panel D: to cross the endothelium, the metastatic cell is exposed to more mechanical
forces and viscoelastic interactions which precede the ECM transition.
6. Therapeutic Perspectives

Although MET genetic alteration/activation occurs in a minority of
many cancer types and the mutational landscape of CUP can be ex-
tremely heterogeneous, the role ofMETmutations in neoplastic spread-
ing is well defined and documented. In this scenario, CUPs are
paradigmatic since they could represent the idealmodel to study the bi-
ological basis of the metastatic process through a continuum from neo-
plastic dissemination from occult primary to early metastatization from
defined primary sites. Notably,MET genetic alteration is being targeted
and in some instances quite successfully by variousMET inhibitors. Sev-
eral reports are already available on these topic (for a review see
Comoglio et al., 2008; Gherardi et al., 2012; Stella et al., 2016b; Ma,
2017). Details on anti-MET agents which already landed the clinical
arena are summarized in Table 1. MET inhibitors are represented either
by monoclonal antibodies or small molecules. The latter are mainly de-
veloped as tyrosine kinase inhibitors (ATP or non-ATP competitive).
Based on the hypothesis discussed above, we here we aim at focusing
on the rationale of therapeutic blockage of MET SEMA domain. The lat-
ter structurally identifies the site of MET-ligand HGF binding and is nec-
essary for receptor dimerization and activation (Kong-Beltram et al.,
2004). Very few data are available on specifically effectiveness anti
SEMA agents. Strategies to prevent MET dimerization with soluble
SEMA domain showed to be effective in reducing receptor signaling
thus suggesting that SEMA domain might not only be a promising anti-
cancer target, but it can also behave as biotherapeutic per se (Kong-
Beltram et al., 2004). The MET selective kinase inhibitor SU11274 has
been reported to be capable of in vitro inhibitingHGF-induced signaling
cascade activation through MET wild type as well as mutant receptors
harboring mutation in the SEMA, juxtamembrane and tyrosine kinase
domain. However,mutation in the SEMAdomain resulted in varying re-
sponse to the inhibitor (Jiang et al., 2007). Overall, the vast majority of
agents developed as monoclonal antibodies can effectively target MET
gene amplification, rather mutated receptors. Basilico and coworkers
have previously identified 1 hotspot that coincided with the known
HGFβ chain binding site on blades 2–3 of the SEMA domain β propeller.
This spot could be effectively druggable by specific antibodies according
to promising in vitro analysis (Basilico et al., 2014). The recombinant
monoclonal antibody onartuzumab (MetMab) which could bind the
SEMA domain, failed against lung cancer and has been stopped due to
a lack of clinically meaningful efficacy in a Phase III study evaluating
onartuzumab in combination with erlotinib in non-small cell lung can-
cers overexpressing MET by immunohistochemical staining (Perol,
2014). Although several criticisms can be responsible of study failure,
the most relevant one was that receptor overexpression might not be
the proper target for onartuzumab. The novel bioengineered bi-
specific EGFR-MET antibody JNJ-61186372 has an epitope that blocks
HGF ligand binding at SEMA domain, but it is distinct from the
onartuzumab epitope (Merchant et al., 2013). In preclinical animal
models, the antibody can successfully modulate both EGFR and MET
axis in EGFR inhibitor-resistant NSCLC (Moores et al., 2016). The very
recently developed IgG2-enhanced next generation MET monoclonal
antibody KTN0073 exhibit potent antitumor properties both in vitro
and in vivo on both MET amplified cells but also in the juxta-
membrane exon 14 deletion mutants (Yang et al., 2016). The novel
phage-derived anti-MET antibody, 7A2/107_A07 which competes for
MET ligand HGF as well as for the HGF fragment NK1 by binding the
IG1domain of the receptor rather than the SEMA domain (DiCara
et al., 2017) (Fig. 4).

In conclusion, it is clearly evident that very sporadic attempts have
been focused on targetingMET SEMA domain. Notably all the SEMA in-
hibitors already clinically available can target MET amplification rather
than somatic mutations. Some studies indicate that SEMA mutations
may be associated with higher HGF affinity and that MET E168D mu-
tants may show increased sensitivity to MET inhibitors. However, the
activity of anti-MET drugs in non-kinase domain-mutated tumors



Table 1
Details on clinically available MET inhibitors.

Agent Target/action Cancer type

Anti-MET monoclonal antibodies
SAIT301 Ig-like extracellular domain Advanced MET positive solid tumors
ARGX-111 HGF competitor MET amplified cancers
Onartuzumab SEMA domain Advanced/metastatic solid tumors
JNJ-61186372 SEMA domain (different epitope from

onartuzumab); MET-EGFR bispecific Ab
Advanced NSCLC

ABT-700 HGF competitor/MET density Advanced MET amplified solid tumors

MET tyrosine kinase inhibitors
Crizotinib
(PF-02341066)

Triple kinase inhibitor (MET, ALK ROS1) -MET
amplification

Advanced NSCLC, gastric cancer, metastatic urothelial cancers, anaplastic large cell lymphoma,
CRC, advanced/relapsed/refractory solid tumors, primary CNS tumors

Cabozantinib (XL-184) Triple kinase inhibitor (MET, RET, VEGFR2) NSCLC with brain metastases, advanced cholangiocarcinoma, metastatic triple negative breast
cancer, CRC, metastatic Merkel cell carcinoma, recurrent endometrial cancer, breast cancer with
brain metastases, metastatic renal cell carcinoma

Volitinib/Savolitinib
(HMP504/AZD6094)

MET amplification Gastric adenocarcinoma, papillary renal cell carcinoma

Foretinib
(GSK13630089)

TK domain (ATP-competitor) Papillary renal carcinoma, medulloblastoma, metastatic gastric cancer, hepatocellular carcinoma

AMG337 MET amplification, MET mutation (Y1230 and
D1228) in vitro

Advanced gastric and aesophageal adenocarcinoma, advanced solid tumors

Tivantinib (ARQ-197) Non-ATP competitive TK inhibitor Relapsed/refractory multiple myeloma, locally advanced or metastatic CRC, metastatic triple
negative breast cancer, childhood relapsed/refractory solid tumors, advanced head and neck
cancers, gastric cancers, metastatic solid tumors, mesothelioma, SCLC, HCC

Capmatinib (INC280) MET amplification, MET Ex 14 skipping
mutation

NSCLC, CRC, HNSCC, advanced solid tumors, HCC, metastatic CRC, metastatic renal carcinoma,
recurrent glioblastoma, advanced metastatic melanoma

EMD1204831 ATP-competitive inhibitor Advanced solid tumors, advanced HCC
Glesatinib (MGD265) MET (amplification, ex 14 mutation), AXL dual

inhibitor
Advanced solid cancers

MK8033 MET/RON TK domain, ATP competitor Advanced solid tumors
PF-04217903 MET TK domain, ATP competitor Advanced cancers

NSCLC stands for non-small cell lung cancer, SCLC: small-cell lung cancer, HCC: hepatocellular carcinoma; CRC: colorectal cancer, HNSCC: head and neck squamous cell carcinoma, CNS:
central nervous system; EGFR: epidermal growth factor receptor, VEGFR: vascular endothelial growth factor receptor, ALK: anaplastic lymphoma kinase, ATP: adenosine triphosphate.
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remains to be fully elucidated. The lack of mechanistic correlation be-
tween biomolecular and clinical findings is most probably due to the
fact the tumorigenic potential of the SEMA domain is not fully
deciphered. In this setting, the paradigmatic shift discussed above, sus-
tains a rationale for more extensive efforts in developing anti-SEMA
agents. Therefore, by therapeutically acting on MET SEMA domain acti-
vation, the biomechanical properties of metastaticMET-mutated clones
might be re-modulated towards a restored ECM/cell stiffness balance.
Fig. 4. Schematic representation of visco-elastic behavior inMET-driven tumor spreading. Pane
combined model deriving from theMaxwell and Kelvin-Voigt arrangements of the spring (εs)
mutation, the forces in both spring (εsSEMA) and dashpot (εdSEMA) change. The latter induces
becomes prevalent on tumor mass growth.
The latter could cooperate in generating a less aggressive malignant
phenotype.

7. Concluding Remarks

Cancer cells, like living organisms are far more complex than
engineered materials: they are dynamic and provide integrated func-
tions which allow their proliferation and progression. It is becoming
l A: cancer cells can be equated to visco-elastic materials, which behavior is described by a
and dashpot (εd) at the plasma membrane level; Panel B: by the occurrence of MET SEMA
the break of cell-cell bonds thus promoting cancer cell scattering and disseminationwhich
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clearer and clearer that, in addition to biochemical signaling, the me-
chanical interaction of the tumor with its surrounding environment
plays an important role for tumor onset and metastatization. In other
words, cancer cells can sense mechanical stress and tensions and con-
vert them to biological signals, ultimately leading to malignant pheno-
type. Although mathematical and physical modeling has been applied
to deeper understand primary tumor growth, little is known about me-
chanics of metastatic cells. Cancers of unknown primary site define the
optimal prototype to characterize the mechanical behavior of metasta-
sis. In this respect, the MET-driven invasive growth deserves great at-
tention since it orchestrates the biological program leading cells to
distant dissemination. MET mutations have been found in CUPs being
clustered to the SEMA and TK domain of the receptor. The biomechani-
cal properties ofMET mutants might trigger the hyper-invasive pheno-
type associated to CUP. We are proposing that the structural resistance
of a MET-mutated cell to deformation might be at the same time, its se-
lective advantage leading to the arousal of secondary lesions, and the
physical validation of a specific malignant phenotype. This new postu-
late defines a shift in the biomechanics previously applied to cancer
cells, centered on the concept that forces of deformation push cell dis-
semination. This crucial point may have the potential to open novel re-
search focuses towards a deeper understanding of tumor progression
with relevant diagnostic and therapeutic implications.

Search Strategy and Selection Criteria

Data for this Review were identified by searches of MEDLINE, Cur-
rent Contents, PubMed, and references from relevant articles using the
search terms “invasive growth”, “MET oncogene”, and “CUP” “biophys-
ics”. Only articles published in English between 1980 and 2017 were
included.

Funding

AIRC IG, Project no 15572 - AIRC Special Program5xMille 2010MCO,
Project no 9970.

Acknowledgements

The authors thank Andrea Marchelli for fruitful discussion and con-
structive comments and Ernesto Pozzi for critical reading of the
manuscript.

References

Anguiano, M., Castilla, C., Maska, M., Ederra, C., Pelaez, R., Morales, X., et al., 2017. Charac-
terization of three-dimensional cancer cell migration in mixed collagen-Matrigel
scaffolds using microfluidics and images analysis. PLoS One 12 (2), e0171417.

Bartolomè, R.A., Barderas, R., Torres, S., Fernandez-Acenero, M.J., Mendes, M., Garcia-
Foncilas, J., et al., 2014. Cadherin-17 interacts with α2β1 integrin to regulate cell pro-
liferation and adhesion in colorectal cancer cells causing liver metastases. Oncogene
33 (13), 1658–1669.

Basilico, C., Hultberg, A., Blanchetot, C., de Jonge, N., Festjens, E., Hanssens, V., et al., 2014.
Four individually druggable MET hotspots mediate HGF-driven tumor progression.
J. Clin. Invest. 124 (7), 3172–3186.

Baumgartner, W., Hinterdorfer, P., Ness, A., Raab, A., Vestweber, D., Schindler, H.,
Drenckhanhn, D., 2000. Cadherin interaction probed by atomic force microscopy.
Proc. Natl. Acad. Sci. U. S. A. 97, 4005–4010.

Canetta, E., Duperray, A., Leyrat, A., Verdier, C., 2005. Measuring cell viscoelastic properties
suing a force-spectrometer: influence of the protein-cytoplasm interaction.
Biorheology 42 (5), 321–333.

Chaffer, C.L., Weinberg, R.A., 2011. A perspective on cancer cell metastasis. Science 331
(6024), 1559–1564.

Chang, S., 2008. Tumor cell cycle arrest induced by shear stress: role of integrins and
Smad. Proc. Natl. Acad. Sci. U. S. A. 3927-3932, 5.

Comoglio, P.M., Boccaccio, C., 2001. Scatter factors and invasive growth. Semin. Cancer
Biol. 11 (2), 153–165.

Comoglio, P.M., Giordano, S., Trusolino, L., 2008. Drug development of MET inhibitors:
targeting oncogene addiction and expedience. Nat. Rev. Drug Discov. 7 (6), 504–516.

Davies, P.F., Spaan, J.A., Krams, R., 2005. Shera stress biology of the endothelium. Ann.
Biomed. Eng. 33 (12), 1714–1718.
De Bacco, F., Luraghi, P., Medico, E., Reato, G., Girolami, F., Perera, T., et al., 2011. Induction
of MET by ionizing radiation and its role in radioresistance and invasive growth of
cancer. J. Int. Cancer Inst. 103 (8), 645–661.

del Casar, C., Gonzales-Reyes, S., Carreno, G., Gonzalez, L.O., Gonzalez, J.M., Junquera, S.,
Bongera, M., et al., 2010. Expression of metalloproteinases and their inhibitors in dif-
ferent histological types of breast cancer. J. Cancer Res. Clin. Oncol. 136 (6), 811–819.

DiCara, D., Chirgadze, D.Y., Pope, A.R., Karatt-Vellatt, A., Winter, A., Slavny, P., et al., 2017.
Characterization and structural determination of a new anti-MET function-blocking
antibody with binding epitope distinct from the ligand binding. Sci Rep 7, 9000.

Ellsmere, J.C., Khanna, R.A., Lee, J.M., 1999. Mechanical loading of bovine pericardium ac-
celerates enzymatic degradation. Biomaterials 20, 1143–1150.

Emmelot, P., 1973. Biochemical properties of normal and neoplastic cell surfaces; a re-
view. Eur. J. Cancer 9 (5), 319–333.

Engelman, J.A., Zejnullahu, K., Mitsudomi, T., Song, Y., Hyland, C., Park, J.O., et al., 2007.
MET amplification leads to gefitinib resistance in lung cancer by activating ERBB3 sig-
naling. Science 316 (5827), 1039–1043.

Gherardi, E., Birchmeier, W., Birchmeier, C., Vande Woude, G., 2012. Targeting MET in
cancer: rationale and progress. Nat. Rev. Cancer 12 (9), 637.

Graavel, C., Su, Y., Koeman, J., Wang, L.M., Tessarollo, L., Fiscella, M., et al., 2004. Activating
Met mutations produce unique tumor profiles in mice with selective duplication of
the mutant allele. Proc. Acad. Sci. U. S. A. 101, 17198–17200.

Greco, F.A., Lennigton, W.J., Spigel, D., Hainsworth, J.D., 2013. Molecular profiling diagno-
sis in unknwon primary cancer: accuracy and ability to complement standard pathol-
ogy. J. Natl. Cancer Inst. 105 (11), 782–790.

Guzman, A., Ziperstein, M.J., Kaufma, L., 2014. The effect of fibrillar matrix architecture on
tumor cell invasion of physically challenges environments. Biomaterials 35,
6954–6963.

Hainsworth, J.D., Fizazi, K., 2009. Treatment for patients with unknown primary cancer
and favorable prognostic factors. Semin. Oncol. 36, 44–51.

Hainsworth, J.D., Greco, F.A., 2014. Gene expression profiling in patients with carcinoma
of unknown primary site: from translational research to standard of care. Virchows
Arch. 464 (4), 393–402.

Hanahan, D., Weinberg, R.A., 2000. The hallmarks of cancer. Cell 100 (1), 57–70.
Harper, K.L., Sosa, M.S., Entenberg, D., Hosseini, H., Cheung, J.F., Nobre, R., et al., 2016.

Mechanism of early dissemination and metastasis in Her2+ mammary cancer. Na-
ture 540, 588–592.

Hinz, B., 2010. The myofibroblast: paradigm for a mechanically active cell. J. Biomech. 43
(1), 146–155.

Hosseini, H., Obradović, M.M., Hoffmann, M., Harper, K.L., Sosa, M.S., Werner-Klein, M., et
al., 2016. Early dissemination seedsmetastasis in breast cancer. Nature 540, 552–558.

Hynes, R.O., 2002. Integrins: bidirectional, allosteric, signaling machines. Cell 110, 673–687.
Ingber, D.E., Madri, J.A., Jamieson, J.D., 1981. Role of basal lamina in neoplastic disorgani-

zation of tissue architecture. Proc. Natl. Acad. Sci. U. S. A. 78 (6), 3901–3905.
Iwaya, K., Norio, K., Mukai, K., 2007. Coexpression of Arp2 and WAVE2 predicts poor out-

come in invasive breast carcinoma. Mod. Pathol. 20, 339–343.
Jiac, Y., Torquato, S., 2012. Diversity of dynamics and morphologies of invasive solid tu-

mors. AIP Adv. 2 (1), 011003 (2:011002).
Jiang, S.D., Runlei, T., Zhe, K.J., Ma, P.C., 2007. P2-139: Targeted inhibition of wild type and

mutated MET receptor variants in the sema, juxtamembrane and kinase domain.
J. Thor. Oncol. 2 (8), s4–S546.

Joffre, C., Barrow, R., Menard, L., Calleja, V., Hart, I.R., Kermorgant, S., 2011. A direct role for
MET endocytosis in tumorigenesis. Nat. Cell Biol. 13, 827–837.

Jones, S., Chen, W.D., Parmigiani, G., Diehl, F., Beerenwinkel, N., Antal, T., et al., 2008. Com-
parative lesion sequencing provides insights into tumor evolution. Proc. Natl. Acad.
Sci. U. S. A. 105 (11), 4283–4288 18.

Justus, C.R., Leffler, N., Ruiz-Echevarria, M., Yang, L.V., 2014. In vitro cell migration and in-
vasion assays. J. Vis. Exp. 88, 51046.

Kim, R., Emi, M., Tanabe, K., 2007. Cancer immunoediting and immune surveillance to im-
mune escape. Immunology 121 (1), 1–14.

Kokkinos, M.I., Wafai, R., Wong, M.K., Newgreen, D.F., Thompson, E.W., Waltham, M.,
2007. Vimentin and epithelial-mesenchymal transition in human breast
cancer—observations in vitro and in vivo. Cells Tissues Organs (1–3), 191–203.

Kong-Beltram, M., Stamos, J., Wickramasinghe, D., 2004. The SEMA domain of MET is nec-
essary for receptor dimerization and activation. Cancer Cell 6 (1), 75–84.

Kostantopoulos, K., Thomas, S.N., 2009. Cancer cells in transit: the vascular interactions of
tumor cells. Annu. Rev. Biomed. Eng. 11, 177–202.

Lawer, K., O'Sullivan, G., Long, A., Kenny, D., 2009. Shear stress induces internalization of
E-cadherin and invasivness in metastatic oesophageal cancer cells by a Src-
dependent pathway. Cancer Sci. 100, 1082–1087.

Lee, H.J., Diaz, M.F., Price, K.M., Ozuna, J.A., Zhang, S., Sevick-Muraca, E.M., et al., 2017.
Fluid shear stress activate YAP1 to promote cancer cell motility. Nat. Commun. 14122.

Li, Q., Rycaj, K., Chen, X., Tang, D.G., 2015. Cancer stem cells and cell size: a causal link?
Semin. Cancer Biol. 35, 191–199.

Lim, C.T., EH, Z., Quek, S.T., 2006. Mechanical models for living cells-a review. J. Biomech.
39, 195–216.

Ma, P.C., 2017. Special issue: “MET as actionable target in cancer therapy”. Ann. Transl.
Med. 5 (1), 1.

Marchiò, S., Soster, M., Cardaci, S., Muratore, A., Bartolini, A., Barone, V., et al., 2012. A com-
plex of α6 integrin and E-cadherin drives liver metastasis of colorectal cancer cells
through hepatic angiopoietin-like 6. EMBO Mol. Med. 4 (11), 1156–1175.

Mc Carty, O.T., Mousa, S.A., Bray, P.F., Konastantopoulos, K., 2000. Immobilized platelets
support human colon carcinoma cell tethering, rolling and firm adhesion under dy-
namic flow conditions. Blood 96, 1789–1797.

Menard, L., Parker, P.J., Kermorgant, S., 2014. Receptor tyrosine kinase c-MET controls the
cytoskeleton from different endosomes via different pathways. Nat. Commun. 5,
3907.

http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0005
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0005
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0005
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0010
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0010
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0010
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0015
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0015
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0020
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0020
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0025
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0025
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0025
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0030
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0030
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0035
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0035
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0040
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0040
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0045
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0045
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0050
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0050
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0055
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0055
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0055
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0060
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0060
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0065
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0065
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0070
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0070
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0075
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0075
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0080
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0080
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0090
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0090
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0095
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0095
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0095
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0100
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0100
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0100
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0105
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0105
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0105
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0110
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0110
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0115
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0115
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0115
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0120
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0125
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0125
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0125
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0130
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0130
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0135
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0140
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0145
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0145
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0150
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0150
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0155
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0155
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0160
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0160
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0160
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0165
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0165
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0170
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0170
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0170
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0175
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0175
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0180
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0180
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0185
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0185
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0190
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0190
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0195
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0195
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0205
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0205
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0205
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0210
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0215
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0215
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0220
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0220
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0225
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0225
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0230
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0230
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0230
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0235
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0235
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0235
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0240
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0240
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0240


42 G.M. Stella et al. / EBioMedicine 24 (2017) 34–42
Merchant, M., Ma, X., Maun, H.R., Zheng, Z., Peng, J., Romero, M., et al., 2013. Monovalent
antibody design and mechanism of action of onartuzumab, a MET antagonist with
anti-tumor activity as therapeutic agent. Proc. Natl. Acad. Sci. U. S. A. 11, E2987–96.

Michieli, P., Basilico, C., Pennacchietti, S., Maffè, A., Tamagnone, L., Giordano, S., et al.,
1999. Mutant Met-mediated transformation is ligand-dependent and can be
inhibited by HGF antagonists. Oncogene 18, 5221–5523.

Monzon, F.A., Koen, T.J., 2010. Diagnosis of metastatic neoplasms: molecular approaches
for identification of tissue of origin. Arch. Pathol. Lab. Med. 134, 216–224.

Moores, S.L., Chiu, M.L., Bushey, B.S., Chevalier, K., Luistro, L., Dorn, K., et al., 2016. A novel
bispecific antibody targeting EGFR and cMET is effective against EGFR inhibitor-
resistant lung tumors. Cancer Res. 76 (13), 3942–3953.

Moran, S., Martinez-Carduz, A., Saylos, S., Musulen, E., Balana, C., Estival-Gonzalez, A., et
al., 2016. Epigenetic profiling to classify cancer of unknown primary: a multicentre,
retrospective analysis. Lancet Oncol. 17 (10), 1386–1395.

Nieswandt, B., Hafner, M., Echtenacher, B., Mannel, D.N., 1999. Lysis of tumor cells by nat-
ural killer cells in mice is impeded by platelets. Cancer Res. 59, 1295–1300.

Oien, K.A., 2009. Pathologic evaluation of unknown primary cancer. Semin. Oncol. 36,
8–37.

Pagan, R., Martin, I., Alonso, A., Llobera, M., Vilaró, S., 1996. Vimentin filaments follow the
preexisting cytokeratin network during epithelial-mesenchymal transition of cul-
tured neonatal rat hepatocytes. Exp. Cell Res. 222 (2), 333–344.

Paget, S., 1889. The distribution of secondary growths in cancer of the breast. Lancet (1),
571–573.

Palumbo, J.S., 2005. Platelets and fibrin(ogen) increase metastatic potential by impeding
natural killer cell-mediated elimination of tumor cells. Blood 105, 178–185.

Pasek, M.J., Zahir, N., Johnson, K.R., Lakins, J.N., Rozenberg, G.I., Gefen, A., et al., 2005. Ten-
sional homeostasis and the malignant phenotype. Cancer Cell 8 (3), 241–254.

Pavlidis, N., Fizazi, K., 2009. Carcinoma of unknown primary (CUP). Crit. Rev. Oncol.
Hematol. 69, 271–278.

Pennacchietti, S., Michieli, P., Galluzzo, M., Mazzone, M., Giordano, S., Comoglio, P.M.,
2003. Hypoxia promotes invasive growth by transcriptional activation of the met
protooncogene. Cancer Cell 3 (4), 347–361.

Perol, M., 2014. Negative results of METlung study: an opportunity to better understand
the role of MET pathway in NSCLC. Transl. Lung Cancer Res. 3 (6), 392–394.

Ponta, H., Sherman, L., Herrlich, P.A., 2003. CD44 from adhesion molecules to signaling
regulators. Nat. Rev. Mol. Cell Biol. 4, 33–45.

Provenzano, P.P., Imman, D.R., Eliceri, K.W., Knittel, J.G., Yan, L., Rueden, C.T., et al., 2008.
Collagen density promotes mammary tumor initiation and progression. BMC Med.
6, 1–15.

Riihimaki, M., Hemminki, A., Sundquist, J., Hemminki, K., 2016. Patterns of metastasis in
colon and rectal cancer. Sci Rep 6, 29765.

Saha, K., Keung, A.J., Irwin, E.F., Li, Y., Little, L., Schaffer, D.V., Healy, K.E., 2008. Substrate
modulus directs neural stem cell behavior. Biophys. J. 95 (9), 4426–4438.

Schankin, C.J., Ferrari, U., Reinisch, V.M., Birnbaum, T., Goldbrunner, R., Straube, A., 2007.
Characteristics of brain tumor -associated headhache. Cephalgoa 27 (8), 904–911.

Solon, J., Levental, I., Sengupta, K., Georges, P.C., Janmey, P.A., 2007. Fibroblast adaptation
and stiffness matching to soft elastic substrates. Byophys. J. 93 (12), 4453–4461.

Steinert, G., Scholch, S., Niemetz, T., Iwata, N., Garcia, S.A., Behrens, B., et al., 2014. Immune
escape and survival mechanisms in circulating tumor cells of colorectal cancer. Can-
cer Res. 74 (6), 1694–1704.

Stella, G.M., Benvenuti, S., Gramaglia, D., Scarpa, A., Tomezzoli, A., Cassoni, P., et al., 2011.
MET mutations in cancers of unknown primary origin (CUPs). Hum. Mutat. 32 (1),
44–50.
Stella, G.M., Senetta, R., Cassenti, A., Ronco, M., Cassoni, P., 2012. Cancers of unknown pri-
mary origin: current perspectives and future therapeutic strategies. J. Transl. Med. 10,
12.

Stella, G.M., Senetta, R., Inghilleri, S., Verdun di Cantogno, L., Mantovani, C., Piloni, D., et al.,
2016a. MET mutations are associated with aggressive and radioresistant brain meta-
static non-small-cell lung cancer. Neuro-Oncology 18 (4), 598–599.

Stella, G.M., Gentile, A., Balderacchi, A., Meloni, F., Milan, M., Benvenuti, S., 2016b.
Ockham's razor for the MET-driven invasive growth linking idiopatic pulmonary fi-
brosis and cancer. J. Transl. Med. 14, 256.

Stewart, D.A., Cooper, C.R., Sikes, R.A., 2004. Changes in extracellular matrix (ECM) and
ECM-associated proteins in the metastsatic progression of prostate cancer. Reprod.
Biol. Endocrinol. 2, 2E.

Subbiah, I.M., Tsimberidou, A., Subbiah, V., Janku, F., Roy-Chowdhuri, S., Hong, D.S., 2017.
Next generation sequencing of carcinoma of unknown primary reveals novel combi-
natorial strategies in a heterogeneous mutational landscape. Oncoscience 4 (5–6),
47–56.

Tan, J.L., Tien, J., Pirone, D.M., Gray, D.S., Bhadriraju, K., Chen, C.S., 2003. Cells lying on a
bed of microneedles: an approach to isolate mechanical force. Proc. Natl. Acad. Sci.
U. S. A. 100 (4), 1484–1489.

Thomas, S.N., Schnaar, R.L., Konstntoupoulos, K., 2008. Pdocalyxin-like protein is an E-/L-
selectin ligand on colon carcinoma cells: comparative biochemical properties of
selectin ligands in host and tumor cells. J. Biol. Chem. 283, 15647–15655.

Trusolino, L., Comoglio, P.M., 2002. Scatter-factor and semaphorin receptors: cell signaling
for invasive growth. Nat. Rev. Cancer (4), 289–300.

Varadhachary, G.R., Talantov, D., Raber, M.N., Meng, C., Hess, K.R., Jatkoe, T., et al., 2008.
Molecular profiling of carcinoma of unknown primary and correlation with clinical
evaluation. J. Clin. Oncol. 26 (27), 4442–4448.

Wan, L., Pantel, K., Kang, Y., 2013. Tumor metastasis: moving new biological insights into
the clinic. Nat. Med. 11 (19), 1450–1464.

Watanapa, P., Williamson, R.C., 1992. Surgical palliation for pancreatic cancer-
developments during the past 2 decades. Br. J. Surg. 79 (1), 8–20.

Weiss, L., 1992. Comments on hematogenous metastatic patterns in human has revealed
by autopsy. Clin. Exp. Metastasis 10, 191–199.

Wirtz, D., 2009. Particle-tracking microrheology of living cells: principles and applica-
tions. Annu. Rev. Biophys. 38, 5374–5384.

Wirtz, D., Konstantopoulos, K., Searson, P.C., 2011. The physics of cancer: the role of phys-
ical interactions and mechanical forces in metastasis. Nat. Rev. Cancer 11, 512–521.

Wyatt, K.E., Bourne, J.W., Torzilli, P.A., 2009. Deformation-dependent enzyme
mechanokinetic cleavage of type I collagen. J. Biomech. Eng. 131 (5), 051004.

Xiong, N., Tang, K., Bai, H., Peng, Y., Yang, H., Wu, C., Liu, Y., 2017. Involvement of caveolin-
1 in low shear stress-induced breast cancer motility and adhesion:roles of FAK/Src
and ROCK/p-MLC pathways. Biochim. Biophys. Acta 1864 (1), 12–22.

Xu, X., Wang, Y., Chen, Z., Sternlicht, M.D., Hidalgo, M., Steffensen, B., 2005. Matrix
metalloproteinase-2 contributes to cancer cell migration on collagen. Cancer Res.
65 (1), 130–136.

Yamaguchi, H., Wyckoff, J., Condeelis, J., 2005a. Cell migration in tumors. Curr. Opin. Cell
Biol. 17 (5), 559–564.

Yamaguchi, H., Lorenz, M., Kempiak, S., Sarmiento, C., Coniglio, S., Symons, M., et al.,
2005b. Molecular mechanisms of invadopodium formation: the role of N-WASP-
Arp2/3 complex pathway and cofilin. J. Cell Biol. 17 (5), 559–564.

Yang, Y., Mandiyan, S., Robinson, B.S., Mc Mahon, G., 2016. Antitumor properties of an
IgG2-enhanced next-generation MET monoclonal antibody that degrades wild-type
and mutant MET receptors. Cancer Res. 76 (19), 5788–5797.

http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0245
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0245
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0245
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0250
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0250
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0255
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0255
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0260
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0260
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0260
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0265
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0265
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0270
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0270
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0275
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0275
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0280
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0280
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0280
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0285
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0285
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0290
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0290
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0295
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0295
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0300
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0300
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0305
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0305
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0310
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0310
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0315
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0315
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0320
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0320
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0325
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0325
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0330
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0330
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0335
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0340
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0340
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0345
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0345
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0345
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0350
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0350
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0355
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0355
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0355
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0360
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0360
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0365
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0365
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0370
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0370
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0370
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0375
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0375
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0375
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0380
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0380
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0380
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0385
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0385
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0385
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0390
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0390
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0400
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0400
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0405
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0405
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0410
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0410
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0415
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0415
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0420
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0420
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0425
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0425
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0430
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0430
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0435
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0435
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0435
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0440
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0440
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0440
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0445
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0445
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0450
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0450
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0455
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0455
http://refhub.elsevier.com/S2352-3964(17)30379-1/rf0455

	MET Activation and Physical Dynamics of the Metastatic Process: The Paradigm of Cancers of Unknown Primary Origin
	1. Introduction
	2. Cancers of Unknown Primary (CUPs)
	3. The MET-driven Invasive Growth Program in Metastasis and CUPs
	4. Mechanical Phenotype of Metastatic Cells
	4.1. Detachment From the Primary Site
	4.2. Intravasation and Circulation
	4.3. Arousal of Distant Metastasis

	5. Biomechanical Properties of MET Mutants: the Paradigm Shift.
	6. Therapeutic Perspectives
	7. Concluding Remarks
	Search Strategy and Selection Criteria
	Funding
	section13
	Acknowledgements
	References


