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Abstract

Migration of cells is required in multiple tissue-level processes, such as in inflammation
or cancer metastasis. Endocytosis is an extremely regulated cellular process by which
cells uptake extracellular molecules or internalise cell surface receptors. While the role
of endocytosis of focal adhesions (FA) and plasma membrane (PM) turnover at the
leading edge of migratory cells is wide known, the contribution of endocytic proteins
per se in migration has been frequently disregarded. In this review, we describe the
novel functions of the most well-known endocytic proteins in cancer cell migration,
focusing on clathrin, caveolin, flotillins and GRAF1. In addition, we highlight the

relevance of the macropinocytic pathway in amoeboid-like cell migration.
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Introduction

Cell migration is an essential biological process involved in wound healing, embryonic
development, immune responses and cancer metastasis (1,2). In brief, cellular
migration is characterised by a cyclic process that consists of cell polarisation (3),
protrusion extension at the leading edge, establishment of cell-substrate adhesions,
forward movement of the cell body and detachment of the trailing edge of the cell (1).
Importantly, the migratory cycle has been related to endocytosis and exocytosis (also
known as recycling) of proteins contained in adhesive structures, which all together
regulate the disassembly and further assembly of new adhesions (1). Cell protrusion is
an actin-dependent process driven by promoters of actin nucleation and
polymerization, such as Actin Related Protein 2/3 (Arp2/3), Wiskott-Aldrich Syndrome
Protein (N-WASP) and Suppressor of cyclic AMP receptor mutation/ WASP and
Verprolin homologous protein (SCAR/WAVE) (4,5). Of note, extracellular signals
indirectly activate small GTPases, such as Rho, Rac and Cdc42, which are involved in
the regulation of actin dynamics (5). Following cell protrusion, cell-substrate adhesions
are formed and mediated by focal adhesions (FA) (1). FAs are integrin-based structures
that mediate cell adherence to the substrate and regulate cell migration and
spreading. Following integrin engagement with the extracellular matrix (ECM), multiple
regulatory proteins are recruited to mediate FA connection to the actin cytoskeleton
(1). This capability of responding to the mechanical properties of the ECM and
transform the extracellular stimulus into intracellular signalling is defined as
mechanotransduction (6). Outstandingly, the ECM goes beyond being a passive
structure but it provides different types of mechanical signals and dimensionality. In
three-dimensional (3D) environments, cells interact with and are embedded into an
intricate network of fibres (6,7). Strikingly, cells exposed to 3D microenvironments
present smaller FA than thier 2D counterparts (7). In 2D surfaces, ECM stiffness affects
mechanosensing (7), which defines the act of sensing mechanical stimulus by cells (6).
On the contrary, ECM stiffness varies in 3D environments depending on fibril
alignment, intra- and extra-fibril crosslinking and ECM ligand density (7). Importantly,
cancer cell migration contains elements of 2D and 3D environments. For instance,

thick fibres could be potentially reminiscent of 2D surfaces (6), where cells show a



polarised, flat and spread morphology since they adhere to the substrate on one side
(8). Cell spreading is defined as the process through which recently attached cells
engage the ECM and is required prior to cell migration. Indeed, migrating cells share
the same subcellular processes with spreading cells (1).

3D migration in invasive cancer cells comes in two different fashions: mesenchymal
and amoeboid migration (9). The first one is characterised by an elongated
morphology with membrane protrusions, while cells are rounded in amoeboid
migration. Another significant difference is the presence of strong adhesive structures
and ECM degradation in the mesenchymal state, characteristics that are absent in
amoeboid migration (9). In particular, amoeboid migration in cancer utilises small and
unsteady blebs, which may be on account of augmented intracellular pressure, which
correlates with high membrane tension, or weak membrane-cortical cytoskeleton
attachment (10). Interestingly, amoeboid-like cells present a flexible shape that allows
them to squeeze into the ECM pores (8,10).

Endocytosis is defined as the process by which cells internalised a variety of molecules,
including surface receptors, from the plasma membrane (PM) to cytoplasmic vesicles
(11,12). Endocytic pathways are categorised depending on their morphology and
mechanics into clathrin-mediated endocytosis, caveolin-dependent endocytosis,
clathrin- and caveolin-independent pathways, such as clathrin independent carriers
(CLICs) and macropinocytosis (12). Clathrin-dependent internalisation, characterised
by the formation of polygonal clathrin-coated pits and vesicles, is the most widely-
known form of endocytosis (13,14). These distinctive structures are possible because
of the assembly of approximately hundred clathrin triskelia (15). The clathrin triskelion
is a highly evolutionary conserved structure (16), composed of three clathrin heavy
chains (CHCs) and three clathrin light chains (CLCs) that radiate form a centre (13,16).
There are two CLC isoforms: CLCa and CLCb in vertebrates (16). CHCs are recruited
together with CLCs to phosphatidylinositol 4,5-bisphosphate-enrich membranes,
where they will contribute to membrane bending (14). The clathrin triskelion,
however, cannot directly interact with the PM and adaptor proteins, such as adaptor
protein 2 (AP-2) and epsin, are required (14). Other accessory adaptor proteins and
curvature effectors are involved, such as Epidermal Growth Factor Receptor Pathway

Substrate 15 (Eps15), which participates in AP2 clustering. Other relevant effectors



involved in nucleation of clathrin-coated pits are F-BAR domain-containing Fer/Cip4
homology domain-only proteins (FCHOs) (14,17). Complete invagination of the PM is
followed by self-polymerisation of the GTPase dynamin around the neck of the pit,
where it induces membrane scission (14). It is also worth noting that clathrin, together
with other adaptor-coated vesicles, including AP-1, is implicated in the vesicle
formation in the trans-Golgi network (TGN) (15,18). The TGN is the major secretory
pathway of newly synthesised proteins to distribute them to different subcellular
compartments (18).

Caveolins are the foremost components of caveolae, invaginations in cholesterol- and
sphingolipid-rich membranes, also known as lipid rafts domains (19). These fatty acid-
enriched membranes have been described to participate in endocytosis, exocytosis,
transcytosis, as well as cholesterol, triacylglycerid and mitochondrial homeostasis (19).
Despite the fact that endocytosis at the leading edge of migrating cells has been
reported to confine receptor-mediated signalling and promote integrin-mediated
adhesion turnover (3), recent evidence shows that endocytic proteins regulate cell
migration in a variety of ways. In this review, we will first discuss the newly described
direct contribution of membrane trafficking-related proteins, such as clathrin, caveolin,
flotillin and GRAF1 in cell migration. Secondly, the role of macropinocytosis — as an
endocytic pathway — in overcoming the directional bias of cells for low hydraulic

resistance environments will be considered.

Clathrin-coated plaques support cell spreading and migration

Clathrin triskelia, henceforth referred to as clathrin, is not only involved in the uptake
of extracellular molecules but also controls cytokinesis (16,20), lymphocyte migration
(16,21), cell protrusion and adhesion (22), as well as invasion (20). At the front of
migrating lymphocytes, clathrin drives accumulation of actin and Arp2/3, which results
in lymphocyte polarization during migration (21). In meningioma and cervical cancer
Hela cells, CHC is required to induce WAVE2-dependent lamellipodia formation and
cell migration through Arp2/3 activation (22).

Moreover, clathrin has been described in other distinct pleiotropic structures, known

as tubular clathrin/AP-2 lattices (TCAL), clathrin-coated plaques or flat clathrin-coated



structures (20,23). Although recent pieces of evidence show that this clathrin-coated
plaques result from frustrated endocytosis (24), it is still not clear which extracellular
or intracellular signals govern the induction of either clathrin-coated pits or this flat
clathrin structures (23). Interestingly, clathrin coated structures resulting from
frustrated endocytosis were reported to be mechanosensitive structures that
responded to rigid substrates, i.e. stiff environments (24), as well as low-tension
membrane conditions (25). Correspondingly, it has been reported that TCAL
preferentially nucleate as semitubes around the long axis of collagen fibres, suggesting
that the local curvature induced by collagen triggers clathrin assembly following the
recruitment of clathrin adaptor proteins (Figure 1.) (20).

Strikingly, TCALs have been involved in contact-guided cell migration in response to
extracellular cues, in an endocytosis-independent manner (23), but they have also
been shown to inhibit cell migration under certain circumstances (26). Focal adhesions
(FA) are considered mechanotransducers that signal mechanical and topographical
remodelling of the ECM to intracellular structures (27), such as the actin cytoskeleton
(1). ECM modification is induced by either exertion of cellular physical forces (28) or
matrix metalloproteases (MMPs)-mediated digestion (29). Interestingly, a recent
studydeposited to bioRxiv suggests that extracellular topographical cues, such as
gelatin degradation, promote disassembly of FA at the leading edge of migrating U373
glioblastoma cells (23). According to this study, FA would be substituted by long-lasting
TCALs, which would promote cell adhesion after proteolytic ECM remodelling (23), as
well as cell spreading on collagen matrices (20). Similarly, TCALs surround collagen
fibres to mediate protrusion stabilisation and anchoring to the matrix (Figure 1.) (20).
Interestingly, it seems that avB5 and B1 integrins would be retained at the PM
following FA disassembly and those integrins would be required for TCALs stabilization
(23). Consistently with these findings, avB5 integrin engagement with the ECM protein
vitronectin is required for clathrin-coated plaques formation (24,25). In particular, B1-
integrin found at TCALs has been reported to recruit clathrin adaptor proteins, such as
Dab2 and AP-2, which promote further integrin clustering at collagen fibres (Figure 1.)
(20). Dab2 and AP-2 recruit EH domain scaffold proteins, such as Eps15, to regulate the
size of clathrin-coated plaques and bring accessory proteins such as dynamin or

FCHO2, protein that sense membrane curvature (30). In agreement with that, other



studies performed in immortalized keratinocytes established that other adaptor
proteins, including Autosomal Recessive Hypercholesterolemia (ARH) protein and
Numb, interact with the cytoplasmic region of B5 integrin in clathrin-coated plaques
(25,31). Interestingly, Numb and Dab2 probably present interchangeable roles when
mediating Eps15 recruitment to TCALs (25). Importantly, Epsl5 seems to possibly
mediate FA shift to clathrin-coated plaques and the localization of 35 integrin in those
structures (23). In addition, Eps15 would be necessary for the stabilization of TCALs
(23). More recently, CLCa isoform has been specifically identified as a key protein in
clathrin-dependent cell spreading and successive migration in HEK293 (Human
Embryonic Kidney), HelLa (Cervical cancer) and H1299 (Non-small cell lung carcinoma)
cells (16). Cell spreading following integrin-dependent anchorage to the substrate
requires WAVE2-mediated lamellipodia formation (16,22). Indeed, CLCa appears to
promote the activation of the small Rho family GTPase Racl (Figure 1.) (16). WAVE-2
participates in rearrangements of the actin cytoskeleton via Arp2/3-dependent
polymerisation of F-actin. Interestingly, CHC controls WAVE-2 recruitment to the PM,
while Rac1 activity mediates its activation (16,22).

However, perdurable TCALs have been reported to oppose cell migration in Hela cells
(26). Intriguingly, flat clathrin lattices appear to perform as lipid lysophosphatidic acid
receptor 1 (LPAR1) signalling nanodomains (26). Interestingly, lipid lysophosphatidic
acid (LPA) induces migration via the activation of the Rho-associated coiled coil-
containing protein kinase (ROCK) pathway, which then provokes actin cytoskeleton
reorganization (32). Besides, LPA enhances the expression of MMPs, such as MMP2,
which consequently results in increased cancer cell motility and invasion (Figure 1.)
(32). Following LPA stimulation, LPAR1-containing TCALs are internalised in an N-
WASP and Apr2/3 dependent way in Hela cells (26), thus promoting cell migration. In
fact, inhibition of TCAL internalisation has been shown to impair cell motility (26).
More importantly, this may suggest that TCAL-endocytosis is required for maintaining
the dynamics of clathrin-mediated adhesion and allow cell migration. Further research
is needed to identify additional regulators of TCALs disassembly and turnover, as well
as clarify the relation between the pro- and anti-migratory roles of clathrin. In

addition, it is not clear whether clathrin-coated plaques are exclusively formed around



collagen fibres or are also involved in cell adhesion to other extracellular matrix
components during cell migration.

Altogether, clathrin allows the adaptation of migrating cells to the surrounding
environment by controlling WAVE2-mediated lamellipodia formation, actin
cytoskeleton polymerization and, together with LPAR1, adhesion dynamics during cell

migration.

Caveolin-1 signalling hub fosters cell migration

The caveolin family is constituted of three isoforms, Caveolin-1 (Cav-1), Caveolin-2
(Cav-2) and Caveolin-3 (Cav-3) (19,33,34). Of note, Cav-1 and Cav-2 have been
associated with cell transformation (33,34). Cav-1 expression has been reported to be
augmented in breast, colon, prostate, pancreas and oesophageal carcinomas, while
Cav-2 is overexpressed in cervical cancer, lung adenocarcinoma, glioma and urothelial
and oesophageal carcinomas (33). Cav-1 and Cav-2 have been described to regulate
cell motility in androgen-insensitive prostate cancer cells (33).

Cav-1 expression is controlled by epigenetic mechanisms. At early stages of cancer or
during cell transformation, Cav-1 is considered a tumour suppressor and its expression
is diminished owing to methylation of the CpG islands present in CAV-1 promoter (35).
As an example, Cav-1 levels are higher in non-transformed breast epithelial cells
compared to ERa-positive breast tumorigenic cells, in which the CpG Island is
hypermethylated (35,36). Interestingly, CAV1 promoter is demethylated as tumour
progresses; in fact, re-expression of Cav-1 in lung adenocarcinoma fosters filopodia
formation, cell migration and metastasis (35). Caveolin function in tumorigenesis
remains ambiguous, as it has been shown to be both depleted and up-regulated in
several cancers (33). On one hand, in peritoneal mesothelial cells, loss of Cav-1 leads to
hyperactivation of mitogen activated protein kinase kinase (MEK)- Extracellular signal
Regulated Kinase (ERK1/2)-Snail-1 pathway, which consequently enhances cell
migration and invasion, suggesting that Cav-1 restrain cell migration in this context
(37). Indeed, the peritoneum of Cav-1 deficient mice presents augmented fibrosis and

epithelial to mesenchymal transition (EMT) (37).



On the other hand, Cav-1 has been shown to localise at the trailing edge of fibroblasts,
where it participates in rear polarization and promotes directional migration by
regulating Rho GTPases and tyrosine protein kinase c-Src (Figure 2B.) (38,39).
Moreover, Cav-1 interacts with Kinase Suppressor of Ras 1 (KSR1), a molecular scaffold
that facilitates Ras-mediated activation of Raf/MEK/ERK signalling cascade, to induce
H-Ras driven cell transformation in primary mouse embryo fibroblasts (40).

A recent paper deposited to bioRxiv reports that at the leading edge of invasive
B16.F10 melanoma cells, Cav-1 appears to functionally cooperate with podoplanin
(PDPN) to induce directional cancer cell migration in response to chemical or
mechanical signals (e.g. tissue stiffening or ECM remodelling) (Figure 2A.) (41). PDPN (a
glycosylated mucin-like protein) is highly expressed in several tumours, including
melanoma, lung, colorectal, oral and breast cancer. Remarkably, PDPN expression
correlates with higher metastatic potential and EMT (41). Under this circumstances,
PDPN co-localising with Cav-1 probably triggers the activation of P21-Activated Kinase
1 (PAK1) (41), which ultimately activates ERK1/2 (41,42) and Ezrin, Radixin, Moesin
(ERM) proteins to promote directional migration via regulation of the actin
cytoskeleton (Figure 2A.) (41). Although Rho family small GTPases Cdc42 and Racl are
major upstream regulators of PAK1 (42), endogenous expression of both Cav-1 and
PDPN seems to regulate cell migration in a RhoA-, Racl- and Cdc42- independent
manner (41). Notwithstanding, PDPN has been reported to activate RhoA/C small
GTPases, which activity is inhibited by C-type lectin receptor (CLEC-2) signalling to
induce actomyosin cytoskeleton relaxation in stromal fibroblastic reticular cells (43).
However, PDPN overexpression in the non-invasive breast cancer cells MCF7 have
been shown to decrease active RhoA levels during collective migration, resulting in an
increase of motility (44). Further research is required to clarify the role of Cav-1 and
PDPN in controlling small GTPase signalling, since other yet to be described proteins
could potentially explain those discrepancies; for example, unidentified regulators of
this signalling pathway could participate by rapidly inhibiting RhoA GTPases after their
activation in order to facilitate migration by relaxing the actomyosin cytoskeleton.
PDPN has also been shown to associate with CD44 (43,45), to promote the migration
of stromal fibroblastic reticular cells in the lymph nodes (43). CD44 is a

transmembrane glycoprotein that binds to ECM proteins, such as hyaluronan acid,



collagens and fibronectin (45). CD44 has been reported to participate in stiffness-
dependent cell adhesion and motility (46). In addition, CD44 has recently been
involved in sensing hyaluronic acid cleavage in hyperalgesia (47) and participate in
collagenolysis during inflammation and fibrotic processes (48). CD44 specifically
triggers the translocation and subsequent activation of c-Src, which triggers integrin 1
activation via a process known as inside-out signalling (45). Integrin activation results
in its clustering and enhanced adherence to the matrix (Figure 2A.). This prevents the
endocytosis of caveolin-containing lipid rafts (45) which could potentially prolong
signalling in these domains and mediate cell migration together with CD44. Of note,
caveolin has been shown to form a complex with integrins at focal adhesions (49).
Integrins also regulate the activation of c-Src (50) and protein kinase C (PKC) (51), both
of which phosphorylate caveolin (52), for the proper adhesion and spreading of cells
(51,52).

In addition, Cav-1 seems to induce receptor activator of nuclear factor-kB ligand
(RANKL)-dependent migration in gastric cancer (53). The receptor activator of nuclear
factor-kB (RANK) is expressed in several malignancies, such as renal, breast and lung
cancer. Infiltrating T cells secret RANKL to promote c-Src activity which successively
triggers Cav-1 activation/phosphorylation (pCav-1) (53) and the signalling axis
Phosphoinositide 3-kinase (PI3K)/Akt and ERK pathway (54) to support cell migration
(Figure 2A.) (53). pCav-1 has been reported to sequester the regulatory subunit of
PI3K, p85a, to prevent Rab5 inactivation. Rab5 activity results in recruitment of Racl
GEF Tiaml and subsequent Racl activation (Figure 2A.), which promotes actin
cytoskeleton reorganization and enhances migration (55). Neddylation is a post-
translational modification by the neural precursor cell expressed developmentally
downregulated 8 (NEDD8) that resembles the process of ubiquitin conjugation and
affects protein stability and function (56). Neddylation of Cav-1 importantly diminishes
its phosphorylation by c-Src and prevents prostate cancer and glioblastoma cell
migration (56). Overall, caveolins seem to form a signalling regulation platform where

multiple proteins interact to modulate cell migration.



Flotillins promote cell migration by inducing FA turnover and
EMT

Flotillins are lipid rafts proteins (57-60) that define specific microdomains in the
plasma membrane, which act as signalling sites and, in addition, flotillins have been
suggested to transduce regulatory signals to the actin cytoskeleton, as well as
participate in cell-cell adhesion in zebrafish embryos (61). Flotillins have additionally
been associated to membrane trafficking (57), including cholesterol-enriched exosome
secretion in oligodendroglial cells (62), and participate in clathrin-independent
endocytosis (57,58). The flotillin protein family comprises two well-preserved isoforms:
flotillin-1 (Flot-1; reggie-2) and flotillin-2 (Flot-2; reggie-1) (57), which is indispensable
for Flot-1 stabilization (58). Besides, Flot-1 and Flot-2 undergo posttranslational
modifications by means of palmitoylation and myristoylation (57,58) in order to being
recruited to the PM (57,58,60). The process of flotillin homo- and hetero-
oligomerisation at the PM (58) additionally modulates its translocation to endosomal
compartments (63) and function (57). Flotillins have been shown to be involved in
actin cytoskeleton remodelling, cell adhesion and motility by modulating Rho GTPases
activity (58).

In addition, Flot-1/2 has been implicated in promoting integrin-dependent cell-
fibronectin adhesion, spreading, as well as directional migration (57). Consistently,
Flot-1/2 downregulation correlates with increased non-directional migration in Hela
cells (57). Indeed, flot-2 knockout reduces metastasis formation in murine breast
cancer models, while its overexpression enhances metastatic melanoma (57). Flot-1/2
controls E-cadherin and a5B1 integrin recycling, as well as focal adhesion turnover in a
Rab11-dependent manner, which negatively regulates Racl activation (64). Flot-1/2 —
depleted cells thus present high levels of active Racl, which increases peripheral
lamellae formation and random migration (65).

Flot-1 is highly expressed in lung adenocarcinomas, where its expression in vitro
correlates with enhanced cell proliferation, migration and invasion (59). Recent
evidence suggests that both Flot isoforms are located at FA, where they seem to be a
required for the autophosphorylation of FAK (focal adhesion kinase), downstream of

integrin engagement with the ECM (57). Phosphorylated FAK (pFAK) successively forms



a complex with c-Src, which further phosphorylates FAK (Figure 3A.), and promotes a-
actinin phosphorylation (57). c-Src consequently binds to phosphorylated a-actinin,
thereby disassembling the c-Src/FAK complex (Figure 3A.). pFAK can then be
dephosphorylated by the phosphatase PTB-1B, accelerating FA turnover (57).
Moreover, Flot localization to FAs correlates with myosin lla activity, which is
intriguingly arbitrated by Flot. Notwithstanding, it is not known whether myosin lla
activity is dependent on Flot localization to FA (57). In addition, FAK indirectly
promotes ERK activation during cell spreading, resulting in Flot-1/2-mediated
anchorage-independent proliferation (Figure 3A.) (57). Flot-1 has also been involved in
the signal transduction of tyrosine kinase receptors, such as insulin-like growth factor
receptor (IGF-1R). Palmitoylation of Flot-1 is indispensable for its translocation
together with IGF-1R to the PM, where it promotes proliferation of prostate cancer
cells (60) and actin remodelling by regulating RhoA, Racl and Cdc42 activity (Figure
3A.) (66).

Furthermore, Flot-1 appears to be involved in EMT (60). In prostate cancer cells, Flot-1
is sumoylated with SUMO-2/3 by the E2 conjugating enzyme UBC9 in the
endoplasmatic reticulum (ER). Sumoylation of Flot-1 triggers its relocation to the
nucleus, where it interacts with, stabilises and hampers the proteosomal degradation
of Snail — one of the foremost transcription factor involved in EMT, thereby promoting
metastasis formation (Figure 3B.) (60). Taking everything into account, Flot-1/2
enhances directional cell migration by modulating Rho GTPases activity and promotes

cell spreading via activation of FAK downstream of integrin engagement.

GRAF1 role in regulating cell migration

GTPase regulator associated with focal adhesion kinase-1 (GRAF1), also known as
Oligophrenin-1-Like (67), is a Cdc42 and RhoA GTPase-activating protein (GAP) (68)
that seems to play an essential role as a sculptor of the highly curved membranes that
are characteristic of the clathrin-independent carrier (CLIC) pathway (69,70). In
fibroblasts, CLICs constitute one of the foremost pinocytic routes (68), also categorised
as caveolin- and clathrin-independent endocytic pathways (68,69). Cdc42 and RhoA

activity is required and tightly circumscribed at the initial stages of CLIC (69); while at



the later stages, GRAF1-mediated Cdc42 and RhoA inactivation is necessary for the
progression of CLIC-mediated endocytosis.

Outstandingly, GRAF1-positive CLICs have been reported to participate in cell surface
dynamics (68), impacting actin remodelling (68,71), integrin trafficking (67,68,71),
spreading, adhesion (67,68,70,71), polarization of motile cells (72) and 2D and 3D
migration (71). GRAF1 role in cell migration seems contradictory; on the one hand, its
expression is required for the turnover of the plasma membrane, which facilitates the
pro-migratory activity of cells in 2D surfaces. On the other hand, GRAF1 represses
amoeboid migration of cancerous cells in a 3D environment. Recent evidence shows
CLICs to be directly recycled to the PM, resulting in an accelerated recycling during cell
adhesion turnover and motility. CLICs, for instance, have been reported to internalise
the ECM adhesion receptor CD44, which complexes with B1 integrin, at the front of
migrating fibroblasts. In addition, CD44 can mediate directional persistence and actin
cytoskeleton rearrangements through ERM proteins (72).

At the leading edge of migrating Hela cells in a 2D surface, momentary interaction
between GRAF1 and the Rho GTPase Cdc42 is required for modulating PM and actin
dynamics during cell surface turnover (68). Cdc42 activity triggers GRAF1 recruitment
to the PM, where it will promote membrane invagination. GRAF1 GAP activity
concomitantly increases during membrane bending, which eventually causes Cdc42
inactivation and dissociation from the PM to possibly further permit scission of the
plasma membrane and maturation of the recently formed endosomal compartment
(Figure 4A.) (68). Similarly, Racl fosters the CLIC pathway by controlling GRAF1
membrane targeting (Figure 4A.) (70).

Moreover, downstream of CLIC generation, GRAF1 localises in phosphatidylinositol-
(4,5)-bisphosphate-enriched (69,71) tubular recycling endosomes (TREs) where it has
more recently been shown to indirectly interact with MICAL-L1 (Molecules Interacting
with CAsL-Likel) and EHD1 (Eps15 Homology Domain containing protein 1) to induce
TREs vesiculation (Figure 4A.) (67). GRAF1 similarly seems to be involved in the
vesiculation of clathrin-independent incoming endosomes (67). Interestingly, this
process is required for favouring B1 integrin recycling to the PM and, to a lesser extent,

its lysosomal degradation (Figure 4A.) (67).



Podosome-like adhesions (PLA) are integrin-rich protrusive structures that resemble
classical podosomes in macrophages (73). PLA are formed in the absence of large
traction forces in non-transformed fibroblasts, (73) and during the first stages of
spreading in platelets (74). Although those adhesions present classical podosome and
invadopodia (also known as podosome-type adhesions (75)) markers, such as F-actin,
N-WASP and Arp2/3, they lack the characteristic matrix metalloproteinases of Src-
transformed fibroblasts (73). Despite this, the Virtanen group reported that
podosome-like structures can degrade ECM to an extent (76). Despite the fact that PLA
share many proteins with focal adhesions, N-WASP and the Arp2/3 complex are not
found in the latter ones. Cdc42-recruited GRAF1 additionally modulates the dynamics
of Src-induced PLA sites at the front of migrating cells (Figure 4C.) (70). GRAF1
deregulations consequently negatively impact on cell adhesion, spreading and
migration by perturbing integrin recycling and PLA endocytosis.

Furthermore, besides it role in controlling integrin recycling and focal adhesion
turnover, GRAF1 has recently been implicated in the maintenance of membrane
tension homeostasis (71,77). GRAF1 appears to participate in constructing a repository
of cytoplasmic membranes with which cells can respond to fluctuations regarding
osmotic pressure and membrane tension (Figure 4B.) (71). In particular, GRAF1-
induced endocytosis reduces membrane tension and cellular blebbing (Figure 4B) by
downregulating RhoA activity. Of note, loss of GRAF1 in HelLa and SW480 colorectal
cancer cells results in an increase in bleb formation, fostering amoeboid invasive 3D
migration (71).

GRAF1 has further been reported to preserve the normal epithelial phenotype and, for
this reason, it is contemplated as a tumour suppressor-type gene (77). Knockdown of
GRAF1 in the non-malignant breast cells MCF10A apparently induces EMT (77), which
may be mediated by the constitutive activation of RhoA/ROCK pathway, which
expression is commonly correlated to metastases (77). Considerably, GRAF1
contribution to cell migration, either by promoting CLIC pro-mesenchymal migration or
suppressing bleb-induced amoeboid migration, as well as EMT, has to be further
studied since other yet unknown effectors may be involved in its role in tumorigenesis.

Integrin-containing TRE, for instance, could potentially activate signalling pathways



that ultimately promote EMT. Indeed, it is well-known that integrin- and active FAK-
positive endosomes signal cell survival and supress anoikis (78).

Thus far, this review has reported the migratory role of proteins involved in the
regulation of endocytosis and membrane composition. In the next section, the role of
the endocytic pathway macropinocytosis in overcoming the migration bias towards

high hydraulic resistance pathways will be discussed.
Macropinocytosis in amoeboid migration

Barotaxis is commonly defined as the phenomenon by which migrating cells (e.g.
neutrophils) follow tracks with minimum hydraulic resistance (HR) (79) or hydraulic
pressure (80). The term HR is used to describe the resistance of the environment to
fluid displacement with which can restrict amoeboid-like cell migration by limiting the
interstitial liquid movement (79). HR consequently causes a small force imbalance at
cellular level that biases cell migration to least hydraulic pressure paths (79). The
Lennon-Duménil group has recently shown that highly barotactic dendritic cells (DCs)
present an extremely polarised accumulation of actin and myosin Il at the trailing
edge, while barotactic-resistant DCs exhibited a symmetric accumulation of
actomyosin at both the leading and trailing edge (79). In vitro experiments using low-
friction Y-shaped bifurcations showed that barotactic DCs first extend two symmetric
projections, one of which eventually retracts after accumulating actomyosin; for this
reason, actomyosin regulators can impinge on barotaxis (79). Low-barotactic cells
exhibit high macropinocytic activity at the leading edge (Figure 5.) (79).
Macropinocytosis or internalisation of extracellular fluid is an actin-dependent process
(81,82) induced by augmented intracellular calcium after activation of the Ras/Racl
pathway (81). Outstandingly, the macropinosomes formed during barotactic-
independent migration are retrogradely transported to the trailing edge where fluid is
released and cell resistance to extracellular flow is therefore diminished. As a result,
macropinocytosis thwarts the directional bias to migrate towards low HR
environments (79).

Of note, interstitial fluid pressure is extremely high at the tumour boundaries and it

has been reported to be concomitant with invasiveness and lymphatic metastasis (83).



In murine pancreatic neuroendocrine tumours as well as in human and mouse breast
malignancies, the interstitial flow can additionally support cancer invasion by
regulating the localization of the neuronal receptor and calcium channel N-methyl-D-
aspartate receptor (NMDAR) to the plasma membrane (PM) and the secretion of its
major agonist: glutamate (83,84) (Figure 5.). In the hippocampus, NMDAR mediates
the translocation and further activation of Ras (85) and, in addition, glutamate-induced
activation of NMDAR increases intracellular calcium levels (Figure 5.) (84).
Furthermore, certain malignant cells (e.g. ERa-negative breast cancer -cells)
occasionally migrate in an amoeboid-like fashion in three-dimensional cultures and in
vivo (86). The latter raises the intriguing hypothesis that NMDAR activation could
induce macropinocytosis in amoeboid-like migrating cancer cells in order to allow their

dissemination to high HR regions.

Summary points

- Clathin promotes cell migration on ECM through the generation of TCALs.
Following FA dissociation, TCALs assemble in response to extracellular cues,
such as fibrillar collagen or ECM degradation. Under these conditions, flat
clathrin-coated lattices act as adhesive structures that seem to be necessary for
cell migration. CLCa is particularly important in promoting actin reorganization
prior to migration. Finally, LPAR1 is recruited to TCALs and its downstream
activity triggers ROCK activation, as well as endocytosis of these clathrin-coated
plaques, allowing the cell to move forward.

- Cav-1 has been reported to act as a tumour suppressor-like gene, but also
promote cell migration in cancer. Cav-1 is present at the front and rear of
migrating cells. At the leading edge, Cav-1 forms a signalling platform where it
interacts with several proteins, such as small GTPases and c-Src, to foster cell
migration.

- In the endoplasmic reticulum, Flot-1/2 is sumoylated by UBC9, which triggers
its translocation to the nucleus where it inhibits the degradation of the pro-
metastatic transcription factor Snail. Flot-1/2 additionally promotes FA
turnover and actin remodelling following the activation c-Src and small

GTPases, respectively.



- GRAF1 presents a controversial role in migration. On the one hand, GRAF1
participates in FA turnover and integrin recycling, which are required in 2D cell
migration. On the other hand, GRAF1 suppresses bleb-induced 3D amoeboid
migration in cancer. GRAF1 has also been involved in preserving the epithelial
phenotype and supressing EMT.

- Macropinosomes formed at the front of amoeboid-migrating cells are
retrogradely transported and released so that resistance to the extracellular

flow decreases, which allows cell migration towards high HR environments.

Conclusions

Cell migration is required in various physiological and pathological processes, such as
tumour invasion and subsequent metastasis(1,2), which is responsible of the vast
majority of cancer deaths. Therefore, having a deeper understanding of the molecular
pathways that govern cell migration, especially in 3D environments, is essential to
prevent cancer dissemination. The role of endocytic proteins in cell migration goes
beyond promoting FA turnover; in fact, these proteins seem to be active participants
of cell migration by activating downstream regulators of migration, such as small
GTPases or actin-remodelling proteins.

Clathrin has been shown to have a role in promoting cell migration on ECM through
the generation of TCALs. During cell migration cycle, cells adhere to the substrate via
FAs (1). Interestingly, following FA dissociation, TCALs would assemble in response to
extracellular cues, such as fibrillar collagen, ECM degradation or stiff substrates. Under
these conditions, flat clathrin-coated lattices would act as reinforcing adhesive
structures that would contribute to cell spreading. Of note, cell adhesion to the ECM is
necessary to generate traction forces to pull cells forward during migration (87).
Migration of cells is a dynamic actin-dependent process (4), in this context CLCa is
particularly important in promoting actin reorganization prior to migration. Finally,
adhesion structures disassemble at the end of the migratory cycle. On the one hand,
LPAR1 is probably recruited to TCALs where its downstream activity triggers ROCK

activation, which is involved in actin-cytoskeleton reorganisation and its activity



correlates to metastasis (32,77). On the other hand, LPAR1 provokes endocytosis of
these clathrin-coated plaques, allowing cells to move forward.

Furthermore, Cav-1, another endocytic-related protein, has been reported to act as a
tumour suppressor-like gene, but also promote cell migration in cancer (35). Cav-1 has
been described to be at the front and rear of migrating cells. At the leading edge, Cav-
1 apparently forms a signalling platform where it interacts with several proteins, such
as small GTPases and c-Src, to foster cell migration by facilitating cell adhesion and
spreading (51,52). In addition, Cav-1 containing signalling hubs further support cell
migration by activating pro-migratory and pro-invasive signalling pathways.

Moreover, Flot-1/2 promotes FA turnover (64), being implicated in the endocytosis
and recycling to the plasma membrane of adhesion structures involved in cell
migration. Flot-1/2 is further involved in actin remodelling following c-Src and small
GTPase activation (57,66). In the endoplasmic reticulum, Flot-1/2 is sumoylated by
UBC9, which triggers its translocation to the nucleus where it inhibits the degradation
of the pro-metastatic and EMT transcription factor Snail (60). Another endocytic-
related protein is GRAF1, which have been reported to present a contradictory role in
migration. On the one hand, GRAF1 promotes 2D migration by participating in FA
turnover and integrin recycling (71) while, on the other hand, GRAF1 suppresses bleb-
induced 3D amoeboid migration in cancer (71). Interestingly, GRAF1 has also been
implicated in preserving the epithelial phenotype and supressing EMT (77).

Finally, macropinocytosis, an endocytic pathway, has been shown to contribute to 3D
amoeboid migration. In summary, macropinosomes formed at the front of amoeboid-
migrating cells are retrogradly transported and released (79). Consequently, the
resistance to the extracellular flow decreases, which allows cell migration towards high
HR environments. Further research is however needed to fully decipher the novel role
of the reviewed endocytic proteins and macropinocytosis in cell migration, in 3D in

vivo-like conditions, and unravel possible cancer-specific targets to supress metastasis.



Figure legends

Figure 1. Schematic representation of TCALs at the leading edge of migrating cells.
Following FA disassembly, integrins are retained in the PM where they promote the
stabilisation of TCALs. TCALs recruit clathrin adaptor proteins, such as Dab2, to
promote further integrin clustering at collagen fibres. Dab2 brings to the membrane
accessory proteins to sense membrane curvature and further stabilise clathrin-coated
plagues. CLCa promotes Racl activity to subsequently mediate WAVE-2 activation
leading to actin remodelling. Finally, LPAR1-resident clathin-coated plaques, besides
triggering MMPs secretion and ROCK activity, are required to terminate cell adhesion
and allow migration.

Figure 2. Scheme of Cav-induced migratory pathways in the leading and trailing edge.
At the front of migrating cells, Cav-1 forms a signalling platform where it interacts with
multiple signalling proteins, including c-Src, Racl, Cdc42, PKC and PAK1, to eventually
promote cell adhesion, spreading and directional migration (A). Cav-1 has been
described to localise at the rear of cells to promote cell polarisation and directional
migration (B).

Figure 3. Diagram of the molecular pathways involved in Flot-mediated migration.
Downstream integrin engagement with ECM proteins, Flot isoforms are required for
FAK autophosphorylation. Following pFAK dissociation from c-Src, a-actinin is recruited
and pFAK is dephosphorylated, which promotes FA turnover. Besides, FAK-mediates
indirect ERK1/2 activation and promotes anchorage-independent proliferation (A). At
the PM, palmitoylated Flot-1/2 regulates actin remodelling through Racl, RhoA and
Cdc42. In the endoplasmic reticulum, Flot-1/2 can be sumoylated by UBC9, which
triggers its translocation to the nucleus where it inhibits Snail degradation, thereby
promoting EMT (B).

Figure 4. Schematic representations of GRAF1 roles in cell migration. GRAF1 is
recruited to the membrane by small GTPases that regulate early stages of CLIC
formation. Following GRAF1 recruitment, GRAF1 inhibts RhoA and Cdc42 to allow CLIC
progression. Of note, GRAF1-mediated inhibition of RhoA eventually supresses EMT.
GRAF1-induced vesiculation is required for integrin recycling to the plasma membrane

(A). GRAF1-negative cells cannot reduce membrane tension, thereby leading to cell



blebbing and increase invasion in 3D environments (B). GRAF1 interacting proteins in
PLA (C).

Figure 5. Representation of barotactic and barotactic-resistant cells. Barotactic cells
follow low HR paths, while barotactic-resistant cells present high levels of
macropinocytosis at the leading edge. Exocytosis of macropinosomes at the trailing
edge diminishes cell resistance to the extracellular flow, which allow them to follow
high HR paths. Interstitial pressure increases the expression of NMDAR and the
exocytosis of its ligand, glutamate. Downstream activation of NMDAR triggers Rac
activity and an increase of intracellular calcium levels, which could potentially induce

macropinocytosis to induce amoeboid-like migration.

References

1. Kuo J-C. Mechanotransduction at focal adhesions: integrating cytoskeletal
mechanics in migrating cells. J Cell Mol Med [Internet]. 2013;17(6):704-12.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/23551528

2. Kassianidou E, Probst D, Jager J, Lee S, Roguet A-L, Schwarz US, et al.
Extracellular Matrix Geometry and Initial Adhesive Position Determine Stress
Fiber Network Organization during Cell Spreading. Cell Rep [Internet].
2019;27(6):1897-1909.e4. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/31067472

3. Maritzen T, Schachtner H, Legler DF. On the move: endocytic trafficking in cell
migration. Cell Mol Life Sci [Internet]. 2015;72(11):2119-34. Available from:
http://link.springer.com/10.1007/s00018-015-1855-9

4, Kim M-C, Neal DM, Kamm RD, Asada HH. Dynamic Modeling of Cell Migration
and Spreading Behaviors on Fibronectin Coated Planar Substrates and
Micropatterned Geometries. Alber MS, editor. PLoS Comput Biol [Internet].
2013 Feb;9(2):1002926. Available from:
https://dx.plos.org/10.1371/journal.pcbi.1002926

5. Insall RH, Machesky LM. Actin Dynamics at the Leading Edge: From Simple
Machinery to Complex Networks. Dev Cell [Internet]. 2009;17(3):310-22.
Available from: https://www.cell.com/developmental-cell/fulltext/S1534-
5807(09)00348-
7?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2F
$1534580709003487%3Fshowall%3Dtrue

6. Jansen KA, Atherton P, Ballestrem C. Mechanotransduction at the cell-matrix
interface. Semin Cell Dev Biol [Internet]. 2017;71:75-83. Available from:
https://www.sciencedirect.com/science/article/pii/S1084952116303895

7. Doyle AD, Yamada KM. Mechanosensing via cell-matrix adhesions in 3D
microenvironments. Exp Cell Res [Internet]. 2016;343(1):60-6. Available from:
https://www.sciencedirect.com/science/article/pii/S0014482715301403?via%3
Dihub



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hogrebe NJ, Reinhardt JW, Gooch KJ. Biomaterial microarchitecture: a potent
regulator of individual cell behavior and multicellular organization. J Biomed
Mater Res Part A [Internet]. 2017;105(2):640-61. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1002/jbm.a.35914

Van Goethem E, Poincloux R, Gauffre F, Maridonneau-Parini |, Le Cabec V.
Matrix architecture dictates three-dimensional migration modes of human
macrophages: differential involvement of proteases and podosome-like
structures. J Immunol [Internet]. 2010;184(2):1049—61. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/20018633

Petrie RJ, Yamada KM. Multiple mechanisms of 3D migration: the origins of
plasticity. Curr Opin Cell Biol [Internet]. 2016;42:7-12. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27082869

Mayor S, Pagano RE. Pathways of clathrin-independent endocytosis. Nat Rev
Mol Cell Biol [Internet]. 2007;8(8):603—12. Available from:
http://www.nature.com/articles/nrm2216

Elkin SR, Lakoduk AM, Schmid SL. Endocytic Pathways and Endosomal
Trafficking: A Primer. Wien Med Wochenschr [Internet]. 2016;166(7-8):196—
204. Available from:
http://europepmc.org/backend/ptpmcrender.fcgi?accid=PMC4873410&blobtyp
e=pdf

Mousavi SA, Malergd L, Berg T, Kjeken R. Clathrin-dependent endocytosis.
Biochem J [Internet]. 2004;377(Pt 1):1-16. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/14505490

Schreij AMA, Fon EA, McPherson PS. Endocytic membrane trafficking and
neurodegenerative disease. Cell Mol Life Sci [Internet]. 2016;73(8):1529-45.
Available from: http://link.springer.com/10.1007/s00018-015-2105-x
McMahon HT, Boucrot E. Molecular mechanism and physiological functions of
clathrin-mediated endocytosis. Nat Rev Mol Cell Biol [Internet]. 2011;12(8):517-
33. Available from: http://www.nature.com/articles/nrm3151

Tsygankova OM, Keen JH. A unique role for clathrin light chain a in cell
spreading and migration. J Cell Sci [Internet]. 2019;jcs.224030. Available from:
http://jcs.biologists.org/content/early/2019/04/09/jcs.224030.abstract

Heath RJW, Insall RH. F-BAR domains: multifunctional regulators of membrane
curvature. J Cell Sci [Internet]. 2008;121(Pt 12):1951-4. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18525024

Gu F, Crump CM, Thomas G. Trans-Golgi network sorting. Cell Mol Life Sci
[Internet]. 2001;58(8):1067—-84. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/11529500

Fridolfsson HN, Roth DM, Insel PA, Patel HH. Regulation of intracellular signaling
and function by caveolin. FASEB J Off Publ Fed Am Soc Exp Biol [Internet].
2014;28(9):3823—-31. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24858278

Elkhatib N, Bresteau E, Baschieri F, Rioja AL, Van Niel G, Vassilopoulos S, et al.
Tubular clathrin/AP-2 lattices pinch collagen fibers to support 3D cell migration.
Science (80- ). 2017;356(6343).

Ramirez-Santiago G, Robles-Valero J, Morlino G, Cruz-Adalia A, Pérez-Martinez
M, Zaldivar A, et al. Clathrin regulates lymphocyte migration by driving actin



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

accumulation at the cellular leading edge. Eur J Immunol [Internet].
2016;46(10):2376—87. Available from:
http://doi.wiley.com/10.1002/eji.201646291

Gautier JJ, Lomakina ME, Bouslama-Oueghlani L, Derivery E, Beilinson H, Faigle
W, et al. Clathrin is required for Scar/Wave-mediated lamellipodium formation.
J Cell Sci [Internet]. 2011;124(Pt 20):3414-27. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22010197

Bucher D, Mukenhirn M, Sochacki KA, Saharuka V, Huck C, Zambarda C, et al.
Focal adhesion-generated cues in extracellular matrix regulate cell migration by
local induction of clathrin-coated plaques. bioRxiv [Internet]. 2018;493114.
Available from: https://www.biorxiv.org/content/early/2018/12/11/493114
Baschieri F, Dayot S, Elkhatib N, Ly N, Capmany A, Schauer K, et al. Frustrated
endocytosis controls contractility-independent mechanotransduction at
clathrin-coated structures. Nat Commun [Internet]. 2018;9(1):3825. Available
from: http://www.nature.com/articles/s41467-018-06367-y

Zuidema A, Wang W, Kreft M, Te Molder L, Hoekman L, Bleijerveld OB, et al.
Mechanisms of integrin aVB5 clustering in flat clathrin lattices. J Cell Sci
[Internet]. 2018;131(21):jcs221317. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/30301780

Leyton-Puig D, Isogai T, Argenzio E, Van Den Broek B, Klarenbeek J, Janssen H, et
al. Flat clathrin lattices are dynamic actin-controlled hubs for clathrin-mediated
endocytosis and signalling of specific receptors. Nat Commun [Internet].
2017;8(May):1-14. Available from: http://dx.doi.org/10.1038/ncomms16068
Leckband DE, de Rooij J. Cadherin Adhesion and Mechanotransduction. Annu
Rev Cell Dev Biol [Internet]. 2014;30(1):291-315. Available from:
http://www.annualreviews.org/doi/10.1146/annurev-cellbio-100913-013212
Singh P, Carraher C, Schwarzbauer JE. Assembly of Fibronectin Extracellular
Matrix. Annu Rev Cell Dev Biol [Internet]. 2010;26(1):397—419. Available from:
http://www.annualreviews.org/doi/10.1146/annurev-cellbio-100109-104020
Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in development
and disease. Nat rev mol cell biol. 2014;15(12):786—801.

Teckchandani A, Mulkearns EE, Randolph TW, Toida N, Cooper JA. The clathrin
adaptor Dab2 recruits EH domain scaffold proteins to regulate integrin 1
endocytosis. Mol Biol Cell. 2012;23(15):2905-16.

Lock JG, Jones MC, Askari JA, Gong X, Oddone A, Olofsson H, et al. Reticular
adhesions are a distinct class of cell-matrix adhesions that mediate attachment
during mitosis. Nat Cell Biol [Internet]. 2018;20(11):1290-302. Available from:
http://www.nature.com/articles/s41556-018-0220-2

Willier S, Butt E, Grunewald TGP. Lysophosphatidic acid (LPA) signalling in cell
migration and cancer invasion: A focussed review and analysis of LPA receptor
gene expression on the basis of more than 1700 cancer microarrays. Biol Cell.
2013;105(8):317-33.

Terada N, Nakahara K, Nagai T, Mukai S, Tsukino H, Kamibeppu T, et al.
Caveolin-1 and -2 regulate cell motility in castration-resistant prostate cancer.
Res Reports Urol. 2018;Volume 10:135-44.

Diaz-Valdivia N, Bravo D, Huerta H, Henriquez S, Gabler F, Vega M, et al.
Enhanced caveolin-1 expression increases migration, anchorage-independent



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

growth and invasion of endometrial adenocarcinoma cells. BMC Cancer.
2015;15(1):1-11.

Diaz-Valdivia NI, Calderdn CC, Diaz JE, Lobos-Gonzélez L, Sepulveda H, Ortiz R,
et al. Anti-neoplastic drugs increase caveolin-1-dependent migration, invasion
and metastasis of cancer cells. Oncotarget. 2017;8(67):111943-65.

Rao X, Evans J, Chae H, Pilrose J, Kim S, Yan P, et al. CpG island shore
methylation regulates caveolin-1 expression in breast cancer. Oncogene
[Internet]. 2013;32(38):4519. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3787796/

Strippoli R, Loureiro J, Moreno V, Benedicto |, Pérez ML, Barreiro O, et al.
Transition and Fibrosis During Peritoneal Dialysis. 2015;7(1):102-23.
Grande-Garcia A, Echarri A, de Rooij J, Alderson NB, Waterman-Storer CM,
Valdivielso JM, et al. Caveolin-1 regulates cell polarization and directional
migration through Src kinase and Rho GTPases. J Cell Biol [Internet].
2007;177(4):683—94. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17517963

Sun X-H, Flynn DC, Castranova V, Millecchia LL, Beardsley AR, Liu J. Identification
of a novel domain at the N terminus of caveolin-1 that controls rear polarization
of the protein and caveolae formation. J Biol Chem [Internet].
2007;282(10):7232—-41. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17213184

Kortum RL, Fernandez MR, Costanzo-Garvey DL, Johnson HJ, Fisher KW, Volle DJ,
et al. Caveolin-1 Is Required for Kinase Suppressor of Ras 1 (KSR1)-Mediated
Extracellular Signal-Regulated Kinase 1/2 Activation, H-RasV12-Induced
Senescence, and Transformation. Mol Cell Biol. 2014;34(18):3461-72.

Pedro L, Shields JD. Podoplanin interaction with caveolin-1 promotes tumour
cell migration and invasion. bioRxiv [Internet]. 2018;488304. Available from:
https://www.biorxiv.org/content/early/2018/12/06/488304

Ong CC, Jubb AM, Jakubiak D, Zhou W, Rudolph J, Haverty PM, et al. P21-
Activated Kinase 1 (PAK1) as a Therapeutic Target in BRAF Wild-Type Melanoma.
JNCI J Natl Cancer Inst [Internet]. 2013;105(9):606—7. Available from:
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djt054

Acton SE, Farrugia AJ, Astarita JL, Mourdo-Sa D, Jenkins RP, Nye E, et al.
Dendritic cells control fibroblastic reticular network tension and lymph node
expansion. Nature [Internet]. 2014;514(7523):498-502. Available from:
http://www.nature.com/articles/nature13814

Cueni LN, Hegyi I, Shin JW, Albinger-Hegyi A, Gruber S, Kunstfeld R, et al. Tumor
lymphangiogenesis and metastasis to lymph nodes induced by cancer cell
expression of podoplanin. Am J Pathol [Internet]. 2010;177(2):1004-16.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/20616339

Lee J-L, Wang M-J, Sudhir P-R, Chen J-Y. CD44 engagement promotes matrix-
derived survival through the CD44-SRC-integrin axis in lipid rafts. Mol Cell Biol
[Internet]. 2008;28(18):5710-23. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18644869

Razinia Z, Castagnino P, Xu T, Vazquez-Salgado A, Puré E, Assoian RK. Stiffness-
dependent motility and proliferation uncoupled by deletion of CD44. Sci Rep
[Internet]. 2017;7(1):16499. Available from:



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

http://www.nature.com/articles/s41598-017-16486-z

Ferrari LF, Araldi D, Bogen O, Levine JD. Extracellular matrix hyaluronan signals
via its CD44 receptor in the increased responsiveness to mechanical stimulation.
Neuroscience [Internet]. 2016;324:390-8. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/26996509

Govindaraju P, Todd L, Shetye S, Monslow J, Puré E. CD44-dependent
inflammation, fibrogenesis, and collagenolysis regulates extracellular matrix
remodeling and tensile strength during cutaneous wound healing. Matrix Biol
[Internet]. 2019;75-76:314-30. Available from:
https://www.sciencedirect.com/science/article/pii/S0945053X18301276?via%3
Dihub

Wei Y, Yang X, Liu Q, Wilkins JA, Chapman HA. A role for caveolin and the
urokinase receptor in integrin-mediated adhesion and signaling. J Cell Biol
[Internet]. 1999;144(6):1285-94. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/10087270

Arias-Salgado EG, Lizano S, Sarkar S, Brugge JS, Ginsberg MH, Shattil SJ. Src
kinase activation by direct interaction with the integrin cytoplasmic domain.
Proc Natl Acad Sci U S A [Internet]. 2003;100(23):13298-13302. Available from:
www.pnas.orgcgidoil0.1073pnas.2336149100

Simon-Assmann P, Leberquier C, Molto N, Uezato T, Bouziges F, Kedinger M, et
al. Adhesive properties and integrin expression profiles of two colonic cancer
populations differing by their spreading on laminin. J Cell Sci [Internet].
1998;107(3):577-87. Available from:
http://jcs.biologists.org/content/111/20/3119.long

Oka N, Yamamoto M, Schwencke C, Kawabe J, Ebina T, Ohno S, et al. Caveolin
interaction with protein kinase C. Isoenzyme-dependent regulation of kinase
activity by the caveolin scaffolding domain peptide. J Biol Chem [Internet].
1997;272(52):33416-21. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/9407137

Wang Y, Song Y, Che X, Zhang L, Wang Q, Zhang X, et al. Caveolin-1 enhances
RANKL-induced gastric cancer cell migration. Oncol Rep. 2018;40(3):1287-96.
Penuel E, Steven Martin G. Transformation by v-Src: Ras-MAPK and PI3K-mTOR
Mediate Parallel Pathways [Internet]. Vol. 10, Molecular Biology of the Cell.
1999. Available from:
http://europepmc.org/backend/ptpmcrender.fcgi?accid=PMC25360&blobtype=
pdf

Diaz J, Mendoza P, Ortiz R, Diaz N, Leyton L, Stupack D, et al. Rab5 is required in
metastatic cancer cells for Caveolin-1-enhanced Racl activation, migration and
invasion. J Cell Sci. 2014;127(11):2401-6.

Park SY, Park JW, Lee GW, Li L, Chun YS. Inhibition of neddylation facilitates cell
migration through enhanced phosphorylation of caveolin-1in PC3 and U373MG
cells. BMC Cancer. 2018;18(1):1-11.

Banning A, Babuke T, Kurrle N, Meister M, Ruonala M, Tikkanen R. Flotillins
Regulate Focal Adhesions by Interacting with a-Actinin and by Influencing the
Activation of Focal Adhesion Kinase. Cells. 2018;7(4):28.

Vassilieva E V., Ivanov Al, Nusrat A. Flotillin-1 stabilizes caveolin-1 in intestinal
epithelial cells. Biochem Biophys Res Commun. 2009;379(2):460-5.



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Guo A yun, Liang X jun, Liu R jie, Li X xiao, Bi W, Zhou L ying, et al. Flotilin-1
promotes the tumorigenicity and progression of malignant phenotype in human
lung adenocarcinoma. Cancer Biol Ther. 2017;18(9):715-22.

Jang D, Kwon H, Choi M, Lee J, Pak Y. Sumoylation of Flotillin-1 promotes EMT in
metastatic prostate cancer by suppressing Snail degradation. Oncogene
[Internet]. 2019;3248-60. Available from: http://dx.doi.org/10.1038/s41388-
018-0641-1

Otto GP, Nichols BJ. The roles of flotillin microdomains-endocytosis and beyond.
J Cell Sci [Internet]. 2011;124(Pt 23):3933—40. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22194304

Strauss K, Goebel C, Runz H, Mdbius W, Weiss S, Feussner |, et al. Exosome
secretion ameliorates lysosomal storage of cholesterol in Niemann-Pick type C
disease. J Biol Chem [Internet]. 2010;285(34):26279—88. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/20554533

Babuke T, Ruonala M, Meister M, Amaddii M, Genzler C, Esposito A, et al.
Hetero-oligomerization of reggie-1/flotillin-2 and reggie-2/flotillin-1 is required
for their endocytosis. Cell Signal [Internet]. 2009;21(8):1287-97. Available from:
https://www.sciencedirect.com/science/article/pii/S0898656809001144?via%3
Dihub

Hulsbusch N, Solis GP, Katanaev VL, Stuermer CAO. Reggie-1/Flotillin-2 regulates
integrin trafficking and focal adhesion turnover via Rab11a. Eur J Cell Biol
[Internet]. 2015;94(11):531-45. Available from:
https://www.sciencedirect.com/science/article/pii/S0171933515000722?via%3
Dihub

Pankov R, Endo Y, Even-Ram S, Araki M, Clark K, Cukierman E, et al. A Rac switch
regulates random versus directionally persistent cell migration. J Cell Biol
[Internet]. 2005;170(5):793—-802. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16129786

Munderloh C, Solis GP, Bodrikov V, Jaeger FA, Wiechers M, Malaga-Trillo E, et al.
Reggies/flotillins regulate retinal axon regeneration in the zebrafish optic nerve
and differentiation of hippocampal and N2a neurons. J Neurosci [Internet].
2009;29(20):6607-15. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19458231

Cai B, Xie S, Caplan S, Naslavsky N. GRAF1 forms a complex with MICAL-L1 and
EHD1 to cooperate in tubular recycling endosome vesiculation. Front Cell Dev
Biol. 2014;2(May):1-14.

Francis MK, Holst MR, Vidal-Quadras M, Henriksson S, Santarella-Mellwig R,
Sandblad L, et al. Endocytic membrane turnover at the leading edge is driven by
a transient interaction between Cdc42 and GRAF1. J Cell Sci.
2015;128(22):4183-95.

Lundmark R, Doherty GJ, Howes MT, Cortese K, Vallis Y, Parton RG, et al. The
GTPase-Activating Protein GRAF1 Regulates the CLIC/GEEC Endocytic Pathway.
Curr Biol [Internet]. 2008;18(22):1802-8. Available from:
https://www.sciencedirect.com/science/article/pii/S0960982208014139?via%3
Dihub

Doherty GJ, Ahlund MK, Howes MT, Moren B, Parton RG, McMahon HT, et al.
The endocytic protein GRAF1 is directed to cell-matrix adhesion sites and



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

regulates cell spreading. Mol Biol Cell. 2011;22(22):4380-9.

Holst MR, Vidal-Quadras M, Larsson E, Song J, Hubert M, Blomberg J, et al.
Clathrin-Independent Endocytosis Suppresses Cancer Cell Blebbing and Invasion.
Cell Rep. 2017;20(8):1893-905.

Howes MT, Kirkham M, Riches J, Cortese K, Walser PJ, Simpson F, et al. Clathrin-
independent carriers form a high capacity endocytic sorting system at the
leading edge of migrating cells. J Cell Biol [Internet]. 2010;190(4):675-91.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/20713605

Yu C, Rafig NBM, Krishnasamy A, Hartman KL, Jones GE, Bershadsky AD, et al.
Integrin-Matrix Clusters Form Podosome-like Adhesions in the Absence of
Traction Forces. Cell Rep [Internet]. 2013;5(5):1456—-68. Available from:
https://www.sciencedirect.com/science/article/pii/S2211124713006396?via%3
Dihub

Poulter NS, Pollitt AY, Davies A, Malinova D, Nash GB, Hannon MJ, et al. Platelet
actin nodules are podosome-like structures dependent on Wiskott—Aldrich
syndrome protein and ARP2/3 complex. Nat Commun [Internet].
2015;6(1):7254. Available from: http://www.nature.com/articles/ncomms8254
Block MR, Badowski C, Millon-Fremillon A, Bouvard D, Bouin A-P, Faurobert E, et
al. Podosome-type adhesions and focal adhesions, so alike yet so different. EurJ
Cell Biol [Internet]. 2008;87(8—9):491-506. Available from:
https://www.sciencedirect.com/science/article/pii/S0171933508000526
Takkunen M, Hukkanen M, Liljestréom M, Grenman R, Virtanen |. Podosome-like
structures of non-invasive carcinoma cells are replaced in epithelial-
mesenchymal transition by actin comet-embedded invadopodia. J Cell Mol Med
[Internet]. 2010;14(6b):1569. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19656240

Regev M, Sabanay H, Kartvelishvily E, Kam Z, Bershadsky AD. Involvement of
Rho GAP GRAF1 in maintenance of epithelial phenotype. Cell Adhes Migr
[Internet]. 2017;11(4):367-83. Available from:
https://doi.org/10.1080/19336918.2016.1227910

Alanko J, Mai A, Jacquemet G, Schauer K, Kaukonen R, Saari M, et al. Integrin
endosomal signalling suppresses anoikis. Nat Cell Biol [Internet].
2015;17(11):1412-21. Available from: http://www.nature.com/articles/ncb3250
Moreau HD, Blanch-Mercader C, Attia R, Alraies Z, Maurin M, Bousso P, et al.
Macropinocytosis Overcomes Directional Bias Due to Hydraulic Resistance to
Enhance Space Exploration by Dendritic Cells. Ssrn. 2018;171-88.

Prentice-Mott H V., Chang C-H, Mahadevan L, Mitchison TJ, Irimia D, Shah J V.
Biased migration of confined neutrophil-like cells in asymmetric hydraulic
environments. Proc Natl Acad Sci [Internet]. 2013;110(52):21006—11. Available
from: http://www.pnas.org/cgi/doi/10.1073/pnas.1317441110

John S. Bacoside A Induces Tumor Cell Death in Human Glioblastoma Cell Lines
through Catastrophic Macropinocytosis. Front Mol Neurosci. 2017;10(June):1—
22.

Bloomfield G, Kay RR. Uses and abuses of macropinocytosis. J Cell Sci [Internet].
2016;129:2697-705. Available from:
http://jcs.biologists.org/content/joces/129/14/2697 .full.pdf

Li L, Hanahan D. Hijacking the neuronal NMDAR signaling circuit to promote



84.

85.

86.

87.

tumor growth and invasion. Cell [Internet]. 2013;153(1):86—100. Available from:
http://dx.doi.org/10.1016/j.cell.2013.02.051

Li L, Zeng Q, Bhutkar A, Galvan JA, Karamitopoulou E, Noordermeer D, et al.
GKAP Acts as a Genetic Modulator of NMDAR Signaling to Govern Invasive
Tumor Growth. Cancer Cell. 2018;33(4):736-751.e5.

Tejada-Simon MV, Villasana LE, Serrano F, Klann E. NMDA receptor activation
induces translocation and activation of Rac in mouse hippocampal area CA1l.
Biochem Biophys Res Commun [Internet]. 2006;343(2):504—12. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16546126

GaoY,WangZ, Hao Q, Li W, Xu Y, Zhang J, et al. Loss of ERa induces amoeboid-
like migration of breast cancer cells by downregulating vinculin. Nat Commun
[Internet]. 2017;8:14483. Available from:
http://www.nature.com/doifinder/10.1038/ncomms14483

Nagano M, Hoshino D, Koshikawa N, Akizawa T, Seiki M. Turnover of Focal
Adhesions and Cancer Cell Migration. Int J Cell Biol [Internet]. 2012;2012:1-10.
Available from: http://www.hindawi.com/journals/ijcb/2012/310616/



Leading edge

N
N \ P
2 - - Y \\/ \‘_ ‘~§~
7 SoA \ e
L gr—
L gre—
/ o e
=
Sz -
IA\\ PPT e T -
~ 7 Sse
< e ™
- ~ . R
’ L 3 s
o LN R2S
’ > SS
4 < b
g0 < ) N
P ~ . s
) v ~.
> . = : D
+and . 3 '~
; «..,,Extracellulartopographlciltueg, R
& “\\ 4
~
~
$a. ~
-
s
~

Clathrin

ROCK pathway

v

TCAL-mediated adhesion
dynamics

&

Actin reorganization 3



Figure 2.

A Leading edge - _ _ _ B Trailing edge
R ’\,\x\ R
ECM remodeHing/Tissue stiffening T ——
V e L g .
S TN
'/ - - \\\‘Podopla!r]ir_n ....................... '

-

-

L/ AN
eRw
\ ‘4’ Rear polarisation
Directional migration
Cell adhesion ¢ PI3K/Akt activation Cell adhesion
Cell spreading \ Y J

Directional migration
Cell migration



Figure 3.

Palmitoylated Flot-1/2

[ Racl ][ RhoA ][ Cdc42 ]’

I
| J
Y UBCY ER
¢ Actin remodelling & Flot-1/2
FA turnover l

) . . Nucleus
Anchorage independent proliferation

Snail

> EMT/Metastasis

Snail degradation



—— —— — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —

Integrin recycling
ROCK pathway

| 4
EMT, _)

————— — — — — — — — — — — — — — — — — —

O
Actin CLIC pathway
W w —_—
|
TRE vesiculation |
I
|
\ 1 //
\
\ Lysosomal degradation //
N ~ o
P JGATEA DR A B S = N
/" B \
/ GRAF1 —positive cells \

Cell volume decreases

e

Balanced cell surface

GRAF1 —negative cells

Cell volume decreases

_—

e e e e e e e e e e e - e e
— —— —— — — — — — — — — — — — — —




Figure 5.

4_ ___________________________ =
N .B'a'r'otac-tic.cell | ABai"otactic- resistant cell / | |
R i, 1' S 4 /?l | - e P High interstitial fluid pressure :
etracting |'Exocytosis : 3 % . OO R ¥ Sen s
: I . : .’. .'a:"“
protrusion | : {: 1 N |
| ' e Q.. 9 I
.. o R Q Q -
o Vi B o 0 |
.. . Pokia, ., Q o)
- £ A T : 0 I
_____________ oo ’ S I Q |
o & .. 1 Macropinocytosis aadil o
B | \ | NMDAR oa '
Protrusion extension | . \ | oo o I
' \ ® e Q I
v S R |
—————l | o l
v - ° |
Low HR High HR \ | Rac activation Influx of Ca?* ions Q e o |
\ | \ 1 Q - |
\ : \ I e 9 I
\\ | N “' Q o :
\ | Macropinocytosis I
\ | |
\| . |
\l Glutamate exocytosis |



