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Preface to ”Cell Motility and Cancer”

Cell motility is a crucial systemic behavior essential for a plethora of fundamental biological

processes and human diseases. Migration is an intrinsic key property of cells necessary for

embryogenesis, tissue repair, inflammation, autoimmunity, and other fundamental physiological

activities. There has been notable progress in the understanding of biochemical mechanisms involved

in cell migration, however, how unicellular organisms efficiently regulate their locomotion system at

a systemic level is a topic that still remains unresolved.

Cancer is a leading human disease with persistent high mortality rates that poses a serious

economical concern for health systems in Western societies. Malignant tumors are now understood

as communities of billions of individuals (cells) characterized by a variable tendency to invade locally

and to metastasize to distant organs. Both local invasion and metastases have received much attention

in recent years, and both take place through tumor cell migration.

This Special Issue is conceived as a forum for basic, translational, and clinical research related to

cell directional motility mechanisms and tumor cell migration. Under such a generic umbrella, basic

researchers in biology, systems biology, and other quantitative sciences, as well as in physiology and

pharmacology, will have the opportunity to join clinical specialties in medical oncology, biochemistry,

immunology, and pathology. Such unique convergence of disciplines will enrich the panorama of a

central characteristic of malignant tumors, cell motility.

José I. López, Ildefonso M. de la Fuente

Editors
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Motility is an inherent characteristic of living cells manifesting cell migration, a
fundamental mechanism of survival and development. In unicellular organisms, cell
migration is needed to prey and escape from predators. In multicellular individuals,
however, embryogenesis, tissue repair, and adaptation to external changes do happen
through cell migration. Cancer cells also display motile abilities; actually, aggressiveness in
most malignant tumors depends fundamentally on two properties related to cell motility:
local invasion and metastases.

This Special Issue contains up to fourteen contributions focusing on the cell motil-
ity/cancer binomial from very different approaches and tries to serve as a showcase/sample
book of the enormous possibilities still pending to be analyzed and discovered in the field.
Eight articles and six reviews are in this issue. An international cast of contributors has
deepened in a broad spectrum of specific processes related to cell migration in breast and
colorectal cancers, as well as in rhabdomyosarcoma, melanoma, and Leydig cell tumor of
the testis. The reviews revisit several basic mechanisms related to drug resistance, epithelial-
to-mesenchymal transition processes, and the transfer of knowledge related to motility
from single organisms to cancer cells. Finally, an ecological approach to cancer biology
highlights the benefit obtained to sum on the oncology board allied scientific disciplines.

Rhabdomyosarcoma is a malignant mesenchymal neoplasm more frequently diag-
nosed in childhood and adolescence, where it pursues an aggressive clinical course with
3-year survival rates of only 25%. Skrzypek et al. [1] demonstrate for the first time that
Snail, a transcription factor linked to E-cadherin regulation in epithelial to mesenchymal
transition processes, also regulates the metastatic behavior of rhabdomyosarcoma cells,
both in vivo and in vitro, promoting cell motility, invasion, and chemotaxis. This effect is
accomplished by upregulating the protein expression of Ezrin and Akt. Besides, the au-
thors have shown that the Snail-miRNA axis regulates motility of rhabdomyosarcoma cells,
especially miR-28-3p through indirect modulation of Ezrin levels. The authors conclude
that this new regulatory mechanism of cell motility in this type of sarcoma could be shared
by other mesenchymal neoplasms and propose to consider Snail a potential new target in
future therapy modalities.

Colorectal adenocarcinoma is a common neoplasm in Western countries and a paradig-
matic example of intratumor heterogeneity. Kryczka et al. [2] have observed that ABCC4,
a protein belonging to a superfamily of ATP-binding cassette proteins, can regulate cell
migration in colorectal adenocarcinomas through a cAMP-dependent way. Since the inhibi-
tion of ABCC4 seems to increase the migratory and invasive capacities of these neoplasms,
the authors call attention to such a pathway as a potentially actionable therapeutic target.

Two contributions in this Special Issue deal with breast cancer [3,4], the leading cause
of cancer-related death in European women. In their work, Panzetta et al. [3] study how
the extracellular matrix stiffness interferes in the adhesion and migration properties of
two different mammary cell lines under the exposure of two different X-ray doses. The
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authors conclude that the microenvironment simulating healthy tissue has a radioprotec-
tive role in preventing cell motility and invasion. Instead, a supraphysiological matrix
stiffness promotes cell motility. This cellular response, called durotaxis and originally
described in fibroblasts, observed in mammary cell lines reproduces the results obtained in
previous experiments performed in unicellular organisms (Dictyostelium discoideum and
Caenorhabditis elegans, among others) and melanoma cell lines, as it will be mentioned else-
where in this collection [5]. On the other hand, Levine and Ogunwobi [4] focus their work
on triple-negative breast cancer, a subset of around 10% of mammary carcinomas which
pursues an especially aggressive clinical course. More specifically, they have centered their
research on one of the six subtypes of this tumor variant, that is, the so-called claudin-low
triple-negative breast carcinoma. Such spectrum of molecular variants of triple-negative
breast cancer has been identified based on their specific genomic profiles. In brief, they
have found that targeting the plasmacytoma variant translocation 1 (PTV1) exon 9 results
in the re-expression in these tumors of the claudin 4 protein, this way inhibiting tumor cell
migration. The authors stress that this finding could have important clinical implications
in this specific subset of patients.

Although rare, Leydig cell tumor is probably the most frequent non-germ cell tumor
in the human testis [6]. The majority of them are benign, but a small percentage (<10%)
pursue a malignant course. Here, Ponikwicka-Tyszko et al. [7] have analyzed the effect of
mifepristone, the selective progesterone receptor modulator, in a transgenic mouse model
and two Leydig tumor cell lines. They conclude that mifepristone acts as a membrane
progesterone agonist promoting Leydig cell tumor progression.

Melanoma is a classic model to analyze tumor cell migration in clinics and research [8,9]
and this collection of Cell Motility and Cancer includes three contributions [10–12]. An
Australian clinical study of 306 metastatic melanomas has found that BRAF + NRAS mu-
tations were associated to the central nervous system and liver metastases, while BRAF
mutation was to lymph node metastases and NRAS mutation with lung metastases [8], so
tumor mutation status may advise to direct specifically to these sites the clinical surveil-
lance of these patients. A recent review describes the last advances in the remodeling of
melanoma cell metabolism, e.g., glycosylation and oxidative phosphorylation, along with
its temporal development from nevus to metastases [9]. El-Kharbili et al. [10] delineate
how keratinocytes cooperate with melanoma cells in dermal colonization through dermal-
epidermal junction proteolysis induced by the Tspan8 action. Moreover, the same author
has shown in other studies that its encoding gene, TSPAN8, acts not only in reducing
matrix adherence [13] but also in promoting invasion [14]. The authors conclude that
using Tspan8-blocking antibodies would prevent early melanoma from spreading [10].
Naffa et al. [11] show that PMCA4b, a plasma membrane Ca2+ key pump in the regulation
of cytosolic Ca2+ concentration, regulates melanoma cell migration via remodeling the
actin cytoskeleton. PMCA4b plays a key role in regulating cell polarity through F-actin
rearrangement resulting in a less aggressive phenotype. Interestingly, the same group
has previously shown that PMCA4b inhibits cell migration and metastatic capacities in
BRAF mutant melanoma cells [15]. Kwan et al. [12] analyze the role of LRG1, a leucine-rich
alpha 2 glycoprotein, in melanoma and conclude that this protein is required for metastatic
dissemination but not for cell growth.

Heissig et al. [16] have contributed to this Special Issue with a review of the functional
role of the epidermal growth factor-like protein-7 (EGFL7) in cancer and drug resistance.
This protein is involved in cell migration and neoangiogenesis thus contributing to tumor
metastases. The review includes a detailed description of the protein, its contribution
to the development of a pathological tumor vessel phenotype, its role enhancing tumor
immune escape, its regulation of the extracellular matrix stiffness, and its contribution to
drug resistance.

The cytoskeletal dynamics involved in the epithelial–mesenchymal transition pro-
cesses and their role as potential targets for cancer metastases have been reviewed by
Datta et al. [17]. The key role of the cytoskeleton in cell motility is deeply analyzed in
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this review, from its structure and functions to its implication in epithelial–mesenchymal
transition processes and its importance in multidrug resistance. The authors conclude
that the interplay between cytoskeleton dynamics and epithelial–mesenchymal transition
should be utilized to identify potential biomarkers.

Cheng et al. [18] review the role of peroxisome proliferator-activated receptors (PPAR)
as metabolic regulators in neoplasms. PPARs are essential in reprogramming cancer-
associated fibroblasts and adipocytes and regulate the paracrine and autocrine signaling
of cancer-associated fibroblasts and tumor-associated macrophages/immune cells. The
authors conclude that PPAR-based anticancer treatment could be achieved by modulating
its physiological activity.

Readers interested in knowing how motility mechanisms of unicellular organisms can
be translated to human cancer cells, and how the analysis of motility properties of cells
in a wide variety of protists, worms, insects, etc., have helped to understand cell motility
mechanisms in mammals, have an excellent opportunity reading the review by De la
Fuente and López [5] included in this collection. The authors explain why simple organism
models are necessary to understand human cell behavior. Additionally, they focus on
the similarities between the locomotion system in unicellular eukaryotic organisms and
human cells, the connection between external stimuli (galvanotaxis, chemotaxis, haptotaxis,
barotaxis, durotaxis, etc.), migration, and cancer. They have verified that a cell migratory
behavior can be modified by changes in the signals coming from the external medium
(cellular associative conditioning) [19]. Likewise, the role of the nucleus in cell migration
analyzed from a quantitative perspective is also a special topic in this review [5], linked to
cancer, and in which the authors reflect their own previous experience [20].

Capp et al. [21] connect essential points in cancer biology such as the development
of metastases with strict ecological principles. They conjecture if the so-called Parrondo’s
paradox [22] may play any role in cancer biology. The paradox, defined as how combina-
tions of losing strategies produce a winning outcome, may help to explain some particular
behaviors in biological collectivities. The authors hypothesize if stability is a losing strategy
for malignant cells, why should cell populations with high stochasticity be needed for long
term survival and proliferation, how dormancy can be considered as a losing strategy in
Parrondo’s dynamics, and if the metastatic behavior is a strategy under the paradox [21].
In the authors’ opinion, this perspective may have therapeutic implications. Alternating
two losing strategies, i.e., to treat aggressively a tumor thus promoting the development of
resistant clones and not to treat it at all, the cost of the investment needed to acquire drug
resistance by tumor cells would need to be shared with the cost to maintain tumor cell
proliferation. As proposed by Kam et al. [23], alternating a fake drug (called ersatzdroges)
with a real drug may allow keeping the tumor size constant, without resistance selection.
Interestingly, a close strategy promoting tumor containment has been recently proposed by
Viossat and Noble [24] to avoid, or delay, tumor resistances.

Last but not least, Keller-Pinter et al. [25] review the role of syndecan-4, a transmem-
brane proteoglycan, in cell motility of several tumors, including melanoma, breast and
lung cancers, among others, and point to this protein as a potential therapeutic target.

In conclusion, cell motility is an essential characteristic of cells, from unicellular
organisms to cancer, and this Special Issue has intended to put together very different
viewpoints of the intricated mechanisms involucred on it. Since cell migration is a constant
event in cancer and is responsible for tumor invasion and metastases, the two dismal effects
of neoplasia, this collection of articles and reviews aims to serve as a translational bridge
between basic researchers and clinicians promoting interdisciplinary collaboration. We
hope to meet the objective.

Author Contributions: J.I.L. and I.M.D.l.F. conceived, designed, and wrote the manuscript. Both
authors have read and agreed to the published version of the manuscript.

Funding: This study received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Simple Summary: Cell migration is crucial fReaor metastasis formation and a hallmark of malig-
nancy. The primary cause of high mortality among oncology patients is the ability of cancer cells
to metastasize. To form metastasis, primary tumor cells must be intrinsically able to move. The
transmembrane, heparan sulfate proteoglycan syndecan-4 (SDC4) exhibits multiple functions in
signal transduction by regulating Rac1 GTPase activity and consequently actin remodeling, as well
as regulating focal adhesion kinase, protein kinase C-alpha and the level of intracellular calcium. By
affecting several signaling pathways and biological processes, SDC4 is involved in cell migration un-
der physiological and pathological conditions as well. In this review, we discuss the SDC4-mediated
cell migration focusing on the role of SDC4 in tumor cell movement.

Abstract: Syndecan-4 (SDC4) is a ubiquitously expressed, transmembrane proteoglycan bearing
heparan sulfate chains. SDC4 is involved in numerous inside-out and outside-in signaling processes,
such as binding and sequestration of growth factors and extracellular matrix components, regulation
of the activity of the small GTPase Rac1, protein kinase C-alpha, the level of intracellular calcium, or
the phosphorylation of focal adhesion kinase. The ability of this proteoglycan to link the extracellular
matrix and actin cytoskeleton enables SDC4 to contribute to biological functions like cell adhesion
and migration, cell proliferation, cytokinesis, cellular polarity, or mechanotransduction. The multiple
roles of SDC4 in tumor pathogenesis and progression has already been demonstrated; therefore, the
expression and signaling of SDC4 was investigated in several tumor types. SDC4 influences tumor
progression by regulating cell proliferation as well as cell migration by affecting cell-matrix adhesion
and several signaling pathways. Here, we summarize the general role of SDC4 in cell migration and
tumor cell motility.

Keywords: syndecan-4; proteoglycan; migration; EMT; metastasis; cancer; cell polarity; extracellular
matrix; actin; calcium; centrosome

1. Introduction

Cell migration is a hallmark of tumor cell malignancy and essential for the multistep
process of metastasis formation. The capability of invasion and metastasis enables cancer
cells to escape the primary tumor mass and colonize new terrain in the body [1]. Beyond
its role in metastasis formation and tumor progression, cell motility is essential in a variety
of physiological and pathological tasks, such as tissue regeneration, wound healing, angio-
genesis, embryonic development, as well as immune cell responses [2]. To form metastasis,
primary tumor cells must be intrinsically able to move. These motility mechanisms do not
differ from the normal motility cycles [3].

Epithelial-mesenchymal transition (EMT) is defined as the transdifferentiation of
epithelial cells into motile mesenchymal cells. EMT occurs during different biological
processes, such as embryonic development, tissue regeneration or cancer progression.
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During EMT, cells acquire enhanced invasion ability, escape from apoptotic signals [4]
and gain drug resistance [5]. The epithelial cells maintain cell-to-cell junctions and apico-
basal polarity, whereas mesenchymal cells display a motile phenotype and front-rear
polarity. The loss of apico-basal polarization and the development of front-rear polarity are
characteristic features of EMT. The individual or collective migration of cancer cells require
several steps of EMT. For effective single-cell migration, cells must acquire a complete EMT.
In contrast, collective cell migration requires a wide spectrum of EMT states: the leader
cells gain mesenchymal phenotype, but the follower cells keep the connection with their
neighbors with intact cell-cell junctions [6,7].

EMT is controlled by complex signaling pathways, including transcriptional regu-
lation, epigenetic modifications, alternative splicing and modulated by miRNAs, other
non-coding RNAs, translational control and post-translational modifications [6,8]. The
transforming growth factor beta (TGFβ) signaling is crucial for the induction of EMT, as
well as other signaling pathways, including tyrosine kinase receptor signaling [9,10].

The front-rear polarity of migrating cells is developed during the early stages of
movement. In 2D environment, migrating cells display flattened morphology, while
protrusions of the plasma membrane (i.e., sheet-like lamellipodia and finger-like filopodia)
are formed at the cell’s leading edge (Figure 1) [11]. During migration, cell front defines
the direction of movement as the tail region forms (Figure 1), causing the morphology of
cells to change, forcing them to elongate as a result of actin-cytoskeleton and cell-matrix
rearrangement [12]. The shaped tail region is known as the trailing edge, while the front
region as the leading edge [13].

Figure 1. Schematic structure and polarity of a migrating cell in 2D environment during mesenchymal
cell migration. Contractile actin bundles (stress fibers) in a migrating cell are represented. Arc-shaped
bundles are also observed to move inward under the dorsal cell surface (Arc). At the cell front,
in lamellipodia and filopodia, actin filaments are all polarized with their fast-polymerizing ends
forwards (for pushing); in the body of the cytoskeleton, actin filaments form bipolar assemblies
with myosin to form contractile arrays (for retracting). RhoA: Ras homolog family member A; Ca2+:
Calcium; Rac1: Ras-related C3 botulinum toxin substrate 1; Cdc42: Cell division control protein 42
homolog; PAR: Partitioning-defective (polarity complex); aPKC: Atypical protein kinase C; PIP2:
Phosphatidylinositol 4,5-bisphosphate; PIP3: Phosphatidylinositol 3,4,5-trisphosphate. Image was
created with BioRender.com.

6



Cancers 2021, 13, 3322

Focal adhesions, the cell-matrix contact points, are dynamic, multi-protein structures
composed of over 150 proteins [14]. Cell migration requires the continuous assembly
and disassembly of focal adhesions, formation of new focal adhesions at the front and
disruption at the tail, causing the cell to move [15].

Importantly, migrating cells exhibit different morphologies in vitro in 2D, 3D collagen
or 3D cell derived matrix environments [16]. In contrast to the flattened morphology of
the cells in 2D, in 3D collagen matrix the migrating cells display a spindle-like phenotype
and exhibit multiple small lamellipodia at the leading edge. Moreover, the physical
properties of the collagen substrate also affect cancer cell shape both in 2D and 3D [17].
In 3D cell-derived matrix, cells use lobopodial migration and exhibit a more tubular
shape with lateral blebs and a leading edge that lacks lamellipodia [18]. The in vitro 1D
systems containing matrix fibrils, which usually have a width of 1–2 µm, can closely
mimic the biological characteristics of cell migration in 3D matrix, but not on flat 2D
substrates [18]. In the 3D living environments, cells exhibit multiple types of migration,
such as mesenchymal, amoeboid, lobopodial and collective migration, depending on
the local matrix environment [7,19]. All these migration modes are regulated by the
local extracellular microenvironment, Rho GTPase signaling and non-muscle myosin
contractility [19].

2. Cytoskeletal System during Cell Migration

The cytoskeletal system of the mammalian cells is composed of actin network (micro-
filaments), intermediate filaments and microtubules. The continuous crosstalk between
actin, microtubules and intermediate filaments provides their coordinated dynamics to
facilitate cell migration [7]. Recently, the septin network was also described as the fourth
component of the cytoskeleton. Evidence indicates that all these cytoskeletal systems
participate in mammalian cell motility. The roles of the actin network and microtubules
in cell motility are well characterized, while less is known about the roles of intermediate
filaments and septins.

2.1. Rearrangement of the Actin Cytoskeleton during Migration

The dynamic rearrangement of the actin cytoskeleton and cell-matrix interactions
is a prerequisite for cell migration [20]. Actin stress fibers play a critical role in in cell
adhesion, cell contractility and movement and they are also crucial for preserving and
changing the cell’s shape, as well as determining the mechanical properties of the cell
surface [21,22]. The main components of these actomyosin contractile stress fibers are the
actin microfilaments, myosin II (mechanochemical enzyme) and α-actinin (actin-binding
protein) [23]. There are three main types of stress fibers in a migrating cell: ventral stress
fibers, transverse arcs and dorsal stress fibers [24]. Ventral stress fibers are associated with
focal adhesions at both ends and are located in the tail region of the cells [15]. Transverse
arcs are not connected directly to focal adhesions and usually stream back from the anterior
edge of the cell toward the center. The dorsal stress fibers are located in the front edge of
the cell. They are attached to focal adhesions on the ventral surface of the leading edge
and extend dorsally, towards the cell center to bind to transverse arcs (Figure 1). During
cell migration, the actin fibers are recycled by a retrograde actin flow process, creating a
dynamically active cyclic system [25,26].

Actin polymerization, retrograde actin flow and myosin II-based contractility are all
essential for cell migration [27,28]. Cells move by repeating cycles of cell front protrusion
and attachment, followed by rear decoupling and retraction. Coordinated polymerization
of multiple actin filaments generates protrusive forces that drive plasma membrane protru-
sion to the cell’s leading edge [29]. Contractile force is generated by myosin motors. Not
only the active fibers, but also the cells’ posterior ends are pulled back by this force. Muscle
contraction is identical to this process [30,31].

The “dendritic nucleation” is a mechanism of actin turnover in lamellipodia that
involves Arp2/3 complex continuously nucleating new actin filaments alongside the pre-
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existing “primordial” filaments [32,33]. After that, the newly formed filaments elongate
and push against the plasma membrane. The diameter of the actin filaments is ~7 nm.
They are polar structures, with a plus end (also known as barbed end), where the actin
monomers assemble and a minus and (also known as pointed end), where monomers
disassemble. The barbed end of the filaments is “capped” after a brief period of elongation;
thus, elongation is terminated. Disassembly of the network occurs through a combina-
tion of debranching and severing of actin filaments, followed by depolymerization of
filament fragments [29]. Overall, the array of branched filaments in lamellipodia undergoes
treadmilling by assembling at the front and disassembling throughout its body. Cadherin
complexes regulate actin dynamics mainly via α-catenin, which inhibits Arp2/3-mediated
branching polymerization [34] and recruits formin, an actin nucleator, to adherent junctions.
In addition to their role in providing junctional stability, β-catenin and p120-catenin can act
as transcriptional regulators [35]. The key organizers of the actin cytoskeleton dynamics
are the members of Rho family of small GTPases [36].

2.2. The Role of Intermediate Filaments in Cell Motility

The intermediate filaments are non-polar components of the cytoskeleton with a
diameter of 11 nm. The expression of intermediate filaments is tissue specific. During
tumor development, changes in intermediate filament expression and composition, such
as increases in vimentin levels, are associated with increased invasive capacities [37–39].
Vimentin can act as a scaffold for signaling molecules involved in cell motility [40], as well
as interact with cell-matrix adhesions [41]. Moreover, vimentin organization modulates
the formation of lamellipodia [42]. Keratin intermediate filaments are associated with
cell-cell (desmosomal) and cell-matrix (hemidesmosomal) junctions, thereby regulating cell
shape, cell adhesion and mechanotransduction [41]. Intermediate filaments exhibit a role
in collective migration as well, as keratin filaments control traction forces during collective
migration [43,44].

2.3. The Complex Function of Microtubules in Cell Migration

Microtubules are dynamic components of the cytoskeleton coordinating cellular mi-
gration. They are wider than actin and intermediate filaments with a diameter of 25 nm
and composed of α-tubulin and β-tubulin heterodimers. Microtubule assembly is a polar-
ized process and starts from microtubule organizing centers (MTOCs). In most cell the
centrosomes serve as a major MTOCs stabilizing the minus ends of microtubules; however,
the Golgi complex also participates in microtubule network organization in some cell
types [45].

Microtubules are involved in intracellular transport processes, which are crucial for
delivery of new membrane components and signaling molecules to the leading edges of
migrating cells and the recycling of adhesion receptors (intergrins) [46,47]. The delivery of
membranes, mRNAs and polarity factors to the leading edge of a migrating cell supports
the formation of protrusions [47,48]. Microtubules also contribute to cell motility through
their ability to resist high compressive loads and generate pushing forces to support the
formation and maintenance of cell protrusions [46,49]. Moreover, microtubule cytoskeleton
controls the formation and maturation of focal adhesions [50] and is also essential for the
disassembly of focal adhesions [51].

The microtubule cytoskeleton is an essential regulator of the polarized organization
of migrating cells. During cell motility, microtubules display an asymmetric organization,
thereby creating a front-rear polarity. By providing pulling forces, they move the nucleus
forwards and determine the position of centrosomes [52].

2.4. The Role of Septins in Cell Migration

Septins are guanine nucleotide-binding proteins that are highly conserved in eukary-
otes and polymerize into hetero-oligomeric complexes, filaments, bundles and rings [53,54].
Septins are recognized as novel components of the cytoskeleton; however, they remain
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relatively poorly understood compared with other cytoskeletal systems [54]. The septin
filaments are formed at the cell cortex or in association with other cytoskeletal components,
such as actin or microtubules. By directly associating with cellular membranes, septins are
implicated in providing membrane stability, organization of plasma membrane by serving
as diffusion barriers for membrane proteins and orientation of cell polarity [54]. Moreover,
septins have been shown to function as multimolecular scaffolds by recruiting components
of signaling pathway. Growing evidence indicates the role of septins in cell migration. It
was reported that septin filaments crosslink actin stress fibers, thereby promoting focal
adhesion maturation and cell migration [55].

3. Multiple Functions of Rho GTPases in Cell Motility

The Rho family of small GTPases including Rac1 (Ras-related C3 botulinum toxin
substrate 1), Cdc42 (Cell division control protein 42 homolog) and RhoA (Ras homolog
family member A) are evolutionarily conserved regulators of cell polarity and the actin
cytoskeleton [56]. Rho GTPases function as molecular switches alternating between inac-
tive GDP-bound and active GTP-bound forms. The GTP-bound form binds and activates
downstream effector proteins, thereby regulating different signaling pathways [57]. The
two-state cycle is regulated by three sets of proteins: the guanine nucleotide exchange
factors (GEFs), the GTPase-activating proteins (GAPs) and the guanine dissociation in-
hibitors (GDIs). The GEFs catalyze the exchange of GDP for GTP. GAPs are able to increase
intrinsic GTP hydrolysis and are responsible for switching between the active and inactive
forms of Rho GTPases. Alternating between GDP- and GTP-bound states may involve
cytosol-membrane translocation, as GDIs prevent Rho GTPases from membrane-targeting
and activation [58].

Rho GTPases are crucial molecules in the establishment and sustenance of front-
rear polarity in migrating cells [59]. Moreover, they play a role in cell division, cell
morphology, differentiation and cell migration [60]. Activated Rac1 is enriched along the
leading edge (Figure 1), thereby increasing actin polymerization and the formation of
lamellipodial membrane protrusions [61]. Rac1 activity decreases towards the tail region of
the cell [29,62]. In contrast, RhoA activity is the highest in the tail region (Figure 1) leading
to the appearance of contractile actin bundles (stress fibers). RhoA activity also influences
the development of mature focal adhesions [63].

The formation of filopodia is regulated by the activation of Cdc42 [63,64]. Both Rac1
and Cdc42 are able to activate the Arp2/3 complex, leading to actin polymerization and
the formation of a branched lamellipodial actin network. Cdc42 and Rac1 regulate the
polymerization of cortical actin through the members of the Wiskott–Aldrich syndrome
protein (WASP)/Scar1 superfamily [65]. The interaction of Cdc42/Rac1 with WASP/Scar
proteins unmasks the C-terminal region, thereby mediating the binding of WASP/Scar to
the Arp2/3 complex [66]. Arp2/3 complex binds to the sides of preexisting actin filaments
and stimulates new filament formation to create branched actin networks [32]. Actin
nucleation is induced by Arp2/3 and enhanced by binding of WASP-family carboxyl-
terminal domains to the Arp2/3 complex [66]; therefore, the Arp2/3 and WASP proteins
act as molecular links for Cdc42 and Rac1 induced cortical actin polymerization [67,68].
Beyond the role of Rho GTPases in the regulation of actin polymerization, they are involved
in actin depolymerization as well. Rac1 and RhoA also regulate cofilin activity, thereby
affecting actin depolymerization [69].

4. Front-Rear Polarity of Migrating Cells

The existence of asymmetry within a cell is referred to cell polarity. The polarization of
migrating cells, such as the formation of front-rear edges and the proper orientation of cel-
lular components, is one of the most remarkable conditions for cell movement [15]. Polarity
lipids, such as PIP2 (phosphatidylinositol 4,5-bisphosphate) and PIP3 (phosphatidylinos-
itol 3,4,5-trisphosphate) and 3 sets of polarity protein complexes, such as Par (partition
defective), Crumbs and Scribble complexes are responsible for the establishment and main-
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tenance of cellular polarity [59,70]. During intracellular polarization of migrating cells, the
leading edge is determined by the presence of PIP3, whilst the tail region is determined by
PIP2 [59,71] (Figure 1).

The Par polarity complex, composed of Par3, Par6 and atypical protein kinase C (PKC),
can determine the front of a migrating cell and the accumulation of Rac1 and Cdc42 [72].
Because these proteins are missing in the back of the cell, the formation of protrusions is
inhibited in the rear resulting in directional migration of the cell [15].

During cell migration, actin accumulates in the lamellipodium, thereby creating a
front-rear asymmetry within the cell [73]. Polarization of a migrating cell is also defined by
the positioning of the cell nucleus and reorientation of the Golgi network and microtubule
organizing center towards the leading edge [74,75]. The activity of Rho GTPases is also
asymmetrical during migration creating a gradient between the front and the rear of the
cell [58,61,63,76,77]. The Rac1 and Cdc42 GTPases exhibit high activity at the front which
decreases towards the rear. In contrast, the activity of RhoA is lower at the front and
gradually increases towards the trailing edge [63].

In addition, Tiam1, along with the Par polarity complex, facilitates persistent migra-
tion through the stabilization of anterior-posterior cell polarization [78]. Par3 interacts
with Tiam1, leading to localized Rac1 activation and consequently creating the front-rear
gradient of Rac1 and RhoA GTPases in migrating cells [79]. Because Tiam1-mediated
Rac1 signaling is required for establishing and maintaining cell polarity [80], the impaired
Tiam1 signaling inhibits the formation of front-rear polarization in migrating cells, thereby
inhibiting persistent migration.

Migrating cells also create a front-to-back calcium (Ca2+) gradient that is essential for
cell migration and serves as a coordinator for polarized distribution of molecules [81]. Both
Ca2+ influx from the extracellular space through different Ca2+ channels of the plasma
membrane [82] and Ca2+ release from intracellular stores (primarily the endoplasmic
reticulum) contribute to cytosolic Ca2+ concentration [83]. The increasing front–rear Ca2+

gradient is involved in the disassembly of focal adhesions and, consequently, the rear end
retraction and the movement of the cell. The Ca2+ gradient is required to maintain the
front–rear polarization of migrating cells by restricting spontaneous lamellipodia formation
in the trailing edges [84]. In addition to contractility, changes in intracellular Ca2+ affect the
activity of calmodulin-dependent enzymes and actin-crosslinking proteins, thus playing
a key role in the assembly of adhesions and multilevel junctions [77,85]. High levels of
RhoA activity and subsequent actomyosin contractility define the rear of a migrating cell as
well as an increased Ca2+ concentration and the activation of Ca2+-dependent proteases is
required to cleave focal adhesion proteins. It was suggested by Tsai et al. that the crosstalk
between Ca2+ signaling and Rho GTPases would coordinate the oscillations of these factors
in the leading edges of migrating cells [86].

5. Syndecan Family of Transmembrane Proteoglycans

Syndecans (SDCs) are transmembrane proteoglycans and four family members are
distinguished in vertebrates [87]. Due to their transmembrane structure, the most impor-
tant task of SDCs is to participate in the physical connection and signaling between the
extracellular matrix and the cell. SDCs are major mediators of cellular interactions with the
pericellular environment, thereby contributing critical functions to cell adhesion receptors.
Moreover, they also participate in cell signaling events and numerous biological processes.
The expression of SDCs is cell-, tissue- and development-specific. Syndecan-1 (SDC1),
also known as CD-138, is expressed in endothelial, epithelial, smooth muscle and plasma
cells. Syndecan-2 (SDC2), also known as fibroglycan, is presented mainly in fibroblasts,
mesenchymal tissues, whilst syndecan-3 (SDC3) (N-syndecan) is expressed in neurons and
developing musculoskeletal system. Syndecan-4 (SDC4, ryudocan), unlike other members
of the family, is universally expressed in virtually all cell types in a development state
specific manner [87–89].
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General Structure of Syndecans

SDCs consist of three domains (Figure 2), an N-terminal, variable extracellular domain
(ectodomain), the highly conserved transmembrane domain and the C-terminal intracellu-
lar domain [87,90]. Glycosaminoglycan (GAG) side chains are attached to the core protein
extracellularly [87,88,91]. Near the N-terminus, heparan sulfate (HS) chains are linked
via a tetrasaccharide linker to one of the serine (Ser) residues of the ectodomain by an
O-glycosidic bond [92] (Figure 2). Chondroitin sulfate (CS) side chains are also present
for SDC1 and SDC3 and bind closer to the transmembrane region [92,93] (Figure 2). The
repeating disaccharide of HS is N-acetylglucosamine and uronic acid, which is modified by
sulfate and uronic acid epimerization to iduronic acid. The HS chains contain 2-O-sulfated
iduronic acid and N-, 6-O, or (rarely) 3-O-sulfated glucosamine subunits. In CS chains, N-,
6-O or 4-O-sulfated acetylgalactosamine subunits are present [94,95].

Figure 2. The four-member family of vertebrate syndecans (SDCs). The core proteins of SDC1 and SDC3 are larger than that
of SDC2 and SDC4 and can carry both heparan and chondroitin sulfate chains. The glycosaminoglycan chains are attached
to the serine residues of the core protein. The cytoplasmic domains are composed of two strongly conserved regions (C1
and C2) separated by an SDC-specific variable (V) region. The main interacting partners of the cytoplasmic domain of SDC4
are shown. PIP2: Phosphatidylinositol-4,5-bisphosphate; PKC: Protein kinase C; PDZ: Postsynaptic density protein; CASK:
Calcium/calmodulin-dependent serine protein kinase; Tiam1: T-lymphoma invasion and metastasis-inducing protein 1.
Image was created with BioRender.com.

The extracellular domain has plenty of interacting partners, such as matrix proteins,
e.g., fibronectin, matrix metalloproteinases (MMPs), growth factors and cytokines. SDCs
can recruit soluble ligands, thereby increasing their local concentration and they can also
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modulate the ligand-dependent activation of primary signaling receptors at the cell sur-
face [89,96,97], or can protect growth factor precursors from activation [98]. The role of
SDCs in tumor cell proliferation was reported in numerous cases. SDC1 drives proliferation
through the Wnt/β-catenin pathway in multiple myeloma, but defeats cell growth in col-
orectal carcinoma via the inhibition of JAK1/STAT and Ras/Raf/MEK/ERK pathways [99].
Moreover, SDC1 is the key mediator of the reactive stromal response that promotes the
proliferation of breast cancer cells [100]. SDC2 promotes tumorigenic activity in colon carci-
noma cells [101]. SDC4 regulates autotaxin-β induced proliferation in osteosarcoma [102].
The SDC4-α5β1 integrin mediated cell adhesion to fibronectin reduces tumor cell prolif-
eration, whilst the tenascin-C-mediated inhibition of SDC4-fibronectin interaction and
consequently the impaired fibronectin-induced signaling enhances the proliferation of
glioblastoma cells [103]. The ectodomain of SDCs can also promote the adhesion and pene-
tration of bacteria and viruses [104–107], the uptake of positively charged cell-penetrating
peptides [108], the cell surface binding of cationic poly- and lipoplexes [109], as well as the
cellular internalization of lipoplexes [110]. The ectodomain of SDCs can be cleaved by prote-
olytic enzymes (secretases), such as members of ADAM (disintegrin and metalloproteinase)
family and MMPs. This ectodomain shedding also plays a role in pathophysiological
processes, including inflammation and tissue regeneration [94,105,111,112].

The transmembrane domain is the most conserved part of the molecule and also
shows high similarity within the family. It contains a GXXXG motif that strongly influences
the formation of SDS (sodium dodecyl sulfate) resistant dimers [113,114].

The cytoplasmic domain is short and comprises a variable (V) region that is unique for
each member of the SDC family and two conserved regions preceding (C1) and following
(C2) the V region [91,115]. The C1 region can bind to the members of the FERM (four-point-
one, ezrin, radixin, moezin) family, which are membrane- and actin-associated proteins
and also binds Src kinase and cortactin [116]. The EFYA motif of the C2 region binds PDZ
(postsynaptic density protein) domain containing proteins, such as syntenin, synectin,
synbindin, CASK (calcium/calmodulin-dependent protein kinase) or Tiam1 (T-lymphoma
invasion and metastasis-inducing protein 1) [91,117,118].

6. Structure, Interacting Partners and Signaling of Syndecan-4

SDC4, similarly to other members of the family, is involved in signal transduction
processes across the cell membrane. Unlike other SDCs, it is universally expressed and
present in virtually all cell types. SDC4 plays a major role in cell proliferation, migration,
cell adhesion and it is also involved in cytokinesis, endocytosis and mechanotransduc-
tion [88,97,102,119–123]. The extracellular domain binds several growth factors, such as
FGF2 (fibroblast growth factor-2) [124], HGF (hepatocyte growth factor) [125], VEGF (vas-
cular endothelial growth factor), PDGF (platelet derived growth factor) [117,126], or the
myostatin precursor promyostatin [98] and also different cytokines, like MCP-1 (Monocyte
chemoattractant protein-1) [127], or SDF-1 (Stromal cell-derived factor-1, also known as
CXCL12) [128]. In addition, extracellular matrix components (e.g., fibronectin), proteases,
protease inhibitors are interacting partners, as well. By directly binding to fibronectin,
SDC4 is involved in cell adhesion [129], thereby also influencing cell migration.

SDC4 participates in several signaling pathways and functions as a structural protein
(Figure 2). The V region of the cytoplasmic domain of SDC4 also binds to PIP2 and
activates PKCα [130–133]. SDC4 dimer forms a tetramer with 2 PIP2 molecules, which
binds to the catalytic subunit of PKCα. The resulting activation complex is regulated by
the phosphorylation of the cytoplasmic Ser179 (human Ser179, rat Ser183) of SDC4 [134],
which alters the conformation of the C2 region of the cytoplasmic domain, leading to
loss of PIP2 binding and consequently the lack of PKCα activation [93,135]. PKCα is a
Ca2+-dependent conventional PKC isoform, but its activation through SDC4 is independent
of changes in intracellular Ca2+ levels and consequently it is active in the presence of EDTA
(ethylenediaminetetraacetic acid) [81].
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Moreover, the roles of SDC4 in the regulation of intracellular Ca2+ levels were also
reported. SDC4 regulates transient receptor potential canonical (TRPCs) channels to control
cytosolic Ca2+ equilibria, thus consequently cell behavior. SDC4 can recruit PKCα to target
serine714 of TRPC7 increasing intracellular Ca2+ concentration with a subsequent control
of the cytoskeleton in fibroblasts [136]. However, a direct interaction between SDC4
and TRPC7 has not been reported. In contrast, in podocytes, SDC4 knockdown reduced
the cell surface expression of TRPC6 channel and reduced the Ca2+ concentration [137].
Furthermore, knocking down of SDC4 expression in HaCaT keratinocytes did not affect
intracellular Ca2+ level, whereas silencing the expression of both SDC1 and SDC4 decreased
it by modulating TRPC4 channels [136]. Moreover, the development of intracellular front-
to-rear Ca2+ gradient is also determined by SDC4 in migrating cells [138]. Knocking down
of SDC4 expression decreased cell motility and abrogated Ca2+ gradient and centrosome
reorientation during migration [138].

SDC4 also establishes contact with the actin cytoskeleton through the biding of SDC4
cytoplasmic domain to α-actinin, a cross-linking protein between actin filaments [131].
SDC4 expression affects the nanoscale structure of the lamellipodial actin network during
cell migration. SDC4 knockdown decreased the number of branches as well as the length
of branches of the lamellipodial actin cytoskeleton in migrating cells [138].

6.1. Syndecan-4 and the Regulation of Rac1/RhoA Activity

SDC4 affects Rac1 activation and accumulates active Rac1 at the leading edges of
migrating cells, thus ensuring the formation of membrane extensions [139,140]. The polar-
ized distribution of active Rac1 is essential for directional cell movement. SDC4 knockout
fibroblasts migrate randomly as a result of high delocalized Rac1 activity [140].

Tiam1 is a GEF acting as a specific activator for Rac1 [141]. Tiam1 is involved in
essential biological processes such as cell migration [57] and cell polarization [141]. Via
its relationship with the Arp2/3 complex, Tiam1 regulates actin polymerization and actin
cytoskeleton rearrangement [142]. The direct interaction between SDC4 and Tiam1 has
been previously demonstrated. SDC4 binds Tiam1 via C2 region of the cytoplasmic domain
and the cytoplasmic Ser of SDC4 is also involved in Tiam1 binding [118]. Consequently,
SDC4 regulates Tiam1 binding and Rac1 activity in a Ser179 phosphorylation-dependent
manner [118]. Moreover, SDC4 also affects the expression and distribution of Tiam1 and
influences the persistence of the cell movement in myoblasts [119].

SDC4-dependent binding and activation of PKCα guide PKCα activity to SDC4-
regulated membrane microdomains, where PKCα can phosphorylate specific substrates
locally. Regulators of the small GTPase RhoA, which facilitates focal adhesion and stress
fiber assembly, are potential candidates. RhoA-GTP is necessary for signaling after SDC4
engagement at the cell surface [143], where there is an increase in GTP load and, thus,
activity [144]. RhoGDIα (also known as RhoGDI1), which is considered to be phosphory-
lated, seems to be one of the substrates [144]. The SDC4-dependent activation of RhoA
is mediated by PKCα during focal adhesion formation [144]. Moreover, SDC4-mediated
Rac1 activation is also controlled by the RhoG activation pathway [145]. SDC4 clustering
activates PKCα, which phosphorylates RhoGDI1 at Ser96, thereby triggering the release of
RhoG and leading to polarized activation of Rac1 [145].

6.2. Syndecan-4 and Focal Adhesion Formation

The formation of α5β1 integrin-dependent focal adhesions requires SDC4 enrichment
in focal adhesions [115,143,146,147]. The heparin binding domain of fibronectin binds to
the HS side chains of SDC4 [146,148], thereby fibronectin forms a bridge between SDC4
and α5β1 integrins. The binding of fibronectin to HS chains of SDC4 is essential for focal
adhesion formation [146–148].

During the accumulation of integrins in focal adhesions, focal adhesion kinase (FAK)
is autophosphorylated at Tyr397 to serve as a binding site for Src kinase and subsequently
phosphorylated on additional tyrosine side chains [149]. Because syndecan-4 regulates the
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phosphorylation of FAK, the phosphorylation levels of FAK Tyr397 were lower in SDC4
knockout fibroblasts [150].

PKCα activity is required for the formation of mature focal adhesions. PKCα is directly
linked to β1 integrins [151]. In this way, the cytoplasmic domain of SDC4 binds to β1
integrin indirectly via PKCα [147,151]. The cytoplasmic domain of SDC4 can also bind
to integrin receptors through focal adhesion proteins. The cytoplasmic domain of SDC4
interacts with paxillin through syndesmos [152], which coordinates the organization of
focal adhesions. Paxillin can bind to α4 or α9 and β1 integrins directly or indirectly via
other focal adhesion proteins such as vinculin and talin [153].

SDC4 interacts directly with α-actinin [130,131]. Because α-actinin binds focal adhe-
sion proteins, such as vinculin and zyxin, the α-actinin binding serves as a link between
SDC4, focal adhesions and the cytoskeleton [154]. Moreover, knocking down of SDC4
expression was reported to induce the decoupling of vinculin from F-actin filaments [155].
SDC4 has been identified as a binding partner of dynamin II GTPase via its PH domain
and the interaction between dynamin II and SDC4 is important in mediating focal ad-
hesion and stress-fiber formation [156]. Therefore, SDC4 serves as a central mediator in
focal adhesion formation by bridging the interactions between integrins, fibronectin and
intracellular molecules.

7. SDC4 and Tumor Cell Migration

SDC4 contributes to the development and progression of tumors by affecting cell
proliferation, invasive growth, migration, metastases formation, or angiogenesis [157–159].
SDC4 functions at the cell surface as a signaling interface to affect these processes serving
as a co-receptor for soluble ligands, such as growth factors and chemokines and interacting
with integrins and growth factor receptors [160].

SDC4 expression is dysregulated in several tumor types, in most cases the tumor
cells exhibit SDC4 overexpression [160]. However, it has been also demonstrated, that
SDC4 has the potential to act as an anti-migratory/anti-invasive tumor suppressor [161].
SDC4 expression is downregulated in colon carcinoma cells [162] and it is upregulated
in normal breast tissue compared to malignant breast tissue [163]. However, SDC4 is
overexpressed in melanoma, liver cancer [160], ovarian carcinoma [164], mesothelioma
and fibrosarcoma [165]. SDC4 has previously been linked to a high histological grade
and a negative estrogen receptor status [166], implying that it may be a predictor of poor
prognosis in breast cancer. SDC4-silenced breast carcinoma cells show decreased ability to
form bone metastasis in mice [102] and reduced SDC4 expression is associated with reduced
metastatic potential in testicular germ cell tumors [167]. Increased SDC4 expression is
related to the existence of distant metastasis and increased size of the tumor mass in
osteosarcoma [168], but increased patient survival in renal cell carcinoma [169].

Several studies discuss the role of SDCs in EMT. SDC1 is known to inhibit EMT in
human oral cancer cells [170]. In contrast, SDC1 mediates EMT in prostate cancer [171]
and the expression of SDC1 (and also SDC2) is correlated with EMT markers (E-cadherin,
β-catenin) in prostate cancer [172]. SDC2 has a tumorigenic role by promoting EMT in
colorectal cancer [173]. Less is known about the role of SDC4 in EMT. SDC4 is known to
positively regulate TGFβ1-induced EMT (via Snail) in lung adenocarcinoma cells [174],
whilst SDC4-signalling negatively regulates the production of TGFβ1 (reported in the
kidneys of SDC4 KO mice) [175]. Moreover, SDC4 silencing is shown to repress EMT in
papillary thyroid cancer cells [176].

SDC4 contributes to the regulation of cell motility in various cancer cell types, such as
melanoma, breast cancer, lung, or cervical cancer cells (Table 1).

7.1. Melanoma

SDC4 has a tumor suppressor property in melanoma. SDC4 silencing increases the mi-
gration, whilst SDC4 overexpression decreases the migration of melanoma cells [177–180].
The tumor suppressor role of SDC4 was also shown in vivo as the overexpression of SDC4
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resulted in decreased pulmonary metastatic potential and decreased lymph node metastasis
of B16F10 melanoma cells in mice [179]. Similarly, it has been recently shown, that lumican,
a small leucine-rich proteoglycan, inhibits in vivo metastasis formation of melanoma [181].
Moreover, syntenin-1 negatively regulates cell migration and SDC4-mediated cytoskeletal
organization [179]. FGF2 is essential for the migration of M5 melanoma cells by downregu-
lating FAK Tyr397 phosphorylation during fibronectin-mediated cell adhesion and, thereby
promoting cell migration [177]. FGF2 also decreased SDC4 expression in M5 melanoma
cells [177]. The matricellular protein cysteine-rich angiogenic inducer 61 (Cyr61) interacts
with SDC4, activates integrins and induces metastasis formation, migration and tumori-
genicity in MV3 human melanoma cells [178]. Lysophosphatidylcholine (LysoPC) C18:0
decreased the metastatic spread of murine melanoma cells, the cell membrane rigidification
by LysoPC C18:0 appears to prevent the formation of focal adhesion [180], which is required
for migration and tumor metastasis. Saturated LysoPC activates PKCδ to phosphorylate
SDC4 thereby deactivating PKCα and reducing FAK activity [180].

7.2. Breast Cancer

The role of SDC4 in breast cancers has not clearly been understood, as we have
controversial data regarding the correlation of SDC4 expression and breast cancer prog-
nosis [160,182]. MMPs cleave the extracellular domains of SDCs, which may have a
significant role in tumor progression. ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs)s, a family of secreted proteinases, are involved in the cleavage of
proteoglycans. Overexpression of ADAMTSs in cancer cells might be a possible invasive
mechanism in order to degrade proteoglycans [183]. ADAMTS-15 decreases the migra-
tion of MDA-MB-231 and MCF-7 breast cancer cells in association with the increased cell
surface expression of SDC4 [184]. This effect of ADAMTS-15 is not linked to its metallo-
proteinase function [184]. Moreover, silencing of SDC4 expression rescued the effect of
ADAMTS-15 on cell motility in breast cancer cells [184]. SDC4 silencing decreases EGF-
mediated chemokinesis and human epidermal growth factor receptor 1 (HER1, also known
as EGFR)-induced migration of MCF10A human mammary gland epithelial cells [185].
Overexpression of SDC4 decreases the invasion of breast adenocarcinoma cells into 3D
collagen matrix, whilst SDC4 silencing increases the invasiveness. SDC4 inhibits cell inva-
sion, whilst K-Ras-induced α2β1 integrin and membrane type-1 matrix metalloproteinase
(MT1-MMP) promote this function. The mutational activation of K-Ras increases the ex-
pression of all these proteins suggesting a complex regulatory mechanism of tumor cell
invasiveness and metastasis formation [186].

The antimicrobial peptide LL-37 promotes the migration of breast cancer cells via
PI3K/AKT signaling and increases intracellular Ca2+ levels via Transient Receptor Potential
Cation Channel Subfamily V Member 2 (TRPV2). Because the silencing of SDC4 expression
decreased LL-37-induced migration and decreased Ca2+ influx, SDC4 is essential for both
functions of LL-37 [187]. Moreover, by its GAG chains, SDC4 is crucial for LL-37 binding
to the cell surface [187]. The Ca2+-binding protein S100A4 and its interacting partner,
Ca2+-dependent protein crosslinking enzyme tissue transglutaminase (TG2), promote
tumor cell migration. S100A4 directly interacts with SDC4 and increases the expression of
SDC4, whilst recombinant SDC4 administration inhibits the migration of R37 rat mammary
cells by competing with the cell surface SDC4 [188]. The SDC4-α5β1 integrin signaling
through PKCα participates in TG2/S100A4-mediated tumor cell migration [188]. The
branched peptide NT4 exhibits antagonist binding to the GAG chains of HS proteoglycans.
NT4 binds SDC4, thereby target cancer cells and inhibit their migration and FGF-induced
invasion [189].

Estrogen receptor signaling plays a critical role in the development and progression
of hormone-dependent breast cancer. Estradiol (E2) decreases the expression of SDC4
and insulin-like growth factor receptor (IGFR) regulates the expression of SDC4 in the
presence, as well as in the absence of E2 [190]. The proteoglycan lumican is known to
play a role in estrogen-mediated functions of breast cancer cells, including EMT. Lumican
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downregulates integrin signaling (FAK, Erk1/2, AKT) [191] and inhibits EMT and the
formation of lamellipodia in breast cancer cells [192].

7.3. Lung Cancer

SDC4 participates in tumor growth as the size of lung carcinoma tumors was reduced
in SDC4 KO mice [193]. Increased levels of SDC4 expression were found in response to
lung injury [194], as well as after tumor cell seeding [195]. Moreover, the cell surface
expression of SDC4 is regulated by ADAMTS-1 via MMP9 and SDC4 (together with
ADAMTS-1) inhibits migration of lung endothelial cells [126]. Cell migration is also
inhibited by the interaction of SDC4 and the antifibrotic chemokine CXCL10 in primary
lung fibroblasts [194]. In contrast, SDC4 promotes cell migration and invasion of A549
lung adenocarcinoma cells both in wound healing and chemotaxis assays and SDC4
positively regulates TGFβ1-mediated EMT via Snail [174]. The proteolytic shedding of
SDCs leads to the release of the soluble N-terminal ectodomain from a transmembrane
C-terminal fragment (tCTF). The transmembrane C-terminal fragment (tCTF) of SDC4
increased in vitro migration (examined in wound scratch assay) of SDC1-deficient A459
cells equivalently to that of SDC1 tCTF, whilst the presence of the tCTF of SDC1 was
sufficient for the lung metastasis formation in vivo [196].

7.4. Other Tumor Types

SDC4 contributes to the regulation of cell migration in numerous cancer cell types
and several extracellular modulators of this process are identified. The chemokine SDF-1,
also known as C-X-C motif chemokine 12 (CXCL12), binds to SDC4 thereby regulating
migration and invasion of choriocarcinoma cells [197]. Moreover, SDC4 is essential for
CXCL12-induced migration and invasion of hepatoma cells [198] and human cervix car-
cinoma (HeLa) cells [199]. The extracellular calumenin decreases HeLa cell migration
via SDC4 and α5β1-integrin-dependent suppression of ERK1/2 signaling [200]. Human
epidermal receptor 1 (HER1), also known as epidermal growth factor receptor (EGFR),
induces cell invasion of skin squamous cancer cells via SDC4-dependent activation of α6β4
integrins [185]. Silencing of SDC4 expression decreases migration and invasion of papillary
thyroid cancer cells and inhibits epithelial-mesenchymal transition via Wnt/beta-catenin
pathway [176]. SDC4 is also involved in the RANTES/CCL5 signaling and is necessary in
RANTES/CCL5-induced invasion and migration of hepatoma cell lines [201].

Table 1. Overview of SDC4-dependent migration and SDC4 expression in different tumor cell models.

Cell Type Migration Assay Signaling Pathway Biological Effect Citation

4T1 and MDA-MB-231 breast
cancer cells - -

SDC4 has an anti-migratory,
anti-invasive tumor suppressor

role.
[161]

Colon carcinoma cells - SDC4 expression SDC4 is downregulated in colon
carcinoma cells. [162]

Infiltrating breast carcinoma
tissues - SDC4 expression

SDC4 is upregulated in normal
breast tissue compared to

malignant breast tissue
[202]

Human ovarian carcinoma cell line
NIH:OVCAR5

Modified Boyden chamber
chemotaxis, Matrigel

invasion assay

Carbohydrate
modifications

The migration, invasion and tumor
growth of ovarian carcinoma is
mediated by the carbohydrate

modifications of
proteoglycans.SDC4 is

upregulated in ovarian carcinoma.

[164]

Mesothelioma, fibrosarcoma - SDC4 expression SDC4 is upregulated in
mesothelioma and fibrosarcoma. [165]
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Table 1. Cont.

Cell Type Migration Assay Signaling Pathway Biological Effect Citation

Breast carcinoma samples from
patients - SDC4 expression

SDC4 is associated with high
histological grade and a negative
estrogen receptor status in breast

carcinoma.

[166]

4T1 mouse breast cancer cells - bone metastasis formation
SDC4-silenced breast carcinoma

cells have decreased ability to form
bone metastasis in mice.

[102]

JKT-1 human seminoma cell line,
NTERA-2 human embryonal
carcinoma cell line, NCCIT

teratocarcinoma cell line

-
SDC4

expression—metastatic
potential

Reduced SDC4 expression is
associated with reduced metastatic

potential in testicular germ cell
tumors.

[167]

Patients with primary high grade
intramedullary osteosarcoma, with

low grade central osteosarcoma,
with osteoid osteoma and normal

bone tissues

-
SDC4

expression—metastasis
formation, tumor size

Increased SDC4 expression is
associated with the formation of

distant metastasis
and increased tumor size in

osteosarcoma.

[168]

Renca (mouse), 786-O and Caki-2
(human) renal carcinoma cells

Wound scratch assay,
Transwell assay

High SDC4 expression
in renal cell carcinoma

High SDC4 expression determines
increased patient

survival in renal cell carcinoma.
[169]

M5 human metastatic melanoma
cells

Chemotaxis assay, wound
scratch assay FGF-2/SDC4

FGF-2 regulates melanoma cell
migration

in a SDC4-dependent manner.
[177]

MV3 human melanoma cell line Wound scratch assay Cyr61/SDC4

Cyr61 is exocytosed by binding to
SDC4. Cyr61 binds to and

activates integrins, thus induce
migration, metastasis formation

and tumorigenicity.

[178]

Rat embryonic fibroblasts (REFs),
A375 melanoma cells, B16F10

melanoma cells, C57BL/6 mice

Transwell migration assay,
lung metastasis model

Syntenin-1/SDC4
SDC4—inhibition of

cancer-associated
melanoma migration

SDC4 overexpression decreases
melanoma cell migration in vitro

and reduces the metastatic
potential of melanoma in vivo.
Syntenin-1 negatively regulates

SDC4-mediated inhibition of cell
migration and SDC4-mediated

tumor suppression in melanoma.

[179]

B16.F10 murine melanoma cells Wound scratch assay LysoPC/PKCδ/SDC4/
PKCα/FAK

LysoPC C18:0 decreases the
metastatic spread of melanoma
cells. LysoPC activates PKCδ to

phosphorylate SDC4 thereby
deactivating PKCα

and reducing FAK activity.

[180]

MDA-MB-231 and MCF7 human
breast cancer cells

2D: wound scratch assay
3D: Matrigel and Collagen

Type I
ADAMTS-15/SDC4

Inhibition of mammary cancer cell
migration by ADAMTS-15 requires

SDC4.
[184]

Human HaCat keratinocytes, A431
(human squamous skin epithelial)
carcinoma cells, MCF10A (human
mammary gland epithelial) cells

Wound scratch assay HER1(EGFR)/α6β4
integrin/SDC4

HER1-dependent activation of
α6β4 integrin and α6β4

integrin-mediated cell invasion
require SDC4.

[185]

MDA-MB-231 breast
adenocarcinoma cells

Cell invasion into 3D
collagen gel

Integrin α2β1/MT1-
MMP/SDCs–K-Ras
mutant cell invasion

K-Ras mutant cells show increased
expression of SDC1 and SDC4.

MT1-MMP and α2β1
integrin promote invasive

phenotype,
SDCs reduce invasion into

collagen matrices.

[186]

MCF7, MDA-MB-435s and
MDA-MB-231 breast cancer cells

Migration chamber (insert
with polyethylene filter

with 8 µM pores)

LL-37/SDC4LL-37/
TRPV2/ic. Ca2+

LL-37/PI3K/AKT/
motility

SDC4 is a receptor for LL-37
increasing Ca2+ levels via TRPV2

channels and increasing the
motility of breast cancer cells via

PI3K/AKT signaling.

[187]
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Table 1. Cont.

Cell Type Migration Assay Signaling Pathway Biological Effect Citation

Non-metastatic rat mammary R37
cells, highly metastatic KP1 cells

(R37 cells transfected with S100A4)
Wound scratch assay

SDC4/α5β1
integrin/PKCα—TG2 and

S100A4-mediated cell
migration

S100A4 mediates migration of
tumor cells via SDC4 and α5β1

integrin-mediated PKCα
activation.

[188]

PANC-1 human pancreas
adenocarcinoma cells, HT-29

human colon adenocarcinoma
cells, MCF-7 and MDA-MB-231
human breast adenocarcinoma

cells

- NT4—SDC4

The branched peptide NT4 inhibits
cancer cell migration and

FGF-induced invasion. NT4 binds
to SDC4, the expression of SDC4 is

upregulated breast cancer cells.

[189]

MCF-7 (low metastatic ERa+),
MDA-MB-231 (highly invasive

ERa-) breast cancer cells
Wound scratch assay IGFR/SDC4 expression

IGFR regulates the expression of
SDC4 both in the presence and in
the absence of E2 in breast cancer
cells.IGFR inhibitors reduced the
migration of MCF-7 cells but did

not have a significant effect on
MDA-MB-231 cells.

[190]

C57Bl/6 mouse primary lymphatic
endothelial cells, Lewis lung

carcinoma cells, bone
marrow–derived DCs (BMDCs)

Transwell migration assay,
in vivo migration assay
(BMDCs migration into

lymph node), tumor
growth studies

SDC4—dendritic cell
maturation

SDC4-deficient mice exhibit
impaired tumor growth and

increased infiltration by mature
dendritic cells. SDC4 is the
dominant proteoglycan on

dendritic cells.

[193]

Primary lung fibroblasts Boyden chamber,
chemotaxis assay CXCL10—SDC4

In response to lung injury, the
expression of SDC4 is increased.

SDC4 directly interacts with
CXCL10 and they inhibit the

migration of fibroblasts. SDC4 is
required for the inhibitory effect of

CXCL10 during fibrosis.

[194]

Human blood–derived monocytes,
primary pulmonary endothelial
cells, Lewis lung carcinoma cells

(LLC1)

Boyden chamber,
Transwell assay,

spontaneous metastasis in
mice

-
Increased expression of SDC4 is

observed in endothelial cells after
tumor cell seeding to the lungs.

[195]

Mouse lung endothelial cells
Random migration assay;

ex vivo C57BL/6 mice
aortic ring assay

ADAMTS-1—MMP9—
SDC4

ADAMTS-1 modulates the cell
surface expression of SDC4 via
MMP9. ADAMTS-1 and SDC4

inhibit cell migration, whilst their
inhibition increase angiogenesis.

[126]

A549 human lung adenocarcinoma
cells

Wound scratch assay,
transwell chemotaxis

assay

SDC4/Snail/TGFβ1-
induced EMT

SDC4 promotes migration and
invasion of lung adenocarcinoma
cells. SDC4 positively regulates
TGFβ1-induced EMT (via Snail),
consequently promoting a more

motile phenotype.

[174]

A549 lung tumor epithelial cells

Wound scratch assay,
matrigel invasion assay,

in vivo lung tumor
metastasis

ADAM17–SDC4
cleavage;SDC1—in vivo
lung tumor metastasis

SDC1 tCFT was sufficient to
induce lung metastasis formation
in SCID mice, whilst SDC4 tCFT

achieved as efficient wound
closure as SDC1 tCFT.

(tCTF = transmembrane
C-terminal fragment)

[196]

JAR choriocarcinoma cells Modified Boyden-chamber
chemotactic assay CXCL12/SDC4

SDC4 binds to CXCL12 and
regulates CXCL12-mediated cell
migration and invasion. SDC4

plays a role in the invasiveness of
extravillous cytotrophoblast

in moles.

[197]

18



Cancers 2021, 13, 3322

Table 1. Cont.

Cell Type Migration Assay Signaling Pathway Biological Effect Citation

Huh7 human hepatoma cells
Bio-coat cell migration

chambers, Matrigel
invasion assay

SDF-1
(CXCL12)/CXCR4/SDC4

SDC4 is essential for SDF-1
(CXCL12) induced migration and

invasion of hepatoma cells.
[198]

Human cervix epitheloid
carcinoma (HeLa) cells

Bio-coat cell migration
chambers, Matrigel

invasion assay

SDC4–SDF-1/CXCL12–
PKCδ, JNK/SAPK

SDC4 plays a role in
SDF-1/CXCL12-mediated cell

invasion and chemotaxis. PKCδ
and c-jun NH2-terminal

kinase/stress-activated protein
kinase (JNK/SAPK) are involved
in the SDF-1/CXCL12-induced

cell invasion.

[199]

Human cervix epitheloid
carcinoma (HeLa) cells

Wound scratch assay,
Transwell assays

Calumenin–FN, SDC4,
α5β1 integrin–ERK1/2

Calumenin inhibits cell migration
and tumor metastasis through FN,

SDC4 and α5β1-integrin by the
suppression of ERK1/2 signaling.

[200]

Papillary thyroid cancer cells K1,
BCPAP, TPC-1 and IHH-4, normal

thyroid Nthy-ori3-1 cells

Transwell assay, wound
scratch assay

SDC4—Wnt/β-catenin
signaling pathway

SDC4-silencing decreased
papillary thyroid cancer cell
migration and invasion and
represses EMT. Furthermore,
SDC4-silencing suppresses

Wnt/βcatenin signaling, thus
promoting apoptosis.

[176]

Huh7, HepG2and Hep3B human
hepatoma cells

Bio-coat migration
chambers, Matrigel

invasion assay
RANTES/CCL5—SDC4

SDC4 is essential in
RANTES/CCL5-mediated
hepatoma cell invasion and

migration and its binding to the
cell plasma membrane.

[201]

8. Syndecan-4 and Non-Cancer Cell Migration

Beyond the role of SDC4 in tumor cell migration, SDC4 was shown previously to
affect migration in various non-cancerous cell types as well, including fibroblasts [140],
myoblasts [119,138], endothelial cells [203], or hepatic stellate cells [204]. SDC4 may
also contribute to arthritis development by affecting the migration of B-cells [205] and
the pathogenesis of preeclampsia by modulating trophoblast migration [206]. SDC4 is
necessary for the maturation of dendritic cells, which requires a switch in SDC expression
and the elevated level of SDC4 ensures the increased motility of the cells and their relocation
to the lymphoid tissues [207]. The monitoring of intestinal wound healing in SDC4 KO
mice revealed that SDC4 is necessary for wound closure both in vitro and in vivo [208].
Moreover, in vivo wound healing assays of myofibroblasts indicate that SDC4 is important
for the proper cardiac functions after myocardial infarction as it is a crucial mediator of
granulation tissue formation thereby preventing cardiac rupture [209]. Because SDC4 KO
mice also exhibit impaired angiogenesis, SDC4 may affect angiogenesis by the modulation
of endothelial cell migration [210]. Administration of SDC4 proteoliposomes intensified
the proliferation, migration and angiogenic tube formation of endothelial cells [211].

Shin et al. reported that SDC4 overexpression increased the migration of turkey
satellite cells and increased the activation of RhoA GTPase and these phenomena required
the cytoplasmic domain of SDC4 [212]. Other studies observed reduced motility after SDC4
knockdown in different cell types (hepatic stellate cells [204], lens epithelial cells [213],
human umbilical vein endothelial cells (HUVECs) [210] and dendritic cells [207]), consistent
with our observations [119,138], whereas high SDC4 level promoted migration [174,204,206].

9. Conclusions

The metastasis formation is a key cause of mortality and the failure of cancer therapy.
For the development of metastases, the migratory ability of cancer cells is required. The
identification of key molecules in cancer cell migration can open new therapeutic perspec-
tives for successful cancer treatment. In this review, we highlighted the numerous functions
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of SDC4, a transmembrane proteoglycan, in cell motility and we summarized the recent
knowledge about the role of SDC4 in cancer cell movement. Changes in SDC4 expression
contribute to cancer growth and progression and have diagnostic and prognostic signifi-
cance in numerous tumor types. SDC4 modulates several steps in the development and
progression of tumors, such as uncontrolled cell proliferation, invasive growth, migration,
metastases formation, angiogenesis, as well as tumor-associated inflammation.

Given the ubiquitous expression of SDC4, the summarized SDC4-mediated signaling
pathways are likely applicable to several cell types. Importantly, a couple of anticancer
drugs modulate SDC4 expression. Because SDC4 has multiple roles in tumor development
and progression, targeting SDC4-mediated signaling may be a promising possibility for
cancer treatment and drug development; however, the ubiquitous expression of SDC4
would require cancer cell specific targeting.
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Simple Summary: Melanoma is a highly metastatic and lethal form of skin cancer. Currently, there
is no effective treatment available once melanoma cells spread to other parts of the body. Our study
demonstrated that LRG1 regulates multiple aspects of melanoma metastasis through modulating
EGFR/STAT3 signalling. Targeting LRG1 may offer an alternative way to control the metastatic
spread of melanoma cells.

Abstract: Although less common, melanoma is the deadliest form of skin cancer largely due to its
highly metastatic nature. Currently, there are limited treatment options for metastatic melanoma
and many of them could cause serious side effects. A better understanding of the molecular mech-
anisms underlying the complex disease pathophysiology of metastatic melanoma may lead to the
identification of novel therapeutic targets and facilitate the development of targeted therapeutics.
In this study, we investigated the role of leucine-rich α-2-glycoprotein 1 (LRG1) in melanoma de-
velopment and progression. We first established the association between LRG1 and melanoma in
both human patient biopsies and mouse melanoma cell lines and revealed a significant induction of
LRG1 expression in metastatic melanoma cells. We then showed no change in tumour cell growth,
proliferation, and angiogenesis in the absence of the host Lrg1. On the other hand, there was reduced
melanoma cell metastasis to the lungs in Lrg1-deficient mice. This observation was supported by
the promoting effect of LRG1 in melanoma cell migration, invasion, and adhesion. Mechanistically,
LRG1 mediates melanoma cell invasiveness in an EGFR/STAT3-dependent manner. Taken together,
our studies provided compelling evidence that LRG1 is required for melanoma metastasis but not
growth. Targeting LRG1 may offer an alternative strategy to control malignant melanoma.

Keywords: leucine-rich α-2-glycoprotein-1; melanoma; metastasis; STAT3; EGFR
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1. Introduction

Malignant melanoma is the most aggressive form of skin cancer [1,2] and the death
rate of melanoma skin cancer patients is significantly higher than that of non-melanoma
skin cancer patients [3]. Furthermore, the WHO predicts that death from melanoma will
increase to 20% by 2025 [4]. Owing to the increase in life expectancy, ozone layer depletion,
and low awareness of sun exposure, the number of death cases may escalate by 74%
in 2040 [5]. Currently, there are only limited treatment options available for metastatic
melanoma. Skin and gastrointestinal toxicity, as well as reduced efficacy due to resistance
to immune and chemotherapies, are key challenges facing current melanoma drugs [6].
Therefore, there is an urgent need to identify novel therapeutic targets to improve the
survival and quality of life of patients suffering from metastatic melanoma.

Our earlier study led to the identification of leucine-rich alpha 2 glycoprotein 1 (LRG1),
a novel regulator of TGFβ1 signalling [7]. In endothelial cells (EC), LRG1 promotes angio-
genesis by tipping the balance of TGFβ1 signalling toward the ALK1/Smad1,5,8 pathway,
which is dependent on the presence of the type III TGF β1 receptor endoglin [7]. Besides its
role in retinal angiogenesis [7], LRG1 has been linked to abnormal angiogenesis in glomeru-
lar [8], ischemic brain [9], cornea [10], and diabetic wounds [11]. Neovascularization plays
an essential role in tumour expansion [12] and tumour vasculature provides a route of
transportation for tumour cell dissemination [13]. Indeed, altered LRG1 expression is asso-
ciated with various cancers and LRG1 has been proposed as a prognosis/diagnosis marker
for hepatocellular carcinoma, gastric cancer, pancreatic cancer, leukaemia, ovarian cancer,
breast cancer, prostate cancer, biliary tract cancer, bladder cancer, and non-small cell lung
cancer [14–21]. LRG1 regulates tumour angiogenesis by inducing VEGFA through HIF1α
activation [22]. Recently, angiogenesis-independent roles of LRG1 in tumourigenesis have
also been reported. For instance, LRG1 regulates epithelial–mesenchymal transition (EMT)
by activating RUNX1 [23] and TGFβ/Smad2,3 signalling [24–26]. However, the biological
function of LRG1 in melanoma development and progression remains to be elucidated.

In the present study, we first investigated the expression of LRG1 in human melanoma
biopsies and murine melanoma cell lines and established an association between LRG1
and melanoma. We then determined the role of LRG1 in melanoma growth in a tumour
xenograft model as well as in vitro cell-based tumour cell viability and proliferation assays.
Despite the important role of LRG1 in angiogenesis, there was no change in tumour angio-
genesis and tumour growth in Lrg1-deficient mice. Instead, we found that LRG1 promotes
melanoma cell migration, invasion, adhesion, and lung metastasis. Furthermore, both tu-
mour cell and endothelial cell-derived LRG1 were important for tumour cell extravasation.
Mechanistically, LRG1 exerts its function by regulating EGFR/STAT3 signalling, a central
pathway involved in tumour metastasis. Stattic, a Stat3 inhibitor, completely abolishes the
promoting effects of LRG1 on tumour cell activation. Targeting LRG1, therefore, may offer
an alternative strategy to control STAT3-mediated melanoma metastasis.

2. Materials and Methods
2.1. Mice

Lrg1-/- mice used in this study were originally generated by the University of Cal-
ifornia Davies Knockout Mouse Project (KOMP) repository (https://www.mmrrc.org/
catalog/sds.php?mmrrc_id=48463) and were a generous gift from Professors John Green-
wood and Steven Moss at UCL Institute of Ophthalmology. Animal care and procedures
were performed under the guidelines of the Institutional Animal Care and Use Committee
(IACUC, Protocol number: A0269) of the Nanyang Technological University in Singapore
and the Guide for Care and Use of Laboratory Animals from the US National Institutes
of Health. All mice were housed in an environmentally controlled room (22 ◦C, 40–60%
humidity, and a 12-h light cycle).
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2.2. Tissue Microarray and Immunohistochemistry

Human skin cancer and normal tissue arrays (cat#SK721) were purchased from US
Biomax (Rockville, MD, USA). The paraffin-embedded slides were deparaffinized and
rehydrated before being subjected to antigen retrieval in a 10 mM citrate buffer (pH 9.0)
under boiling conditions for 25 min. The slides were then incubated with 3% hydrogen
peroxide (Sigma Aldrich, Burlington, MA, USA) for 10 min followed by blocking with
10% blocking buffer containing horse serum for 30 min before being incubated with anti-
LRG1 antibodies (1:100, Proteintech, Rosemont, IL, USA) overnight at room temperature.
The next day, the unbound primary antibodies were washed off and the section was incu-
bated with HRP-conjugated secondary antibodies followed by treatment with a substrate
reagent containing diaminobenzidine (DAB) for 5 min (Dako Real Envision Detection Kit).
The section was counterstained with hematoxylin, dehydrated, and mounted with Leica
Ultra CV mounting media (Leica, Wetzlar, Germany).

2.3. Cell Lines and Cell Culture Conditions

Mouse melanoma cell lines B16F0 and B16F10 and the human melanoma cell line
A375 were obtained from the American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco, USA), 2 mM of l-glutamine (Gibco, USA),
100 U/mL of penicillin, and 100 µg/mL of streptomycin (Nacalai Tesque, Kyoto, Japan).
Human pulmonary microvascular endothelial cells (HPMEC) were obtained from Promo-
cell (Heidelberg, Germany) and cultured in Endothelial Cell Medium-2 supplemented with
endothelial cell growth medium bullet kits (Lonza, Basel, Switzerland). All cell lines were
maintained at 37 ◦C in a humidified atmosphere of 95% air and 5% CO2.

2.4. Chemicals

The chemicals used were erlotinib (Sigma-Aldrich), FAK inhibitor 14 (Sigma-Aldrich),
Src-I1 (Sigma-Aldrich), and stattic (Sigma-Aldrich). Erlotinib, Src-I1, and stattic were
dissolved in dimethylsulfoxide (DMSO), while FAK inhibitor 14 was dissolved in water at
the desired concentrations and stored at −20 ◦C.

2.5. Molecular Biology Methods

The coding sequence of human LRG1 (NM_052972) carrying a 6xHis-tag at the 3′

end and a Kozak consensus sequence at the 5′ end was cloned into pcDNA3.1 (Invitro-
gen, Waltham, MA, USA) at the HindIII/XhoI sites to form pcDNA-hLRG1. The coding
sequence of mouse Lrg1 (NM_029796) carrying a 6xHis-tag at the 3′ end and a Kozak con-
sensus sequence at the 5′ end was cloned into pcDNA3.1 (Invitrogen, Waltham, MA, SA) at
the HindIII/XbaI sites to form pcDNA-mLrg1. Cells were transfected with pcDNA-hLRG1
or pcDNA-mLrg1 plasmid (2500 ng) using Lipofectamine 2000 (Invitrogen, Waltham, MA,
USA) according to the manufacturer’s protocol. Small interfering RNA against Lrg1 (siLrg1;
L-015179-01-0010; ON-TARGETplus SMARTpool human LRG1 siRNA) and non-targeting
siRNA (negative control, siScr: D-001810-01-20; ON-TARGETplus Nontargeting siRNA#1)
were purchased from Dharmacon (Lafayette, LA, USA). Cells were transfected with the
siRNA oligonucleotides (25 nM) using Lipofectamine RNAiMAX transfection reagent
(Life Technologies, Carlsbad, CA, USA), based on the manufacturer’s protocol.

2.6. Cell Viability Assay

The CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega,
Madison, WI, USA) was used according to the manufacturer’s instructions. In brief, cells
were seeded at 5 × 103 cells/well in a 96-well flat-bottom plate. The next day, cells were
starved for 6 h to synchronize cell growth before being cultured in full growth media.
At each time point, 20 uL of MTS reagent was added into each well and the plate was
incubated at 37 ◦C for 2 h in a humified, 5% CO2 atmosphere. The absorbance at 490 nm
was recorded using a microplate reader (Tecan, Mannedorf, Switzerland).
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2.7. Cell Proliferation Assay

Cells were seeded at a density of 4.5 × 103 cells/well in a 48-well plate. The next
day, cells were serum-starved in DMEM supplemented with 0.5% FBS for 6 h before being
cultured in full growth media for another 72 h. Cells were then washed with PBS and
fixed with 4% paraformaldehyde for 20 min at room temperature before being washed
again in PBS and blocked with staining buffer containing 1% BSA, 1% Tween 20, and
3% Triton-X in PBS. One hour later, cells were incubated with Ki67 antibodies (Abcam,
UK) at 1:500 dilution overnight. Cells were washed with staining buffer before being
incubated with Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor 594 (Thermo Fischer Scientific, Waltham, MA, USA, cat#A11012) at 1:500 dilution and
4,6-diamidino-2-phenylindole (DAPI). Five random fields of 10× objective images were
taken using a Nikon Ti-E fluorescence microscope (Nikon, Tokyo, Japan). Cell proliferation
rate was calculated as the percentage of Ki67 positive cells of the total cell number per well
as determined using the cell counter plugin of the Image J software (National Institutes of
Health, Bethesda, MD, USA).

2.8. Cell Migration and Invasion Assays

Cell migration and invasion assays were performed using 24-well plates with 8 µm
pore size transwell inserts (Corning Life Science, Corning, NY, USA). For migration assays,
8 × 104 cells in serum-free DMEM medium were seeded into the upper chamber of the
transwell, while NIH-3T3 cell-conditioned medium was applied to the lower chamber of
the transwell as a chemoattractant. For invasion assays, the inserts were coated with 1:10
diluted Matrigel (50 µL/well) (BD Biosciences, Franklin Lakes, NJ, USA) and kept at 37 ◦C
for 2 h to allow polymerisation to occur before seeding cells into the transwell. Cells were
fixed in 1% paraformaldehyde (PFA), permeabilised in 0.5% Triton X after 4 h for migration
assays or 18 h for invasion assays. Non-migrating or invading cells on the top of the
transwell membrane were gently removed using cotton swabs while the migrated/invaded
cells at the bottom of the membrane were stained with DAPI. Migrated/invaded cells were
visualised under a Nikon Ti-E fluorescence microscope (Nikon, Tokyo, Japan) Five fields
from each insert were captured and quantified using the Image J software.

2.9. Transendothelial Migration Assay

One × 105 HPMEC cells were plated in the upper chamber of a collagen-coated
transwell insert with 8 µm pore size (Corning Costar, Cambridge, MA, USA) and grown in
the complete endothelial medium for 4 days to reach 100% confluence. Melanoma cells
were pulsed with 25 µM CellTracker Green CMFDA (Invitrogen, Waltham, MA, USA) dye
for 30 min before being trypsinised and plated on top of the HPMEC monolayer. Cells were
allowed to migrate for 24 h toward the complete DMEM in the lower chamber of the
transwell. Transwell inserts were fixed with 1% PFA and permeabilised by 0.5% Triton
X-100. Non-migrated cancer cells were removed from the upper side of the filter using
cotton buds. Migrated cells on the lower side of the filter were visualised under a Nikon
Ti-E fluorescence microscope (Nikon, Tokyo, Japan). Five fields from each insert were
captured and quantified using the Image J software.

2.10. Xenograft Tumour Model

B16F10 cells at a density of 2 × 106 cells were injected subcutaneously into the left
flank of six- to eight-week-old wild-type and Lrg1-/- mice. Mice were monitored daily.
Once tumours became visible, they were measured using a caliper for two weeks. Mice
were sacrificed once the tumour size reached 250 mm3.

2.11. Lung Metastasis Model

Five × 105 of B16F10 cells in 200 µL of PBS were intravenously inoculated into 6-
to 8-week-old wild-type and Lrg1-/- mice. The mice were sacrificed two weeks after
the inoculations.
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2.12. Extravasation Assay

One× 106 B16F10 cells labelled with CellTracker Green CMFDA (Invitrogen, Waltham,
MA, USA) were intravenously inoculated into 6- to 8-week-old wild-type and Lrg1-/- mice.
Mice were sacrificed and their lungs were harvested 24 h post-inoculation. Lung tissues
were histologically processed and the number of labelled B16F10 cells were determined
using a Nikon Ti-E fluorescence microscope (Nikon, Tokyo, Japan).

2.13. Western Blot

Cells were lysed in RIPA buffer containing protease inhibitor cocktail-EDTA free
(Nacalai Tesque, Kyoto, Japan, cat#03969-21) and phosphotase inhibitor cocktail-EDTA free
(Nacalai Tesque, Kyoto, Japan, Cat#07575-51). Protein concentration was determined via
the Bradford method. Eighty micrograms of protein was separated via SDS-PAGE and
transferred to PVDF membranes (Milipore, Burlington, MA, USA). The membranes were
then incubated with p-STAT3 (Tyr705) antibodies (Cell Signaling Technology, Danvers,
MA, USA, cat#9145), STAT3 antibodies (Cell Signaling Technology, Danvers, MA, USA,
cat#30835), phospho-Src (Tyr527) antibodies (Cell Signaling Technology, Danvers, MA,
USA, cat# 2105), Src antibodies (Cell Signaling Technology, Danvers, MA, USA, cat#2108),
and GAPDH antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA, cat#32233) at
4 ◦C overnight followed by horseradish peroxidase (HRP)-labelled secondary antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at room temperature for 2 h.

2.14. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using RNAzol RT (Molecular Research Center, Albany, NY,
USA). RNA concentrations were determined using a Nanodrop 2000C Spectrophotometer
19 (Thermo Fisher Scientific, Waltham, MA, USA). The cDNA was synthesized using qScript
cDNA Supermix (Quantabio, Beverly, MA, USA) according to manufacturer protocols. The
qRT-PCR was conducted with SYBR Green (PrimerDesign Precision, Chandler’s Ford, UK)
using a QuantStudio 6 Flex Real-Time PCR System (Life Technologies, Carlsbad, CA, USA).
Data were analysed using the 2 (-Delta Delta C(T)) method. The primers used in this study
are listed in Table 1.

Table 1. Sequences of the forward and reverse primers utilized for gene expression analysis.

Target
(Mouse) Forward Sequence (5’–3’) Reverse Sequence (5’–3’)

Lrg1 TGCACCTCTCGAGCAATCG AGAGCATTGCGGGTCAGATC
Endoglin CGATAGCAGCACTGGATGAC AGAATGGTGCCTTTGGGTCT

Alk1 CTTGGGGAGCTTCAGAAGGGG GGTGGCCTCCAGCATCAGAGA
Alk5 AAATTGCTCGACGCTGTTCT GGTACAAGATCATAATAAGGCAACTG

Gapdh ACTGAGGACCAGGTTGTCTCC CTGTAGCCGTATTCATTGTCATACC

2.15. Histology and Immunofluorescence Staining

Resected tumours and lungs were fixed in 4% PFA for 24 h, washed with PBS, and
gradually transferred to 15% sucrose followed by 30% sucrose before being embedded in
O.C.T. compound (Thermo Fisher Scientific, Waltham, MA, USA). Six-micrometre cryosec-
tions of tumour samples were dehydrated and blocked with a blocking buffer containing
2% BSA, 1% Tween 20, 3% Triton X, and horse serum for an hour before being incubated
with primary antibodies followed by a washing step and then incubated with secondary
antibodies. The primary antibodies used were Ki67 (Abcam, Cambridge, UK, cat#ab15580)
and CD31 (BD Biosciences, Franklin Lakes, NJ, USA, cat#553370). The secondary anti-
bodies employed were Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594 (Thermo Fischer Scientific, Waltham, MA, USA, cat#A11012), and Goat
anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo Fischer
Scientific, Waltham, MA, USA, cat#A11006). The nuclei were stained with DAPI. The slides
were subsequently washed with PBS, mounted with Mowiol, and visualised under a Zeiss
LSM 800 inverted confocal microscope or a Nikon Ti-E fluorescence microscope (Nikon,
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Tokyo, Japan). Images were captured at 20×magnification. Haematoxylin-eosin staining
was performed to quantify the total area and the number of metastases in each lung using
the ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.16. Statistical Analyses

Data are represented as mean ± standard error of mean (SEM). Statistical compar-
ison of results was performed via two-tailed, unpaired Student’s t-test using Prism 8.0
(GraphPad, La Jolla, CA, USA). Statistical significance is denoted with asterisks as follows:
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 and **** p < 0.0001.

3. Results
3.1. LRG1 Levels Are Highly Enhanced in Melanoma Cells

To establish the association between LRG1 and melanoma, we investigated the expres-
sion of LRG1 in human biopsy specimens via immunohistochemistry staining using an
LRG1-specific antibody. First, our study showed that LRG1 is expressed in melanocytes
of normal human skin tissues but at a slightly lower level compared to neighbouring ker-
atinocytes (Figure 1A). Second, LRG1 is much enhanced in melanoma cells of malignant
melanoma tissue as compared to cells in the stroma (Figure 1A). Consistent with this obser-
vation, data from The Human Protein Atlas (https://www.proteinatlas.org/, accessed on 23
April 2021) show that a higher expression of LRG1 is associated with poor three-year clinical
outcomes in patients with melanoma (Figure 1B). We further tested Lrg1 expression in two
different murine melanoma cell lines, B16F0 and B16F10. B16F10 cells are more aggressive
and highly metastatic compared to B16F0 cells [27–30]. As demonstrated via qRT-PCR,
higher Lrg1 mRNA levels are observed in B16F10 cells compared to B16F0 cells (Figure 1C).
Our previous study showed that LRG1 exerts its function in endothelial cells (EC) through
interaction with the TGFβ type III receptor, Endoglin [7]. Similar to Lrg1, Endoglin is highly
expressed in metastatic B16F10 cells (Figure 1C). Interestingly, the expression of TGFβ type I
receptor Alk1 is also significantly higher in B16F10 cells (Figure 1C). It is worth noting that
the expression levels of TGFβ type I receptor Alk5 is comparable in B16F10 and B16F0 cells
(Supplementary Figure S1).

Figure 1. LRG1 expression in human melanoma biopsies and mouse melanoma cell lines. (A)
Representative photomicrographs of immunohistochemistry staining demonstrating the expression
pattern of LRG1 in normal human skin and malignant melanoma tissue. (B) Kaplan–Meier curves
showing stratification of three-year survival probability as a function of LRG1 RNA expression
(adapted from The Human Protein Atlas). (C) Real-time quantitative PCR analysis of Lrg1, endoglin,
and Alk 1 expression. Data are presented as the mean ± S.E.M of three independent experiments.
Statistical analysis was performed via two-tailed, unpaired Student’s t-test; ** p < 0.01.
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3.2. Host Lrg1 Deficiency Has No Impact on Melanoma Growth

Murine melanoma cell line B16F10 is highly malignant and has been widely used to study
melanoma growth and metastasis. In this project, B16F10 cells were inoculated subcutaneously
into the flank of wild-type and Lrg1−/−mice. Once tumours became visible, tumour volume was
measured daily for a continuous 14 days using a caliper. Surprisingly, no significant differences
in tumour volume (Figure 2A,B) and growth rate (Figure 2C) were observed between wild-type
and Lrg1−/− mice. Additionally, the Kaplan–Meier survival curves did not show any difference
between mice from the two experimental groups (Figure 2D). This was further confirmed by
immunofluorescence staining with the cell proliferation marker Ki67. The percentage of Ki67+
cells in tumour tissues collected from Lrg1-deficient mice was comparable to that in wild-type
controls (Figure 2E). To complement these in vivo observations, the role of LRG1 in tumour
cell proliferation was investigated in vitro. The MTS assay was used to evaluate the viability
of B16F10 cells transfected with pCDNA3.1-mLrg1, which resulted in Lrg1 overexpression, or
pcDNA3.1 control plasmid; no difference was observed between the two experimental groups
(Figure 2F). Furthermore, plasmid-mediated Lrg1 overexpression did not affect B16F10 cell
proliferation as demonstrated by the percentage of Ki67+ cells (Figure 2G). Similar observations
were made in the human melanoma cell line A375 (Supplementary Figure S2A,B).

Figure 2. Host Lrg1-deficiency does not affect tumour growth in a tumour xenograft model. (A) Rep-
resentative images of B16F10 tumours dissected from wild-type and Lrg1-/- mice. (B) Tumour volume
was plotted over time in both experimental groups. (C) Tumour growth rates were determined based
on changes in tumour volume over time in both experimental groups. (D) Kaplan–Meier survival
curves of wild-type or Lrg1-/- tumour-bearing mice. (E) Representative images (left) and quantifica-
tion (right) of the percentage of Ki67+ cells (red) in tumour samples collected from wild-type and
Lrg1-/- mice. Nuclei were labelled with DAPI (blue). (F) MTS assay was performed on B16F10 cells
transfected with pcDNA-mLrg1 or pcDNA3.1 control plasmid at 24, 48, and 72 h post-transfection.
(G) Representative images (left) and quantification (right) of Ki67+ cells (red) in Lrg1 overexpress-
ing or pcDNA3.1 plasmid transfected control B16F10 cells. (H) Representative images (left) and
quantification (right) of CD31+ vessel (Green) in tumour samples collected from wild-type or Lrg1-/-

mice. All images are representative. Data are presented as the mean ± SEM. of three independent
experiments. Statistical analysis was performed via two-tailed, unpaired Student’s t-test.
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Tumours require access to blood vessels to grow beyond 2 mm3 [31]. Considering the
role of LRG1 in ocular angiogenesis [7], we next investigated whether tumour vascularization
is affected in wild-type and Lrg1-/- mice. To our surprise, there was no change in tumour
vessel density in the absence of host Lrg1 compared to wild-type mice as demonstrated by
similar CD31 positive areas (Figure 2H). Together, these data suggest that host Lrg1-deficiency
does not affect tumour cell viability, proliferation, and tumour angiogenesis.

3.3. Host Lrg1 Deficiency Leads to Reduced Pulmonary Metastasis of Melanoma In Vivo

As melanoma is a highly metastatic disease, we then explored the potential role of
Lrg1 in melanoma metastasis. Lung metastasis was induced in wild-type and Lrg1-/-

mice via intravenous delivery of B16F10 cells. Pulmonary metastases can be visualised
under the dissection microscope. There is a clear difference in the number of metastatic
nodules with black pigmentation between wild-type and Lrg1-/- mice (Figure 3A). The
number of pulmonary metastatic nodules was then counted and represented as metastasis
frequency following a scoring system by denoting 0 for no metastases, 1 for within 10
metastases, and 2 for more than 10 metastases. Our study revealed a significantly lower
metastasis frequency score in Lrg1-/- mice as compared to that in wild-type mice (Figure 3B).
Concomitant with this observation, haematoxylin-eosin staining of excised lungs showed
a similar reduction in the percentage of tumour nodule area in the lungs of Lrg1-/- mice
following the histopathological analysis (Figure 3C). Further analysis of the percentage
of Ki67+ cells in the lung samples of wild-type and Lrg1-/- mice showed no significant
changes, suggesting that post-extravasation proliferation was not affected (Figure 3D).
Finally, the extravasation capability of melanoma cells was studied by inoculating CMFDA
Green-labelled B16F10 cells through the tail vein of wild-type and Lrg1-/- mice. The number
of extravasated B16F10 cells was visualised under epifluorescence microscopy 24 h post-
inoculation and quantified. There was a significant reduction in the number of extravasated
B16F10 cells in Lrg1-/- mice compared to that in wild-type mice (Figure 3E). Taken together,
these data provided compiling evidence that Lrg1 is required for melanoma metastasis into
the lungs in vivo.

3.4. Lrg1 Promotes B16F10 Cell Invasiveness In Vitro

Having established a role for Lrg1 in melanoma metastasis, especially the extrava-
sation step, in vivo, we next investigated how Lrg1 modulates melanoma cell function
in vitro. The ability of circulating tumour cells to tether to the vasculature is a prerequisite
step for the extravasation [32]. Consistent with the increased invasiveness, there was a
significantly higher number of Lrg1 overexpressing B16F10 cells that adhered to the human
pulmonary microvascular endothelial cell monolayer in the in vitro assay (Figure 4A).
The adhered tumour cells would then migrate through the endothelium to eventually settle
at secondary sites. Our study showed that Lrg1 overexpressing B16F10 cells were more
prone to transmigrate through the HPMEC monolayer (Figure 4B). To mimic the previ-
ous observations in vivo, HPMECs were subjected to siRNA-mediated LRG1 knockdown
(Supplementary Figure S3). Our study showed that the ability of B16F10 cells to adhere
to (Figure 4C) or migrate (Figure 4D) through the siLrg1-treated HPMEC monolayer was
significantly compromised.
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Figure 3. Host Lrg1 deficiency reduces pulmonary metastasis of melanoma in vivo. (A) Representa-
tive images of lung metastases in wide-type and Lrg1-/- mice. Nodules are easily identifiable due to
their black pigmentation. (B) Quantification of lung metastases frequency in wide-type and Lrg1-/-

mice. (C) Representative images of haematoxylin-eosin staining (top) and quantification (below) of
the metastatic burden of lung tissues in wide-type and Lrg1-/- mice. The percentage of tumour nodule
area over the total lung area was measured. (D) Representative images (top) and quantification
(below) of Ki67+ cells (red) in lung tissues of wide-type and Lrg1-/- mice. (E) Representative images
of lung sections (top) to visualise extravasated melanoma cells identified via CMFDA Green signal
(green) and quantification (below) of the number of extravasated cells out from blood vessel 24 h
following intravenous injection of B16F10. Nuclei were labelled with DAPI (blue). Data are presented
as the mean ± SEM. Statistical analysis was performed via two-tailed, unpaired Student’s t-test; *
p < 0.05, ** p < 0.01; *** p < 0.001. Wildtype group: n = 9, Lrg1-/- group: n = 8.
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Figure 4. Lrg1 promotes B16F10 cell invasiveness in vitro. (A) Representative images and quantitative
analysis of the number of CMFDA-positive Lrg1 overexpressing or control B16F10 cells adhered
to the HPMEC monolayer. (B) Representative images and quantitative analysis of the number of
CMFDA-positive Lrg1 overexpressing B16F10 cells that migrated through the HPMEC monolayer.
(C) Representative images and quantitative analysis of the number of CMFDA-positive B16F10
cells adhered to the HPMECs subjected to siRNA-mediated LRG1 knockdown. (D) Representative
images and quantitative analysis of the number of CMFDA-positive B16F10 cells that migrated
through the HPMECs subjected to siRNA-mediated LRG1 knockdown. (E) Quantitative analysis of
Lrg1 overexpressing or control B16F10 cells adhered to fibronectin. (F) Representative images and
quantitative analysis of invaded Lrg1 overexpressing and control B16F10 cells using the Matrigel
invasion assay. (G) Representative images and quantitative analysis of migrated Lrg1 overexpressing
or control B16F10 cells in Transwell. Migrated and invaded cells are labelled by DAPI. All images are
representative. Data are presented as mean ± SEM. of three independent experiments. Statistical
analyses were performed via two-tailed, unpaired Student’s t-test. * p < 0.05; *** p < 0.001.

The success of colonization at the secondary tumour site following extravasation
depends on the ability of tumour cells to adhere to the extracellular matrix (ECM), degrade
ECM components, and move around [33]. This prompted us to test the impact of Lrg1 on
melanoma cell adhesion to ECM. Fibronectin is a major component of the tumour ECM
and plays key regulatory roles in the tumour matrisome [34]. As shown in Figure 4E, there
was an increased number of Lrg1 overexpressing B16F10 cells that adhered to fibronectin.
Next, we performed the Matrigel invasion assay to test the role of Lrg1 in melanoma cell
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invasion. Consistent with the results presented above, Lrg1 overexpression significantly
increased the invasiveness of B16F10 cells (Figure 4F). Furthermore, a transwell migration
assay was performed using pcDNA3.1-mLrg1 or pcDNA3.1 control plasmid transfected
B16F10 cells. As compared to the pcDNA3.1 transfected controls, Lrg1 overexpressing
B16F10 cells showed increased motility (Figure 4G). We further confirmed LRG1’s role in
tumour cell adhesion to the endothelium (Supplementary Figure S2C), transendothelial
migration (Supplementary Figure S2D), invasion (Supplementary Figure S2E), and migra-
tion (Supplementary Figure S2F) in a human melanoma cell line A375. Together, these
data demonstrated that Lrg1 promotes tumour cell dissemination by affecting various
properties of melanoma cells in both mice and humans.

3.5. Lrg1-Induced Activation of the EGFR/STAT3 Pathway Is Required for Melanoma Cell
Invasiveness

To understand the mechanism of action for Lrg1-mediated melanoma cell activation,
Western blot analysis was performed to determine the signalling pathways regulated by
Lrg1 in B16F10 cells. Lrg1 was previously reported to regulate EGFR/STAT3 signalling in re-
generating corneal epithelium [35]. Our study showed that the level of the phosphorylated
form of STAT3 was significantly increased in Lrg1 overexpressing B16F10 cells compared
to pcDNA3.1 plasmid transfected control cells, whereas the total STAT3 level remained un-
changed (Figure 5A). STAT3 is a transcription factor that is responsible for relaying signals
from various activated receptors of cytokines and growth factors, including focal adhesion
kinases (FAK) and epidermal growth factor receptors (EGFR) [36]. To identify whether
Lrg1-mediated activation of STAT3 occurs through EGFR or FAK, EGFR- and FAK-specific
inhibitors erlotinib and FAK inhibitor 14, were used to treat pcDNA3.1 or pcDNA-mLrg1
transfected B16F10 cells. Interestingly, the Lrg1 induced-increase in STAT3 phosphorylation
was not affected by the presence of FAK inhibitor 14 but was significantly attenuated in
the presence of erlotinib (Figure 5B). Src, a non-receptor protein tyrosine kinase associated
with EGFR within lipid rafts [37], was reported to activate STATs directly [38]. To figure
out whether Src mediates Lrg1-regulated STAT3 activation, pcDNA3.1 or pcDNA-mLrg1
transfected B16F10 cells were treated with the Src-specific inhibitor Src-I1. Interestingly,
Src-I1 did not affect the Lrg1-induced STAT3 phosphorylation (Figure 5C). On the other
hand, the STAT3 specific inhibitor significantly inhibited the Lrg1-induced STAT3 phos-
phorylation (Figure 5C). To further explore whether Lrg1-induced activation of STAT3
signalling is required for Lrg1 regulated melanoma cell invasiveness, Lrg1 overexpressing
B16F10 cells with the presence or absence of stattic were subjected to cell migration and
invasion assays as described earlier. Lrg1-induced B16F10 cell migration (Figure 5D) and
invasion (Figure 5E) were significantly suppressed by stattic. Together, these results suggest
that Lrg1 promotes melanoma cell migration and invasion by activating the EGFR/STAT3
signalling pathway in a Src-independent manner.
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Figure 5. Lrg1-induced activation of the EGFR/STAT3 pathway is required for melanoma cell
invasiveness. (A) Representative Western blot (left) and densitometry (right) analyses (right) showing
the levels of phospho-STAT3 (Tyr705) and total STAT3 in Lrg1 overexpressing B16F10 cells. GAPDH
was used as a loading control. (B) Representative images of Western blot analysis showing the levels
of phospho-STAT3 (Tyr705), STAT3, and GAPDH in Lrg1 overexpressing B16F10 cells subjected to
treatment with FAK inhibitor 14 (FAK inhibitor) or erlotinib (EGFR inhibitor). (C) Representative
images of Western blot analysis showing the levels of phospho-STAT3 (Tyr705) and total STAT3 in
Lrg1 overexpressing B16F10 cells subjected to treatment with Src-I1 (Src inhibitor) and stattic (Stat3
inhibitor). GAPDH was used as a loading control. (D) Representative images and quantification of
migrated Lrg1 overexpressing B16F10 cells subjected to stattic treatment. (E) Representative images
and quantitative analysis of invaded Lrg1 overexpressing B16F10 cells subjected to stattic treatment.
All images are representative. Data are presented as mean ± SEM of three independent experiments.
Statistical analyses were performed via two-tailed, unpaired Student’s t-test. * p < 0.05; ** p < 0.01;
**** p < 0.0001.
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4. Discussion

Malignant melanoma is characterized by its high resistance to chemotherapy and the
ability to rapidly metastasize to distant organs. To date, limited treatments are available to
control malignant melanoma effectively. A better understanding of melanoma pathogenesis
may facilitate the development of new therapeutic modalities. LRG1 is a novel angiogenic
factor [7] that was previously associated with a variety of cancers, including endometrial
carcinoma, gastric, colorectal, and pancreatic cancers [39–42]. However, the role of LRG1 in
melanoma development and progression has not been established.

Although expressed at low levels in normal melanocytes, we show for the first time
that LRG1 is significantly enhanced in malignant melanoma cells of human melanoma
tissues. Furthermore, Lrg1 expression levels in the metastatic mouse melanoma cell line
B16F10 are significantly higher than those in the parental melanoma cell line B16F0. This
observation is consistent with the data from The Human Protein Atlas (https://www.
proteinatlas.org/, accessed on 23 April 2021), which show that high LRG1 expression levels
are associated with a poor three-year prognosis of patients with melanoma. However,
these data do not inform whether the upregulated expression of LRG1 is the cause or
consequence of melanoma development and progression.

We used the xenograft tumour model to establish the cause–effect relationship between
Lrg1 and melanoma development. Interestingly, the growth of xenografted tumours, the
mouse survival rate, and melanoma cell proliferation were not affected in the absence of
host Lrg1. Considering the large amount of Lrg1 produced by B16F10 cells, we further
validated the role of Lrg1 on melanoma cell growth using an in vitro cell-based assay,
which again showed no impact of Lrg1 on melanoma cell viability and proliferation. To
grow beyond 2 mm3, a tumour requires blood vessels to supply oxygen and nutrients [32].
Despite the important role of Lrg1 in ocular angiogenesis, no changes were observed in
tumour vessel density in xenograft tumours of wild-type and Lrg1-/- mice. It is possible that
Lrg1 derived from implanted B16F10 cells is able to compensate for the loss of Lrg1 in Lrg1-
deficient mice, therefore, leaving tumour angiogenesis unaffected. To further elucidate the
role of Lrg1 in tumour angiogenesis, future work should compare tumour angiogenesis in
Lrg1 knockout mice inoculated with control B16F10 cells, Lrg1 overexpressing B16F10 cells,
and B16F10 cells subjected to siRNA-mediated Lrg1 knockdown.

As melanoma is highly metastatic, we next investigated the role of Lrg1 in melanoma
dissemination to the lungs. Our finding revealed a significant reduction in tumour burden,
total tumour nodule area, and melanoma cell extravasation in the lungs of Lrg1-/- mice
as compared to wild-type controls. Successful extravasation depends on the ability of
tumour cells to adhere to the endothelial cell and migrate across the endothelium through
a process termed transendothelial migration [38,39]. To support in vivo observations, we
showed an increased capability B16F10 cells overexpressing Lrg1 to adhere to and migrate
across the HPMEC monolayer. Consistent with the in vivo observations, the ability of
parental B16F10 cells to adhere to and transmigrate across the HPMEC subjected to siRNA-
mediated Lrg1 knockdown was significantly lower, suggesting that both tumour cell and
endothelial cell-derived Lrg1 affect melanoma cell extravasation. We further showed that
Lrg1 overexpressing B16F10 cells are more migratory and invasive and show increased
adhesion to fibronectin. Similar findings were made for glioma cells [43], colorectal cancer
cells [22], and thyroid carcinoma cells [44].

STAT-family proteins are latent cytoplasmic transcription factors [45]. Upon phospho-
rylation, STATs form homodimers and translocate into the cell nucleus to regulate gene
expression [34]. Numerous oncogenic signalling pathways converge on STATs proteins,
particularly to STAT3 [46,47]. Hyperactivation of STAT3 has been associated with poor
prognosis in various malignancies [48,49], including melanoma [34,50,51]. STAT3 exerts
its function by promoting tumour metastasis through mediating tumour cell proliferation,
migration, and invasion as well as tumour angiogenesis [52]. As such, targeting STAT3
has been considered a promising therapeutic strategy for highly metastatic melanoma.
To date, several STAT3 inhibitors have been tested and demonstrated promising results in

41



Cancers 2021, 13, 3279

early-phase clinical trials, but none of them has been approved for melanoma treatment
due to adverse side effects and toxicity [53,54]. Therefore, the development of a safer and
more effective way to control STAT3 signalling is highly desired. Here, we demonstrated
that Lrg1 promotes STAT3 phosphorylation in an EGFR-dependent manner. Furthermore,
STAT3 activation is required for the promoting effect of LRG1 on melanoma cell migration
and invasion. Since Lrg1-/- mice are viable and show no obvious abnormality, targeting
Lrg1 may offer an alternative way to control STAT3-mediated metastasis.

5. Conclusions

Overall, our study provided strong evidence of Lrg1’s role in melanoma metastasis
and Lrg1 exerting its function through activation of the EGFR/STAT3 signalling pathway.
As Lrg1-/- mice are healthy and have a normal life span, unlike mice treated with current
STAT3 inhibitors, targeting LRG1 may cause fewer unwanted side effects and offers an
alternative strategy to control STAT3-mediated melanoma metastasis.
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Simple Summary: Parrondo’s paradox, whereby losing strategies or deleterious effects can combine
to provide a winning outcome, has been increasingly applied by biologists to explain complex
adaptations in many living systems. Here, we suggest that considering this paradox in oncology,
particularly in relation to the phenotypic diversity of malignant cells, could also be a promising
approach to understand several puzzling aspects of cancer biology. For example, the high genetic and
epigenetic instability of cancer cells, their metastatic behavior and their capacity to enter dormancy
could be explained by Parrondo’s theory. We also discuss the relevance of Parrondo’s paradox in a
therapeutical framework using different examples. This work provides a compelling argument that
the traditional separation between medicine and other disciplines remains a fundamental limitation
that needs to be overcome if complex processes, such as oncogenesis, are to be completely understood.

Abstract: Many aspects of cancer biology remain puzzling, including the proliferative and survival
success of malignant cells in spite of their high genetic and epigenetic instability as well as their ability
to express migrating phenotypes and/or enter dormancy despite possible fitness loss. Understanding
the potential adaptive value of these phenotypic traits is confounded by the fact that, when considered
separately, they seem to be rather detrimental at the cell level, at least in the short term. Here, we argue
that cancer’s biology and success could frequently be governed by processes underlying Parrondo’s
paradox, whereby combinations of intrinsically losing strategies may result in winning outcomes.
Oncogenic selection would favor Parrondo’s dynamics because, given the environmental adversity
in which malignant cells emerge and evolve, alternating between various less optimal strategies
would represent the sole viable option to counteract the changing and deleterious environments cells
are exposed to during tumorigenesis. We suggest that malignant processes could be viewed through
this lens, and we discuss how Parrondo’s principles are also important when designing therapies
against cancer.

Keywords: cancer; dormancy; metastasis; Parrondo’s paradox; therapy

1. Introduction

One of the most intriguing features of cancer cell populations is their high levels
of stochasticity and plasticity states, especially in advanced cancers. It is increasingly
evident that the associated non-genetic intratumoral heterogeneity (ITH) poses a significant
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challenge to cancer prognosis and treatment. For instance, phenotypic plasticity [1] and the
interplay between genetic and non-genetic phenomena [2,3] have been recognized as very
important factors in the emergence of resistant cells. It is then essential to fully understand
both the proximate and the ultimate causes for the observed increased cellular stochasticity
in cancer.

Many studies have provided evidence that cancer evolution and tumor dynamics are
characterized by a progressive increase in epigenetic and gene expression diversity [4–6]
(see below). In fact, high levels of non-genetic ITH coupled with plasticity might be general
features of solid and hematological cancers. This global increase in diversity indicates
that the contribution of cells with high plasticity and stem-like states increases during
progression, and that their progeny harbor more diverse fates, with less defined gene ex-
pression patterns. Such a scenario can also easily explain the progressive dedifferentiation
associated with increased aggressiveness that is usually observed in advanced cancers.

The emerging question is why do cancer cell lineages experience such a global increase
in stochasticity and transient fluctuations between infrequent expression patterns. In spite
of detailed molecular studies providing proximate explanations for the observed increased
epigenetic and gene expression diversity [7], ultimate causes and evolutionary explanations
are still obscure. High levels of phenotypic heterogeneity associated with stochastic gene
expression (even among genetically identical individuals) are also known in microbial
populations [8]. Such heterogeneity allows populations to survive in fluctuating environ-
ments and promotes interactions among distinct phenotypic subpopulations leading to
cell specialization (e.g., [8]). We have previously discussed the parallel between cancer
cells and microbial populations from the point of view of cellular stochasticity (related to
gene expression variability) and the way such stochasticity can be exploited to produce
subpopulations better adapted to a given environment [9]. Specifically, we proposed that
oncogenic processes rely on the initial increase in cellular stochasticity associated with cell
de-differentiation, followed by the specialization of some cancer sub-populations while
maintaining a less specialized lineage (cancer stem cells) with high stochasticity levels [9].
This can explain the co-existence of less specialized cells with higher stochasticity at the
epigenetic and transcriptional levels able to diversify into many phenotypes, and more
specialized cells with more stable epigenetic and transcriptional profiles that maximize
exploitation of available resources in the surrounding environment. In this scenario, such
unstable cells would be free to explore all the possible combinations of phenotypes thanks
to their high plasticity.

Here, we go a step further by arguing that the observed increased cellular stochasticity
and the presence of high plasticity states in advanced cancers could reflect the so-called
“Parrondo’s paradox”, in which combinations of intrinsically losing strategies may result in
wining outcomes (Figure 1, Boxes 1 and 2). While high plasticity and transient/fluctuating
levels of gene expression could appear detrimental for growth, such traits (hereinafter also
referred to as strategies) might be favorable in a highly disrupted and rapidly changing
microenvironment, because they can prompt phenotypic diversification and thus enhance
the tumor’s chance of success. In fact, maintaining a combination of highly plastic cells with
transient gene expression and a set of more stable differentiated cells could constitute the
only evolutionary strategy able to withstand the changing and deleterious environments
that characterize advanced tumorigenesis. Gene expression noise and phenotypic diversifi-
cation strategies have also been considered survival strategies for microbial populations
in stressful environments [10]. We also argue that important characteristics of malignant
cells, like their capacity to become dormant or to leave the primary tumor and migrate
to other locations in the body, could be strategies that can be understood in the light of
Parrondo’s paradox.

2. The Origins of the Increased Epigenetic and Transcriptional Heterogeneity in Cancer

The increased epigenetic and transcriptional diversity that characterizes cancer pro-
gression could reflect an increased number of discrete cancer states among which cells can
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randomly fluctuate, resulting in increased phenotypic plasticity. The random fluctuations
between distinct phenotypic states in cancer cell populations observed a decade ago
argue for such a phenomenon [11]. The most usual hypothesis to explain this dynamic
heterogeneity in cancer is based on the notion of cancer attractor state [12,13]. Indeed,
cancer cells would explore parts of the global regulatory network that are not accessible to
normal cells thanks to a reconfiguration of the epigenetic landscape (as defined by Conrad
Waddington [14,15]) with the appearance of new valleys that would correspond to cancer
attractors. Together with disruptive factors such as the abnormal microenvironment and
the increased stochastic gene expression that would help cells to switch between attractor
states, this cancer landscape would allow cells to experience gene expression patterns that
are not observed in normal tissues.

The increased epigenetic and transcriptional heterogeneity could also be, at least in part,
the result of a global loss of chromatin coordination that is translated into single-cell pheno-
typic instability. The mutually exclusive activating and repressing histone modifications
that co-map in single chronic lymphocytic leukemia cells [6] indicate that cancer cells lose at
the epigenomic level the defined hierarchy of normal tissue, and can be characterized by co-
occurrence of normally exclusive phenotypic markers. Previous studies already suggested
that cancer cells revert to a ‘pseudo-primitive’ epigenetic status that combines features of
embryonic stem cells and of different developing lineages [16], and that stochasticity of
gene expression appears to be increased in cancer cells at higher levels than in normal
stem cells because of a less organized and less stable chromatin structure [17]. Epigenetic
regulators such as such as KDM5 family members have a key role in the generation of
higher transcriptomic heterogeneity [7].

As recently shown in lung adenocarcinoma [4], cancer cells are characterized by a
continuum of epigenetic states representing loss of cellular identities rather than by discrete
and distinct states. This is consistent with previous data revealing that cancer should be
conceived as a continuum of heterogeneous phenotype states because gradients of marker
expression are observed rather than distinct subpopulations [18]. More generally, instead of
being organized into well-categorized and discrete mature cell types carrying out specified
functions as in normal tissues, cancer cells harbour increased plasticity and are distributed
across a dynamic continuum of states from normal-like states with skewed differentiation
to abnormal states [19].

However, some subpopulations are more plastic than others as recently shown in lung
cancers [5]. In this case, it is proposed that highly plastic cells can give rise to more diverse
fates, and are responsible for the emergence and maintenance of cellular heterogeneity. Thus,
only certain subpopulations would really correspond to a state of high plasticity/instability
that could be assimilated to a stem-like state with aggressive features, including robust
potential for differentiation and proliferation as well as drug resistance, while the other
subpopulations would harbor more discrete and stable states. Nevertheless, the highly
plastic state does not overlap with the classical normal and cancer stem cell gene expression
signatures [5], suggesting that high plasticity does not necessarily imply expression of
stemness markers as classically defined.

Epigenetic and transcriptional diversity could originate from cellular reprogramming
that results in cells with stemness or plasticity, through pathological cell reprogramming
processes involving abnormal stem cell signal activation and suppressor gene inactiva-
tion [20]. Especially, epithelial-to-mesenchymal transition (EMT) is expected to be a source
of tumor heterogeneity [21] and to contribute to stemness and cell plasticity [22,23]. EMT
is a hallmark of many different carcinomas, known to be associated with the initiation of
metastasis [22,23]. However, it was recently shown that in breast tumors EMT is an inherent
feature of most clones (which were found to harbor a major population of epithelial cells
and a smaller and variable subpopulation of mesenchymal cells) [24], suggesting that the
differentiation state of tumor cells is inherently unstable or plastic. Finally, since stochas-
tic gene expression is normally controlled by cell-cell interactions [25], tissue disruption
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could produce a global destabilization of gene expression resulting in increased cellular
stochasticity, and especially in high epigenetic and transcriptional diversity [26–28].

3. Parrondo’s Paradox in Cancer?

Based on the findings reviewed above, can Parrondo’s logics—that is, ‘losing/chaos +
losing/chaos = winning/order’ underlie the persistence and/or progression of malignant
tumors? Starting from the observation of a global increase in epigenetic and transcriptional
diversity in cancer, the first cancer trait that should be explored through this angle is
cellular instability/stochasticity (unstable and variable epigenetic landscape and gene
expression pattern).

3.1. Are Both Stability and Instability Losing Strategies for Malignant Cells?

Building on Parrondo’s framework, we posit that, by itself, adopting a stable cel-
lular state is a losing strategy because it can result in the death of the malignant cells.
However, the association of this strategy with an alternation of transient states (which
could be losing strategies on their own) can provide a winning outcome (e.g., by allowing
persistence and/or proliferation in a changing environment). Is there evidence to support
this possibility?

First indication about a possible involvement of Parrondo’s paradox in cancer comes
from studies analyzing the role of gene expression variability in drug response. Specifi-
cally, it was shown that rare and transient gene expression patterns, which results from
the inherent instability of cancer cells, fortuitously confer resistance to chemotherapeutic
drugs [29]. In this pioneering work, the authors showed that the rare and transient tran-
scription of a number of resistance markers at high levels in a very small percentage of
single melanoma cells is at the origin of non-genetic resistance. Thus, a strategy consisting
in increasing cellular stochasticity probably would allow a myriad of subpopulations that
transiently harbor rare combinations of expression levels, ultimately leading to survival
of a few resistant cells in a highly selective environment. More recently, the same authors
found that groups of genes co-fluctuate in “coordinated rare-cell expression programs”
that are heritable for several generations but ultimately transient [30]. One can generalize
this observation by postulating that the stochastic appearance of a myriad of transient rare
subpopulations expressing distinct gene expression patterns could be a general feature of
dynamically fluctuating cancer cell populations.

Hinohara et al. also found a prominent role of gene expression variability in the emer-
gence of resistant cells [7]. When the activity of members of the KDM5 demethylase family
is inhibited so as to diminish gene expression stochasticity and reduce transcriptomic and
phenotypic heterogeneity among estrogen receptor-positive breast cancers, resistance to en-
docrine therapies is reduced because fewer cells acquire resistance [7]. Thus, there is a clear
relationship between the level of cellular stochasticity and the acquisition of drug resistance.

To extend these observations, we propose that this high stochasticity is also globally
required for survival in the highly selective conditions found in advanced tumors because
low or no variability would make cancer cells unable to deal with the changing disrupted
environments that themselves and surrounding cells continuously modify. Cancer cell
survival might rely, at least in part, on transient non-genetic changes that, although unfa-
vorable in the current environment, may favor an adaptive response to future conditions
(with some cells harboring the ‘right’ combination of expressed genes at every moment in
every place), in line with the dynamic nature of the tumor microenvironment.

Nevertheless, high instability by itself is likely a losing strategy. Indeed, recent
single-cell analyses at the epigenomic level revealed no evidence that only highly unstable
cells are present in advanced cancers; rather, cells with various levels of plasticity at
various stages of tumor progression were found to co-exist [4]. These observations suggest
that the co-existence of highly unstable and more stable subpopulations [5,9] should
still be required for tumor maintenance and/or progression, even in advanced cancers.
Furthermore, there is constant switch between the two states, as cells enriched for stem-like
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properties (i.e., unstable) known as tumor-initiating cells, can generate non-tumor-initiating
cells, and the opposite [11,31], suggesting that the ability to change states (and the ratio
between subpopulations expressing different states) is a necessary evolutionary strategy
for tumor growth.
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Mathematically speaking, for Parrondo’s paradox to be at work, both a stable loosing
strategy (Game A in Figure 1, see Box 1 for explanations) and a more stochastic loosing
strategy (Game B in Figure 1, see Box 1 for explanations) are required, so that a ratchet
effect producing the winning outcome can occur (it does not work without the ratchet).
Thus, both a relatively stable cell population and a cell population exhibiting stochasticity
are necessary for the Parrondo’s paradox to explain a tumor’s success (Figure 2a). Since the
benefits from cell heterogeneity would depend on population size, the relative proportions
between these stable and unstable subpopulations would vary depending on cancer stage,
with the most advantageous ratio changing over time (Figure 2b). For instance, relatively
more cells exhibiting elevated levels of variability might be needed at later stages to cope
with an increasingly unpredictable and unstable micro-environment.
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Box 1. Parrondo’s paradox.

Can the combination of two individually-losing strategies yield a winning outcome? Since the
pioneering work of Harmer et al. [32,33], it has been accepted that this counterintuitive phenomenon,
called “Parrondo’s paradox”, exists in a large variety of contexts [34,35]. A classical way to introduce
Parrondo’s paradox considers a pair of losing games whose alternation provides a player with
a winning outcome (Figure 1). Briefly, the basic principle is as follow: a player has some capital,
which is increased by one unit when he/she wins, and decreased by one when he/she loses. In
Game A, the player always loses in the long term because the game relies on a biased coin that
slightly increases the player’s probability to lose each time the game is played (i.e., the loosing
probability 1-p is slightly above 0.5). Game B is slightly more complex since there are two options
depending on the player’s capital value: (i) if the capital is divisible by an integer (let’s say 3), the
player uses Game B1 relying on a biased coin which is strongly unfavorable (9/10 chance to lose);
(ii) if the capital is not divisible by 3, the player uses Game B2 relying on a biased coin that this time
is favorable (3/4 chance to win). Despite this latter beneficial option B2, it can be demonstrated
with discrete-time Markov analysis that Game B remains also on average a losing game [33,36,37].
Nevertheless, provided the unfavorable biasing parameter in Game A remains small, computer
simulations (Brownian ratchet and discrete-time Markov chain) show that a player alternating
the two losing games in a random or a deterministic manner will on average yield a winning
game [33,36,37]. As it can be intuitively perceived, the construction of game B is a critical factor for
paradoxical phenomena to emerge in Parrondo’s games (see [38]).

Parrondo’s principle has generated significant multidisciplinary interest in the literature, be-
coming paradigmatic for all situations (including in many biological contexts, see text) where
losing strategies or deleterious effects can combine to provide a winning outcome (e.g., [39–41]).
Interestingly, by exploiting Parrondo’s rule of alternating strategies, it can also be demonstrated
that the periodic mixing of two chaotic dynamics can, in certain circumstances, result in ordered
dynamics, illustrating a different Parrondian paradoxical phenomenon: “chaos + chaos = order” [42–
45]. Although many aspects of cancer biology, like ITH and cellular stochasticity/instability are
intriguing and somewhat counterintuitive, until now little attention has been devoted to exploring
the extent to which cancer’s success could, at least partially, rely on Parrondo’s principles. Never-
theless, some applications of the Parrondo’s game to cancer in a theoretical modeling and chaos
control framework can be found in the literature [46,47], especially showing that switching control
parameters can make a previously chaotic tumor growth trajectory nonchaotic, and inversely [47].

Box 2. Parrondo’s effects in biology.

Although Parrondo’s paradox has initially received a lot of attention from mathematicians
and physicists, it is increasingly recognized that the genetic, ecological and evolutionary dynamics
of numerous living systems (from genes to populations) can also, to some extent, be influenced by
Parrondo’s effects. Few examples are presented below (but see [48] for a recent review).

In genetics, Reed [49] used Parrondo’s logic to explain how, in a sexually reproducing species,
an autosomal allele that is, on average, deleterious for each sex (compared to an alternative allele)
can nevertheless increase in frequency, persist in the population, and even continue to fixation.
This situation is possible when the detrimental autosomal allele enhances fitness in combination
with an allosomal allele in females only (i.e., a positive epistatic interaction coupled with a sexually
antagonistic selection). This optimal context, equivalent to Game B2 in Figure 1 (see also Box 1),
inevitably occurs in alternation because of genetic inheritance processes arising in sexual reproduction,
allowing individually-losing strategies to be temporally intercalated to yield winning outcomes.

In bacteria, random phase variation (RPV; that is, unpredictable transitions between alternative
states) is a strategy often favored in environments that are rapidly changing in time or space, even if
some of the resulting phenotypes are likely to be at any time maladapted to the current environment.
This suboptimal strategy implies that bacteria evolve imperfect ways to detect environmental
transitions, with selection actually favoring individuals with sensors of lower accuracy and/or
with enhanced signal transduction delays. Because RPV populations display on average a reduced
growth rate variance, they may also become in the long term vulnerable to extinction when all
extrinsic factor variations are considered. Interestingly, Wolf et al. [50] demonstrated with a game-
theory model that a mixed stochastic/deterministic strategy can emerge as an evolutionarily stable
strategy. Thus, random alternations between losing strategies likely to produce bacteria with the
wrong phase variation or sequence of variations, can result in a winning outcome, especially when
the regimes of bacterial switching rates match the rate of environmental instability (see also [51–53]).

50



Cancers 2021, 13, 2197

Box 2. Cont.

Parrondo’s effects have also been proposed as a possible explanation for the enigma of
populations able to persist in environments exclusively composed of sink habitats. Jansen and
Yoshimura [54] showed that such a persistence becomes possible when habitats’ quality fluctuates
through time and offspring produced can disperse between habitats. In a similar vein, Cheong
et al. [55–57] showed that a mix of two losing lifestyles, called nomads and colonists, can result in a
winning outcome. In their example, nomads are independent and neither compete nor cooperate,
and rely on relatively low levels of resources. Being a nomad is a losing strategy because in the
long term, individuals do not reproduce at a rate that compensates losses in death associated with
this life-style. Being a colonist is also a losing strategy because even if individuals in this state
have access to more resources and interact (cooperation but also competition), sooner or later they
deplete their habitat and cannot persist. The switching between these two losing strategies not
only ensures that population extinction is avoided, it can even facilitate proliferation if, for instance,
colonists (i) strategically switch to a nomadic lifestyle when the over-exploited resources of their
habitat become scarce, and (ii) switch back to a colonist lifestyle once novel resources are found (e.g.,
a novel habitat or once their habitat is replete). The cellular slime mold Dictyostelium discoideum
may provide a possible example. These amoebae have a life cycle including a single-cellular stage
and a multicellular one, when individual amoebae aggregate. Selection for aggregation occurs
only in environments where food is slow to replenish, otherwise unicellularity is most of the time
favored. While each strategy is intrinsically a losing one in the long term, alternating the two
lifestyles depending on the food availability is a winning one [58].

Since research on Parrondo’s paradox has been extended into ecology and evolutionary
biology, it is increasingly apparent that this phenomenon is an important, if not a major process
to consider when attempting to explain numerous general features of life, including adaptive as
well as apparently maladaptive traits. For instance, its significance is illustrated by the recent
provocative suggestion that the evolution of alternating unicellular and multicellular life history
stages that enabled the success of multicellular lineages involved Parrondo’s dynamics [59,60].
Surprisingly, the possibility that aspects of cancer’s biology and success could, at least partially, rely
on Parrondo’s dynamics has received little attention.
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[34]), (b) the co-existence of a relatively stable cell subpopulation (game A) and a cell subpopula-
tion exhibiting stochasticity (game B) is necessary for tumoral growth (i.e., relying on Parrondo’s 
paradox). Tumor growth is impaired when the size of one subpopulation exceeds (or goes below) 

Figure 2. Hypothetical dynamics illustrating that (a) the co-existence of relatively stable cell populations and cell populations
exhibiting stochasticity rely on the Parrondo’s paradox (adapted from [34]), (b) the co-existence of a relatively stable cell
subpopulation (game A) and a cell subpopulation exhibiting stochasticity (game B) is necessary for tumoral growth (i.e.,
relying on Parrondo’s paradox). Tumor growth is impaired when the size of one subpopulation exceeds (or goes below) an
optimal threshold of representation. The slope of the decrease depends on which unique strategy is overrepresented (small
arrows). Also, the optimal ratio between the two strategies may vary during tumorigenesis, explaining the different slopes
for the same ratios at different times.

3.2. Why Should Cell Populations with High Instability/Stochasticity Be Needed for Long Term
Survival and Proliferation?

To date, all theoretical and empirical examples of Parrondo’s paradox in biology
have considered situations involving the mix of only a few losing strategies, usually two.
Given the large diversity of cellular phenotypes expressed through time by unstable and
stochastic cells, one might question if these phenotypes are indeed manifestations of
different losing strategies, and why Parrondo’s dynamics in malignant cells needs so many
alternative strategies.
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A first possible explanation comes from the fact that a major difference between malig-
nant cells and other living forms is that the former do not possess adaptations finely-tuned by
selection over millions of years. Except for transmissible cancers, each cancer must ‘reinvent
the wheel’ as their evolutionary products die with the host. In the same way, the bet-hedging
of malignant cells may appear rudimentary/primitive compared to, for example, that of
desert plants for which only the seed germination timing is variable. The fine tuning of the
potentially adaptive combination of strategies underlying the Parrondo’s logic in malignant
cells is not possible in such a short time. Differently put, the genesis of a biological substrate
underlying a Parrondo’s logic in malignant cells could lack sophisticated calibration. If this
hypothesis is correct, then Parrondo’s dynamics in transmissible cancers, which have the
opportunity to evolve over longer period of time (beyond the lifespan of their hosts), should
rely on fewer options, resulting in a reduced cellular instability/stochasticity compared to
normal cancers. Similarly, examples of Parrondo’s dynamics in micro-organisms like bacteria
should rely on fewer, better adjusted, losing strategies [50].

A second possible explanation for the elevated number of “losing/suboptimal strate-
gies” in cancer cells is that the environmental conditions experienced by malignant cells
are so unstable, diversified and adverse, that any viable Parrondo’s dynamics could only
rely on a myriad of strategies to be sustainable. From an initially normal cell’s perspec-
tive, the tumor environment is indeed characterized by a high level of adversity and
instability [61,62]. These unfavorable ecological conditions may originate from the host
(microenvironment, immune system), but also from the malignant cells themselves since
their activities and proliferation largely contribute to altering, in a non-predictable manner,
numerous variables in the tumor environment. Because malignant cells typically die with
their hosts, these unprecedented ecological conditions result each time in a novel habitat
for which no specific (cross-generational) adaptation could have evolved. In this context, a
cellular instability/stochasticity exploited within a Parrondo’s logic may be selected as a
viable option.

Another non-mutually exclusive explanation could be a run-away process, initiated
by external ecological factors and then maintained and amplified by internal cell factors.
Cellular instability/stochasticity would not only permit malignant cells to cope with un-
precedented environmental conditions (see above), but it would also impair the cells’ normal
functioning by introducing genetic/epigenetic abnormalities. While in response to such
abnormalities healthy cells usually activate apoptosis, oncogenic selection in malignant cells
is likely to favor increased cellular instability/stochasticity; this diversification will favor
many possible survival strategies. However, an increase of cellular instability/stochasticity
is likely to introduce additional internal cell impairments that will subsequently reinforce the
selection for an exacerbated Parrondo’s compensatory response via a novel enhancement of
the cellular instability/stochasticity etc. In this runaway scenario, it is expected that the lev-
els of cellular impairment and instability/stochasticity are positively correlated and should
increase during tumorigenesis, until a level for which cell instability/stochasticity probably
becomes insufficient to compensate, via Parrondo’s effects, all cellular dysfunctions.

3.3. Dormancy: A Losing Strategy in Parrondo’s Dynamics?

Dormancy and quiescence are frequently observed in malignant cells [63]. Although
advantageous in adverse conditions, dormancy and quiescence may be considered a losing
strategy because cells that would permanently switch toward this lifestyle are exposed
to the risk of dying without producing offspring. A switch toward these states of sus-
pended growth seems even more surprising when it occurs in environmental conditions
that are a priori not adverse for malignant proliferation [64,65]. Alternating dormancy with
other malignant lifestyles could however be interpreted as a mixed strategy shaped by
Parrondo’s dynamics. Malignant cells that are highly proliferative have the advantage of
reproducing rapidly, but experience a higher mortality rate if conditions become unfavor-
able, e.g., because of changes in the microenvironment and of therapies (i.e., the major focus
of therapy development remains on directly targeting viability or proliferation of tumor
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cells). Conversely, dormant/quiescent malignant cells exhibit a lower reproduction rate,
but they benefit from increased survival under adverse conditions, as illustrated by the
relapse they cause years, even decades, later. These two phenotypes (i.e., high proliferation
and suspended growth) correspond to fast and slow life-history strategies, respectively. In
unstable environments, organisms frequently adjust by adopting different phenotypes in
response to different external conditions [66]. However, when reliable cues for predicting
environmental changes are lacking, and/or when populations did not evolve the capacity to
exploit them (as expected for malignant cells that have at best few years of evolution [67]),
individual organisms are often constrained to develop a strategy based on a stochastic
switching between different phenotypes/stages (i.e., a bet-hedging strategy [68]). Because
malignant cells can only respond to direct selection forces without the possibility to an-
ticipate future conditions and dynamics of the ecosystem, dormancy/quiescence may be
a part of a generalized bet-hedging strategy. In summary, stochastic alternation between
strategies through the entry in and exit from dormancy/quiescence does not maximize
fitness within a generation, but it reduces fitness variance and hence maximizes tumor’s
success under environmental unpredictability in the long term. This ultimately represents a
winning outcome based on the combination of two losing strategies—that is, a case of the
Parrondo’s paradox.

3.4. Is the Metastatic Behavior a Strategy within Parrondo’s Paradox?

Metastasis remains the leading cause of mortality for cancer patients [69]. However,
the proximate and ultimate causes of this phenomenon are not completely understood [70].
As proposed by many evolutionary ecologists and cancer biologists, metastasis could
be considered through the lens of biological dispersal [71]. In the light of the previous
literature on the colonist/nomad game (see Box 2), it is useful to explore the metastatic
process within the framework of Parrondo’s paradox. The fact that less than 0.1% of cells
disseminating from the primary tumor form metastases (a phenomenon referred to as
‘metastatic inefficiency’ [72]) suggests that leaving the primary tumor to disperse is a costly,
extremely frequent, losing strategy [73–75]. Can the non-metastatic behavior also be viewed
as a losing strategy, i.e., equivalent to a colonist losing strategy? This possibility is consistent
with events that unfold in certain parts of solid tumors, especially as resources and/or
space inevitably become limiting. Angiogenesis is critical for tumor survival, and once
solid tumors reach a substantial size, vascularization becomes irregular in the core regions
yielding tumor necrosis [76,77]. Within the Parrondo’s logic, there should be a positive
correlation between the frequency of necrosis phenomena and the propensity of malignant
cells to adopt a dispersing lifestyle. Accordingly, clinical observations clearly indicate
that tumor necrosis of solid tumors is an accurate indication of metastatic tumors [78–84].
In the same context, a link has been established between acidification [85] or the lack of
oxygen [86], and the propensity to metastasis, revealing that a deleterious environment
for the colonists in the primary tumor can lead to another mainly inefficient and deadly
strategy for malignant cells, with very rare successes. Thus, both loosing strategies could
lead to a winning outcome when a few metastatic cells succeed in dispersing, invading
new tissues and resume proliferation, because they have both the prerequisite malignant
phenotypes and the available resource and space in the new environment.

4. Therapeutic Implications

Malignant cells can become resistant to many different types of drugs [87,88]. High
and continuous doses of drugs typically allow resistant cancer cells to win twice. First, they
are not killed; second, they are not outcompeted by sensitive cancer cells. Because of this
combination of effects, treating cancers with such protocols seems to be a losing strategy
because it ultimately results in fatal disseminated cancers. However, applying no treatment
is often a losing strategy too because cancer progression is not prevented, yielding also
to disseminated cancers that kill patients. Alternating these two strategies can produce a
better option, as elegantly illustrated by the adaptive therapy approach [89]. Acquisition of
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chemo-resistance generally requires significant investment of resources, and because of the
‘cost’ of phenotypic resistance, cancer cells are subject to an evolutionary trade-off between
resistance and proliferation. Adaptive therapy alternates treatment and treatment breaks
in an adaptive fashion to enforce a stable tumor burden by permitting the persistence of
a significant population of chemo-sensitive cells. In so doing, chemo-sensitive cells can
compete with chemo-resistant subpopulations hence limiting their expansion. Instead of
introducing treatment breaks, another strategy consists in providing fake drugs. Cells
that are resistant to multiple drugs often have efflux pumps that remove the drugs. The
cell pumps, however, require energy to run. Fake drugs proposed by Kam et al. [90], also
called ‘ersatzdroges’, are non (or minimally) toxic substances that activate efflux pumps
in resistant cells and cause them to expend energy, without actually giving these cells
a survival benefit over non-resistant cells. Applying only these ersatzdroges is a losing
strategy because it does not prevent the proliferation of cells that do not possess pumps
and the tumor can continue to grow. However, alternating a fake drug with a real drug can
keep the size of tumor constant, without resistance selection.

Inspired by the processes responsible for the extinction of species, Gatenby et al. [91]
demonstrated that once an initial therapy reduced population size and diversity of a
large tumor, several less aggressive therapies, each unable to eradicate large tumors, can
successfully eliminate small and spatially fragmented malignancies, without selecting
for resistance (e.g., neo-adjuvant chemotherapy). Again, while each category of treat-
ment is unable to prevent cancer progression, alternating them in the order proposed
above yields a relevant therapeutic option, illustrating the use of Parrondo’s paradox in a
therapeutical framework.

5. Concluding Remarks

Although tumor progression has stimulated a large number of clinical and theoretical
studies, its underlying mechanisms still remain elusive. The extent to which oncogenic
selection promotes malignant strategies relying on Parrondo’s paradox principles is a
legitimate question, at least because the instability and the multidimensionality of cancer
cells’ phenotypes do not systematically correspond to alterations that effectively contribute
to increase their fitness at any time. Studies that focus on occasional snapshots of the
tumor state cannot capture these Parrondo’s dynamics. Further work is also necessary
to explore the extent to which malignant cell switching rates match optimally or not
the rate of micro environmental instability (i.e., as for the random phase variation with
bacteria discussed above). Another relevant direction would be to test the hypothesis
that selection for Parrondo dynamics generates syndromes in malignant cells, that is
the simultaneous alteration of multiple phenotypic traits, that could appear not optimal
individually but that collectively produce a winning outcome. These syndromes would
result from some major physiological disruptions reflecting the need to combine many
losing strategies to acquire full malignancy. The complexity and the sub-optimality of
malignant phenotypes could, thus, at least partially, result from few major physiological
effects selected under Parrondo’s logic, followed by a cascade of phenotypic effects
forming a syndrome. In conclusion, future exploration of the Parrondo’s paradox and its
relevance to the phenotypic diversity of tumor cells could provide novel insight into the
complexity of cancer dynamics and progression.
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Simple Summary: The roles of peroxisome proliferator-activated receptors (PPARs) in carcinogenesis
are increasingly appreciated. With the growing interest in tumor stromal-epithelial crosstalk, we
aim to provide an up-to-date overview of the implications of PPARs in the tumor microenvironment.
In the tumor stromal cells, the nuclear receptors exhibit critical, but functionally diverse activities,
rendering it hard to ascribe either an exclusive pro- or anti-tumorigenic role for different PPAR
isotypes. Based on the existing evidence, we also highlight the knowledge gaps and future prospects
of targeting PPARs in the tumor microenvironment. Essentially, a PPAR-based anticancer approach
holds a great deal of untapped potential, but its success relies on innovative strategies for cell-specific
or tumor microenvironment-triggered drug delivery systems.

Abstract: Peroxisome proliferator-activated receptors (PPARs) have been extensively studied for
more than three decades. Consisting of three isotypes, PPARα, γ, and β/δ, these nuclear recep-
tors are regarded as the master metabolic regulators which govern many aspects of the body en-
ergy homeostasis and cell fate. Their roles in malignancy are also increasingly recognized. With
the growing interest in crosstalk between tumor stroma and epithelium, this review aims to highlight
the current knowledge on the implications of PPARs in the tumor microenvironment. PPARγ plays a
crucial role in the metabolic reprogramming of cancer-associated fibroblasts and adipocytes, coercing
the two stromal cells to become substrate donors for cancer growth. Fibroblast PPARβ/δ can modify
the risk of tumor initiation and cancer susceptibility. In endothelial cells, PPARβ/δ and PPARα are
pro- and anti-angiogenic, respectively. Although the angiogenic role of PPARγ remains ambiguous,
it is a crucial regulator in autocrine and paracrine signaling of cancer-associated fibroblasts and
tumor-associated macrophages/immune cells. Of note, angiopoietin-like 4 (ANGPTL4), a secretory
protein encoded by a target gene of PPARs, triggers critical oncogenic processes such as inflammatory
signaling, extracellular matrix derangement, anoikis resistance and metastasis, making it a potential
drug target for cancer treatment. To conclude, PPARs in the tumor microenvironment exhibit onco-
genic activities which are highly controversial and dependent on many factors such as stromal cell
types, cancer types, and oncogenesis stages. Thus, the success of PPAR-based anticancer treatment
potentially relies on innovative strategies to modulate PPAR activity in a cell type-specific manner.

Keywords: peroxisome proliferation-activated receptor; metabolic reprogramming; cancer-associated
fibroblast; cancer-associated adipocyte; tumor-associated macrophage
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1. Introduction

The year 2020 marks the 30-year discovery of nuclear hormone receptor, peroxi-
some proliferator-activated receptors (PPARs). In 1990, the first isotype of PPAR, now
called PPARα, was successfully cloned from the mouse liver and identified as a novel
nuclear receptor that is essential for triglyceride and cholesterol homeostasis [1]. Two years
later, all three PPAR isotypes, namely PPARα, PPARβ/δ, and PPARγ, were isolated from
the Xenopus laevis ovary and liver [2]. The research on PPARs has expanded exponentially
ever since. Compelling evidence supports their roles as master regulators in metabolism
and body energy homeostasis [3]. The clinical significance of PPARs is underscored by
their synthetic ligands which are used to treat different facets of metabolic syndrome. Even
before the discovery of PPARs, fibrates, which are PPARα agonists, have been used as lipid-
lowering drugs and continue to be a mainstream therapy for atherogenic dyslipidemia and
atherosclerosis [4]. Major synthetic PPARγ agonists, the thiazolidinediones (TZDs), are po-
tent glucose-lowering agents that improve insulin sensitivity in adipose tissues and skeletal
muscles [5]. To date, no PPARβ/δ ligand has been approved for clinical use. The clinical
successes of TZDs and fibrates have spurred extensive development of next-generation
PPAR ligands (i.e., antagonist, dual- and pan-PPAR agonists) for various metabolic compli-
cations, ranging from pre-morbid conditions such as obesity to chronic morbidities such as
non-alcoholic fatty liver disease and chronic kidney disease [6]. Clearly, the discovery of
PPARs underscores an important milestone in medicine, given the profound and pervasive
impacts of PPARs in the way we tackle modern metabolic diseases.

The clinical impact of PPARs extends beyond metabolic disorders. To date, PPAR
agonists have been trialed in many human diseases, including neurodegenerative disorders,
psychiatric disorders, autoimmune and inflammatory diseases, as well as malignancies,
with varying degrees of success [6,7]. PPAR-related metabolic dysregulations, such as
obesity and type 2 diabetes, are independent risk factors of carcinogenesis and cancer
prognosis predictors [8,9]. Thus, there is intense research spotlight on exploiting PPARs for
cancer therapy. Early investigations revealed that, in the majority of cases, the activation
of PPARβ/δ is linked to tumor progression, whereas PPARα and PPARγ are associated
with anti-tumorigenesis [10]. Nevertheless, existing cancer trials revealed a huge cancer-
to-cancer discrepancy, undermining the potential of PPAR ligands in cancer therapy [6].
Such discordance between preclinical and clinical outcomes indicates unaccounted hidden
players interacting with PPARs during carcinogenesis.

It is now well-recognized that cancer cells do not live in a rigid and homogenous
mass, but rather in a highly dynamic and heterogeneous community comprising a wide
variety of cell types such as fibroblasts, adipocytes, immune cells, endothelial cells, per-
icytes, and mesenchymal stem cells, collectively known as the tumor stromal cells [11].
The interplay between tumor stromal cells and the epithelium is crucial to every step of
tumorigenesis, from initiation, progression, and metastasis, besides offering enhanced
plasticity and resistance to various stressors and physiological cues in cancer cells [12].
Increasing evidence also implicates a profound role for PPARs in stromal cellular be-
haviors and eventual consequences in cancer hallmarks. Our review aims to consoli-
date the current understanding of PPAR-mediated activities in carcinogenesis and tumor
stromal–epithelial communication.

2. The Roles of PPARs in Tumor Epithelium
2.1. Functional Diversity of PPARs in Tumorigenesis
2.1.1. PPARα

The three PPAR isotypes have diverse physiological functions and expression patterns
in different tissues. Likewise, they also possess vastly different roles in cancer cells (Figure 1).
Marked species differences are apparent in response to peroxisome proliferation induced
by activated PPARα. Rats and mice are extremely sensitive, while humans appear to be
relatively insensitive or non-responsive at dose levels that produce a marked carcinogenic
response in rodents. Experimental evidence suggests a probable link between peroxisome-
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proliferator-elicited liver growth and the subsequent development of liver tumors in
rats and mice. In rodents, the activation of PPARα induces miRNA-mediated neoplastic
changes in the liver [13]. However, these oncogenic events are not recapitulated in PPARα
humanized mice and human hepatocyte cell lines [14].
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Figure 1. The cellular activities regulated by PPARs in tumor epithelium. In a tumor cell, PPARα and
PPARγ exhibit controversial roles. They are generally linked to anticancer effects (green text boxes)
by impairing the pro-inflammatory, pro-metastatic, and pro-survival responses, as well as reducing
metabolic flexibility. However, their pro-cancer activities (red text boxes), including the maintenance
of cancer stemness, meeting high energy demands of cancers and promoting metastasis, have been
reported. On the other hand, PPARβ/δ activates signaling pathways and key mediators implicated in
pro-cancer activities such as enhanced survival, proliferation, and epithelial–mesenchymal transition.
ECM, extracellular matrix.

A few studies also reported a pro-carcinogenic role of PPARα. In a small-scale cross
sectional study (n = 100 patients), the overexpression of PPARα in the tumor microenviron-
ment (TME) of colorectal cancer has been linked to poorer prognosis [15]. In breast cancer
stem cells, GW6471 (a PPARα antagonist) is anti-proliferative and pro-apoptotic, while
Wy14643 (a PPARα agonist) induces the clonal expansion of breast cancer mammospheres
by promoting the signaling activities of the nuclear receptor κB (NF-κB)/ interleukin-6
(IL-6) axis, SLUG, Notch3, and Jagged 1 [16,17]. PPARα signaling also ensures a high lipid
turnover rate, sustaining the high energy demand to maintain stemness and self-renewal
in pancreatic and colorectal cancer stem cells [18].

Based on a meta-analysis, the clinical use of fibrates, which can be traced back to
the mid-1970s, does not significantly increase cancer incidence [19]. In fact, PPARα activities
are primarily thought to be anticancer in humans. The nuclear receptor can repress the
oncogenic roles of NF-κB and Akt, besides forcing the tumor cells to adopt a lipo-centric
metabolism [20,21]. Consequently, the tumor cells which adapt poorly to the PPARα-
mediated anti-inflammatory response and enhanced fatty acid oxidation may become less
proliferative and undergo apoptotic, necrotic, or autophagic cell death.
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2.1.2. PPARγ

Most studies support an anti-carcinogenic role for PPARγ, as summarized in a re-
cent review [22]. A high expression of PPARγ is associated with a favorable prognosis in
colorectal cancer patients [15]. The activation of PPARγ in cancer cells stimulates adipo-
genesis and disrupts the Hippo-YAP signaling pathway to force terminal differentiation
and suppress proliferation [23–25]. Many cancer stem cells are also sensitive to the ter-
minal differentiation directed by PPARγ [24,26,27]. PPARγ-mediated PTEN upregulation
inhibits PI3K signaling to diminish the self-renewal and aggressiveness of cancer stem
cells [28,29]. Furthermore, PPARγ agonists trigger NF-κB transrepression and modulate
various BCL-2 family proteins such as BAX, BAD, Bcl-XL, Bcl2, and PI3K/Akt c-Jun to
exert anti-inflammatory and pro-apoptotic properties [21]. PPARγ agonists, ciglitazone
and 15-deoxy-∆12,14-prostaglandin J2 (15d-PGJ2), inhibited cell viability and proliferation
of brain tumor stem cells at least via the inhibition of Sox2 while enhancing Nanog expres-
sion [30]. The differential regulation of Sox2 and Nanog by PPARγ agonists suggests a
critical role for these stemness factors in modulating the growth and differentiation of stem
cells in glioma. However, the mechanism by which PPARγ agonists regulate differentiation
and self-renewal remains unclear. Separately, by suppressing matrix metalloproteinases
and antagonizing Smad3-dependent transcriptional activity, PPARγ also attenuates extra-
cellular matrix (ECM) remodeling and epithelial–mesenchymal transition (EMT), which, in
turn, leads to reduced tumor metastasis [31,32].

Reports on the pro-cancer effect of PPARγ are not uncommon. Yang et al. (2005) [33]
and Pino et al. (2004) [34] concluded that the use of PPARγ agonists is associated with
increased cancer incidence in genetic mice models of colorectal cancer. A few studies have
also described the increased risk of PPARγ agonists for renal and bladder cancers [35,36].
Several molecular mechanisms for the pro-cancer effect of PPARγ have been proposed.
For instance, Galbraith et al. (2021) [37] demonstrated that in prostate cancer, PPARγ over-
expression promoted the activity of Akt3, which subsequently inhibited a nuclear export
protein, CRM1, and enhanced the nuclear retention of PPARγ co-activator 1α (PGC1α).
Such activity ramps up the mitochondrial ATP output in cancer cells to meet the exor-
bitant energy demand for EMT and metastasis. In human melanoma, the activation of
PPARγ remodels the expression and localization of surface integrins, particularly integrin
β-3 and integrin α-5, to increase cellular adhesiveness and distal metastatic seeding [38].
These metastatic phenotypes are linked to the suppression of thioredoxin-interacting
protein (TXNIP), whose expression is negatively regulated by PPARγ [38]. Moreover,
using a liver-specific Pten knockout mouse model, it was found that Akt2 promotes
the activation and pro-tumorigenic signaling of PPARγ by repressing hepatocyte nuclear
factor 1α (HNF1α) [39,40]. Although multiple pro-tumorigenic mechanisms of PPARγ
have been found, to date, there is no consensus if these PPARγ-mediated pathways are
ubiquitous in different cancer cell types. Notably, the genetic background could act as a
strong modifier of the pro-tumor effect of PPARγ, as examplified by the predisposition of
certain PPARγ polymorphisms (i.e., Pro12Ala and C161T) to breast cancer [41]. The genetic
predisposition would also explain why certain ethnic groups may be more susceptible to
the cancer onset with prolonged usage of PPARγ agonists even though TZDs are generally
associated with protective effects against several common cancers [42,43].

2.1.3. PPARβ/δ

The dual role of PPARβ/δ in cancer has been thoroughly reviewed [44,45]. In sum-
mary, most of the studies are in favor of a pro-tumorigenic profile of PPARβ/δ. Ex-
tensive investigations were focused on colon cancers [15]. Pro-tumorigenic activities
of PPARβ/δ have been demonstrated in many colon cancer mouse models, including
ApcMin/+ mice [46], azoxymethane-induced colon tumors [47], colitis-associated colon
cancer [48], high-fat diet or PPARβ/δ agonist-treated mice [49]. PPARβ/δ overexpres-
sion exacerbates the activation of β-catenin and several pro-invasive pathways, namely
connexin 43, PDGFRβ, Akt1, EIF4G1, and CDK1, to promote colorectal cancer progres-
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sion [46]. PPARβ/δ also positively regulates IL-6/STAT3-mediated inflammation and
many pro-metastatic genes [48,50]. PPARβ/δ is a key mediator of PDK1-mediated mam-
mary carcinogenesis [51]. In a nonmelanoma skin cancer mouse model, PPARβ/δ activates
the oncogene Src and the EGFR/Erk1/2 signaling pathways upon UV exposure, resulting in
increased tumor burden and EMT [52]. Enhanced response of Erk to transforming growth
factor β1 (TGF-β1) is also seen in prostate cancer cells, in response to PPARβ/δ-mediated
activation of ABCA1 and caveolin-1, which results in TGF-β1-induced tumor growth,
migration, and invasion [53]. In terms of cancer stem cells, the current understanding of
the role of PPARβ/δ is somewhat lacking. A recent study revealed that PPARβ/δ upregu-
lates Nanog expression in colorectal cancer cells, promoting metastasis when exposed to a
fat-enriched environment [54]; yet, another study showed its suppressive effect on SOX2
expression, thus inhibiting neuroblastoma tumorigenesis [55]. While the pro-tumorigenic
role of PPARβ/δ in tumor epithelium is well-supported, opposite findings have also been
reported [56–58]. The conflicting results suggest other still hidden mechanisms that can
fine-tune the cellular activity of PPARβ/δ towards pro- or anticancer effects.

2.2. Clinical Development of PPAR Modulators as Cancer Therapeutics

The tight entanglement of PPAR signaling and tumorigenesis leads to the repurposing
of PPAR-targeting drugs for cancer treatment. Many early phase clinical trials have been
conducted to examine the clinical feasibility of PPAR agonists, particularly PPARα and
PPARγ agonists, against a wide range of cancers [6]. However, existing evidence does
not support using any PPAR modulators to treat cancers because of underpowered study
design, marginal effect size, and underwhelming outcomes. The discrepancy between
preclinical and clinical results highlights a knowledge gap in our understanding of PPARs
in carcinogenesis. In fact, PPAR activities may vary across different cancer types and
stages. On top of that, the TME adds an extra layer of complexity to the regulatory roles of
PPARs in oncogenic processes, which existing PPAR cancer research often fails to take into
consideration. As PPARs may have vastly distinct roles in tumor stromal cells compared
to epithelial cells during tumorigenesis, in the next section, we will provide an overview
of the current understanding of PPARs in the TME and the interplay between tumor
stroma and epithelium.

3. The Roles of PPARs in Stromal Cells in the Tumor Microenvironment

Most anticancer therapies target malignant cancer cells while largely ignoring
the surrounding noncancer cell components of the tumor or TME. The TME or tumor
stroma comprises nonmalignant host cellular and acellular components, including, but not
limited to, fibroblasts, immune cells, endothelial cells, fat cells, and noncellular components
of the tumor niche such as the basement membrane and ECM. Although most normal
host cells in the stroma possess certain tumor-suppressing abilities, the stroma will change
during malignancy, causing the tumor stromal cells to confer pro- or anti-tumor properties
in a context- and cell type-dependent manner. Over the past decades, the role of the TME
in determining every aspect of cancer progression and the efficacy of treatment has become
evident. The functions of PPARs in these stromal cells are increasingly appreciated and
have direct or indirect impacts on cancer progression.

3.1. PPARγ: A Master Regulator of Stromal Metabolic Reprogramming
3.1.1. Cancer-Associated Fibroblasts

Cancer metabolism and bioenergetics are vastly different from those of normal epithe-
lial cells. A high basal metabolic rate, coupled with abnormal vasculatures in the TME,
poses a tremendous challenge for cancer cells to fulfill their energy demand. While the can-
cer cells possess remarkable plasticity and versatility to utilize various substrates to meet
their demand for cellular energy, the surrounding stromal cells also play an indispensable
role during cancer progression.
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Under the paracrine influences of cancer cells, stromal cells such as cancer-associated
fibroblasts (CAFs) and cancer-associated adipocytes (CAAs) can transform into substrate
donors to provide fuels and building blocks, namely glutamine, L-lactate, fatty acids, and
ketone bodies. These metabolites are readily channeled into the Krebs cycle and oxidative
phosphorylation of the cancer cells for ATP generation [59,60]. PPARγ governs many pro-
cesses involved in the metabolic remodeling of stromal cells. Clinically, the expression of
PPARγ is significantly upregulated in CAFs of cutaneous skin squamous cell carcinoma and
colon adenocarcinoma [61,62]. In one study, immortalized human fibroblasts overexpress-
ing PPARγ were more glycolytic, autophagic, and displayed a senescent phenotype [63].
L-lactate secretion also increased by 70% in PPARγ-overexpressing fibroblasts compared
to wild-type counterparts [63]. These PPARγ-induced metabolic features are typical in a
tumor-supporting stroma, as evidenced by accelerated tumor xenograft growth of MDA-
MD-231 breast cancer cells when co-implanted with transgenic fibroblasts overexpressing
PPARγ, but not with wild-type fibroblasts [63].

The hypoxic TME further aggravates the autophagic phenotype in tumor stromal cells,
suggesting a modifying role of hypoxia-inducible factor 1α (HIF-1α) in PPARγ-dependent
autophagy [63,64]. Furthermore, a study on a genetic defect (MTO1 deficiency) in mitochon-
dria reported that AMP-activated protein kinase (AMPK) and uncoupling protein 2 (UCP2)
interacted closely with PPARγ and HIF-1α, generating a HIF1α-PPARγ-UCP2-AMPK axis,
to influence mitochondrial bioenergetics and key metabolic processes such as glycolysis,
fatty acid oxidation, and oxidative phosphorylation, leading to extensive metabolic re-
programming in fibroblasts [65]. AMPK ensures the maturation of autophagosome and
lysosomal fusion during autophagy [66], besides modulating the genes responsible for
mitochondrial integrity (UCP2 and PGC-1α), autophagy (BECN-1, LC3B, ATG5, ATG7, and
SQSTM1), and mitophagy (PINK1, FUNDC1, BNIP3, and PRKN) [67]. The expression
of AMPK target genes is considerably disrupted in fibroblasts overexpressing PPARγ
under normoxia and hypoxia [63]. As such, the interplay among PPARγ, HIF1α, and
AMPK is pivotal in modulating CAF autophagy, but the exact mode of interaction remains
largely elusive.

Following autophagy, glycolysis occurs to recycle cellular organelles and debris into
basic building blocks reusable by cancer cells [68,69]. Many glycolytic genes are subject
to PPARγ regulation [70,71]. Several studies also pointed to NF-κB as a key transcription
factor of stromal autophagy and glycolysis [63,72], but its interaction with PPARγ remains
elusive. In short, PPARγ regulates key genes and cellular events in CAFs to accomplish the
metabolic coupling of tumor stroma and epithelium, essentially transforming CAFs into a
powerhouse that constantly generates energetic biomolecules to support tumor growth.

In contrast to the tumor-supporting properties of CAFs overexpressing PPARγ, phar-
macologic PPARγ activation in tumor epithelium confers anticancer effects by reducing
tumor proliferation and neovascularization [63]. Thus, the activation of PPARγ metaboli-
cally reprograms CAFs to favor autophagic and glycolytic behaviors, allowing cancer cells
to use nutrients from non-autonomous sources to sustain their uncontrolled proliferation
and other activities.

3.1.2. Cancer-Associated Adipocytes

Like CAFs, CAAs also serve as storage sites and nutrient donors in the TME [73].
Fibroblasts and mesenchymal stromal cells readily undergo adipogenesis and differentiate
into adipocytes upon exposure to adipogenic stimuli, especially the activation and up-
regulation of PPARγ [74,75]. Cancer exosomes loaded with miRNA-144 and miRNA-155
facilitate the beige/brown differentiation of CAAs by modulating the MAP3K8-Erk1/2-
PPARγ axis, whereas those carrying miRNA-126 can disrupt IRS-GLUT4 signaling and
promote AMPK- and HIF1α-mediated autophagy [76,77]. Cancer cells can also initi-
ate the dedifferentiation of adjacent adipocytes, a process that is consistently observed
when adipocytes are cocultured with cancer cells [78,79]. The process is characterized by
the progressive loss of mature adipocyte markers such as leptin, adiponectin, HSL, and
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PPARγ, increased expression of fibroblast markers such as matrix metalloproteinase 11
(MMP11), collagen I, and α-SMA, as well as the adoption of a fibroblast-like morphology in
the cocultured adipocytes [78,79]. These dedifferentiated adipocytes exhibit transcriptional
suppression of GLUT4 and IRS1 and inhibit insulin-induced Akt phosphorylation [78].
These aberrations occur alongside the downregulation of MAP3K8-Erk1/2-PPARγ, ef-
fectively escalating the catabolic capacity of CAAs to secrete pyruvate, L-lactate, and
ketone bodies [76].

Moreover, diminished ligand activation of PPARγ through the constitutive expres-
sion of Notch1 induces adipocyte de-differentiation and tumor-like manifestations [80].
Treatment with rosiglitazone, a PPARγ agonist, effectively promoted adipocyte rediffer-
entiation and attenuated the transformation of the adipocytes [80]. Consistent with these
observations, the adipocyte-specific deletion of PPARγ in a chemically induced breast
cancer model impaired BRCA1 expression in CAAs and subsequently accelerated tumor
formation and progression [81]. Undoubtedly, PPARγ is a critical mediator in the cel-
lular fate and metabolic reprogramming of CAAs. Although the actual functionality of
adipocyte dedifferentiation in tumor stroma remains unclear, it is generally associated
with pro-tumorigenic activities [76,78]. Furthermore, dedifferentiated adipocytes can be
redifferentiated into other cell lineages, including beige/brown adipocytes that readily
release bioenergetic molecules into the TME [82]. Such plasticity of adipocytes entails
the possibility for tumor cells to coerce the CAAs into other tumor supportive cells.

Taken together, CAFs and CAAs are two key stromal cells that undergo extensive
metabolic reprogramming to act as energy reserves for cancer epithelium, as illustrated
in Figure 2. PPARγ signaling is implicated in the remodeling of both stromal cells, but
the activity is vastly different. Autophagic CAFs are triggered by PPARγ activation,
while PPARγ is suppressed in dedifferentiated CAAs. This cell type-dependent dis-
parity highlights a need for strategies to target PPARγ in a cell-specific manner so that
the treatment is not counter-productive.

3.2. PPARβ/δ in CAFs Governs Redox Homeostasis and Affects Tumor Initiation

The differentiation of normal fibroblasts into CAFs is one of the cornerstones of
early tumor initiation in many cancer types [83,84]. CAFs can disrupt the local ECM
and deliver proliferative paracrine signals to support tumorigenic events. Interestingly,
mice with fibroblast-selective PPARβ/δ deletion developed fewer and smaller skin tumors
than wild-type mice exposed to topical carcinogens [85]. Similar results were recapitu-
lated using chemically and genetically induced intestinal carcinogenesis in these mutant
mice [86], indicating that PPARβ/δ activity in stromal fibroblasts promotes tumor initiation.
The delayed tumor emergence in the mutant mice was due to an enhanced antioxidant
response in the epithelium. Mechanistically, PPARβ/δ-knockout fibroblasts markedly
increase the Nox4-derived H2O2 production in the adjacent epidermis, subsequently trig-
gering an RAF/MEK-mediated NRF2 activation that elicits a strong antioxidant and cyto-
protective response [85]. By reducing the phosphorylation of many tumor suppressors and
oncogenes, NRF2 also increases the tumor suppressor activity of PTEN and reduces the
oncogenic activity of Src and Akt, leading to delayed tumor growth [85]. Hence, reducing
the expression and activity of PPARβ/δ in CAFs may provide a new therapeutic option to
disrupt cancer susceptibility in the neighboring tumor epidermis.

Leucine-rich-alpha-2-glycoprotein 1 (LRG1) and TGFβ1 underpin a crucial process in
the PPARβ/δ-mediated stromal–epithelial crosstalk. PPARβ/δ in fibroblasts upregulates
the expression of LRG1, which blunts the epidermal response to TGFβ1 [87]. Furthermore,
exogenous LRG1 can also ablate the influence of TGFβ1 on ROS generation and NRF2 activ-
ity [85]. In colorectal carcinoma and pancreatic ductal adenocarcinoma patients, the level of
LRG1 in the TME and bloodstream is significantly higher than in healthy individuals and
correlates positively with a more advanced cancer stage and poorer prognosis [88–90]. This
observation suggests a pro-tumorigenic role of LRG1. Surprisingly, the LRG1 promoter
has two putative PPAR response elements [91]. The expression of LRG1 is increased by
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a PPARβ/δ agonist, GW501516, which strongly suggests that LRG1 is a direct target of
PPARβ/δ [91]. Therefore, during the early stage of tumorigenesis, CAF PPARβ/δ may
stimulate LRG1 expression, which interferes with TGFβ1-dependent redox homeostasis, to
support a sustained oncogenic transformation in the surrounding tumor epithelium.

Cancers 2021, 13, x  8 of 25 
 

 

 

Figure 2. PPARγ orchestrates the metabolic reprogramming of cancer-associated fibroblasts and adipocytes. In cancer-

associated fibroblasts (CAFs), PPARγ interacts closely with HIF-1α, AMPK, and NF-κB to promote cell cycle arrest, senes-

cence, autophagy, and glycolysis. These functional changes unleash many metabolic substrates into the tumor microenvi-

ronment for the neighboring tumor cells. Similarly, PPARγ governs the fate and function of cancer-associated adipocytes 

(CAAs). Upon exposure to adipogenic stimuli, PPARγ mediates adipogenesis and formation of CAAs to act as an energy 

reserve. In contrast, exposure to dedifferentiation stimuli drives CAAs to adopt a CAF-like phenotype and act as a sub-

strate doner in the tumor microenvironment. Certain miRNAs can suppress PPARγ to induce brown and beige differen-

tiation of CAAs which are also energy donors for cancer progression. 

3.2. PPARβ/δ in CAFs Governs Redox Homeostasis and Affects Tumor Initiation 

The differentiation of normal fibroblasts into CAFs is one of the cornerstones of early 

tumor initiation in many cancer types [83,84]. CAFs can disrupt the local ECM and deliver 

proliferative paracrine signals to support tumorigenic events. Interestingly, mice with fi-

broblast-selective PPARβ/δ deletion developed fewer and smaller skin tumors than wild-

type mice exposed to topical carcinogens [85]. Similar results were recapitulated using 

chemically and genetically induced intestinal carcinogenesis in these mutant mice [86], 

indicating that PPARβ/δ activity in stromal fibroblasts promotes tumor initiation. The de-

layed tumor emergence in the mutant mice was due to an enhanced antioxidant response 

in the epithelium. Mechanistically, PPARβ/δ-knockout fibroblasts markedly increase the 

Nox4-derived H2O2 production in the adjacent epidermis, subsequently triggering an 

RAF/MEK-mediated NRF2 activation that elicits a strong antioxidant and cytoprotective 

response [85]. By reducing the phosphorylation of many tumor suppressors and onco-

genes, NRF2 also increases the tumor suppressor activity of PTEN and reduces the onco-

genic activity of Src and Akt, leading to delayed tumor growth [85]. Hence, reducing the 

expression and activity of PPARβ/δ in CAFs may provide a new therapeutic option to 

disrupt cancer susceptibility in the neighboring tumor epidermis. 

Figure 2. PPARγ orchestrates the metabolic reprogramming of cancer-associated fibroblasts and adipocytes. In cancer-
associated fibroblasts (CAFs), PPARγ interacts closely with HIF-1α, AMPK, and NF-κB to promote cell cycle arrest,
senescence, autophagy, and glycolysis. These functional changes unleash many metabolic substrates into the tumor
microenvironment for the neighboring tumor cells. Similarly, PPARγ governs the fate and function of cancer-associated
adipocytes (CAAs). Upon exposure to adipogenic stimuli, PPARγ mediates adipogenesis and formation of CAAs to act as
an energy reserve. In contrast, exposure to dedifferentiation stimuli drives CAAs to adopt a CAF-like phenotype and act
as a substrate doner in the tumor microenvironment. Certain miRNAs can suppress PPARγ to induce brown and beige
differentiation of CAAs which are also energy donors for cancer progression.

Collectively, these findings uncover a major role for stromal PPARβ/δ in the epithelial–
mesenchymal communication and cellular oxidative response in tumor development
(Figure 3). Notably, this novel role of PPARβ/δ was primarily documented, so far, in
nonmelanoma skin carcinoma and colorectal cancer models. Thus, further validation in
other cancer models is necessary.
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Figure 3. Stromal PPARβ/δ regulates epithelial redox homeostasis and oncogenesis. In carcinogenic assaults, TGFβ
signaling in epithelial cells is activated to promote H2O2 synthesis, which subsequently activates NRF2 and reinforces
the cytoprotection against carcinogens (blue upper compartment of the epithelial cell). However, fibroblast PPARβ/δ
disrupts the protective mechanism by upregulating LRG1, which acts as a competitive inhibitor of TGFβ1 and dampens
TGFβ signaling, resulting in increased cancer susceptibility and oncogenesis (red lower compartment of the epithelial cell).

3.3. Endothelial PPARs Affect Angiogenesis in the Tumor Microenvironment

Hypoxic regions often arise because of rapid tumor growth, which outgrows
the oxygen perfusion and nutrient supply from existing vasculature [92]. Cancer cells
mitigate the predicament by releasing pro-angiogenic factors that stimulate angiogenesis,
which is affected by all three PPAR isotypes.

In terms of PPARα, synthetic PPARα agonists such as fenofibrate and Wy-14643 have
demonstrated suppressive effects on endothelial cell proliferation, neovascularization, and
tumor xenograft growth [93,94]. Such anti-angiogenic effects of PPARα agonists were lost
in PPARα-deficient mice transplanted with PPARα-intact tumor cells, implying that PPARα
activation in surrounding stromal cells, but not the tumor cells, attenuated tumor angio-
genesis [93,94]. The underlying mechanism is associated with increased anti-angiogenic
factors (i.e., thrombospondin-1 and endostatin) and the interference of pro-angiogenic
factor biosynthesis (i.e., VEGF-A, angiopoietin-1, and angiopoietin-2), affecting VEGF-
and FGF2-mediated endothelial proliferation and migration [93,95]. Furthermore, by tran-
scriptionally suppressing the expression of endothelial P450 CYP2C epoxygenase, whose
function is to catalyze arachidonic acid epoxidation, PPARα also diminishes the epoxy-
genase products, epoxyeicosatrienoic acids, which are pro-angiogenic [96]. Thus, PPARα
activation in stromal endothelial cells inhibited the biosynthesis of pro-angiogenic factors
while promoting the secretion of anti-angiogenic factors, thereby abrogating angiogenesis
and limiting nutrient supply to attenuate tumor progression.

In contrast to PPARα, PPARβ/δ is a pro-angiogenic nuclear receptor in line with
its wound healing properties [97–99]. The activation of PPARβ/δ in endothelial cells by
synthetic ligands or genetic manipulation consistently results in aberrant biosynthesis of
VEGF, PDGFR, and c-KI, as well as accelerated endothelial cell proliferation and vascular
formation [100,101]. In the TME, these pro-angiogenic changes stimulate the formation
of a tumor with a higher vessel density, enhancing tumor feeding, oxygen provision, and
metastasis capacity of the cancer cells [101]. Interestingly, in PPARβ/δ knockout mice
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harboring experimental wild-type tumors, the endothelial cells forming the microvessels in
the tumors appear immature, hyperplastic, and less well-organized, leading to abnormal
microvasculature and restricted blood flow into the tumors [102,103]. Apart from conven-
tional growth factors, other potential PPARβ/δ-dependent angiogenic mediators include
CDKN1C [102], IL-8 [104], CLIC4, and CRBP1 [105]. Considering its regulatory effects
on many angiogenic genes and the strong linkages with advanced cancer stages, tumor
recurrence, and distant metastasis, PPARβ/δ is identified as one of the pro-angiogenic
signaling hubs in cancers [103]. Thus, the pro-tumorigenic and pro-angiogenic activities
of PPARβ/δ warrant the development of efficacious PPARβ/δ antagonists to be tested in
cancer models.

Existing evidence on the role of PPARγ in angiogenesis remains ambiguous. Like
PPARα, PPARγ activities in the TME are associated with the dysregulated production of
angiogenic factors, especially platelet-derived endothelial cell growth factor (PD-ECGF)
and fibroblast growth factor (FGF) [106,107]. Early studies generally concluded on an
inhibitory effect of PPARγ ligands on endothelial cell proliferation in response to pro-
angiogenic factors and endothelial tube formation [108,109], whereas subsequent inves-
tigations suggested otherwise [110,111]. Such conflicting findings may be attributable
to the dosages of PPARγ ligands and endothelial cell types [112]. Regardless of the pro-
or anti-angiogenic properties, VEGF/VEGFR signaling is coherently implicated in the
PPARγ-mediated effect [108–110]. A recent study using endothelial-specific PPARγ knock-
out models shed new light on the role of this nuclear receptor in angiogenesis. In mature
endothelial cells, PPARγ knockdown impaired proliferation, migratory properties, and
tubule formation capacity [111]. These impairments translated into the loss of circulat-
ing endothelial progenitor cells and angiogenic capacity in endothelial-specific PPARγ-
deficient mice, which was reversed by the transplantation of wild-type bone marrow [111].
Mechanistically, abolishing PPARγ in the endothelial cells disrupts E2F1-mediated Wnt
signaling and GSK3B interacting protein activity, resulting in suppressed endothelial pro-
liferation [111]. Conceivably, the genetic models reinforce the pro-angiogenic activity of
PPARγ in endothelial cells.

In short, PPARα and PPARβ/δ exert anti- and pro-angiogenic activities in the endothe-
lial cells of TME, respectively. On the other hand, opposing roles have been reported for
PPARγ in angiogenesis. The roles of each PPAR isotype in angiogenesis are summarized in
Figure 4. Notably, most findings on PPARγ are not established using oncogenic models.
As the physiological cues in a TME are different from a normal condition, the true nature
of PPARγ in cancer angiogenesis and tumor epithelium-endothelium crosstalk requires
further investigation.

3.4. PPAR-Dependent Autocrine and Paracrine Signaling

Autocrine signaling facilities self-stimulation, while paracrine signaling allows local
cell–cell communication. In the TME, both forms of cell signaling are imperative to coor-
dinate every stage of oncogenesis, alerting the tumor cells how and when to proliferate,
evade immune surveillance, escape from the existing microenvironment, and settle at
a distal site. The transmission of complex messages in response to cellular stimuli is made
possible by a plethora of secretory mediators, including cytokines, chemokines, growth
factors, catalytic proteins, miRNAs, extracellular vesicles, and lipid compounds [113].
Many of these messengers are directly or indirectly regulated by PPARs (Figure 5). For
instance, a new PPARγ agonist, CB13, remodels the exosomal contents from radio-resistant
non-small cell lung cancer to promote endoplasmic reticulum stress and cell death via a
PERK-eIF2α-ATF4-CHOP axis [114].
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Figure 4. Angiogenic role of PPARs in endothelial cells. In the endothelial cells, PPARα exhibits an anti-angiogenic
effect by inhibiting endothelial proliferation, whereas PPARβ/δ appears pro-angiogenic by ensuring proper endothelial
morphogenesis and vascular maturation. The role of PPARγ in angiogenesis is conflicting and warrants further investigation.

3.4.1. Disruption of Pro-Tumor Signaling by PPARγ in CAFs

Eicosanoids, which are lipid signaling molecules and cognate ligands of PPARs, are
the main drivers of PPAR activation in the TME. Major eicosanoid subfamilies include
prostaglandins, thromboxanes, leukotrienes, and epoxygenated fatty acids, among which
the prostaglandins are the most well-investigated. In colon cancers, cyclooxygenase-2
(COX-2), an enzyme that catalyzes the conversion of arachidonic acid to prostaglandin
H2 (PGH2), is overexpressed in CAFs surrounding colon adenocarcinomas, leading to a
buildup of intratumoral PGE2 [61,115]. However, the resultant activity of PPARs varies
across different stromal cells. For instance, 15d-PGJ2 activates PPARγ and suppresses
the proliferation of CAFs and expression of the ECM remodeling enzyme, MMP2 [116].
By inhibiting NF-κB, TZD-activated PPARγ substantially lowers the expression of pro-
inflammatory, pro-angiogenic, and pro-metastatic signaling molecules in CAFs, including
IL-6, IL-8, CXCR4, MMP2, and MMP9, which further dampens pro-tumor crosstalk in
the TME [117,118]. The repression of PPARγ activity also disturbs the quiescent state of
hepatic and pancreatic stellate cells, compelling their differentiation into CAFs with highly
aggressive phenotypes and inducing desmoplasia in the TME [119–122]. Despite some
conflicting results [123], PPARγ in CAFs can disrupt pro-tumorigenic paracrine signaling
by suppressing the liberation of cytokines and chemokines.
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Figure 5. PPARs modulate stromal–epithelial crosstalk in the tumor microenvironment. PPARs affect autocrine and
paracrine signaling in different stromal cells. In cancer-associated fibroblasts, PPARγ activation upon ligand binding
represses NF-κB, alleviating the secretion of many autocrine and paracrine signals. However, in macrophages and immune
cells, PPARγ activation is primarily linked to pro-cancer activities, such as the formation of tumor-associated macrophages
(TAMs), increased regulatory T cells, and immunotolerance. ANGPTL4 is a target gene product of PPARs. Proteolytic
cleavage of full-length ANGPTL4 yields nANGPTL4 and cANGPTL4 domains, of which the latter is a potent paracrine
signal and key mediator of inflammatory signals, anoikis resistance, and metastasis.

3.4.2. PPARγ Propels the Formation of Tumor-Associated Macrophages

The role of PPARs in innate and adaptive immune cells has been extensively stud-
ied. Unlike CAFs, the activation of PPARα and PPARγ in macrophages favors an anti-
inflammatory tumor-associated macrophage (TAM) phenotype [124,125]. Classical PPARγ
ligands, namely rosiglitazone, N-docosahexaenoyl ethanolamide, and N-docosahexaenoyl
serotonin, effectively block paracrine signals from cancer cells to sway the fate of
macrophages to adopt alternative activation and reduce their STAT3-mediated
pro-inflammatory response [125]. In macrophages challenged with pathogens, WY14643
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(PPARα agonist) and 15d-PGJ2 (PPARγ agonist) tip the balance towards the M2 phenotype
by enhancing the expression of arginase I, Ym1 (chitinase 3-like 3), mannose receptor, TGF-
β and increasing phagocytic capacity while diminishing M1 macrophage biomarkers [126].
PPARγ antagonists and macrophage-specific PPARγ ablation attenuate these effects, clearly
outlining the dependency of TAM differentiation on PPARγ [127,128].

Mechanistically, PPARγ agonism promotes lipid retention, lipogenesis, and PGE2 se-
cretion in macrophages. The lipid metabolic changes are partly mediated by the Akt/mTOR
pathway [129]. On top of its role as a nuclear receptor and transcription factor, PPARγ is
subject to cleavage by caspase-1 to yield a 41 kDa fragment that translocates to mitochon-
dria and inhibits medium-chain acyl-CoA dehydrogenase (MCAD). Such a non-canonical
peptide–protein interaction can inhibit fatty acid oxidation, further aggravating lipid
droplet accumulation and TAM formation [130]. Likewise, in dendritic cells residing in
the TME, PPARγ activation directed by Wnt5a/β-catenin paracrine signaling disrupts
fatty acid oxidation and indoleamine 2,3-dioxygenase-1 activity, subsequently leading to
the generation of regulatory T cells, immunotolerance, and weakened immunotherapy
response [131]. These PPARγ activities create a “friendly” TME for cancer survival, which
also coincides with the functional trajectory of macrophage PPARβ/δ [132,133].

Nonetheless, some findings support counterarguments. For example, Cheng et al.
(2016) [134] identified macrophage PPARγ as a key tumor suppressor and TAM modulator
by abolishing Gpr132 expression. Van Ginderachter et al. (2006) [135] agreed that PPARγ
was highly expressed in TAMs, but further stimulation with synthetic and natural ligands
could sabotage TAM-induced cytotoxic T lymphocyte suppression to confer an anti-tumor
effect. The overexpression of PPARγ in macrophages promotes the upregulation of PTEN,
which is encapsulated in exosomes. The uptake of these macrophage-derived exosomes
by adjacent cancer cells inhibits Akt, p38 MAPK, and migratory properties [136]. Many
eicosanoids are also packaged in these exosomes to achieve paracrine stimulation of PPARγ
and augment the inhibitory effect on tumor EMT [136].

Taken together, PPARγ acts as a master immuno-metabolic switch in immune cells
that govern their fate and tumor-supporting role. Current consensus depicts that PPARγ
exhibits a pro-tumorigenic effect in immune cells by promoting alternative activation,
which contradicts its anticancer properties in tumor epithelium and CAFs. On the other
hand, the related information on other PPAR isotypes in this aspect is somewhat limited.
Interestingly, a recent study unveiled that fatty acid-enriched cancer exosomes markedly
activate PPARα in tumor-infiltrating dendritic cells, resulting in mitochondrial overdrive
and impaired dendritic cell-mediated CD8+ cytotoxic T-cell priming [137]. These exciting
findings strongly suggest an immuno-metabolic regulatory role of PPARα in the TME
similar to PPARγ. Such a novel activity of PPARα warrants further investigation.

3.4.3. Role of ANGPTL4 in Stromal–Epithelial Crosstalk

Growing evidence suggests a role of angiopoietin-like 4 (ANGPTL4) in cancer and
stromal-epithelial communication. ANGPTL4 is a secretory protein that belongs to a family
of ANGPTL proteins that share high amino acid sequence similarity with the angiopoietin
(ANG) family [138,139]. Its expression is regulated by all three PPAR isotypes and PGE2,
especially during major metabolic challenges such as starvation and hypoxia [139–141].
The native full-length ANGPTL4 can undergo proteolytic cleavage to yield C-terminal
(cANGPTL4) and N-terminal (nANGPTL4) chains, each with distinct biological activi-
ties [142]. The nANGPTL4 domain is primarily responsible for lipid and glucose metabolism,
while the cANGPTL4 domain is closely linked to tumorigenic activities, notably angio-
genesis, anoikis resistance, and metastasis [143]. Thus, we will be focusing more on the
cANGPTL4 fragment.

High expression of ANGPTL4 has been reported in ovarian, urothelial, and breast
tumor biopsies, particularly in the CAAs [144–146]. The ANGPTL4 overexpression in
CAAs is directed by IL-1β from neighboring TAMs with activated NLRC4 inflammasome
and can be exacerbated by tumor hypoxia [147], resulting in cANGPTL4 aggregation in
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the TME. The cANGPTL4 interacts with integrins β1, β5, α5β1, VE-cadherin, and claudin-5
to induce PAK signaling and weaken cell–cell contacts [148,149]. Moreover, it also disrupts
cell–ECM communication through its interaction with vitronectin and fibronectin [150].
The destabilization of cell junctions is then translated to greater intratumoral vasculariza-
tion and migratory capacity of the malignant cells [151–153].

By manipulating redox homeostasis and activating several pro-survival mechanisms
such as FAK/Src, PI3K/Akt, Erk signaling, ANGPTL4 markedly sharpens the resilience
of tumor cells and confers anoikis resistance [154–156]. Our latest report showed that
exogenous ANGPTL4 activates macrophages and induces hypercytokinemia via PI3K/Akt-
mediated complement component 5a (C5a) activation [157]. This finding indicates a
modifying role of ANGPTL4 in TAM functionality and paracrine signaling in the TME.
Thus, ANGPTL4 may act as a powerful autocrine and paracrine signaling effector of PPARs
that can shape a supportive environment for cancer progression. Further investigations on
the therapeutic feasibility of targeting ANGPTL4 are warranted.

3.5. Stromal PPARγ Modulates Tumor Metastasis

Only a handful of studies have investigated stromal PPAR activities on metastasis,
and the results are conflicting. In myeloid-derived suppressor cells (MDSCs), deficiency
of lysosomal acid lipase (lal−/−) impaired the production of PPARγ ligands, which led to
reduced PPARγ activity, ROS accumulation, and mTOR-mediated tumor metastasis [158].
Following intravenous injection of B16 melanoma cells, increased lung metastases were
observed in mice with myeloid-specific PPARγ knockout, further reinforcing the role of
MDSCs’ PPARγ in metastasis. Contradictorily, a PPARγ agonist, pioglitazone, has been
shown to promote alternative activation of macrophages in the TME [159]. These pro-
tumorigenic myeloid cells can synthesize TGFβ1 to promote EMT of surrounding tumor
cells [160]. Although the true role of stromal PPARγ in metastasis remains debatable, a
recent study showed that astrocytes liberate polyunsaturated fatty acids, which are PPARγ
agonists, to promote the extravasation of circulating cancer cells into the brain while
PPARγ antagonists can reduce brain metastatic burden in vivo [161]. Astrocyte–cancer
cell communication is also mediated by TGF-β2 and ANGPTL4, the latter of which is
an effector of PPARs [162]. Hence, PPARγ may serve as a nutritional cue to provoke
the invasion of metastatic cells into a nutrient-rich environment. The results also argue for
the potential use of PPARγ blockade to treat brain metastasis.

4. Knowledge Gaps and Prospects of Targeting PPARs in Tumor Stroma
4.1. Pressing Questions in Current PPAR Cancer Research Paradigm

Our understanding of the role of PPARs in cancer and the TME has expanded ex-
ponentially in the past decade. As the master switch of metabolism, PPARs and their
actions are deeply rooted in key tumor-supporting cells in the TME, namely CAFs, CAAs,
endothelial cells, and immune cells. However, the outcomes of PPAR manipulation are
not always consistent. Disagreements and even conflicting experimental results between
different stromal cells are not unusual [63,120,125]. The high context dependency remains
a puzzle and, to date, no hypothesis can substantially address the variations.

To explain the disparate findings, Youssef and Badr (2011) [163] put forward
three postulations: (i) off-target effects of PPAR ligands, (ii) diverse pharmacokinetic prop-
erties of PPAR agonists, and (iii) cancer stage-dependent effect, of which the first two focus
on the intrinsic characteristics of the synthetic PPAR ligands while the last one is linked to
the biological context of the TME. Undeniably, synthetic ligands that are supposed to target
the same PPAR isotype do not always have comparable efficacy, off-targets, turnover rate
and toxicities [164]. Hence, PPAR-independent activities on the carcinogenesis caused
by the non-specificity of the PPAR modulators cannot be eliminated. However, many
functional studies of PPAR in the TME were also reinforced by results from genetically
knockout models [85,111,127,128]. Therefore, the pharmacodynamic and pharmacokinetic
variations of synthetic PPAR ligands may not fully account for the observed discrepancies.
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We believe that the controversial roles of PPARs in carcinogenesis should also have
underlying biological rationales. One overlooked aspect is the crosstalk between PPARs
and other nuclear receptors in different cancer types and stages. Classically, all PPAR
isotypes form heterodimers with RXR to coordinately modulate their target genes [165].
Nonetheless, PPARs can cooperate with other nuclear receptors such as glucocorticoid
receptors, estrogen-related receptors, and photoreceptor-specific nuclear receptors to form
atypical heterodimers transiently [166,167]. These atypical heterodimers may regulate
the expression of different sets of genes from those of the classical heterodimers, leading
to diverse cell fate and behaviors [167]. The fact that the atypical heterodimers are not
commonly detected suggests that the protein–protein interaction is labile and can only be
stabilized with a unique combination of physiological cues, microenvironment, bioavail-
ability of the co-factors and cognate ligands. The striking intra- and inter-heterogeneity
of the TME, coupled with numerous unorthodox cellular activities, may be adequate to
accomplish all sorts of stringent biological environments necessary for the stabilization of
different PPAR-dependent atypical heterodimers. Such a flexible and highly amendable
transcriptional regulatory mechanism mediated by PPAR–nuclear receptor collaboration
may answer some of the disparities observed in PPAR cancer research. Nonetheless,
the concept remains highly speculative. While it may explain the context-dependency of
the PPAR-related carcinogenic roles, the real challenge is to experimentally capture the
transient heterodimers and dissect their endogenous biological activities [167]. Neverthe-
less, the ability to rewire the non-canonical nuclear receptor crosstalk in the TME may
offer a new therapeutic strategy in oncology considering the marked druggability of most
nuclear receptors.

Another pitfall in PPAR cancer research is that current drug development and research
attention highly skew towards PPARα and PPARγ. Our knowledge on PPARβ/δ and
choices of PPARβ/δ-targeting drugs is comparatively limited. Yet, unlike PPARα and
PPARγ, PPARβ/δ, which is ubiquitously expressed in almost all tissues, displays an
apparent pro-tumor activity. Hence, potent PPARβ/δ antagonists may offer some fruitful
outcomes in cancer treatment.

4.2. Future Prospects and Strategies to Target Stromal PPARs for Precision Oncology

Owing to the controversial roles of PPAR in the TME, the success of PPAR-based
anticancer treatment potentially relies on innovative strategies for cell-type-specific drug
delivery or TME-triggered drug release systems [168] (Figure 6). In this context, exosomes
are excellent candidates to be developed into precise drug carriers. They are naturally
occurring, hence exhibiting remarkable biocompatibility and bioavailability with limited
immunogenicity [169]. Furthermore, by modifying the membrane protein compositions,
exosomes have shown excellent specificity to recognize a selected protein [170] or cell
type [171]. They also possess high drug loading and unloading capacity [172]. The
phospholipid bilayer effectively contains the cargo from systemic drug release [169]. These
striking features of exosomes allow them to be used as a targeted drug delivery system
for pharmacotherapy. In fact, exosomes loaded with natural PPAR ligands such as fatty
acids and eicosanoids are easily internalized, leading to high intracellular retention of
the biomolecules [136,137,173]. Therefore, by carefully selecting the membrane protein
targets of the exosomes, it may become possible to achieve stromal-specific administration
of PPAR agonists or antagonists.

Recent advancements in TME-responsive drug release with nanoparticles are remark-
able [174]. Unlike exosomes, which depend on membrane proteins to promote targeted
delivery, the TME-sensing moieties of nanoparticles are usually based on physico-chemical
alterations of the TME such as acidic pH, redox imbalance, high ATP and the enrichment
of extracellular enzymes (MMPs and β-galactosidases) or paracrine signals (PDL-1) [174].
Nanoparticles of about 100 nm in diameter demonstrate desirable cellular uptake, and
for deep tumor penetration, nanoparticles smaller than 30 nm should be used [175]. Su-
perparamagnetic iron oxide nanoparticles functionalized with conjugated linoleic acid
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have been shown to increase PPARγ activity, subsequently triggering necrotic cell death in
cancer cells [176]. Clearly, the nanoparticle-mediated delivery of PPAR ligands is a viable
anticancer strategy. By incorporating different combinations of TME-sensing moieties
within a single carrier, we can fabricate multi-sensing nanocarriers which execute drug
release only when a specific cell type or set of physiological conditions is met [174]. How-
ever, singularly targeting one stromal cell type is not sufficient. For example, fibroblast
activation protein-α (FAP) is a transmembrane prolyl endopeptidase highly expressed
in CAFs [177]. Sibrotuzumab, a FAP-neutralizing antibody, failed to achieve even one
complete or partial remission in a phase II trial involving 25 patients with metastatic colon
cancer [178]. Another phase II trial with talabostat, a small molecule inhibitor of FAP, also
yielded disappointing patient outcomes [179].
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We can further restrict stromal–epithelial crosstalk by targeting downstream paracrine
signals with immunotherapy. With careful selection of the drug candidates, immunother-
apy can effectively shut down critical communication conduits between cancer cells and
stromal cells. We have previously examined the feasibility of a nuclear receptor-based
partitional strategy by targeting CAFs of skin squamous carcinoma [62]. The treatment
disrupted stromal–epithelial communication, reduced xenograft tumor growth, and pre-
vented the recurrence of chemoresistant cancer. Mounting evidence also supports the
exploitation of molecular targets downstream to PPARs. In this review, we highlight LRG1
and ANGPTL4, which are key mediators of metastasis and EMT. Immunotherapy targeting
these two molecules may effectively shut down PPAR-directed communication between
tumor epithelium and stroma. Importantly, humanized neutralizing antibodies targeting
these proteins are readily available [154,180].
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Another step towards effective PPAR-mediated therapy is by stratifying cancer pa-
tients and predicting their susceptibility to PPAR drugs based on tumor genetic and
transcriptomic profiles. Cancer patients may be stratified into low- and high-expressors
of a specific PPAR isotype either in the stromal cells or cancer cells. New generation dual
PPARs agonists may be administered to maximize their anticancer effect on the stromal and
cancer cells. The heterogeneity of tumors is a technical challenge, which can be addressed
using single-cell sequencing. Identifying molecular fingerprints between stromal and
tumor cells in the actual TME will also be critical for a highly precise stratification strategy
that enables existing PPAR-targeting drugs to be put to clinical use immediately. Addition-
ally, the emergence of next-generation PPAR modulators [6], such as the selective PPARα
modulator, pemafibrate, and dual- and pan-PPAR agonists such as saroglitazar, elafibranor,
lanifibranor, and chiglitazar, brings about new prospects to PPAR cancer research. We
anticipate that the investigation of newer PPAR modulators and their anticancer effect in
the TME will gain momentum in the years to come.

5. Conclusions

Despite the impacts of PPAR activities on different aspects of tumor stromal–epithelial
communication and tumor progression, it is not possible to ascribe either an exclusive
pro- or anti-tumorigenic role for different PPAR isotypes. This is due to controversies
and/or PPAR dual activities on cancer types and different stromal cell types. Likewise,
conventional agonists and antagonists which target PPARs systemically may be counter-
productive, considering their differential role in cancer and stromal cells, as reflected by the
outcome of existing clinical trials. Targeting PPARs in the TME still holds a great deal of
untapped potential. However, there is an urgent need to devise highly specific and precise
strategies to target the nuclear receptors in different stromal cells to accomplish precision
medicine in cancer therapy.
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Simple Summary: The epithelial to mesenchymal transition (EMT) is a well-documented process in
the study of cancer metastases. The cytoskeleton is an intricate network involved in various cellular
activities and impacts cell shape, division, trafficking, and motility. However, several functions
and activities of the cytoskeleton, which plays a pivotal role in EMT, are not fully understood.
This review aims to provide significant insights into the cytoskeleton’s physiological functions and
the crucial role in the EMT process. Our review focuses on the participation of actin filaments,
intermediate filaments, and microtubules in promoting EMT and their influence on cancer metastasis.
We have also highlighted potential therapeutic targets associated with EMT activation for clinical
intervention. A better understanding of multi-drug resistance (MDR) mechanisms in cancer cells
with the cytoskeleton could accelerate the discovery of new therapies for aggressive cancer.

Abstract: In cancer cells, a vital cellular process during metastasis is the transformation of epithelial
cells towards motile mesenchymal cells called the epithelial to mesenchymal transition (EMT). The
cytoskeleton is an active network of three intracellular filaments: actin cytoskeleton, microtubules,
and intermediate filaments. These filaments play a central role in the structural design and cell
behavior and are necessary for EMT. During EMT, epithelial cells undergo a cellular transforma-
tion as manifested by cell elongation, migration, and invasion, coordinated by actin cytoskeleton
reorganization. The actin cytoskeleton is an extremely dynamic structure, controlled by a balance of
assembly and disassembly of actin filaments. Actin-binding proteins regulate the process of actin
polymerization and depolymerization. Microtubule reorganization also plays an important role in
cell migration and polarization. Intermediate filaments are rearranged, switching to a vimentin-rich
network, and this protein is used as a marker for a mesenchymal cell. Hence, targeting EMT by
regulating the activities of their key components may be a potential solution to metastasis. This
review summarizes the research done on the physiological functions of the cytoskeleton, its role in
the EMT process, and its effect on multidrug-resistant (MDR) cancer cells—highlight some future
perspectives in cancer therapy by targeting cytoskeleton.

Keywords: actin cytoskeleton; epithelial to mesenchymal transition; metastasis; multidrug resistance
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1. Introduction

Cancer metastases continue to be a significant clinical hurdle in cancer diagnosis and
treatment. Hence, much focus has been given to the so-called epithelial-mesenchymal
transition (EMT), a vital process by which epithelial cells change biochemically to achieve
mesenchymal phenotypes and is a critical part of cancer metastases. EMT can be classified
into three sub-processes. The first comprises EMT’s role during developmental processes,
such as gastrulation [1–5]. The second sub-process of EMT is involved in the wound repair
and fibrosis processes, which are activated by inflammation [1]. The third sub-process of
EMT occurs during the cancer progression, which aids the invasion and metastasis of tumor
cells to distant sites and promotes the chemoresistance capabilities of these cells [1,6–8].
This review paper primarily focuses on the third sub-process of EMT.

Polarized, non-motile epithelial cancer cells undergo EMT, wherein they lose cell-cell
adherence through the loss of cell junctions, such as the adherens and tight junctions [9,10].
The apical-basal polarity of the epithelial cells also changes to a front-rear polarity, with
cytoskeletal reorganization, which induces changes in cell shape and a restructuring of
the cells’ attachment to the extracellular matrix (ECM) [10]. Once EMT is completed, the
cells become mesenchymal and motile. Underlying these phenomena are the molecular
changes occurring in the cells. TGF-β, IGF-II, FGF, and EGF signaling promote EMT by
activating transcription factors such as Snail, Twist, and ZEB, and they mediate gene expres-
sion changes in the cells [10–12]. Epithelial cell markers such as E-cadherin, a significant
component of the cell junctions, are downregulated [9,10]. On the other hand, N-cadherin,
fibronectin, vitronectin, and MMPs are transcriptionally upregulated by these three tran-
scription factors, contributing to the mesenchymal phenotypes of the cells [4,10,13,14].
Originally, EMT was defined as a morphological conversion, but recent advances in bio-
chemical studies have revealed that EMT acts as a central mechanism for carcinoma
progression and metastasis. The transcriptional program controlling trans-differentiation
and morphological changes during EMT has been comprehensively studied and docu-
mented. In contrast, the dynamic remodeling of the cytoskeleton and how it is regulated
still lacks comprehensive understanding; especially, the structural mechanism of how the
cytoskeleton is remodeled is still being deciphered. Moreover, rearrangement of the actin
cytoskeleton into F-actin stress fibers during EMT also aids the formation of membrane
ruffles and lamellipodia, promoting the motility of the resultant mesenchymal cells [9–11].
This review explores the role of the actin cytoskeleton, microtubules, and intermediate
filaments in EMT and how these cytoskeleton proteins can be used as a potential biomarker.

EMT/MET in the Metastatic Cascade

EMT is a reversible process—EMT followed by a MET is crucial for cancer metasta-
sis [15]. This cancer metastasis process is well-documented and consists of the following
key steps that highlight the importance of EMT in the metastasis process (Figure 1).

EMT in Primary Tumors
The first step in cancer metastasis is the local invasion of the tissues surrounding

the primary tumor [16,17]. In order to do so, the epithelial cancer cells need first to lose
their cell-cell junctions and become motile. This is followed by the degradation of the
underlying basement membrane and ECM [18–20]. The ability to degrade the ECM and
invade into the surrounding tissue parenchyma is obtained by activating the EMT program,
where the epithelial cancer cells transform into a more invasive and motile mesenchymal
state [21,22]. During EMT, adherens junctions’ dissolution is stabilized by the cleavage
and degradation of E-cadherin at the cell membrane [9]. Furthermore, the expression of
E-cadherin is suppressed by core transcription factors (TFs) of the EMT program, namely
Snail1, Snail2, Zeb1, and Zeb2 [23–25]. Apart from repressing E-cadherin expression,
the EMT TFs are also responsible for downregulating the expression of other epithelial
genes such as desmoplakin, plakophilin, and plakoglobin [10,26], which are crucial for
the formation of desmosomes intercellular junctions that have been reported to work
synergistically with adherens junctions to strengthen epithelial cell-cell contact [27]. Hence,
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the dissolution of these intercellular junctions during EMT allows the cancer cells to
separate from each other, thus promoting migration [28].

Figure 1. EMT-MET model for the metastatic cascade: Epithelial cancer cells undergo EMT, which causes them to lose
their cell-cell junctions and gain the ability to invade the surrounding tissue parenchyma (Step 1). These EMT-induced
cells may then intravasate into the systemic circulation (Step 2) and must survive in the circulation (Step 3) before reaching
the target organ site. Upon reaching the target organ site, the cells must then extravasate into the tissue parenchyma
(Step 4), following which they may either enter a state of dormancy or form micro metastases. Subsequent development
into clinically detectable and potentially life-threatening macro metastases requires MET activation (Step 5).

EMT in Intravasation
Following the local invasion of the tissue parenchyma, the cancer cells must cross the

endothelial barrier via an intravasation process to be disseminated in the systemic circula-
tion. As the epithelial cells change to a mesenchymal phenotype, such a transformation
promotes cell migration and the creation of actin-rich protrusions. Matrixins (MMPs) are
actively involved in the invasion—studies have shown that MMP-2 and MMP-9 promote
metastatic pathways, such as ECM degradation, cell proliferation, apoptosis, invasion, and
morphological changes [29,30]. The increased activity of MMPs results in the enzymatic
degradation of adherens junctions and ECM fibers, which increases cancer cell motility and
helps break through the basement membrane and the invasion of neighboring tissue [31].
EMT also facilitates intravasation by promoting tumor angiogenesis that can promote
tumor spread [32,33].

EMT in the Systemic Circulation
Following the entry into the systemic circulation, cancer cells must overcome several

challenges before reaching the target organ site, the first of which is anoikis. Cancer cells
lose integrin-mediated anchorage to the ECM upon entering the systemic circulation. As
interactions between integrins and the ECM produce pro-survival signals, a lack of these
interactions halts the production of these signals, eventually leading to the onset of anoikis,
a form of programmed cell death [28].

EMT in Extravasation
Upon reaching the target organ site, the cancer cells can cross the endothelial barrier

in an extravasation process to reach the parenchyma. Upon reaching the parenchyma,
the tumor cells establish integrin-mediated adhesions with the ECM, enabled by the
filopodium-like protrusions (FLPs), which are essential for metastasis. Experimental data
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has shown a direct correlation between tumor cells’ ability to create FLPs and their mes-
enchymal states, and the FLPs formation can be prompted by the expression of Twist1
and Snail1 [34]. In 2018, podocalyxin (PODXL), a cell surface protein whose expression is
upregulated during EMT, was found to be essential for mediating the extravasation process
of human breast cancer cells by interacting with actin cytoskeletal linker protein ezrin,
thereby causing cytoskeletal rearrangements that promote the transition of the cancer cell
into a shape that is optimal for extravasation [35].

Reversion of EMT in Colonization and Establishment of Macrometastases
After reaching the target tissue parenchyma, the disseminated tumor cells (DTCs)

can either go into a state of dormancy where they stop proliferation [36] or go on to
form micrometastases that may eventually develop into much larger macrometastases. As
histological analyses have revealed that macrometastases exhibit epithelial phenotypes
rather than mesenchymal [37], the mesenchymal-to-epithelial transition (MET) theory was
proposed to explain this phenomenon. This theory posits that DTCs undergo MET to revert
back from a mesenchymal state to an epithelial state that allows them to proliferate at the
metastatic site and develop into macrometastases. There is some experimental evidence
to support MET in cancer metastasis, albeit scarce. Tsai et al. showed in a mouse skin
tumor model that the reversion of EMT at the metastatic site via the withdrawal of a Twist1-
inducing signal was required for the formation of distant metastases [38]. Additionally,
Ocaña et al. found that the silencing of EMT inducer Prrx in BT-549 human breast cancer
cells was required for metastatic colonization of the lungs. In fact, silencing both Prrx and
Twist1 simultaneously resulted in increased metastatic foci [39]. Taken together, these two
studies present strong evidence for the occurrence of MET at the metastatic site.

2. Structure and Functions of the Cytoskeleton

The cytoskeleton is a dynamic and adaptive network of filamentous and tubular
protein polymers in the cytoplasm, which provides structural support for cells. The cy-
toskeleton consists of three major components, which are microtubules, microfilaments,
and intermediate filaments. As a fundamental structure, the cytoskeleton serves multiple
roles in cells. It compartmentalizes the organelles and other cellular contents, controls the
cell’s shape and movement, and enables the communication between the cell and extracel-
lular environment. The component polymers that make up the cytoskeleton, together with
their regulatory proteins, continuously reorganize themselves in response to a stimulus to
support the biological processes and functions.

2.1. Microfilament

Microfilaments are made of actin monomers polymerized into asymmetric strands
with barbed and pointed ends [40,41]. An abundance of actin-binding proteins crosslinks
and rearrange the thin filaments into organized and stiff actin filament networks, such as
bundled networks and branched networks. The actin cytoskeleton is a critical component in
a broad diversity of cellular events, ranging from cell motility, cell differentiation, vesicular
trafficking to cell proliferation and cell death regulator [42]. It affects the structure and
motility of a cell [43], aids in muscle contraction [44], cytokinesis [45], and interacts with
myosins to transport vesicles within the cell [46,47]. The actin cytoskeleton’s ability to
participate in various cellular processes is mainly dependent on its intrinsic dynamic
reorganization, which continually happens under the regulation of actin-binding proteins
(ABPs) in response to cellular changes [48]. More than a hundred ABPs fall into seven
prominent families, namely actin-monomer-binding proteins, severing proteins, nucleation
proteins, actin filament polymerases, capping proteins crosslinking proteins, and filament-
binding proteins [40].

2.2. Microtubule (MT)

Microtubules are composed of numerous tubulin subunits made of homologous α-
or β-dimers. Similar to microfilament, the microtubule is highly dynamic [49], whereby it
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alternates between the states of gradual extension and rapid shortening [50]. It also has
a plus end and a minus end, where β-subunits and α-subunits are exposed, respectively.
Microtubule assembly is regulated by microtubule-binding proteins (MTBPs), including
stabilizers, destabilizers, capping proteins, bundlers/cross-linkers, molecular motors, cyto-
plasmic linker proteins (CLIPs), and cytoskeletal integrators [49].

Microtubules have various physiological functions like the microfilament counterpart,
where it is critical for cell cycle, intracellular trafficking, cell growth, and death. The balance
between assembly and disassembly of microtubules requires tight regulation to ensure
proper function being executed inside cells. For instance, during mitosis, disassembly of pre-
existing MT network coupled with the assembly of new MTs to form the mitotic spindles is
the pre-requisite for the cell to proceed with mitotic phases. When cells are exiting mitosis,
the reverse process, where mitotic spindles resolve and MT network reforms, would result
in two functional daughter cells [49,51].

2.3. Intermediate Filament (IF)

The intermediate filament protein is characterized by a long, rod-like, α-helical, coiled-
coil structure, with both ends flanked by additional residues [52]. Unlike microfilament
and microtubule, mature intermediate filaments are not polarized and lack directionality.
Compared to the other two cytoskeletal components, intermediate filaments are more
stable with less fracturing in terms of biochemical properties, with no know motor proteins
to travel along [41]. Intermediate filaments provide the structural support for the cell,
where the extensive intermediate filament network in association with plasma membrane
reinforces the shape and morphology of the cell [52–55]. They also respond to external
mechanical stresses to transduce the signal into cells.

2.4. Cytoskeleton in Cancer Progression and Metastasis

It has been long known that altered cytoskeleton is crucial for the development of
many pathological conditions, including cancer. Due to the essential roles of cytoskeleton
in cells, many hallmarks of cancer require the participation of at least one cytoskeletal
component. For instance, in the case of the actin cytoskeleton, extensive studies have
shown that the microfilaments and ABPs are crucial for resisting cell death, sustaining
growth and proliferation, promoting invasion and metastasis, inducing angiogenesis, and
avoiding immune response [42,56–58].

Perhaps one of the most established roles of the actin cytoskeleton in cancer pro-
gression is its ability to influence the metastasis of cancer cells. Numerous studies have
shown that the actin cytoskeleton is reorganized at distinct parts of cells like invadopodia,
enabling the movement and migration of cells [59]. Moreover, such alternation of the
cytoskeleton also aids the transformation of cells from a stationed epithelial type into a
migratory mesenchymal type (discussed in detail later). A large group of ABPs belonging
to different types and families plays a critical role in regulating many aspects of metastasis,
highlighting the importance of actin dynamics and regulation during metastasis. These
family members include the Rho GTPases [60], depolymerization factors the gelsolin family
members and ADF family member cofilin [61], actin motor proteins like myosin family
members [62], actin nucleation and branching factors Arp2/3 and its regulators [63], and
capping proteins like CapG [64]. Though less understood, there is emerging evidence
showing that microtubule can play a key role in metastasis. The role of microtubule in
metastasis regulation might be subtype-specific, where α-Tubulin and βIII-tubulin have
been linked to metastasis [65,66].

Moreover, microtubules can regulate metastasis via the crosstalk with actin. One evi-
dence comes from a gastric adenocarcinoma study that microtubule alternation promotes
cell motility via Rho GTPase [67]. Several classes of intermediate filaments have been
shown to be mediators of metastasis. Vimentin has been shown to be promoting both
cell motility and EMT [68]. In fact, one of the most widely used mesenchymal markers
is vimentin, highlighting the critical roles of intermediate filaments in metastasis-related
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changes. Utilizing the highly interactive property among the cytoskeleton components, it
is worth identifying new cooperative patterns and proteins which interconnect different
cytoskeletal components to aid cancer metastasis.

3. Role of Cellular Cytoskeleton in EMT

The cytoskeleton is a pivotal contributor to the cell’s structural framework and is
responsible for the mechanical strength and integrity needed to establish cell shape and
movement. During EMT, the epithelial cytoskeleton is restructured, such that loss of cell
polarity, disruption of cell-cell junctions, and degradation of the underlying basement
membrane, and reorganization of the extracellular matrix (ECM) occur (Figure 2). Then the
cells become motile and acquire invasive capacity [4]. The following sections describe the
essential role of the cytoskeleton in the EMT process.

Figure 2. Layout of an epithelial-mesenchymal transition (EMT) transition process and forward migration of cells. Epithelial
cells are bound together by tight junctions, adherens junctions, and desmosomes. The adherens junctions are cadherin-based
and actin filament-associated cell-to-cell junctions that are composed of defined protein complexes. Epithelial cells are
tightly secured to the basement membrane via highly specialized integrin-mediated attachment structures. Signaling
pathways are said to trigger the EMT process—propagated by various EMT-TFs, such as ZEB, SNAIL, and TWIST that curb
gene expression (listed in the blue box) related with the epithelial state and induce expression of genes associated with
the mesenchymal state (listed in the pink box). Mesenchymal cells contain vimentin-based intermediate filaments and use
integrin-containing focal adhesions to attach to the ECM. In contrast to epithelial cells, mesenchymal cell migration presents
a leading and trailing edge and an extensively reorganized cytoskeleton. Lamellipodia is formed by polymerization of actin
by the WAVE-Arp2/3 nucleation mechanism.

3.1. Actin Cytoskeleton

Actin is one of the essential components of the cytoskeleton, and the remodeling of
actin filaments is closely related to EMT [69]. Actin exists in two forms: a monomeric
unit G-actin (globular actin) and a polymeric filament, F-actin (fibrous actin). G-actin is
evenly distributed between the cytoplasm and nucleus. G-actin readily polymerizes under
certain physiological conditions to form F-actin with the concomitant hydrolysis of ATP.
Furthermore, the distribution of F-actin filaments depends on the cell type as well as the cell
cycle phases. Cell spreading and adhesion to ECM are mediated by actomyosin by forming
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prominent bundles of F-actin, which are known as stress fibers. Stress fibers connect to
focal adhesions and hence play an important role in cell adhesion and morphogenesis.
Actin filaments interact with actin-binding proteins and myosin II within the leading cell
edge and deliver F-actin. This provides an important mechanism for cell movement. In
the assembly and disassembly of the actin cytoskeleton, myosin II is considered to play a
central role through its ATP- dependent motor function [70]. Actin organization is vital
for different cellular processes like cell motility, organelle movement, maintenance of cell
junctions, and cell shape [71,72].

The EMT process is regulated by gene expression, post-translational modification of
proteins, and reorganization of the cytoskeleton [73]. Epithelial cells are held together by
tight junctions (TJs), adherens junctions (AJs), and desmosomes and are also connected to
the extracellular matrix (ECM) through integrins [9]. Maciej et al. show that endothelial
cells maintain cell-cell junctions (adherens and tight junctions) through the stabilization of
F-actin. F-actin filaments are stabilized by amplifying β-catenin and the ZO-1 proteins in
the cells that overexpress tropomyosin1 [74]. They also show that α-catenin has a role in
suppressing actin polymerization in the area of cell-cell junction [75]. Microscopy studies
have shown that during early EMT, dynamic changes happen at the cell-cell boundaries,
which weaken the AJ and cell-cell adhesion [76], resulting in the destabilization of the cell-
cell junctions. Separation starts with the sequential loss of TJ, AJ, and desmosome integrity,
commencing the transition of epithelial cells into a mesenchymal state [26]. This transition
occurs through variable intermediate-hybrid states [77]. Recent work has revealed that cells
in intermediate states of EMT acquire an augmented capacity for tumor-cell dissemination.
Molecular markers have characterized these states, but the structural features and the
cellular mechanisms underlying these invasive characteristics are yet to be researched.

E-cadherin-mediated cell-cell adhesion complexes are attached to the actin cytoskele-
ton via β-catenin and α-catenin. E-cadherin complex is destabilized by post-translation
modifications, such as increased phosphorylation, internalization and degradation of E-
cadherin, and β-catenin [78]. This triggers the destabilization and degradation of AJs. It has
also been shown that E-cadherin complexes are attached to the dynamic actin framework
via α-catenin and stabilized by suppressing the activity of Rho A and activating Rac and
cdc42 [79,80]. On the other hand, cell-surface receptors, such as the integrins, bind to ECM
components and play a key role in modifying the cell attachment required for motility
and invasion. A multi-protein complex achieves integrin-mediated cell-matrix adhesion
and links to the actin cytoskeleton. The majority of integrins, a cell-surface receptor, con-
nect with the actin cytoskeleton in cell-matrix adhesions via cytoskeletal linker proteins,
e.g., talin, paxillin, and vinculin [81,82]. FAK is a tyrosine kinase, and it has a role in actin
remodeling dynamics during cell adhesion, and motility and its expression and activity
correlate with increased metastatic phenotype [83]. These connections between integrins
and the actin cytoskeleton are necessary for the activation of downstream pathways. Snail
(transcription factor) induces the expression of αvβ3- integrin, which is localized in the
invading front of cancer and enhances cell detachment [84]. It has been shown during the
EMT process, engagement of integrins by collagen type I results in a loss of E-cadherin me-
diated cell-cell contact and activation of the β-catenin pathway in pancreatic cells [85]. Thus,
integrins provide a link between the outside environment and cellular responses related to
motility, such as immune cell trafficking, hemostasis, and migration of cancer cells.

3.1.1. Actin-Binding Proteins
The actin cytoskeleton is a collection of microfilaments (actin) and a vast array of

actin-binding proteins (ABPs). Research studies have shown that a major proportion
of ABPs travels between the cytoplasm and the nucleus. The ABPs control the process
of assembly and disassembly of actin microfilaments. This plays a pivotal role in cell
movement, division, membrane organization, and cancer progression, all of which require
the coordinated turnover and remodeling of the actin filaments [18]. The polymerization is
associated with the formation of flat, sheet-like membrane protrusions called lamellipodia,
or finger-like extensions at the edge of lamellipodia called filopodia [19]. In lamellipodia,
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actin filaments are arranged in a loosely organized meshwork, often referred to as dendritic
networks [20], whereas, in filopodia, actin filaments arrange into parallel bundles [21].
These two different types of organizations rely on the action of specific actin-organizing
proteins. During migration, actin depolymerization and debranching occur that allow
the dynamic remodeling of the actin network and the cyclic extension and retraction of
lamellipodia—this generates the pushing force that provides the propulsion for the cell to
move forward. Due to the actin filaments’ contraction, the cell body follows the direction of
the front lamellipodia. Filopodia are formed of tightly bundled parallel actin filaments with
their tapered ends facing toward the plasma membrane. Filopodia filaments are primarily
bundled by small crosslinking actin-binding proteins like fascin [22].

The extravasation step is also dependent on actin cytoskeleton dynamics. The entire
blood vessel escape process involves attaching the cell to the endothelium, crossing the
adhesive endothelium, and then finally establishing a secondary tumor site [33]. It is
believed that cells can breach the tissue barrier due to the formation of F-actin protrusions,
called invadopodia, that degrade the ECM, thereby enabling cell penetration [34]. We
can conclude that lamellipodia and filopodia are involved in the process of forwarding
movement of the cell. In contrast, invadopodia are actin-rich protrusions that are associated
with the degradation of the ECM through the local deposition of proteases and are involved
in cell penetration.

Extensive research has broadened our view on how ABPs affect the rate and extent of
polymerization through their wide range of functions—maintaining the pool of monomeric
actin (profilin), regulating the state of polymerization of actin filaments (ADF/cofilin),
regulating actin filament dynamics and capping (gelsolin, villin), severing actin filaments
(cofilin, gelsolin), actin filament nucleation (Arp2/3 complex, WASP), binding to the sides of
actin filaments (gelsolin, Arp2/3) bundling and crosslinking (fascin, fimbrin) [86], they have
been at the forefront of cancer research. Actin polymerization is a tightly regulated activity.
The Arp2/3 (actin-related protein2/3) complex is a seven-subunit protein, controlled by its
link with the WAVE and WASP family of WH2 domain-containing proteins (WAVE1, 2, &
3, WASP and N-WASP) that bind both the Arp2/3 complex and actin monomers [87,88].
This, in turn, brings the actin monomers close to the Arp2/3 complex, thereby increasing
the rate of Arp2/3-mediated actin polymerization. Arp2/3 is a protein complex involved
in the origination of actin filament polymerization. Arp2/3 is frequently overexpressed
in malignant tumors, such as breast and liver carcinomas, suggesting a strong correlation
between dynamic actin reorganization and cancer progression [89]. WAVE3 is essential for
the EMT process to start through the involvement of DNA synthesis, the migration, and
the formation of protrusions in breast cancer cells. In-vivo studies show that knockdown
of WAVE3 decreases the number of lung metastasis of breast cancer in SCID mice [90–92].
Through their binding partner, WASP family proteins, poly-proline motif, also bind profilin,
which further helps recruit actin monomers to the Arp2/3 complex. WASH protein is
overexpressed in a breast cancer cell line SKBr3 and may be a potential biomarker for
EMT [93]. The actin-binding protein cortactin also binds to Arp2/3, and this helps to locate
active Arp2/3 complexes to the sides of existing actin filaments leading to branched arrays
of F-actin. The overexpression of cortactin has been identified during metastasis [94,95].

ADF/cofilin is often referred to as a depolymerization factor because it is binding to
slow-growing ends of actin filaments that accelerate depolymerization. During the EMT
process, filopodia are stabilized through the LIMK/cofilin signaling pathway, suppressing
actin fibers’ cleavage [69]. Another actin-binding protein fascin is upregulated during mi-
gration by stimulating the formation of invadopodia and filopodia [96]. It is reported that
gelsolin is required to form lamellipodia and podosomes, which are important protrusions
for motile cells [97]. The expression and secretion of urokinase plasminogen activator (uPA),
an important protein triggering a cascade to degrade extracellular matrix, is dependent
on gelsolin, suggesting the role of gelsolin to enhance invasion [98]. Formins are the actin
nucleating proteins that regulate cell movement and organization. It has been reported that
formin expression is upregulated at the leading edge in mesenchymal-transformed cells
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upon EMT [99]. Cortactin, MENA, and Tks proteins form the core structure of invadopodia
and play an essential role in actin polymerization, cell signaling, membrane penetration,
ECM adhesion, and degradation. Research has also shown that Tks protein is primarily re-
quired in invadopodia formation and invasion activity in various human cancer cells [100].
Contactin induces EMT in different types of cancer [101,102]. Karamanou et al. showed
that contactin-mediated cell movement induces EMT and participates in tumor migration
and invasion [103].

Studies have shown that the gene coding for ABPs displays altered transcription or
translation in different cancer types. Alterations in the actin cytoskeleton are a general
feature of tumor cells since the ABP expressions are changed in various cancer types. For
example, expression of gelsolin, cofilin, CapZ, and thymosin β10 are altered in ovarian
cancer, whereas CapZ, CapG, profilin1, cortactin, gelsolin, N-WASp, and WAVE expression
levels are changed in prostate cancer [104]. Similarly, data has shown that increased levels
of Tβ4 are associated with chronic liver disease and are involved in liver fibrosis by regu-
lating the proliferation and activation of HSC [105]. Other studies have highlighted that
increased levels of N-cadherin and decreased levels of E-cadherin have a direct correlation
with poor prognosis and cancer progression in prostate cancer patients [106]. Androgen
receptor (AR) is associated with EMT and metastasis. In metastatic castration-sensitive
prostate cancer, AR deprivation therapy is used as part of combination therapies [107].
Expression of ARPC2 (actin-related protein2/3 complex) is higher in breast cancer tissues,
and higher expression of ARPC2 significantly contributes to EMT and metastasis [108].
Research suggests that EMT promotes actin remodeling, which in turn makes the breast
cancer cells resistant to NK-cell–mediated killing—actin polymerization is impaired by
knocking down N-WASP or CDC42 [109]. Filamin deficit is predominant among carcino-
mas, including colon, prostate, and breast cancer [110]. Studies have shown that FLNα acts
as a promoter in metastasis and invasion in the cytoplasm but acts as a tumor suppressor
in the nucleus. Both colorectal and breast cancer cells expressed a high level of TAGLN
(22-kDa actin-binding protein). This, in turn, enhances migration and correlates with
poor prognosis [111,112]. Higher expression of α-actinin (actin filament cross-linker) is
associated with poor prognosis in breast cancer and significantly associated with the degree
of clinical advancement and lymph node status [113,114].

3.1.2. Rho GTPases

During EMT, actin and MT dynamics are regulated by Rho GTPases. In different types
of cancer, it has been shown that high expression of Rho GTPases genes correlates with
a metastatic phenotype. The intracellular protein signaling cascades control the binding
of the monomeric or polymeric form by actin-binding proteins (ABPs) when the GTPases
of the Rho family are activated. The Rho family of GTPases, including Rac1, RhoA, and
Cdc42, are well known for their regulation of actin cytoskeleton organization— such as
cytoskeletal dynamics, directional sensing, cell-cell junction assembly/disassembly, and
integrin-matrix adhesion. Controlling the activities of Rho GTPases is critical during
the growth-factor-induced EMT. Rho activates actin stress fiber formation and regulates
cytoskeleton changes, affecting cell-cell or cell-matrix adhesion. The role of Rho signaling in
the regulation of actin-myosin contraction is vital and causes actin reorganization to induce
stress fibers. Rho-associated kinase (ROCK) promotes myosin light chain phosphorylation,
activates actin severing factor cofilin through LIM kinase. Rho signaling pathway affects the
activity of various other proteins that control actin polymerization, including profilin and
FH proteins [115]. Rac1 stimulates lamellipodia formation through regulating branched
actin polymerization [116]. Both Rac1 and Cdc42 are present in the front edge towards
the direction of migration. Cdc42 is also upregulated in different types of cancer [117,118].
Hepatocyte growth factor (HGF) activates CdC42 and Rac, which induces filopodia and
lamellipodia formation and cell scattering through actin cytoskeleton rearrangement [119].
TGF-β induces activation of RhoA, results in disruption of cell-cell adhesion and formation
of stress fibers [120]. RhoA is also involved in microtubules-mediated cell-matrix adhesion
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and basement membrane integrity [121]—multiple downstream effectors of Rac, Cdc42,
and RhoA participating in the reorganization of the actin cytoskeleton. Recent studies have
shown that many of these regulatory pathways become deregulated in cancer cells and
most likely add to the invasive behavior during metastasis [122].

3.2. Microtubule (MT)

In EMT, the aspects of the actin cytoskeleton and intermediate filaments are well iden-
tified, but the functions of microtubules (MT) are still under discovery. MTs are significant
parts of the cytoskeleton, play an essential role in motility, intracellular trafficking, and
support the cell shape [123]. MTs are composed of α and β-tubulin dimers, and they mostly
grow and shrink from the plus end and create dynamic instability [124]. The functions of
MTs are dependent on their assembly and stability, which are regulated by post-translation
modification and interaction with various stabilizing and destabilizing proteins [125].

The stability of the MT network has been involved in the control of reattachment and
cell migration through α-tubulin acetylation at lysine40 (post-translation modification).
The acetylation leads to the formation of cell protrusion and tumor cell reattachment,
which promote breast cancer metastasis [65]. Calmodulin-regulated spectrin-associated
protein (CAMSAP3) is an MT binding protein required to maintain MT organization. It
has been shown that loss of CAMSAP3 promotes Akt-dependent EMT by tubulin acetyla-
tion [126]. In the EMT program, the transcription factors (TWIST and SNAIL) expressions
are enhanced, promoting α-tubulin detyrosination. This further promotes the formation of
tubulin-based micro tentacles. These then enhance the reattachment of circulating tumor
cells to the endothelial cells [127].

Research has shown that microtubule-interacting protein EB1(end binding protein)
co-localizes and interacts with microtubules. EB1 is a negative regulator of microtubule
stability and promotes tumor cell migration. It modulates MT dynamics both in vitro and
in vivo [128–130]. Furthermore, MT-associated protein ATIP3 is encoded by the tumor
suppressor gene MTUS1. Breast cancer cell migration is enhanced by loss of ATIP3 and
associated with altered MT dynamics [131]. Decreased expression of ATIP3 inhibits MT
tips from reaching the cell cortex during migration, which is essential for cell polarity and
migration [132]. ATIP3 is used as an important prognostic marker for breast cancer patients.

Stathmin is an MT regulator protein that depolymerizes MT and enhances and regu-
lates MT dynamics. The destabilization of MT is linked to the phosphorylation of stathmin
at its four serine residues [133]. In some human cancer, like sarcomas and Wilms tumors,
stathmin has been upregulated and linked to more aggressive metastasis [134].

During EMT, MT has a significant role in cell migration. The anti-MT drugs work via
inhibiting cell division on the one hand but also by inhibiting cell migration by stopping the
forming of MT network-based membrane protrusions [135,136]. Several strands of research
exist on the role of drugs in cell migration [137,138]. It has been shown that the subtoxic
dosage of drugs reduces only cell migration without affecting cell division. However, a
higher concentration of drugs inhibits cell division but exhibits loss of directionality. It has
been shown that MT restrains cell movement as well as establishes directionality [139,140].
But despite the various bodies of research as stated before, the complete role of MT in EMT
is still not fully understood, and further research needs to be done to analyze how MT
dynamics are correlated with EMT.

During cell migration, one of the critical phenomena is the interaction of MT with the
actin cytoskeleton [141]. In response to extrinsic signals, cells migrate due to the activity
of RhoA, Rac1, and Cdc42 and their downstream targets. This further mediates a change
in the actin cytoskeleton and maintains the stability of MT. Furthermore, variation in
MT stability regulates cortical F-actin through activation or inhibition of different Rho
GTPases [142].

Apart from their role in cell division and migration, MT also plays an essential role in
cell polarization. Research studies have shown that MI s are nucleated at their minus ends,
which confines mostly at the centrosome, and the plus ends are stabilized at the leading
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edge. It had been shown that selective stabilization of the plus ends of MTs enables the
centrosome to reorient towards one particular leading edge, which results in a directed
movement of the cell [132,143]. Cortical regulation of MT supposedly plays a vital role
in creating a polarized MT needed for morphogenesis and cell migration. MT indirectly
contributes to cell-cell adhesion by dynamic remodeling of actin network, but the role of
MT to function with cell-cell adhesion to regulate migration or EMT is still under active
research. Byrne et al. show that MT-interacting protein stathmin is involved in cell migra-
tion and metastasis through crosstalk between MT and actin cytoskeleton [144]. Utilizing
this interaction where the actin cytoskeleton is targeted via MT, novel pharmacological
strategies could be designed that could surpass the toxic effects associated with some
actin-based therapies.

3.3. Intermediate Filament (IF)

Intermediate filaments (IFs) are essential cytoskeleton components that give structural
support and mechanical strength. More than 50 different IF proteins are encoded by one of
the largest families of genes in the human genome, which inscribe five different categories
of IF. Types I–IV are localized in the cytoplasm, which includes vimentin, which is a
classical marker for EMT, and its expression correlates with the invasive phenotype of
epithelial cancers. In order to maintain cell shapes, IFs are associated with the plasma
membrane and other elements of the cytoskeleton [145]. IFs also exhibit distinct tissue
expression patterns as compared to the actin cytoskeleton and MT.

Type I IF keratins are epithelial-specific and essential for the mechanical stability
of epithelial cells. These filaments are associated with desmosome and hemidesmosome
through a complex network that extends from the periphery of the nucleus to the plasma
membrane. During EMT, the reduction of keratin proteins is often considered a histological
and biochemical feature of cancer cells [146,147]. Desmosomes are essential for epithelial
integrity, and keratin stabilizes desmosome-mediated intercellular contacts [148]. In ep-
ithelial cells, the expression of vimentin activates the destabilization of desmosomes and
increases focal adhesion dynamics to promote migration [149].

A type III IF, vimentin, is a canonical marker of the EMT. Vimentin expression is
upregulated during EMT in epithelial cells, and increased vimentin expression has been
reported in various cancer cell lines and tissues, including prostate cancer, breast cancer,
malignant melanoma, and colorectal cancer. It is used as an indicator of poor progno-
sis [71,150,151]. In the reverse process, the mesenchymal to epithelial transition (MET),
vimentin expression is downregulated as cell motility decreases, and cells get epithelial
morphology [152]. During EMT, vimentin contributes to the determination and mainte-
nance of cell shape. In breast cancer, vimentin plays a significant role in the EMT processes,
and its knockdown results in a reduction in genes linked with breast cancer invasion and
the basal-like phenotype [153]. Recent studies have revealed that vimentin expression is
linked with motile prostate cancer cell lines, and its knockdown significantly decreases
tumor cell motility and invasive activity [154]. Xuan et al. show that vimentin expression is
significantly high in polyploidal giant cancer cells (PGCCs). Vimentin intermediate fila-
ment is responsible for enlarged morphology and increased migration [155]. Collectively,
vimentin expression is preeminently characterized in the EMT process, including tumor
cell migration and invasion.

A type VI IF, nestin, is known as a stem cell marker in embryonic and adult central
nervous system (CNS) stem cells [156]. Furthermore, from recent research, the role of nestin
has been amplified to show that it is also a CSC marker in different forms of cancer, like
brain tumors, ovarian, glioblastoma, lung tumors, and head and neck cancers [157]. It has
been shown that nestin interacts with IFs like vimentin and desmin to form heterodimers
or polymers (which provide cellular support, maintain cellular membranes), and regulate
apoptosis-related factors that support cytoskeleton reorganization during mitosis [158]. It
has been shown that nestin is involved in the cellular migration and metastasis processes
by modulating E-cadherin and Snail expression [159]. Nestin is essential for TGF-β1/Smad
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mediated EMT in pancreatic cancer. Overexpression of nestin is a positive feedback
regulator of the TGF-β1 signaling pathway. This implies a significant role of nestin in the
regulation of TGF- Induced EMT, thereby serving as a potential treatment for pancreatic
cancers [160,161].

Furthermore, data from clinical samples (shown in Table 1) establishes the cytoskele-
ton’s role in the EMT process [162]. Table 1 shows the correlation between cytoskeleton
genes and EMT of various cancers in clinical samples. The data shows about 65% of
cytoskeleton genes are positively correlated with EMT.

Table 1. Correlation (Rho) of cytoskeleton genes expression (FPKM) with EMT score in clinical
samples (TCGA cohorts, n = 12,290.) A higher Rho indicates that a sample has more mesenchymal-
like phenotype, whereas a lower Rho indicates that a sample has a more epithelial-like phenotype.
The correlation significance was assessed using the Spearman correlation coefficient test.

Gene Spearman Correlation Coefficient Rho Spearman Correlation Coefficient p-Value

ACTB −0.044 8.75E−07

ACTR2 −0.124 5.61E−44

GSN +0.220 6.81E−135

LIMK1 +0.168 1.28E−78

CFL1 −0.207 3.13E−119

WASF1 +0.509 0.00E+00

FN1 +0.152 5.68E−65

CTTN −0.392 0.00E+00

WAS +0.413 0.00E+00

WASL −0.027 2.11E−03

FSCN1 +0.329 0.00E+00

TUBA1A +0.656 0.00E+00

VIM +0.593 0.00E+00

NES +0.580 0.00E+00

TPM1 −0.129 3.78E−47
Gene expression (FPKM) data from TCGA cohorts were downloaded from Broad firehose, version 2016_01_28
(Reference: Broad Institute TCGA Genome Data Analysis Center (2016): Firehose stddata__2016_01_28 run. Broad
Institute of MIT and Harvard. doi:10.7908/C11G0KM9). The EMT score was computed using a previously defined
EMT signature and the two-sample Kolmogorov-Smirnov-based method [162].

4. Clinical Evidence for the Actin Cytoskeleton in EMT and Therapeutic Implications

There are primarily two forms of drug resistance in cancer: intrinsic and developed
resistance. Intrinsic, as the name suggests, exists before the start of any cancer therapy, and
it results in the ability of cancer cells to survive any drug treatment [163,164]. Developed
resistance, on the other hand, is when the patient shows an initial positive response to
treatment, but, over a period of time, the cancer cell acquires protein alterations, which
results in unresponsiveness to treatment [165,166]. Recent studies have shown that sci-
entists focus on combination therapy targeting multiple molecules in the same signaling
pathway, multiple pathways in the same tumor, or targeting both cancer cells and immune
cells [167,168]. Combination therapies are still under investigation and will eventually bet-
ter our understanding of drug resistance mechanisms. Different pharmacological strategies
have been used to target EMT, such as extracellular inducers and transcription factors.
Both have some advantages but also have some distinct drawbacks. For instance, direct
inhibition of transcription factors (TF) has been chemically challenging, and successful
studies regarding direct targeting of EMT -TFs have been few and far between. The efficacy
is limited due to the presence of a large variety of TFs that can initiate EMT. The other
disadvantage is that this needs to be initiated in the early stages of carcinoma [169,170].
Hence, new ideas have suggested that targeting EMT and cytoskeletal proteins would be
novel in combating cancer drug resistance.
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Actin is essential for normal cell physiology. Hence potential actin-specific chemother-
apies, despite their promise in-vitro and in-vivo, have not been successful due to their non-
specific targeting of normal tissues causing cardiotoxicity and renal problems [171,172]. Re-
cently it has been shown that anti-tropomyosin compounds, which only target tropomyosin-
containing filaments in cancer cells, can be used to treat a wide variety of cancer [173].
Studies have revealed that suppressing ROCK, LIMK, and cofilin inhibit cancer metastasis.
Over the years, inhibitors of ROCK, LIMK, and cofilin have been investigated in preclinical
and clinical models as anti-cancer agents. A few inhibitors, such as Y-276432, have been
developed for ROCK1/ROCK2 and prevent MDA-MB-231 breast cancer cell metastasis.
Fasudil is the only clinically approved ROCK inhibitor used in humans for systemic appli-
cations [174]. MRCK regulates actin-myosin contractility and has a role in cell invasion and
metastasis. BDP5290, a potent inhibitor, strongly inhibits the invasion of human squamous
cell carcinoma [175].

Similarly, JG-6, an oligosaccharide, is a cofilin-inhibitor that can induce actin depoly-
merization and suppression of migration and metastasis in MDA-MB-435 and an orthotopic
xenograft model [176]. Increasing evidence suggests that the increase in the level of EMT-
related actin-binding proteins (ABPs) associated with the actin cytoskeleton reorganization
is due to the initiation of the EMT process and metastasis. Therefore, management of ABP
expression can possibly help in suppressing migration and promote cancer cells’ sensitivity
towards drug treatments. Many studies have focused on Arp2/3, cortactin, formins, and
fascin. However, the role of other ABPs, which can also be potential targets in carcinogene-
sis, is understudied. Another challenge for anti-cancer therapy is that the actin cytoskeleton
and ABPs are difficult to target actin, and ABPs are involved in the formation of contractile
structures in cardiac and skeletal muscles [104].

Intermediate filaments vimentin and nestin are associated with different types of can-
cer. Vimentin is a marker for mesenchymal cells while participating in EMT. Withaferin-A,
a naturally derived anti-cancer drug, works by apoptosis induction in vimentin expressing
cancer cells [177,178]. Another drug, moscatilin, is proven to inhibit EMT and sensitizes
anoikis, causing programmed cell death [179,180]. Another recently discovered drug,
FOXC3 inhibiting vimentin effector1(FiVe1), shows promising results, and this specifically
targets vimentin [181].

Anti-tumor drugs are found to alter microtubule dynamics, which subsequently af-
fect mitosis and apoptosis [182]. Taxol was known to be the first drug to initiate tubulin
assembly and inhibit microtubules disassembly from halting mitosis [183]. Nanoparticle
albumin-bound paclitaxel (Abraxane®®) is an intravenously administered microtubule
inhibitor. Nab-paclitaxel plus gemcitabine have been shown to have a good outcome
in metastatic pancreatic cancer. This combination of drugs leads to a break in the cells’
reproduction activity [184]. In children with recurrent neuroblastoma, ABT-751, a type
of orally active drug, works by inhibiting microtubule polymerization by binding to β-
tubulin [185]. During EMT, microtubules have significant control in tumor migration and
invasion. These anti-tumor drugs inhibit cell division and formation of the membrane
protrusions formed by the network-based microtubules, which trigger cell migration and
invasion. Eribulin is a MI depolymerization drug used to treat patients with metastatic
breast cancer. This drug inhibits angiogenesis, vascular remodeling, and EMT in breast
cancer [186,187]. The compound 2-hydroxy-4-methoxy-2′,3′-benzochalcone (HymnPro)
disrupts microtubule assembly, which leads to mitotic arrest and progressive activation of
the caspase pathway leads to the anti-tumor property, ensuing apoptosis [188]. BPR0C305 is
an orally active drug that inhibits tubulin polymerization and disrupts cellular microtubule
assembly [136]. The diaryloxazole PC-046 is an anti-tumor drug also with high oral bioavail-
ability. It is a small molecule microtubule destabilizing agent that is synthetically derived.
This drug is known to have the advantage of having fewer MDR cross-resistance compared
to other prevailing microtubule destabilizing agents [135]. Table 2 summarizes the various
drugs that target the cytoskeleton protein, including their specific mode of action.

97



Cancers 2021, 13, 1882

Table 2. Examples of various drugs targeting cytoskeletal molecules and their action mechanism.

Cytoskeleton Target Protein Drug Therapy Mode of Action References

Actin

Cytochalasins Inhibits polymerization by binding F-actin [189,190]

Latrunculin Inhibits polymerization
Enhances depolymerization through interaction with G-actin. [191]

Jasplakinolide Enhances polymerization by binding F-actin at multiple sites. [192,193]

Actin-binding Protein

Tropomyosin TR-100 Inhibits tropomyosin (TPM3.1) in the tropomyosin-dependent actin
filament function to promote anti-cancer drug development. [194]

ROCK1/ROCK2 Y-276432 Inhibits the kinase activities of ROCK1/ROCK2. [195]

ROCK1 Fasudil Inhibits ROCK in the vascular system and is a calcium channel blocker. [196]

Actin-Myosin BDP5290 Blocks MLC phosphorylation on stress fibers and actin bundles. [175]

Cofilin JG-6 Induces actin depolymerization and suppression of migration. [176]

LIMK1 4-Pyridocarbazolone Inhibits cofilin and actin dynamics. [197]

LIMK1 and LIMK2 CRT0105950, CRT0105446 Inhibits cofilin phosphorylation. [198]

Intermediate Filament

Withaferin-A Binds and inhibits vimentin. [177,178]

Moscatilin
Suppresses AKT phosphorylation and also suppresses

the expression of vimentin, SLUG, and SNAIL.
Inhibits EMT and sensitizes anoikis.

[179,180]

FOXC3(FiVe1) Promotes vimentin disorganization, leading to mitotic catastrophe. [181]

Microtubules

Taxol Promotes tubulin assembly and inhibits MT
disassembly from halting mitosis. [184]

ABT-751 Inhibits MT polymerization by binding to β-tubulin. [185]

Eribulin Inhibits angiogenesis and vascular remodeling and is
an MT depolymerization drug. [187]

BPR0C305 Inhibits tubulin polymerization and disrupts
cellular microtubule assembly. [136]

EMT Related Cytoskeleton Proteins- Associated Multi-Drug Resistance (MDR)

Multiple signaling pathways involved in EMT and cytoskeletal proteins play an impor-
tant role in drug resistance in cancer cells [199]. EMT cells have an increase in anti-apoptotic
effects and drug efflux pumps. Hence, new ideas have suggested that targeting EMT and
cytoskeletal proteins would be novel in combating cancer drug resistance. Chemotherapy
is widely used in cancer treatment as monotherapy or as a combination with radiotherapy
or surgical intervention. In recent years, multiple discoveries have been made in cancer
treatment as drug resistance, which has been one of the significant causes of cancer mortal-
ity, is on the rise [200–202]. Many targeted therapy drugs (e.g., Erlotinib, Gefitinib) have
shown promising results during the initial trials. However, the majority of them develop
drug resistance after long-term drug therapy [203].

EMT and drug resistance have been associated with one another for almost two
decades [200]. Multiple findings have shown a significant link between metastatic cancer
cells and EMT. One of the common reasons that have been a significant impediment to the
success of cancer pharmacotherapies is the overexpression of ATP-binding cassette (ABC)
efflux transporters in cancer cells. Recent studies have established that angiopoietin-like 4
(ANGPTL4) protein plays a pivotal role in the metastatic distribution of cancer cells and
boosts MDR in the cancerous cell during the EMT process by transcriptionally upregulating
the ABC transporters expression via the Myc and NF-κB signaling pathways [204]. It has
also been observed that ANGPTL4 increases ABC transporter activity, which results in
pushing anticancer drugs out of cells, which causes chemotherapy failure. However, the
function of ABC transporters beyond their drug-efflux capacity remains mostly unexplored.
There are various schools of thought, and one of the ways suggested to overcome MDR
is to develop ABC efflux transporter inhibitors to alert cancer cells to chemotherapeutic
drugs [55].

EMT cells are speculated to have selective growth ability in the drug-filled envi-
ronment. Though some papers suggest that EMT does not entirely contribute to cancer
metastasis, other papers show that drug resistance in cancer cells is highly associated with
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EMT. This includes bladder cancer [205], pancreatic cancer [7], breast cancer [206], lung
cancer [207] and ovarian cancer [208].

Adriamycin-resistant MCF-7 cell lines and vinblastine-resistant ZR-75-B cell lines are
shown to have undergone EMT, whereby adriamycin-resistant MCF-7 cells show high
vimentin levels and have suppressed the formation of desmosomes and tight junctions,
which are specific phenotypes for EMT. [209]. Recent studies have focused on ACTN4,
an actin-binding protein whose expression increases with cell motility and EMT. It has
been shown that during EMT, ACTN4 interacts with Akt signaling, and this may lead to
resistance to DNA damaging drugs, which are used in cancer therapy [210,211].

A vast body of research has described that modifications in the drug target, such as
changed microtubule dynamics, tubulin mutations, modified tubulin isotype expression,
and altered microtubule regulatory proteins, are the critical targets of anti-microtubule drug
resistance. Research has also indicated that other cytoskeletal proteins that can regulate
microtubule regulations through signaling or structural connections may be essential
factors of anti-microtubule resistance [212]. This resistance to anti-microtubule agents can
be either congenital or acquired over the years due to the mentioned factors. The following
(Figure 3) is a schematic diagram that illustrates the resistance mechanisms associated with
anti-microtubule drugs.

Figure 3. A schematic diagram illustrating the resistance mechanisms associated with anti-microtubule
drugs. These drugs cross the lipid bilayer of the cell membrane and then bind themselves to β-tubulin to
alter the microtubule dynamics, causing mitotic arrest and consequent apoptosis. Drugs can be effluxed
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before reaching the cellular target with the aid of functional drug transport protein. Disruption in the
tubulin/microtubule system can avert anti-microtubule drugs from disrupting the microtubules and
leading to drug resistance. Before drug binding occurs, signaling and anti-apoptotic factors may also
contribute to drug resistance. MF: microfilaments, Mt: microtubules. [212]. The figure was created
with BioRender.com (Accessed on 1 February 2021) and was exported under a paid subscription.

Antibody-drug conjugates (ADCs) are a new class of targeted anticancer therapy
found to be efficient in MDR cancer. A key mode in which these ADCs cause apoptosis
in tumor cells is when high-affinity antibody (Ab) couples with the drug and drives a
targeted drug delivery into the cell. This Ab-drug conjugate also blocks the cells’ pro-
survival receptor besides forming a cytotoxic load coupled by a selective tumor cell killing
(Figure 4). Initially, two ADCs—Mylotarg and Adcetris—were approved by the US FDA
for treating hematological malignancies. However, the significant discovery was when
breast cancer-targeting ADC, Kadcyla was found. To improve the efficacy and attenuate the
side effects, integrated ‘drug: antibody ratio’ (DAR) has been attained [213]. In a discovery
by Endo et al. on ADC, cytoskeleton-associated protein 5 (CKAP5), which is a microtubule-
associated protein, has been shown to serve as a cell surface target for T-DM1. The binding
of these two molecules is mediated by payload (DM1). Upon forming this complex, cell
membrane damage occurs which leads to calcium influx, disrupting microtubule network,
and apoptosis [214]. The discovery of ADC can lead to other combination therapies, in-
cluding immunotherapy. Extensive research is currently ongoing to develop strategies to
enhance the efficacy and targetability of ADCs in treating tumors. We conclude this section
with a table (Table 3) that shows anti-cancer drugs which target the cytoskeletal proteins to
alter or inhibit EMT in cancer therapy.

Figure 4. A diagram illustrating the mechanism of action of Antibody-Drug Conjugate (ADC) in a cancer cell. (A): High-
affinity Antibody binds to the drug, forming ADC, entering the double lipid-membrane layer of the cell to cause cell
death. (B): ADC binds to the pro-survival receptor of cancer cells, inhibiting its function, commencing apoptosis. (C): ADC
binds to both the membrane-surface antigen of the cancer cell and an effector cell in the immune system, inducing cellular
cytotoxicity lysing the cancer cells. The figure was created with BioRender.com (Accessed on 1 February 2021) and was
exported under a paid subscription.
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5. Conclusions

EMT is a highly active process of conversion of epithelial cells to mesenchymal cells.
The transformation in the phenotype of an epithelial cell to mesenchymal involves the cell
gaining features such as invasiveness, motility, multi-drug resistance, immune-evasiveness,
and immunosuppressive properties. In turn, the cell migration occurs because of the swift
reorganization of the actin cytoskeleton consisting of polymerization and disintegration
of actin filaments. Research findings suggest the vital role of actin-binding proteins in
regulating the polymerization and depolymerization process of actin filaments [86]. Studies
have also proved that the loss of E-cadherin, which localizes the adherens junctions, is one
of the critical features in EMT transitions. The Rho family GTPases also play a vital role
in controlling the dynamics of the actin cytoskeleton in both epithelial and mesenchymal
cells. Numerous studies have also shown that actin-binding proteins (ABPs) perform
many distinct functions that affect the rate and extent of polymerization—nucleating,
capping, severing, sequestering, bundling, and crosslinking [86]. Over the years, studies
have elucidated that microtubules and intermediate filaments also play a vital role in EMT.
Microtubules play an essential role in motility, intracellular trafficking, supporting the
cell shape, and produce pushing and pulling forces to support protrusion. The role of
intermediate filaments has been a subject that has evoked much interest in recent years.
There is clear evidence that points to the fact that EMT is associated with vimentin protein
expression, which undergoes phosphorylation and reorientation in cells, regulating cell
contraction and focal adhesion assembly/disassembly.

Furthermore, crosstalk between different components of the cytoskeleton is present
during metastasis. tActin, IF, and MT cytoskeletons work together in cell migration and
metastasis [234]. Recent evidence paints a strong relationship between cytoskeleton dy-
namics and EMT, which can be utilized to identify potential biomarkers.

6. Future Perspectives

In recent years, it is gradually becoming evident that targeting EMT in cancer treatment
may lead to new targets for the development of anti-cancer therapies. In recent research,
it has also emerged that several metastatic and invasive cancer have lacked signs of
EMT [235] (loss of epithelial feature or increase of mesenchymal proteins). Hence, further
research must be done to understand the mechanism of the underlying regulation of
actin cytoskeleton and cancer cell EMT. For all these reasons, actin presents itself as a
hypothetically attractive anti-cancer therapeutic target. However, in reality, results have
proved that actin has been a poor target because of toxic side effects primarily due to
the inability of therapeutics to distinguish between actin isoforms [236]. In the past few
years, pharmaceutical research studies have pivoted their direction from actin to actin-
binding proteins such as the Arp2/3 complex and tropomyosin, which are promising
therapeutic targets in cancer drug discovery plans, as these proteins offer many isoforms
for selective targeting and the prospect to avoid toxic side effects [237]. Recent studies have
highlighted a key characteristic of the protein that makes it a lucrative candidate for further
research as a therapeutic target, its specific modulation in activity levels and expression
in cancer cell lines. Examining actin-binding proteins as novel therapeutic targets offer
great potential for the development of specific cancer therapies—researchers also need
to consider a lot of procedural considerations when using phenotype screening to obtain
positive outcomes. These new findings and analysis are an active area of interest since it can
lead to breakthrough results—combining conventional cancer therapy with EMT-related
mechanisms in our fight against cancer and drug-resistant cancer cells.
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Simple Summary: Earlier we demonstrated that the plasma membrane Ca2+ pump PMCA4b inhibits
migration and metastatic activity of BRAF mutant melanoma cells, however, the exact mechanism
has not been fully understood. Here we demonstrate that PMCA4b acted through actin cytoskeleton
remodeling in generating a low migratory melanoma cell phenotype resulting in increased cell–cell
connections, lamellipodia and stress fiber formation. Both proper trafficking and calcium transporting
activity of the pump were essential to complete these tasks indicating that controlling Ca2+ concentration
levels at specific plasma membrane locations such as the cell front played a role. Our findings suggest
that PMCA4b downregulation is likely one of the mechanisms that leads to the perturbed cancer cell
cytoskeleton organization resulting in enhanced melanoma cell migration and metastasis.

Abstract: We demonstrated that the plasma membrane Ca2+ ATPase PMCA4b inhibits migration and
metastatic activity of BRAF mutant melanoma cells. Actin dynamics are essential for cells to move,
invade and metastasize, therefore, we hypothesized that PMCA4b affected cell migration through
remodeling of the actin cytoskeleton. We found that expression of PMCA4b in A375 BRAF mutant
melanoma cells induced a profound change in cell shape, cell culture morphology, and displayed
a polarized migratory character. Along with these changes the cells became more rounded with
increased cell–cell connections, lamellipodia and stress fiber formation. Silencing PMCA4b in MCF-
7 breast cancer cells had a similar effect, resulting in a dramatic loss of stress fibers. In addition,
the PMCA4b expressing A375 cells maintained front-to-rear Ca2+ concentration gradient with the
actin severing protein cofilin localizing to the lamellipodia, and preserved the integrity of the actin
cytoskeleton from a destructive Ca2+ overload. We showed that both PMCA4b activity and trafficking
were essential for the observed morphology and motility changes. In conclusion, our data suggest
that PMCA4b plays a critical role in adopting front-to-rear polarity in a normally spindle-shaped cell
type through F-actin rearrangement resulting in a less aggressive melanoma cell phenotype.

Keywords: plasma membrane Ca2+ ATPase 4b; BRAF mutant melanoma; actin cytoskeleton; cofilin;
cell motility; metastasis
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1. Introduction

Melanoma is a form of skin cancer that originates from the neural crest derived
melanocytes that produce melanin. It is a highly invasive type of cancer that tends to metas-
tasize and causes death. Metastasis is a multistep process that requires migration of cells
from the primary tumor to other sites in the body [1]. It has been widely acknowledged that
changes in the actin cytoskeleton arrangement are essential for cells to migrate and metasta-
size [2]. Many proteins are involved in the regulation of actin dynamics and any alteration
in their expression, activity, or localization may contribute to cellular transformation and
tumorigenesis [3,4].

Several studies suggested that cytoplasmic free Ca2+ concentration plays a role in
actin-based changes of cell polarity, chemotaxis, and motility [5–7]. In addition, Ca2+ is
involved in actin rearrangement, focal adhesion turnover, invadopodia, and lamellipodia
formation during cell migration [8,9]. Cells maintain Ca2+ homeostasis using a “molecular
toolkit” that includes Ca2+ channels to allow Ca2+ to enter the cell and pumps or exchangers
to remove excess Ca2+ for proper cell functioning. Changes in the expression of any of
these tools can result in altered Ca2+ homeostasis leading to uncontrolled cell proliferation
and metastasis [10].

Overexpression of Ca2+ channels has been implicated in the progression of several
cancer types [11]. A recent study [12] reported elevation of T-type calcium channels (TTCCs)
Cav3.1 in BRAFV600E mutant melanomas that promoted melanoma cell proliferation and
migration. In bladder cancer, an increased level of transient receptor potential melastatin 8
(TRPM8) promoted cell proliferation, motility, and migration [13]. In metastatic prostate
cancer, increased expression of the transient receptor potential cation channel subfamily
V member 2 (TRPV2) resulted in enhanced cell motility through the invasion associated
enzymes MMP9 and cathepsin B [14].

Cell motility and migration require filamentous actin (F-actin) rearrangements, and free
Ca2+ concentration was found to play a role in this process [5,15]. The involvement of the
transient receptor potential melastatin 4 (TRPM4) has been demonstrated in Ca2+ depen-
dent actin cytoskeleton reorganization and migration of bone marrow-derived mast cells
(BMMCs) [16]. Another study showed that transient receptor potential cation channel sub-
family V member 4 (TRPV4) increased the migration of breast cancer cells via remodeling
of the actin cytoskeleton through the Ca2+-dependent activation of AKT [17].

Several actin binding-proteins are affected by changes in cytoplasmic Ca2+ concentra-
tion [18]. An important regulator of actin dynamics is the actin severing protein cofilin [19].
Inhibition of cofilin activity may disrupt cell polarity, protrusion formation, and chemo-
taxis. Cofilin is a 19 kDa protein that catalyzes actin depolymerization but also acts as a
polymerization factor through producing monomer actin for the generation of locomotory
protrusions at the leading edge of migrating cells. Cofilin activity is regulated by phos-
phorylation at Ser3, and by binding to PIP2 or cortactin [20]. A study has reported that
high concentration of free intracellular Ca2+ can induce cofilin dephosphorylation and
activation through the calcium-dependent phosphatase calcineurin [21].

The plasma membrane Ca2+-ATPase (PMCA) is a key regulator of cytosolic Ca2+

concentration that expels Ca2+ from the cell using the energy of ATP. Four different genes
(ATP2B1-4) encode PMCAs in mammals (PMCA1-4) from which more than twenty variants
are transcribed as a result of alternative mRNA splicing [22]. PMCAs have been implicated
in a variety of cancer types. While PMCA2 (ATP2B2) was upregulated in HER+ breast
cancer tumors [23], PMCA4 (ATP2B4) was downregulated in colon and prostate cancers,
and lymph node metastases in contrast to the relatively high PMCA4 protein level in
normal tissues [24,25].

Our laboratory identified the PMCA4b variant as a putative metastasis suppressor
using BRAF mutant melanoma cell models [26]. We found that in selected melanoma cells
with RAS or BRAF mutations PMCA4b was expressed at low levels. Inhibition of BRAF,
MEK, or p38 MAPK, however, increased the expression of PMCA4b without affecting
the expression of other Ca2+ pumps or Ca2+ channels [26,27]. The enhanced PMCA4b
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expression caused a dramatic change in cell motility without having a significant effect on
proliferation, characteristic features of metastasis suppressors. We also identified additional
PMCA4b expression inducers, such as the histone deacetylase inhibitors some of which are
already in clinical use in a variety of melanoma, breast, and colon cancer cells [28–30].

Since the free Ca2+ ion level is an important modulator of actin cytoskeletal dynamics,
the goal of the present study was to investigate whether PMCA4b, by controlling intracel-
lular Ca2+ levels, acts through the actin cytoskeleton in reducing motility of BRAF mutant
melanoma cells. We investigated the role of PMCA4b activity and trafficking in maintaining
the integrity of the actin cytoskeleton and we studied the formation of cell–cell connections,
lamellipodia and stress fibers in cells expressing wild type and mutant PMCA4b proteins.
We show that polarized distribution of PMCA4b maintains a gradient of cytosolic free Ca2+

levels and induces cofilin redistribution to the leading edge that ultimately leads to a low
motility melanoma cell phenotype.

2. Materials and Methods
2.1. Cell Culture

BRAF (V600E) mutant melanoma (A375) and breast cancer (MCF-7) cells were pur-
chased from ATCC. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Lonza, Walkersville, MD, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, Waltham, MA, USA), 1% penicillin–streptomycin (Lonza), and 2 mM
L-glutamine (Lonza) in humidified 5% CO2 incubator at 37 ◦C.

2.2. Chemicals and Reagents

Cytochalasin D (cytD), calcium ionophore (A23187), and Phalloidin-TRITC were
dissolved in DMSO and stored at −20 ◦C as a stock solution. The final DMSO concentration
in the experiment did not exceed 0.01%. All reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.3. DNA Constructs

The DNA plasmid of pmCherry-C1 and pEGFP-actin was purchased from Clontech
Laboratories Inc., Mountain View, CA, USA. The mCherry-PMCA4b plasmid was generated
as described previously [31]. The trafficking mutant pEGFP-PMCA4b-L1167-1169A construct
was prepared previously [31]. The SB-CAG-GFP-PMCA4b-CAG-Puromycin and SB-CAG-
GFP-PMCA4b-LA-Puromycin constructs were generated, as described [26]. The non-
functional mutant mCherry-PMCA4b-DE was created by introducing the D672E point
mutation into the mCherry-PMCA4b and GFP-PMCA4b plasmids using QuikChange
II Site-Directed Mutagenesis Kit (Stratagene) as described previously [32]. pCAGGS-
GCaMP2-actin was a gift from Karel Svoboda (Addgene plasmid # 18928; http://n2t.net/
addgene:18928; Accessed date: January 2021; RRID: Addgene_18928) [33]. The Cofilin-
pmCherryC1 was a gift from Christien Merrifield (Addgene plasmid # 27687; http://
n2t.net/addgene:27687; Accessed date: January 2021; RRID: Addgene_27687) [34] and
CMV-R-GECO1 was a gift from Robert Campbell (Addgene plasmid # 32444; http://n2t.
net/addgene:32444; Accessed date: January 2021; RRID: Addgene_32444) [35].

2.4. Generation of Stable Cell Lines

To generate A375-GFP-PMCA4b, A375-GFP-PMCA4b-LA, and MCF-7-GFP-PMCA4b
cell lines, A375 or MCF-7 cells were stably transfected with the SB-CAG-GFP-PMCA4b-
CAG-puromycin or SB-CAG-GFP-PMCA4b-LA-CAG-puromycin using the protocols de-
scribed previously [26]. To generate the MCF-7-Sh-PMCA4b cell line, MCF-7 cells were
transfected with the PMCA4b shRNA plasmid (sc-42602-SH, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) using FuGENE HD transfection reagent (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. After 48 h, the culture medium was
changed to the fresh medium containing puromycin dihydrochloride (1 µg/mL) (sc-108071,
Santa Cruz Biotechnology) for selection. The medium with puromycin was changed every
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2–3 days for two weeks. To confirm PMCA4b silencing the PMCA4b protein level was
analyzed by Western blot.

2.5. Transient Transfection

A375 cell lines were seeded in 8-well Lab-Tek II chambered coverglass (Nalge Nunc
International, Rochester, NY, USA). Next day, the cells were transiently transfected with one of
the following plasmid DNA constructs (or in combination with one another): pmCherry-C1,
mCherry-PMCA4b, mCherry-PMCA4b-DE, cofilin-pmCherryC1, GFP-PMCA4b-DE, pEGFP-
actin, pCAGGS-GCAMP2-actin, and CMV-R-GECO1, as indicated in the experiment, using
the FuGENE HD transfection reagent (Promega, Madison, WI, USA) according to the
manufacturer’s recommendations. The next day, the culture medium was changed and
cells were incubated for a further 48 h.

2.6. siRNA Transfection

PMCA4b was knocked down by siRNA treatment as described previously [27].
Briefly, A375-GFP-PMCA4b melanoma cells were seeded onto 8-well Lab-Tek II cham-
bered coverglass (Nunc). Next day, cells were transfected with ON-Target plus SMART-
pool PMCA4b (ATP2B4) siRNA (50 nM, cat. # L-006118-00-005, Dharmacon Research
Inc.) or SignalSilence® control siRNA (50 nM, Cell Signaling Technology, Danvers, MA,
USA, cat. #6568S) using the DharmaFECT 1 transfection reagent (Dharmacon Research
Inc., Cambridge, UK) according to the manufacturer’s protocol. After 24-h transfection,
the medium was changed, and the cells were incubated for an additional 48 h.

2.7. Cell Morphology Analysis

A375, A375-GFP-PMCA4b, and A375-GFP-PMCA4b-LA cells were cultured in a 6-
well plate. Phase-contrast microscope (Olympus, Japan) images were taken either after
overnight cell culture (low confluence) at 10× magnification or after a 48-h cell culture
period (high confluence) at 4× magnification, as stated in the figure legends. The general
morphology of the cells, including area and circularity, was analyzed by applying a black
mask to display the contour of the cells using ImageJ software, v1.42q (National Institutes
of Health, Bethesda, MD, USA).

2.8. Nearest Neighbour Distance Analysis

A375-GFP, A375-GFP-PMCA4b, A375-GFP-PMCA4b-LA, MCF-7, MCF-7-GFP-PMCA4b,
and MCF-7-Sh-PMCA4b cells were cultured in a 6-well plate for 48 h. Phase-contrast mi-
croscope images were taken and cell centers were obtained by using the “Particle analysis”
function of the ImageJ software. Nearest neighbor distance analysis was performed on
binary images of cell centers using the graph plugin of ImageJ.

2.9. Non-Directional Cell Motility Assay

A375, A375-GFP-PMCA4b, and A375-GFP-PMCA4b-LA cells were cultured in 96-well
plates. Next day, the nuclei of the cells were stained with 0.1 µM Hoechst 33342 for 1 h.
The fluorescence signals for Hoechst and GFP were acquired automatically every 30 min for
24-h at 37 ◦C and 5% CO2 using the ImageXpress Micro XL (Molecular Devices, Sunnyvale,
CA, USA) high content screening system using a Nikon CFI Super Plan Fluor ELWD
ADM 10× objective. For motility analysis, we used the multidimensional motion analysis
module of MetaXpress High Content Image Acquisition and Analysis Software Version
5.3., Molecular Devices, Sunnyvale, CA, USA as described previously [28]. The time-
lapse video demonstrating single cell motility was created from the images taken from
the measurements.

2.10. Directional Cell Migration Assay

The Boyden chamber assay was performed as described previously [27]. Briefly,
A375-GFP, A375-GFP-PMCA4b, and A375-GFP-PMCA4b-LA cells were seeded on the

116



Cancers 2021, 13, 1354

upper chamber of a 48-well Boyden Chamber device (Neuro probe, Gaithersburg, MD,
USA) and incubated for 3 h at 37 ◦C. During this period, cells migrate through the 10 µm
thick membrane (Whatman, Merck KGaA, Darmstadt, Germany) toward the fibronectin
attractant (100 µg/mL, Merck KGaA, Darmstadt, Germany) at the lower chamber. At the
end of the incubation period the membrane was removed and cells were scrapped from the
upper side of the filter while at its lower side cells were fixed and stained with Toluidine
blue. Light microscope images (6 images) were captured using a 10× objective lens and
the number of cells migrated through the filter were counted.

2.11. Immunofluorescence Microscopy

A375, A375-GFP-PMCA4b, A375-GFP-PMCA4b-LA, MCF-7, MCF-7-GFP-PMCA4b,
and MCF7-Sh-PMCA4b cells were seeded in 8-well Lab-Tek II chambered coverglass (Nunc)
and cultured for 48 h. In some experiments, A375 cells and A375-GFP-PMCA4b cells were
transiently transfected with Cofilin-pmCherryC1 or cotransfected with GFP-PMCA4b-DE
in A375 cells. 48 h after transfection, cells were fixed with 4% paraformaldehyde (PFA),
washed two times with PBS and then the nuclei were stained with DAPI.

For F-actin staining the cells were fixed and permeabilized with 0.1% Triton X-100 for
10 min and washed with PBS followed by incubation with Phalloidin-TRITC (Sigma-
Aldrich) (1:1000) for 20 min. After that, cells were washed and kept in PBS.

For vinculin immunostaining, the cells were fixed and permeabilized as above and
incubated in the blocking buffer (PBS containing 2 mg/mL bovine serum albumin, 1%
fish gelatin, 0.1% Triton-X 100, 5% goat serum) for 1 h at room temperature (RT) followed
by incubation with the rabbit monoclonal antivinculin antibody (1:100, ThermoFisher
scientific, cat. # 700062) for 1 h at RT. After three washes with PBS, cells were incubated
with AlexaFlour-647 conjugated anti-rabbit IgG (Invitrogen, Waltham, MA, USA) as a
secondary antibody for 1 h at RT. Then cells were washed three times with PBS followed by
staining with Phalloidin-TRITC for 30 min at RT. For nuclear staining, cells were incubated
with DAPI for 10 min, washed, and kept in PBS.

To study the effect of Ca2+ influx on the actin cytoskeleton, A375 and A375-GFP-
PMCA4b cells were seeded in 8-well Lab-Tek II chambered coverglass (Nunc). Next day,
A375 cells were transiently transfected with GFP-PMCA4b-DE plasmid and cultured for
48 h. Ca2+ influx was initiated by the addition of 2 µM A23187 in HBSS buffer containing
2 mM Ca2+ (20 mM HEPES, pH 7.4, 2 mM CaCl2, 0.9 mM MgCl2) for 10 min at 37 ◦C.
For positive and negative controls, cells were treated with 2.5 µM cytochalasin D (cytD)
or with 2 µM A23187 in HBSS buffer without Ca2+ (in the presence of 100 µM EGTA),
respectively. Cells were fixed with 4% PFA for 10 min and washed three times with PBS.
Labeling with Phalloidin-TRITC is as described previously. Morphological parameters of
the cells including area and circularity were analyzed using the ImageJ software.

In all experiments, confocal microscopy images were taken by Zeiss LSM710 or LSM800
confocal laser scanning microscopes using a Plan-Apochromat 40× (N.A. = 1.4) oil immersion
objective (Zeiss, Oberkochen, Germany). Blue, green, red, and far red fluorescence images
were sequentially acquired at 405, 488, 543, and 633 nm excitations, respectively.

2.12. Live-Cell Imaging

A375 cells were cultured overnight in 8-well Lab-Tek II chambered coverglass (Nunc).
The next day, the cells were transfected with a GFP-actin plasmid in combination of one
of the following plasmids: pmCherry-C1, mCherry-PMCA4b, or mcherry-PMCA4b-DE.
After a 48-h incubation, the cells were washed twice with HBSS buffer before live-cell
imaging. Experiments were initiated by the addition of (1) 2 mM A23187, (2) 2.5 µM cytD
(positive control), or (3) 2 µM A23187 in HBSS buffer without Ca2+ (in the presence of
100 µM EGTA) (negative control). Treatments lasted for 10 min at 37 ◦C. Live-cell imaging
was performed by acquiring Z-stack images every 15 s in both green and red channels at
488 and 561 nm excitation, respectively, using 100× 1.4 N.A. oil immersion objective of a
Carl Zeiss Cell Observer SD microscope equipped with a Yokogawa CSU-X1 spinning-disk
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confocal module (Zeiss, Germany). For data analysis, 3D images were generated at time
zero, 5 and 10 min and a video with one Z-stack was created for each experiment using ZEN
2.3 (blue edition) software, Carl Zeiss Microscopy GmbH, Jena, Germany. The Kymograph
(space versus time), circulatory and area calculations relative to the zero time for each cell
was analyzed using the ImageJ software.

2.13. Fluorescence Recovery after Photobleaching (FRAP)

A375 cells were cultured in 8-well Lab-Tek II chambered coverglass (Nunc). After
overnight culture, cells were transiently transfected with plasmid constructs as described
previously. For FRAP experiment, culture medium was changed with phenol free complete
DMEM media supplemented with 25 mM HEPES (Gibco) and cells were kept at 37 ◦C.
For simultaneous dual detection of GFP and mCherry fluorescence signals, 488 nm and
546 nm solid state lasers of a Carl Zeiss Cell Observer SD microscope equipped with a Yoko-
gawa CSU-X1 spinning-disk confocal module were used. Differential interference contrast
(DIC) images were taken at the end of the experiment. A defined region of interest (ROI)
was drawn at three different cell parts: cell connections, cell free edge, and ruffles (lamel-
lipodia). GFP signal was photobleached using a 488 nm bleaching laser at 20–40% intensity
(RAPP UGA-42 Firefly 2L system) with a 40× 1.4 N.A. oil objective. Live cell imaging was
carried out with images acquired every 0.2 s over 120 s time interval. Mean fluorescence
intensity of a ROI, non-bleached region and background were analyzed using the ImageJ
software. Data were imported into Microsoft Excel software 2016 (Microsoft Corporation by
Impressa systems, Santa Rosa, CA, USA) and relative GFP-actin fluorescence intensity was
calculated as follows: background intensity was subtracted from every ROI and at every
time point, then the resulting ROI intensities were divided by a reference area intensity
taken from a surrounding non-bleached cell. Post-bleach intensities were normalized to
the mean of the first 10 prebleach time points. For FRAP analysis, the first 90 s of the
post-bleach data was inserted into GraphPad Prism software v5.01 (GraphPad Software
Inc., La Jolla, CA, USA) and non-linear regression analysis was used on the post-bleach
sections to calculate the mobile fraction and half time of FRAP recovery curve (t1/2).

2.14. Ca2+ Signal Measurements

To detect near the actin Ca2+ signal, A375 cells were cultured overnight in 8-well
Lab-Tek II chambered coverglass (Nunc). The next day, cells were transfected with
pCAGGS-GCAMP2-actin together with one of the following plasmids: mCherry-PMCA4b,
or mCherry-PMCA4b-DE and cultured for 48 h. Then cells were washed and media were
replaced with HBSS buffer. Calcium influx was initiated by the addition of 2 µM A23187 for
10 min at 37 ◦C. Live cell imaging was performed by detecting both GCAMP2 and mCherry
signals in every 15 s using the spinning-disk confocal microscope specified above and
100× 1.4 N.A. oil immersion objective. For data analysis, images were taken before, during
(peak) and at 7-min after the addition of A23187. Videos were created using ZEN 2.3
(blue edition) software. Cells were analyzed for near actin Ca2+ signal using the ImageJ
software. Relative fluorescence intensities (F/F0) were calculated with the GraphPad Prism
software v5.01.

To test the distribution of basal cytosolic Ca2+ concentration, A375, A375-GFP-PMCA4b,
and A375-GFP-PMCA4b-LA cells were seeded onto 8-well Lab Tek II chambered coverglass
(Nunc). The next day, the cells were transiently transfected with CMV-R-GECO1 plas-
mid and cultured for 48 h. Confocal microscope images were taken using confocal laser
scanning microscope, Zeiss LSM710 with 63× oil immersion objective (Zeiss, Germany).
Line plot analysis of the fluorescence signal was performed using the ImageJ software.

2.15. Western Blot Analysis

A375, A375-GFP-PMCA4b, A375-GFP-PMCA4b-LA, MCF-7, MCF-7-GFP-4b, and MCF-
7-Sh-PMCA4b cells were cultured in a 6-well plate for 48 h. The total protein content of the
cells was precipitated with 6% TCA. Samples were separated by using 10% or 15% acry-
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lamide gels, as appropriate, and electroblotted onto PVDF membranes (Biorad, Hercules,
CA, USA), as described previously [28].

Blots were immunostained with the following rabbit monoclonal primary antibodies: an-
tivinculin (1:100, ThermoFisher scientific, cat. # 700062), anti-P-cofilin (Ser3) (1:1000, Cell Sig-
naling Technology, Danvers, MA, USA, cat. # 77G2), rabbit polyclonal antibody: anti-β-
tubulin (1:1000, Abcam, cat. # ab6046), anti-PMCA1 (1:1000, Affinity BioReagents, cat. # PA1-
914), mouse monoclonal antibodies: anti-PMCA4 (JA9, 1:1000, Sigma-Aldrich, cat. # P1494),
anti-NA+/K+ ATPase (1:2000, Enzo Life Sciences, cat. # BML-SA247), and chicken polyclonal
antibody: anti-GFP (1:5000, Aves, GFP-1020). Horseradish peroxidase-conjugated anti-
rabbit, anti-mouse, or anti-chicken secondary antibodies were used for detection (Jackson
ImmunoResearch, dilution 1: 10,000) and were visualized with Pierce ECL Western Blotting
Substrate (Thermo Scientific). The ImageJ software was used for densitometry analysis.

2.16. Statistical Analysis

For the stress fiber and lamellipodia formation analysis, a Chi square test while for
Western blots, an unpaired t-test was used. For FRAP analysis, area and circulatory calcula-
tions, the differences between the control and the experimental groups were determined
by a one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison
post-hoc test, or unpaired t-test for two groups comparison. For circularity and area data
versus time for the three groups, two-way ANOVA followed with the Bonferroni post-hoc
test was used. The difference was considered significant at p < 0.05. The asterisks *, **,
and *** denote values <0.05, <0.01, and <0.001, respectively.

3. Results
3.1. Proper Trafficking of PMCA4b Is Required to Change A375 Melanoma Cell Morphology,
and Migration.

Previously, we demonstrated that overexpression of PMCA4b induced a profound
change in the shape and motility of A375 melanoma cells [26]. Endocytic trafficking has
been suggested to regulate both cell shape and motility in a variety of cell models [36–38].
Our laboratory has identified a di-leucine-like 1167LLL internalization signal at the C-
tail of PMCA4b. Mutation of these leucines to alanines resulted in a trafficking mutant
(PMCA4b-LA), which has been characterized by having impaired endocytosis and hence
high cell surface expression [31]. To test if endocytic trafficking of PMCA4b was essential
for the distinct migratory and cell shape character of the melanoma cells, we compared
shape and migration of GFP or GFP-PMCA4b expressing cells to those of the trafficking
mutant GFP-PMCA4b-LA (Figure 1, Figures S1A and S8). At the single cell level, GFP-
PMCA4b expression resulted in transition from a spindle-shaped character with three to
four protrusions per cell to a polarized mesenchymal appearance with a typical asymmetric
lamellipodial architecture, similarly to that shown previously [26]. In contrast, the A375-
GFP-PMCA4b-LA cells retained the spindle-shaped character of the control A375-GFP
cells (Figure 1A), and no significant change in area and circularity parameters could be
detected (Figure S1B). In subconfluent cell cultures, the A375-GFP-PMCA4b cells formed
clusters, whereas the A375-GFP-PMCA4b-LA cells showed scattered distribution similarly
to that seen in the A375-GFP cells (Figure 1B). The nearest neighbor distribution histogram
of A375-GFP-PMCA4b cells was shifted to the left as compared to the control or to the
A375-GFP-PMCA4b-LA cells suggesting closer contact between the PMCA4b expressing
cells in subconfluent culture (Figure 1C).
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Figure 1. PMCA4b but not the trafficking mutant PMCA4b-LA changed shape, culture morphology,
and migration-type of A375 cells. (A+B) A375-GFP, A375-GFP-PMCA4b, and A375-GFP-PMCA4b-LA
cells were cultured in a 6-well plate. After overnight attachment and at 80% confluency images were
taken using a phase-contrast microscope. Cell culture morphology was highlighted by applying a
black mask to display the contour of the cells. White and yellow arrowheads show protrusions and
lamellipodia, respectively. Scale bar, (A) 10 µm and (B) 50 µm. (C) After 48 h in culture, phase-contrast
microscopy images were taken. Cell centers were determined and nearest neighbor distances were
calculated from the binary images. Insets show the center of cells, as dots. (D) Cells were cultured
in a 96-well plate and stained with Hoechst 33342. Migratory activity of the cells was followed
by recording Hoechst and GFP signals by automated fluorescence microscopy for 24 h. Single cell
trajectories of A375-GFP (n = 130), A375-GFP-PMCA4b (n = 77), and A375-GFP-PMCA4b-LA (n
= 101) with the starting position of each trajectory translated to the origin of the plot are shown.
Mean velocity ± S.D was determined from single cell trajectories (A375-GFP (n = 645), A375-PMCA4b
(n = 941), and A375-PMCA4b-LA (n = 990) of 4–5 independent measurements. (E) For directional
cell migration Boyden chamber assay was performed. Cells were seeded into the upper chamber
and left to migrate for 3 h through the filter membrane towards the fibronectin at the lower chamber.
Cells at the bottom of the filter membrane were fixed and stained with Toluidine blue. The number
of migrated cells from six field of view was counted. Data show the means (% relative to the control)
± S.E.M from three independent experiments (*** p < 0.001).
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A375 cells are a highly motile type of melanoma cells as they show dynamic protrusion
and retraction activities with constantly changing direction of displacement. PMCA4b
expression changed dramatically this character to a slow-moving mesenchymal-type with
intense lamellipodia membrane ruffling and shorter displacement over time while the
cells expressing the trafficking mutant A375-GFP-PMCA4b-LA, remained highly motile
(Figure 1D and Figure S2, Videos S1 and S2). Similar results were obtained using a direc-
tional migration assay, in which the cells moved through the filter of a Boyden Chamber
towards fibronectin as an attractant. Again, PMCA4b expression inhibited migration of the
cells while expression of the mutant PMCA4b-LA had no effect (Figure 1E). Taken together,
our data suggest that proper trafficking of PMCA4b was crucial for determining the shape
and migratory behavior of these BRAF mutant melanoma cells.

3.2. PMCA4b Induces Actin Cytoskeleton Remodeling in A375 Melanoma Cells

Remodeling of the actin cytoskeleton plays a role in determining cell shape and
migration [39]. One of the key regulators of actin dynamics is Ca2+ that acts through a
variety of Ca2+-dependent regulatory mechanisms [8,9]. Since PMCAs are considered
as important regulators of intracellular Ca2+ concentration, we labeled A375 cells with
Phalloidin-TRITC and studied the role of PMCA4b in F-actin organization with confocal
laser scanning microscopy. We found that the A375-GFP-PMCA4b cells displayed an
increased number of intercellular connections compared to the A375-GFP-PMCA4b-LA or
A375-GFP cells where only few (one or two) connections could be detected (Figure 2A).
Live-cell imaging experiments on mCherry-PMCA4b and GFP-actin coexpressing cells
show that the mCherry-PMCA4b signal was followed by the thickening GFP-actin-based
protrusions during the formation of cell–cell connections (Figure 2B and Video S3).

Figure 3A shows that A375-GFP-PMCA4b cells formed lamellipodia and actin stress
fiber bundles in contrast to the A375-GFP-PMCA4b-LA and A375-GFP cells, which have
more actin-rich membrane protrusions with significantly less stress fibers at the cell bottom.
The graph indicates that GFP-PMCA4b expression increased the number of cells with
stress fibers by more than 80% when compared to the GFP or the GFP-PMCA4b-LA
mutant expressing cells. Treatment of the A375-GFP-PMCA4b cells with PMCA4b siRNA
significantly reduced the number of cells with stress fibers confirming the role of PMCA4b
in stress fiber formation (Figure S3A).

It has been demonstrated that free cytosolic Ca2+ concentration has a role in regulating
focal adhesion turnover [40,41]. Therefore, we stained A375 and A375-GFP-PMCA4b cells
for vinculin and F-actin, and found that vinculin dots clustered near the cell periphery
towards the protrusions of the control A375-GFP cells, which was different from the
punctate pattern at the focal adhesion sites of the stress fibers in the A375-GFP-PMCA4b
cells (Figure 3B). This change was accompanied by decreased expression of vinculin in
the A375-GFP-PMCA4b cells (Figure 3C). These data suggest stronger adhesion of the
PMCA4b overexpressing cells to the substrate than the cells without PMCA4b.
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Figure 2. PMCA4b but not the trafficking mutant PMCA4b-LA increased cell–cell connections between A375 cells. (A.1) Con-
focal microscopy images of A375-GFP, A375-GFP-PMCA4b, and A375-GFP-PMCA4b-LA cells labeled with Phalloidin-
TRITC. Scale bar, 20 µm. Insets show images with higher magnification of field marked with white rectangles; arrowhead
indicate cell–cell connection. Scale bar, 5 µm. (A.2) High magnification DIC and fluorescence images of A375-GFP-PMCA4b
cells are taken from the field marked with the yellow rectangle in (A.1). Scale bar, 20 µm. The black and red insets show
images for the intercellular connections formed between cells. Scale bar, 5 µm (A.3) The graph represents the mean number
of connections/cell for 12–13 cell. (B.1) Live cell imaging of A375 cells transiently expressing GFP-actin and mCherry-
PMCA4b recorded by spinning-disc confocal microscopy. GFP and mCherry signals were recorded every 0.2 s for 180 s at
37 ◦C. Scale bar, 20 µm. Insets show the formation of connection between two cells with higher magnification at different
times. Scale bar, 5 µm. (B.2) The graph depicts the time courses of GFP-actin and mCherry-PMCA4b signals determined in
the region of interest (ROI) drawn around a newly forming connection (yellow polygon). Arrowheads indicate the increased
signal (*** p < 0.001).
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Figure 3. Lamellipodia and stress fiber formation are increased in A375 cells expressing GFP-PMCA4b but not in those
expressing GFP-PMCA4b-LA. (A) Confocal microscopy images of A375-GFP, A375-GFP-PMCA4b, and A375-GFP-PMCA4b-
LA cells labeled with Phalloidin-TRITC. Arrowheads show stress fibers. Scale bar, 20 µm. The fractions of stress fiber-positive
cells in A375-GFP (n = 55), A375-GFP-PMCA4b-LA (n = 72), A375-GFP-PMCA4b (n = 60) ± PMCA4b siRNA (n = 68),
and negative siRNA (n = 49) cultures were determined. siRNA confocal microscopy images are presented in Figure S3A.
Relative abundance of cells with stress fibers is indicated by the bar graph. Confocal sections were taken from the bottom of
the cells to show the stress fibers. (B) Confocal microscopy images of A375 and A375-GFP-PMCA4b cells immunostained
with vinculin and labeled with Phalloidin-TRITC. Scale bar, 20 µm. Insets show part of the cells with higher magnification.
Arrowheads show the differential localization of vinculin. Scale bar, 5 µm. (C) A375 and A375-GFP-PMCA4b cells were
cultured in a 6-well plate for 48 h. Vinculin protein expression from total cell lysate was analyzed by Western blotting.
β-tubulin was used as a loading control. Data represent mean ± S.E.M from three independent experiments (*** p < 0.001).

3.3. A Functional PMCA4b Pump Is Needed for Actin Cytoskeleton Remodeling

To test if PMCA4b function is required for actin cytoskeleton remodeling we used the
non-functional mutant pump mCherry-PMCA4b-DE, in which we introduced an aspartate-
to-glutamate substitution at position 672 [32]. Since this mutant cannot transport Ca2+,
it helped to dissect further the functional role of PMCA4b in actin cytoskeleton remodeling.
In order to study this, we transiently expressed wild-type or mutant mCherry-tagged
PMCA4b pump together with GFP-actin in A375 cells. It is worth noting that neither
GFP nor mCherry tags affected PMCA4b activity, as described previously [32,42]. In the
mCherry-PMCA4b expressing cells, GFP-actin concentrated to the lamellipodia at the
cell front (Figure 4A) and formed stress fibers at the cell bottom (Figure S3B) as expected.
In the non-functional mCherry-PMCA4b-DE expressing cells, however, the GFP-actin
signal distributed evenly throughout the cell, and a significant reduction in stress fiber
and lamellipodia formation was detected (Figure 4A,B and Figure S3B). A kymograph
(Figure 4C) along the lines drawn across the lamellipodia of a mCherry-PMCA4b express-
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ing cell shows highly polymerized actin, and high frequency of lamellipodial ruffling and
retraction activity. We found mCherry-PMCA4b positive vesicles moving toward the edge
of the lamellipodia and backwards with the GFP-actin retrograde flow (Figure 4D and
Video S4). Together, these findings suggest that PMCA4b activity was essential for both
stress fiber and lamellipodia formation, and that intense PMCA4b trafficking accompanied
membrane ruffling at the lamellipodia.

Figure 4. PMCA4b activity is necessary for lamellipodia formation in A375 melanoma cells.
(A) A375 cells were transfected with GFP-actin together with one of the following plasmids:
pmCherry-C1, mCherry-PMCA4b, mCherry-PMCA4b-DE, and cultured for 48 h. Confocal mi-
croscopy images of lamellipodia are shown. Scale bar, 20 µm. Graphs represent the GFP-actin
intensity profile (green) for the line (white) drawn along the cell as indicated in the confocal image.
Confocal sections were taken in the middle to visualize lamellipodia formation. (B) The graph
shows the fraction of lamellipodia-positive cells in cultures transfected with GFP-actin and mCherry,
mCherry-PMCA4b, or mCherry-PMCA4b-DE. (C,D) Live-cell imaging of cells expressing GFP-actin
and mCherry-PMCA4b. Z-stacks of images were taken every 5 s for 5 min at 37 ◦C using spinning-
disc confocal microscopy. (C) Kymographs were generated along the lines (yellow and blue) of the
lamellipodia of the mCherry-PMCA4b cell shown in the image in (A), using the ImageJ software.
Fine edges of ruffles are shown. (D) Magnified part of the lamellipodia from the same cell shown in
(A). White arrowheads show mCherry-PMCA4b positive vesicles and the yellow arrowheads show
GFP-actin retrograde flow. Scale bar, 5 µm (*** p < 0.001).

3.4. Silencing PMCA4b Expression Decreases the Number of Cells with Stress Fibers and Changes
Cell Culture Morphology of MCF-7 Breast Cancer Cells

To confirm that the effect of PMCA4b on actin rearrangement is not cell type-specific;
we used the estrogen receptor positive (ER+) luminal type of breast cancer cell line MCF-7.
We showed that PMCA4b expression is relatively low in these cells that can be greatly
upregulated with histone deacetylase (HDAC) inhibitors. Since we surmised that HDAC
inhibitors could interfere with our studies, we either stably expressed or silenced PMCA4b
in MCF-7 breast cancer cells. The Western blots in Figures S4 and S8 show that MCF-7 cells
express PMCA4b endogenously and that silencing diminished its expression almost com-
pletely. In accordance with the relative PMCA4b abundance, changes in cell culture mor-
phology were observed. Nearest neighbor distance histogram analysis shown in Figure 5A
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indicated that MCF-7-GFP-PMCA4b cells were located closer to each other than the parental
or the PMCA4b silenced cells. In addition, PMCA4b silencing induced a dramatic—more
than 60%—loss of stress fibers (Figure 5B,C) and increased significantly the area of individual
cells (1.75×) (Figure 5A,D) underlying the importance of PMCA4b in actin cytoskeleton
remodeling, and consequently changes in cell shape and cell culture morphology.

Figure 5. PMCA4b silencing in MCF-7 cells changed cell culture morphology and resulted in a dramatic loss of stress fibers.
(A) Phase contrast images of MCF-7 cells, GFP-PMCA4b (MCF-7-GFP-4b), or shRNA of PMCA4b (MCF-7-Sh-4b). Scale
bar, 50 µm. The distance between nearest neighbors was determined using the binary images of cell centers. (B) F-actin in
the three cell types was labeled with Phalloidin-TRITC. Arrowheads show stress fibers. Scale bar, 20 µm. The fractions of
stress fiber-positive cells were determined (n = 48, 83, and 100, respectively) (C) and the area of individual cells of the phase
contrast images was calculated (n = 100, 88, and 70, respectively) (D). Bars represent the mean values for each cell type
(* p < 0.05, *** p < 0.001).

3.5. PMCA4b Does Not Affect F-Actin Recovery after Photobleaching

Fluorescence recovery after photobleaching (FRAP) is often used to study actin cy-
toskeleton dynamics [43]. From FRAP analysis both the mobile fraction and turnover rate
(t1/2) of F-actin can be determined. To reveal whether changes in cell morphology was a
result of F-actin dynamics, we performed FRAP analysis in cells transfected with GFP-actin
and mCherry, mCherry-PMCA4b, or mCherry-PMCA4b-DE. FRAP was performed at three
different parts of the cells: at the cell-free edge, at the cell–cell contacts (Figure S5), and at
the lamellipodia (Figure 6). We found that PMCA4b expression did not affect either the
mobile fraction or the recovery rate of F-actin at any of these locations. Although the
mCherry-PMCA4b expressing cells showed slightly faster recovery rate (lower t1/2) at
the lamellipodia than the parental cells, the difference was not significant (Figure 6B and
Figure S5B) suggesting that F-actin assembly was not affected by PMCA4b.
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Figure 6. PMCA4b expression does not affect F-actin turnover in A375 cells. (A) A375 cells were transfected with GFP-actin
together with one of the following plasmids, pmCherry-C1, mCherry-PMCA4b, mCherry-PMCA4b-DE, and cultured
for 48 h. Media were changed to phenol free DMEM and cells were kept at 37 ◦C. GFP-actin was photobleached at the
ruffles (mCherry: n = 8, mCherry-4b: n = 13, mCherry-4b-DE: n = 23) using spinning-disc confocal microscopy. GFP signal
was recorded every 0.2 s for 90 s. Scale bar, 20 µm. Insets show magnified lamellipodia before (pre) and after (post)
photobleaching at different time points. Scale bar, 2 µm. (B) Relative GFP-actin fluorescence intensity changes over time.
Data represent mean ± S.E.M for three independent experiments.

3.6. PMCA4b Inhibits Ca2+ Induced F-Actin Depolymerization

Several studies have demonstrated that high cytosolic Ca2+ concentration can induce
F-actin depolymerization [6,44–46]. To investigate if PMCA4b is able to protect the actin
cytoskeleton from Ca2+ overload, we used A375 cells expressing GCaMP2- or GFP-actin to-
gether with mCherry, mCherry-PMCA4b, or the non-functional mutant mCherry-PMCA4b-
DE. Cells were treated with the Ca2+ ionophore A23187 to allow Ca2+ influx. As expected,
A23187 induced a sustained increase in GCaMP2-actin fluorescence in cells expressing the
non-functional mutant PMCA4b-DE, while the fluorescence returned relatively quickly to
the basal level in cells expressing the wild-type pump protein (Figure 7A). In correlation
with the sustained increase in near-actin Ca2+ concentration, a dramatic loss of cell protru-
sions, intense membrane blebbing, and cell shrinkage was observed in the mCherry or the
mCherry-PMCA4b-DE expressing cells (Figure 7B, see also Video S5). In correlation with
these changes, a significant increase in circularity (1.64 and 1.83 fold) and a decrease in area
(28.4% and 42.7%) were detected in the control and mutant pump expressing cells, respec-
tively. In contrast, no change in these parameters was observed in the wild-type PMCA4b
expressing cells displaying intact stress fibers at the cell bottom after treatment (Figure 7B).
A kymograph in Figure S6A shows GFP-actin collapse at the cell periphery both in the
mCherry and the mCherry-PMCA4b-DE expressing cells, while the mCherry-PMCA4b
cells retained their original shape.

Similar results were obtained when the endogenous F-actin was labeled with Phalloidin-
TRITC. Treatment of the parental and GFP-PMCA4b-DE expressing cells with A23187 led to
cell shrinkage, rounding, and intense membrane blebbing, while the A375-GFP-PMCA4b
cells did not show any of these changes even after a relatively long exposure to the
ionophore (Figure 8 and Figure S7A). When ionophore was added in the absence of ex-
ternal Ca2+ (in the presence of EGTA), none of the cells showed change in morphology
confirming the role of excess Ca2+ entry. As a control, the actin depolymerizing agent
cytochalasin D destroyed the actin cytoskeleton independent of Ca2+ entry (Figures S6B
and S7B, and Video S6). These results underlie the importance of the Ca2+ extrusion capac-
ity of PMCA4b that can reduce near-actin Ca2+ concentration levels protecting the actin
cytoskeleton from Ca2+ overload.
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Figure 7. PMCA4b protects F-actin from Ca2+-induced degradation. (A) Near actin Ca2+ signal was initiated in A375 cells
transiently expressing GCAMP2-actin together with mCherry-PMCA4b or mCherry-PMCA4b-DE by the addition of 2 µM
A23187. GCAMP2 and mCherry signals were recorded every 15 s for 10 min using a spinning-disc confocal microscopy.
Confocal microscopy images show cells before, at the peak and 7 min after the addition of A23187, as indicated. Arrowheads
show GCAMP2-actin signal retraction. Scale bar, 20 µm. Graphs represent fluorescence intensity values (F/F0) of the cell
shown in (A). Error bars represent S.E.M obtained from two independent experiments (two cells analyzed in each, two ROIs
per cell). Arrows indicate the addition of A23187. (B) 2 µM A23187 was added to A375 cells expressing GFP-actin together
with pmCherry-C1, mCherry-PMCA4b, or mCherry-PMCA4b-DE, and Z-stack images of GFP and mCherry signals were
recorded every 15 s for 10 min using a spinning-disc confocal microscope. Three-dimensional confocal images were created
by the ZEN 2.3 (blue edition) software, and presented at 0, 5, and 10 min. Arrowheads indicate changes in cell shape.
Area and circularity parameters for A375 cells transfected with the same plasmid combinations (n = 2–3 each) were analyzed
by the ImageJ software. Data represent mean ± S.E.M. Significance is calculated for the 10-min time points (* p < 0.05,
** p < 0.01, *** p < 0.001).
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Figure 8. A375-GFP-PMCA4b but not the parental or the non-functional mutant expressing PMCA4b-DE cells maintain
shape after Ca2+ overload. (A) A375-GFP-PMCA4b cells or A375 cells transiently expressing GFP-PMCA4b-DE were treated
with 2 µM A23187 in HBSS buffer containing 2 µM Ca2+ for 10 min at 37 ◦C. Confocal and DIC microscopy images were
taken after labeling with Phalloidin-TRITC. Scale bar, 20 µm. Right images show cells with higher magnification, scale bar,
20 µm. Arrowheads show the position of actin in relation to the cell periphery. (B) Area and circularity parameters were
analyzed for each cell type (n = 17–33) by ImageJ software. The mean ± S.E.M values of data are presented as a scatter plot.
Confocal microscopy images of cells incubated in the presence or absence of cytochalasin D (CytD) or A23187 are shown in
Figure S7 (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.7. PMCA4b Induces F-Actin Rearrangement through Cofilin Relocation.

Several studies described the role of cofilin in actin dynamics [19,47]. Cytosolic Ca2+

is an important regulator of cofilin activity [21], therefore, we investigated if PMCA4b
expression altered the distribution of mCherry-cofilin in A375 cells. Figure 9A shows
that mCherry-cofilin localized to the protrusions of the parental and the non-functional
GFP-PMCA4bDE expressing cells, while in the A375 cells expressing active GFP-PMCA4b,
it localized mostly to the leading edge of the lamellipodia. One of the mechanisms that
regulate cofilin activity is its phosphorylation at serine 3. Therefore, we tested P-cofilin
at the protein level, but no differences were detected between the parental and A375-
GFP-PMCA4b cells (Figure 9B). These results suggest that cofilin relocalization to the
leading edge rather than changes in its overall activity contributed to the actin cytoskeleton
rearrangement of PMCA4b expressing cells.
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Figure 9. PMCA4b expression results in cofilin reorganization to the leading edge. (A) mCherry-Cofilin was transfected in
A375 and A375-GFP-PMCA4b cells or cotransfected with GFP-PMCA4bDE in A375 cells. Confocal microscopy images were
taken after nuclear staining with DAPI. Scale bar, 20 µm. Insets show a part of a cell with higher magnification. Arrowheads
show the location of expressed cofilin at the leading edge in A375-GFP-PMCA4b cells and filopodia or protrusion in
A375 cells and A375 expressing GFP-PMCA4bDE. Scale bar, 5 µm. (B) A375 and A375-GFP-PMCA4b cells were cultured in
a 6-well plate for 48 h. Endogenous P-cofilin protein expression from total cell lysate was analyzed by Western blotting.
β-tubulin was used as a loading control.

3.8. Proper PMCA4b Trafficking Is Essential in Managing Front-to-Rear Increasing Ca2+

Concentration Gradient in A375 Cells

A previous study suggested that polarized distribution of PMCA4b contributes to
the front-to-rear Ca2+ concentration gradient during migration of Human Umbilical Vein
Endothelial Cells (HUVECs) [48]. To investigate if PMCA4b localization to the leading edge
resulted in a similar front-to-rear Ca2+ concentration gradient in A375 cells, we expressed
the Ca2+ indicator R-GECO in the A375-GFP-PMCA4b or A375-GFP-PMCA4b-LA cells.
Fluorescence intensities of R-GECO and GFP signals were recorded and analyzed across
the lines shown on the confocal microscope images in Figure 10. The A375-GFP-PMCA4b
cells displayed polarized distribution of the GFP-PMCA4b signal that was accompanied by
an inverse distribution of the R-GECO signal. In contrast, the control and the trafficking
mutant expressing cells displayed an even distribution of Ca2+ concentration across the
entire cytoplasm (Figure 10). Our data suggest that PMCA4b is essentially involved in
maintaining a Ca2+ concentration gradient increasing front-to-rear that may contribute to
the actin cytoskeleton reorganization and the formation of the low-motility mesenchymal
cell phenotype.
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Figure 10. Proper trafficking of PMCA4b is needed to maintain a front-to-rear Ca2+ concentration
gradient in A375 cells. A375, A375-GFP-PMCA4b, and A375-GFP-PMCA4b-LA cells were transfected
with the CMV-R-GECO1 plasmid. Cells were fixed and confocal microscopy images were taken.
Low Ca2+ levels are indicated by the arrowheads at the leading edge of A375-GFP-PMCA4b cells.
Scale bar, 20 µm. Graphs represent GFP-PMCA4b (green) and R-GECO intensity (red) profiles for the
line (red) drawn along the cells on the confocal images. Arrowheads show the GFP signal at the cell
periphery. Line plots were drawn and analyzed using the ImageJ software.

4. Discussion

The calcium ion is considered as a modulator of actin dynamics, and a higher intracel-
lular Ca2+ concentration is found to promote cell migration [8,11]. Previously, we identified
the PMCA4b Ca2+ pump as a putative metastatic suppressor in BRAF mutant melanoma
cells [26]. Since PMCAs are considered as key regulators of cellular Ca2+ homeostasis,
we hypothesized that the reduced migration and morphology changes observed along
with the reduced metastatic activity of these melanoma cells are correlated with changes in
actin dynamics.

Melanocytes in the skin through their dendrites are in close contact with the surround-
ing keratinocytes and while melanocytes produce melanin to protect keratinocytes from
UV radiation keratinocytes tightly control the proliferation capacity of melanocytes [49].
Across the epidermis, there is an increasing Ca2+ gradient that decreases proliferation and
induces differentiation of keratinocytes up to the stratum corneum where Ca2+ concen-
tration sharply decreases. This refers to both the extracellular Ca2+ concentration and the
amount of Ca2+ in the intracellular Ca2+ stores. During differentiation expression of Ca2+

regulatory molecules such as Ca2+ channels and the Ca2+ sensing receptor are gradually
changing that results in altered expression of differentiation markers and desmosome
formation [50]. Interestingly, melanoma cells influence the differentiation pattern of the
keratinocytes in the vicinity of the tumor through the production of growth factors and
cytokines that induces the hyperplasia of the epidermis [51,52]. However, the role PMCA
proteins in these processes is not known.

Melanoma cells tend to have great plasticity in shifting between mesenchymal and
amoeboid motility style to allow cells to invade and metastasize [53,54]. Here we demon-
strate that spontaneous movement of A375-GFP-PMCA4b cells has slower polar type
motility in contrast to the fast-moving parental cells with dynamic actin-rich filopodia for-
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mation. Since a previous study from our laboratory did not find any significant changes in
the expression of EMT/MET markers (E-cadherin, ZEB1, snail, and vimentin) [26], we sur-
mise that PMCA4b expression induced a switch from a fast- to a slow-moving mesenchymal
cell type rather than a transition between mesenchymal/epithelial phenotypes [55].

Several studies have reported on the role of cytoplasmic free Ca2+ in changing cell
morphology through the induction of actin cytoskeleton reorganization in a variety of cell
types [56,57]. A study on pulmonary endothelial cells reported that the activation of store-
operated Ca2+ channels (SOCs) resulted in cell shape changes and this was dependent
on site-specific reorganization of the actin cytoskeleton [58]. In agreement with these
findings, we show that along with the switch between motility types, PMCA4b expression
induced a dramatic change in cell morphology both at the single cell and cell culture
levels including cell roundness, increased formation of cell–cell connections, lamellipodia
formation, and stress fibers with localized distribution of focal adhesion sites. Interestingly,
similar morphology changes were seen in the MCF-7 breast cancer cells suggesting a
general role of PMCA4b in cell shape determination.

Stress fibers and their associated focal adhesions are important for cells to adhere [59].
It was found that highly motile cells have few, thin, and dynamic stress fibers compared
to the thick and stable stress fibers of non-motile cells [60]. It was also suggested that cell
motility inhibition could be a result of slow rearrangement of stress fiber actin bundles
and focal adhesion [59]. This is in good correlation with the slow motility of A375-GFP-
PMCA4b cells, which have thick stable stress fiber bundles in contrast to the fast-moving
parental cells, which lack stress fibers almost completely. Again, the effect of PMCA4b
on stress fiber formation was not restricted to the melanoma cell type; PMCA4b silencing
caused a nearly complete loss of stress fibers in the breast cancer MCF-7 cell line, as well.

High free intracellular Ca2+ can increase the focal adhesion turnover rate and cell
motility [8]. In the current study, we found punctate localization of vinculin at focal ad-
hesion sites in the A375-GFP-PMCA4b cells as compared to the clustered vinculin dots
near the cell periphery facing towards the protrusions in the parental cells. A study [61]
showed that blocking store-operated Ca2+ influx (SOCE) in MDA-MB-231 cells resulted in
different localization of vinculin that caused slow focal adhesion turnover rate and strong
cell adherence. Similarly, another study on mesenchymal-like chemoresistant IGROV1 ovar-
ian cancer cells showed enhanced cell migration as a result of enhanced focal adhesion
turnover mediated by SOCE [62]. It has been suggested that PMCA4b has the ability to
decrease near-membrane Ca2+ concentration in response to SOCE [63] that may explain,
at least partly, the enhanced focal adhesion and reduced motility of the PMCA4b expressing
melanoma cells.

High expression of vinculin has been found in cancerous cells and was used as a
biomarker in pancreatic cancer [64]. A study reported that electromagnetic fields enhanced
cell migration in bone marrow-derived mesenchymal cells in a Ca2+-dependent manner by
increasing the expression of several focal adhesion proteins including vinculin [65]. Using
a Ca2+ channel blocker, vinculin expression decreased to its baseline level that reduced
cell migration. Interestingly, PMCA4b expression resulted in decreased vinculin expres-
sion that might contribute to the reduced migratory activity of the PMCA4b expressing
A375 melanoma cells.

Changes in the localization and trafficking of membrane proteins have been correlated
to cell shape and motility [36–38]. In line with these findings we found that the trafficking
mutant PMCA4b-LA did not affect shape, migration, and F-actin distribution of A375 cells.
We showed that the characteristics of the PMCA4b-LA expressing cells resembled more
that of the control cells than those of the wild-type PMCA4b expressing cells suggesting
that proper localization was essential for the antimigratory behavior of the pump.

Further, we showed that expression of the non-functional PMCA4b-DE did not in-
duce rearrangement of the actin cytoskeleton confirming that PMCA4b activity and hence,
intracellular Ca2+ concentration played a role. Similarly, a study reported that activation
of transient receptor potential melastatin 2 (TRPM2) Ca2+ channel by H2O2 in Hela and
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prostate cancer (PC)-3 cells resulted in filopodia formation, loss of stress fibers, and dis-
assembly of focal adhesion that eventually caused an increase in cell migration [66]. An-
other study on highly metastatic osteosarcoma cell line U2OS reported that Ca2+ channel
ORAI1 translocation to the leading edge was essential for formation of lamellipodia and
cell directionality [67]. Our data are in good agreement with these findings and points
to the importance of PMCA4b in mediating actin cytoskeleton rearrangement and cell
motility through controlling cytosolic Ca2+ levels.

In polarized cells, actin reorganization at the lamellipodia of the leading edge directs
cell migration [68]. We noticed polymerized actin at the lamellipodia occupying most of the
cell front when a functional PMCA4b was expressed in contrast to the cells expressing the
non-functional PMCA4b-DE mutant or the control cells where F-actin was more abundant
at the pointed end of the cell protrusions. In addition, colocalization between F-actin and
PMCA4b was observed at the lamellipodia and cell–cell contact sites that may indicate a
direct or indirect interaction between these proteins, as suggested previously [69,70].

Using recovery after photobleaching (FRAP) measurements, no significant change
in F-actin level or actin recovery rate was detected in response to PMCA4b expression
suggesting that actin polymerization was not affected. Several studies have reported that
an increase in intracellular Ca2+ concentration can destroy the cortical actin cytoskeleton
with changes in cell shape in different cell types [5,44–46]. In this study we found that
persistent increase in near-actin Ca2+ concentration—tested by the genetically encoded Ca2+

sensor fused to actin (GCaMP2-actin)—in response to Ca2+ ionophore treatment resulted
in actin cytoskeleton collapse and cell rounding in the parental cells or in cells expressing
the non-functional PMCA4b-DE. In contrast, the functional PMCA4b was able to protect
the actin cytoskeleton from Ca2+ overload suggesting that PMCA4b can act as a negative
modulator of Ca2+ induced F-actin depolymerization.

It has been suggested that an increased level of intracellular calcium can trigger cell
motility by regulating proteins that interact with the actin cytoskeleton. Cofilin is an actin
severing protein that catalyzes actin depolymerization and mediates actin polymerization
by the formation of new barbed ends and supplying G-actin monomers. The activity
of cofilin is regulated by Ca2+, and was found to control lamellipodia and invadopodia
formation [19]. A previous study reported the role of CRAC channels in lamellipodia
formation through the regulation of cofilin activity by Ca2+ [5]. In our study, we observed
close localization of GFP-PMCA4b and mCherry-cofilin in A375-GFP-PMCA4b cells at
the lamellipodia compared to cofilin localization at the protrusions of the parental and
GFP-PMCA4b-DE transfected A375 cells. This may indicate the importance of PMCA4b
in localizing cofilin to the leading edge where it may inhibit cofilin activity by reducing
nearby Ca2+ levels resulting in a less motile cell type. While PMCA4b expression at the
leading edge induced cofilin relocalization, several studies indicate that inhibition or
knocking down cofilin can reduce cell polarity [20,71]. Interestingly, cofilin can regulate
store operated Ca2+ entry in platelets through dynamic F-actin remodeling [72]. Further
studies are needed to test if cofilin affects PMCA4b localization, and consequently the
establishment of the Ca2+ gradient in migrating cells.

An interesting point is that PMCA4b expression could affect matrix metalloproteinase
(MMP) production because these proteins are calcium dependent zinc-containing endopep-
tidases, which are essential for the degradation of the extracellular matrix and hence they
affect cell migration and metastasis. In correlation with this assumption many previous
studies showed the involvement of Ca2+ channels in the production of MMPs. For example,
an increase in the expression of the Ca2+ channels TRPV2 in prostate cancer, and TRPM8 in
squamous cell carcinoma resulted in induction of MMP-2 and MMP-9, respectively [73].

It has been reported that localization of PMCA4b at the leading edge was responsible
for maintaining the Ca2+ gradient and directional movement of HUVEC cells. The PMCA4b
mediated high Ca2+ pumping rate resulted in a low basal Ca2+ level at the cell front that
enabled effective local Ca2+ signaling by the STIM1/ORAI Ca2+ entry channels [48]. In line
with these findings, we found that high PMCA4b levels at the cell front also resulted
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in a typical front-to-rear Ca2+ concentration gradient in A375 cells. This change in Ca2+

distribution can contribute to the actin-based shape change and PMCA4b induced switch
in motility style of BRAF mutant melanoma cells.

Several lines of evidence suggested that non-cancerous epithelial cells express PMCA4b
at a relatively high level that is lost or downregulated during tumorigenesis. Using two
different cell types, we demonstrate here that the loss of PMCA4b can have a profound
effect on cell shape and cell culture morphology through F-actin rearrangement. On the
one hand, we show how a highly aggressive melanoma cell type with neural crest origin
changes cell shape through actin cytoskeleton remodeling in response to PMCA4b expres-
sion. On the other hand, we demonstrate how the ER+ luminal breast cancer epithelial
cell-type MCF-7 responds to overexpression or silencing of PMCA4b. Our findings for the
role of PMCA4b in actin cytoskeleton remodeling using these two distinct types of cells
may give a greater perspective for future studies.

Our data suggest that PMCA4b plays a critical role in regulating cell polarity through
F-actin rearrangement that could associate with less aggressive cancer cell phenotype.
This is in good agreement with our previous findings that identified PMCA4b as a putative
metastasis suppressor in A375 melanoma cells [26]. In general, metastasis suppressors are
hardly druggable since they usually disappear from the system during tumor progression.
Therefore, our aims have been finding drugs that could counteract with the downregulation
of PMCA4b that may help finding ways to prevent metastasis. Besides the conventional
drugs targeting BRAF, vemurafenib and dabrafenib, we identified the stress response
kinase p38 MAPK as a potential target. We found that PMCA4b is degraded in BRAF
mutant cells in a p38 MAPK dependent manner and that specific inhibition of this kinase
prevented its degradation [27]. Importantly, p38 inhibitors enhanced PMCA4b expression
without affecting cell growth that could make them eligible to fulfill the requirements for
the recently proposed group of drugs, “migrastatics” [74]. Another possible option could be
the use of the epigenetic drugs, the HDAC inhibitors vorinostat (Zolinza) and/or valproic
acid alone or in combination that has been shown to increase PMCA4b expression in a
variety of melanoma and breast cancer tumor cells including A375 and MCF-7 [28,29,75].

5. Conclusions

Our findings indicate that both the expression and proper trafficking are essential
for the antimigratory activity of the PMCA4b pump in BRAF mutant melanoma cells.
We suggest that polarized distribution of a fully functional PMCA4b can generate and
maintain a front-to-rear increasing Ca2+ concentration gradient, and induce redistribution
of polymerized F-actin and cofilin from the dynamic protrusions to the leading edge, forma-
tion of stable stress fibers, increased cell–cell connections, and decreased vinculin expression
resulting in a slow motility melanoma cell type. Manipulating PMCA4b abundance also
induced characteristic redistribution of actin filaments in the MCF-7 breast cancer cells sug-
gesting that downregulation of PMCA4b expression during carcinogenesis may contribute
to aberrant cancer cell migration and tumor metastasis in different cancer types.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
4/13/6/1354/s1, Figure S1: Complementary to Figure 1, Figure S2: Complementary to Figure 1D,
Figure S3: PMCA4b activity is necessary for the stress fiber formation in A375 melanoma cells,
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mentary to Figure 7, Figure S7: Complementary to Figure 8, Figure S8: Uncropped Western Blot
Figures, Videos S1: Complementary to Figure 1D, Videos S2: Complementary to Figure 1D, Video S3:
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31. Antalffy, G.; Pászty, K.; Varga, K.; Hegedűs, L.; Enyedi, Á.; Padányi, R. A C-terminal di-leucine motif controls plasma membrane
expression of PMCA4b. Biochim. Biophys. Acta 2013, 1833, 2561–2572. [CrossRef]

32. Penniston, J.T.; Padányi, R.; Pászty, K.; Varga, K.; Hegedus, L.; Enyedi, A. Apart from its known function, the plasma membrane
Ca2+ATPase can regulate Ca2+ signaling by controlling phosphatidylinositol 4,5-bisphosphate levels. J. Cell Sci. 2014, 127, 784. [CrossRef]

33. Mao, T.; O’Connor, D.H.; Scheuss, V.; Nakai, J.; Svoboda, K. Characterization and subcellular targeting of GCaMP-type genetically-
encoded calcium indicators. PLoS ONE 2008, 3, e1796. [CrossRef]

34. Taylor, M.J.; Perrais, D.; Merrifield, C.J. A high precision survey of the molecular dynamics of mammalian clathrin-mediated
endocytosis. PLoS Biol. 2011, 9, e1000604. [CrossRef]

35. Zhao, Y.; Araki, S.; Wu, J.; Teramoto, T.; Chang, Y.F.; Nakano, M.; Abdelfattah, A.S.; Fujiwara, M.; Ishihara, T.; Nagai, T.; et al.
An expanded palette of genetically encoded Ca2+ indicators. Science 2011, 333, 1888–1891. [CrossRef]

36. Traynor, D.; Kay, R.R. Possible roles of the endocytic cycle in cell motility. J. Cell Sci. 2007, 120, 2318–2327. [CrossRef]
37. Wilson, B.J.; Allen, J.L.; Caswell, P.T. Vesicle trafficking pathways that direct cell migration in 3D matrices and in vivo. Traffic

2018, 19, 899–909. [CrossRef]
38. Sigismund, S.; Confalonieri, S.; Ciliberto, A.; Polo, S.; Scita, G.; Di Fiore, P.P. Endocytosis and signaling: Cell logistics shape the

eukaryotic cell plan. Physiol. Rev. 2012, 92, 273–366. [CrossRef]
39. Svitkina, T. The Actin cytoskeleton and actin-based motility. Cold Spring Harb. Perspect. Biol. 2018, 10, a018267. [CrossRef]
40. Franco, S.J.; Rodgers, M.A.; Perrin, B.J.; Han, J.; Bennin, D.A.; Critchley, D.R.; Huttenlocher, A. Calpain-mediated proteolysis of

talin regulates adhesion dynamics. Nat. Cell Biol. 2004, 6, 977–983. [CrossRef]
41. Giannone, G.; Rondé, P.; Gaire, M.; Beaudouin, J.; Haiech, J.; Ellenberg, J.; Takeda, K. Calcium rises locally trigger focal adhesion

disassembly and enhance residency of focal adhesion kinase at focal adhesions. J. Biol. Chem. 2004, 279, 28715–28723. [CrossRef]
42. Pászty, K.; Caride, A.J.; Bajzer, Ž.; Offord, C.P.; Padányi, R.; Hegedűs, L.; Varga, K.; Strehler, E.E.; Enyedi, A. Plasma membrane
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Simple Summary: Triple negative breast cancer accounts for 10–15% of all breast cancers. Specific
molecular characteristics have led to the identification of six subtypes of triple negative breast cancer,
with one in particular being claudin-low. PVT1, a non-protein coding gene, has been demonstrated
to play an oncogenic role in various cancers. Specifically, PVT1 exon 9 has been shown to have
oncogenic capability. In this study, we aimed to assess the role of PVT1 exon 9 in triple negative
breast cancer cells. We have observed that siRNA targeting of PVT1 exon 9 in claudin-low triple
negative breast cancer cells resulted in re-expression of claudin 4 protein, and inhibition of migration.
These findings indicate that PVT1 exon 9 regulates claudin 4 expression and migration in triple
negative breast cancer cells.

Abstract: PVT1 is a long non-coding RNA transcribed from a gene located at the 8q24 chromosomal
region that has been implicated in multiple cancers including breast cancer (BC). Amplification of the
8q24 chromosomal region is a common event in BC and is associated with poor clinical outcomes.
Claudin–low (CL) triple negative breast cancer (TNBC) is a subtype of BC with a particularly dismal
outcome. We assessed PVT1 exon 9 expression in the T47D estrogen receptor positive BC cell line,
and in the MDA MB 468 and MDA MB 231 TNBC cell lines, followed by the assessment of the
expression of claudins 1, 3, 4 and 7, in MDA MB 468 and MDA MB 231 (TNBC) cells. We found that
MDA MB 231 TNBC cells significantly express less claudin 1, 3, 4, and 7 than MDA MB 468 TNBC
cells. PVT1 exon 9 is significantly upregulated in MDA MB 231 CL TNBC cells, and significantly
downregulated in MDA MB 468 claudin high (CH) TNBC cells, in comparison to T47D estrogen
receptor positive BC cells. We then analyzed the functional consequences of siRNA targeting of PVT1
exon 9 expression in the MDA MB 231 CL TNBC cells. Notably, siRNA targeting of PVT1 exon 9
expression in the MDA MB 231 CL TNBC cells led to a significant reduction in migration and the
re-expression of claudin 4. Taken together, our data indicate that PVT1 exon 9 regulates claudin 4
expression and migration in CL TNBC cells, and may have clinical implications in CL TNBC.

Keywords: PVT1; triple negative breast cancer; claudin-low

1. Introduction

Breast cancer is extraordinarily common worldwide. In 2018, breast cancer was
the fifth leading cause of cancer related deaths globally [1]. In the United States, breast
cancer is the second leading cause of cancer mortality in women [2,3] with a 13% lifetime
risk of diagnosis and a 2.6% risk of death. An estimated 276,480 new cases of invasive
breast cancer will be diagnosed in U.S women, of which close to 42,170 women will die
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from the disease in 2020 alone [2]. Breast cancer is classified according to the expression
of three specific molecular markers; estrogen receptor (ER), progesterone receptor (PR)
and human epithelial growth factor receptor 2 (EGFR2/HER2) [4]. Loss of these three
receptors characterizes an intrinsic subtype of breast cancer called triple negative breast
cancer (TNBC). TNBC accounts for 10–15% of all breast cancer cases and is typically more
aggressive with poor clinical outcomes [5–7]. Based on molecular characteristics, TNBC
can be further subdivided into additional subtypes. Based on gene expression profile study,
six TNBC subtypes have been identified, each of which differs in histopathological features
and their response to chemotherapy. These subtypes include basal-like 1 (BL1), basal-like
2 (BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like/claudin
low (MSL/CL), and luminal androgen receptor (LAR) [8]. Claudin–low triple negative
breast cancer (CL TNBC) makes up 7–14% of all invasive breast cancers. Moreover, CL
TNBC is associated with poor prognosis, and some studies report that they exhibit chemo-
resistance [9–11].

Plasmacytoma variant translocation 1 (PVT1) is a long noncoding RNA (lncRNA)
that is transcribed from a gene located at the 8q24 chromosomal region and has been
demonstrated to play an oncogenic role in multiple cancers including breast cancer [12].
The PVT1 gene is located approximately 53 kb downstream of the oncogene MYC [13], and
contains several exons, including exons 1A, 1B, 1C 2, 3A, 3B, 4A, 4B, 5, 6, 7, 8, 9 and 10 [14]
(Figure 1). Additionally, PVT1 encodes multiple alternatively spliced lncRNAs as well as
six annotated microRNAs [15]. Alternative splicing is a tissue and cell specific mechanism,
in which a diverse amount of mRNA isoforms is generated. Aberrant alternative splicing
of pre-mRNAs is one of the characteristics of cancer [16]. Previously, we have reported
that PVT1 exon 9 is overexpressed in prostate cancer cell lines, especially in aggressively
tumorigenic prostate cancer cell lines derived from men of African Ancestry [17] Further-
more, we have observed that PVT1 exon 9 is significantly overexpressed in prostate cancer
tissue relative to both normal prostate tissue and benign prostatic hyperplasia [18]. Also,
we have demonstrated that PVT1 exon 9 induces malignant transformation and resistance
to androgen deprivation therapy in prostate epithelial cells [19]. Although studies have
shown that PVT1 splice variants are also overexpressed in breast cancer [20], and play a
role in cancer progression [21,22], the underlying mechanisms by which these transcripts
promote tumorigenicity is yet to be elucidated. PVT1 amplification is associated with
many clinicopathological characteristics in breast cancer, including regulation of apop-
tosis [12], EMT [23] and metastasis [24]. Moreover, there is evidence that PVT1-derived
transcripts also promote breast tumorigenesis [25–27]. Furthermore, PVT1 promotes breast
tumorigenicity by modulating transcription factors that have been demonstrated to have
oncogenic roles in cancer [28,29]. Further studies are required to elucidate PVT1’s role in
TNBC, and other cancers.

Figure 1. Schematic illustration of PVT1 showing exons and microRNAs. PVT1 is located down-
stream of the MYC gene on chromosome 8q24. PVT1 exon 9 is highlighted in yellow.

Epithelial and endothelial cell-cell adhesion are mediated through multifunctional
complexes known as tight junctions (TJ). The involvement of TJs in cancer biology is
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associated with dysfunctional signal transduction pathways that regulate cell-cell inter-
actions [30]. Many studies have demonstrated that dysregulation of TJ proteins disrupts
normal physiological function, which could lead to pathological consequences such as can-
cer [31–35]. Claudins (CLDNs) are a family of TJ proteins that consists of 27 members [36].
These tetraspan proteins contain an amino and carboxyl-terminal cytoplasmic domain, as
well as two extracellular loops which are critical for maintaining TJ function [37]. CLDNs
are tissue- or cell-specific and most tissues or cells express CLDNs in various combina-
tions, or a single CLDN [38]. CLDN functions primarily involve maintaining cellular
polarity, signaling [39], maintaining paracellular permeability [40,41] or paracellular chan-
nel [36]. Various studies demonstrate compelling evidence of CLDNs and their role in
tumorigenicity. Both loss of function, and gain of function, of CLDNs in multiple cancers
are well documented [42–49]. Claudin 4 (CLDN4) has been reported to be involved in
various biological processes [50–52]. Patients with CLDN4 overexpression develop var-
ious clinicopathological characteristics including high tumor grade, poor prognosis and
shorter disease-free survival. Additionally, it was reported that there is an association
between ER status and CLDN4 expression in which ER- tumors significantly overexpressed
CLDN4 [53,54]. Studies have shown that CLDN4 can be a useful prognostic marker in
breast cancer [55,56]. Basal-like carcinomas, compared to tumor groups of grades 1–3,
overexpressed CLDN4, while tumors of grades 1 and 2, displayed decreased, or absent,
expression of CLDN4 [57]. While enhanced expression of CLDN4 in luminal breast cancers
was linked to poor clinical outcomes, contrastingly, overexpression of CLDN4 in TNBC
was associated with favorable outcomes in which tumors that overexpressed CLDN4 dis-
played a less aggressive phenotype [53]. Consequently, further research into molecular
mechanisms regulating CLDN4 expression in triple negative breast cancer is warranted.

In this study we were interested in assessing the regulatory role of PVT1 exon 9 in
CL TNBC cell line MDA MB 231. This has not been previously investigated. Altogether,
our study revealed for the first time that targeting PVT1 in MDA MB 231 CL TNBC cells,
specifically PVT1 exon 9, inhibits migration and induces re-expression of CLDN 4 in these
cells.

2. Results
2.1. Claudins 1, 3, 4 and 7 Are Downregulated in Claudin Low Triple Negative Breast Cancer
(TNBC) Cells

To determine the expression profile of claudins in TNBC, we assessed the expression
of claudins 1, 3, 4 and 7 in the MDA MB 231 claudin–low TNBC cell line and the MDA MB
468 claudin–high TNBC cell line. We observed that claudins 1, 3, 4 and 7 are significantly
downregulated in the MDA MB 231 CL TNBC cell line (Figure 2).

Figure 2. Claudins 1, 3, 4 and 7 expression in MDA MB 468 and MDA MB 231 cells. Claudin 1 (A),
claudin 3 (B), claudin 4 (C) and claudin 7 (D) expression were assessed using real-time quantitative
polymerase chain reaction in MDA MB 231 and MDA MB 468 cell lines; N = 4.

2.2. PVT1 Exon 9 Is Upregulated in Caludin- Low TNBC

PVT1 exon 9 is overexpressed in prostate cancer [17] and promotes tumorigenicity
by increasing proliferation and migration [19]. To assess the expression of PVT1 exon 9
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in TNBC cell lines, we performed total RNA extraction, cDNA synthesis and real-time
quantitative polymerase chain reaction (RT-qPCR). We observed that PVT1 exon 9 is
significantly overexpressed in the MDA MB 231 CL TNBC cell line when compared to the
MDA MB 468 CH TNBC cell line (Figure 3 and Figure S5).

Figure 3. Comparison of PVT1 exon 9 expression in the T47D estrogen receptor positive BC cell
line, MDA MB 468 CH TNBC cell line and the MDA MB 231 cell CL TNBC cell line. PVT1 exon 9
expression was assessed using RT-qPCR in the T47D estrogen receptor positive BC cell line, MDA
MB 231 CL TNBC cell line and in the MDA MB 468 CH TNBC cell line. Expression was normalized
against GAPDH. Data presented are from experiments performed in quadruplicates 6 separate times.

2.3. PVT1 Exon 9 Regulates Migration in Caludin- Low TNBC Cells

To determine if PVT1 exon 9 plays a role in the migration of MDA MB 231 CL TNBC
cells, we performed wound healing migration assay. Short interfering RNA (SiRNA)-
mediated knockdown of PVT1 exon 9 in MDA MB 231 CL TNBC cells significantly de-
creased migration, when compared to MDA MB 231 CL TNBC cells transfected with control
scramble non-targeting SiRNA. Successful knockdown of PVT1 exon 9 in the MDA MB 231
CL TNBC cell line was verified by RT-qPCR. Assessment of the migratory capabilities of
cells is based on the rate by which the wound closes. Pictures were taken at 0, 4, 24 and
28 h (Figure S4). We observed that MDA MB 231 CL TNBC cells in which PVT1 exon 9
was knocked down were significantly less migratory than MDA MB 231 CL TNBC control
cells in which PVT1 exon 9 was not knocked down (Figure 4). This indicates that PVT1 is
involved in regulating the migration of the MDA MB 231 CL TNBC cell line.

Figure 4. PVT1 regulates migration of MDA MB 231 CL TNBC cells. (A) Wound healing migration
assays were performed with the MDA MB 231 CL TNBC cell line. MDA MB 231 cells were transfected
once confluent. After 24 h, wounds were made and monitored between 0 h and 28 h. Images were
taken at 10x magnification using Motic AE30 imaging software. (B) Knockdown of PVT1 exon 9
expression in the MDA MB 231 CL TNBC cell line at hour 0. Transfection of SiRNAs that specifically
target PVT1 exon 9 was performed. Relative expression of PVT1 exon 9 in MDA MB 231 cells
was assessed, based on data from 2 independent experiments. (C) Quantification of differences in
migration, after 28 h, based on data from 3 independent experiments.
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2.4. Targeting PVT1 Exon 9 Induces Re-Expression of Claudin 4 Protein in the Caludin- Low
MDA MB 231 TNBC Cell Line

Given that the claudin–low MDA MB 231 TNBC cell line expresses significantly more
PVT1 exon 9 than the claudin-high MDA MB 231 TNBC cell line, we hypothesized that
PVT1 exon 9 may play a regulatory role in claudin expression in TNBC cells. To determine
if PVT1 exon 9 plays a regulatory role in claudin expression, we examined the effect of
SiRNA targeting of PVT1 exon 9 on messenger RNA (mRNA) and protein expression of
claudins 1, 3, 4, and 7 in the claudin–low MDA MB 231 TNBC cell line. We observed that
knockdown of PVT1 exon 9 in the claudin–low MDA MB 231 TNBC cell line does not
significantly affect mRNA expression of claudins 1, 3, 4, and 7 when compared to control
cells transfected with only control scramble non-targeting siRNAs (Figure 5). Similarly, we
did not observe any significant change in protein expression of claudins 1, 3, and 7 when
PVT1 exon 9 is knocked down. Interestingly, though, we observed re-expression of CLDN4
protein in the claudin–low MDA MB 231 TNBC cell line when PVT1 exon 9 expression is
knocked down (Figure 6). These results suggest that PVT1 exon 9 is regulating claudin 4
protein expression in the claudin–low MDA MB 231 TNBC cell line.

Figure 5. PVT1 exon 9 does not regulate mRNA expression of claudins 1, 3, 4, and 7 in MDA MB 231
cells. Claudin 1 (A), claudin 3 (B), claudin 4 (C) and claudin 7 (D) mRNA expression were assessed
following knock down of PVT1 exon 9 in MDA MB 231 cell line. Data presented were normalized
against GAPDH, and were obtained from three independent experiments.

Figure 6. SiRNA targeting of PVT1 exon 9 induces claudin 4 protein re-expression in MDA MB 231
CL TNBC cells. (A) MDA MB 231 CL TNBC cells were transfected with PVT1 exon 9 specific siRNAs
(siPVT1 exon 9) for 24 h. Western blotting was performed using specific antibodies against claudin 1,
claudin 3, claudin 4, claudin 7 and E-Cadherin. SiRNA targeting of PVT1 exon 9 induced claudin
4 protein re-expression in MDA MB 231 CL TNBC cells in comparison to MDA MB 231 CL TNBC
cells transfected with only control scramble non-targeting siRNA (siScramble). (B) Quantification of
relative claudin 4 protein expression normalized to GAPDH protein expression; N = 2.
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2.5. PVT1 Exon 9 and Epithelial-Mesenchymal Transition (EMT) in Claudin–Low TNBC Cells

Epithelial-mesenchymal transition (EMT) is a critical process that occurs in many
types of cancers [52], and PVT1 has been shown to be involved in EMT induction [23]. To
investigate if PVT1 exon 9 expression may be regulating EMT CL TNBC cells, western
blotting was used to assess the protein expression of EMT markers (vimentin, E-cadherin,
fibronectin and caveolin) in the MDA MB 231 CL TNBC cell line after siRNA knockdown
of PVT1 exon 9. We observed no changes in EMT markers when PVT1 exon 9 is knocked
down. However, our data indicates that EMT markers are more highly expressed in the
MDA MB 231 CL TNBC cells in comparison to the MDA MB 468 CH TNBC cell line
(Figure 7).

Figure 7. SiRNA targeting of PVT1 exon 9 does not affect EMT in MDA MB 231 CL TNBC cells.
MDA MB 231 CL TNBC cells were transfected with PVT1 exon 9 specific siRNAs (siPVT1 exon 9)
for 24 h. Western blotting was performed using specific antibodies against vimentin, caveolin and
fibronectin. When compared to MDA MB 231 CL TNBC cells transfected with only control scramble
non-targeting siRNA (siScramble). siRNA targeting of PVT1 exon 9 did not change the expression of
EMT markers in MDA MB 231 CL TNBC cells, except for a slight increase in fibronectin.

3. Discussion

Although much progress has been made in breast cancer management and treatment,
patients with TNBC continue to have poor prognosis [4,58,59] with CL TNBC having the
worst outcome among the subtypes of BC. Presently, efficient treatment remains unavailable
for CL TNBC. Consequently, efforts towards understanding the molecular mechanisms
which regulate CLDN expression in TNBC is imperative, as it could potentially uncover
novel opportunities for the development of effective therapeutic strategies. Many studies
have already demonstrated PVT1’s functional role in breast tumorigenesis [24]. However,
there is a deficit of studies on the specific mechanisms by which PVT1 plays an important
role in breast tumorigenicity.

Differential expression of PVT1 alternatively spliced transcripts in breast cancer have
not been previously investigated. The purpose of this study was to investigate the rela-
tionship between breast tumorigenesis and PVT1. In this study, we demonstrated that
PVT1 may play an important regulatory role in TNBC. Particularly, our data indicates that
PVT1 transcripts containing exon 9 may regulate claudin expression in claudin–low MDA
MB 231 TNBC cells. Our group previously reported that PVT1 exon 9 was differentially
expressed in prostate cancer. More specifically, PVT1 exon 9 was overexpressed in prostate
cancer tissue [18]. Furthermore, PVT1 exon 9 expression was reported to be significantly
higher in prostate cancer cell lines with an aggressive phenotype [17]. The implications
of this study suggest that alternatively spliced transcripts of PVT1, including transcripts
containing PVT1 exon 9, may be associated with increased risk of cancer. In a previous
study, overexpression of PVT1 exon 9 induced malignant transformation, increased cell
proliferation, and migration in prostate epithelial cells [19]. These studies established
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an oncogenic role for PVT1 exon 9 in prostate cancer. However, to our knowledge, the
significance of PVT1 exon 9 in breast cancer was not previously investigated.

Our data demonstrated that PVT1 exon 9 was significantly overexpressed in CL MDA
MB 231 TNBC cells, and significantly under-expressed in CH MDA MB 468 TNBC cells,
when compared to T47D cells. Based on these results, we used CL MDA MB 231 as a
model for PVT1 exon 9 overexpression, and CH MDA MB 468 as a model for PVT1 exon 9
under-expression.

Cancer cell migration is a characteristic of metastasis and is associated with poor
prognosis in cancer patients [24]. We observed that MDA MB 231 cells transfected with
siPVT1 exon 9 were less migratory when compared to cells that were transfected using
a scramble control. These results suggest that overexpression of PVT1 exon 9 increases
the migratory capacity of the CL MDA MB 231 TNBC cells, and that loss of PVT1 exon
9 expression may have a protective role by making these cells less migratory. A more
in-depth study in order to elucidate the underlying mechanisms by which this regulatory
process occurs is necessary.

Differential expression of CLDNs are tissue and cell specific. Consequently, their
functions are based on their localization and expression pattern. CLDNs 1, 3, 4 and 7 are
among the most frequently dysregulated of the CLDN family members [30,60]. Based on
other studies, we know that lncRNAs act as critical regulators of gene expression [61]. This
is in keeping with our observation that PVT1 exon 9 is overexpressed in CL MDA MB
231 TNBC cells and under expressed in CH MDA MB 468 TNBC cells. We hypothesized
that PVT1 may be regulating claudin expression either at a post-transcriptional level, a
post-translational level, or indirectly. One way lncRNAs can serve as post transcriptional
gene regulators is by forming ribonucleoprotein complexes via interacting directly with
various RNA binding proteins (RBPs) to affect mRNA stability [62]. LncRNA PTOV1-
AS1 interacts directly with hnRNPK in order to modulate HMOX1 expression [63]. At
a post-translational level, lncRNAs can regulate protein stability by slowing down their
degradation. LncRNA HOTAIR, for example, inhibited the interaction between AR and E3
ubiquitin ligase MDM2 after binding to AR [64].

Our confirmation of CLDNs 1, 3, 4 and 7 expression in MDA MB 231 cells is in keeping
with previous reports. Knockdown of PVT1 exon 9 showed no significant changes in the
expression of CLDN mRNA transcripts suggesting that in MDA MB 231 cells PVT1 exon 9
may not be regulating CLDN expression at a transcriptional level. PVT1 may be interacting
with CLDN proteins directly, or indirectly, to regulate their expression.

LncRNAs are known to interact with proteins to regulate their stability, or ubiqui-
tination [65]. Our data demonstrate that PVT1 regulates CLDN expression at a post-
translational level. Knock down of PVT1 exon 9 did not affect protein expression for
CLDNs 1, 3 and 7, however, we did observe re-expression of CLDN4 in MDA MB 231
cells. Since knockdown of PVT1 expression led to an increase in CLDN4 protein expres-
sion, it is plausible that PVT1 regulates CLDN4 protein expression via ubiquitination.
Protein ubiquitination is one of the most common post-translational modification used
to regulate various protein substrates in numerous cellular pathways. LncRNA MEG3,
a tumor suppressor reported to play important roles in various malignancies, has been
demonstrated to regulate LATS2 by promoting the ubiquitination of EZH2 in gallbladder
cancer [66], while lncRNA HOTAIR acts as an inducer of proteolysis by facilitating the
ubiquitination of Ataxin-1 and Snurportin-1. Over expression of HOTAIR promotes their
rapid degradation [67]. Similarly, PVT1 overexpression may downregulate CLDN4 expres-
sion by regulating its ubiquitination. One explanation of how PVT1 could be doing this
is by binding directly to CLDN4 thus facilitating its downregulation. However, an RNA
immunoprecipitation (RIP) assay in which CLDN4 was used to pull down PVT1 exon 9
transcripts suggests otherwise, as there was no enrichment of PVT1 exon 9 transcript in
the IP when compared to the control (Figure S6). Consequently, PVT1 may be regulating
CLDN4 protein expression via an as yet undiscovered mechanism such as modulation of a
downstream target, crosstalk between ubiquitination mediators, or by utilizing a different
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molecular mechanism altogether. Additional studies are necessary to further investigate
this. Overexpression of CLDN4 is reported to have unfavorable clinical outcomes [57].
Contrastingly, the implications of our results suggest that re-expression of CLDN4 in MDA
MB 231 CL TNBC cells is associated with a reduction in migration. This is in keeping
with Lin et. al, who reported that loss of CLDN4 promotes EMT, while re-expression, or
increased expression, of CLDN4 reduces migration [68]. Moreover, silencing PVT1 exon
9 had no significant effect on cell proliferation, suggesting that PVT1 may not have a
regulatory role in cell proliferation (Figure S3).

The epithelial-to-mesenchymal transition (EMT) describes a biological process in
which epithelial cells undergo a gradual change becoming more “mesenchymal-like”,
motile and invasive [69]. Concomitant downregulation of epithelial markers, and upregu-
lation of mesenchymal markers, is characteristic of EMT [70]. Aberrant expression of both
CLDNs, and PVT1, induce EMT in many malignancies [71,72]. We assessed the expression
of the following EMT markers: E-cadherin, vimentin and fibronectin. Furthermore, we
assessed the expression of caveolin-1, an integral membrane protein that participates in
several cellular processes including EMT [73]. We observed no changes in the expression
of EMT markers when PVT1 exon 9 is knocked down, except for a slight increase in the
expression of fibronectin. Fibronectin is a component of the extra cellular matrix whose
upregulation is typically associated with increased migration in cancer cells [74,75]. Thus,
the slight increase of fibronectin in our study may not be associated with the decrease in
migration, but could potentially have implications for other biological processes involving
PVT1. All in all, our data suggest that EMT markers are more highly expressed in MDA
MB 231 cells in comparison to MDA MB 468 cells. Though this supports that MDA MB 231
CL TNBC cells are more “mesenchymal-like”, PVT1 exon 9 does not appear to have a role
in this process. Overall, this result suggests that PVT1 may not regulate EMT in TNBC.

Keratin 14 (KRT14), a member of the keratin type I family is overexpressed in breast
cancer [76–78]. Cells expressing KRT14 are more migratory [79] and invasive [80,81].
Interestingly, there is evidence which demonstrates that KRT interacts with CLDNs in order
to maintain tight junction functionality [82]. Moreover, it was reported that modulation of
KRTs affects CLDN expression, cell motility, and invasion in hepatocellular carcinoma [83].
Therefore, in future studies it may be worth investigating PVT1 regulation of CLDN4 in
MDA MB 231 CL TNBC cells as part of a potentially novel pathway involving KRT14.

4. Materials and Methods
4.1. Cell Culture

A panel of five breast cancer cell lines were used to assess the expression of PVT1 exon
9. MDA MB 231, MDA MB 468, T47D and MCF-7 were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10% FBS and 0.5% penicillin/streptomycin.
Trypsinization of cells occurred using 0.05% trypsin when cells were 70–80% confluent.
BT474 was maintained in F12/DMEM (GIBCO, Waltham, MA, USA), supplemented with
10% FBS and 1% penicillin/streptomycin. Trypsinization of cells occurred using 0.25%
trypsin when cells were 70–80% confluent. All cell lines were cultured in a 5% CO2, 37 ◦C
atmosphere.

4.2. Transfection of siRNAs

MDA MB 231 cells were grown in 6-well plates until they have reached 90–100%
confluency. According to the manufacturer’s instructions, cells were transfected with 10 nM
of PVT1 exon 9 siRNA (siPVT1 exon 9) (Forward: 5′ ACCUAUGAGCUUUGAAUAA 3′;
Reverse: 5′ UUAUUCAAAGCUCAUAGGU 3′) (Sigma, St. Louis, MO, USA), or a non-
targeting scramble control (siScramble) (Forward: 5′ CUCACUACCGUCGACCCCA 3′;
Reverse: 5′ UGGGGUCGACGGUAGUGAG 3′) (Sigma) using Lipofectamine RNAiMAX
(Thermo Fisher Scientific Inc.; Wilmington, DE, USA). siRNAs and Lipofectamine were
diluted in Opti-MEM (Thermo Fisher Scientific Inc.). Following transfection, cells were
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incubated for 24 h in a 5% CO2, 37 ◦C atmosphere before being harvested, or migration
assay.

4.3. RNA Extraction and RT-qPCR

At 70–75% confluency, total RNA was extracted from cells in a 60 × 15 mm tissue
culture dish, using the RNeasy Mini Kit (Qiagen, Hilden, Germany, cat#: 74104) according
to the manufacturers’ instructions. RNA concentration was measured using the spectropho-
tometer NanoDropTM 2000 (Thermo Fisher Scientific, Inc.). cDNA was synthesized from 1
µg of RNA using QuantiTect reverse transcription kit (Qiagen, cat# 205311). Amplification
reactions were performed in 25 µL reaction volume using SYBR Green PCR master mix
(Life Technologies, Grand Island, NY, USA cat# 4309155), cDNA template and 0.4 µM final
concentration for primers. Primers used in this study were composed of the following
oligonucleotide sequences listed in Table S1. Using the Quantifect Studio System (Applied
Biosystems), relative expression of messenger RNA (mRNA) for each sample was assessed
in quadruplicates in at least 3 independent experiments, and quantified via the comparative
cycle threshold (∆∆ Ct) method and normalized to GAPDH mRNA expression.

4.4. Protein Extraction and Immunoblotting

Whole cell extracts were obtained using RIPA lysis buffer (VWR Life Science, Radnor,
PA, USA, cat# N653-100ML) supplemented with 1× protease inhibitor and 100 mM of
phenyl methylsulfonyl fluoride (PMSF) (Amresco, Solon, OH, USA, cat# M145-5G). Protein
concentration was quantified via the Bradford Assay using the Bio-Rad Protein Assay Dye
Reagent Concentrate (BioRad, Hercules, CA, USA, cat# 500-0205). For western blot analysis,
50 µg of protein were resolved by 15% SDS-PAGE gels and subsequently transferred onto
nitrocellulose membranes. Membranes were blocked in 5% BSA or 5% milk in TBS-T for 1 h
at room temperature, incubated overnight at 4 ◦C in primary antibodies. Next, membranes
were washed in 1× TBS-T, incubated with secondary antibodies for 2 h, washes with 1×
TBS-T and imaged using the Odyssey CLx imager with infrared fluorescence (LI-COR,
Lincoln, NE, USA). The primary antibodies used were Claudin 1 (13050-1-AP), Claudin
4 (16195-1-AP) and Claudin 7 (10118-1-AP) (Proteintech, Rosemont, IL, USA), Claudin 3
(341700; Invitrogen, Waltham, MA, USA), GAPDH (5174S; 1:1000; Cell Signaling, Danvers,
MA, USA), α-tubulin (sc-32293; 1:1000; Santa Cruz Biotechnology, Dallas, TX, USA). The
secondary antibodies used were anti-mouse (925-32210; 1:15,000; LI-COR) and anti-rabbit
(925-32211; 1:15,000; LI-COR). Original blots can be found at Figures S1 and S2.

4.5. Migration Assays

1 × 105 MDA MB 231 cells were grown in a 6-well tissue culture plate until 90–100%
confluency. Cells were transfected with siRNA, or siScramble, and incubated at 5% CO2,
37 ◦C for 24 h. Wounds were made on the cell monolayer using a sterile 200 µL pipet tip and
then washed with 1× PBS and incubated with media containing respective siRNAs. Images
of scratched areas were taken at 10× magnification using an AE30 inverted microscope
(Motic, Richmond, BC, Canada).

4.6. Cell Viability Assays

104 cells were seeded into 96 well plates. At 70% confluency, the cells were transfected
with PVT1 exon 9. After 24 h, MTT assays were performed and absorbance measured at
490 nm with a microplate reader (i3 multimode microplate reader, Spectramax, San Jose,
CA, USA).

4.7. Crosslinking and RNA Immunoprecipitation (RIP)

RIP experiments were performed using MDA MB 231 cells. Cells were plated in 10 cm
tissue culture dishes until 90–100% confluent. Cells were trypsinized and resuspended in
culture medium. RNA was crosslinked to proteins by adding formaldehyde drop-wisely
to suspended cells at a final concentration of 0.75%. Cells were placed on a shaker at a low
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speed for 10 min at room temperature. A final concentration of 125 mM of glycine was
added to the media and incubated at room temperature on a shaker for 5 min), and then
pelleted. Cells were resuspended in 2 mL freshly prepared nuclear isolation buffer (1.28 M
sucrose, 40 mM Tris-HCl [pH 7.5], 20 mM MgCl2, 4% Triton X-100), 2 mL 1× PBS and 6 mL
nuclease free water, and kept on ice for 20 min with frequent mixing. Cells were pelleted at
2500 g for 15 min and resuspended in 1 mL freshly prepared RIP buffer (1861603, Thermo
Fisher Scientific Inc.) supplemented with 1× protease inhibitor, 100 U/mL RNase inhibitor
(AM2696, Invitrogen, Waltham, MA, USA) and 0.5 mM DTT, for 10 min on ice. Lysate was
then sonicated for 3 min (97 amplitude, 30 s on, 30 s off) and centrifuged at 13,000 rpm at
4 ◦C for 10 min. 40 uL of Dynabeads protein G (10007D, Invitrogen) was washed once with
wash buffer and incubated with 10 ug of CLDN4 antibody (16195-1-AP, Proteintech) for 1
h at room temperature. Beads were washed again with wash buffer and incubated with
cell lysate for 2 h at 4 ◦C. Following incubation, beads were washed 3 times with wash
buffer and once with 1× PBS. RNA was extracted using Trizol (10296010, Ambion, Austin,
TX, USA) as per manufacturers’ recommendation. cDNA was synthesized from 150 ng
of RNA using QuantiTect reverse transcription kit (Qiagen, cat# 205311). Amplification
reactions were performed in 25 µL reaction volume using SYBR Green PCR master mix
(Life Technologies, Grand Island, NY, USA cat# 4309155), cDNA template and 0.4 µM
final concentration for primers. Using the Quantifect Studio System (Applied Biosystems,
Foster City, CA, USA), relative expression of messenger RNA (mRNA) for each sample
was assessed in quadruplicates in at least 2 independent experiments, and quantified via
the comparative cycle threshold (∆∆ Ct) method.

4.8. Statistical Analysis

Data from at least three independent experiments were presented as mean ± standard
error of the mean (S.E.M). Statistical significance was assessed using a two-tailed Student’s
t test. p values less than 0.05 were deemed significant.

5. Conclusions

In conclusion, we demonstrated the potential regulatory role of PVT1 in CL MDA
MB 231 TNBC cells by targeting PVT1 exon 9. Knock down of PVT1 exon 9 resulted in
the re-expression of CLDN4 protein. Additionally, we demonstrated that overexpression
of PVT1 exon 9 is associated with increased migration of MDA MB 231 CL TNBC cells.
Our data suggest that PVT1 may have a regulatory role in CL MDA MB 231 TNBC cells by
acting as a modulator of CLDN4 protein expression. These data may have implications for
prognostication and treatment strategies in CL TNBC.
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Simple Summary: Cancer growth and metastasis require interactions with the extracellular matrix
(ECM), which is home to many biomolecules that support the formation of new vessels and cancer
growth. One of these biomolecules is epidermal growth factor-like protein-7 (EGFL7). EGFL7 alters
cellular adhesion to the ECM and migratory behavior of tumor and immune cells contributing to
tumor metastasis. EGFL7 is engaged in the formation of new vessels and changes in ECM stiffness.
One of its binding partners on the endothelial and cancer cell surface is beta 3 integrin. Beta 3 integrin
pathways are under intense investigation in search of new therapies to kill cancer cells. All these
properties enable EGFL7 to contribute to drug resistance. In this review, we give insight into recent
studies on EGFL7 and its engagement with beta3 integrin, a marker predicting cancer stem cells and
drug resistance.

Abstract: Invasion of cancer cells into surrounding tissue and the vasculature is an important step
for tumor progression and the establishment of distant metastasis. The extracellular matrix (ECM) is
home to many biomolecules that support new vessel formation and cancer growth. Endothelial cells
release growth factors such as epidermal growth factor-like protein-7 (EGFL7), which contributes to
the formation of the tumor vasculature. The signaling axis formed by EGFL7 and one of its receptors,
beta 3 integrin, has emerged as a key mediator in the regulation of tumor metastasis and drug
resistance. Here we summarize recent studies on the role of the ECM-linked angiocrine factor EGFL7
in primary tumor growth, neoangiogenesis, tumor metastasis by enhancing epithelial-mesenchymal
transition, alterations in ECM rigidity, and drug resistance. We discuss its role in cellular adhesion
and migration, vascular leakiness, and the anti-cancer response and provide background on its
transcriptional regulation. Finally, we discuss its potential as a drug target as an anti-cancer strategy.

Keywords: beta 3 integrin; integrin; cancer; drug resistance; angiocrine factor; angiogenesis; EGFR;
EGFL7; miR-126; adhesion; migration; protease; EMT; FAK; LOX; KLF2; ECM; endothelial cells;
cancer; proliferation

1. Introduction

Tumor growth and metastasis rely on the tumor vascular network for adequate
delivery of oxygen and nutrients [1]. Tumor endothelial cells (ECs) are the cellular building
blocks of the nutrient-carrying vasculature. During tumor growth, activated ECs expand
and form new capillaries in a process called angiogenesis [2]. These capillaries and vessels
carry nutrients to hungry cancer cells and ensure proper oxygen delivery.
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ECs release so-called angiocrine factors [3], which include the angiogenic factor
vascular endothelial growth factor-A (VEGF-A), Jagged1 (Jag1), endothelin, enzymes
such as tissue-type plasminogen activator [3], and epidermal growth factor-like protein-7
(EGFL7) [4]. EGFL7 is produced by cancer-associated ECs [4,5] and certain tumor cell
types [4,6].

EGFL7 controls intercellular and cell–matrix communication, which are key features
of tumor progression and metastasis, by hijacking the receptor tyrosine kinase epidermal
growth factor receptor (EGFR), integrin, and Notch signaling pathways [6–8].

EGFL7 modulates cell migration by interacting with extracellular matrix (ECM) sens-
ing integrins [9]. Integrins are a family of cell surface receptors that help cells to interact
with the extracellular microenvironment, thereby controlling cell anchorage and movement.
Integrins exist as heterodimers with noncovalently linked alpha and beta subunits and link
the cytoskeleton with the ECM [10]. Integrins are mechanotransducers and key factors
during cell migration and are thereby implicated in many steps of cancer progression,
starting with primary tumor development to metastasis, cancer stem cell development,
and drug resistance (reviewed in [11]). EGFL7 interacts with two of the most studied
integrins in cancer—namely, alphaV:beta 3 (ITGAV:ITGB3) and the alpha5:beta1 integrin
(ITGA5:ITGB1).

Integrins bind to a wide range of ECM proteins containing the arginylglycylaspartic
acid (RGD)-motif. EGFL7 is one of those ECM proteins with a conserved RGD/Glutamine-
Glycine-Asparagine (QGD) motif [12]. The RGD motif is exposed once EGFL7 attaches to
the ECM but is hidden in the soluble form of EGFL7 [13]. The ITGAV:ITGB3 integrin can
bind to fibronectin, collagen, fibrinogen, thrombospondin, and EGFL7, among others [7].
EGFL7 with its RGD motif competes for binding to ITGAV:ITGB3 integrin with matrix
metalloproteinase2 (MMP2), fibronectin, and collagen IV. ITGB3 has important roles in
angiogenesis, tumor metastasis, and drug resistance, leading to the development of novel
specific RGD-like ligands for use in anti-tumor therapy (reviewed in [14]).

In this review, we introduce the angiocrine factor EGFL7 and one of its receptors
(ITGB3) as regulators of angiogenesis and summarize recent knowledge on their involve-
ment in tumor metastasis. We also discuss their involvement in drug resistance in cancer.

2. Epidermal Growth Factor-Like Protein-7

Mouse and human EGFL7 were cloned in 2003 by Soncin [5]. EGFL7 is a molecule
that contains an N-terminal signaling sequence, followed by a cysteine-rich Emilin-like
(EMI) domain and two epidermal growth factor-like (EGF-like) domains [5] (Figure 1a).
The microRNA-126 gene (miR126) is located within intron 7 of the EGFL7 gene. Studies on
the effects of miR126 in tumorigenesis are not covered in this review.

The EGFL7 gene locus contains binding sites for the transcription factors Krüppel-like
factor 2 (KLF2) [15] and SMAD1/5 [16,17]. EGFL7 expression was upregulated on ECs by
the blood-flow-sensitive transcription factor KLF2a after ITGB1-mediated induction [18]
and by SMAD transcription factors after the binding of bone morphogenic protein-9 to the
transmembrane anaplastic lymphoma kinase 1 receptor [16,17].

Whilst high expression is found during embryonic and neonatal development [19],
EGFL7 is downregulated in almost all mature tissues except in the adult mouse lung,
with lower expression in the heart, ovary, uterus, and kidneys [20]. EGFL7 expression
rises again during vascular injury [21], during pregnancy, in regenerating endothelium
following arterial injury, in growth plate injury [12], in atherosclerotic plaques, and in
growing tumors, often mainly in tumor ECs [4].
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Figure 1. (a) Model structure of the EGFL7 protein. EGFL7 contains two EGF-like repeats: an arg-gly-asp integrin-binding
motif (RGD) and an Emilin-like region. (b) The regulatory network of EGLF7. EGFL7 binds via its RGD domain to
ITGAV:ITGB3 integrin and causes among others FAK autophosphorylation. EGFL7 competes for binding to the integrin
with the ECM molecules fibronectin, MMP2, and collagen IV. The Emilin-like region of EGFL7 interacts with Notch receptor
1–4 and Notch ligands DLL4 and Jag1 and suppresses Notch signaling, resulting in impaired NIC translocation into the
nucleus and reduced Hey1/2 and Hes1 transcription. EGFL7 binding to EGFR results in the activation of the signaling
pathways extracellular signal-regulated kinase (ERK) and AKT, among others. EGFL7 competes for binding to EGFR with
EGF. Abbreviations: EGF, epidermal growth factor; EGFL7, epidermal growth factor-like protein 7; EGFR, epidermal growth
factor receptor; ERK, extracellular signal-regulated kinase; FAK, focal adhesion kinase); MMP2, matrix metalloproteinase 2;
DLL4, delta like-protein 4; Jag1, Jagged1; NIC, Notch intracellular domain; ECM, extracellular matrix.

EGFL7 is a 41-kDa secreted signaling factor [4,5] that can be deposited into the ECM.
EGFL7 contains a positive C- and a negative N-terminus, enabling the formation of EGFL7
oligomers that are deposited in the ECM in a head-to-tail fashion (Figure 2). It was recently
shown that docking of the EGFL7 protein into both fibers and individual aggregates of
the EC extracellular space requires the microfibrillar component microfibrillar-associated
glycoprotein-1 and fibronectin [17]. The study demonstrated that docking of EGFL7 to
the ECM is required for its effects on lysyl oxidase (LOX) activity, but that ECM binding
was not necessary to mediate its effect on endothelial adhesion molecule expression or
Hairy/enhancer-of-split related with YRPW motif protein 2 (Hey2) expression along the
Notch pathway (Figure 1).

EGFL7 facilitates angiogenesis and tumorigenesis. It stimulates the recruitment and
proliferation of embryonic or human brain ECs [7,22] and primary mouse embryonic
fibroblasts [21]. EGFL7, through its multiple binding partners and cellular receptors
(reviewed in [23]), can be found on various cell types, including tumor cells and ECs
(Figure 1b). EGFL7 can bind to the NOTCH1–4 extracellular domain through its Emilin-like
region [24]. EGFL7 competes with the Notch ligands Jag1 and Jag2 for Notch binding
and inhibits Notch signaling (Figure 1b). EGFL7 competes with the Notch ligand Delta-
like-4 for Notch4 binding on ECs, while suppressing Notch downstream signals like Hey1
and Hairy/enhancer-of-split 1 (Hes1) and promotes angiogenesis [22]. In acute myeloid
leukemia, a hematopoietic blood cell cancer, recombinant EGFL7 inhibited DELTA-like
4-mediated Notch activation while anti-EGFL7 in combination with Dll4 increased Notch
activation and induced apoptosis.
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EGFL7 can also bind to the EGF receptor on the cell membrane, which results in
the activation of the signaling pathways mitogen-activated protein kinase/extracellular
signal-regulated kinase (ERK) and phosphatidylinositol-3-kinase/AKT [6,25] (Figure 1b).
It was reported that EGFL7 binds to EGFR wildtype but not to the active mutant EGFR
variant III, leading to b-catenin activation and upregulation of EGFL7 expression and
tumor growth [26]. Binding of EGFL7 to EGFR enhanced cell migration of hepatocellular
carcinoma cells and increased intrahepatic and pulmonary metastases in murine liver
cancer models but did not alter tumor cell proliferation [27]. On the cellular level, EGFL7–
EGFR binding caused phosphorylation of the cytoplasmic protein focal adhesion kinase
(FAK) [27]. It is interesting to note that EGFR is expressed on intratumoral vessels but
not vessels in non-tumor tissues [28–32], which would suggest that EGFL7 binding to
EGFR could drive tumor-angiogenesis. But studies so far indicate that the EGFL7-driven
pro-angiogenic effects are mainly mediated by Notch receptor or integrin and not by EGFR
signaling [16,33].

EGFL7 enhanced migration of the siman virus 40-mouse microvascular endothelial
(SVEC) cell line and resulted in the phosphorylation of ERK1/2, FAK, and STAT5 [12].
EGFL7 treatment of EGFL7-induced SVEC migration was blocked in the presence of RGD
peptides, demonstrating the involvement of integrin signaling in EC migration. FAK is
activated upon integrin or growth factor receptor signaling, resulting in the autophos-
phorylation at tyrosine (Y) 397. FAK is a key mediator of integrin signaling through its
association with focal adhesion proteins, such as paxillin and talin. The role of FAK as
both a cytosol and nuclear protein contributing to cancer progression has been recently
reviewed by Murphey et al. [34].

Integrins mediate cell adhesion to the ECM. Adhesions serve as traction points and as
signaling centers during cell migration [35]. There is an optimal strength of attachment that
allows sufficient adhesion for traction at the cell front and yet allows for efficient release at
the rear [36]. Integrin activation in protrusions regulates actin polymerization and myosin
II activity through Rho-family GTPases such as Cdc42, Rac1, and RhoA [37]. EGFL7
potentiates EC migration on fibronectin-coated plates through binding to ITGAV:ITGB3
integrin [7], resulting in the activation of the downstream target GTPase Cdc42. EGFL7
cannot directly bind to ITGA5:ITGB1 integrin but enhanced angiogenesis involving this
integrin [13,38]. Mechanistically, EGFL7 binding to ITGAV:ITGB3 integrin blocked the
endocytosis of fibronectin-associated ITGA5:ITGB1 integrin [13] and ITGAV:ITGB3 and
resulted in the upregulation of both integrins on the EC surface, allowing focal adhesion
maturation, hydrolysis of Rac1-GFP, and enhanced migration speed of ECs on fibronectin
surfaces [39].

EGFL7 controls proliferation in melanoma, hepatocellular carcinoma, and clear cell
renal cell carcinoma [40–42] through one of its receptors. Blood cell cancers such as acute
myeloid leukemia (AML) or the plasma cell malignancy multiple myeloma (MM) have
dysfunctional integrin and Notch signaling [43–45]. EGFL7 caused acute myeloid leukemia
(AML) blast proliferation [46]. Anti-EGFL7 blocking antibody through reactivation of Notch
signaling in AML cells induced cell differentiation and apoptosis in vitro and in vivo [46].
Our group demonstrated that malignant plasma cells from patients with MM adhere to
ECM-deposited EGFL7 and that their cell growth and survival required EGFL7 binding to
ITGB3 [45]. These studies demonstrate that EGFL7 could be a potential cancer target.
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Figure 2. EGFL7 alters tumor growth and metastasis by suppressing the production of immune cells and their recruitment
into the growing tumors, vessel permeability, ECM stiffness—all of which contribute to drug resistance. T cell adhesion and
rolling and transmigration through the EC are required for T cells to cross the vascular barrier. EGFL7 allows the tumor to
escape from the anti-tumor immune response by preventing terminal T cell differentiation in the thymus and inhibiting T
cell recruitment via suppression of the adhesion molecules ICAM and VCAM on ECs. EGFL7 prevents adhesion molecule
transcription after tumor necrosis factor alpha (TNFa) stimulation by blocking Nuclear factor kappa B (NFkB) signaling.
EGFL7 controls ECM stiffness by interacting with LOXL2 so as to mitigate covalent crosslinking of collagen or elastin.
ITGB1 integrin on ECs and ITGB3 integrin on cancer cells [45] induce the expression of transcription factor KLF2 which
enhances EGFL7 expression, resulting in enhanced cell proliferation. Myelosuppressive drugs such as bortezomib were
shown to enhance KLF2-mediated upregulation of ITGB3 and EGFL7. Abbreviations: KLF2, Krüppel-like factor 2; ETP,
early thymic progenitor; LOXL2, lysyl oxidase-like 2.

3. EGFL7 Contributes to the Pathological Tumor Vessel Phenotype

As one of the hallmarks of cancer, angiogenesis is necessary for the transition of a
small, localized tumor with a diameter of around 1–2 mm into an invasive disease. EGFL7
contributes to the branched and disorganized architecture of tumor endothelium with
irregular multi-layered EC lining and an inconsistent smooth muscle and pericyte sheath.

Sprouting angiogenesis refers to the de novo formation of new vessels via the local
proliferation of and extension of ECs from the wall of an existing vessel [47]. Cellular
components of newly formed vessels include tip cells, which migrate in response to
gradients of EGFL7 and VEGF, stalk cells, which proliferate and extend the vessels, and
phalanx cells, which are quiescent and support the sprout [48]. For the formation of
vessels, EC migration requires the coordinated attachment to and de-attachment from the
surrounding ECM [36]. EGFL7 is a component of the interstitial ECM deposited mainly
on the basal sides of sprouts at the interface between ECs and interstitial cells. The EGFL7
deposits form a unique ECM coat on the sprout surface. This coat outlines the boundary
of a new sprout and marks the migratory path of new ECs [13]. In EGFL7-deficient ECs,
the lack of EGFL7-mediated scaffolding of the ECM leaves ECs clueless on where to move.
ECs not only attach in the path of the sprout but also attach to the basal sides of other
ECs, leading to larger sprouts with multiple layers of ECs on top of each other. The
accumulation of ECs hinders appropriate EC movement. Therefore, EGFL7 contributes to
the hallmark excessively branched and disorganized architecture of tumor endothelium.
All these features from EGFL7 contribute to an unstable vessel wall and promote the
vessel leakiness that is characteristic of tumor ECs. Tumor EC-derived EGFL7 promotes
glioma growth in experimental glioma models and stimulates tumor vascularization with
the generation of mature vessels covered with pericytes and smooth muscle cells [13]. A
recent study demonstrated that treatment of ECs with melanoma cell-derived exosome

Figure 2. EGFL7 alters tumor growth and metastasis by suppressing the production of immune cells and their recruitment
into the growing tumors, vessel permeability, ECM stiffness—all of which contribute to drug resistance. T cell adhesion and
rolling and transmigration through the EC are required for T cells to cross the vascular barrier. EGFL7 allows the tumor to
escape from the anti-tumor immune response by preventing terminal T cell differentiation in the thymus and inhibiting T
cell recruitment via suppression of the adhesion molecules ICAM and VCAM on ECs. EGFL7 prevents adhesion molecule
transcription after tumor necrosis factor alpha (TNFa) stimulation by blocking Nuclear factor kappa B (NFkB) signaling.
EGFL7 controls ECM stiffness by interacting with LOXL2 so as to mitigate covalent crosslinking of collagen or elastin.
ITGB1 integrin on ECs and ITGB3 integrin on cancer cells [45] induce the expression of transcription factor KLF2 which
enhances EGFL7 expression, resulting in enhanced cell proliferation. Myelosuppressive drugs such as bortezomib were
shown to enhance KLF2-mediated upregulation of ITGB3 and EGFL7. Abbreviations: KLF2, Krüppel-like factor 2; ETP,
early thymic progenitor; LOXL2, lysyl oxidase-like 2.

3. EGFL7 Contributes to the Pathological Tumor Vessel Phenotype

As one of the hallmarks of cancer, angiogenesis is necessary for the transition of a
small, localized tumor with a diameter of around 1–2 mm into an invasive disease. EGFL7
contributes to the branched and disorganized architecture of tumor endothelium with
irregular multi-layered EC lining and an inconsistent smooth muscle and pericyte sheath.

Sprouting angiogenesis refers to the de novo formation of new vessels via the local
proliferation of and extension of ECs from the wall of an existing vessel [47]. Cellular
components of newly formed vessels include tip cells, which migrate in response to
gradients of EGFL7 and VEGF, stalk cells, which proliferate and extend the vessels, and
phalanx cells, which are quiescent and support the sprout [48]. For the formation of
vessels, EC migration requires the coordinated attachment to and de-attachment from the
surrounding ECM [36]. EGFL7 is a component of the interstitial ECM deposited mainly
on the basal sides of sprouts at the interface between ECs and interstitial cells. The EGFL7
deposits form a unique ECM coat on the sprout surface. This coat outlines the boundary
of a new sprout and marks the migratory path of new ECs [13]. In EGFL7-deficient ECs,
the lack of EGFL7-mediated scaffolding of the ECM leaves ECs clueless on where to move.
ECs not only attach in the path of the sprout but also attach to the basal sides of other
ECs, leading to larger sprouts with multiple layers of ECs on top of each other. The
accumulation of ECs hinders appropriate EC movement. Therefore, EGFL7 contributes to
the hallmark excessively branched and disorganized architecture of tumor endothelium.
All these features from EGFL7 contribute to an unstable vessel wall and promote the
vessel leakiness that is characteristic of tumor ECs. Tumor EC-derived EGFL7 promotes
glioma growth in experimental glioma models and stimulates tumor vascularization with
the generation of mature vessels covered with pericytes and smooth muscle cells [13]. A
recent study demonstrated that treatment of ECs with melanoma cell-derived exosome
enhanced VE-Cadherin, uPAR, and EGFR upregulation in ECs [49], resulting in a tumor
EC phenotype, and through EGFR gave EGFL7 a chance to promote neoangiogenesis.
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During the metastatic stage of intravasation, tumor cells gain access to the circulation
via vascular or lymphatic vessels, enabled by the transiently increased permeability of the
tumor vasculature. Vascular impermeability is achieved with a barrier comprised of ECM
components such as the endothelial glycocalyx, the endothelium, basement membrane,
and accessory cells such as pericytes and smooth muscle cells. Besides vessel-wrapping,
pericytes and smooth muscle cells ensure that no fluid, protein, or immune cell leakage
occurs from blood to tissue [50]. Tumor vessels show inconsistent pericyte or smooth
muscle cell coverage [51]. EGFL7 reduces EC smooth muscle coverage by blocking platelet-
derived growth factor-BB-mediated smooth muscle cell migration [5]. Tumor vessels have
irregular cell surface cell walls and show leakiness. EGFL7 knockdown in ECs showed a
disturbance of adherens junctions with insufficient phosphorylation of VE-cadherin that
contributed to increased EC permeability [33] (Figure 2). EGFL7 knockdown suppresses
VEGF-A-mediated angiogenesis, causes the overproduction of endothelial filopodia on the
basal side of ECs, and reduces collagen IV deposition at the basal side of ECs. These data
demonstrate that EGFL7 controls the actions of one of its angiocrine allies, VEGF. VEGF
has been shown to enhance vessel permeability by a cross-activation of ITGB3 and VEGFR2
that directly regulates VE-cadherin [52].

4. EGFL7 Enhances Tumoral Immune Escape

Immune cells, such as T lymphocytes, are part of the body’s weapons to fight off tumor
cells through their capacity for antigen-directed cytotoxicity. EGFL7 compromises the anti-
tumor response on two levels: it impairs the production of terminally differentiated T
lymphocytes and it prevents lymphocytes from crossing the vasculature into the tumor bed.

The Flt3/Flt3-ligand pathway is important for early thymic precursors (ETP) ex-
pansion [53] and lymphocyte (T and B cell) development. EGFL7 blocks terminal T cell
differentiation but expands ETPs in the thymus, the place where T cell precursors re-
side [54]. Mechanistically, EGFL7-mediated suppression of Notch signaling [55] enhanced
the fms-related tyrosine kinase 3 (Flt3) promoter activity in ETPs, causing upregulation
of FLT3 on ETPs. EGFL7 also increased the number of thymic ECs, which are a source of
Flt3 ligand. Together, EGFL7 stimulates Flt3/Flt3 ligand signaling in ETPs that resulted in
the accumulation of immature ETPs and a paucity of circulating T cells and contributes to
impaired antigen-directed cytotoxicity against tumor cells.

At the center for the anti-tumor response of immune cells is the ability of immune
cells to reach the tumor tissues. Leukocyte immune cell traffic out of the bloodstream into
the tumor tissues requires the activation of adhesion molecules. ECs can actively impact
T lymphocyte migration by changing the expression of leukocyte adhesion molecules on
their surface. The activation of very late antigen-4 (VLA-4; ITGA4:ITGB1, CD49d/CD29)
and lymphocyte function-associated antigen 1 (LFA-1,αLβ2, CD11a/CD18) integrin by
talin and kindlin allow firm interaction between the immune cell-like T cells or neutrophils
and ECs, which express integrin ligands such as intercellular adhesion molecules (ICAMs),
vascular cell adhesion molecule 1 (VCAM1), and MAdCAM (reviewed in [56]). These
molecules enable T lymphocytes to adhere to ECs (Figure 2), a process that is required for
them to cross into the tumor bed. Inhibiting leukocyte migration into the tumor niche at the
EC level represents one way for cancer cells to escape anti-tumor host immune responses.

Following the initial observation that EGFL7-overexpressing tumor cells showed en-
hanced tumor growth and metastasis in immunocompetent but not in immunodeficient mice
with an impaired influx of inflammatory cells [57], it was shown that EGFL7 modulates the
immune cell recruitment process. Mechanistically, EGFL7 downregulated the endothelial
adhesion molecules ICAM1 and VCAM1 on the ECs of 4T1 breast cancer and LLC1 lung
adenocarcinoma tumors [57]. Follow-up studies revealed that the treatment of ECs with
tumor necrosis factor-alpha (TNFa) repressed VCAM1 or ICAM1 expression and downregu-
lated ICAM1 and VCAM1 transcription via an NFkB dependent mechanism [58]. Because
a lack of adhesion factors prevents lymphocytes from binding to ECs, a necessary step for
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cells to cross the vasculature and enter the tumor bed, EGFL7-induced alteration of adhesive
properties endows tumors with the ability to escape immune attack [57] (Figure 2).

5. EGFL7 Regulates ECM Stiffness and EMT

Fibroblasts and tumor cells produce large quantities of the ECM molecules’ collagen
and fibronectin [59]. The generated highly fibrotic tumor microenvironment causes ECM
stiffness that favors tumor progression/metastasis and epithelial–mesenchymal transition
(EMT) [60,61]. The lysyl oxidase family comprising LOX and four lysyl oxidase-like
proteins (LOXL1–4) (reviewed recently [62]) contributes to ECM stiffness by catalyzing the
covalent cross-linking of collagen and elastin. Pro-LOX is synthesized and secreted as a
pro-enzyme and, following procollagen and C-proteinase cleavage, gives rise to LOX-PP
and LOX. LOX-PP interacts with collagen I, LOXL2, MMP-2, fibromodulin, EGF [63], and as
a recent study demonstrated, with EGFL7 [64]. Indeed, EGFL7 binds to all members of the
LOX family including LOX and LOXL1–4 [64,65], indicating its importance in the regulation
of tumor ECM stiffness. Earlier studies demonstrated that EGFL7 suppresses LOXL2
function [65]. EGFL7 binding to the catalytic LOXL2 domain impaired the conversion of
tropoelastin into mature insoluble elastin [65] (Figure 2).

High ECM stiffness promotes EMT and metastasis [60]. In the early stages of metasta-
sis, epithelial cells decrease the expression of cell–cell junction molecules at the primary
tumor site and become motile [66,67]. The upregulation of the EMT-associated genes
Twist and Snail and the loss of the epithelial marker E-cadherin and the induction of the
mesenchymal marker vimentin are typical gene expression patterns during EMT [68]. It
was shown that EGFL7 promoted metastasis by triggering EMT in gastric cancer cells with
the downregulation of E-cadherin and upregulation of vimentin and Snail [6].

6. EGFL7 Contributes to Drug Resistance

Many cancer patients who receive neoadjuvant or adjuvant treatment to surgery
relapse months or years later with a tumor that is resistant to further chemotherapeutic
challenge, a feature known as chemoresistance [69]. Despite advances in cancer treatment
and the initial tumor reduction after drug treatment, cancer cells develop drug resistance.
Resistance to anti-cancer treatment is dependent not only on genetic mutations and epi-
genetics but also on external factors [70], including cytokines, growth factors, enzymes,
glycoproteins, extracellular vesicles, angiocrine factors, and integrins. We showed that
irradiation augmented EGFL7 expression in thymic ECs [54]. Drug resistance to the pro-
teosome inhibitor and anti-myeloma bortezomib often occurs in MM patients. Our group
reported that treatment with bortezomib, but not other drugs, induced EGFL7 expression
in MM cells [45] (Figure 2).

Integrin/ECM interactions mediate cell adhesion-mediated drug resistance, activating
a pro-survival and anti-apoptotic program. This escape strategy of tumors is either due to
the survival of cells already expressing certain integrins and/or cells capable of inducing
integrin gene expression (for review [70]). MM treatment using bortezomib upregulated
ITGB3 on MM cells [45]. Our data indicated that targeting EGFL7 using neutralizing
antibodies or ITGB3 using an integrin inhibitor could override drug resistance against
bortezomib in vitro and using murine in vivo MM models. Mechanistically, we showed
that EGFL7-mediated activation of ITGB3 induced the expression of transcription factor
KLF2 that further augmented EGFL7 expression in MM cells. Our study demonstrated
that an EGFL7-ITGB3-KLF2-EGFL7 amplification loop supports MM cell survival and
proliferation in vitro as well as in vivo [45] (Figure 2). In other cell types, such as the
human osteosarcoma, where EGFL7 is highly expressed in tumor cells even more so than in
ECs, chemotherapy reduced EGFL7 expression [71]. These data suggest that each tumor cell
type, dependent on the needs of the ECM niche, develops its own drug escape mechanism.

The existence of tumor cancer stem cells is another tumor and drug escape mechanism.
Tumor-initiating cells represent a small fraction within the tumor. These cells have stem
cell characteristics with the capacity for self-renewal, they rest in a non-cycling/quiescent
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state, and retain their ability to differentiate. First shown in neuronal stem cells, EGFL7
can modulate stem cell fate through its liaison with Notch receptors and ligands [24]. We
showed that EGFL7 expands immature early thymic progenitor cells [54]. Since many
anti-cancer drugs require tumor cell cycling, keeping tumor cells in a quiescent state is just
another trick by which EGFL7 enhances drug resistance.

Integrin signaling functions depend on the cytoplasmic protein tyrosine kinase FAK,
the major protein found in focal adhesions. While ITGB3-mediated tumor growth was
thought to require downstream activation of FAK and cell adhesion, a recent study chal-
lenged this doctrine and showed that neither of them was required for c-Src activation and
Crk-associated substrate phosphorylation that enhanced tumor growth [72]. Tavora et al.
demonstrated that targeting of EC FAK sensitized tumors to DNA-damaging therapy [73].
EC FAK is necessary for the DNA damage-induced NFkB activation required for the
cytokine production in ECs. Given that EGFL7 binding to ITGB3 can activate FAK in
ECs [7,74], and EC FAK contributes to drug resistance, it is conceivable that blocking
EGFL7-ITGB3 can improve chemosensitization to DNA-damaging therapies through the
loss of FAK (reviewed in [75]).

7. Conclusions

The ECM molecule EGFL7 is a critical player in the metastatic program, an inhibitor
of the anti-cancer immune response escape, and contributes to drug resistance. The effects
of EGFL7 on tumor cells and ECs and its diversity of binding receptors enable EGFL7 to
impinge on tumor survival strategies.

Proper signals from the ECM maintain stem cell fate. Certain integrins are exclusively
abundant in epithelial stem cells, with one of them being ITGAV:ITGB3 integrin, which has
been described on lung, breast, and pancreatic tumors with a stem-like phenotype [76]. A
deeper understanding of the role of EGFL7 in controlling the fate of tumor-initiating cells
and cancer cells and the identification of new ECM binding partners or signaling receptors
will open up new avenues for cancer treatment.

EGFL7 unites with main drivers of tumorigenesis from EGFR, ITGB3, Notch ligand,
and receptors or LOX family members. Although anti-EGFL7 therapy alone could not
sufficiently control tumor growth, the current state of research indicates that combining
anti-EGFL7 therapy with other anti-cancer strategies such as chemotherapy might improve
the efficacy of conventional anti-cancer strategies.
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Simple Summary: Cancer cells have developed a number of mechanisms to overcome anticancer
therapy; the active efflux of drugs from cells via multidrug resistance proteins (MRPs) is one of them.
MRPs belong to the superfamily of ATP binding cassette (ABC) proteins. It was hypothesized that the
inhibition of ABC drug transporter activity during cancer therapy could sensitize drug-resistant tumors
and/or improve the initial activity of anticancer agents. We demonstrated that the pharmacological
inhibition of ABCC4 increases the migratory rate and invasive protrusion formation in colorectal
cancer (CRC). Thus, during the use of ABCC4 inhibitors to reduce chemotherapy resistance or drugs
that are potential substrates of ABCC4, the indirect effect on cancer metastasis should be taken into
consideration and may be important in selecting a therapy scheme for patients.

Abstract: Colorectal cancer (CRC) presents significant molecular heterogeneity. The cellular plasticity
of epithelial to mesenchymal transition (EMT) is one of the key factors responsible for the heterogeneous
nature of metastatic CRC. EMT is an important regulator of ATP binding cassette (ABC) protein
expression; these proteins are the active transporters of a broad range of endogenous compounds and
anticancer drugs. In our previous studies, we performed a transcriptomic and functional analysis
of CRC in the early stages of metastasis induced by the overexpression of Snail, the transcription
factor involved in EMT initiation. Interestingly, we found a correlation between the Snail expression
and ABCC4 (MRP4) protein upregulation. The relationship between epithelial transition and ABCC4
expression and function in CRC has not been previously defined. In the current study, we propose
that the ABCC4 expression changes during EMT and may be differentially regulated in various
subpopulations of CRC. We confirmed that ABCC4 upregulation is correlated with the phenotype
conversion process in CRC. The analysis of Gene Expression Omnibus (GEO) sets showed that the
ABCC4 expression was elevated in CRC patients. The results of a functional study demonstrated that,
in CRC, ABCC4 can regulate cell migration in a cyclic nucleotide-dependent manner.

Keywords: ABC transporters; ABCC4 protein; colon cancer; metastasis

1. Introduction

Colorectal cancer (CRC) treatment is challenging due to the heterogeneous nature of cancer,
in which prognosis depends on the tumor type and disease stage. Despite progress in diagnosis
and therapy, metastasis and chemoresistance are two critical processes for the overall survival of
CRC patients [1]. Approximately 50–60% of patients who are diagnosed with CRC will eventually
develop metastatic disease. Most often, metastases develop after first-line chemotherapeutic drug and
monoclonal antibody treatments for local disease. Over several years, many studies have demonstrated
that metastatic CRC presents significant molecular heterogeneity [2,3]. This observation explains the
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enormous variability noted in regard to treatment outcomes. The cellular plasticity of epithelial to
mesenchymal transition (EMT) is one of the key factors responsible for the heterogeneous nature
of the metastatic CRC phenotype. EMT is not a binary process [4]. The epithelial cells undergoing
EMT give rise to cell populations that may enter into states with various proportions of epithelial and
mesenchymal features. Metastatic cells represent various EMT states, from epithelial-like through
to mixed epithelial/mesenchymal (hybrid) to a strongly mesenchymal phenotype. Hybrid and
mesenchymal cells exhibit increased migratory and invasive features, suggesting a detrimental role of
EMT during metastatic dissemination [5,6]. Another complicating factor is that EMT has been linked to
additional traits that are not associated with canonical EMT regulation, such as stemness and resistance
to anticancer therapeutic drugs [7].

Cancer cells have developed a number of mechanisms to overcome anticancer therapy, and the
active efflux of drugs from cells via multidrug resistance proteins (MRPs) is one of them. MRPs belong
to the superfamily of ATP-binding cassette (ABC) proteins, active transporters with a broad range of
substrate spectra, including anticancer drugs [8]. The human genome contains 48 ABC genes, and they
are classified into seven subfamilies (ABCA-ABCG) [9]. Among them, ABCB1, ABCC1, and ABCG2
are highly involved in the acquisition of multidrug resistance (MDR). Increased ABC transporter
expression has been correlated with aggressive and invasive cancers. EMT is an important regulator of
ABC transporters, and the expression of ABC transporters changes continuously during EMT [10,11].
Mechanistically, it was demonstrated that the promoters of ABC transporters carry several binding sites
for EMT-inducing transcription factors, and the overexpression of Twist, Snail, and ZEB increases the
promoter activity of ABC transporters [12,13]. In our previous studies, we performed transcriptomic
and functional analyses of CRC in the early stages of metastasis induced by the overexpression of
Snail, the transcription factor involved in EMT initiation. Our results showed that Snail regulates
early phenotype conversion towards a hybrid EMT. Interestingly, we found a correlation between
Snail expression and ABCC4 (MRP4) protein upregulation [14]. The relationship between epithelial
transition and ABCC4 expression and function in CRC has not been previously defined. In the current
study, we propose that ABCC4 expression changes during EMT and may be differentially regulated in
various subpopulations of CRC. ABCC4 is able to transport a range of organic anionic compounds
out of the cell; thus, most functional studies of ABCC4 have classically focused on its role in cancer
chemotherapy [15]. However, the physiological actions of this protein are quite diverse, and drug
transport appears not to be the most important evolutionarily conserved function. The efflux of cyclic
adenosine monophosphate (cAMP) through ABCC4 has been well documented in various cell types,
suggesting that this transporter plays a relevant role in the regulation of cAMP signaling. ABCC4 was
shown to modulate the compartmentalization of cAMP signaling in a colon adenocarcinoma cell line
(HT29, T84), and ABCC4 inhibition with MK571 compound leads to the accumulation of cAMP at
or near the plasma membrane [16]. Notably, the inhibition of ABCC4 function through MK571 or
gene knockout was shown to have a direct role in cell migration. The pharmacological inhibition of
ABCC4 with MK571 resulted in the intracellular accumulation of cAMP, leading to increased fibroblast
migration related to protein kinase A (PKA) activity [17,18]. In the current paper, we show that
in CRC, similar to what has been observed in fibroblasts, ABCC4 can regulate cell migration in a
cAMP-dependent manner.

The understanding of the mechanistic linkage between two phenomena, ABCC4 transport function
and cell migration, would significantly contribute to the improvement of anticancer therapy in CRC.
Numerous ABC transporter inhibitors have been developed and tested [19]. The clinical use of ABC
transporter inhibitors is still an ongoing challenge, partially due to the intratumor heterogeneity; thus,
the evaluation of ABCC4 expression status alone or in combination with other transporters in various
CRC subpopulations supported by information on signaling pathways related to ABCC4 transport
function may improve the development of patient-tailored therapy.

166



Cancers 2020, 12, 3547

2. Results

2.1. ABCC4 Is Overexpressed in CRC

To identify the expression level of ABCC4 in CRC, we first analyzed the ABCC4 expression
levels in normal and CRC tissues by a bioinformatics analysis. Microarray data from the public
Gene Expression Omnibus (GEO) database (GSE18105, GSE44861, and GSE32323: [20] revealed that
ABCC4 was significantly upregulated in primary tumors compared to normal tissues (Figure 1A).
Since we previously observed that ABCC4 expression was upregulated in HT-29 colon cancer cells
stably overexpressing Snail and that those cells had transcriptomic profile changes indicating EMT
induction [14], we examined the same GEO database to identify mRNA related to EMT, whose expression
was changed in our cell line model. Given the previous results, we found that the mRNA levels of
the mesenchymal markers fibronectin (Figure 1B) and vimentin (Figure 1C) were elevated and that
the mRNA levels of E-cadherin (epithelial marker, Figure 1D) were decreased in the analyzed CRC
tissue compared to normal tissue. Among the transcription factors involved in EMT, we found an
increase in the expression of Twist mRNA in the analyzed CRC patient samples (Figure 1E). Thus,
we confirmed that the elevated expression of ABCC4 in the analyzed CRC data sets was related to
changes in phenotypic transition markers. EMT is induced by different stimuli, and TGFβ is its
canonical driver. In our previous study, TGFβ was indicated by ingenuity pathway analysis as the
most significant upstream regulator of the transcriptomic changes in response to Snail in HT29 cells,
and the changes in the expression of the TGFβ signaling pathway components indicated that this
pathway was modestly activated [14].
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Figure 1. ABCC4 (A), ABCG2 (F), and EMT marker (B–E) mRNA expression in CRC and normal tissue.
Microarray data from the public Gene Expression Omnibus (GEO) database (GSE18105, GSE44861,
and GSE32323: [20] were analyzed with the respective n for c (cancer) and n (normal): GSE18105 nc

= 57 nn = 10 (primary tumors only); GSE44861 nc = 56, nn = 55; and GSE32323 nc = 17 nn = 17.
Normality test (Shapiro–Wilk) was performed, followed by the Mann–Whitney U test (*)—* p < 0.05;
** p < 0.005; *** p < 0.001, no statistically significant—no indicator. Additionally, all the normally
distributed samples were tested using t-test (#) # p < 0.05; ### p < 0.001. Data density distribution is
presented in the Supplementary Materials, Figure S2.
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To check whether the ABCC4 expression upregulation is related to the TGFβ signaling pathway in
CRC, we analyzed GSE18105 datasets—which represent the statistically most significant differences in
EMT markers between normal and cancer cells—for the expression of TGFβ1/2 and their receptors.
We observed a significant upregulation of TGFβ2 and both TGFβ receptors (TGFβR1 and TGFβR2)
in tumors compared to normal colon tissue (Figure 2A,D). Furthermore, we noticed a positive correlation
between the ABCC4 expression and TGFβ2 and both the TGFβ receptors’ (TGFβR1/2) expression
(Figure 2C–F and Figure S1A), and a negative correlation with the TGFβ1 expression (Figure 2B
and Figure S1A). These results confirmed that ABCC4 expression is related to the TGFβ-induced
transcriptomic signature in CRC. To date, in clinical studies ABCG2 has been recognized as the
main drug efflux protein in CRC [21]. However, studies comparing the expression of ABCG2 mRNA
in normal colon tissue and tumor tissue showed that primary colon cancer cells exhibit an initial
downregulation of ABCG2 mRNA expression [22]. Our previous results showed that HT29 lines with
upregulated Snail expression exhibited an increase in ABCC4 expression and a decrease in ABCG2
expression [14]. To validate this observation, we analyzed the same datasets from the GEO database
(GSE18105, GSE448, and GSE32323) and found that ABCC4 was significantly upregulated while ABCG2
was downregulated in primary tumors compared to normal colon tissues. [20] A representative analysis
is presented in Figure 1F. These data may indicate that ABCC4 is a prevalent drug transporter in
primary tumors in which ABCG2 is downregulated, and confirm the hypothesis that the changes
in the ABC transporter expression might be related to the various stages of CRC progression. Next,
to correlate the transcriptomic analysis to the ABCC4 protein function in CRC, we analyzed the ABCC4
protein expression profile and performed a functional study.Cancers 2020, 12, x FOR PEER REVIEW 5 of 19 
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Figure 2. TGFβ pathway and ABCC4 mRNA expression analysis. TGFβ1/2 (A) and TGFβR1/2 (D)
expression analysis in CRC patient tissue. Data obtained from the GSE18105 data set, cancer n = 94,
normal n = 16. Correlation of ABCC4 expression and TGFβ1 (B) or TGFβ2 (C) or TGFβR1 (E) or
TGFβR2 (F) expression, n = 110 [20]. Sample data sets were tested with the Shapiro–Wilk test, presenting
a normal distribution, followed by the T-test. Pearson’s correlation coefficient (PCC): 0–0.25 no PCC,
0.25–0.5 low PCC, 0.5–0.75 moderate PCC, 0.75-1 strong PCC. Comparison of Pearson’s and Spearman’s
correlation values in Figure S1A, Supplementary Materials. Data density distribution (Figure 2A,D)
produced with SinaPlot is presented in Supplementary Materials, Figure S2. * p < 0.05; ** p < 0.005.

2.2. ABCC4 Protein Expression in CRC Is Related to Phenotypic Transition

The ABCC4 protein was identified as an active transporter of cyclic nucleotides and as a mediator
of secondary messenger signaling through cAMP in several different cell and tissue types [13].
To determine this function of ABCC4 in CRC, we first analyzed the level of ABCC4 protein in HT29 cells.
We observed an increased ABCC4 protein expression in HT29 cells overexpressing Snail (HT29/Snail)
compared to control HT29 cells (Figure 3A, Figure S1B, Supplementary Materials). Next, as our previous
mRNA analysis of HT29/Snail cells [14] and current bioinformatics analysis of CRC patient samples
showed that the upregulation of ABCC4 accompanied the downregulation of ABCG2, we also performed
a Western blot analysis of the ABCG2 protein. We observed that this protein was present at lower levels
in HT29/Snail cells than in control HT29 cells (Figure 3A and Figure S1B, Supplementary Materials).
In our previous study, we found a correlation between Snail expression and the upregulation of
ABCC4 [14]. However, crucial EMT-activating transcription factors, including Snails, ZEB, and Twist,
recognize the E-box DNA sequences in the promoter region of the ABCC4 gene, and the bioinformatic
analysis of the ABCC4 promoter region revealed the presence of 11 E-box sequences [12]; thus,
we assume that the ABCC4 upregulation is correlated with the epithelial reprogramming process rather
than with the activity of a single transcription factor during epithelial transition in CRC. To check this
hypothesis, we performed an ABCC4 protein expression analysis in various CRC cell lines representing
epithelial, intermediate mesenchymal, and strongly mesenchymal phenotypes. All of these cell lines
are directly derived from primary colorectal cancers of different clinical stages and differentiation
grades [23,24]. Our results showed that cells with an epithelial phenotype (CCD841CoN) expressed
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less ABCC4 than intermediate or strongly mesenchymal cells (CaCo-2 and Colo-320, respectively)
(Figure 3B and Figure S1C, Supplementary Materials), suggesting that the ABCC4 expression is related
to the phenotypic status in CRC. The highest expression level was noted for Colo-320 cells. Interestingly,
Colo-320 was shown to have the strongest expression of the EMT signature and the highest propensity
to local invasion among the analyzed group of cells [25].

2.3. Cellular Localization of ABCC4 in CRC

The cellular localization of ABCC4 regulates cAMP signaling involved in cell migration [18]. Thus,
we analyzed the ABCC4 cellular localization in CRC by isolating subcellular fractions and measuring the
level of ABCC4 protein, particularly in the outer membrane fraction, in comparison to whole cell extracts
(input). We performed cell surface protein biotinylation using EZ-Link Sulfo-NHS-Biotin, and we
collected the biotinylated protein fraction with streptavidin agarose. Using Western blot analysis,
we detected higher levels of ABCC4 protein in the membrane fraction of HT29 cells overexpressing Snail
than in that of the HT29 control cells (Figure 3, Figure S1B, Supplementary Materials). These results
indicate that the higher expression of ABCC4 protein determines its membranous localization and
transport function in cells that acquire mesenchymal traits.

Generally, the elevated expression of ABC is attributed to drug resistance. Recent data have
shown that ABC protein enrichment was present in EVs from drug-resistant cells [26]. We estimated
the ABCC4 abundance in extracellular vesicles (EVs) released from HT29 cells. We detected ABCC4 in
HT29-derived EVs (Figure 3C, Figure S1D, Supplementary Materials). These EVs were positive for
CD63, CD9, and CD81 and negative for cytochrome c and were used in our previous study for mRNA
and miRNA analysis [14,27]. Our results showed a higher level of ABCC4 in EVs from two clones of
HT29 cells stably overexpressing Snail, suggesting that ABCC4 is packed into CRC EVs and that the
level of ABCC4 in EVs correlates with the level of ABCC4 expression in the cells.

2.4. Analysis of Intracellular Accumulation of cAMP

The inhibition of ABCC4 function by MK571, a known ABCC4 inhibitor, has been used in previous
works and was shown to increase the intracellular cyclic nucleotide level and have a direct role in mouse
fibroblast migration. The effect was more profound, however, on the cAMP level than on the cGMP
level, indicating a higher affinity of ABCC4 for cAMP. In our experiments, we noted that treatment with
MK571 increased the intracellular level of cAMP in HT29 cells. These results demonstrated that ABCC4
was responsible for cAMP efflux in CRC. However, the effect was more pronounced in HT29 cells that
acquired mesenchymal characteristics by Snail overexpression than in control HT29 cells (Figure 3D).
We calculated the intracellular level of cAMP after 24 h of incubation with MK571 and used the cAMP
competitive test (Cyclic AMP ELISA Kit, #581001, Cayman Chemicals). The concentrations of MK571
used were selected from previous reports and did not affect the cellular viability (data not shown) [28].

2.5. ABCC4 Function Is Necessary for Adequate PKA Activity

Intracellular cAMP has a vast repertoire of effectors; among them, the PKA enzyme family is
one of the most studied, and its activity is directly related to serine/tyrosine phosphorylation [29].
Previous reports described a correlation between PKA activity and fibroblast migration [18]. Therefore,
we studied whether inhibition of ABCC4 and cAMP efflux might modulate the PKA activity. HT29 cells
overexpressing Snail were incubated in the presence or absence of MK571 (20 µM for 0, 1, 5, 30,
and 60 min). Next, phosphorylated substrates of PKA (pPKA-Subs) were visualized using Western blot
and phospho-(ser/thr) PKA Substrate Antibody (Cell Signaling) (Figure 3e, Figure S1E). The obtained
results showed that in HT29 cells with Snail overexpression, short incubation (1 and 5 min) with MK571
resulted in an apparent increase in the phosphorylation of 140 kDa proteins. This effect was further
decreased after 30 and 60 min. Additionally, we observed a gradual increase in the phosphorylation
of 42 kDa and 140 kDa proteins, Figure 3F. Changes in the phosphorylation of PKA substrates after
ABCC4 inhibition were not observed in control HT29 cells (Figure 3E, Figure S1E). This observation
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suggests that ABCC4 activity is necessary for the early regulation of PKA activity in cells that acquire
a mesenchymal phenotype and indicates that in CRC, similar to what was observed in fibroblasts,
the inhibition of ABCC4 may increase cell migration.
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Figure 3. ABCC4 protein expression level in CRC cell lines. Western blot performed in standard
reducing SDS PAGE conditions using goat anti ABCC4 (#PA5 18315, Thermo Scientific) and rabbit
anti ABCG2 (#ORB 155559 Biorbyt). (A) Protein expression level of ABCC4 and ABCG2 in HT-29
stably overexpressing transcription factor Snail (HT29/Snail) and control HT-29. ABCC4 level in the
membrane fraction (obtained by biotynylation using EZ-Link Sulfo -NHS-Biotin Thermo Scientific
kit) of HT-29 control cells and HT-29 Snail n = 3. (B) ABCC4 protein expression level in CRC cells
in different states of EMT: CCD841CoN (most epithelial), CaCo-2 (moderate EMT), and Colo-320
(most mesenchymal) n = 3. (C) ABCC4 protein abundance in Extracellular Vesicles (EVs) released from
HT-29 control cells and two HT-29 stably overexpressing transcription factor Snail clones (HT-29/Snail
and HT-29/Snail17), n = 2. (D) Intracellular cAMP level measurement. Accumulation of cAMP in HT29
cells was measured using a cAMP competitive kit (#581001 Cayman Chemical). Cells were incubated
for 24 h with MK571 20 µM, or untreated ones were assayed according to the manufacturer’s protocol.
Calculation were conducted using the Cayman data sheet. cAMP concentration of HT29 was set as 100%.
T-test performed, n = 5; * p < 0.05; ** p < 0.005; *** p < 0.001. NS—not statistically significant. (E) PKA
phosphorylation profile analysis. HT29 Snail cells were seeded on a 6-well plate. Then, 24 h after,
full growth medium was changed into starving (FBS free) medium for 24 h. Next, 20uM of MK571 was
added to cells for 60, 30, 5, and 1 min. Cells without the starving procedure were used as a positive
control, and negative control cells were not treated with MK571. Phosphorylation profile analysis
was performed using phospho-(ser/thr) PKA Substrate Antibody #9621 (Cell Signaling Technology).
Significant time- (exposure) related impact on the phosphorylation profile was observed for 42 kDa
and 95–100 kDa proteins in HT29 Snail cells compared to no time-related changes in control cells,
n = 3. (F) HT-29/Snail PKA phosphorylation profile analyzed with densitometry; statistical significance
estimated using T-test. * p < 0.05; ** p < 0.005; *** p < 0.001. NS—not statistically significant.
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2.6. Analysis of the Migratory Potential of CRC Subtypes Treated with ABCC4 Inhibitor

Given the obtained results, we further evaluated the ability of the cells to migrate in the presence
of MK571. First, we performed a scratch (wound healing-like) assay. One of the major advantages
of this simple method is that it mimics the migration of cells in vivo [30]. We also decided to test the
impact of MK571 on the ability to cross anatomical boundaries using a gelatinolysis assay and transwell
invasion assay, performed as described in our previous papers [14,28,31]. The obtained results indicated
that MK571 increased the motility of both HT29 and HT29 cells overexpressing Snail (Figure 4A,B).
However, the effect of inhibition on cell invasiveness and gelatinolysis activity was detected only
in HT29-Snail cells (Figure 4C,D), suggesting that cells with acquired mesenchymal characteristics
are more prone to ABCC4 inhibition than cells with epithelial characteristics. To confirm this
observation, we investigated the motility of Caco2 cells, which represent an intermediate mesenchymal
phenotype [23,24]. We observed that MK571 also increased CaCo2 migration, as detected in the
transwell migration assay (Figure 4E). Since the wound healing assay is not recommended for this
cell line due to its growth characteristics, we performed this assay using collagen type I-coated 6-well
plates (Corning) that increased cell adhesion, preventing spontaneous detachment. MK571-treated
CaCo2 cells presented a higher migration rate, as measured by faster wound closure than control cells
(Figure 4F).Cancers 2020, 12, x FOR PEER REVIEW 9 of 19 
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Figure 4. MK571 impact on CRC cells migratory abilities. (A) HT29 cells (control or overexpressing
Snail) were grown to confluence on 6 well plate, next, wounded across the cell monolayer.
New medium containing 20 µM MK571 was added. Wounded area was visualized after 0, 2, 4,
6 and 24 h—and presented in using Nikon Eclipse TE 2000-U microscope (Nikon, Japan) and calculated
by ImageJ software [32]. Cell motility was estimated through the quantification of the % of recovery
using the equation: R (%) = [1 − (wound area at Tt/wound area at T0)] × 100,where T0 is the wounded
area at 0 h and Tt is the wounded area after t; n = 3; * HT-29/Snail (w/wo MK571) vs. HT-29 control;
# HT-29/Snail MK571 vs. HT-29/Snail * p < 0.05; ** p < 0.005; *** p < 0.001, NS—no statistically significant.
(B) Representative picture of wound healing assay. (C) Gelatinolysis mediated by HT-29 measured by
in-situ zymography. The pericellular proteolytic abilities of HT-29 were analyzed by a measure of the
increase in FITC fluorescent intensity from digested DQ gelatine relativized to control cells presented
as 100%; n = 3 (D) HT29 cells, transwell assay. Cells incubated for 24 h with MK571 20 µM, or untreated
once were seeded on Matrigel coated transwell inserts in the upper chamber in medium supplemented
with 0.1% bovine albumin serum (BSA) (w/wo 20 µM MK571). Full medium in lower chamber served as
chemoattractant for cell invasion. Membrane were cut out and all cells from membrane were calculated
after 6 h of incubation followed by hematoxylin/eosin staining. Number of control HT-29 cells that
transmigrate into transwell membrane through 8 µM pores covered with Matrigel was set as 100%,
next number of other cells was calculated and presented as % of control. (E) CaCo-2 cells, transwell assay.
Cells were incubated for 24 h with MK571 20 µM, or untreated once were seeded on un-coated transwell
inserts (8 µM pores) in the upper chamber in 2% BSA medium (w/wo 20 µM MK571). Full medium
in lower chamber served as chemoattractant for cell migration. Cells were calculated in randomly
assigned areas after 3 h of incubation followed by hematoxylin/eosin staining. Interquartile range
(Q1–Q3) is shown as gray box with median (Q2) with all data points from all (n = 3) experiments
overlap on the box plot. (F) CaCo-2 cells, wound healing assay. Cells were seeded on collagen coated
6-well plates to full confluence. Next wound was done across cell monolayer, rinsed with phosphate
buffer (PBS) PBS. Next fresh medium w/wo 20 µM MK571 was added. Cells were visualized every
2 h and % of wound enclosure was calculated as in A). * p < 0.05; ** p < 0.005; *** p < 0.001, NS—not
statistically significant.

To extend this analysis, we more comprehensively evaluated the extent that ABCC4 expression
and function correlated with phenotypic transition. We examined the effect of MK571 on endothelial
cells upon endothelial to mesenchymal transition (EndoMT). For this purpose, we used HMEC-1
(microvascular endothelial) cells shifted towards the mesenchymal phenotype, which was broadly
characterized in our previous study [31]. We investigated the migratory ability of HMEC-1 cells with
transient Snail overexpression (Figure 5A–C) or TGFβ stimulation (Figure 5D) in the presence or
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absence of MK571. To omit any noncanonical impact of TGFβ on EndoMT, HMEC-1 cells treated
with TGFβ receptor inhibitor 24 h (SB431542 #1614, Tocris Bioscience, Bristol, UK)) prior to the
experiment were used as a control for the TGFβ-mediated EndoMT (as in our previous study [31]).
The results showed that ABCC4 inhibition increased the migration of endothelial cells that acquire a
mesenchymal phenotype.
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Figure 5. MK571 increased motility of EndoMT undergoing HMEC-1 cells. ABCC4 level in HMEC-1
and HMEC-1 overexpressing Snail cells (HMEC-1/Snail). (A) HMEC-1 were grown to confluence
on 6-well plate, and transiently transfected with pcDNA/Snail and wounded across monolayer as
described in [31]. New medium containing MK571 was added. (B) Representative image of HMEC-1
control or HMEC-1/Snail cells in wound healing assay. (C) Wounded area was visualized after 0,
2, 4 and 6 h using Nikon Eclipse TE 2000-U microscope (Nikon, Japan) and calculated by ImageJ
software [32]. Cell motility was estimated through the quantification of the % of recovery using the
equation: R(%) = [1 − (wound area at Tt/wound area at T0)] × 100,where T0 is the wounded area at 0 h
and Tt is the wounded area after 2 or 4 h. * p < 0.05; ** p < 0.005; n = 3. (D) HMEC-1 treated w/wo
TGF-β receptor inhibitor were grown to confluence on 6 well plate, incubated for 48 h with 10ng/mL
TGF-β2 in starving condition as described in [31 and wounded. Wounded area was visualized and
analyzed as in (C).

2.7. Irinotecan Treatment and CRC Migration

Interestingly, irinotecan, a chemotherapeutic drug for CRC, has a high affinity for ABCC4 and was
demonstrated (through substrate competition with cAMP) to increase cAMP levels at or near the plasma
membrane to levels comparable with the effect of the ABCC family inhibitor MK571 [33]. Irinotecan does
not directly inhibit ABCC4 transport and we assume that the endpoint effect of cAMP-mediated
signaling may be similar. To test this hypothesis, we investigated whether irinotecan affected the
migration of HT29 cells in a manner comparable to that of MK571. First, we established irinotecan
cytotoxicity (IC25 and IC50) for HT29/Snail and control HT29 cells (Figure S1E, Supplementary Materials)
using a WST-1 assay. The obtained results indicated that both HT29 variants presented similar levels
of irinotecan tolerance with IC50 values of approximately 5.5 µM, which corresponds to the literature
data [34]. Finally, we tested the impact of irinotecan on migration. Control HT29 cells and HT29 cells
overexpressing Snail were seeded on 24-well plates for 24 h to reach confluence. Next, wounds were
made across monolayers, the cells were washed with PBS and fresh medium was added w/wo
2.5 µM irinotecan (Figure 6). We decided to use a concentration of 2.5 µM, corresponding to the
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IC25, to avoid increased cytotoxic/cytostatic effects in the scratch assay. We noticed that irinotecan
enhanced migration of HT29 overexpressing Snail, whereas the migration of control HT29 was not
significantly changed. Of note, the most statistically significant increase was observed within the first
8 h of irinotecan supplementation.
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Figure 6. Irinotecan affects CRC migration. HT29 control and HT29/Snail cells were seeded on
24 well plate to confluence for 24 h. Next, wound was done across monolayer and fresh medium was
added w/wo 2.5 µM irinotecan (final concentration). Wounded area was visualized after every 2 h by
Spark multimode microplate reader (TECAN, Swizerland). Wounded area was calculated by ImageJ
software [32]. Cell motility was estimated through the quantification of the % of recovery using the
equation: R(%) = [1 − (wound area at Tt/wound area at T0)] × 100,where T0 is the wounded area at
0 h and Tt is the wounded area after 2 or 4 h. * p < 0.05; ** p < 0.005, NS—no statistically significant
(all HT29 control vs HT29 control + 2.5 µM irinotecan were considered NS), n = 3.

3. Discussion

During the multistep progression of carcinomas that are initially benign, epithelial cells acquire a
few distinctly mesenchymal traits that confer to them the ability to invade adjacent tissues and then
disseminate to distant tissues. Much of this phenotypic progression towards increased invasiveness
depends on the activation of the EMT [5]. Experimental and clinical studies have shown that EMT is an
important regulator of ABC protein expression, the active transporters of a broad range of anticancer
drugs and the expression of ABC transporters change continuously during EMT [9,10]. We found
a correlation between this phenotypic conversion and ABCC4 protein upregulation in HT29 cells
overexpressing Snail; thus, in the current study, we propose that ABCC4 protein expression and
function are related to epithelial reprogramming in CRC [14]. To support our hypothesis, we first
analyzed the ABCC4 expression levels in CRC tissue. Our analysis of GEO sets showed that ABCC4
expression was elevated in CRC patient samples compared to normal colon tissue. Further analysis of
the same datasets revealed increased expression of mesenchymal markers and decreased expression of
E-cadherin in patient samples. We also found a positive correlation between ABCC4 expression and
TGFβ1/2 receptors and its ligand TGFβ2, which were shown to be involved in epithelial conversion
induction in cancers. Clinically, ABC transporters were the first and most studied mechanism of
resistance associated with MDR. Interestingly, to date, ABCG2 has been recognized as the main drug
efflux protein in CRC [21]. Several studies have shown that ABCG2, through its function in xenobiotic
clearance, might play an important role in irinotecan resistance. However, other studies comparing the
expression of ABCG2 mRNA in normal colon tissue and tumor tissue showed a decreased expression in
tumor tissue. The latter data suggest that primary colon cancer cells exhibit an initial downregulation of
ABCG2 mRNA expression [22]. Our results clearly indicated that ABCC4 is a prevalent drug transporter
in tumors in which ABCG2 is downregulated. We showed that HT29 lines overexpressing Snail,
which represent a CRC model in the early stages of phenotype conversion, exhibited an upregulated
ABCC4 expression and concomitant downregulated ABCG2 expression. These results correspond to
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microarray data (GEO) from patient samples. We found that ABCC4 was significantly upregulated
while ABCG2 was downregulated in primary tumors compared to normal colon tissues. These data
support the hypothesis that CRC may depend on several drug transporters, specifically regulating
their expression and executing their function during cancer progression from primary to metastatic
disease. Nevertheless, the ABC transporter mRNA expression may have limited reliability with
respect to protein function. A very limited number of studies describing the association between the
transcriptional and protein overexpression of ABC transporters in cancers have been published [35].
The correlation between the level of ABC proteins and their transporter function in cancers remains
to be proven as well. In CRC, the significance of ABCG2 protein measurement in predicting clinical
resistance to irinotecan in patients was examined. ABCG2 protein expression analyzed by IHC showed
that ABCG2-positive cells were mainly positioned in the front of the carcinomatous tissue (the invasion
front), and strong membranous staining was significantly correlated with a higher Dukes’ stage,
more lymph nodes, and the presence of distant metastases [36]. However, the role of ABCG2 as a
prognostic factor or predictor of irinotecan efficacy in CRC is not well established. The few studies
available seem to report discordant results mainly due to the lack of validated assays and standardized
reference values for IHC protocols [21,22]. This lack of consistency may also be a result of either cancer
heterogeneity and/or an incomplete understanding of the biological role of ABC transporters in cancer
progression. In view of the above, the analysis of the mRNA and protein expression levels of specific
ABC transporters in relation to their transporter function in various cancer cell subpopulations may
have clinical value.

ABCC4 is unique among ABC transporters since its different locations (basolateral/apical
membranous versus cytoplasmic) may fundamentally influence its transport function. To date,
the mechanism of ABCC4 cellular trafficking has not been elucidated; however, changes in ABCC4
expression led to changes in its localization and function [31–34]. It is widely accepted that ABC
transporters can bind their substrates either from the surroundings of the plasma membrane or
intracellular vesicles and transport them out of the cell directly to the external milieu [33,37]. Our results
showed a higher level of ABCC4 in the plasma membrane fraction and in EVs from two clones of HT29
cells stably overexpressing Snail, suggesting that the level of ABCC4 expression in CRC determines its
functional localization in tumor cells.

To further explore the role of the ABCC4 transporter in CRC progression, we confirmed that
ABCC4 upregulation is correlated with the phenotype conversion process in CRC. We measured the
ABCC4 protein level in CRC cell lines representing various phenotypes from epithelial to intermediate
mesenchymal to strongly mesenchymal. All of these cell lines were either directly derived from primary
colorectal cancers of different clinical stages and differentiation grades [25]. We believe that all the lines
with clearly defined genetic backgrounds—i.e., methylation and epigenetic status—the occurrence
(or not) of KRAS, BRAF, SMAD4, and other mutations were the best experimental models to identify the
particular ABCC4 expression status in CRC to mimic a patient-specific approach. ABCC4 expression
analysis in those lines showed that cells with an epithelial phenotype (CCD841CoN) expressed less
ABCC4 than cells with an intermediate or a strongly mesenchymal phenotype (CaCo-2 and Colo-320,
respectively). The highest expression of ABCC4 was observed in Colo-320 cells, strongly mesenchymal
cells with the strongest expression of the EMT signature and the highest propensity to local invasion in
the analyzed group of cells. These results confirmed that the ABCC4 expression is related to phenotypic
transition in CRC.

In addition to xenobiotic efflux, ABCC4 was shown to control the export of endogenous signals,
such as cyclic nucleotides and prostaglandins, and their cellular concentration; therefore, ABCC4 plays
an important role in other processes. Platelet aggregation, retinal neovascularization, CFTR-mediated
secretory diarrhea and fibroblast migration are partially related to ABCC4 transport activity [37].
Among the endogenous substrates of ABCC4, cAMP and cGMP play important roles in the signaling
pathways at various stages of the cell migration process, either directly or by activating their
corresponding kinases. As ABCC4 was shown to have a higher affinity for cAMP, we tried to
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monitor the effect of ABCC4 inhibition on the intracellular cAMP levels to further evaluate the
significance of ABCC4 protein in CRC progression. We noted that treatment with MK571 increased the
intracellular level of cAMP in HT29 cells. However, the effect was more pronounced in HT29 cells that
mesenchymal characteristics acquired by Snail overexpression.

The cAMP-PKA pathway is the most relevant mechanism to the outcome of ABCC4 expression.
Localized increases in cAMP concentration and cAMP-dependent PKA at the leading edge both
play pivotal roles in ensuring the polarity of migrating cells [28,29]. The polarized activation of
the cAMP-dependent kinase PKA is not only an essential early step for directional cell migration
but is also involved in actin polymerization and cytoskeleton dynamics regulation. We observed
that inhibition of ABCC4 increased the intracellular level of cAMP and modulated PKA activity and
phospho-serine/tyrosine levels in HT29 cells overexpressing Snail. The diversity of PKA substrates
permits the regulation of multiple signaling events based on the subcellular localization of PKA [38].
Studies have shown that at the leading edge, PKA activates small GTPases, such as Rac and Cdc42,
which are important for lamellipodia and filopodia formation, respectively, during cell migration [39].
Phosphorylation-activated Rac induces the WASP/WAVE-mediated activation of Apr 2/3 and promotes
the formation of dendritic actin network-containing lamellipodia [40]. Additionally, the PKA-dependent
phosphorylation of VASP can regulate actin polymerization and hence can control protrusion formation
during cell migration. [41].

This observation prompted us to validate the effect of ABCC4 inhibition on cell motility.
The obtained results confirmed that HT29 cells with acquired mesenchymal characteristics (by Snail
overexpression) are more prone to ABCC4 inhibition, which leads to an increase in the migratory
and invasive properties of cells. The same effect—i.e., an increase in migration—was shown in the
CaCo-2 line, classified as an intermediate mesenchymal phenotype. Thus, our results showed that
in CRC, similar to what was observed in fibroblasts, ABCC4 can regulate cell migration in a cyclic
nucleotide-dependent manner. However, the intracellular cyclic nucleotide level is controlled not only
by the process involving active efflux transport from the cell but also by phosphodiesterase-mediated
hydrolysis. In fibroblasts, the inhibition of ABCC4 function through MK571 treatment or gene
knockout showed that the intracellular cAMP level was moderately regulated by ABCC4 near the
leading edge of the cells, whereas forskolin and PDE inhibitors strongly elevated the cAMP level
inside the cells. Therefore, ABCC4 regulates fibroblast migration through the spatial resolution of
cAMP signaling and localized PKA activation at the cell front [18]. Similarly, ABCC4 was shown to
modulate the compartmentalization of cAMP signaling in a colon adenocarcinoma cell lines (HT29 and
T84), and ABCC4 inhibition with MK571 leads to the accumulation of cAMP at or near the plasma
membrane. Interestingly, irinotecan, a first- and second-line chemotherapeutic drug for CRC, was also
demonstrated to increase the cAMP levels at or near the plasma membrane to levels comparable to the
effect of MK571 in mouse intestinal epithelial cells and human CRC cells [33]. This observation raises
the question of whether irinotecan increases the migration rate in CRC cells with a specific phenotype
and ABCC4 expression level. Since irinotecan has been reported to be a potential substrate for ABCC4,
we reasoned that these drugs, through substrate competition with cAMP, may also elevate intracellular
levels of cAMP and increase cell migration and ultimately cancer dissemination. Our results confirmed
the above assumption: irinotecan increased CRC migration, and the effect was more pronounced in
cells with mesenchymal characteristics.

Taken together, our results indicated that the pharmacological inhibition of ABCC4 regulates
cAMP signaling and PKA activity and increases the migratory rate and invasive protrusion formation
in CRC. Thus, during the use of ABCC4 inhibitors to reduce chemotherapy resistance or drugs
that are potential substrates of ABCC4, the indirect effect on cancer metastasis should be taken
into consideration and may be important in selecting a therapy scheme for individual patients.
However, the involvement of ABCC4 protein in cell migration is ambiguous. The siRNA silencing
of ABCC4 in human retinal microvascular endothelial cells (HRECs) enhanced their migration [42],
while pharmacological inhibition of ABCC4 activity or downregulation through RNAi in dendritic
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cells (DCs) resulted in the reduced migration of DCs [43]. The ambiguous role of cyclic nucleotides
in cell migration should also be considered. This observation suggests that various intracellular
mechanisms may be responsible for ABCC4 involvement in migration and that the ABCC4 function
may be cell type-dependent.

As tumor heterogeneity is accepted and heterogeneity seems particularly pronounced in CRC,
patient-derived material analysis is required to further increase the translatability of our findings.
The single-cell sequencing of normal tissues, primary tumors, circulating tumor cells, and metastases,
combined with cellular analyses and functional validations, will reveal the role of ABCC4 protein in
the diverse responses of CRC patients to therapy.

4. Materials and Methods

4.1. Patients Samples Analysis.

Microarray profiles and datasets of primary CRC were acquired from the public Gene
Expression Omnibus (GEO) databases—National Center for Biotechnology Information (NCBI),
U.S. National Library of Medicine 8600 Rockville Pike, Bethesda MD, 20894 USA [20] with the
following entries: GSE18105, GSE44861, and GSE32323 (Affymetrix Human Genome U133 Plus 2.0
platform). [20] GSE18105 consisted of 110 samples, GSE44861 consisted of 111 samples, and GSE32323
consisted of 34 samples. For each dataset, samples were divided into two defined groups: colon cancer
samples (c) and normal colon samples (n)—and the number of analyzed samples in each group was as
follows: GSE18105: nc = 94, nn = 16; GSE44861: nc = 56, nn = 55; GSE32323 nc = 17 nn = 18. Next,
the obtained data were analyzed using the same microarray ID for each mRNA in every dataset
(e.g., 203196_at for ABCC4 analysis). Data were presented as box charts, with the median and all the
data points depicted. Statistical analysis was performed using BioVinci version 1.1.5 developed by
BioTuring Inc., San Diego, CA, USA, [44]

4.2. Cell Culture

Colon cancer cell lines and dermal microvascular endothelium were obtained from American
Type Culture Collection (Manassas, VA, USA) and cultured: HT29 and HT29/Snail in McCoy’s 5A
medium (LifeTechnologies, Waltham, MA, USA), COLO-320 in RPMI-1640, CCD 841 CoN and CaCo-2
in Eagle’s Minimum Essential Medium (EMEM), HMEC-1 in MCBD-131 medium (Life Technologies,
Waltham, MA, USA), all supplemented with 10% FBS (LifeTechnologies, Waltham, MA, USA) and
antibiotics—streptomycin and penicillin (Sigma-Aldrich, St. Louis, MO, USA), primocin (Invivogen,
San Diego, CA, USA) in a 90–95% humidified atmosphere of 5% CO2. HMEC-1 were additionally
supplemented with EGF, hydrocortisone, and L-Glutamine (Sigma-Aldrich, St. Louis, MO, USA).
The cells were periodically tested for mycoplasma every 4 weeks using the PlasmoTest (Invivogen,
San Diego, CA, USA).

4.3. Western Immunoblotting

Proteins isolated from HT-29 cells were extracted with NP-40 lysis buffer (50 mM Tris, pH 8.0,
containing 1% Nonidet-Igepal, 150 mM NaCl, 5 mM EDTA) with the Halt protease inhibitor
cocktail (Thermo Scientific, Waltham, MA, USA), and the soluble protein fraction was collected
through centrifugation. The protein concentrations in the cell lysates were measured with the
BCA method (Pierce/Thermo Scientific, Waltham, MA, USA) and were equalized between samples.
The protein extracts were subjected to SDS-PAGE analysis and were electro transferred onto PVDF or
nitrocellulose membranes (BioRad, Hercules, CA, USA) followed by immunodetection goat anti human
ABCC4 #PA5-18315 (Thermo Fisher Scientific), rabbit anty human ABCG2 #ORB155559 (Biorbyt).
The control-mouse rabbit anti-α-tubulin antibody conjugated with HRP (NB100-690H) was obtained
from Novus Biologicals (Centennial, CO, USA) and used as a loading control. Detection was performed
using secondary HRP-conjugated antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) followed
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by incubation with an enhanced chemiluminescence kit (Thermo Scientific, Waltham, MA, USA) and
development with Kodak BioMax Light Film (Eastman Kodak, Rochester, NY, USA).

4.4. Biotinylation of Cell-Surface Proteins

HT29 cells were seeded on 75 cm2 bottles. After reaching 80% confluence, they were washed
3×with PBS pH 8.0. Next, 2.5 mL freshly made of 2mM biotin (EZ-Link Sulfo -NHS-Biotin Thermo
Scientific, Waltham, MA, USA) solution in pH 8.0 PBS was added for 2 h 4 ◦C. Next, biotin solution was
aspirate and cells were washed 3×with cold TBS pH 7.4 solution, then cells were lysed for 30 min using
M-PER™ Mammalian Protein Extraction Reagent #78501 (Thermo Scientific, Waltham, MA, USA),
centrifuged (20 min, 4 ◦C) and supernatant were collected and diluted to 1 mg/mL of total proteins.
To 1ml of sample, 100 µL of streptavidin agarose slurry was added and incubated overnight at 4 ◦C on
a rocky platform. Agarose/sample was centrifuged and the pellet was washed 4x with lysis solution.
Finally, 80 µL of Laemmli buffer supplemented with 2 βME was added and incubated for 10 min at
95 ◦C, and next the samples were analyzed by SDS-PAGE and Western blot using Ab anti ABCC4

4.5. cAMP Level Measurement

A cAMP level analysis was performed using the cAMP competitive Kit (#581001 Cayman Chemical,
Ann Arbor MA, USA). Cells incubated for 24 h w/wo 20 µM MK571 were treated with 0.1M HCl for
20min in RT and assayed according to the manufacturer’s protocol. Calculation was performed using
data sheet provided by the Cayman. The cAMP concentration of HT29 control cells was set as 100%,
and next all the obtained data were recalculated as the % of control.

4.6. Wound Healing (Scratch) Assay

Cells were seeded on 6-well plate or 24-well pate and were grown to confluence; with a 20 µL
pipette tip and rinsed twice with PBS. New medium w/wo tested chemical compound was added.
The wounded area was visualized after every 2 h using Nikon Eclipse TE 2000-U microscope (Nikon,
Japan) or Spark® multimode microplate reader (TECAN, Switzerland)). Wound area was calculated
by ImageJ software. Cell motility was estimated through the quantification of the % of recovery using
the equation: R (%) = [1 − (wound area at Tt/wound area at T0)] × 100,where T0 is the wounded area
at 0 h and Tt is the wounded area after th.

4.7. Fluorescent Dequenching (DQ) Gelatine Assay

The surface of 24-well plates was coated with 250 µL 0.1 mg/mL DQ gelatine (Life Technologies,
Waltham, MA, USA) overnight at 4 ◦C and then washed 3×with PBS. Then, 1 × 105 cells/well were
added for 24 h to earlier prepared DQ gelatine-coated dishes in full medium supplemented w/wo
20 µM MK571. FITC fluorescence generated by the cleavage of DQ gelatine was measured using a
Thermo Labsystem Fluoroscan Ascent reader (ThermoFisher Scientific, Waltham, MA, USA) fitted with
FITC excitation and emission filters. Data are presented as the percent of increase above background
fluorescence (100%) observed in the control HT-29.

4.8. Trans-Well Invasion and Trans-Well Migration Assays

HT-29 control or HT-29/Snail cells were treated with 20 µM of MK571 for 24 h. Then, cells were
trypsinized, washed twice with medium, and transferred (2.5 × 104 cells/chamber) to the upper
chamber of Nunc™ Cell Culture Inserts (transwell) 8.0 µm pore diameter (#141006) covered with BD
Matrigel (2 h, 0.6 mg/mL of Matrigel—75 µL) for 6 h in 0.1% BSA medium—supplemented w/wo
MK571. Full medium in lower chamber was used as chemoattractant. Next, the medium and the
Matrigel from the top surface of the membrane was removed, invaded cells on the bottom surface of
the membrane were washed 2×with PBS, then fixed for 5 min with 96% ethanol at 4 ◦C. Cells were
dyed at RT as follows: 6 min—hematoxylin, 1 min—1% eosin. Finally, membranes were cut out
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from chambers, placed on microscope glass and number of cells that migrate into the membrane
was counted. CaCo2 cells incubated for 24 h with (MK571 20 µM) or untreated once were seeded on
un-coated trans-well inserts (8 µM pores) in the upper chamber in 2% BSA medium (w/wo 20 µM
MK571). Full medium in the lower chamber served as chemoattractant for cell migration. Cells were
calculated in randomly assigned areas after 3 h of incubation followed by hematoxylin/eosin staining.
Minimal and maximal cell counts are shown as the lower and upper extremes by respective whiskers.

4.9. PKA Phosphorylation Assay

Cells were seeded on a 6-well plate (5 × 105/well). After 24 h, full growth medium was changed
into starving (FBS free) medium for 24 h. Next, 20 µM of MK571 was added to cells for 60, 30, 5,
and 1 min. Cells without starving procedure were used as positive control, and cells not treated with
MK571 were used as negative control. After washing with PBS, cells were lysed, and SDS/PAGE and
Western blot were performed using phospho-(ser/thr) PKA Substrate Antibody #9621 (Cell Signalling,
Technology, Danvers, MA, USA).

4.10. WST-1 Cell Viability and Proliferation Assay

A total of 2 × 104 cells per well were seeded on 96-well plate and left for 24 h. Next, 100 µL of
fresh medium was added containing irinotecan to a final concentration of 0, 5, 25, 50, 100 µM. Next,
after 48 h of incubation 10 µL of WST-1 reagent (ScienCell, Research Lab., Carlsbad, CA, USA) freshly
made, #8038 was added for 2 h. Calculation of cell viability was done by OD450nm- OD630nm using the
Spark multimode microplate reader.

4.11. Statistical Analysis

All the experiments were repeated at least three times and the results were expressed as mean
± standard deviation (SD). Statistical evaluation was performed using normality test (Shapiro–Wilk)
followed by T-Student test (for normally distributed data) or Mann-Whitney U test (for not normally
distributed data). Calculation and graphs were performed using BioVinci version 1.1.5 developed
by BioTuring Inc., San Diego, CA, USA, [44]. p values < 0.05 were considered statistically significant
for all analyses: * p < 0.05; ** p < 0.005; *** p < 0.001, NS—not statistically significant. Pearson’s
linear correlation and Spearman correlation (Supplementary Materials) analysis were performed to
analyze the correlation between TGFβ1/2 and TGFβR1/2 in CRC tissues with Pearson correlation
coefficient (PCC): 0–0.25 no PCC, 0.25–0.5 low PCC, 0.5–0.75 moderately PCC, 0.75–1 strong PCC.
Data density distribution is presented in Supplementary Materials, Figure S2 was produced using
SinaPlot server [45].

The densitometry analysis of WB were performed with n = 3 (ABCC4/ABCG2 protein,
PKA substrates) or n = 2 (EV’s analysis) biological replicates. All the functional tests were performed
in triplicate with n = 3 of biological replicates.

5. Conclusions

During the use of ABCC4 inhibitors to reduce chemotherapy resistance or drugs that are potential
substrates of ABCC4, the indirect effect on cancer metastasis should be taken into consideration and
may be important in selecting a therapy scheme for individual patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3547/s1:
Figure S1 (A) Comparison of Pearson’s and Spearman’s correlation values (B) Relative densitometry quantification
of ABCC4/ABCG2 protein expression level in HT29. (C) Relative densitometry quantification of ABCC4 protein
expression level in various CRC cells lines. (D) Relative densitometry quantification of ABCC4 abundance in
HT29 cells EVs. (E) Representative films of phosphorylation profile of PKA substrates after ABCC4 inhibition.
(F) Irinotecan cytotoxicity (IC25 and IC50) for HT29/Snail and control HT29 cells. (G) representative images of
wound healing of HT-29 control. Figure S2. Data density distribution produced with SinaPlot tools. Figure S3.
Original Western Blots.
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Simple Summary: Recently, the antiprogestin activity of selective progesterone receptor (PR)
modulator mifepristone (MF) has proven unsuccessful as a potential anti-cancer agent in various
clinical trials. Herein, we analyzed the effects of MF treatment on Leydig cell tumor (LCT) progression
in a transgenic mouse model (inhibin-αpromoter-driven SV40 T-antigen), as well as on the proliferation
of two Leydig tumor cell lines. MF significantly stimulated the proliferation of LCT in vitro. Similarly,
a 1-mo MF or P4 treatment stimulated LCT tumor growth in vivo. Only the abundant membrane
Pgrmc1 expression was found in LCTs, but no other classical Pgr or nonclassical membrane PRs.
Functional analysis showed that PGRMC1 is required for MF and P4 to stimulate the proliferation and
invasiveness of LCTs. Our findings provide novel information that the use of MF as an anti-cancer
agent should be considered with caution due to its potential PGRMC1 tumor-promoting pathway
activation in cancers.

Abstract: The selective progesterone receptor modulator mifepristone (MF) may act as a potent
antiproliferative agent in different steroid-dependent cancers due to its strong antagonistic effect
on the nuclear progesterone receptor (PGR). Hereby, we analyzed the effects of MF treatment on
Leydig cell tumor (LCT) progression in a transgenic mouse model (inhibin-α promoter-driven SV40
T-antigen), as well as on LCT (BLTK-1 and mLTC-1) cell proliferation. MF significantly stimulated
the proliferation of LCT in vitro. Similarly, a 1-mo MF or P4 treatment stimulated LCT tumor
growth in vivo. Traceable/absent classical Pgr or nonclassical membrane PRs α, β, γ and Pgrmc2,
but abundant membrane Pgrmc1 expression, was found in LCTs. MF did not activate glucocorticoid
or androgen receptors in LCTs. Functional analysis showed that PGRMC1 is required for MF and P4
to stimulate the proliferation and invasiveness of LCTs. Accordingly, MF and P4 induced PGRMC1
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translocation into the nucleus and thereby stimulated the release of TGFβ1 in LCT cells. MF and P4
treatments upregulated Tgfbr1, Tgfbr2, and Alk1 expression and stimulated TGFβ1 release in LCT cells.
Our findings provide novel mechanistic insights into the action of MF as a membrane PR agonist that
promotes LCT growth through PGRMC1 and the alternative TGFβ1 signaling pathway.

Keywords: leydig cell tumor; mifepristone; progesterone; progesterone receptors; TGFβ; PGRMC1

1. Introduction

Mifepristone (MF, RU486), classified as a selective progesterone receptor (PR) modulator (SPRM)
shows strong antagonistic activity on the nuclear progesterone receptor (PGR), but depending on
different PGR isoforms may also act as an agonist [1]. Recently, the antiprogestin activity of MF
has proven unsuccessful as a potential anti-cancer agent in various clinical trials (such as ovarian,
breast, nervous system, prostate, ovarian, and bone cancers) [2–7]. On the contrary, MF has been shown
to significantly inhibit the growth of cancer cells in vitro with different PGR expression profiles [8].
The actions of progesterone (P4) may be mediated by PGRs in the genomic way, but also through
mPRs α, β and γ, as well as PGRMC1 and PGRMC2 in a rapid non-genomic way [9]. The PR type
that may be involved in mediating the MF effect in different cancers still remains unknown [8,10–12].
Recently, we have shown that MF and P4 could induce similar agonistic effects in ovarian cancer in the
absence of classical PRs. Moreover, we showed MF treatment of ovarian cancer was ineffective due to
its agonistic PGRMC1 action that enhanced the tumor growth [13].

Testicular tumors account for 1% of all tumors in males [14], although they are a common
malignancy in men between 15 and 35 years of age [15,16]. Approximately up to 3% of all testicular
tumors are believed to represent Leydig cell tumors (LCTs) [17], although a recent study showed that
LCTs are more frequent than generally believed and associated with male infertility, cryptorchidism,
and gynecomastia [18]. LCTs are usually clinically benign, but about 10% of the reported cases reveal
a malignant phenotype [19]. LCTs have been shown to secrete steroids that can locally regulate
tumor growth [20,21]. Although the expression of PGRs in the male reproductive system has been
demonstrated [22] the exact role of P4 in the regulation of testicular function is still poorly understood.
Early studies demonstrated expression of nuclear PGRs in rat Leydig cells (LCs) [23,24]. In human
testis, PGRs have been detected in LCTs and LCs hyperplasia, as well as in traceable amounts in
normal LCs [25–27]. Recently, it has also been reported that P4 with transforming growth factor β1
(TGF-β1) may increase cell proliferation of mouse LCs [28]. Additionally, P4 stimulates steroidogenic
acute regulatory protein (StAR) expression in MA-10 cells [29]. In mouse LCTs (mLTC-1) cell line,
P4 significantly inhibited luteinizing hormone receptor (LHR) expression and function. Presumably
it was through their membrane PR (mPR), as mLTC-1 cells did not express classical PGRs [24,30].
Interestingly, the disruption of α and β PGR isoforms did not affect male fertility [31,32], which may
suggest a non-classical P4 pathway activation in LCs. Therefore, further studies are needed to analyze
the P4-PR interaction and P4 signaling pathways involved in the regulation of normal and tumorous
LC function.

In the present study, we took advantage of P4 and MF treatments in a transgenic mouse
model expressing Simian Virus 40 T antigen under the inhibin α promoter (Inhα/Tag) that develops
endocrinologically active LCTs by five months of age with 100% penetrance [33,34]. The onset of
LCTs in Inha/Tag TG mice corresponded with increased serum levels of P4, decreased gonadotropin
concentrations, and an increased number of P4-secreting tumor cells in the gonads [33,35]. For in vitro
MF/P4 treatment experiments, we used an immortalized murine LCT cell line (BLTK-1) derived from
the Inhα/Tag TG mice and another murine LCT cell line (mLTC-1) [36]. Our goal was to study the
molecular mechanisms underlying the MF and P4 action on LCTs and to characterize their nuclear and

186



Cancers 2020, 12, 3263

membrane PR expression profiles, as well as the MF pharmacokinetics in vivo and the MF metabolite
effects on LCT proliferation in vitro.

2. Results

2.1. MF Achieves Low µM Serum Concentrations in Inhα/Tag Mouse Serum

Earlier pharmacological studies on MF have shown that MF and its metabolites (N-demethyl,
Di-demethyl, and 22-hydroxy MF) achieve only a low µM serum concentrations in humans [37,38].
We evaluated the levels of MF and its metabolites in Inhα/Tag TG mouse serum. The MF pharmacokinetics
was measured following a single-dose i.p. injection of 1 mg/kg or 10 mg/kg MF. The peak MF
concentrations after 4 h reached 0.024 µM and 0.32 µM following the 1 mg/kg or 10 mg/kg doses,
respectively (Figure S1A,B). MF was metabolized by hydroxylation and demethylation. The peaks of
hydroxylated MF, mono- and di-demethylated MF were observed at 5 hours after injection and achieved
0.04, 0.009, and 0.015 µM, and 0.35, 0.135, and 0.218 µM for the 1 mg/kg or 10 mg/kg doses, respectively.

2.2. MF and P4 Treatmenst Affect Leydig Tumor Cell Proliferation In Vitro

We analyzed the effects of MF (0.01–25 µM concentration) and P4 (0.003–3 µM concentration) on
the proliferation of two independent Leydig tumor cell lines, BLTK-1 and mLTC-1. Low levels, up to
5 µM of MF (Figure 1A, Figure S2A), as well as 0.03 µM of P4 in BLTK-1, and 0.03 µM and 0.3 of P4 in
mLTC-1, increased cell proliferation (Figure 1B, Figure S2B), whereas the higher doses of MF, but not
of P4, significantly inhibited the cell proliferation in both cell lines. N-demethyl MF at a concentration
of 17.5 µM significantly stimulated cell proliferation, whereas the other MF metabolites (Di-demethyl
and 22-hydroxy MF) did not affect the BLTK-1 cell proliferation (Figure 1C). We also found that MF
treatment did not inhibit the P4-enhanced proliferation of BLTK-1 cells (Figure 1D).

Furthermore, we found that the translocation of the cell death marker protein HMGB1 from the
nucleus to the cytoplasm occurred at 17.5 µM MF, but not at 5 µM MF (Figure 1E,F), proving that the
lower doses of MF do not induce cell death.

2.3. MF and P4 Stimulate Leydig Cell Tumor Growth In Vivo

To analyze the effects of MF and P4 on tumor growth in Inhα/Tag TG mice we chose 10 mg/kg of
MF, corresponding to the dose used in clinical trials and another dose of 1 mg/kg of P4. The Inhα/Tag
TG mice treated with these doses of MF and P4 shown increased testis weights (Figure 2A).

Histopathological analyses demonstrated in non-treated LCTs severe cellular atypia, only a few
peripheral tubular structures with spermatogenic cells up to elongated spermatids and in some regions
rapid tumor growth with necrosis (Figure 2B). The P4- and MF-treated LCTs showed overall destroyed
histological morphology with blood-filled cavities, infiltrating lymphocytes, and with almost no normal
testicular structures left (Figure 2D,F). We confirmed LCT progression after MF and P4 treatment by
increased Ki67-positive cells to 60–80% vs. 40% in the non-treated group (Figure 2C,E,G).

We also analyzed the hormonal profiles after the treatments. P4 (1 mg/kg) treatment significantly
decreased LH (Figure 2H) and increased serum P4 levels (Figure 2I). Both treatments increased
serum inhibin B level (Figure 2J). Additionally, MF and P4 down-regulated the Lhcgr expression level
(Figure S3).

2.4. MF and P4 Stimulate Leydig Cell Tumors Proliferation and Invasiveness through Pgrmc1, Independently of
Their Glucocorticoid Receptors

We have characterized the expression profile for all PRs in BLTK-1 and mLTC-1 cells as well as
Inhα/Tag LCTs (Figure 3A–L, Figure S4, and Table S1). The Pgr expression level was low in non-treated
LCTs (Figure 3A).
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Figure 1. Proliferation of BLTK-1 cells with MF, P4 or MF metabolite treatments. Effects of
MF (A), P4 (B), the 22-hydroxy, N-demethyl and Di-demethyl MF metabolites (C) and MF with
P4 (D) on BLTK-1 cells proliferation after 72 h treatments, measured by MTT and BrdU assay.
Light microscopy images of BLTK-1 cells after 5 µM or 17.5 µM MF treatment (E). Immunolocalization
of HMGB1 protein after 5 µM or 17.5 µM MF treatment of BLTK-1 cells (F). The proliferation
level of the treated groups is presented as the percentage of control proliferation, considered
as 100%. Asterisks indicate significant differences between the control and treated groups
(*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.). Scale bar, 20 µm. Di-demethyl MF,
(11β,17β)-11-(4-Aminophenyl)-17-hydroxy-17-(1-propyn-1-yl)-estra-4,9-dien-3-one; 22-hydroxy MF,
(11β,17β)-11-[4-(Dimethylamino)phenyl]-17-hydroxy-17-(3-hydroxy-1-propyn-1-yl)-estra-4,9-dien-3-one;
Inhα/Tag mice; transgenic mice expressing the SV40 Taq oncogene under the inhibin α promoter; MF,
mifepristone; N-demethyl MF, (11β,17β)-17-Hydroxy-11-[4-(methylamino)phenyl]-17-(1-propyn-1-yl)-
estra-4,9-dien-3-one; P4, progesterone.
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Figure 2. Treatment of Inhα/Tag TG mice presenting Leydig cell tumors and post-treatment hormonal
values. Total testicular tumor weights (mean ± SEM) of control, MF-treated and P4-treated Inhα/Tag
TG mice (A). Analyses of the control histopathology (B), control Ki-67 staining (C) MF-treated
histopathology (D), MF-treated Ki-67 staining (E) P4-treated histopathology (F) and P4-treated Ki-67
staining (G) Inhα/Tag TG mice. Serum concentrations (mean ± SEM) of LH (H), P4(I), and inhibin B
(J) of the non-treated (vehicle) (control), MF-treated and P4-treated Inhα/Tag TG mice. White arrow
heads indicate tubular structure (B), black arrow heads necrotic area (B), blue arrow heads blood-filled
cavities (F). Asterisks indicate significant differences between non-treated and treated groups (*, p < 0.05;
**, p < 0.01; ***, p < 0.001). Scale bar, 100 µm. C, control; Inhα/Tag TG mice; transgenic mice expressing
the SV40 Taq oncogene under the inhibin α promoter; MF, mifepristone; P4, progesterone.

The MF and P4 treatments significantly increased Pgr expression in LCTs (Figure 3A) but did not
affect the expression of any of the membrane PR (Paqr5, Paqr7, Paqr8, Pgrmc1, Pgrmc2) (Figure 3B–F).
Immunohistochemical studies demonstrated a weak expression of Pgr (Figure 3G–I) but abundant
Pgrmc1 in non-treated, MF-, and P4-treated LCTs (Figure 3J–L). BLTK-1 cells expressed all types of PRs
at the mRNA level, however the expression of PGR and mPRγ at the protein level was weak (Figure S4,
Table S1). No Pgr and weak mPRγ expression was detected in mLTC-1 cells (Figure S4, Table S1).

To analyze whether PGRMC1 is involved in MF or P4 actions in LCTs, we treated BLTK-1 cells with
the PGRMC1 inhibitor AG-205, which inhibited both MF- and P4-stimulated BLTK-1 cells proliferation
(Figure 4A).

The PGRMC1 inhibitor cotreatment significantly decreased BLTK-1 cell proliferation compared
to the control group (Figure 4A). Moreover, the PGRMC1 inhibition significantly reduced MF- and
P4-induced BLTK-1 cell invasion (Figure 4B). We also studied the nuclear translocation of PGRMC1
after the MF and P4 treatments in BLTK-1 cells (Figure 5A–F). MF and P4 treatments induced the
translocation of PGRMC1 to the nucleus (Figure 5B,C), whereas PGRMC1 blockage abolished PGRMC1
nuclear translocation in BLTK1 cells (Figure 5D–F).
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Figure 3. Pgr gene profiling in MF- and P4-treated transgenic Inhα/Tag TG mice and BLTK-1 cells
proliferation and invasion. qPCR analysis of Pgr (A), Pgrmc1 (B), Pgrmc2 (C), Paqr7 (mPRα) (D), Paqr8
(mPRβ) (E), and Paqr5 (mPRγ) (F) expression in the non-, MF- and P4-treated tumors of Inhα/Tag
TG mice. Each bar represents the mean ± SEM relative to Ppia. Immunohistochemical staining of
PGR in the control (G), MF-treated (H) and P4-treated (I) tumors and of PGRMC1 in control (J),
MF-treated (K) and P4-treated (L) LCTs of Inhα/Tag TG mice. Scale bar, 100 µm. Asterisks indicate
significant differences between the control and treated groups (**, p < 0.01). C, control; Inhα/Tag TG
mice; transgenic mice expressing the SV40 Taq oncogene under the inhibin α promoter; LCT, Leydig cell
tumor; MF, mifepristone; P4, progesterone.

As MF may also bind to glucocorticoid receptors (GR), we assessed the Gr and GR-target
gene expression levels [39–41] and checked the immunolocalization of Gr after MF treatment in
BLTK-1 cells (Figures S5A–F and S6A–D). Neither MF nor P4 treatments affected the expression of Gr
(Figure S5A,B) or its target genes Fkbp5, Ska2, Oct1, and Oct2 (Figure S6A–D). Immunocytochemistry
demonstrated that Gr did not show nuclear staining after MF or MF with the Gr inhibitor (HSPi90)
treatments (Figure S5E–F). A positive control, dexamethasone (DXM), induced Gr nuclear translocation
(Figure S5D).

We also checked the MF and P4 treatment effects on androgen receptor (Ar) expression level,
which was not affected by in vivo treatments in the Inhα/Tag TG mouse LCT or in vitro in BLTK-1 cells
(Figure S7A,B).

We finally assessed the Simian Virus 40 T antigen (SV40 Tag) expression levels before and after
the MF and P4 treatments in the Inhα/Tag TG mouse LCT and BLTK-1 cells, to exclude the potential
interaction of the oncogene with MF and P4 actions in LCTs (Figure S8A,B). The mRNA level of
SV40 Tag did not change after the MF and P4 treatments in LCTs (Figure S8A), or after the MF, P4,
and PGRMC1 inhibitor AG-205 treatments in LCT cells (Figure S8B).
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Figure 4. Proliferation of BLTK-1 cells with MF, P4 or PGRMC1 inhibitor treatments. Effects of MF and
P4 with or without the AG-205 inhibitor on BLTK-1 cell proliferation after 24 h treatment, measured by
BrdU assay (A). Cell proliferation of the treated groups is presented as the percentage of the control
(considered as 100%). Effects of MF and P4 with or without the AG-205 inhibitor on BLTK-1 cell
invasion after 24 h treatment (B). Cell invasion of the treated groups is presented as the percentage of
the control group (considered as 100%). Asterisks indicate significant differences between the control
and treated groups (**, p < 0.01; ***, p < 0.001). AG-205, PGRMC1 inhibitor; C, control; LCT, Leydig cell
tumor; MF, mifepristone; P4, progesterone.

2.5. MF and P4 Promote Tumor Progression through Activation of the TGFβ1 Superfamily Signaling Pathway

As the TGFβ1 superfamily pathway may be involved in cancer progression [42], we characterized
the TGFβ1 family member expression profile in LCTs. MF and P4 treatments increased serum TGFβ1
levels in Inhα/Tag TG mice compared with non-treated mice (Figure 6A).

Both the MF and P4 treatments significantly up-regulated Tgfbr1, Tgfbr2, Acvrl1, Smad2, and Smad7
expression level in LCTs (Figure 6B–F). The non-treated group of LCTs showed weak expression of
Tgfβr2 (Figure 6G), whereas after MF and P4 treatments, LCTs showed abundant Tgfβr2 staining
(Figure 6H,I). Both treatments increased the TGFβ1 release by BLTK-1 cells, whereas PGRMC1 blockage
inhibited this effect (Figure 6J). The MF and P4 treatments with recombinant TGFβ1 cotreatment
significantly up-regulated the proliferation of BLTK-1 cells and showed an additive effect to MF
(Figure 6K).
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Figure 5. MF and P4 treatments effects on the nuclear translocation of PGRMC1 in BLTK-1 cells.
Immunocytochemical localization of PGRMC1 without C (A) or with MF (B), P4 (C), AG-205 (D), AG-205
+ MF (E) and AG-205 + P4 (F) in BLTK-1 cells. Scale bar, 20 µm. AG-205, PGRMC1 inhibitor; C, control;
MF, mifepristone; P4, progesterone.
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Figure 6. MF and P4 treatments effects on TGFβ1 superfamily signaling pathways. TGFβ1 serum level
in the control, MF-treated or P4-treated tumors of Inhα/Tag TG mice (A). qPCR analysis of the Tgfbr1
(B), Tgfbr2 (C), Acvrl1 (Alk1) (D), Smad2 (E), and Smad7 (F) expression levels in the control, MF-treated
and P4-treated tumors of Inhα/Tag TG mice. Each bar represents the mean ± SEM relative to Ppia.
Immunohistochemical staining of TGFβR2 in the C (G), MF-treated (H) and P4-treated (I) tumors
of Inhα/Tag TG mice. Black arrows indicate Tgfβr2 positive staining. Scale bar, 25 µm or 50 µm.
TGFβ1 level in the control, MF-treated or P4-treated BLTK-1 cells with or without the AG-205 inhibitor
(J). Effects of recombinant TGFβ1 treatment on MF- or P4-treated BLTK-1 cells (K). The proliferation
level of the treated groups is presented as the percentage of control proliferation, considered as 100%.
Asterisks indicate significant differences between the non-treated control and treated groups (*, p < 0.05;
**, p < 0.01; ***, p < 0.001; ****, p < 0.0001). AG-205, PGMC1 inhibitor; C, control; Inhα/Tag TG mice;
transgenic mice expressing the SV40 Taq oncogene under the inhibin α promoter; MF, mifepristone;
ND, non-detectable; P4, progesterone.

3. Discussion

P4 has been shown to be produced and involved in the regulation of LC and LCT function and
proliferation [24,30], suggesting that LCTs could be susceptible to antiprogestin treatment. MF has
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been shown to inhibit in vitro the growth of cancer cells of reproductive and non-reproductive origin,
independently of their PGR expression status [8]. However, the clinical MF trial results on several
human cancers have been disappointing [3,7]. This discrepancy between the experimental and clinical
data prompted further studies to understand the molecular mechanisms underlying the MF action
in cancers.

It has been shown that MF in vitro at concentrations of 10–100 µM inhibits cancer cell
growth [8,10–12,43]. However, MF at the lower 1 µM concentration did not affect human ovarian
epithelial cancer cells proliferation [44]. Our earlier [13] and present results show that MF may exert
its effect in a biphasic way. Recently, it has also been shown that the major active MF metabolite,
metapristone (N-demethyl mifepristone), inhibited cancer cell proliferation in a dose-dependent
manner [45,46]. However, our in vitro experiments demonstrated that metapristone at lower doses
may significantly stimulate tumor cell proliferation. Therefore, our data suggest that MF and
metapristone at low levels may have a stimulatory effect on tumor cells and may not achieve sufficient
tissue levels to inhibit cancer cell progression.

It has been shown that the serum concentrations of MF were not affected by increasing doses of the
MF from 200 to 800 mg and reached a maximum of 2.5 µM serum concentration in all patient groups
after 24h [47]. Even long-term treatments up to 20 months did not change the serum concentration
of MF [48]. The dose of 10 mg/kg of MF in mice corresponds to the highest dose used in human
clinical trials [13]. As there were no changes in serum MF levels in humans between the doses of
200–800 mg/day, any changes after higher doses in mice were not either expected. It is highly unlikely
to achieve a high level, e.g., 10 µM of MF in the tissues, due to its rapid metabolism and binding to the
high-affinity binding protein alpha 1-acid glycoprotein (AAG) [49]. The serum concentration of ~2.5 µM
corresponds to the plasma protein AAG binding capacity of MF [49]. Only the unbound drug, i.e.,
low circulating 2.5 µM of MF concentration, is available for target tissues to exert its pharmacological
effects [13,49].

P4 may mediate its signal in a dual mode through genomic and non-genomic ways, although the
key mode of PR action on LC and LCT function has not been described [30]. The type of PR that may
be involved in mediating the MF effect in different cancers also remains unknown [8]. Expression of
the classical Pgr was not observed in mLTC-1 cells [30]. Moreover, the effect of MF on the P4 action
on mLCT-1 cells was inconsistent, suggesting that P4 affects LCs independently of the classical P4
signaling pathway [24]. In the present study, we characterized the expression profile of all the nuclear
and membrane PRs in LCTs of Inhα/Tag TG mice, BLTK-1, mLTC-1 cells. However, only Pgrmc1
expression was high in LCTs, suggesting its functional role in these tumors. Besides the characterization
of PRs, we also checked the GR activation, as MF may also affect the GR and bind to different GRs
isoforms (α and β) with high affinity [37]. Recent studies of MF action on GRs are inconsistent, as one
of them reported that MF may stimulate GRβ nuclear translocation, but another did not [50,51]. It has
also been shown that MF rather inhibits than activates GRs action in LCs and LCTs [52,53]. We were
unable to find any connections between MF and nuclear translocation of Gr or Gr-related stimulation
of gene expression in BLTK-1 cells. Our data suggest that MF acts independently of GRs activation
and rather mediates its action through mPRs in LCTs. Moreover, in MA-10 cells MF significantly
stimulated StAR expression at a level comparable with P4 independently of Gr, indicating that the
effect may be mediated through the membrane PRs pathway [29]. Our in vitro studies showed that
membrane receptor PGRMC1 is required for MF and P4 to stimulate the proliferation and invasiveness
of LCTs. These results indicate that MF acts as a selective membrane P4 agonist through PGRMC1
activation in LCTs. In human ovarian cancers, abundant PGRMC1 expression level has also been
demonstrated [13,54]. Moreover, PGRMC1 has been involved in ovarian cancer cell invasion [13,55].

The results of this study showed that both MF and P4 may stimulate the alternative
tumor-promoting TGFβ1 superfamily signaling pathway in LCTs. TGF-β1 is a member of a large
cytokine family involved in many biological processes, including cell proliferation, differentiation,
migration, adhesion and survival, in both normal and cancerous cells [56]. In LCs, TGF-β1 has been
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shown to influence steroidogenesis and regulate cell proliferation [28,57]. We also showed that MF
and P4 enhanced Acvlr1 (Alk1), Smad2, and Smad7 expression levels. It has been suggested that
TGF-β1 via the ALK1 signaling may lead to epithelial cell proliferation [58,59]. The high expression
levels of TGF-β1signaling elements, especially ALK1 has also been shown in patients with LC
hyperplasia [27]. Additionally, P4 with TGFβ1 has been considered as the domain factors causing
LC hyperplasia/hypertrophy [28]. Morphometric testicular analyses of mice treated with P4 and
TGF-β1 revealed increased volume of LCs [28]. Studies also demonstrated enhanced expression of
the proliferation marker PCNA in LCs after P4 and TGFβ1 treatments. Additionally, P4 and TGFβ1
treatments reduced the expression level of the proapoptotic gene Bax [28]. Our present data revealed
that MF and P4 also enhanced the expression of the cell-cycle progression marker Ki-67 in LCTs of
Inhα/Tag TG mice. Ki67 is not a cell proliferation marker per sein the sense that it labels cells in S-Phase
of the cell cycle. Ki67 labeling can be found in nuclei throughout the cell cycle, usually, except in the
cells that are in the G0 phase. Ki67 shows thus that the cells have the capacity to proliferate and are
not terminally differentiated. MF treatment increased also TGFβ1 release in BLTK-1 cells. PGRMC1
inhibition significantly reduced this effect, indicating that PGRMC1 is involved in MF and P4 activation
of the TGFβ1 signaling pathway in LCTs. Our data suggest that, in MF and P4 action, PGRMC1 may
be the key LCT P4 receptor in the tumor-promoting action of TGFβ1.

PGRMC1 expression has also been shown in several cancer cell, like in breast, prostate and lung,
emphasizing the translational aspect of such findings [55,60,61]. Recently, it has been demonstrated that
PGRMC1 promotes tumorigenesis, cell proliferation, migration, invasion, and antiapoptosis in the same
cancer types [55,60–62]. Additionally, higher expression of PGRMC1 may be useful in the prediction
of prognosis of breast cancer patients [63]. This issue is becoming even more important, as patients
with these cancers are still being recruited for ongoing clinical trials with MF [64–66]. The use of MF
as anti-cancer agent should be reconsidered in the light of its potential of tumor promoting action
through activation of the PGRMC1 pathway.

4. Materials and Methods

4.1. Experimental Animals

In vivo studies were done on previously characterized Inhα/Tag TG mice [35]. The 5.5 months of
age male mice with discernible testicular tumors were randomized into three groups (n = 10 mice/group)
and intraperitoneally injected every 2 days either with vehicle (corn oil) or MF (10 mg/kg; Sigma-Aldrich,
Saint Louis, MO, USA) or P4 (1 mg/kg; Sigma-Aldrich, Saint Louis, MO, USA) for 1 month. Mice were
fed with mouse chow SDS RM-3 (Special Diet Service; E, soy free; Whitham Essex, UK), tap water ad
libitum and kept in a specific pathogen-free surrounding and routinely screened for common mouse
pathogens. After 30 days of treatments mice were sacrificed, blood and tissue samples were collected.
Half of each tumor was fixed in 4% paraformaldehyde and embedded in paraffin for histological
and immunohistochemical studies. The second half of the tumor tissue was snap-frozen in liquid
nitrogen and stored at −80 ◦C for RT-PCR analysis. The Ethics Committee for animal experimentation
of the University of Turku and the State Provincial Office of Southern Finland approved all animal
experiments (Animal Licence number: ESAVI/5757/04.10.07/2017).

4.2. MF Pharmacokinetics

MF pharmacokinetic was analyzed in 6 mo-old Inhα/Tag male mice. Mice were intraperitoneally
injected with a single dose of 1 mg/kg of MF (n = 5) and 10 mg/kg of MF (n = 5). Blood samples were
collected after 30 min, 4 h, and 8 h, 16 h, 24 h, and 48 h. Concentrations of MF and its metabolites
N-demethyl MF, Di-demethyl MF and 22-hydroxyl MF in mouse plasma were determined using high
performance liquid chromatography–mass spectrometry (HPLC-MS/MS) after protein precipitation
with internal standard alfaxalone. HPLC separation was performed with Agilent 1200 LC system,
using a C18 column. Multiple-reaction monitoring with a triple quadrupole mass spectrometer
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was used for quantitative analyses (AB Sciex 4000 QTrap with Analyst software (v. 1.6.1); MDS
Sciex, Ontario, Canada). Standards 22-hydroxy (H948445), Di-demethyl (D439550) and N-demethyl
mifepristone (D230950) were bought from Toronto Research Chemicals Inc. (Toronto, Ontario, Canada).

4.3. Cell Cultures

The BLTK-1 cells were cultured in DMEM/F12 medium (GIBCO, Paisley, UK) supplemented
with 10% fetal bovine serum (FBS; Biochrom, Berlin, Germany), 100 units/ml penicillin and 100 µg/ml
streptomycin (P/S solution; Sigma-Aldrich) at 37 ◦C in a humidified atmosphere in the presence of 5%
CO2. The mLTC-1 cells were cultured in Waymouth’s medium (GIBCO, Paisley, UK) supplemented
with 10% horse serum (GIBCO, Paisley, UK) and 5% FBS (Biochrom, Berlin, Germany), and P/S solution
(Sigma-Aldrich, Saint Louis, MO, USA) at 37 ◦C in a humidified atmosphere in the presence of 5% CO2.

4.4. Cell Proliferation

Cell proliferation was analyzed using CellTiter 96®AQueous Non-Radioactive Cell Proliferation
Assay (Promega, Madison, WI, USA) and BrdU Cell Proliferation Assay Kit (Cell Signaling Technology,
Danvers, MA, USA). BLTK-1 were seeded (10 × 103/well) in culture medium onto 96-well plate and
after 16 h treated with vehicle (EtOH 0.05%), MF (0.01; 0.1; 1; 2; 3; 5; 7; 17; 25 µM), P4 (0.003; 0.03; 0.3;
3 µM), a PGRMC1 inhibitor AG-205 (1 µM, Sigma-Aldrich, Saint Louis, MO, USA) and TGFβ1 (10 µM,
240-B; R&D Systems Inc., Minneapolis, MN, USA) in stimulation medium (phenol-free DMEM/F12
with 0.5% charcoal-stripped FBS and P/S solution) for 72 h with MF or P4 for 24 h with AG-205/TGFβ1.
The proliferation rate was presented as a percentage of control proliferation considered as 100%.
Three independent experiments per cell line were run, each performed in octuplicate wells.

4.5. Cell Invasion

Cell invasion intensity of BLTK-1 cells was assessed using CultreCoat®Cell Invasion Assays (R&D
Systems, Minneapolis, MN, USA). Briefly, 2.5 × 104 cells/well were transferred to each of 96-well plate
top invasion chamber coated with Basement Membrane Extract (BME). Cells invaded in response to MF,
P4 and AG-205 (1 µM) were quantitated using Calcein AM after 24 h of treatment. Three independent
experiments were run, each performed in octuplicate wells. Cell invasion intensity of the treated
groups was presented as percentage of invasion of control group, considered as 100%.

4.6. Histological and Immunohistochemical Analyses

Mouse testicular tumor tissues were fixed in paraformaldehyde and embedded in
paraffin. For histological analysis, 5 µm paraffin sections were stained with hematoxylin-eosin.
For immunohistochemistry sections were deparaffinized, hydrated and boiled in 10 mM citric acid
buffer (pH 6.0) in retriever for 2.5 h. Tissue sections were incubated with blocking solutions (10%
normal goat serum (NGS) with 3% bovine serum albumin (BSA) or only 3% BSA in PBS) for 1 h
at room temperature in order to reduce non-specific background staining. Then, sections were
incubated overnight at 4 ◦C with the primary antibodies for PGR (MA5-12658, Thermo Fisher Scientific
Inc., Waltham, MA, USA; dilution 1:700), mPRα (ab75508, Abcam, Cambridge, UK; dilution 1:500),
mPRβ (ab46534, Abcam; dilution 1:1000), mPRγ (ab79517, Abcam; Cambridge, UK; dilution 1:500),
PGRMC1 (PAB20135, Abnova Corporation, Taipei, Taiwan; dilution 1:2000), PGRMC2 (ab125122,
Abcam; Cambridge, UK; dilution 1:1000), TGFβRII (sc-220, Santa Cruz Biotechnology, Dallas, TX,
USA; dilution 1:700), Ki-67 (Clone TEC-3, Dako, Glostrup, Denmark; dilution 1:500), IgG (ab190475,
Abcam; Cambridge, UK; dilution 1:700), IgG2a (ab190463, Abcam; Cambridge, UK; dilution 1:500).
After endogenous peroxidase blocking (0.5% H2O2 in PBS for 20 min in dark at room temperature)
primary antibodies were linked with Envision®anti-mouse or anti-rabbit polymer + HRP (Dako,
Glostrup, Denmark) for 30 min at room temperature, only for Ki-67 staining before this step, secondary
antibody rabbit anti rat was added (Dako, Glostrup, Denmark; dilution 1:200). The reaction product
was visualized using 3’3-diaminobenzidine tetrahydrochloride (DAB, Dako, Glostrup, Denmark).

196



Cancers 2020, 12, 3263

Three washes were done after each step with PBS with 0.05% Tween (PBS-T). Hematoxylin was used
as counterstain and then sections were dehydrated and mounted with Pertex (Histolab Products
AB, Spånga, Sweden). Control immunohistochemical stainings of the IgG2a and IgG are shown in
Figure S9A–D.

4.7. Immunocytochemistry Analysis

BLTK-1 cells 1–2 × 104 cells/well were seeded onto microscope slide coverslips and after 16 h
treated with vehicle (0), MF (5 µM, 17.5 µM), vehicle (0), MF (3 µM), DXM (200 nM), MF (3 µM) +

HSP90i (50 nM), HSP90i (50 nM) + DXM (200 nM) or vehicle (0), MF (3 µM), P4 (0.3 µM), AG-205 (1 µM),
MF (3 µM) + AG-205 (1 µM), and P4 (0.3 µM) + AG-205 (1 µM) in stimulation medium. Cells were fixed
in 4% PFA in PBS pH 7.4 for 15 min at room temperature and permeabilized for 10 min in 0.1% Triton
X-100. To reduce autofluorescence cells were incubated with 100 mM NH4CL for 10 min. After blocking
unspecific binding sites with 3% BSA in PBS with 0.05% Tween 20 for 30 min cells were incubated for
1 h with primary antibodies anti-GR (SC-56851, Santa Cruz Biotechnology, Dallas, TX, USA; dilution
1:400), anti-PGRMC1 (PAB20135, Abnova Corporation; dilution 1:1000) or anti-HMGB1 (ab79823,
Abcam, Cambridge, UK; dilution 1:350) diluted in blocking solution. Next, cells were incubated with
secondary fluorescent antibody Alexa Fluor 488 goat anti-mouse IgG (ab150113, Abcam, Cambridge,
UK; dilution 1:400) or Alexa Fluor 647 donkey anti-rabbit IgG (Life Technologies, Carlsbad, CA, USA;
dilution 1:600) for 45 min. To detect cell nuclei, cells were incubated with DAPI for 1 min.

4.8. Real Time RT-PCR

Total RNA from cells and snap-frozen LCTs were prepared using TRIzol extraction method
(Invitrogen, Carlsbad, CA). The quantity and quality of isolated RNA was determined by NanoDrop
(Thermo Fisher Scientific Inc., Waltham, MA, USA) and gel electrophoresis. Before the reverse
transcription (RT) reaction 1 µg of total RNA was incubated for 30 min with DNase I (Invitrogen,
Carlsbad, CA) at room temperature. The RT reaction was performed with DyNAmo TM cDNA Synthesis
Kit (Finnzymes, Espoo, Finland) at 37 ◦C for 1 h in 20 µl. Quantification of investigated genes was
performed with FX96™ Real-Time PCR Detection System, Bio Rad using DyNAmo SYBR Green qPCR
kit (Finnzymes, Espoo, Finland). Reaction conditions were: initial denaturation at 95 ◦C for 10 min
followed by 40 amplification cycles at 95 ◦C for 15 s, 56–60 ◦C at 45 s and 70 ◦C at 45 s. At the end of
the PCR reaction, melting curve was determined to ensure single product amplification. Amplification
products were separated on 1.8% agarose gel and stained with ethidium bromide. Expression levels
were normalized to the housekeeping gene peptidylprolyl isomerase (Ppia). The primer sequences and
expected product sizes are shown in Table S2.

4.9. Hormones and TGFβ1 Measurement

Serum levels of LH and FSH were measured by immunofluorometric assays (Delfia;
Perkin-Elmer-Wallac, Turku, Finland) as described previously [67,68]. Serum P4 level was measured
using Delfia Progesterone Kit (Wallac, Perkin Elmer, Turku, Finland). The intra- and interassay
coefficients of variations for these assays were below 10%. Serum level of inhibin B was evaluated by
immunoassay Inhibin-B EIA Kit (Sigma-Aldrich, Saint Louis, MO, USA). TGFβ1 level in serum and
cell culture supernates was assessed using TGFβ1 Quantikine ELISA Kit (R&D Systems, Minneapolis,
MN, USA), following the instructions of the manufacturer.

4.10. Statistical Analysis

Numerical data are presented as mean ± SEM. To analyze statistical significance one-way ANOVA
with the post-hoc Bonferroni’s multiple comparison post-hoc test with 95% confidence interval was
used (GraphPad PRISM v. 7. GraphPad Software Inc., San Diego, CA, USA). Results were considered
to be statistically significant at p < 0.05 level.
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5. Conclusions

In conclusion, based on our results, we suggest that MF in low concentration may act as a
membrane PR agonist and activate through PGRMC1 the tumor progression signaling pathway of
TGFβ1 superfamily in LCTs. MF may also induce the PGRMC1 nuclear translocation and increase the
proliferation and invasion of LCTs. Hence, it is possible that the MF anti-tumor effects observed in
many cancer cell lines may not be achievable in vivo in cancer tissues and MF might not be considered
as an anti-cancer agent.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3263/s1,
Figure S1: Pharmacokinetic analysis of MF metabolism in Inhα/Tag TG mice, Figure S2: Proliferation of mLTC-1
cells with MF or P4 treatments, Figure S3: Lhcgr expression level in Leydig cell tumors of Inhα/Tag TG mice,
Figure S4: Characteristics of progesterone receptors mRNA levels in BLTK-1 and mLTC-1 cell lines, Figure S5: MF
and P4 treatments effects on glucocorticoid receptor, Figure S6: Gr-target genes expression profile in BLTK-1 cells,
Figure S7: MF and P4 treatments effects on androgen receptor expression, Figure S8: SV40 Tag expression level
in Inhα/Tag TG mice and BLTK-1 cells, Figure S9: Isotype negative control staining, Table S1: Characteristics of
progesterone receptors mRNA level and immunoreactivity in murine Leydig cell tumor and murine Leydig tumor
cell line, Table S2: Primer sequences for RT-qPCR.
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22-hydroxy MF (11β,17β)-11-[4-(Dimethylamino)phenyl]-17-hydroxy-17-(3-hydroxy-1-propyn-1-yl)-estra-4,9-dien-3-one
AG-205 inhibitor PGRMC1
BLTK-1 Immortalized cell line from Inhα/Tag TG mice
DXM Dexamethasone
Di-demethyl MF (11β,17β)-11-(4-Aminophenyl)-17-hydroxy-17-(1-propyn-1-yl)-estra-4,9-dien-3-one
GR Glucocorticoid receptor
HMGB1 High mobility group box 1 protein
HSP90i Glucocorticoid receptor inhibitor

Inhα/Tag
Transgenic mice expressing Simian Virus 40 T antigen
under inhibin-α promoter

LC Leydig cell
LCT Leydig cell tumor
LHR Luteinizing hormone receptor
MF Mifepristone
mPR Membrane progesterone receptor
N-demethyl MF 11β,17β)-17-Hydroxy-11-[4-(methylamino)phenyl]-17-(1-propyn-1-yl)-estra-4,9-dien-3-one
P4 Progesterone
PGR Nuclear progesterone receptors
PGRMC1 Progesterone receptor membrane component 1
PR Progesterone receptors
SPRM Selective progesterone receptor modulator
StAR Steroidogenic acute regulatory protein
TG Transgenic
TGF-β1 Transforming growth factor β1
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Sylwia Kędracka-Krok 4 and Marcin Majka 1,2,*

1 Jagiellonian University Medical College, 31-008 Krakow, Poland;
marta.kot@uj.edu.pl (M.K.); pawel.konieczny@outlook.com (P.K.); artur.nieszporek@gmail.com (A.N.);
anna.kusienicka@gmail.com (A.K.); malgorzata.lasota@uj.edu.pl (M.L.); wojciech.bobela@gmail.com (W.B.)

2 Department of Transplantation, Institute of Pediatrics, Faculty of Medicine,
Jagiellonian University Medical College, 30-663 Krakow, Poland

3 Laboratory of Proteomics and Mass Spectrometry, Malopolska Centre of Biotechnology,
Jagiellonian University, 30-387 Krakow, Poland; urszula.jankowska@uj.edu.pl

4 Department of Physical Biochemistry, Faculty of Biochemistry, Biophysics and Biotechnology,
Jagiellonian University, 30-387 Krakow, Poland; sylwia.kedracka-krok@uj.edu.pl

* Correspondence: klaudia.skrzypek@uj.edu.pl (K.S.); mmajka@cm-uj.krakow.pl (M.M.);
Tel.: +48-12-659-15-93 (K.S. & M.M.)

Received: 19 May 2020; Accepted: 6 July 2020; Published: 11 July 2020
����������
�������

Abstract: Rhabdomyosarcoma (RMS) is a predominant soft tissue tumor in children and adolescents.
For high-grade RMS with metastatic involvement, the 3-year overall survival rate is only 25 to 30%.
Thus, understanding the regulatory mechanisms involved in promoting the metastasis of RMS is
important. Here, we demonstrate for the first time that the SNAIL transcription factor regulates the
metastatic behavior of RMS both in vitro and in vivo. SNAIL upregulates the protein expression of
EZRIN and AKT, known to promote metastatic behavior, by direct interaction with their promoters.
Our data suggest that SNAIL promotes RMS cell motility, invasion and chemotaxis towards the
prometastatic factors: HGF and SDF-1 by regulating RHO, AKT and GSK3β activity. In addition,
miRNA transcriptome analysis revealed that SNAIL-miRNA axis regulates processes associated
with actin cytoskeleton reorganization. Our data show a novel role of SNAIL in regulating RMS cell
metastasis that may also be important in other mesenchymal tumor types and clearly suggests SNAIL
as a promising new target for future RMS therapies.

Keywords: rhabdomyosarcoma (RMS); tumor metastasis; SNAIL transcription factor; microRNA
(miRNA); EZRIN; AKT kinase

1. Introduction

Rhabdomyosarcoma (RMS) is a mesenchymal soft tissue tumor that causes death and morbidity
predominantly in children and adolescents. Despite general improvement in the 5-year overall
survival of pediatric RMS patients, for high grade tumors with metastatic involvement, the overall
survival rate at 3 years is only 25–30% [1]. 6% of all cases with RMS display bone marrow (BM)
metastasis, what significantly diminishes survival of the patients and makes them more prone to
disease relapse and progression [2]. Therefore, understanding of the metastasis mechanisms is highly
necessary and may help to find new treatment strategies in future. Important factors regulating the

203



Cancers 2020, 12, 1870

metastatic behavior of different tumor types, including RMS, are hepatocyte growth factor (HGF)
and stromal-derived factor-1 (SDF-1) [3–5].

Histological analysis of tumors distinguishes two main subtypes of RMS, embryonal (ERMS)
and alveolar (ARMS), with ARMS generally having a significantly worse prognosis [6]. The presence
of PAX3-FOXO1 and PAX7/FOXO1 fusion genes and increased levels of MET receptors may cause the
increased aggressiveness of ARMS tumors [7]. Mutations affecting the RAS-MAPK and PI3K-AKT
pathways also affect RMS development and progression [1]. Among the critical regulators of RMS
metastasis is the EZRIN protein, which acts as the actin filament-plasma membrane linker [8].
Crosstalk between different signaling pathways may create an integrated signaling network supporting
the metastatic behavior of RMS.

Our previous studies identified the SNAIL family zinc finger 1 (SNAIL or SNAI1) transcription
factor as a novel key regulator of RMS growth and differentiation [9,10]. We discovered noncanonical
action mechanisms of SNAIL in RMS [9]. Importantly, the SNAIL level has been shown to be elevated
in the ARMS tumor subtype, which is usually associated with a worse prognosis [11]. Moreover, the
SNAIL level was significantly increased in RMS samples from patients displaying stages 2, 3, and 4 of
the disease compared to those from patients with stage 1, suggesting an important role of SNAIL in
RMS progression [9]. Furthermore, another member of the SNAIL family of zinc finger transcription
factors, SNAI2, was identified by an integrative computational pipeline analysis as potential crucial
factor in RMS growth [12].

SNAIL is best known as a regulator of epithelial to mesenchymal transition (EMT) through
canonical regulation of the E-cadherin (CDH1) level [13–15]. It belongs to the SNAIL family of zinc
finger transcription factors, which consists of 3 members: SNAIL (SNAI1), SLUG (SNAI2) and SMUG
(SNAI3). SNAIL may act as a transcriptional repressor or as a gene activator by binding to target
E-box sequences (CANNTG) [16] and recruiting histone deacetylases (HDACs) [13]. In addition to
regulating protein expression levels, SNAIL is also a crucial regulator of microRNAs expression [17].
SNAIL silencing has been described to effectively suppress the growth and invasiveness of different
tumor types [18]. SNAIL degradation is prevented in cancer cells due to stabilization of its level by the
USP27X deubiquitinase [19]. SNAIL can also modulate myogenic differentiation by binding to the
MYF5 promoter [9].

RMS originates from impaired differentiation of myogenic progenitors or mesenchymal stem
cells (MSCs) [6]. Interestingly, SNAIL-deficient MSCs prematurely differentiate into osteoblasts or
adipocytes [20], whereas in MSCs with a constitutively activated MET signaling pathway, SNAIL seems
to act as a mediator of myogenic differentiation [21]. Moreover, SNAIL expression was demonstrated
to be required for sarcomagenesis, as SNAIL controls the tumorigenic potential of MSCs [22].
In ARMS cells, SNAIL silencing completely abolished the growth of human tumor xenotransplants by
upregulating myogenic differentiation [9], whereas in ERMS cells, SNAIL was identified as a mediator of
the NOTCH pathway [23]. Similarly to SNAIL, myogenic transcription factors that may be important in
RMS differentiation, such as MYOD and MYOG, bind to E-box sequences [24]. Furthermore, SNAIL can
displace MYOD from E-box sequences that are associated with genes expressed during differentiation
and it that way it may regulate RMS growth [9].

The metastatic process is very important for the dissemination of RMS cells and, consequently, for
patients’ long-term prognoses. In epithelial tumors, SNAIL affects metastasis by regulating EMT [14].
The canonical action mechanism of SNAIL that promotes the metastatic process is the repression of
E-cadherin expression by SNAIL binding to the E-cadherin promoter [13]. In addition, during the EMT
process, cells acquire migratory properties by reorganization of the actin cytoskeleton and activation
of the RhoA GTPase [25]. However, in mesenchymal tumors, different mechanisms might operate,
and the mechanistic role of SNAIL in the metastasis of mesenchymal tumors is poorly understood.
However, as in epithelial tumors, regulation of the actin cytoskeleton may also be a key process in the
metastasis of mesenchymal tumor types.
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2. Results

2.1. SNAIL Regulates the Metastatic Behavior of RMS Cells In Vivo and In Vitro

In our previous studies, we stably silenced SNAIL with a mix of three different shRNA variants to
study the effects of SNAIL on RMS cell growth and differentiation (Supplementary Figure S1) [9]. In the
present study, we used that model to evaluate the effects of SNAIL on the metastatic behavior of RMS
cells. RH30 cells were intravenously implanted into immunodeficient NOD-SCID mice. High level
of engraftment of both RH30 WT and shCTRL (scrambled shRNA vector) cells was detected in nine
out of 30 bone marrow samples per each group, whereas SNAIL silencing in RH30 cells reduced
this number to five (Figure 1A). Furthermore, engraftment of SNAIL-deficient (shSNAIL) cells into
the lungs in vivo was significantly impaired compared to that of both wild-type (WT) cells and cells
modified with scrambled shRNA (shCTRL) (Figure 1B).

The observed impairment in the metastatic potential in vivo could be explained by the diminished
invasion and motility of the cells. Indeed, in the invasion assay, SNAIL-deficient cells showed impaired
migration through Matrigel (Figure 1C) after stimulation with SDF-1 and HGF, which promote RMS
metastasis [4]. In the scratch assay, shSNAIL cells closed the gap in a monolayer slower than control
cells (Figure 1D and Supplementary Figure S2). SNAIL silencing also resulted in diminished chemotaxis
(Figure 1E) towards both SDF-1 and HGF. Interestingly, as suggested by the literature [26], SDF-1 is
expressed in the murine lung (Supplementary Figure S3) and migration towards its gradient may be
responsible for the tumor cells engraftment into the lungs in vivo. Expression of the HGF receptor
MET was slightly diminished in SNAIL-deficient cells, whereas we did not observe any significant
effect of SNAIL on the SDF-1 receptor CXCR4 (Figure 1F). Interestingly, bioinformatic analysis of
microarray data deposited in the GEO database revealed a positive correlation between MET and
SNAIL expression in 158 RMS tumor samples derived from patients but not between SNAIL and
CXCR4 (Figure 1G). RH30 cells were also screened for expression of adhesion receptors that might
be responsible for the cells’ engraftment in vivo: ICAMs and VLA integrins. VLA family members
CD49a, b, c, d, e and f and CD29 were highly expressed in WT cells. Interestingly, SNAIL silencing
completely diminished CD49b expression. Moreover, ICAM family receptors, i.e., CD54 (ICAM-1)
and CD-102 (ICAM-2) were expressed in WT RH30 cells, whereas their expression in SNAIL-deficient
cells was again diminished (Figure 1H). Thus, our data show an important role of SNAIL silencing in
diminishing RMS cell metastatic properties by regulating their motility and adhesion properties.
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Figure 1. SNAIL regulates the motility of RMS cells in vitro and in vivo. (A) Stable SNAIL silencing by
transduction with shRNA lentiviral vectors (shSNAIL) tended to inhibit the high level of engraftment
of RH30 cells into murine bone marrow 7 days after intravenous implantation compared to that in
WT cells and cells transduced with scrambled shRNA vectors (shCTRL). The presence of human cells
was detected by qPCR and calculated as the ratio of the human to murine GAPDH levels with the
∆Ct method. Data are presented as single points; n = 30 bone marrow samples (left and right) from
15 mice; red line discriminates bone marrow samples with high level of engraftment of human RMS
cells. (B) Stable SNAIL silencing by transduction with shRNA lentiviral vectors (shSNAIL) inhibited
the engraftment of RH30 cells into murine lungs 7 days after intravenous implantation compared to
that in WT cells and cells transduced with scrambled shRNA vectors (shCTRL). The presence of human
cells was detected by qPCR and calculated as the ratio of the human to murine GAPDH levels with the
∆Ct method. Data are presented as a floating bar graph (min to max) with line at the mean; n = 14–15.
(C) SNAIL-deficient cells displayed diminished invasion through Matrigel towards HGF (20 ng/mL)
and SDF-1 (100 ng/mL), n = 3. (D) SNAIL deficient RH30 cells closed the gap in a scratch assay slower
than control cells, n = 3. (E) In a chemotaxis assay SNAIL-deficient cells displayed diminished migration
towards HGF (20 ng/mL) and SDF-1 (100 ng/mL), n = 3 (F) SNAIL silencing in RH30 cells diminished
MET receptor levels but barely affected CXCR4 levels, as estimated by flow cytometry as the percentage
of positive cells, n = 3. (G) SNAIL levels positively correlated with MET levels and slightly correlated
with CXCR4 levels in 158 RMS samples from patients (Pearson correlation). Analysis was performed
on data deposited in the GEO database with accession number: GSE92689. (H) SNAIL silencing in
RH30 cells regulated the expression of adhesion molecules. The results are shown as the percentage
of cells labeled with a Lyoplate Screening Panel (flow cytometry). * p < 0.05, ** p < 0.01, *** p < 0.001.
Graphical data are presented as the means with SEMs.

2.2. EZRIN is a Crucial Mediator of the Metastatic Action of SNAIL in RMS Cells

We evaluated the morphology of RMS cells and found strong reorganization of the actin
cytoskeleton in shSNAIL RH30 cells (Figure 2A). Staining with phalloidin has not shown visible
differences in fluorescence intensity between the examined lines. Significant differences were visible in
the spatial organization of F-actin fibers, what can affect the cell adhesion and migration capacity [27].
In shSNAIL cells, the fibers are arranged parallel to each other, while in the control lines their
arrangement is less ordered. Longitudinally oriented stress fibers in shSNAIL cells affect elongated
morphology of these cells. Moreover, after SNAIL silencing the formation of membrane protrusions
seems to be reduced. It has been proved that membrane protrusions (e.g. filopodia) are a key structure
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directly involved in cancer cell motility [28,29]. These findings can explain lower migration capacity of
shSNAIL cells compared to control lines (WT and shCTRL).

Unbiased shotgun proteomic analysis of the cytoplasmic and nuclear fractions in RH30 cells
revealed that SNAIL regulates the expression of several proteins associated with actin cytoskeleton
organization including EZRIN (Figure 2B), which has been previously shown to be a key regulator of
metastasis in RMS [8]. Diminished expression of EZRIN in shSNAIL RH30 cells was confirmed by
Western blotting (Figure 2C). Moreover, when SNAIL was transiently silenced with siRNA in RH41
ARMS cells and RD ERMS cells, we observed downregulation of EZRIN expression (Figure 2D).

The eukaryotic promoter database describes two fragments of the EZRIN promoter: EZR_1
chromosome [NC_000006.12]; strand [-]; position [158819364], and EZR_2 chromosome [NC_000006.12];
strand [-]; position [158818235] [30]. Bioinformatic analysis demonstrated that the two fragments of the
EZRIN promoter contain several putative SNAIL binding sites. The chromatin immunoprecipitation
(ChIP) assay results revealed that SNAIL binds to one of the EZRIN promoter fragments (Figure 2E)
and thus may directly regulate its expression. Interestingly, bioinformatic analysis of microarray data
for 158 RMS patient samples deposited in the GEO database revealed a positive correlation between
SNAIL and EZRIN expression levels (Figure 2F).
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Figure 2. SNAIL regulates EZRIN expression in RMS cells. (A) SNAIL silencing in RH30 cells
reorganized actin cytoskeleton (staining of RH30 cells with phalloidin conjugated with Alexa Fluor 488).
White scale bar represents 50 µm. (B) SNAIL regulated proteins associated with the actin cytoskeleton
in RH30 cells. Analysis of proteome by shotgun LC-MS/MS and MASCOT software revealed the
expression of different proteins associated with the actin cytoskeleton in the cytoplasm of RH30 shSNAIL
and shCTRL cells. Proteins for further consideration were identified based on at least 2 peptides. A total
of 61 proteins were identified only in shSNAIL cells; 53, only in shCTRL cells; and 183, proteins in both
cell types. Here only proteins related to actin cytoskeleton organization are shown. MW – molecular
weight; pI –isoelectric point; scores – parameter describing the probability of the correct identification of
protein; peptides – number of peptides in the analysis; SC [%]–obtained sequence coverage. (C) Stable
SNAIL silencing in RH30 cells downregulated EZRIN expression at the protein level (Western blotting).
The Western blot results show the representative image of three independent biological experiments.
Densitometric analysis evaluated the ratio of EZRIN/GAPDH and was presented as percentage of
control. (D) Temporal SNAIL silencing in RH41 and RD cells downregulated EZRIN expression at
the protein level (Western blotting). The Western blot results show the representative image of three
independent biological experiments. Densitometric analysis evaluated the ratio of EZRIN/GAPDH
and was presented as percentage of control. (E) SNAIL bound to the EZRIN promoter in RH30 cells.
Two fragments of EZRIN promoters (~1000 bp) were screened for putative SNAIL transcription factor
binding sites and the results were validated by a ChIP assay. The images show one representative result
of the ChIP assay. Proteins bound to DNA were immunoprecipitated with an anti-SNAIL antibody,
negative IgG control, and positive histone H3 control. An input DNA served as control for analysis.
Two fragments of the EZRIN promoter were amplified by PCR and visualized on agarose gels stained
with ethidium bromide. (F) SNAIL levels were positively correlated with EZRIN levels in 158 RMS
samples from patients (Pearson correlation). The analysis was done on data deposited in GEO database
with accession number: GSE92689.

Subsequently, EZRIN and SNAIL were transiently silenced in three different RMS cell lines
(ARMS: RH30 and RH41; EMRS: RD) (Supplementary Figure S4A,B) to verify their effects on the
motility of these cells. Silencing of either SNAIL or EZRIN diminished the motility of RH30,
RH41 and RD cells in a scratch assay (Figure 3A). SNAIL silencing also inhibited chemotaxis towards
both HGF and SDF-1, whereas EZRIN silencing inhibited chemotaxis towards HGF in one cell line
(RD) and chemotaxis towards SDF-1 in all cell lines (RH30, RH41, RD). However, the effect was less
potent than in SNAIL-deficient cells (Figure 3B). Furthermore, to investigate not only effects of SNAIL
silencing, but also its overexpression, SMS-CTR ERMS cells, which displayed low basal SNAIL level,
were transduced with lentiviral vectors encoding SNAIL, whereas control cells were modified with
vector encoding GFP (Figure 3C). SNAIL overexpression in SMS-CTR cell upregulated EZRIN levels
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(Figure 4B) and, accordingly, increased motility of the cells in a scratch assay (Figure 3E) and chemotaxis
towards SDF-1 and HGF (Figure 3F).

2.3. Mutual Regulation of SNAIL and AKT Kinase Expression in RMS Cells

We performed ChIP-seq analysis of SNAIL binding sites in RMS cells, and the results revealed
many significant SNAIL targets in RH30 cells (Supplementary Table S1). SNAIL transcription factor
bound to the AKT2 kinase promoter and to its own promoter (Figure 4A and Supplementary Figure
S5). These data suggested that SNAIL directly regulates the expression of AKT2 kinase in RMS cells.
Additionally, Western blot analysis showed that SNAIL silencing diminished the expression of not
only AKT2, but also AKT1 and total AKT (Figure 4B).

Subsequently, we evaluated the mechanism by which SNAIL can be regulated in RMS cells by
HGF and SDF-1, the factors determining the metastatic capabilities of these cells. HGF and SDF-1
control GSK3β phosphorylation via the PI3K-AKT signaling pathway and not the MAPK pathway,
as demonstrated by simultaneous treatment with HGF or SDF-1 and MET inhibitor, PI3K-AKT
signaling inhibitor (LY294002), MAPK inhibitor (UO126) or pertussis toxin (PTX) (Figure 4C,D).
LY294002 administration resulted in complete attenuation of AKT phosphorylation, accompanied
by a decrease in GSK3β phosphorylation, whereas this effect was not observed after treatment with
UO126 (Figure 4C,D). Moreover, PTX, an inhibitor of G-protein-coupled receptors (such as CXCR4)
that impedes normal Gα subunit action, almost entirely abolished the stimulatory effect of SDF-1
(Figure 4D).
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SNAIL overexpression in SMS-CTR cells upregulated EZRIN levels; qPCR results; n = 2. (E) SNAIL 

overexpression in SMS-CTR cells increased motility of the cells in a scratch assay; n = 3. (F) SNAIL 

overexpression in SMS-CTR cells increased chemotaxis towards SDF-1 and HGF; n = 3. (G) Both SNAIL and 

EZRIN silencing diminished the adhesion of RH30 and RD cells treated with HGF and SDF-1 to HUVECs 

pretreated with TNF-. The graphs show representative results from three independent experiments, and the 

results were calculated as a percentage of the control. (H) Both SNAIL and EZRIN silencing by siRNA in RH30 

cells inhibited RHO activation. RHO-GTP was detected by Western blotting. Representative Western blot 

images from two independent experiments after using the RHO Activation Assay Biochem Kit are shown. 

Densitometric analysis evaluated the ratio of RHO-GTP / total RHO and was presented as percentage of control. 

(I) SNAIL and EZRIN silencing with siRNA slightly diminished ROCK-II enzyme activity, as evaluated in 

protein lysates with a ROCK Activity Assay. Two independent experiments were performed with duplicate 

samples. * p < 0.05, ** p < 0.01, *** p < 0.001. Graphical data are presented as the means ±SEMs. 

 

  

Figure 3. SNAIL and EZRIN are crucial regulators of migration, chemotaxis and adhesion of RMS cells
to endothelial cells by affecting RHO activity. (A) SNAIL (siSNAIL) and EZRIN (siEZR) silencing with
siRNA diminished the motility of RH30, RH41 and RD cells in a scratch assay. Cells were transfected
three times every 3–4 days, and the assay was then performed; n = 3 (B) SNAIL silencing with siRNA
inhibited chemotaxis of RH30, RH41 and RD cells towards HGF and SDF-1, whereas EZRIN silencing
inhibited chemotaxis towards SDF-1 and HGF; n = 3. (C) SNAIL was overexpressed in SMS-CTR cells
by transduction with lentiviral vectors, whereas control cells were modified with vectors encoding GFP;
qPCR results; n = 2; WT- wild-type cells. (D) SNAIL overexpression in SMS-CTR cells upregulated
EZRIN levels; qPCR results; n = 2. (E) SNAIL overexpression in SMS-CTR cells increased motility of
the cells in a scratch assay; n = 3. (F) SNAIL overexpression in SMS-CTR cells increased chemotaxis
towards SDF-1 and HGF; n = 3. (G) Both SNAIL and EZRIN silencing diminished the adhesion of
RH30 and RD cells treated with HGF and SDF-1 to HUVECs pretreated with TNF-α. The graphs
show representative results from three independent experiments, and the results were calculated as
a percentage of the control. (H) Both SNAIL and EZRIN silencing by siRNA in RH30 cells inhibited
RHO activation. RHO-GTP was detected by Western blotting. Representative Western blot images
from two independent experiments after using the RHO Activation Assay Biochem Kit are shown.
Densitometric analysis evaluated the ratio of RHO-GTP/total RHO and was presented as percentage of
control. (I) SNAIL and EZRIN silencing with siRNA slightly diminished ROCK-II enzyme activity,
as evaluated in protein lysates with a ROCK Activity Assay. Two independent experiments were
performed with duplicate samples. * p < 0.05, ** p < 0.01, *** p < 0.001. Graphical data are presented as
the means ±SEMs.
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Figure 4. Mutual regulation of SNAIL and AKT expression in RMS cells. (A) SNAIL bound to the AKT2
promoter and its own promoter, as shown by ChIP-seq analysis results in RH30 cells. (B) Stable SNAIL
silencing in RH30 cells diminished total AKT and AKT2 and slightly decreased AKT1 levels under
different treatment conditions (0.5% BSA, 20 ng/mL HGF, 100 ng/mL SDF1 and 10% FBS). Typical Western
blot images of two independent biological experiments are shown. Densitometric analysis evaluated
the ratio of protein of interest to GAPDH, presented as percentage of control. (C) HGF induced GSK3β
phosphorylation via AKT kinase signaling pathway and not the MAPK kinase signaling pathway.
RH30 cells were treated (20 ng/mL HGF, 5 min) together with the following inhibitors: 5 µM MET
inhibitor, 30 µM LY294002 (PI3K-AKT inhibitor) or 30 µM UO126 (MAPK inhibitor). Negative control
was starvation medium with 0.5% BSA without stimulants. Phosphorylation of AKT, MAPK and
GSK3β was evaluated with GAPDH as loading control. Representative Western blot images of two
independent biological experiments are shown. Densitometric analysis evaluated the ratio of protein
of interest to GAPDH, presented as percentage of HGF-treated cells. (D) SDF-1 induced GSK3β
phosphorylation via the AKT kinase signaling pathway and not the MAPK kinase signaling pathway.
RH30 cells were treated (100 ng/mL SDF-1, 5 min) together with the following inhibitors: 5 µM MET
inhibitor, 30 µM LY294002 (PI3K-AKT inhibitor), 30 µM UO126 (MAPK inhibitor) or 20 µg/mL PTX
(signaling inhibitor via the Gα subunit). Negative control was starvation medium with 0.5% BSA and
no stimulants. Phosphorylation of AKT, MAPK and GSK3β was evaluated with GAPDH as the loading
control. Representative Western blot images of two independent biological experiments are shown.
Densitometric analysis evaluated the ratio of protein of interest to GAPDH and was presented as
percentage of SDF-1-treated cells. (E) SDF-1 induces phosphorylation of AKT and GSK3β in a sequential
manner in RH30 cells. RH30 cells were treated with 100 ng/mL SDF-1. Negative control was starvation
medium containing 0.5% BSA and no stimulants. Phosphorylation of AKT and GSK3β was evaluated
with GAPDH as loading control. Western blot images of two independent biological experiments are
shown. Densitometric analysis evaluated the ratio of protein of interest to GAPDH and is presented as
% control (p-AKT) or % SDF-1-treated cells (p-GSK3β). (F) SDF-1 and BIO (inhibitor of GSK3β) induced
expression of SNAIL protein 2 h after treatment. RH30 cells were treated with 100 ng/mL SDF-1 +1 µM
BIO for two hours. SNAIL levels were evaluated with GAPDH as loading control. Western blot images
of two independent biological experiments are shown. Densitometric analysis evaluated the ratio of
SNAIL/GAPDH and was presented as percentage of control. (G) SDF-1 and BIO (inhibitor of GSK3β)
induced EZRIN protein expression 24 h after treatment. RH30 cells were treated with 100 ng/mL SDF-1
and 1 µM BIO for 24 h. The EZRIN level was evaluated with GAPDH as a loading control. Western
blot images of two independent biological experiments are shown. Densitometric analysis evaluated
the ratio of genes of interests to GAPDH and was presented as percentage of control.
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SDF-1 was demonstrated to induce the phosphorylation of AKT and GSK3β in sequential
manner: first, AKT was phosphorylated, followed by GSK3β (Figure 4E). Interestingly, prolonged
treatment with SDF-1 or the GSK3β inhibitor BIO resulted in slightly elevated SNAIL levels (Figure 4F)
and, subsequently, slightly increased EZRIN level (Figure 4G). Our results demonstrate that SNAIL
expression is regulated via the induction of GSK3β phosphorylation by the PI3K-AKT kinase signaling
pathway and, moreover, identified SNAIL as an important regulator of AKT and EZRIN expression.

2.4. Inhibition of PI3K-AKT Signaling Diminishes Migration and Chemotaxis of RMS Cells

To indirectly verify whether AKT kinase may be an important mediator of SNAIL-mediated RMS
cell motility, WT RH30 cells were treated with LY294002, PI3K-AKT signaling inhibitor. We observed
that a 10 µM concentration of the inhibitor partially inhibited AKT kinase phosphorylation, whereas
50 µM almost completely blocked its activation (Figure 5A). Moreover, both 10 and 50 µM LY294002
inhibited migration in a scratch assay (Figure 5B) and chemotaxis towards HGF and SDF-1 (Figure 5C).
We discovered that the impaired AKT signaling mimicked the effects of SNAIL downregulation,
what indirectly suggests that AKT kinase might be an important mediator of SNAIL action.

Cancers 2020, 12, x 10 of 25 

 

SDF-1 was demonstrated to induce the phosphorylation of AKT and GSK3 in sequential 

manner: first, AKT was phosphorylated, followed by GSK3 (Figure 4E). Interestingly, prolonged 

treatment with SDF-1 or the GSK3 inhibitor BIO resulted in slightly elevated SNAIL levels (Figure 

4F) and, subsequently, slightly increased EZRIN level (Figure 4G). Our results demonstrate that 

SNAIL expression is regulated via the induction of GSK3 phosphorylation by the PI3K-AKT kinase 

signaling pathway and, moreover, identified SNAIL as an important regulator of AKT and EZRIN 

expression. 

2.4. Inhibition of PI3K-AKT Signaling Diminishes Migration and Chemotaxis of RMS Cells 

To indirectly verify whether AKT kinase may be an important mediator of SNAIL-mediated 

RMS cell motility, WT RH30 cells were treated with LY294002, PI3K-AKT signaling inhibitor. We 

observed that a 10 M concentration of the inhibitor partially inhibited AKT kinase phosphorylation, 

whereas 50 M almost completely blocked its activation (Figure 5A). Moreover, both 10 and 50 M 

LY294002 inhibited migration in a scratch assay (Figure 5B) and chemotaxis towards HGF and SDF-

1 (Figure 5C). We discovered that the impaired AKT signaling mimicked the effects of SNAIL 

downregulation, what indirectly suggests that AKT kinase might be an important mediator of SNAIL 

action. 

 

Figure 5. Inhibition of PI3K-AKT signaling diminishes migration and chemotaxis of RMS cells. (A) 

Treatment of RH30 cells with 10 and 50 M LY294002 inhibited phosphorylation of AKT kinases 

under different treatments conditions (0.5% BSA, 20 ng/mL HGF, 100 ng/mL SDF-1). Cells were 

treated with the inhibitor 1 h before further experiments. Representative image of Western blots of 

two independent biological experiments is shown. Densitometric analysis evaluated the ratio of p-

AKT to AKT and was presented as percentage of control. (B) Treatment of RH30 cells with 10 and 50 

M LY294002 inhibited the migration of the cells in a scratch assay; n = 3. (C) Treatment of RH30 cells 

with 10 and 50 M LY294002 inhibited chemotaxis of RH30 cells towards 20 ng/mL HGF and 100 

ng/mL SDF-1; n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001. Graphical data are presented as the means ± 

SEMs. Alternatively, representative Western blot images of two independent biological experiments 

are presented.  

2.5. The SNAIL-miRNA Axis Regulates the Motility of RMS Cells 

Figure 5. Inhibition of PI3K-AKT signaling diminishes migration and chemotaxis of RMS cells.
(A) Treatment of RH30 cells with 10 and 50 µM LY294002 inhibited phosphorylation of AKT kinases
under different treatments conditions (0.5% BSA, 20 ng/mL HGF, 100 ng/mL SDF-1). Cells were
treated with the inhibitor 1 h before further experiments. Representative image of Western blots
of two independent biological experiments is shown. Densitometric analysis evaluated the ratio of
p-AKT to AKT and was presented as percentage of control. (B) Treatment of RH30 cells with 10
and 50 µM LY294002 inhibited the migration of the cells in a scratch assay; n = 3. (C) Treatment of
RH30 cells with 10 and 50 µM LY294002 inhibited chemotaxis of RH30 cells towards 20 ng/mL HGF
and 100 ng/mL SDF-1; n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001. Graphical data are presented as
the means ± SEMs. Alternatively, representative Western blot images of two independent biological
experiments are presented.

2.5. The SNAIL-miRNA Axis Regulates the Motility of RMS Cells

In addition to proteins, miRNAs may be the other important mediators of SNAIL action [17].
Therefore, the effect of SNAIL on the miRNA transcriptome was evaluated. Analysis of the miRNA
transcriptome by next-generation sequencing showed that SNAIL silencing either upregulated or
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downregulated different miRNAs (Table 1 and Figure 6A and Supplementary Table S2). Gene ontology
(GO) analysis of processes regulated by miRNAs revealed actin cytoskeleton reorganization and
differentiation, as well as on HGF-activated receptor activity (Figure 6B), indicating that miRNAs are
important mediators of SNAIL action. From the group of SNAIL-dependent miRNAs (Table 1 and
Supplementary Table S2), four different candidate miRNAs were selected for further research. The two
significantly upregulated and two downregulated miRNAs were selected for further analyses after
verification of their levels using qPCR. The candidate miRNAs need to be expressed at a reasonable
level, basing on TPM (tags per million) values (Supplementary Table S2).

Table 1. miRNA sequencing results revealed miRNAs that were significantly differentially expressed
between RH30 shSNAIL and shCTRL cells. The table shows the log fold change (logFC) between the
shSNAIL and shCTRL groups; raw p-values, Benjamini-Hochberg FDR corrected p-values; n = 3.

Names logFC p Value FDR

hsa-miR-1269b −11.78 1.12 × 10−83 6.95 × 10−82

hsa-miR-218-5p −11.07 1.50 × 10−142 2.10 × 10−140

hsa-miR-548h-5p −10.81 5.84 × 10−61 1.82 × 10−59

hsa-miR-452-5p −10.73 3.40 × 10−174 1.47 × 10−171

hsa-miR-224-5p −10.68 1.22 × 10−40 1.89 × 10−39

hsa-miR-3148 10.32 9.71 × 10−56 2.82 × 10−54

hsa-miR-4652-5p −9.78 7.14 × 10−43 1.24 × 10−41

hsa-miR-1269a −9.77 6.90 × 10−156 1.51 × 10−153

hsa-miR-873-5p −9.63 5.99 × 10−41 9.65 × 10−40

hsa-miR-873-3p −8.79 1.56 × 10−53 4.25 × 10−52

hsa-miR-302a-5p −8.07 8.53 × 10−45 1.69 × 10−43

hsa-miR-105-5p −6.72 2.21 × 10−61 7.38 × 10−60

hsa-miR-139-5p 6.53 2.01 × 10−65 8.75 × 10−64

hsa-miR-199b-5p −6.52 4.51 × 10−94 3.27 × 10−92

hsa-miR-95-3p 6.42 2.34 × 10−40 3.51 × 10−39

hsa-miR-767-5p −6.15 8.59 × 10−51 1.97 × 10−49

hsa-miR-139-3p 5.93 1.25 × 10−44 2.37 × 10−43

hsa-miR-28-5p 5.43 1.15 × 10−94 1.00 × 10−92

hsa-miR-143-3p −5.26 2.17 × 10−53 5.55 × 10−52

hsa-miR-28-3p 5.1 3.60 × 10−113 3.88 × 10−111

hsa-miR-193a-5p 4.45 6.18 × 10−75 3.36 × 10−73

hsa-miR-541-3p −4.32 4.72 × 10−63 1.71 × 10−61

hsa-miR-412-5p −4.15 4.11 × 10−71 1.99 × 10−69

hsa-miR-1197 −3.83 1.45 × 10−50 3.15 × 10−49

hsa-miR-200c-3p −3.77 1.50 × 10−64 5.95 × 10−63

hsa-miR-431-5p −3.76 5.00 × 10−45 1.04 × 10−43

hsa-miR-200b-3p −3.65 3.26 × 10−41 5.45 × 10−40

hsa-miR-129-5p −3.32 2.27 × 10−43 4.11 × 10−42

hsa-miR-1180-3p −3.27 4.16 × 10−51 1.01 × 10−49

hsa-miR-486-5p 2.74 9.05 × 10−40 1.31 × 10−38
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in miRNA sequencing results; RH30 shSNAIL cells vs RH30 shCTRL cells, p < 0.05. 

Among the selected candidates, miR-28-3p and miR-193a-5p were overexpressed in WT RH30 

cells by transfection with miRNA mimics, as they were upregulated in SNAIL-deficient cells, whereas 

miR-218-5p and miR-452-5p were inhibited with miRNA inhibitors, as they were downregulated in 

SNAIL-deficient cells. The miRNAs expression levels after transfection were verified by qPCR 

(Figure 7A). The effect of those miRNAs on cell motility was screened by a scratch assay. miR-28-3p 

Figure 6. miRNAs are mediators of SNAIL action on cytoskeleton organization. (A) miRNA sequencing
in RH30 WT, shCTRL (SC) and shSNAIL (SS) cells revealed that SNAIL silencing downregulates and
upregulates many different miRNA sequences. These alterations were visualized as a heatmap via
unsupervised hierarchical clustering by sample and miRNA. Clustering was performed on all samples,
and the top 50 miRNAs with the highest coefficient of variation (CV) were identified based on the
trimmed mean of M-values (TMM) normalized counts; n = 3. (B) GO enrichment analysis using Fisher’s
test and the ‘Elim’ method revealed potentially significant biological processes and molecular functions
associated with muscle and actin cytoskeleton structure in miRNA sequencing results; RH30 shSNAIL
cells vs RH30 shCTRL cells, p < 0.05.

Among the selected candidates, miR-28-3p and miR-193a-5p were overexpressed in WT
RH30 cells by transfection with miRNA mimics, as they were upregulated in SNAIL-deficient
cells, whereas miR-218-5p and miR-452-5p were inhibited with miRNA inhibitors, as they were
downregulated in SNAIL-deficient cells. The miRNAs expression levels after transfection were verified
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by qPCR (Figure 7A). The effect of those miRNAs on cell motility was screened by a scratch assay.
miR-28-3p and miR-193a-5p inhibited the migration of RH30 cells the most potently (Figure 7B),
indicating that they might be important mediators of SNAIL action.

Subsequently, we evaluated the effect of miRNA mimics and inhibitors on EZRIN levels.
Only miR-28-3p downregulated EZRIN at the mRNA (Figure 7C) and at protein levels (Figure 7D).
However, bioinformatic analysis did not show any binding sites for miR-28-3p in the EZRIN 3′-UTR,
so we speculate that miR-28-3p regulates the EZRIN level indirectly. Overexpression of miR-28-3p
inhibited chemotaxis towards HGF and SDF-1 (Figure 7E) and diminished the adhesion of RH30 cells
to endothelial cells after treatment with HGF and SDF-1 (Figure 7F).

These results indicate that miR-28-3p may be an important mediator of the effects of SNAIL on
migration, chemotaxis and adhesion through indirect modulation of EZRIN levels. The proposed
mechanism of SNAIL regulation and its action in RMS is presented in graphical abstract.
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3. Discussion 

This study was undertaken to investigate the role of the SNAIL transcription factor in the 

regulation of RMS metastasis, since the action mechanism of SNAIL in mesenchymal tumors is not 

well understood. In our studies, we sought to identify different noncanonical action mechanisms of 

SNAIL in RMS metastasis that may also be important in other tumor types. 

Previously, we showed that SNAIL is a key regulator of ARMS tumor growth and differentiation 

through functional repression of MYF5 and MYOD [9]. Here, we demonstrated that SNAIL affects 

RMS metastatic behavior by reorganizing the actin cytoskeleton and regulating intracellular 

pathways important for tumor cell metastasis. Actin cytoskeleton reorganization is also a key event 

in the acquisition of migratory properties by epithelial cancer cells undergoing EMT [25]. In addition, 
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Figure 7. miR-28-3p is a mediator of SNAIL action on RMS cell motility and adhesion to endothelial cells.
(A) SNAIL-dependent candidates miRNAs were either overexpressed by transfection with miRNA
mimics (miR-28-3p and miR-193a-5p) or inhibited with miRNA inhibitors (miR-218-5p and miR-452-5p)
in RH30 cells to evaluate whether the candidate miRNAs are important mediators of SNAIL action.
The expression levels of miRNAs were evaluated three days after transfection by qPCR with the ∆Ct
method, and miR-103a-3p was used as a constitutively expressed miRNA control. The results are
presented as the means of two independent experiments with duplicate samples. (B) Among the four
miRNA candidates, miR-28-3p and miR-193a-5p regulated the most potently the motility of RH30 cells
in a scratch assay. The results are presented as representative images of three independent experiments
24 h after scratching and graphs presenting the calculated percentage of scratch reduction; n = 3. White
scale bar represents 200 µm. (C) Among the four miRNA candidates, only miR-28-3p was a regulator of
EZRIN expression at the mRNA level in RH30 cells; n = 3. (D) miR-28-3p downregulated EZRIN at the
protein level in RH30 cells (representative Western blot image of 2 independent biological experiments).
(E) miR-28-3p overexpression diminished the chemotaxis of RH30 cells towards HGF and SDF-1; n = 3.
(F) miR-28-3p overexpression in RH30 cells diminished the adhesion of RH30 cells treated with HGF
and SDF-1 to HUVEC endothelial cells pretreated with TNF-α; n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001.
Graphical data are presented as the means ±SEMs. Alternatively, representative images are presented.

3. Discussion

This study was undertaken to investigate the role of the SNAIL transcription factor in the
regulation of RMS metastasis, since the action mechanism of SNAIL in mesenchymal tumors is not
well understood. In our studies, we sought to identify different noncanonical action mechanisms of
SNAIL in RMS metastasis that may also be important in other tumor types.

Previously, we showed that SNAIL is a key regulator of ARMS tumor growth and differentiation
through functional repression of MYF5 and MYOD [9]. Here, we demonstrated that SNAIL affects
RMS metastatic behavior by reorganizing the actin cytoskeleton and regulating intracellular pathways
important for tumor cell metastasis. Actin cytoskeleton reorganization is also a key event in the
acquisition of migratory properties by epithelial cancer cells undergoing EMT [25]. In addition,
SNAIL was identified as a crucial factor involved in PI3K-AKT signaling and the EZRIN-RHO pathway
that may be regulated by SDF-1 and HGF, factors that promote tumor cell metastasis.

An important pathway in RMS progression is the PI3K/AKT signaling pathway.
Mutational activation of PI3K/AKT signaling has been previously associated with a clinically aggressive
RMS subset [31]. We found that blocking this pathway in RMS cells results in decreased motility
and chemotaxis towards HGF and SDF-1. Importantly, SNAIL was identified as a regulator of AKT
expression by direct binding to the AKT2 promoter. Interestingly, SNAIL has been shown to enhance
the binding of AKT2 to the E-cadherin (CDH1) promoter in epithelial cells and interference with AKT2
prevents SNAIL-mediated repression of the CDH1 gene [32]. In addition, the literature suggests that
AKT2 activates SNAIL and that a switch from the AKT1 to the AKT2 isoform is required for the induction
of SNAIL expression [33]. Based on our results, we postulate the existence of a stimulatory loop
between SNAIL and AKT that regulates RMS progression and metastasis. Our studies demonstrated
that SDF-1 and HGF, which may stimulate tumor cells to form metastases, increase the SNAIL level
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by inducing GSK3β phosphorylation via the PI3K-AKT pathway. GSK3β regulation by AKT was
previously demonstrated in different cell types [34]. The canonical pathway of AKT activation is
initiated by G-protein-coupled receptors, such as CXCR4 and receptor tyrosine kinases, such as
MET; subsequently, AKT mediates inhibitory phosphorylation of GSK3β S9 [35]. GSK3β regulates
the SNAIL level by phosphorylation at two consensus motifs to affect the function of the protein
either by ubiquitination or subcellular localization [36,37]. SNAIL can also bind to its own promoter,
forming a feedback mechanism for its transcriptional regulation; this mechanism can be overridden
in cells receiving potent stimulation of the PI3K pathway, which can activate SNAIL expression and
subsequently induce EMT [38]. Our data confirm the existence of such feedback mechanisms in
mesenchymal cells, since our ChIP-seq results showed the binding of SNAIL to its own promoter.

We have shown here for the first time that the EZRIN protein, which has been previously shown
to be a key regulator of tumor metastasis [8,39], is a crucial mediator of SNAIL signaling pathways by
acting as an actin filament-plasma membrane linker [8]. These results may be extrapolated to RMS
patients because we found a positive correlation between SNAIL and EZRIN expression. EZRIN has
been described as a metastatic determinant in many different tumor types [40], including mesenchymal
tumors such as osteosarcoma [41].

The literature indicates a link between the EZRIN-dependent metastatic potential and the activity
of the small GTPase RHO proteins [8]. Our studies demonstrated that both EZRIN and SNAIL silencing
diminished the activity of RHO and its downstream mediator ROCK-II. RHO family GTPases and
their downstream effector proteins – ROCK I and II – are often associated with enhanced invasive and
metastatic phenotypes, as they are known regulators of the cytoskeleton and cell migration that are
frequently overexpressed in different tumor types [42]. In addition, cell motility promoted by RHO
signaling through ROCK was shown to require EZRIN localized in the direction of cell movement [43].
In oral cancer cells, SNAIL was previously associated with changes in RHO activity and phosphorylation
of EZRIN-RADIXIN-MOESIN family, but no precise mechanism was described [44].

Our studies showed that SNAIL may regulate EZRIN expression by directly binding to its
promoter. Via that mechanism SNAIL acts as an activator of EZRIN expression. SNAIL is usually
considered as a transcriptional repressor, but it may also act as an activator [16], such as for MMP15 [45].
SNAIL can also potentiate enhancer activation by collaborating with different activators [46].

In this study we showed that in addition to directly regulating EZRIN, SNAIL can indirectly affect
its level via miR-28-3p since bioinformatic analysis using TargetScanHuman 7.1 [47] and miRDB [48]
did not reveal potential miR-28-3p binding sites in the 3′UTR region of EZRIN gene. miR-28-3p was
identified as a SNAIL mediator in the motility, chemotaxis and adhesion of RMS cells. The important
role of miR-28-3p in RMS was demonstrated for the first time. Previously, the role of miR-28 was
suggested to be important in different tumor types, such as non-Hodgkin lymphoma [49] and colorectal
cancer [50]. Our research also demonstrated that SNAIL silencing in RMS cells changes the miRNA
transcriptome and that SNAIL-miRNA signaling regulates many different processes associated with
actin cytoskeleton reorganization and cellular motility and differentiation. In addition to miR-28-3p,
many different miRNAs are mediators of SNAIL action. Several studies in the literature describe
SNAIL as a regulator of miRNA expression with implications for epithelial tumor progression [15,17],
such as the interaction between miR-34 and SNAIL in the regulation of the EMT process [51].

Using an in vivo model, we showed diminished engraftment of SNAIL-deficient RMS cells in
murine lungs after intravenous implantation. The metastatic capabilities of RMS cells may be regulated
by the SDF-1 gradient. CXCR4–SDF-1 signaling regulates locomotion, chemotaxis, and adhesion [4].
The SDF-1 gradient was identified as an important factor in chemotaxis and adhesion of SNAIL-deficient
RMS cells. Interestingly, our data suggest that SNAIL mediated motility of RMS cells is induced by the
modulation of EZRIN levels rather than changes in CXCR4 expression. Moreover, SDF-1 may regulate
SNAIL expression and thus may promote metastasis. HGF has also been shown to play an important
role in RMS metastasis [7,21,52]. Our studies demonstrated that SNAIL regulates the level of the MET
receptor, chemotaxis towards HGF and HGF-induced adhesion to endothelial cells. These results may
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also be extrapolated to patients suffering from RMS due to the correlation between SNAIL and MET
receptor levels. Moreover, SDF-1 and HGF may also regulate the SNAIL level, as they induce rapid
phosphorylation of AKT kinase and GSK3β [53].

The diminished engraftment of SNAIL-deficient RMS cells in murine lungs may be explained by
the inhibited adhesion of RMS cells to activated endothelial cells. This process is affected by SNAIL
through its regulation of EZRIN, miR-28-3p levels and adhesion molecules. In this study, we showed
that SNAIL silencing completely blocked CD49b and ICAM-1 (CD54) expression and profoundly
diminished ICAM-2 (CD102) levels. Integrin adhesion to the ECM provides the traction required for
tumor cell invasion [54]. Importantly, CD49b (VLA-2 integrin) expression plays major roles in the post
extravasation movement of RMS cells [55].

In conclusion, our data demonstrate a novel mechanism by which the SNAIL transcription factor
regulates RMS metastasis. We showed that SNAIL forms an integrated signaling network supporting
the progression of RMS and that its expression may be induced by factors attracting tumor cells to
form metastases, such as SDF-1 and HGF. Regulatory mechanisms mediated by SNAIL crosstalk
between AKT kinase, EZRIN, RHO-GTPase and miRNAs modulate tumor cell motility, adhesion
and actin cytoskeleton organization, supporting the progression and metastasis of RMS (see the
Graphical Abstract). We believe that these newly discovered mechanisms may also be important in
other tumor types.

4. Materials and Methods

4.1. Cell Culture

RMS cell lines (RH30, RH41, RD, SMS-CTR) were kindly provided by Dr. PJ Houghton (Center for
Childhood Cancer, Columbus, OH, USA). The cells were cultured in DMEM high-glucose medium
(Lonza Group Ltd., Basel, Switzerland) supplemented with 10% fetal bovine serum (FBS, EURx,
Gdansk, Poland) and 50 µg/mL gentamicin (Lonza) at 37 ◦C, 5% CO2 and 95% humidity.

Human umbilical vein endothelial cells (HUVEC) have been ordered from Becton Dickinson
Biosciences. They were cultured in endothelial cell growth medium (PromoCell, Heidelberg, Germany),
with endothelial cell growth supplement (PromoCell).

The cell lines were routinely tested for Mycoplasma spp. contamination using by MycoAlert™
Mycoplasma Detection Kit (Lonza). RMS cell line authentication was performed by STR profiling using
AmpFlSTR SGM PLUS Kit (Applied Biosystems, Foster City, CA, USA) and sequencing apparatus ABI
Prism 310 Genetic Analyser (Applied Biosystems) according to the manufacturer’s protocol.

4.2. Treatments of the Cells

For evaluation of expression and phosphorylation of kinases, RH30 cells were examined at 70%
confluency. They were starved overnight in DMEM medium with 0.5% BSA. Subsequently, they were
treated with 20 ng/mL HGF (Peprotech, London, UK) for 10 min, 100 ng/mL SDF-1 for 2–5 min in
starving medium and 10% FBS for 30 min. Subsequently, protein was isolated with MPER buffer, as
described below.

For experiments with LY294002 inhibitor (Merck, Darmstadt, Germany) cells were pretreated
with 10 or 50 µM LY294002 one hour before further treatments with HGF, SDF-1 and FBS. In scratch
assay and chemotaxis experiments the inhibitor was added one day before the experiment and it was
present for the whole experiment.

The other inhibitors used in the experiments with treatment of the cells with SDF-1 or HGF were
following: pertussis toxin (PTX) 20 µg/mL (Sigma-Aldrich, Darmstadt, Germany) was added 1.5 h
before stimulation, UO126 30 µM (Merck) was added 1 h before stimulation, MET inhibitor 5 mM
(Merck) was added 16 h prior to stimulation, BIO 1 µM was added for different time periods between 2
and 24 h.
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4.3. Production of Viral Vectors and Transduction of Cells

RH30 cells were transduced with shRNA Lentiviral Particles targeting SNAIL and control
lentiviral particles (Santa Cruz Biotechnology, Santa Cruz, CA, USA), as described previously [9].
shRNA Lentiviral Particles consisted of three different shRNA sequences targeting SNAIL.

Lentiviral particles encoding GFP-P2A-SNAIL (GFP-P2A-SNAIL @pLenti6/UbC) and GFP
(GFP@pLenti6/UbC) were produced using the Vira Power Lentiviral Expression System (Invitrogen,
Carlsbad, CA, USA), as previously described [9,21,56]. SMS-CTR cells were transduced with lentiviral
vectors (at MOI = 10) in the presence of 6µg/mL polybrene (Sigma-Aldrich). After 72 h the cells were
subject to selection with 2.5 µg/mL blasticidin (InvivoGen, Toulouse, France) for 2 weeks.

4.4. Transfection with siRNA

RH30, RH41 and RD cells were transfected with 20 nM siRNA against SNAIL (combination of two
Silencer Select siRNA ID variants: s13185 and s13187, Ambion Inc., Austin, TX, USA) or against EZRIN
(combination of two Silencer Select siRNA ID variants: s14795 and s14797) or scrambled control siRNA
(Silencer Select Negative Control #1 siRNA, cat. 4390844, Ambion) using Lipofectamine RNAiMAX
(Invitrogen) transfection reagent according to vendor’s protocol. Protein level was verified three days
after transfection. Three subsequent transfections were performed every 3–4 days and after that time
cells were seeded for the experiments involving scratch assay and chemotaxis.

4.5. Transfection of Cells with miRNA Precursors and Inhibitors

RH30 cells were transfected with 30 nM mirVana™ miRNA Mimic: hsa-miR-28-3p (ID:
MC12933), hsa-miR-193a-5p (ID: MC1178), Negative Control 1 or alternatively with mirVana™
miRNA Inhibitor: hsa-miR-218-5p (MH10328), hsa-miR-452-5p (ID: MH12509), Negative Control 1
using using Lipofectamine RNAiMAX (Invitrogen) transfection reagent according to vendor’s protocol.
RNA was isolated 48–72 h after transfection. The cells were seeded for further experiments 48 h
after transfection.

4.6. DNA and RNA Isolation and Reverse Transcription

Total RNA was extracted using the GeneMATRIX Universal RNA/miRNA Purification Kit
(EURx) or mirVana miRNA Isolation Kit (Ambion), according to the manufacturer’s protocol.
Reverse transcription of mRNA was performed using MMLV reverse transcriptase (Promega, Madison,
WI, USA) according to the vendor’s protocol. Reverse transcription of miRNA was performed using
the Universal cDNA Synthesis Kit (Exiqon, Vedbaek, Denmark) or miRCURY LNA RT Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s protocol.

4.7. Quantitative Real-Time PCR

Gene expression was determined by qRT-PCR analysis using QuantStudio™ 7 Flex Real-Time
PCR System (Applied Biosystems), Blank qPCR Master Mix (EURx) and the indicated Taq-Man
probes (Applied Biosystems): human: GAPDH (Hs99999905_m1), SNAI1 (Hs00195591_m1) and
EZRIN (Hs00931653_m1). The mRNA expression level for all of the samples was normalized to the
housekeeping gene GAPDH, using the 2−∆Ct method.

For the evaluation of miRNA expression by quantitative real-time PCR, SYBR Green qPCR Master
Mix (EURx) with LNA™ PCR primer set (Exiqon) or miRCURY LNA miRNA PCR Assay (Qiagen) for
human miR-28-3p, miR-193a-5p, miR-218-5p, miR452-5p and miR-103a-3p were used. The miRNAs
expression levels were quantified using the 2−∆Ct method, using miR-103a-3p as a relative control.

4.8. MicroRNA Sequencing

Library preparation, next generation sequencing and analysis of data were performed at Exiqon
Services in Denmark. A total of 1 µg of total RNA was converted into microRNA NGS libraries

219



Cancers 2020, 12, 1870

using NEBNEXT library generation kit (New England Biolabs Inc., Ipswich, MA, USA) according to
the manufacturer’s instructions. Each individual RNA sample had adaptors ligated to its 3′ and 5′
ends and converted into cDNA. Then the cDNA was pre-amplified with specific primers containing
sample specific indexes. After 15 cycle pre-PCR the libraries were purified on QiaQuick columns
and the insert efficiency evaluated by Bioanalyzer 2100 instrument on high sensitivity DNA chip
(Agilent Inc., Santa Clara, CA, USA) The microRNA cDNA libraries were size fractionated on a LabChip
XT (Caliper Inc., Waltham, Massachusetts, USA) and a band representing adaptors and 15–40 bp
insert excised using manufacturer’s instructions. Samples were then quantified using qPCR and
concentration standards. Based on quality of the inserts and the concentration measurements the
libraries were pooled in equimolar concentrations (all concentrations of libraries to be pooled are
of the same concentration). The library pools were finally quantified again with qPCR and optimal
concentration of the library pool used to generate the clusters on the surface of a flow cell before
sequencing using v2 sequencing methodology according to the manufacturer instructions (Illumina Inc.,
San Diego, CA, USA).

Samples were sequenced on the Illumina NextSeq 500 system. The system uses quality score
binning enabling a more compact storage of raw sequences. Using only eight levels (Levels: No call, 6,
15, 22, 27, 33, 37, 50) of quality method has been tested and found to virtually loss-less. Average number
of reads per sample was 7.5mio. Number of sequencing cycles (read length) was 50 nt, single-end read.
The differential expression analysis was done using TMM (the trimmed mean of M-values normalization
method) in the EdgeR statistical software package (Bioconductor, http://www.bioconductor.org/).
Exiqon Services also performed TPM (tags per million) normalization. MicroRNA NGS data were
deposited in Gene Expression Omnibus (GEO) under accession number GSE100114.

4.9. Western Blotting

Total extracts of protein were isolated with M-PER lysing buffer (Pierce, Rockford, IL, USA) as
described previously [21], whereas nuclear and cytoplasmic fractions of protein, were isolated using
the Nuclear Extract Kit (Active Motif, La Hulpe Belgium) according to the manufacturer’s protocol.
The protein concentration was measured using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA)
according to the vendor’s protocol. Western blotting was performed using the anti-GAPDH rabbit
mAb (14C10; #2118; Cell Signaling Technology, Leiden, The Netherlands), the anti-histone H3 (ab1791;
Abcam, Cambridge UK), the anti-SNAIL mouse mAb (L70G2; #3895; Cell Signaling), anti-EZRIN
(3C12, Santa Cruz Biotechnology), anti-phospho-AKT (Ser473) rabbit mAb (#9272, Cell Signaling,
Danvers, MA, USA), anti-AKT rabbit pAb (#9272, Cell Signaling), anti-AKT2 mouse mAb (#5239,
Cell Signaling), anti-AKT1 rabbit mAb (#2938T, Cell Signaling), anti-phospho-p44/42 MAPK (9106S,
Cell Signaling), anti-phospho-GSK-3β (Ser9) rabbit mAb (#9336, Cell Signaling), anti-GSK-3β rabbit
mAb (#9315, Cell Signaling), and secondary anti-rabbit and anti-mouse antibodies conjugated with
horseradish peroxidase (HRP, Santa Cruz Biotechnology). Proteins were separated by electrophoresis
in a 12% resolving sodium dodecyl sulfate–PAGE gel, and the fractionated proteins were transferred
into a PVDF membrane (BioRad). Chemiluminescent signals were developed using (SuperSignal™
West Pico PLUS Chemiluminescent Substrate (Thermo Scientific) and ChemiDoc MP Imaging System
(Bio-Rad) or using developing films. Western blot results are presented as representative images of two
or three independent biological experiments. Densitometric analysis of each Western blot image was
performed using ImageLab software (BioRad). The ratio of the adjusted volume band of the gene of
interest to the constitutive gene was evaluated, and subsequently results were presented as percentage
of control.

4.10. RHO and ROCK-II Enzymes Activity

RHO protein activity was evaluated using Rho Activation Assay Biochem Kit (Cytoskeleton, Inc.,
Denver, CO, USA), according to vendor’s protocol. For the experiment, RH30 cells were transfected
with siRNA for the three times, then starved in 0.5% FBS for 24 h, then 0% FBS for a further 24 h
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and then treated with 10% FBS 15 min before lysis according to vendor’s protocol. The results were
analyzed by Western blot.

Rho-associated Kinase (ROCK) Activity Assay (Merck Millipore, Darmstadt, Germany) was used
to evaluate ROCK-II enzyme activity in protein lysates, according to vendor’s protocol. Inhibitor from
the kit was used to evaluate assay specificity.

4.11. Analysis of Subproteomes of Nuclear and Cytoplasmic Fractions

Cytoplasmic and nuclear protein fractions were isolated by the ProteoExtract Kit (Calbiochem,
San Diego, CA, USA). Protein samples were diluted with 8 M urea in 50 mM ammonium bicarbonate,
reduced with DTT, alkylated with iodoacetamide and digested with trypsin on 30 kDa cut-off filter
(Vivacon 500, Sartorius Stedim, Goettingen, Germany) using filter-aided sample preparation (FASP)
procedure described previously [57].

Peptides were further analyzed by use of shotgun LC-MS/MS technique using reversed-phase
liquid chromatography (RP-LC) system (UltiMate 3000RS LCnanoSystem, Dionex, Sunnyvale, CA,
USA) coupled with a quadrupole time-of-flight mass spectrometer (micrOTOF-Q II, Bruker Daltonics,
Bremen, Germany).

The RP-LC system consisted of a desalting trap column (75 µm × 2 cm, C18 material, 3 µm,
100 Å) and an analytical column (75 µm × 50 cm, C18 material 2 µm, 100 Å) with a nanoflow solvent
delivery. The LC-MS/MS data were acquired by online analysis of peptides eluted with a 90 min
gradient ranging from 2% to 40% acetonitrile in 0.05% formic acid/water at a 300 nl/min flow rate.
MS/MS data were obtained by targeting 5 precursor ions in the scan range of m/z 50 to 2500 Da.
The raw data were processed by Data Analysis 4.1 (Bruker Daltonics) and searched against Swiss
Prot_201407 database with taxonomy restriction to Homo sapiens (20,284 sequences) using MASCOT
search engine (v.2.3.0) embedded into ProteinScape 3.0 (Bruker Daltonics). The following parameters
were used for the search: trypsin with maximum one missed cleavage, precursor and product ions mass
tolerance were respectively ±20 ppm and ±0.05 Da; fixed modification—carbamidomethylation (C);
variable modifications—oxidation (M), deamidation (NQ). Proteins below the 1% false discovery
rate were considered. The complete analysis was composed of two LC-MS/MS runs. On the basis
of the first run, a scheduled precursor list (SPL) was generated and used as an exclusion list during
second LC-MS/MS analysis. A compilation of obtained two search results was performed with the
ProteinScape 3.0 platform.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE [58] partner repository with the dataset identifier PXD006711 and 10.6019/PXD006711.
The data include Bruker mass spectrometer output files (.baf) and PRIDE XML files generated from
Mascot DAT files with the use of PRIDE Converter 2 [59].

4.12. Bioinformatic Analysis

Ezrin promoter fragments were found in the Eukaryotic promoter database [30]. EPD describes
two fragments of EZRIN promoter: EZR_1 9Chromosome [NC_000006.12]; Strand [-];
Position [158819364]) and EZR_2 (Chromosome [NC_000006.12]; Strand [-]; Position [158818235]).
Two fragments of the promoter of EZRIN (~1000 bp) was screened for putative SNAIL transcription
factor binding sites using a TF prediction tool called ConSite (http://consite.genereg.net/). The search
for putative TF binding sites was performed at 80% cutoff [60]. The results were then compared with
other TF prediction tools.

4.13. Chromatin Immunoprecipitation (ChIP) Assay

ChIP was performed using SimpleChip Enzymatic Chromatin IP Kit (Cell Signaling Technology)
according to the manufacturer’s protocol. For ChIP assays 10 µg of goat antibody against SNAIL
(cat. AB-108-C; R&D Systems, Minneapolis, MN, USA), 10 µg of the positive control histone H3
(D2B12 XP Rabbit mAb Chip formulated, Cell Signaling Technology) and the normal goat IgG control
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(R&D Systems, cat. AF3639) as a negative control. After immunoprecipitation, the DNA was isolated
using spin columns from the kit and eluted in 50 µL Elution Reagent C. PCR was performed with 2 µL
of immunoprecipitated material and the products were analyzed on an 1.5% agarose gel, and visualized
using a gel documentation system.

The following primers were used to quantify SNAIL binding to the EZRIN promoter fragments
described in previous section:

EZR_1 fragment forward primer: 5′-GAGGCTAGCACGAGTTAAGCA-3′

EZR_1 fragment reverse primer: 5′-GCACGTTTGTGGCCTCTTTT-3′

EZR_2 fragment forward primer: 5′-GGAGCACACGGAGCACTG-3′

EZR_2 fragment reverse primer: 5′-CGGAGAGAGGCGGAGAAGA-3′

Additionally, Chip-Seq analysis was performed using the Intelliseq sp. z o. o. (Cracow, Poland)
company service in cooperation with Novogene Co., Ltd (Cambridge, UK) using Illumina
high-throughput sequencer. Quality assessment of the reads was performed using the FastQC tool
(v0.11.7). Reads containing adapters were filtered using the Trim Galore tool (v0.5.0). Mapping of reads
to the human reference genome GRCh38 from the Ensembl database was done using the BWA-MEM
software (v. 2.1.0). The aligned reads were filtered out more than once. Subsequently, the analysis
using the MASC2 callpeak tool (v. 2.1.2) with default parameters (minimum FDR 0.05) was performed.
The detected transcription factor binding sites were noted using the HOMER annotatePeaks.pl tool
(v4.10) and a GTF file from the Ensembl database. The Integrative Genomics Viewer (IGV) was used as
a visualization tool for interactive exploration of large, integrated genomic datasets [61]. ChIP-seq
data data were deposited in Gene Expression Omnibus (GEO) under accession number GSE152355.

4.14. Scratch Assay

Confluent RMS cells were treated with DMEM medium with 0.5% BSA for 24 h.
Subsequently, a scratch was generated with a pipette tip. Starving medium was replaced every
day. Photographs were taken after 24, 48 and 72 h and they were analyzed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

4.15. Chemotaxis and Invasion Assays

Chemotaxis of RMS cells to 20 ng/mL HGF (R&D System) and 100 ng/mL SDF-1 (Peprotech,
Rocky Hill, NJ, USA) was evaluated using modified Boyden’s chamber with 8 µm pore polycarbonate
membrane inserts (Transwell; Corning Life Sciences—PZ HTL SA, Warsaw, Poland), as described
previously [21]. 0.5% BSA served as a negative control. Similarly, invasion of RMS cells through
growth factor reduced Matrigel invasion inserts (Corning Life Sciences) to 10% FBS, 20 ng/mL HGF,
100 ng/mL SDF-1, 0.5% BSA was also investigated, as described previously [21].

4.16. Immunofluorescent Staining with Phalloidin

RH30 cells were fixed in 4% formaldehyde (POCH, Gliwice, Poland) in PBS, permeabilized
in 0.1% TritonX-100 (Sigma-Aldrich), blocked in 1% bovine serum albumin (BSA, Sigma-Aldrich).
For visualization of the actin cytoskeleton, the cells were stained with phalloidin conjugated with Alexa
Fluor 488 (Life Technologies) according to the manufacturer’s protocol. Labeling was assessed by
fluorescence microscopy using an Olympus BX51 or IX70 microscope (Olympus Corporation, Tokyo,
Japan) and Olympus XC50 camera with cellSens Dimension software (both from Olympus). The images
were processed using cellSens Dimension software.

4.17. Flow Cytometry

For evaluation of MET and CXCR4 receptors expression levels RMS cells were stained
with monoclonal FITC-labeled anti-human HGFR/c-MET antibody, clone 95106 (R&D), PE-labeled
anti-human CXCR4 antibody (Becton Dickinson, Franklin Lakes, NJ, USA) or mouse IgG1 isotype

222



Cancers 2020, 12, 1870

control (R&D) labeled with FITC or PE respectively. The cells were acquired using FACS Canto II
cytometer (Becton Dickinson) and analyzed using FACS Diva software (Becton Dickinson), as described
previously [21].

The expression level of adhesion molecules was evaluated using Lyoplate technology (Lyoplate
Screening Panel, Becton Dickinson) according to the manufacturer’s protocol. The cells were acquired
by use of Attune Next Flow Cytometer and analyzed using Attune NxT Software v2.2 (Thermo Fisher
Scientific, Waltham, MA, USA).

4.18. Adhesion Assay

HUVEC endothelial cells (5 × 104 per well) were seeded in black 96-well plates with a clear
bottom (Corning Costar, Amsterdam, The Netherlands) and grown overnight to a confluent monolayer.
After stimulation of endothelial cells with TNF-α (50 ng/mL) for 24 h, RMS cells were incubated
with 2.5 µM Calcein AM (BD Pharminogen, Franklin Lakes, NJ, USA) for 30 min at 37 ◦C in cell
culture medium, washed, then they rested for 30 min and treated with 100 ng/mL SDF-1 for 15 min
or 20 ng/mL HGF for 30 min or they were in control medium without factors. 1 × 104 RMS cells
were added to the endothelial monolayers and incubated at 37 ◦C for 15 min. Plates were washed
three times with phosphate–buffered saline to remove unbound cells and the fluorescence was read
using a fluorescence plate reader (Spark™ 10M multimode microplate reader, Tecan, Männedorf,
Switzerland) with excitation at 495 nm and emission intensity detected at 515 nm. The results were
normalized to percentage of the cells in control conditions.

4.19. In Vivo Experiments

Animal experiments were approved by the Local Ethics Committee in Krakow (no 23/2013).
To study metastasis, 1 × 106 RH30 cells were implanted intravenously into immunodeficient
NOD-SCID mice for 7 days. Each experimental group contained five animals, and all of the
experiments were repeated three times. The appearance of RMS cells in the lungs and in the
bone marrow samples from the left and right legs was evaluated by real-time PCR using human
GAPDH specific primers-probe set (Hs99999905_m1; Applied Biosystems) compared to murine
GAPDH (Mm99999915_g1; Applied Biosystems) using ∆Ct method. The level of SDF-1 in murine
lungs was evaluated by real-time PCR using murine SDF-1 primers-probe set (Mm00445552_m1;
Applied Biosystems) compared to murine GAPDH (Mm99999915_g1; Applied Biosystems) using
∆Ct method.

4.20. Bioinformatical Analysis of Microarray Data from RMS Patients

For gene expression analysis in a group of 158 RMS patients we used data from GEO database,
stored under accession number GSE92689 [62]. Background subtraction and data normalization was
performed with affy [63] package in R/Bioconductor and the average expression was used for further
statistical analysis. Pearson correlation of gene expression was analyzed using GraphPad Prism
software (GraphPad Software, San Diego, CA, USA).

4.21. Statistical Analysis

Unless stated otherwise, the results show the mean ± standard error of the mean (SEM) of at least
2 to 4 independent biological experiments, as stated in figure legends (n value). Statistical analysis was
performed by one-way analysis of variance (ANOVA) with Tukey or Dunnett’s post-test or Student’s
t-test using GraphPad Prism software. Differences with a p-value less than 0.05 were considered
statistically significant.
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5. Conclusions

Here, we demonstrate for the first time that SNAIL stimulates the metastatic abilities of RMS
cells both in vitro and in vivo. We propose a novel mechanism of its action that may be important in
other tumor types. We postulate that, EZRIN, as a protein mediating between plasma membrane and
cytoskeleton, PI3K-AKT signaling and miRNAs link SNAIL with the RMS cell migratory machinery.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/7/1870/s1.
Table S1. Table presenting SNAIL binding sites in RH30 cells evaluated by ChIP-seq. Table S2. Table presenting
the results from next generation sequencing of miRNAs in RH30 WT, shCTRL and shSNAIL cells. Figure S1.
SNAIL expression in RH30 cells after transduction with lentiviral vectors encoding shRNA. Figure S2. The effect
of SNAIL silencing on motility of RH30 cells in a scratch assay. Figure S3. SDF-1 level in murine lungs. Figure S4.
SNAIL and EZRIN levels after transfection of RMS cells with siRNA. Figure S5. Genome browser views of
SNAIL binding to AKT2 promoter and its own promoter (ChIP-seq data). Figure S6. Supplementary Western blot
images—images of the whole uncropped membranes with ladder.
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Abstract: Melanoma is the most aggressive skin cancer with an extremely challenging therapy.
The dermal-epidermal junction (DEJ) degradation and subsequent dermal invasion are the earliest
steps of melanoma dissemination, but the mechanisms remain elusive. We previously identified
Tspan8 as a key actor in melanoma invasiveness. Here, we investigated Tspan8 mechanisms of
action during dermal invasion, using a validated skin-reconstruct-model that recapitulates melanoma
dermal penetration through an authentic DEJ. We demonstrate that Tspan8 is sufficient to induce
melanoma cells’ translocation to the dermis. Mechanistically, Tspan8+ melanoma cells cooperate
with surrounding keratinocytes within the epidermis to promote keratinocyte-originated proMMP-9
activation process, collagen IV degradation and dermal colonization. This concurs with elevated active
MMP-3 and low TIMP-1 levels, known to promote MMP-9 activity. Finally, a specific Tspan8-antibody
reduces proMMP-9 activation and dermal invasion. Overall, our results provide new insights
into the role of keratinocytes in melanoma dermal colonization through a cooperative mechanism
never reported before, and establish for the first time the pro-invasive role of a tetraspanin family
member in a cell non-autonomous manner. This work also displays solid arguments for the use of
Tspan8-blocking antibodies to impede early melanoma spreading and therefore metastasis.

Keywords: tumor microenvironment; melanoma invasion; melanoma-keratinocytes crosstalk;
dermal-epidermal junction; dermis; Tetraspanin 8; MMP-9
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1. Introduction

Cutaneous melanoma is the deadliest skin cancer due to its high metastatic propensity and
resistance to most conventional and targeted therapies [1]. It usually progresses from an early radial
growth phase (RGP) confined within the epidermis to a vertical growth phase (VGP) characterized
by dermal invasion, where metastasis risk is high [2]. To date, Breslow thickness remains the most
powerful prognostic factor, as long as metastases are not present at the time of diagnosis. The most
recent AJCC 8th guidelines introduced mitotic rate as an additional criterion for thinner melanomas,
the presence of >1 mitosis/mm2 predicts poorer outcome [3]. Moreover, the ulceration status used
for the sub-classification of thin melanomas [3] emerges as another important histological factor
predicting survival [4]. However, such histological features define prognostic groups but not individual
patient risk. Indeed, even though the survival rate for thin melanomas is high, some patients develop
metastases [3]. Moreover, Werner-Klein et al. [5] recently showed that dissemination occurs shortly after
dermal invasion at a median tumor thickness of ~0.5 mm. Therefore, understanding the mechanisms
that convert RGP melanoma into VGP is crucial to identify reliable predictive biomarkers and novel
therapeutic targets.

Cutaneous melanomas are composed of genotypically and phenotypically distinct subpopulations,
dynamically regulated by the selective pressure imposed from the host tumor microenvironment and
host immune system [6]. This tumor heterogeneity contributes largely to their strong resistance to
standard, targeted and immune therapies [7,8]. Indeed, it appears that cancer/immune cell interactions
are informative of resistance to immunotherapy whereas cancer/stromal cell interactions are informative
of MAPK inhibitors’ resistance [9]. Consistently with the high inter- and intra-tumoral heterogenity
of cutaneous melanomas, we have previously defined a subset of melanoma cells expressing strong
levels of peanut agglutinin-receptors that possesses a high metastatic frequency [10] and correlates
with poor patient survival [11], which simultaneously express Tetraspanin 8 (Tspan8) [12]. Tspan8
belongs to a four-transmembrane-domain protein family called tetraspanins, that organize membrane
microdomains via interactions with other tetraspanins and a variety of transmembrane/cytosolic
proteins to regulate a wide range of cellular functions, including proliferation, motility, metastasis and
angiogenesis [13,14]. Tspan8 is categorized as pro-metastatic in various carcinomas [14] and emerged
as an attractive therapeutic target [15,16] and a blood biomarker [17].

We were the first to reveal that Tspan8 expression is sufficient to transform non-invasive melanoma
cells into invasive cells [12]. Tspan8 is undetectable at both mRNA and protein in healthy skin, but
its expression is acquired by aggressive primary melanomas and lymph node metastases. We also
demonstrated that TSPAN8 is under the transcriptional control of LCMR1 and p53 [18,19] and acts
not only by reducing matrix adherence via the β1-integrin/ILK signaling pathway [20], but also by
promoting invasion through β-catenin activation [21].

It is accepted that reciprocal stroma–tumor interactions contribute to metastatic progression,
especially through the production of matrix degrading enzymes such as MMPs [22,23]. However, the
exact mechanisms governing the interplay between melanoma cells and epidermal microenvironment
in controlling MMP-dependent invasion have not been studied to date. Here, we address how
Tspan8 participates in the dermal–epidermal junction (DEJ) proteolysis during melanoma invasion and
whether it contributes to tumor–keratinocyte crosstalk. To this aim, we used 3D-skin reconstructs (SR)
with an authentic DEJ, which recapitulate early melanoma stages [24,25]. We found that mere Tspan8
gain of expression is sufficient to promote melanoma invasive behavior and acts by driving proMMP-9
activation leading to DEJ proteolysis. More importantly, we showed that Tspan8 function hinges on
the dialog between tumor cells and neighboring keratinocytes. Our work provides strong evidence
of the primary involvement of Tspan8 in melanoma–keratinocyte crosstalk leading to efficient DEJ
degradation. This is, to our knowledge, the first report demonstrating bidirectional interplay between
melanoma cells and epidermal microenvironment to regulate MMP-dependent invasion. This is
also the first study characterizing the role of a tetraspanin family member in a cell non-autonomous
mechanism that controls basement membrane proteolysis and local invasion.
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2. Results

2.1. Tspan8 is Exclusively Expressed in the In Vivo-Selected Highly Metastatic and Invasive Melanoma Subsets

We previously developed an orthotopic rat model for the spontaneous metastasis of human
melanoma [10]. This model allowed the selection from a non-aggressive parental cell line of
subpopulations with low (NM#1, NM#2, NM#3) or high (M#1, M#2, M#3) lung metastatic potential.
Figure 1a depicts a schematic of the selection procedures. M#1, M#2 and M#3 subsets expressed Tspan8
at the mRNA (Figure 1b), protein (Figure 1c), cell-surface (Figure 1d) levels, and displayed a high ability
to invade Matrigel (Figure 1e), unlike the parental line and the non-metastatic NM#1, NM#2, NM#3
subsets. These results showed that the parental line is populated by melanoma cells with heterogeneous
metastatic phenotypes and that Tspan8 is strongly expressed in the invasive/metastatic subsets.
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Figure 1. Generation of potent metastatic cell subpopulations expressing the metastatic-associated
Tspan8 protein. (a) Schematic diagram of the experimental procedure used to sequentially select in
an immunosuppressed new-born rat model cell subpopulations with progressively higher metastatic
ability from a poorly metastatic melanoma cell line. Lower panel, representative photographs of the rat
lungs. (b) The parental human M4Be cell line and its derived non metastatic (NM#1-3) and metastatic
(M#1-3) subpopulations were examined for TSPAN8 mRNA levels by QPCR. Expression normalized
to GAPDH represented a fold change of control sample (n = 3; ± SD); (c) Western blot analysis of
Tspan8 expression with β-Actin as loading control and reference for quantification (one representative
experiment of three), uncropped western blots figures in Figure S1; (d) Tspan8 cell surface expression
by flow cytometry analysis. In red, the specific staining and in blue the isotype-matched control
antibody (one representative experiment of three). Numbers indicate Mean Fluorescence Intensity
(MFI). (e) Matrigel invasion assay using transwell chambers. The total number of invasive cells was
integrally counted by scanning microscopy and normalized to the value from control parental cell line
(n = 3; ± SEM). Representative visual fields are illustrated beneath. ***p < 0.001.

231



Cancers 2020, 12, 1297

2.2. Tspan8 Expression in Melanoma Cells Promotes ProMMP-9 Activation, Collagen IV Degradation and
DEJ Crossing

We next determined how Tspan8 expression affects dermal invasion. We used the SR, previously
described [24,25] to accurately recapitulate the early steps of melanoma invasion through a preserved
3D architecture of native DEJ. After 21 days of culture, Tspan8+ cells invaded the dermis and formed
numerous compact nodules (Figure 2a). By contrast, large nests of Tspan8− cells were located exclusively
in the epidermis, along the DEJ. Evidence of collagen IV dissolution, the major DEJ component, was
observed exclusively when Tspan8+ cells were used and integrated within the epidermis (Figure 2b).
These data demonstrate that keratinocytes are required for the penetration of Tspan8+ cells across the
DEJ, and local degradation of collagen IV, both occurring around day 21.

Collagen IV is known to be primarily degraded by MMP-9 and MMP-2. Therefore, we examined
whether Tspan8 regulates MMP-9 and MMP-2 expression and/or activity by using zymographs and
ELISA assays on conditioned media harvested from SR. A time-course study revealed that proMMP-9
became active as early as day 10 of culture and drastically increased until reaching active MMP-9
highest amount at the time of collagen IV dissolution (day 21), exclusively in medium from SR
containing Tspan8+ cells (Figure 2c,d). Indeed, SR integrating Tspan8− cells were capable of producing
proMMP-9, but unable to generate its active form (Figure 2c,d), in accordance with the intact collagen
IV layer (Figure 2b).

Strikingly, melanoma cells were unable to cross the DEJ when keratinocytes were not incorporated,
regardless of their Tspan8 expression levels (Figure 2a), even after 5 weeks of culture (not shown).
This was consistent with the absence of breaks in collagen IV staining (Figure 2b), low levels of
proMMP-9 and absence of active MMP-9 (Figure 2c,d). The MMP-2 proform was detected at very
low levels without noticeable active MMP-2 irrespective of Tspan8 expression, at all times and in all
tested culture conditions (Figure 2c,e). These data demonstrate that Tspan8 is a key determinant in the
activation process of MMP-9, but not of MMP-2, which depends heavily on surrounding keratinocytes.

To further confirm that Tspan8 confers MMP-9-dependent invasive activity, we have generated
stable clones expressing ectopic Tspan8 or depleted of endogenous Tspan8. We confirmed the efficiency
of Tspan8 expression/silencing at the mRNA (Figure 3a), protein (Figure 3b) and cell-surface (Figure 3c)
levels. We observed that non-invasive melanoma cells gained strong invasive properties after the
ectopic expression of Tspan8 in matrigel (Figure 3d) and SR (Figure 3e) concomitantly to the production
of high levels of active MMP-9 (Figure 3f). Conversely, Tspan8 depletion in invasive cells strongly
inhibited matrigel invasion (Figure 3d) and efficiently prevented melanoma cells from crossing the
DEJ (Figure 3e), concurrently to a drastic decrease in proMMP-9 activation (Figure 3f). Overall, these
data show that, by itself, Tspan8 expression was sufficient to trigger proMMP-9 activation process and
collagen IV dissolution, allowing melanoma cells to cross DEJ and invade dermis.
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Figure 2. Tspan8-expressing melanoma cells efficiently invade the dermis in human skin 
reconstructs. Melanoma cells from NM#1 (Tspan8-) and M#1 (Tspan8+) subpopulations were 
cultured with human keratinocytes (SR) or alone (DED) on acellular dermis. (a) Representative 
photomicrographs of hematoxylin and eosin (H&E)-stained 21-day skin composites (scale bars: 100 
μm). Arrows indicate melanoma cells colonizing the dermis (b) Representative IHC-staining of 
collagen IV. Arrows denote collagen IV layer disruptions. (c) MMP-9 and MMP-2 activity in gelatin 
zymography of culture medium from skin composites collected on day 10, 15 and 21. Lane 1, purified 
MMP-2 standard; lane 2, purified MMP-9 standard both activated with 4-aminophenylmercuric 
acetate. (d,e) ELISA quantification of secreted protein levels of proMMP-9, active MMP-9 (d) and 
MMP-2 (e) (ng/ug total protein) into the composite media. Bars represent the mean ± SD of three 
separate experiments with 3 ELISA evaluations for each of the 3 independent experiments (n = 9). 

Figure 2. Tspan8-expressing melanoma cells efficiently invade the dermis in human skin reconstructs.
Melanoma cells from NM#1 (Tspan8-) and M#1 (Tspan8+) subpopulations were cultured with human
keratinocytes (SR) or alone (DED) on acellular dermis. (a) Representative photomicrographs of
hematoxylin and eosin (H&E)-stained 21-day skin composites (scale bars: 100 µm). Arrows indicate
melanoma cells colonizing the dermis (b) Representative IHC-staining of collagen IV. Arrows denote
collagen IV layer disruptions. (c) MMP-9 and MMP-2 activity in gelatin zymography of culture medium
from skin composites collected on day 10, 15 and 21. Lane 1, purified MMP-2 standard; lane 2, purified
MMP-9 standard both activated with 4-aminophenylmercuric acetate. (d,e) ELISA quantification of
secreted protein levels of proMMP-9, active MMP-9 (d) and MMP-2 (e) (ng/ug total protein) into the
composite media. Bars represent the mean ± SD of three separate experiments with 3 ELISA evaluations
for each of the 3 independent experiments (n = 9).
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Figure 3. Tspan8 expression in melanoma triggers dermal invasion, concomitantly to MMP-9 
activation and collagen IV proteolysis. Non-metastatic stable clones ectopically-expressing Tspan8 
(TSPAN8 vector) or not (control vector) Tspan8 (left panel) and metastatic stable clones silenced 
(shTSPAN8) or not (shcontrol) for Tspan8 (right panel) were subjected to (a) QPCR analysis of 
TSPAN8 transcripts levels (n = 3; mean ± s.d.). (b) Western blot analysis of Tspan8 protein levels with 
β-Actin as loading control. The band intensities were normalized to actin signal (representative 
experiment of three), uncropped western blots figures in Figure S1 (c) Flow cytometry analysis of cell 

Figure 3. Tspan8 expression in melanoma triggers dermal invasion, concomitantly to MMP-9 activation
and collagen IV proteolysis. Non-metastatic stable clones ectopically-expressing Tspan8 (TSPAN8
vector) or not (control vector) Tspan8 (left panel) and metastatic stable clones silenced (shTSPAN8) or
not (shcontrol) for Tspan8 (right panel) were subjected to (a) QPCR analysis of TSPAN8 transcripts
levels (n = 3; mean ± s.d.). (b) Western blot analysis of Tspan8 protein levels with β-Actin as loading
control. The band intensities were normalized to actin signal (representative experiment of three),
uncropped western blots figures in Figure S1 (c) Flow cytometry analysis of cell surface Tspan8
expression (representative experiment of three). (d) Matrigel cell invasion assay: invading cells were
DAPI-stained (right panel) and quantified (left panel). Data are means ± SD with n = 3 (*** p < 0.001).
(e) Cells were incorporated into the epidermis of skin reconstructs as described in Materials and
Methods. Representative hematoxylin and eosin-stained skin reconstruct were shown. Arrows denote
melanoma cells located into the dermis. (f) Serum-free conditioned media collected from SR were
analyzed by gelatin zymography at 21 days (representative zymogram of 3 independent experiments).
Molecular weight (MW) markers are indicated in kDa.
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2.3. Tspan8+ Melanoma Cells Require Neighboring Keratinocytes to Promote Dermal Invasion

Tspan8+ cells crossed DEJ exclusively when integrated into an epidermal microenvironment
(Figure 2a). We thus investigated whether and how keratinocytes influence melanoma invasion.
We developed four different models schematized in Figure 4a. Keratinocytes and Tspan8+ melanoma
cells were either cultured alone on de-epidermized dermis (DED) (I and II cultures, respectively)
or cocultured, without or with cell–cell contacts (III and IV cultures, respectively). As shown in
Figure 4b, Tspan8+ cells were able to penetrate the DEJ only when surrounded by keratinocytes, which
coincided with collagen IV breakdown (Figure 4c). Strikingly, when cultured alone or cocultured with
keratinocytes without contacts, melanoma cells formed an attached layer along the JDE, several cells
thick without noticeable dermal invasion (Figure 4b), nor breaks in collagen IV layer (Figure 4c).

Zymography (Figure 4d), ELISA (Figure 4e) and western blot (Figure 4f) assays revealed that
keratinocytes are the major source of proMMP-9 and that active MMP-9 was generated exclusively
when Tspan8+ cells were surrounded with keratinocytes (Figure 4d–f). ProMMP-2, detected at low
levels in the four types of culture, remained stable throughout the experiment (Figure 4d). Overall, our
results indicate that interaction between Tspan8+ melanoma cells and neighboring keratinocytes are
essential to drive MMP-9 activation, collagen IV dissolution, and subsequent dermal invasion.

2.4. Tspan8 Expression in Melanoma Cells Surrounded with Keratinocytes Promotes ProMMP-9 Activation by
Increasing the Amount of Active MMP-3 and Decreasing TIMP-1 Levels

Since MMP-3 can activate in vitro proMMP-9 but not proMMP-2 [26,27] and because it is the
most relevant activator of pro-MMP-9 in vivo [28,29], we wondered whether in our model proMMP-9
activation was MMP-3-dependent. Thus, total MMP-3 levels were measured in the media derived from
our four culture models. MMP-3 highest amounts were observed when Tspan8+ melanoma cells were
integrated with keratinocytes into the SR, peaking at day 21 (Figure 5a). MMP-3 was undetectable
when Tspan8+ cells were cultured alone. MMP-3 activation status was examined by Western blot
(Figure 5b) and we observed a 52 kDa band corresponding to the molecular weight of proMMP-3
in all types of cultures, except the culture with melanoma cells alone, indicating that proMMP-3 is
generated by keratinocytes and not melanoma cells. However, the 28 kDa band representing the fully
activated form of MMP-3 [30] was restricted to co-cultures where Tspan8+ cells were surrounded with
keratinocytes (Figure 5b). Importantly, MMP-3 full activation is Tspan8-dependent as SR generated
with non-invasive melanoma cells ectopically expressing Tspan8 acquired the property to produce a
large amount of fully active MMP-3 (Figure 5c). Concordantly, that property observed in SR containing
Tspan8+ melanoma cells was abrogated when Tspan8 expression was silenced (Figure 5c).

It was emphasized that active MMP-3 becomes a potent activator of proMMP-9 in a tumor cell
model only when its concentration exceeds that of TIMP-1 [28]. We thus wondered whether active
MMP-9, exclusively observed when Tspan8+ melanoma cells were surrounded by keratinocytes,
coincided with low levels of TIMP-1. Indeed, of our four culture models, we found that secreted TIMP-1
is at its highest level when Tspan8+ cells are alone and at its lowest when they are in direct contact
with keratinocytes (Figure 5d,e). Overall, our data show that Tspan8+ melanoma cells surrounded by
keratinocytes maintained lower TIMP-1 level when compared to melanoma cells juxtaposed without
contacts with keratinocytes, thus favoring proMMP-9 activation by the fully active MMP-3, in a
Tspan8-dependent manner.

235



Cancers 2020, 12, 1297
Cancers 2020, 12, x 9 of 22 

 

 

 

 

Figure 4. Tspan8-dependent dermal invasion coincides with MMP-9 activity and local dissolution of 
collagen IV and requires surrounding keratinocytes. (a) Schematic drawings of the four different 
culture conditions. I: SR containing no melanoma cells; II: Tspan8-expressing cells seeded alone on 
DED (DeEpidermised Dermis); III: SR without melanoma cells juxtaposed with Tspan8+ cells seeded 
alone on DED; IV: SR containing Tspan8+ cells in contact with keratinocytes. (b) Representative H&E 
staining of skin composites sections. Arrows indicate melanoma cells infiltrating the dermis. (c) type 
IV collagen staining on sections from the four culture conditions described in (a). Arrowhead pointed 
to collagen IV destruction. (d–f) Serum-free media from the four culture conditions collected at day 
10, 15 and 21 were analyzed for the expression levels of proMMP-9 and active MMP-9 using gelatin 
zymography (d), ELISA (e) and western blot (f).  

Figure 4. Tspan8-dependent dermal invasion coincides with MMP-9 activity and local dissolution
of collagen IV and requires surrounding keratinocytes. (a) Schematic drawings of the four different
culture conditions. I: SR containing no melanoma cells; II: Tspan8-expressing cells seeded alone on
DED (DeEpidermised Dermis); III: SR without melanoma cells juxtaposed with Tspan8+ cells seeded
alone on DED; IV: SR containing Tspan8+ cells in contact with keratinocytes. (b) Representative H&E
staining of skin composites sections. Arrows indicate melanoma cells infiltrating the dermis. (c) type
IV collagen staining on sections from the four culture conditions described in (a). Arrowhead pointed
to collagen IV destruction. (d–f) Serum-free media from the four culture conditions collected at day
10, 15 and 21 were analyzed for the expression levels of proMMP-9 and active MMP-9 using gelatin
zymography (d), ELISA (e) and western blot (f).
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Figure 5. Tspan8-mediated melanoma cell invasion coincides with MMP-3 activation concomitantly 
with low TIMP-1. (a,b) The protein levels of total MMP-3 released in the supernatants from each 
culture model (I, II, II, IV described in Figure 4) were assessed at day 10, 15 and 21 by ELISA (a) and 

Figure 5. Tspan8-mediated melanoma cell invasion coincides with MMP-3 activation concomitantly
with low TIMP-1. (a,b) The protein levels of total MMP-3 released in the supernatants from each culture
model (I, II, II, IV described in Figure 4) were assessed at day 10, 15 and 21 by ELISA (a) and western
blot (b), uncropped western blots figures in Figure S1. (c) Immunoblot analysis of MMP-3 in serum-free
media harvested from SR integrating non-metastatic NM#1 melanoma cells ectopically expressing
Tspan8 (TSPAN8 vector) and their control (control vector) or metastatic M#1 melanoma cells silenced
(shTSPAN8) or not (shcontrol) for Tspan8. Equal amounts of total protein were loaded. The intensity
value ratio of fully active MMP-3/proMMP-3 was annoted beneath the blot (d,e). Serum-free media
from the 4 culture models collected at day 10, 15 and 21 were analyzed for TIMP-1 content by ELISA
(d) and western blot (e). ELISA results are represented as the mean ± SEM from three independent
experiments, each measured in duplicate.
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2.5. Keratinocytes are the Main Source of ProMMP-9 and ProMMP-3 Whereas Tspan8+Melanoma Cells Are
the Primary Source of TIMP-1

We next evaluated the cellular source of MMP-9, its activator MMP-3 and its inhibitor TIMP-1.
To this end, their respective transcript levels in keratinocytes alone (aK), Tspan8+ melanoma cells
alone (bM), keratinocytes cocultured with melanoma cells without contact (cK and cM respectively),
and melanoma cells that have penetrated the DEJ (dM) (Figure 6a) were measured by RT-QPCR.
MMP-9 and MMP-3 were mainly expressed by keratinocytes whereas TIMP-1 was mainly expressed
by Tspan8+ melanoma cells (Figure 6b). The presence of keratinocytes, irrespective of contacts with
melanoma cells, slightly augmented the MMP-9 mRNA levels in keratinocytes and sorely decreased
TIMP-1 transcription in invasive melanoma cells. Surprisingly, MMP-9 and MMP-3 transcripts were
increased in invading melanoma cells that have penetrated the DEJ, in comparison to melanoma
cells still in contact with the DEJ. This was consistent with the immunodetection of MMP-9 and
MMP-3 in melanoma cells located into the dermis, but not those localized in the epidermis (Figure 6c).
This indicates that Tspan8+ melanoma cells, once invading the dermis, acquire the capability of
expressing the precursor forms of MMP-9 and MMP-3, which were previously provided by the
keratinocytes when situated in the epidermis.

2.6. Antibody-Specific Blockade of Tspan8 Reduces ProMMP-9 Activation and Melanoma Invasion

We next examined whether a blocking monoclonal anti-Tspan8 antibody, previously shown to be
effective in delaying the growth of human colon xenografts [31], could influence melanoma invasion.
First, we showed that it allows efficient selective in vivo imaging of Tspan8+ human melanoma
xenografts, demonstrating its high target specificity (Figure 7a). When this antibody was added to the
culture medium of SR, Tspan8+ M#1 cells grow as clusters in the epidermis without deeply invading the
dermis, whereas isotype-matching control Ab-treated SR invaded the dermis by day 10 and progressed
deeper by day 20 (Figure 7b). The invasion score confirmed that Tspan8+ cells treated with Tspan8
mAb exhibited minimal invasion (mean score 1.83; n = 6) when compared to cells cultured with control
mAb (mean score 0.67, n = 6) in a statistically significant manner (p = 0,01267; paired t-test; Figure 7b).
These findings were extended to the SKMel28 cell line, broadly used for its ability to invade the dermis
of SR [25], and revealed to be Tspan8+ [12]. As depicted in Figure 7c, SKMel28 cells in SR displayed
vertically orientated clusters in the upper dermis when control mAb was added. In contrast, tumor
nodules remained close to DEJ with less dermal invasion when treated with Tspan8 mAb (Figure 7c).
Importantly, Tspan8-mAb treatment correlated with a strong reduction in MMP-9 activation in the SR
integrating M#1 and SKMel28 cells (Figure 7d).
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Figure 6. Keratinocytes are the main source of MMP-3 and MMP-9 in the epidermis but melanoma 
cells gain the ability to express both proteins after DEJ crossing. (a) Total RNA has been isolated from 
keratinocytes and Tspan8+ melanoma cells at day 20 from the four different schematized culture 
conditions. aK: keratinocytes from culture I; bM: Tspan8+ melanoma cells from culture II; cK and cM: 
keratinocytes and Tspan8+ melanoma cells from culture III respectively; dM: invading melanoma 
cells from culture IV. (b) QPCR analysis of MMP-9, MMP-3, and TIMP-1 transcript expression levels 
of aK, bM, cK, cM and dM (n =3; ± SD). (c) Representative pictures of immunohistochemical staining 
of MMP-9 and MMP-3 in the epidermis and dermis of SR integrating Tspan8+ melanoma cells 
(condition IV) at day 20. **p < 0.01, *** p < 0.001. 
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Figure 6. Keratinocytes are the main source of MMP-3 and MMP-9 in the epidermis but melanoma
cells gain the ability to express both proteins after DEJ crossing. (a) Total RNA has been isolated
from keratinocytes and Tspan8+ melanoma cells at day 20 from the four different schematized culture
conditions. aK: keratinocytes from culture I; bM: Tspan8+ melanoma cells from culture II; cK and cM:
keratinocytes and Tspan8+ melanoma cells from culture III respectively; dM: invading melanoma cells
from culture IV. (b) QPCR analysis of MMP-9, MMP-3, and TIMP-1 transcript expression levels of aK,
bM, cK, cM and dM (n =3; ± SD). (c) Representative pictures of immunohistochemical staining of MMP-9
and MMP-3 in the epidermis and dermis of SR integrating Tspan8+ melanoma cells (condition IV) at
day 20. ** p < 0.01, *** p < 0.001.
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Figure 7. Anti-Tspan8 mAb efficiently targets Tspan8-positive melanoma cells in vivo and reduces 
MMP-9 activation and dermal invasion. (a) Mice with Tspan8+ (left side) and Tspan8- xenografts 
(right side) were injected (i.v.) with 3.7 MBq of [111In] DOTA-mAb and imaged with a γ-camera at 
24 h, 48 h, 72 h and 120 h post-injection. Whole body SPECT/CT images of mice demonstrate specific 
accumulation of [111In] DOTA-mAb in Tspan8+ tumors (surrounded) but significantly lower in 
Tspan8- tumors. Tumors were collected 120 h after injection and the radioactivity was measured by 

Figure 7. Anti-Tspan8 mAb efficiently targets Tspan8-positive melanoma cells in vivo and reduces
MMP-9 activation and dermal invasion. (a) Mice with Tspan8+ (left side) and Tspan8- xenografts
(right side) were injected (i.v.) with 3.7 MBq of [111In] DOTA-mAb and imaged with a γ-camera
at 24 h, 48 h, 72 h and 120 h post-injection. Whole body SPECT/CT images of mice demonstrate
specific accumulation of [111In] DOTA-mAb in Tspan8+ tumors (surrounded) but significantly lower
in Tspan8- tumors. Tumors were collected 120 h after injection and the radioactivity was measured by
γ-counting of each sample. The graph represents the % of injected activity per gram of tissue (%IA/g,
n = 4). (b) Representative H&E staining of SR with metastatic M#1 cells treated with control IgG or
0.5 µM Ts29 at 13 and 20 days. The graph depicts the invasion scores (see Materials and Methods).
(c) Representative H&E staining of SR with SKMel28 cells treated with control IgG or 15 µg/mL Ts29 at
15 and 21 days. Arrow heads: melanoma cell clusters close to DEJ; arrows, melanoma cells invading
the dermis (Scale bars: 10 µm). Data representative of 6 independent experiments. Graph depicts
results of invasion score analysis. (d) Serum-free conditioned media collected from SR integrating M#1
and SKMel-28 cells were analyzed by gelatin zymography at 21 days (representative zymogram of 3
independent experiments). * p < 0.05.
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3. Discussion

To date, little information is available regarding the epidermal microenvironment role in the
proteolytic events involved in breaking the dermal-epidermal junction, a prerequisite for melanoma
invasion. Here, we demonstrate, using a skin-reconstruct model that closely mimics the tumor
microenvironment in vivo, that melanoma cells require the presence of neighboring keratinocytes
within a fully differentiated epidermis to promote dermal invasion. This is in agreement with Eves
et al. [32] and Van Kilsdonk et al. [33], who showed that melanoma cells invade the dermis only when
integrated into the epidermis. However, the mechanisms of this process have not been explored.
Our data reveal that Tspan8 drives mutual cooperation between melanoma cells and epidermal
microenvironment to trigger the proMMP-9 activation process primarily produced by the keratinocytes,
leading to collagen IV-containing DEJ proteolysis and dermal invasion.

MMP-9 overexpression is traditionally associated with cancer aggressiveness and poor prognosis [34].
However, contradictory data have been reported in melanoma. Van den Oord et al. [35] found that
MMP-9 was mostly expressed in primary lesions <1.6 mm, but not in metastases. Hofmann et al. [36]
reported that several melanoma cell lines derived from metastases did not express MMP-9 at both mRNA
and protein levels. Conversely, Simonetti et al. [37] report the highest MMP-9 levels in melanomas >2
mm thick. In line with this, MacDougall et al. [38] showed that MMP-9 was expressed in melanoma
cell lines established from patient metastases but not from primary lesions. Our own data indicate that
melanoma cells in the epidermis, even when presenting an invasive potential due to Tspan8, do not
express proMMP-9. However, after crossing the DEJ, melanoma cells exhibit increased capabilities
for proMMP-9 expression. This implies that MMP-9 expression by melanoma cells is acquired after
dermal invasion and local dissemination. Thus, it appears that cutaneous environment exerts a
powerful selective pressure for the emergence of cells with increasingly aggressive traits, probably the
source of the well-recognized intra- and inter-heterogeneity of melanoma lesions. This might play
a decisive role in the initiation of melanoma spreading. Indeed, in a spontaneous metastasis model,
Hofmann et al. [39] noticed that a majority of melanoma cells expressed MMP-9 in lung metastases.
Nevertheless, it is still unclear whether and how MMP-9 produced by melanoma cells, nearby host cells,
or both, might be involved in late-stage melanoma. In mice, forced MMP-9 expression in melanoma
cells enhanced lung colonization [40] which was reduced in MMP-9-deficient mice [41], indicating
that MMP-9 produced by neoplastic and host cells might be equally important for the initiation of
metastatic spreading.

Several other tetraspanins, mainly CD9, CD81, CD82 and CD151 have been described to regulate
proMMP-2 and/or proMMP-9 expression in cancer cell lines from liver [42], kidney [43], breast [44]
and lung [45] carcinomas, fibrosarcomas [46] and melanomas [47,48]. However, functionally relevant
MMP-2/-9 active forms were never detected. This is the first study reporting the role of a tetraspanin
family member, Tspan8, in coordinating heterotypic crosstalk between cancer cells and surrounding
epithelial cells to promote basement membrane proteolysis and stromal invasion through an MMP
activation process.

MMP-9 is secreted as a latent pro-enzyme that requires activation in the extracellular space
to achieve catalytic activity [49]. In cellular models, active MMP-3 is considered the most potent
proMMP-9 activator [28,29]. Here, we found that the production of active MMP-9 and fully active
MMP-3 were Tspan8-dependent, concomitant, and always correlated with collagen IV breakdown and
dermal invasiveness. This is consistent with other reports linking MMP-3 to invasion and metastatic
potential of melanoma cell lines and shorter disease-free survival [50,51]. Our data, together with
the data available in the literature, reveal that Tspan8 expression in melanoma cells promotes the
activation of keratinocyte-generated proMMP-3 in the stroma, which engages MMP-9 activation and
DEJ proteolysis.

MMP-9 proteolytic activity is also tightly regulated extracellularly by its physiological inhibitor
TIMP-1 [49,52]. We observed high levels of proteolytically active MMP-9 concurrently with very low
levels of melanoma-derived TIMP-1 at the time of collagen IV dissolution, exclusively when melanoma
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cells were integrated into SR and expressed Tspan8 (Figure S2). These findings are consistent with
prior data demonstrating that TIMP-1 overexpression in B16-F10 melanoma cells reduces their invasive
capacity [53] and their metastatic potential [54]. Overall, our results strongly suggest that, in the
epidermis, Tspan8+ melanoma cells cooperate with surrounding keratinocytes to promote dermal
invasion by instigating MMP-3 activation and strongly decreasing TIMP-1 expression, with both
events leading to a keratinocyte-originated MMP-9 activation process, and subsequent DEJ penetration.
A striking finding is that aggressive cells capable of invading the DEJ to reach the dermis also gain the
ability to express MMP-9 and its activator MMP-3 with reduced TIMP-1 levels. This is consistent with
previous data conducted in mice, where the selection process for metastatic subclones favors those
expressing MMP-9 [40] and those expressing Tspan8 (Figure 1). This profile should allow them to
escape the local tissue control, and thus degrade the basal membranes encountered later throughout
the metastatic cascade by themselves.

A major discovery in this work is that the ability/inability to cross DEJ is interconvertible and that
the switch from one state to another can be accomplished both at the functional and molecular level by
simply manipulating Tspan8 expression. Accordingly, a Tspan8-specific antibody efficiently targeting
in vivo Tspan8+ melanoma xenografts was able to reduce MMP-9 activity, DEJ breakdown, and dermal
invasion. Given that MMPs inhibitors are not highly selective and did not impede a single MMPs
function [55,56], it is tempting to speculate that targeting Tspan8 with antibodies might represent an
alternative means to specifically block MMP-9 activity, and thereby deeper melanoma invasion of the
dermis, the earliest stage before metastatic spreading.

4. Materials and Methods

4.1. Cell lines and Culture

SKMel28 (ATCC, Manassas, VA, USA) and M4Be [10] human melanoma cell lines were derived
from lymph node metastasis. Non-metastatic and metastatic subpopulations were selected from
immunosuppressed newborn rats that had been subcutaneously injected with M4Be (parental) cells,
from lung metastases collected and grown in culture as described previously [57]. Stable clones of
human melanoma cells were generated with shRNA-mediated silencing or ectopic overexpression
of Tspan8 as described elsewhere [21]. Cells were cultured under standard conditions and tested
as mycoplasma-free.

4.2. Matrigel Invasion Assay

Invasion assays were performed in triplicates using BioCoat Matrigel invasion chambers (BD
Biosciences) as previously described [21]. Briefly, the cells that migrated to the lower surface of the
filter were fixed, stained with DAPI, imaged using an Axiovert 200 (Carl Zeiss Inc., Jena, Germany)
equipped with a CoolSNAP HQ camera (Roper Scientific, Lisses, France) and MetaMorph software
(MDS Analytical Technologies, Sunnyvale, CA, USA) and then counted on the entire filter using NIH
Image J software.

4.3. Invasion Assay in Human Skin Reconstructs

Adult human keratinocytes (4 × 105 cells), mixed or not with human melanoma cells (5.820 cells)
at a melanoma/keratinocyte ratio of 1:80, were seeded into a stainless-steel ring deposited on the
surface of human dead de-epidermized dermis (DED) squares as previously described [24]. In some
experiments, the same respective number of melanoma cells and keratinocytes were seeded alone onto
the surface of DED. After 9, 15 and 21 days of incubation at an air-liquid interface, the specimens were
collected and embedded in paraffin for hematoxylin and eosin staining or embedded in Tissue-Tek
(Miles Inc., Elkhart, IN, USA) for further immunohistochemical staining of type IV collagen (clone CIV
22; Dako, Carpinteria, CA, USA) as described [24]. Four-micrometer vertical sections cut at different
levels were subjected to histological and staining evaluation. To test the effect of anti-human Tspan8
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antibody, SR were cultured in its constant presence (TS29 clone, 15 µg/mL; [31]) or an isotype-matching
control antibody. Dermal invasion was evaluated by a scoring system of 0–2 in a blinded manner: 0
indicated no melanoma cells present in the dermis, 1 invasive melanoma cells were located under JDE,
and 2 melanoma cells were observed deep into the dermis. All experiments were done as sixtiplates
and were repeated twice for each condition.

4.4. Preparation of Serum-Free Culture Medium

Culture fluids from skin composites were harvested on days 10, 15 and 21. Two days before
collection, SR were extensively washed and cultured in serum-free medium. The collected serum-free
culture media was centrifuged to remove cellular debris, and concentrated 10-fold in a Centricon
ultrafiltration apparatus, containing a polysulfone membrane with an exclusion limit of Mr 10.000
(Millipore, Molshein, France). Protein concentrations were measured by the Bradford method using a
commercial kit (Bio-Rad Laboratories, Paris, France). Aliquots with equivalent protein contents were
subjected to gelatin zymography, Western blotting, and ELISA assays.

4.5. Gelatin Zymography

The activity of electrophoretically separated gelatinolytic enzymes in the serum-free culture media
was analyzed as described previously [58].

4.6. Western Blot Analysis

Western blotting was performed as previously described [12]. Antibodies against MMP-9
(polyclonal antibody, Dako, Trappes. France), MMP-3 (clone 552A4, Oncogene research Product,
Boston, Mass) and TIMP-1 (clone 7-6C1; Oncogene Research Products) were used.

Tspan8 was detected using a mouse monoclonal anti-Tspan8 antibody (TS29 clone [12,18–21].
Western blot quantifications were performed using ImageJ software. At least three independent
biological replicates were performed.

4.7. Measurement of MMP-9, TIMP-1 and MMP-3

Serum-free culture medium was screened for pro and active MMP-9, total MMP-3 and total
TIMP-1 using the commercially available ELISA kits (Amersham Pharmacia Biotech, Saclay, France),
following procedures recommended by the manufacturer. All experiments were performed in triplicate
from six separate experiments and the results were expressed as ng/mg of total proteins ± SD.

4.8. Real-Time RT-QPCR

Total RNA was extracted using the RNAeasy mini-kit (Qiagen, Germantown, MD, USA),
reverse-transcribed into cDNA by PrimeScript™ RT reagent Kit (TaKaRa, Shiga, Japan) and analysed by
real-time QPCR using SYBR®Premix ExTaq™II (TaKaRa, Shiga, Japan) on a Mx3000P real-time PCR system
(Stratagene, Santa Clara, CA, USA) as described [21]. Results were obtained from at least three independent
experiments and normalized to the 18 S rRNA expression level. The primers used are as follows:
18S-F: 5′-CGATGCGGCGGCGTTATT-3′; 18S-R: 5′-CCTGGTCTGTCTCATCCTCCC-3′; TSPAN8-F:
5’-TTGCTTCTGATCCTG CTCCT-3’; TSPAN8-R: 5′-AGGGCCTGCAGGTTCACACCAC-3′; MMP-9-F:
5′-CACTGTCCACCCCTCAGAGC-3′; MMP-9-R: 5′-GCCACTTGTCGGCGATAAGG-3′; MMP-3-F:
5′-GGAAGCTGGACTCCGACACTC-3′; MMP-3-R: 5′-TGGTGTATAATTCACAAT CCTGTATGTAA-3′;
TIMP-1-F: 5′-GACGGCCTTCTGCAATTCC-3′; TIMP-1R: 5′-GTATAAGGTGGTCTGGTTGACTTCTG-3′.

4.9. Flow Cytometric Analysis

Cell surface labeling was performed as previously described [12]. Data were collected on a
FACSCanto II (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo Software (Treestar,
Ashland, OR, USA).
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4.10. Animal Studies

NMR1 Foxn1nu/Foxn1nu female mice (Janvier Labs; Le Genest-Saint-Isle, France) were maintained
and used in accordance with the 2010/63/UE directive after approval by the institutional review board
C2E2A and the French MESR ministry. Mice were injected subcutaneously with 1.106 Tspan8+ or
Tspan8- melanoma cells in their left or in right shoulder, respectively. Radiolabeling of Tspan8 mAB
with 111Indium was performed as previously described [59]. The mice were imaged at each timepoint
using a γ-camera (γ IMAGER, BIOSPACE Inc., Urbandale, IA 50322, USA) under gaseous anesthesia
(Isoflurane, Iso-Vet®1000 mg/g). Removed tumors were weighted and counted using a Wallac 1480
automated calibrated γ-counter (Perkin-Elmer, Waltham, MA, USA).

4.11. Statistical Analysis

Statistical significance was calculated by a two-tailed Student’s t-test for unpaired samples. Mean
differences were considered to be significant when p < 0.05.

5. Conclusions

In summary, we report the novel finding that within a human-differentiated epidermis, Tspan8
expression in melanoma cells cooperate with surrounding keratinocytes to promote dermal invasion
by instigating keratinocyte-produced MMP-3 activation and decreasing melanoma-derived TIMP-1
levels, leading to keratinocyte-originated MMP-9 activation process, and subsequent DEJ-collagen
IV degradation. Furthermore, an anti-Tspan8 monoclonal antibody specifically targeting Tspan8+

melanoma xenografts in vivo significantly reduces dermal invasion by strongly impairing proMMP-9
activation process and collagen IV breakdown.

This study is the first to provide evidence for the pro-invasive role of Tspan8 in a cell
non-autonomous manner, a mechanism never reported for a tetraspanin family member. This work
has important implications since the direct inhibition of MMPs proved disappointing in clinical trials,
and therefore targeting Tspan8 might represent a novel alternative and efficient strategy to impede
MMP-9 proteolytic activity and greatly reduce metastasis risks.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1297/s1,
Figure S1: uncropped western blots figures, Figure S2: Low TIMP-1 levels were exclusively observed when
melanoma cells expressed Tspan8 and were integrated into SR. (a,b) Supernatants TIMP-1 protein levels were
measured at day 10, 15 and 21 by ELISA in composites consisting of melanoma cells expressing or not Tspan8
cultured on acellular dermis either alone (a) or with human keratinocytes (b). Results are represented as the mean
± SEM from three independent experiments.
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Abstract: The structural and mechanical properties of the microenvironmental context have a
profound impact on cancer cell motility, tumor invasion, and metastasis formation. In fact, cells react
to their mechanical environment modulating their adhesion, cytoskeleton organization, changes of
shape, and, consequently, the dynamics of their motility. In order to elucidate the role of extracellular
matrix stiffness as a driving force in cancer cell motility/invasion and the effects of ionizing radiations
on these processes, we evaluated adhesion and migration as biophysical properties of two different
mammary cell lines, over a range of pathophysiological stiffness (1–13 kPa) in a control condition and
after the exposure to two different X-ray doses (2 and 10 Gy, photon beams). We concluded that the
microenvironment mimicking the normal mechanics of healthy tissue has a radioprotective role on
both cell lines, preventing cell motility and invasion. Supraphysiological extracellular matrix stiffness
promoted tumor cell motility instead, but also had a normalizing effect on the response to radiation
of tumor cells, lowering their migratory capability. This work lays the foundation for exploiting the
extracellular matrix-mediated mechanism underlying the response of healthy and tumor cells to
radiation treatments and opens new frontiers in the diagnostic and therapeutic use of radiotherapy.

Keywords: breast cancer; mechanobiology; cell motility; extracellular matrix stiffness; radiotherapy

1. Introduction

Breast cancer is the most common malignancy and the first leading cause of cancer-related
death in European women [1]. In particular, women in perimenopausal and postmenopausal age
have a higher risk of getting breast cancer [2], and extensive attempts should be made in order to
contain breast cancer incidence and mortality. In this context, radiation therapy (RT) is used as
adjuvant therapy to prevent tumor recurrence after breast-conserving lumpectomy and mastectomy.
RT can induce dramatic consequence for the cells, by stimulating the production of radical and
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reactive oxygen species that damage the DNA of cancer cells, leading to the formation of lethal
chromosome aberrations (double-stranded breaks and/or lesions) and, consequently, killing them
or slowing their growth, as widely reported in the literature [3–6]. In any case, the mechanism of
the response of the cell cytoskeleton to RT in relationship to the mechanical microenvironment in
which cell resides has not yet been elucidated in a comprehensive way. Nowadays, it is widely
recognized that cell cytoskeleton and extracellular matrix (ECM) have key roles in the maintenance of
the correct functioning of many tissue processes that, if altered, have a determinant contribution in
cancer progression. In fact, it has been shown that tumor cells have a less organized and structured
cytoskeleton with lower cell mechanical and cyto-adhesive properties compared to their healthy
counterparts. Furthermore, the dynamic alteration of the actin cytoskeleton has strong implications on
motility, invasion, and metastatic potential of cancer cells [7]. On the other hand, changes in ECM
composition and architecture result in a stiffening process of the matrix that activates cell proliferation
and a consequent invasion mechanism [8–10]. Recently, several research groups have started to focus
their attention on the study of possible impacts of radiation on the cell cytoskeleton and its associated
functions. In particular, it has been extensively investigated the way ionizing radiations can influence
motility, a prerequisite for the formation of metastasis, and for the invasiveness itself of surviving
cancer cells both in vitro and in pre-clinical/clinical experimental studies. The observations made
in vitro experiments indicate that the effects of radiation on cell motility depend strongly on the specific
cell phenotype and the dose delivered to the cells. So far, it has been reported that irradiation has
very different impacts on the motility of four different glioblastoma cell lines, inducing a very strong
inhibition of in vitro invasion only on one of them (A-172 cell line) [11]. More recently, Hohmann
et al. observed that irradiation leads to changes in motility and to a less invasive phenotype of two
glioblastoma cell lines, both associated with an increase of cell mechanical properties and changes in
the cytoskeleton structure [12]. Our group reported similar results on healthy and tumor fibroblasts
irradiated with 250 keV and 6 MeV [13–15]. A sensitive increase in the mechanical properties of tumor
cells, responsible for the enhancement of cell-adhesion and the reduction of migration of tumor cells,
was observed. The effects were significant and dose-dependent for the tumor cell line, while healthy
fibroblasts resulted in being susceptible principally to high energy X-rays administered at doses higher
than 1 Gy. Imaizumi et al. also observed response to X-irradiation strongly dependent on the dose
administered to MDA-MB-231 breast cancer cells. If very low doses (0.5 Gy) enhanced cell migration
and invasion, higher doses (2 and 10 Gy) suppressed MDA-MB-231 migration in a dose-dependent
manner [16]. On the other hand, there are many studies reporting the opposite effect of ionizing
radiation on cell motility. In particular, several works demonstrated that X-rays promote migration
of neck and head carcinoma cells [17,18], breast cancer cells [19], central nervous system cells [19,20],
lung cancer cells [21] and that this enhancement is sometimes accompanied by an increase of cell
invasion [19,20], other times by a reduction [17]. Other in vivo experiments suggest that radiations
can have a myriad of effects upon the motility and invasion capability of tumor cells. Numerous
experimental and clinical studies have evidenced that in addition to a bystander effect that contributes
to killing tumor cells, a non-targeted inhibitory effect on distant tumor growth (abscopal effects) exists,
mediated by the response of the immune system [22]. However, other clinical trials support the
idea that radiations contribute to a higher risk of metastasis through mechanisms mediated by the
release of tumor cells into the circulation system or by effects into irradiated non-tumor cells [23].
The differences observed in these works highlight the complexity of the phenomenon of motility and/or
invasion after irradiation and suggest wider investigations. To better understand the mechanisms
underlying the effects of ionizing radiations on cell motility, here, we propose to consider the role of
microenvironment, considering that properties, functions, and healthiness of the tissue are regulated by
the close physical crosstalk existing between cells and ECM [24]. When these interactions are impaired,
the mechanical integrity of tissue constituents (cells and ECM) changes, triggering cancer formation and
progression [8]. Particularly for breast cancer, a large body of evidence has highlighted the existence
of a close relationship between ECM stiffening, cancer cell softening and cancer onset, progression
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and aggression. In fact, on the one hand, breast cancer cells resulted in being significantly more
deformable than the non-tumorigenic ones, and this change may facilitate easy migration and invasion
of malignant cells during metastasis [25–28]. On the other hand, it has been widely demonstrated that
the mechanics of the tumor microenvironment has a central role in the development of the disease.
Stowers et al. showed that a protrusive and eventually invasive phenotype of non-transformed
epithelial breast cells (MCF10A) can arise from the stiffening of the ECM matrix through the PI3K
and Rac1 mechanotransduction pathway. In fact, the authors demonstrated that inhibition of these
molecular pathways (Rac1, PI3K, MAPK, FAK, and ROCK) was able to suppress the invasive character
of MCF10A cells [9]. Very recently, Panciera et al. observed that only a coordinated interplay between
oncogene-mediated transformation and changes in the rigidity of the microenvironment is able to
power up the process of tumorigenesis [9]. At the same time, the stiffening of ECM is also relevant to
the progression of breast cancers. The increased cross-linking of collagen in breast cancer promotes
focal adhesion formation, PI3K activity, as previously mentioned, and breast malignancy [24,29,30].
For this reason, the mechanical evaluation of breast tumor cells and ECM might provide new support
to diagnosis and promote new insights in the field of chemo- and radiotherapy and clinical practice.
In this work, we focus our attention on breast cancer, not only because it is one of the earliest models
used to understand cancer progression and metastasis, but also because it is treated with RT from stages
I (tumor dimension up to 2 cm and no lymph nodes involved) to III (tumor spread to lymph nodes
or tissue near the breast) to reduce the risk of recurrence after surgery. In particular, we evaluated
biophysical properties (strictly correlated to the cytoskeleton integrity, such as adhesion and migration)
of two different mammary cell lines. A normal epithelial cell line (MCF10A) and a highly aggressive
and invasive adenocarcinoma cell line (MDA-MB-231), on polyacrylamide (PAAm) substrates over a
range of pathophysiological stiffness (1–13 kPa) in control conditions and after the exposure to two
different doses of X-rays (photon beams), were investigated. Selected doses were 2 and 10 Gy, which
represent the daily dose in radiotherapy treatment and the single maximum dose for the treatment
of metastasis. Time points of 1 and 3 days (d) after irradiation were chosen based on our previous
observations according to which, at these particular time points, healthy and tumor cells exhibited
peculiar and different responses to irradiation [13–15]. Shedding light on the effects of X-rays on
functions strictly associated with the cytoskeleton architecture and to cell-ECM crosstalk in healthy
and tumor cells can open new frontiers in the diagnostic and therapeutic use of RT.

2. Results and Discussion

2.1. Role of Substrate Stiffness on Cell Morphological Features Before and after the Exposure to RT

To test the relevance of the mechanical properties of ECM on both healthy and tumor breast cell
behavior and the response to the irradiation, we decided to modulate the mechanical properties of the
cell culture substrate using PAAm hydrogels. Their mechanical properties were controlled by adding
two different ratios of acrylamide and bis-acrylamide, and the rheological characterization verified
that the elastic moduli of the two formulations were equal to 1.3 and 13 kPa, mimicking the values of
stiffnesses of healthy breast tissue and malignant biopsies, respectively [29].

It is now widely known that a strong relationship exists between the mechanical properties of the
ECM and morphological features, such as cell spreading and nuclear shaping [31–34]. This relationship
is strictly related to the myosin-tension generated inside the actin stress fibers necessary for their
assembly and their associated focal adhesions, the structures deputed to the sensing of mechanical cues
(also identified as mechanosensors). On the one hand, the actin cytoskeleton fosters the cell spreading
in a proportional way to the tensional state generated inside it. The cytoskeleton, thanks to the LINC
complex (Linker of Nucleoskeleton and Cytoskeleton), can transmit the mechanical forces to the
nucleus, changing its shape, distorting the nuclear envelope, and evoking biochemical responses [32].
To evaluate the ability of MCF10A and MDA-MB-231 cells to sense and respond to the reactive forces
originating by different mechanical properties of the substrate, we quantified their spreading, intended
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as the whole-cell area, and the nuclear area on collagen-functionalized PAAm substrates with different
stiffness (1.3 and 13 kPa). Cells were plated on the substrates in sparse culture condition in order to avoid
or limit the formation of adherens junctions that could impact on the adhesion and, more generally,
on the mechanotransduction process [34]. We found that changes in substrate stiffness imposed different
degrees of spreading and nuclear area in case of healthy cells, whereas, for metastatic cells, the same
morphological features were not affected by the microenvironment stiffness at all (Figure 1a,f,k,p,
Figure 2, and Figure S1; Table 1), suggesting compromised mechanosensing machinery. Furthermore,
the spreading area of MDA-MB-231 on soft substrate resulted in being higher than that of MCF10A
on the same substrate, in agreement with the increased formation and maturation of focal adhesions
associated to enhanced intracellular contractility in KRAS-mutated cells cultured on 1 kPa substrate
compared to MCF10A cells, as observed by Panciera et al. [10]. Panciera et al. also demonstrated that
KRAS-mutated cells, like MDA-MB-231 cells, are characterized by a significant nuclear accumulation
of YAP and TAZ, two well-established sensors of mechanotransduction, already when cultured on
1 kPa substrates. On the contrary, MCF10A cells exhibited a YAP/TAZ nuclear/cytoplasmic ratio lower
than 1, indicating that YAP and TAZ are principally located inside the cytoplasmic compartment [10].
Consistently, we found higher values of the nuclear area of MDA-MB-231 on a soft substrate compared
to MC10A cells.Cancers 2020, 12, x 5 of 17 

 

 

Figure 1. Representative images of two different mammary cell lines, MCF10A and MDA-MB-231, 
are shown. The spreading of MCF10A and MDA-MB-231 are compared before (a,f,k,p) and after RT 
(radiation therapy) (b–e,g–j,l–o,q–t). The cells were stained for F-actin (green) and nuclear DNA 
(blue). Scale bar, 100 μm. 

The behavior of metastatic cells was significantly different. MDA-MB-231 cells resulted in being 
more sensitive to both doses of irradiation, even though the effects of the RT changed profoundly 
over time and with doses. In particular, at both time points, metastatic cells cultured on the 
physiological environment reduced their spreading area when irradiated with the dose of 2 Gy in a 
similar way to MCF10A cells (Figures 1l–n,q–s, 2b, S1, and S3; Table 1). On the other hand, their 
adhesion seemed not to be affected by the higher dose, indicating that, in this case, the 
microenvironment mimicking a healthy tissue mechanics (1.3 kPa) has a sort of protective role on cell 
properties (Figures 1m–o,r–t, 2b, S1, and S3; Table 1). Cells cultured on stiff substrates showed the 
opposite behavior. These cells, in fact, increased their spreading area significantly at 1 d in a dose-
dependent manner. After 3 d, only cells irradiated with 2 Gy were able to regain their initial features, 
while for those cells treated with 10 Gy, the spreading area increased to a value 1.9-fold higher than 
in control condition (Figures 1d and S1; Table 1). The effects of RT on nuclear areas of metastatic cells 
are reported in Figures 1k–t, 2d, and S1, and Table 1. In particular, the higher dose induced a 
significant increase of the nuclear area resulting 1.9-fold higher than in control condition (Figure 2d; 
Table 1), indicating that tumor cells, differently from the healthy ones, were more sensitive to 10 Gy 
than to 2 Gy dose. The results observed on stiff substrates are partially in agreement with those 
obtained by our group on MCF10A and MCF7 cells cultured on tissue culture plastics (3 GPa), which 
responded at the irradiation by, respectively, reducing and increasing their spreading area after 
irradiation [35]. The results point out the necessity not to neglect the role of mechanical 
microenvironment in regulating the response of cells to irradiation. The role of substrate stiffness and 
composition seems to take a regulatory effect on the response of metastatic cells to RT. In fact, Cordes 
et al. found that substrate, intended as ECM molecules (fibronectin and Matrigel), can have a 
radioprotective role on glioblastoma cells, which reflects in a significant upregulation of β-integrins 
by irradiation in its turn correlated with improved β-integrin-mediated adhesion to the substrate [8]. 
Our data, intersected with those previously obtained on petri-dish [35], indicate a range of stiffness, 
above 1.3 kPa and below 3 GPa, in which metastatic cells can recover the effect provoked by RT. It is 
well known, indeed, that ECM of tumoral tissues presents higher mechanical properties due to an 
increased percentage of aligned collagen fibers [8]. Hence, it is interesting that cells behave differently 

Figure 1. Representative images of two different mammary cell lines, MCF10A and MDA-MB-231,
are shown. The spreading of MCF10A and MDA-MB-231 are compared before (a,f,k,p) and after RT
(radiation therapy) (b–e,g–j,l–o,q–t). The cells were stained for F-actin (green) and nuclear DNA (blue).
Scale bar, 100 µm.

Having characterized the mechanosensing activity of the two cell lines in the control condition,
we evaluated the effects of irradiation on cell adhesion at 1 and 3 d after treatment at the two different
doses of 2 and 10 Gy. At 1 d after irradiation, MCF10A cells resulted in being less spread compared to
cells in the control condition. This effect was relevant for all conditions, even though more significant
for cells cultured on a stiff substrate and irradiated with the lower dose (2 Gy; Figure 1a–c,f–h,
Figure 2a, Figures S1 and S2; Table 1). Furthermore, the decrease of cell spreading resulted in being
not dose-dependent on the soft substrate, whereas it exhibited an inverse dependence on the dose
administered in case of cells cultured on the stiff substrate (Table 1). At the same time point, we found
that the nuclear areas of irradiated healthy cells cultured on soft substrate increased slightly, but in a
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significant way and not dose-dependent (Figure 1a–c, Figure 2c, and Figure S1; Table 1). This was
an unexpected result if associated with that of the spreading area. It could be explained supposing
a protective mechanism, operated by microtubules and intermediate filaments on the nucleus and
activated in a physiological environment. In contrast, on the stiff substrate, the nuclear area decreased
in agreement with the spreading area, but without dependence on the dose administered (Table 1).
At longer times, the effect on the spreading area was maintained only for the lower dose on both
substrates, while the initial values were completely restored by the cells irradiated with the higher dose
(10 Gy; Figure 1a–c, Figure 2a, and Figure S1; Table 1). The behavior of cells is more complicated if the
data on the nuclear area are analyzed. In fact, the higher values were maintained by cells cultured on
soft substrates and irradiated with lower dose indicating a more persistent effect of such dosage on
cell adhesion, while the nuclear area of cells cultured on stiff substrates returned to its initial value
(Figure 1f–j, Figure 2c, and Figure S1; Table 1).
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Figure 2. Box plots (mean, median, interquartile range, and outliers) of spreading areas (a,b) and nuclei
areas (c,d). Spreading areas and nuclei area values were obtained from the analysis of Figure 1 and
Figure S1). Dashed lines (a–d) indicate the mean values of spreading areas and nuclei areas in control
conditions. n > 60 for cell spreading data, n > 110 for nuclear data.
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Table 1. Statistical analysis for data of spreading and nuclei area.

Control
2 Gy 10 Gy

1 day 3 days 1 day 3 days

13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa

Control
1.3 kPa ***.NS

***.NS
**.###
***.NS

***.NS
**.###

***.###
***.NS

NS.NS
***.###

**.NS
NS.##

***.NS
NS.###

NS.NS
NS.###

***.###
***.###

13 kPa ***.###
**.#

***.#
***.###

***.###
**.NS

***.NS
NS.###

***.##
***.###

***.###
**.###

***.NS
***.###

NS.###
NS.###

2 Gy
1 day 1.3 kPa NS.###

NS.#
*.NS

NS.###
***.###
***.NS

NS.###
NS.#

***.###
NS.###

*.##
**.###

***.###
***.###

13 kPa NS.###
NS.###

***.NS
***.NS

NS.NS
NS.NS

***.NS
NS.NS

***.##
NS.###

***.###
***.###

3 days 1.3 kPa ***.###
***.###

NS.###
NS.###

***.###
NS.###

***.NS
*.###

***.###
***.###

13 kPa ***.#
***.NS

***.NS
**.NS

NS.NS
***.###

***.###
**.###

10 Gy 1 day 1.3 kPa ***.##
NS.NS

*.##
NS.##

***.###
***.###

13 kPa ***.NS
*.NS

***.###
**.###

3 days 1.3 kPa ***.###
***.###

Asterisks (*) refer to spreading area (blue) and nuclei area (red) of MCF10A cell, hash signs (#) to those of
MDA-MB-231 cells. ***, ### p < 0.001, **, ## p < 0.01, *, # p < 0.05; NS—not significant.

The behavior of metastatic cells was significantly different. MDA-MB-231 cells resulted in being
more sensitive to both doses of irradiation, even though the effects of the RT changed profoundly over
time and with doses. In particular, at both time points, metastatic cells cultured on the physiological
environment reduced their spreading area when irradiated with the dose of 2 Gy in a similar way to
MCF10A cells (Figure 1l–n,q–s, Figure 2b, Figures S1 and S3; Table 1). On the other hand, their adhesion
seemed not to be affected by the higher dose, indicating that, in this case, the microenvironment
mimicking a healthy tissue mechanics (1.3 kPa) has a sort of protective role on cell properties
(Figure 1m–o,r–t, Figure 2b, Figures S1 and S3; Table 1). Cells cultured on stiff substrates showed
the opposite behavior. These cells, in fact, increased their spreading area significantly at 1 d in a
dose-dependent manner. After 3 d, only cells irradiated with 2 Gy were able to regain their initial
features, while for those cells treated with 10 Gy, the spreading area increased to a value 1.9-fold higher
than in control condition (Figure 1d and Figure S1; Table 1). The effects of RT on nuclear areas of
metastatic cells are reported in Figure 1k–t, Figure 2d, and Figure S1, and Table 1. In particular, the
higher dose induced a significant increase of the nuclear area resulting 1.9-fold higher than in control
condition (Figure 2d; Table 1), indicating that tumor cells, differently from the healthy ones, were more
sensitive to 10 Gy than to 2 Gy dose. The results observed on stiff substrates are partially in agreement
with those obtained by our group on MCF10A and MCF7 cells cultured on tissue culture plastics
(3 GPa), which responded at the irradiation by, respectively, reducing and increasing their spreading
area after irradiation [35]. The results point out the necessity not to neglect the role of mechanical
microenvironment in regulating the response of cells to irradiation. The role of substrate stiffness
and composition seems to take a regulatory effect on the response of metastatic cells to RT. In fact,
Cordes et al. found that substrate, intended as ECM molecules (fibronectin and Matrigel), can have a
radioprotective role on glioblastoma cells, which reflects in a significant upregulation of β-integrins
by irradiation in its turn correlated with improved β-integrin-mediated adhesion to the substrate [8].
Our data, intersected with those previously obtained on petri-dish [35], indicate a range of stiffness,
above 1.3 kPa and below 3 GPa, in which metastatic cells can recover the effect provoked by RT. It is
well known, indeed, that ECM of tumoral tissues presents higher mechanical properties due to an
increased percentage of aligned collagen fibers [8]. Hence, it is interesting that cells behave differently
when cultured on substrates simulating stiffness higher than the physiological ECM of mammary
epithelial cells.
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Taken together, these results suggest how important is the role of the microenvironment and
the necessity to perform further investigations to unravel new mechanisms underlying the response
of healthy and tumor cells to RT treatments. In addition to this, observing the behavior of MCF10A
and MDA-MB-231 cells after irradiation, it is important to recognize that, even if RT altered the
biophysical properties of both cell lines, its impact was less relevant on healthy cells than on tumor cells.
This suggests that MCF10A had a stronger ability to preserve or to recover their properties in both
mechanical environments by adopting probable mechanisms of protection and repair. Furthermore,
after RT tumor cells seem to restore a sort of mechanosensing process having again the ability to
recognize the mechanical environment and to respond in a similar way to MCF10A cells.

2.2. Role of Substrate Stiffness on Cell Motility before and after the Exposure to RT

To evaluate MCF10A and MDA-MB-231 migratory behavior in response to substrate stiffness,
cell videos were recorded with an interval of 10 min using time-lapse microscopy, and two essential
parameters describing the efficiency of cell motility were computed: the mean migration velocity
over a 24-h period and directional persistence. Whereas the migration velocity is easy to calculate
and interpret, the persistence describes the time a cell employs to change its direction and has been
estimated by fitting the mean square displacements (MSDs) over time with the Fürth’s formula
(see Section 3). As shown in Figure 3u, the velocity of MCF10A decreased significantly from ~0.8 on
the soft substrate to ~0.7 µm/min on the stiff substrate (Table 2), consistently with previous reports
indicating that the migration velocity of healthy cells presents an inverse proportion to substrate
stiffness [31]. This result can be explained by considering that cell motility is a complex process requiring
repeated cycles of adhesion to and detachment from the ECM, strictly related to the focal adhesion
life cycle (assembly–maturation–disassembly). In this regard, it has been widely demonstrated that
when the stiffness increased, healthy cells form bigger stress fibers, contributing a more structured
cytoskeleton, and longer focal adhesions with greater assembly/disassembly rate that slows down the
cell migration velocity [36]. Moreover, the persistence time resulted in being equal to 0 (Figure 4a,b;
Table 3), indicating that the motility of MCF10A cells reflects the behavior of a random Brownian
motion on both substrates. On the contrary, the motility of MDA-MB-231 cells increased with the
increase of substrate stiffness passing from ~0.7 to ~1 µm/min (Figure 3v, Table 2), consistently with
other studies reporting the same effect on the migration of various cancer cells, including pancreatic
cancer cells, colorectal cancer cells, breast cancer cells, and so forth [37–41]. What emerged from our
experimental results was that MDA-MB-231 cells were more directionally stable on both substrate
stiffness compared to healthy cells and also their persistence time was positively correlated to the
substrates stiffness, resulting close to 1 and 2 h on soft and stiff substrates, respectively (Figure 4c,d;
Table 3). This finding indicated that the ECM stiffening promotes not only motility but also the ability
of tumor cells to invade distant sites by increasing the directional persistence, in agreement with
observations made in vitro and in vivo experiments. In particular, Levental et al. clearly showed that
in breast tumors, the crosslinking of collagen and ECM stiffness regulate the invasive behavior of
oncogene pre transformed epithelial cells (H-RAS-transformed MCF10A expressing high levels of
activated H-RAS in a similar way to MDA-MB-231 cells) [29]. In addition, the mean migration velocity
of MDA-MB-231 cells on the stiffer substrate is significantly higher than that of MCF10A cells, indicating
that in the absence of pre-oncogene activity, ECM stiffening does not drive mammary epithelial cell
metastasis [10,29]. These two observations, the direct relationship between cell migration velocity and
ECM stiffness and the higher velocity of tumor cells compared to that of healthy cells, can be explained
by considering that tumor cells have a less organized cytoskeleton with lower mechanical properties,
fewer and less-developed focal adhesion than their normal counterpart [42,43]. At the same time,
malignant cells exhibit a very high level of focal adhesion kinase (FAK) [44], a nonreceptor tyrosine
kinase activated by integrin clustering and involved in the process of disassembly of focal adhesion, and
the overexpression and activation of FAK are promoted by the stiffening of the ECM [45]. Consequently,
the upregulation of FAK on stiff ECM contributes to increasing the rate of assembly/disassembly of
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focal adhesions without allowing their maturation and the formation of a robust cytoskeleton but
promoting tumor cell invasion (directional persistence) and migration (migration velocity) instead [44].Cancers 2020, 12, x 9 of 17 
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Figure 3. Plot at origin of trajectories of MCF10A and MDA-MB-231 before (a,f,k,p) and after RT
(b–e,g–j,l–o,q–t). Trajectories of cells were obtained by manual tracking using ImageJ and Manual
Tracking plugin (http://rsweb.nih.gov/ij/). Box plots (mean, median, interquartile range and outliers) of
migration velocity of MCF10A (u) and MDA-MB-231 (w) in all analyzed conditions. Cell velocity was
calculated by the trajectories using the formula 1 (see Section 3). Dashed lines (u,w) indicate the mean
values of velocity in control conditions. n > 58 for all conditions.
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Table 2. Statistical analysis for motility data.

Control
2 Gy 10 Gy

1 day 3 days 1 day 3 days

13
kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa

Control
1.3 kPa ***.### ***.### ***.### ***.### ***.### NS.NS ***.### ***.### ***.###
13 kPa ***.## ***.NS ***.### ***.### ***.### NS.NS ***.### ***.###

2 Gy
1 day 1.3 kPa ***.# ***.### ***.### ***.### ***.# ***.### ***.###

13 kPa ***.### NS.### ***.### ***.NS ***.### ***.###

3 days 1.3 kPa ***.NS ***.### ***.### ***.### ***.NS
13 kPa ***.### ***.### ***.### ***.NS

10 Gy 1 day 1.3 kPa **.### ***.### ***.###
13 kPa ***.### ***.###

3 days 1.3 kPa ***.###

Asterisks (*) refer to cell velocity of MCF10A cells, hash signs (#) to those of MDA-MB-231 cells. ***, ### p < 0.001,
**, ## p < 0.01, # p < 0.05; NS—not significant.
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Table 3. Parameters describing the motility of cells.

Control
2 Gy 10 Gy

1 d 3 d 1 d 3 d

1.3 kPa 13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa

MCF10A
D [mm2/min] 4.0448 3.4916 6.9223 7.8180 1.8238 3.3666 5.4219 2.9704 1.8234 3.0483

P [min] 0.0090 0.0086 32.2139 113.1808 6.6790 31.9583 49.0114 0.05537 0.03201 43.5825
R2 0.9864 0.9937 0.9997 0.9987 0.9993 0.9973 0.9996 0.9939 0.9943 0.9979

MDA-MB-231
D [mm2/min] 13.0096 21.4693 11.8329 22.1579 6.7391 7.305239 7.594923 12.08702 4.338288 6.487246

P [min] 59.7990 114.9188 62.1477 112.1086 84.9445 122.0365 97.8991 71.3609 104.0150 100.9757
R2 0.9998 0.9995 0.9998 0.9995 0.9998 0.999801 0.998634 0.998922 0.999376 0.998346

Values of diffusion coefficient (D), directional persistence (P), and goodness-of-fit (R2) obtained by fitting the MSD
(mean square displacements) of cells’ trajectories to Fürth’s formula.

Cell motility analysis showed that irradiation had important effects also on the migratory behavior
of healthy and tumor cells. At 1 d after irradiation, MCF10A cells cultured on both physiological
and supraphysiological stiffnesses and irradiated with the lower dose responded by increasing their
migration velocity (Figure 3u, Table 2), as a consequence of their reduced adhesion (Figure 2a), while the
high dose did not seem to affect their motility, even though in this case the adhesion also presented
lower values (Figure 2a). As demonstrated by the increase of the persistence time and compared to the
control conditions, the motility mode changed sensitively for those conditions in which cell velocity
increased (cells irradiated with 2 Gy and 10 Gy and cultured on the stiff substrate; Figure 4a,b; Table 3).
At a longer time, cells cultured on soft substrate reduced their velocity in a very significant way,
showing a partial concordance with RT effects on the adhesion (Figure 3u, Table 2). In fact, whereas
cells irradiated with the higher dose increased their adhesion to the substrate, those irradiated with the
lower dose continued to exhibit a reduced adhesion (Figure 2a). At 3 d after irradiation, the persistence
of 2 Gy-irradiated cells was lower than those observed at 1 d but higher than those of control cells.
This indicates that irradiation can have a strong impact on cell adhesion and motility, both in terms of
velocity and directionality (Figure 4a,b; Table 3). According to the results on cell adhesion, the low dose
produced effects more durable than the high dose. This, in particular on the stiff substrate, produced a
reduction of the spreading area and an enhancement of migration velocity and directional persistence.

MDA-MB-231 cells responded to RT by changing their velocity and persistence time, but the
latter remaining in all cases higher than 1 h and retaining the natural propensity of these cells to move
directionally. MDA-MB-231 cells on soft substrate responded to RT by increasing their migration
velocity when irradiated with 2 Gy, but this effect was completely overturned at 3 d, inducing cells to
move slower (Figure 3w, Table 2) and more persistently as a consequence of the reduced adhesion
(Figure 4c,d; Table 3). The dose of 10 Gy on cells on the soft substrate produced a time-dependent
reduction of migration velocity and, also, in this case, an increase of directional persistence (Figure 3w,
Tables 2 and 3). On the other hand, MDA-MB-231 cells cultured on stiff substrate had a very similar
response to both irradiation; in fact, their velocity remained unchanged 1 d after irradiation, but the
persistence was unperturbed for the low dose and reduced for the high one. At 3 d after irradiation and
irrespective of the dose delivered, we measured a significantly reduced migration velocity as a possible
consequence of the increased adhesion (Figure 2b). To summarize, the above findings suggest that at 3 d
after irradiation, tumor cells exhibited reduced migration, even if their persistence was not substantially
changed by dose delivered. This effect was particularly relevant for tumor cells on ECM mimicking
tumor microenvironment, which decreased their velocity from ~1 to 0.6 µm/min, approaching the
velocity value of healthy cells on stiff ECM (~0.4 µm/min). What appears very clear is the importance of
the microenvironment in mediating the cellular response to a physical insult such as photon irradiation.
To better elucidate the mechanisms underlying the effect of RT on cell functions in relationship to
the mechanics of ECM, it will be necessary to evaluate the effects of radiations on the expression of
molecules involved in both processes, first of all, integrins and FAK. In fact, it has been shown that both
integrins and FAK regulate biological processes necessary for the pathogenesis of cancer. Paszek et al.
suggested that tumor stiffness contributes to the aberrant behavior of epithelial tissue by modulating
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integrin signaling through FAK [45]. In addition, irradiation can affect the expression of integrins and
have serious repercussions on adhesion and invasion. As previously mentioned, Cordes et al. found
that ionizing radiation promoted integrin expression in a substrate-dependent way, improving cell
adhesion on fibronectin and Matrigel and impairing their invasion ability [11]. Oppositely, Rieken et al.
indicated that the overexpression of integrins induced by photons had a promigratory effect on the
same tumor cells [46]. On the other side, it will be fundamental also to explore the effects of irradiation
on the architecture and mechanical properties of ECM. Our findings, indeed, indicate the importance of
including its contribution and crosstalk with cell cytoskeleton architecture in the attempt to reconstruct
all the pieces when deciphering cell response to RT treatments.

3. Materials and Methods

3.1. Preparation of Substrate and Mechanical Characterization

Polyacrylamide substrates were prepared as previously reported [47], with minor modifications.
Briefly, glass-bottom culture dishes (World Precision Instruments, FD35−100) were silanized with
3-aminopropyltriethoxysilane (Sigma-Aldrich, St. Louis, MO, USA) for 20 min and extensively washed
with water. Then, 40% acrylamide and 2% methylene-bis-acrylamide were mixed in phosphate-buffered
saline (PBS) solution at two different final concentrations: 4% acrylamide/0.15% methylene-bis-
acrylamide and 10% acrylamide/0.1% methylene-bis-acrylamide corresponding to 1.3 and 13 kPa
(Young’s modulus), respectively. Polymerization was initiated by adding 1/100 total volume of 10%
ammonium persulfate and 1/1000 total volume N,N,N′,N′-tetramethylethylenediamide (TEMED,
Sigma-Aldrich, T7024, St. Louis, MO, USA). Ten microliters of acrylamide/methylenebis-acrylamide
mixture were pipetted on the treated dishes and covered with a 10-mm coverslip. After 20 min, the
coverslip was removed and PBS was added to the dish. Before functionalization, the substrates were
soaked with a penicillin–streptomycin solution overnight and then exposed to UV light emitted by a
germicidal lamp for 1 h. After sterilizations, substrates were functionalized with collagen by using a
bifunctional photoreactive crosslinker (sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino) hexanoate,
sulfo-SANPAH; Fischer Scientific, Loughborough, UK). The sulfo-SANPAH solution was diluted in
water at a final concentration of 0.2 mg/mL, placed on PAAm substrates, and exposed to 365 nm UV
for 10 min. After washing with PBS, the substrates were incubated with a solution of bovine type I
collagen at the final concentration of 50 µg/mL for 2 h at 37 ◦C. Finally, samples were washed with PBS.

After the process of photoactivation, the sulfo-SANPAH solution was removed, and 0.25 mL
solution of PBS and 2% bovine collagen was added to every dish before being incubated at 37 ◦C for
2 h.

3.2. Cell Culture

The MDA-MB-231 cell line was cultured in Lonza Dulbecco’s modified Eagle medium (DMEM/F-12)
supplemented with 10% fetal bovine serum (FBS, Gibco, Eggenstein, Germany), 1% L-glutamine
(Sigma, St. Louis, MO, USA) and 1% penicillin–streptomycin (Sigma, St. Louis, MO, USA).

The MCF10A cell line was cultured in Lonza mammary epithelium-based medium (MEBM),
supplemented with the Mammary Epithelial Cell Growth Medium SingleQuots Kit (MEGM): bovine
pituitary extract (BPE), human epidermal growth factor (hEGF) (0.1%), insulin (0.1%), hydrocortisone
(0.1%), gentamicin–amphotericin (GA-1000; 0.1%).

3.3. Cell Irradiation

MCF10A and MDA-MB-231 cell lines were exposed to X-rays (photon beams) delivered by the
LINAC Synergy Agility (ELEKTA), using a 6MeV energy beam, at the National Cancer Institute
“PASCALE” of Naples. Three-dimensional conformal radiation therapy (3D-CRT) treatment plans
were realized with Monaco v5.11.03 TPS (treatment planning station) by Elekta to deliver 2 and
10 Gy, with the following setup. Cells were settled in a Petri dish between two solid water phantom
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slabs (2 and 3 cm each) and exposed at two opposite fields. The dose rate selected was 200 UM/min.
Prescribed doses were delivered on a uniform square field of 20 × 20 cm2 at the cell level.

The 3D-CRT approach was chosen for the simulation, being broadly used in clinical practice,
although breast cancer treatment can be performed by several other radiotherapy techniques, as IMRT
(intensity-modulated radiation therapy) and VMAT (volumetric-modulated arc therapy).

The 2 Gy represents the conventional fractional dose delivered in standard treatment, whereas
10 Gy was selected to represent the highest dose/fraction treatment as stereotactic body radiotherapy,
even though rarely employed for breast cancer.

3.4. Cell Adhesion Analysis

MCF10A and MDA-MB-231 cells were cultured on PAAm substrates at a final density of
1000 cells/cm2. Cells were fixed and immunostained for cell spreading and nuclear area in the
control condition and 1 and 3 d after irradiation. Cells were washed with PBS and fixed in 4%
paraformaldehyde for 20 min, rinsed twice with PBS, permeabilized with 0.1% Triton X100 for 5 min,
and blocked with 10% goat serum for 1h. Cells were incubated with Alexa 488 phalloidin at 1:200
dilution. Finally, nuclei were stained with Hoechst 33342. Images of cells were acquired using an
Olympus IX81 inverted microscope and a 10× objective. Images were imported into ImageJ software
(NIH, Bethesda, MD, USA) for quantification of cell spreading and nuclei area. Individual cells and
nuclei were thresholded manually on the basis of phalloidin and nuclei staining, and their spreading
and nuclei areas were determined using the “Measure” command in ImageJ.

3.5. Cell Motility

MCF10A and MDA-MB-231 cells were cultured on PAAm substrates at a final density of
1000 cells/cm2. Cell motility experiments were performed by time-lapse microscopy (Olympus
IX81 with 4×). Phase-contrast images were acquired at 10 min interval for 24 h for a total number of
144 frames. Cell positions in each frame were tracked manually using ImageJ and Manual Tracking
plugin (http://rsweb.nih.gov/ij/). Migration velocity and MSD were calculated, starting from trajectories
using the following formula:

v =
∑

√
(xi+1 − xi)

2 + (yi+1 − yi)
2

∆T
(1)

MSD(τ) = [x(t− τ) − x(t)]2 + [y(t− τ) − y(t)]2 (2)

where xi e yi were the coordinates of cell in the i-th frame, ∆T is the time interval between two frames, t
is the time, and τ is the lag time.

To estimate diffusion coefficient D and directional persistence P, MSDs curves were fitted with
Fürth’s Formula [48]:

MSD(τ) = 4D
(
τ− P

(
1− e−

τ
P
))

(3)

The fitting was done with ordinary nonlinear least-squares regression analysis.

3.6. Statistical Analysis

Statistical comparisons were performed with a Student’s unpaired test when data exhibit a normal
distribution. Otherwise, a nonparametric Mann-Whitney test was used. P-values of <0.05 denote
statistically significant differences.

4. Conclusions

In summary, our findings indicate that ECM mechanics can play a very active role in mediating
responses of cells to RT. In particular, RT had significant effects on biophysical properties of MDA-MB-231
cells cultured on stiff ECM mimicking tumor environment, whereas their adhesion and nuclei resulted
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in being less affected when cells interact with substrate mimicking a physiological mechanical
environment. MCF10A features were less affected by RT on both substrates, suggesting a stronger
ability of these cells to preserve themselves, at least in terms of spreading and nuclei morphology.
On the contrary, the migration velocity of both cell lines was significantly reduced on soft substrate,
indicating a sort of radioprotective role of physiological ECM that impaired cell motility and invasion.
These preliminary findings, together with further and thorough examinations, can shed light on the
ECM-mediated molecular mechanism underlying the response of healthy and tumor cells to radiation
treatments, generate data with a higher translational significance, and pave the way for exploring new
frontiers in the diagnostic and therapeutic use of RT.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1170/s1,
Figure S1: Zoomed pictures of spreading of MCF10A and MDA-MB-231 cells, Figure S2: Percentage distribution
of cell spreading area of MCF10A cells before and after RT, Figure S3: Percentage distribution of cell spreading
area of MDA-MB-231 cells before and after RT.
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Abstract: Cell migration is an essential systemic behavior, tightly regulated, of all living cells endowed
with directional motility that is involved in the major developmental stages of all complex organisms
such as morphogenesis, embryogenesis, organogenesis, adult tissue remodeling, wound healing,
immunological cell activities, angiogenesis, tissue repair, cell differentiation, tissue regeneration
as well as in a myriad of pathological conditions. However, how cells efficiently regulate their
locomotion movements is still unclear. Since migration is also a crucial issue in cancer development,
the goal of this narrative is to show the connection between basic findings in cell locomotion of
unicellular eukaryotic organisms and the regulatory mechanisms of cell migration necessary for
tumor invasion and metastases. More specifically, the review focuses on three main issues, (i) the
regulation of the locomotion system in unicellular eukaryotic organisms and human cells, (ii) how
the nucleus does not significantly affect the migratory trajectories of cells in two-dimension (2D)
surfaces and (iii) the conditioned behavior detected in single cells as a primitive form of learning and
adaptation to different contexts during cell migration. New findings in the control of cell motility
both in unicellular organisms and mammalian cells open up a new framework in the understanding
of the complex processes involved in systemic cellular locomotion and adaptation of a wide spectrum
of diseases with high impact in the society such as cancer.

Keywords: cell motility; migration; conditioned behavior; learning; cancer; invasion; metastasis

1. Introduction

Cell migration is essential for a plethora of fundamental biological processes and human
pathologies such as cancer. The molecular and biochemical mechanisms through which individual
cells move have been extensively studied. However, the principles that govern cell motility at a
systemic level are still largely unknown. This narrative reviews seminal aspects of cell motility and
its application to cancer, in particular, the usefulness of analyzing systemic properties of unicellular
eukaryotic organisms to understand cancer cell migration. The importance of a systemic approach
to the external stimuli involved in cellular locomotion have provided important findings, such as
the limited role of the nucleus in cell motility on two-dimension (2D) surfaces and the emergence of
a new behavior by which the cells do learn and develop an associative memory to respond to the
environmental changes during cell migration.

Cancer is a health problem of major concern and a leading cause of death in Western societies.
Local invasion and metastatic seed in distant territories are complex biological processes that impact
negatively in patient prognosis. These issues are receiving much attention in the last years [1]. A
better knowledge of the systemic mechanisms underlying cell motility is necessary to advance in the
development of efficient therapies to improve cancer prognosis.
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2. Simple Organism Models Are Necessary to Understand Human Cell Behavior

Locomotion is a crucial ability to survive for many unicellular eukaryotic cells and the translation
of the information obtained from these single organisms to human cancer and other diseases is a
milestone in modern medicine. In general terms, motility -understood as cell displacement- has been
well conserved over hundreds of millions of years of evolution from unicellular eukaryotic organisms
to human cells. For this reason, many studies have analyzed cell motility in non-mammalian model
organisms, like amoebae, worms, flies and others. Elegant studies with Batrachochytrium dendrobatidis [2–
4], Dictyostelium discoideum [5–8], Caenorhabditis elegans [9–11] and Drosophila melanogaster [12–16],
among others, have provided useful information to understand the fundamental mechanisms of
cell motility.

As it has been recently reviewed [5,6], D. discoideum is an important model to analyze cell
locomotion, chemotaxis and many other cell characteristics, in part because this social amoeba evolves
from a unicellular to a multicellular stage during its cell cycle. D. discoideum has a very well developed
phagocytic ability and defense mechanisms against potential pathogens making this amoeba a good
mimicker of macrophages and other mammalian cells with motile properties. On the other hand,
several genes in its genome are homologous to some disease genes in humans [6]. This fact makes once
more this microorganism a model to analyze the mechanisms of action involved in several human
diseases such as inherited Parkinson’s disease [7] or cancer [8].

Basal membrane disruption is the first step in tumor invasion and has been analyzed in simple
multicellular organisms like C. elegans [9], where the anchor cell during its larval development breaks
basement membranes during morphogenesis. Another example of the crucial information obtained
from this nematode and translated to cancer are the advances in the knowledge of the molecular
mechanisms of apoptosis [10]. In fact, C. elegans has emerged as a simple animal model for systematic
dissection of the molecular basis of tumorigenesis, focusing on the well-established processes of
apoptosis and autophagy [11].

More complex multicellular organisms such as D. melanogaster show a model of metastatic
potential through the development of several mutations conferring different potentialities to increase
cell migration. Such studies are improving the understanding of some fundamental processes in
cancer, local invasion and metastases included, for example the discovering of the Hedgehog and WNT
pathways [12]. Strikingly, mammalian and D. melanogaster intestines share many similarities [13]. For
these reasons, this fly has been also a model to understand the development of collective cell migration
and metastases through epithelial-mesenchymal transition (EMT) processes driven by the transcription
factor Snail [14]. Indeed, this organism has been used for the analysis of possible therapeutic routes in
cancer [15,16]. Models of glioblastoma and rhabdomyosarcoma developed in D. melanogaster have
allowed a better knowledge of the genomic alterations underlying neoplasms. The inhibition of the
RET oncogenic activity to treat multiple endocrine neoplasia by newly designed chemicals [15] is
another good example of the applicability of these studies in D. melanogaster.

3. The Locomotion System in Unicellular Eukaryotic Organisms and Human Cells

Cellular migration is controlled by complex molecular and metabolic networks. These networks
shape an intricate interplay of multiple components amongst which the cytoskeleton, a large number
of adhesion proteins, varied signaling processes and sophisticated biochemical regulatory networks
are fundamentally included.

The cytoskeleton of eukaryotic cells (the main part of the locomotion system) is a dynamic
structure formed by three main components—actin microfilaments, microtubules and intermediate
filaments, all of them interacting in complex dynamic networks. Cell migration in amoeboid organisms
is largely dependent on regulatory mechanisms of the actin cytoskeleton, in which integrins, Rac small
GTPases and many post-translational modifications such as Arp2 phosphorylation, adhesion associated
proteins including talin, paxillin and vinculin and numerous intracellular signaling molecules, take
part modifying the systemic migratory behavior of cells [5].
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Most of the spatial-temporally regulated actin dynamics in human cells, for instance leukocytes,
share great similarity to amoeboid unicellular organisms [17]. However, there are some differences
between them, for example, with respect to the Cdc42 protein, a component that plays a prominent
role in the directed actin dynamics of leukocytes [18]. This protein is a small GTPase of the Rho family
that is present in a variety of organisms, from yeasts to mammals. Cdc42 regulates the signaling
pathways that control important cellular functions including cell migration, endocytosis and cell cycle
progression. Recently, Cdc42 has been directly implicated in cancer progression. Actually, Cdc42 is
overexpressed in lung, colorectal, breast and testicular cancer, as well as in melanoma [19]. Albeit some
variations among different cell types may occur, the basic structures of the cytoskeleton are similar in
many unicellular eukaryotic organisms and human cells. These similarities are supported by highly
conserved gene products and numerous metabolic processes in most eukaryotic organisms endowed
with directional motility [20].

Cell-autonomous polarity is also required for adequate directionality motion and optimal
chemoattractant reception [21]. There are a lot of molecular processes that have been implicated in
the intrinsic polarity status of cells. One of the best studied is the receptor/G protein network, which
detects the external gradients (by means of the chemoattractant receptors) and transmits the external
sensorial gradient to the signal transduction system. These processes amplify the directional bias
and spreads the asymmetric molecular information to the cytoskeleton system which subsequently
generates a protrusive force with specific polarized cell movements according to the prevailing
molecular composition in the external cellular medium. A notable difference found between unicellular
eukaryotic organisms and human cells is the variable richness in the repertoire of receptors and ligands
controlling directed migration in different cells. For example, while only a few chemo-attractants have
been identified in D. discoideum, human leukocytes respond to numerous molecules, as for instance
PAF (Platelet-activating factor), LTB4, C5a, Interleukin-8 (IL8) and growth factors such as IGF-1, EGF,
PDGF and TGF-β [22].

On the other hand, GTPases of the Ras superfamily act as enzymatic central mechanism to control
a wide range of essential metabolic pathways such as actin cytoskeletal integrity, cell adhesion and cell
migration in all eukaryotic cells endowed with motile abilities. In amoeboid unicellular organisms, as
for instance in D. discoideum, Ras GTPase activity is directly implicated in cell locomotion and signal
transduction, where it transfers the input from the receptor/G protein network to several metabolic
activities, including PI3K/PIP3, Rap1, cGMP/Myosin II and TORC2/PKB pathways. In mammalian
cells GTPases of the Ras superfamily also regulate cell proliferation, differentiation, migration and
apoptosis. Roughly 60 types of Ras GTPases have been identified. In leukocytes, Ras GPTase has
been involved in PI3K/PIP3 and MAPK processes [5]. D. discoideum exhibits several members of the
Ras GTPases enzymes, belonging to 14 Ras family genes with 5 characterized isoforms which share
similarities with mammalian H-Ras (proto-oncogene involved in the development of several types of
cancer) and K-Ras (proto-oncogene involved in the Warburg effect of cancer cells) [23]. Mutations in
this Ras family of proto-oncogenes are very common in human cells, being found in 20% to 30% of
all tumors [24]. Ras GTPases are highly conserved between D. discoideum and mammalian cells and
there is a basic similarity in the overall organization of the signal transduction networks in amoeboid
unicellular organisms and human cells [5].

Another important cytoskeletal remodeling is the activity of PAKs enzymes which are found in all
eukaryotic cells. These groups of enzymes (p21-activated kinases) are serine/threonine protein kinases
effectors of the Rho family of GTPases, which are responsible in the direct regulation of cell migration,
chemotaxis, cell polarity, plasticity and signaling [25]. Three PAK families of genes have been identified
in D. discoideum and six isoforms of PAKs are expressed in human cells [25], which are implicated in
a variety of processes including cytoskeletal dynamics, cell migration, cell cycle, mitosis, apoptosis,
angiogenesis, tumorigenesis and metastasis [26]. In fact, PAKs are frequently up-regulated in human
diseases, including various types of cancers [27]. However, it is worth noting that mammalian PAKs
activities are still not completely understood. Most of our knowledge about PAK functions has been

267



Cancers 2020, 12, 2177

derived from approaches in unicellular eukaryotic organisms and many of these functions are similar
to those seen in human cells. Such studies have demonstrated that the basic structure and functions of
PAKs are conserved across practically most eukaryotic cells.

Chemotaxis and cell adhesion are also controlled by Rap1 (Ras-proximate-1 or Ras-related
protein 1), another small GTPase, which acts as a molecular switch essential for effective signal
transduction being involved in important cellular functions as substratum adhesion, cell motility,
apoptosis, cytoskeleton remodeling, motility and intracellular vesicular transport [28]. This enzyme
was originally discovered in budding yeast as a telomere-binding protein that is activated in response
to a range of stimuli through a number of second-messenger molecules, such as diacylglycerol, cAMP
and Ca2+ [29]. Rap1 is rapidly activated in response to chemoattractant stimulation regulating the
cytoskeletal structure and the adhesion processes in D. discoideum [30]. The mechanisms by which
Rap1 controls cytoskeletal reorganizations in this unicellular eukaryotic organism are still under
investigation. In human cells, however, Rap1 controls cell spreading by mediating the functions of
integrins and regulating cell adhesion through the interaction and regulation of adaptor proteins.
Specifically, this protein is an important mediator of adhesion, polarity and migration in leukocytes [31].
In addition, Rap1 also plays many roles during cell invasion and metastasis in different human
cancers [32]. Different studies have shown that Rap1 is very highly conserved in amoeboid unicellular
organisms and human cells [5].

Cell motility requires a complex orchestrated spatial-temporal regulation of thousands of
biomolecules which shape complex dynamic networks that are not well understood. This complexity
justifies why cell migration still remains a fundamental unresolved problem in contemporary biology
with crucial implications in a wide spectrum of diseases, such as cancer. Anyway, several studies
performed in unicellular eukaryotic cells have shown important advances in this area and numerous
investigations have shown that unicellular organisms provide an excellent experimental model system
to understand the precise role of many molecules and metabolic processes in cellular migration. In
fact, most of our knowledge about molecular functions on cell motility has been derived from different
approaches in lower organisms and many of these functions are similar to that seen in Metazoans and
in particular in human cells.

Despite the differences between lower eukaryotes and higher organisms, the fundamental
networks’ architecture, as well as the principles of the systemic complex orchestration and many
individual regulatory modules of cell metabolism has been remarkably conserved during evolution.

4. External Stimuli, Migration and Cancer

The influence of external stimuli during cell migration has been classically analyzed by
physiologists. In fact, galvanotaxis and chemotaxis have been documented in unicellular eukaryotic
organisms as far as more than one hundred years ago [33]. In addition, other dynamic forces of
cell guidance such as haptotaxis [34,35], barotaxis [36,37], durotaxis [38–46], topotaxis [47,48] and
plithotaxis [49–51] have been described latterly as additional conditioning factors of cell migration.

Galvanotaxis (electrotaxis), that is, the ability of simple organisms to predictably react in an
electric field, has been an issue of research in biology for decades. Amoeba proteus, for instance,
which has served for more than one hundred years as a cellular model to study cell migration and
cytoskeletal function [52], exhibits robust galvanotaxis [53]. The molecular processes that govern cell
behavior under galvanotactic conditions are not well understood. However, it is known that different
mechanisms are involved in this behavior, for example, the bidirectional traffic of Ca2+ through the
cell membranes, the sequential events of actin polymerization/depolymerization and the actomyosin
contractility [54–56].

The effect of galvanotaxis has also been analyzed in tumor cells [54]. Changes in the concentration
of Ca2+ may influence cell adhesion, a characteristic that in cancer is related to local invasion and
metastases. However, it is interesting to note that cancer cells may behave very differently from
their normal counterparts under similar conditions. For example, Wang et al. [57] demonstrated that
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human lens epithelial cells under galvanotaxis conditions migrate, as expected, to the cathode but
their transformed malignant counterparts did it to the anode. Even more, this unexpected migration
to the anode of malignant cells seems to be also related to the level of tumor aggressiveness. In this
sense, the experiments of Frazer et al. [58] show that a highly aggressive metastatic human breast
cancer cell line migrated to the anode whereas a non-metastatic human breast cancer cell line did
it to the cathode. This paradoxical effect also affects the microenvironmental compartment since
the directional traffic of intravasation/extravasation of tumor-infiltrating lymphocytes may be also
governed by galvanotaxis [59]. These experiments and others, show that cells react in different ways
depending on their malignancy and the degree of aggressiveness, opening new opportunities for
cancer research in vivo.

Chemotaxis is another essential process implicated in cell migration. For instance,
chemokines-mediated chemotaxis, a phenomenon that stimulates local invasion and cell migration in
malignant tumors [1], has also been previously detected in bacteria, amoebae and other unicellular
eukaryotic organisms [1,5,60]. Several types of individual and collective cell migration have been
described during Zebrafish morphogenesis through intercellular signaling [1]. Tumor cells at the border
of infiltration display a collective behavior via E-cadherin between tumor cells themselves and with
the microenvironment [61]. In this sense, macrophages, lymphocytes and neutrophils are modulated
by chemokines in pituitary neuroendocrine tumors [62]. Also, tumor-associated fibroblasts increase
local tumor aggressiveness favoring the development of metastases, as it has been reported in different
tumors [63–65]. Cell migration due to chemotaxis can also be observed in processes related to tumor
development, as it has been demonstrated with T-cells serving as the basis for the recently developed
immune therapies [66]. In this sense, the PD-1/PD-L1 axis blockage is a promising therapeutic tool
that is being successfully used in several types of malignant tumors, including kidney [67], breast [68],
lung [69] and bladder [70] cancers, as well as malignant melanoma [71]. Chemotaxis can be associated
to the so-called haptotaxis, which refers to the directional motility induced by a gradient of cell
adhesion [34] and differs from chemotaxis in the nature of the chemoattractant molecule. So, the
chemoattractant is soluble in chemotaxis and insoluble (linked to the extracellular matrix) in haptotaxis.
A recent work has demonstrated fibronectin mediated haptotaxis driving directional movements in
breast cancer cells during metastatic progression [35].

On the other hand, the capacity of migration following hydraulic gradients in the absence of
chemical cues is called barotaxis. Several experiments have demonstrated that cells confined to
bifurcating channels select the channel of lower hydraulic resistance to orientate and migrate [36,37].
Interestingly, barotaxis does not need chemical attractors, although both barotaxis and chemotaxis may
cooperate influencing cell migration, for example in neutrophils [36] and dendritic cells [37], under
specific circumstances. In a system of competition between chemotaxis with the peptide fMLP against
barotaxis, Prentice-Mott et al. [36] showed that large cells with high asymmetrical capacities did not
respond to chemotactic stimulus and directed their movements to low-resistance channels, whereas
neutrophils (small cells with lesser asymmetric potential) could successfully overcome high hydraulic
pressures to reach the chemotactic stimulus. Besides, barotaxis may guide dendritic cells to reach the
lymph nodes to initiate the immune response regulating micropinocytosis by means of modification in
the actomyosin cytoskeleton [37].

In addition, durotaxis refers to the capacity of cells to migrate following matrix stiffness cues
and was originally described in fibroblasts [38]. Contact guidance, that is, the capacity of cells to
follow extracellular matrix fiber orientation is the context in which durotaxis develops [39]. This
cellular systemic property can be observed in many unicellular and multicellular organisms like D.
discoideum [40] and C. elegans [41]. C. elegans, for example, is able to detect, adapt and migrate to
stiffer regions in the environment by means of undulatory waves in a dorsal-ventral plane that can
be modified in shape and speed depending on the changing surrounding parameters [42]. Durotaxis
is involved in embryogenesis, organogenesis, inflammation, tissue repair and other physiological
processes. Vascular smooth muscle cells and other mesenchymal cells, for example, show a directional
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motility tendency generated by increasing gradients of extracellular stromal rigidity [43,44]. Isenberg
et al. [43] have provided evidence of cellular adaptations in smooth muscle cells to durotactic gradients
performed on polyacrylamide gels and hypothesize with connections between chemotactic and
durotactic phenomenological responses. Durotaxis appears also in cancer, for instance, tumor cell lines
from glioblastoma, breast carcinoma and mesenchymal fibrosarcoma do exhibit this behavior [45].
Here, all tumor cells show a similar pattern to move towards high-stiffness gradients. The stiffening
of the stroma occurring in desmoplastic tumors may offer a via of durotactic escape to cells under
selective pressures, like hypoxia, for example in colorectal cancer, where extracellular matrix changes
with collagen overexpression, pathological collagen crosslinking and fiber arrangement take place [46].
This way, durotaxis could contribute with chemotaxis and other external stimuli to local invasion and
metastases in many tumors.

Besides, topotaxis has been recently described as the capacity of cell to mediate their migration
following the density of extracellular matrix fibers [47]. Since this cell property depends of the
specific stiffness of the cytoskeleton, different migratory behaviors have been observed between
benign and malignant counterparts of the same cell. The loss of PTEN in aggressive variants of
malignant melanoma modifies cell stiffness making them softer then switching the topotactic polarity
and migration [47]. By contrast, topotaxis of melanoma cells with preserved PTEN expression migrate
to areas with denser extracellular matrix making aggressive spread more difficult. A similar process
has been demonstrated in cutaneous fibroblasts during wound repair [48].

Finally, plithotaxis explain driving forces for collective cell migration in cellular monolayers
in vitro [49]. This collective cell behavior takes place in many different contexts with endothelial,
fibroblasts and epithelial cells, for example, during morphogenesis of complex branched organs
like lungs or kidneys, in the process of wound repair [50] and also in the collective invasion of
carcinoma cells [51]. Two different cell-to-cell junction stresses working combined are main actors
in the underlying mechanism governing this collective cell behavior—the normal stress or forces
working perpendicular to the surface that can be tensile or compressive and the shear stress or forces
applied parallel to the tangent of the surface [49]. This mechanism allows groups of cells to move
collectively following chemical or physical gradients. How individual cells move inside a collectivity
is explained, among other processes, by plithotaxis, an emergent dynamic property necessary to
understand complex biological processes involving millions of cells like those participating in tumor
invasion and metastases.

5. The Role of the Nucleus in Cell Migration

One of the central issues in cellular migration is the role of the nucleus in the regulation of the
locomotion system. The nucleus has been classically considered to be a key structure in cellular
migration but its exact role is being understood only very recently. Graham et al. [72] have observed in
human enucleated cells (cytoplasts) that the migratory abilities of these cells in 2D surfaces do not
depend on the presence of the nucleus. However, cells do require the physical presence of the nucleus
to move properly in three-dimensional (3D) spaces. In 3D contexts, the nucleus acts just as a necessary
clutch to regulate the adaptative locomotive responses to their mechanical environment in a permanent
interplay with the cytoskeleton to which this cellular structure is intimately connected [72,73].

An independent group has verified similar findings to those of Graham et al. [72] in a quantitative
analysis in which the authors analyzed the movement trajectories of enucleated and non-enucleated
Amoeba proteus sp. on flat 2D surfaces using advanced non-linear physical-mathematical tools [74]
(Figure 1). The study had been previously deposited in bioRxiv.org by 2017 [75] and represents the
first quantitative analysis of cell migration with enucleated cells.

To characterize the movements of cells and cytoplasts from a mathematical perspective, these
authors analyzed first the relative move-step fluctuation along their migratory trajectories by applying
the root mean square fluctuation (rmsf). This approach is a classical method in Statistical Mechanics
based on Gibbs and Einstein’s studies [76,77] that has been latterly developed and widely applied to
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quantify different time-series. The obtained results showed that both cells and cytoplasts displayed
migration trajectories characterized by non-trivial long-range positive correlations (Figure 1A,B).
Strong correlations over periods of about 41.5 min on average were found in all the analyzed cells
and cytoplasts, which corresponded to non-trivial dependencies of the past movements lasting
approximately 1245 move-steps. Therefore, each cellular move-step at a given point is strongly
influenced by its previous trajectory. This dynamic memory (non-trivial correlations) represents a
key characteristic of the movements during cell migration. Besides, this analysis indicated that the
move-step fluctuations of all amoebas presented scale-invariance properties related to the increment of
the move-step length [74].

Cancers 2020, 12, x 7 of 15 

 

analysis indicated that the move-step fluctuations of all amoebas presented scale-invariance 
properties related to the increment of the move-step length [74].  

 
Figure 1. Root mean square fluctuation and Mean Square Displacement (MSD) of the trajectories of 
non-enucleated and enucleated amoebas. (Part of this figure has been reported previously by the 
authors in ref. [74].) Log-log plot of rms fluctuation F vs. l step for a prototype non-enucleated cell (A) 
and a prototype enucleated cell (B). The slope for the non-enucleated cell was α = 0.9, while for the 
enucleated it was α = 0.865, indicating non-trivial positive long-term correlations in both cases. In (C) 
and (D), log-log plots of MSD against the time interval τ, for 8 prototypic non-enucleated and 8 
enucleated cells, respectively. β = 1 indicates normal diffusion while β = 2 indicates ballistic diffusion. 
The grey region defines the area of super-diffusion, in which all experimental slopes are contained. 
The fact that τmax = 1/4th of the data length, implies that super-diffusion holds in large scales. 

Next, the Mean Square Displacement (MSD) was calculated to quantify the amount of space 
explored over time by the amoebas and the overall migration efficiency. This method was also 
proposed by Albert Einstein in his work concerning Brownian motion [78]. This approach showed 
that the migratory trajectories of enucleated and non-enucleated amoebae cells were associated with 
a non-linear dependence of MSD with time, known as anomalous diffusion, which typically occurs 
in complex systems with long–range correlated phenomena. Therefore, a super-diffusion process 
governed all the efficient migration trajectories of cells and cytoplasts (Figure 1B–C). This analysis 
was furtherly validated by an alternative approach, the renormalization group operator (RGO) 
developed by Kenneth Wilson, who established the Theory of the Renormalization Group in 1971 [79].  

Finally, to quantify some kinematic properties of the cell locomotion trajectories, the 
directionality ratio (DR), the average speed (AS) and the total distance traveled (TD) of the amoebas 
were analyzed and no significant differences were observed between cells and cytoplasts [74]. This 
quantitative analysis showed that both cells and cytoplasts display a kind of dynamic migration 
structure characterized by highly organized data sequences, non-trivial long-range positive 
correlations, persistent dynamics with trend-reinforcing behavior, super-diffusion and move-step 
fluctuations with scale-invariant properties [74]. 

The systemic locomotion movements of cells and cytoplasts change continuously since all 
trajectories display random magnitudes that vary over time. These stochastic movements shape a 
dynamic migration structure whose defining characteristics are preserved. Such a dynamic migration 

Figure 1. Root mean square fluctuation and Mean Square Displacement (MSD) of the trajectories of
non-enucleated and enucleated amoebas. (Part of this figure has been reported previously by the
authors in ref. [74].) Log-log plot of rms fluctuation F vs. l step for a prototype non-enucleated cell
(A) and a prototype enucleated cell (B). The slope for the non-enucleated cell was α = 0.9, while for
the enucleated it was α = 0.865, indicating non-trivial positive long-term correlations in both cases. In
(C) and (D), log-log plots of MSD against the time interval τ, for 8 prototypic non-enucleated and 8
enucleated cells, respectively. β = 1 indicates normal diffusion while β = 2 indicates ballistic diffusion.
The grey region defines the area of super-diffusion, in which all experimental slopes are contained. The
fact that τmax = 1/4th of the data length, implies that super-diffusion holds in large scales.

Next, the Mean Square Displacement (MSD) was calculated to quantify the amount of space
explored over time by the amoebas and the overall migration efficiency. This method was also
proposed by Albert Einstein in his work concerning Brownian motion [78]. This approach showed
that the migratory trajectories of enucleated and non-enucleated amoebae cells were associated with
a non-linear dependence of MSD with time, known as anomalous diffusion, which typically occurs
in complex systems with long–range correlated phenomena. Therefore, a super-diffusion process
governed all the efficient migration trajectories of cells and cytoplasts (Figure 1B,C). This analysis was
furtherly validated by an alternative approach, the renormalization group operator (RGO) developed
by Kenneth Wilson, who established the Theory of the Renormalization Group in 1971 [79].
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Finally, to quantify some kinematic properties of the cell locomotion trajectories, the directionality
ratio (DR), the average speed (AS) and the total distance traveled (TD) of the amoebas were analyzed and
no significant differences were observed between cells and cytoplasts [74]. This quantitative analysis
showed that both cells and cytoplasts display a kind of dynamic migration structure characterized by
highly organized data sequences, non-trivial long-range positive correlations, persistent dynamics
with trend-reinforcing behavior, super-diffusion and move-step fluctuations with scale-invariant
properties [74].

The systemic locomotion movements of cells and cytoplasts change continuously since all
trajectories display random magnitudes that vary over time. These stochastic movements shape a
dynamic migration structure whose defining characteristics are preserved. Such a dynamic migration
structure characterizes the mathematical way in which the locomotion movements occur and so the
move-steps are efficiently organized. Since the cytoplasts preserved the dynamic properties in their
migration movements similarly as intact cells, the obtained results quantitatively confirmed that the
nucleus does not significantly affect the systemic movements of amoebas in 2D environments [74].
This conclusion, obtained from a mathematical and computational perspective, agrees with the results
previously reported using exclusively biological techniques [72].

From a molecular point of view, the amoebas’ locomotion is controlled by complex metabolic
networks, which operate as non-linear systems with dynamics far from equilibrium [80]. These
biochemical networks involve an intricate interplay of multiple components of the cell migration
machinery, including the actin cytoskeleton, ion channels, transporters and regulatory proteins such
as the Arp2/3 complex or the ADF/cofilin family proteins [5,81]. As a consequence of the efficient
self-regulatory activity of the metabolic networks, each amoeba seemed to be endowed with the ability
to orientate its movement toward specific goals in the external environment, thereby developing efficient
foraging strategies even in conditions of sparse resources when there is limited or no information as to
where food is located. In accordance to the aforementioned studies, the enucleated amoeba’s behaviors
herein observed in 2D environments may be explained by the singular self-regulated properties of the
cellular metabolic life [80].

From the studies by Graham et al. [72] and de la Fuente et al. [74,75] performed in 2D surfaces,
it should be taken into account that the cytoplasts generated and analyzed in these experiments are
smaller than intact cell counterparts. Under these conditions, the adhesion surface is smaller and
weaker in cytoplasts thus resulting in a smaller spread area, lower adhesion strength and lower total
strain energy on them. In addition, the structural geometrical organization, the cytoplasmic rigidity
and density and the contractility of the actomyosin cytoskeleton are also dramatically modified in the
cytoplasts. Without the nucleus, the cytoplasm is very deformable and the loss of contractility of the
cytoskeleton hinders the optimal travelling speed and the adequate structural functions of cytoplasts
to move properly in 3D environments.

These and other observations reveal the critical role of the nucleus for developing appropriate
mechanical responses and for regulating both contractility and mechano-sensitivity [73]. Specifically,
the physical presence, position and material properties of the nucleus, fundamentally those related
with its connections with the cytoskeleton, are essential for a broad range of cell functions. These
functions include intracellular nuclear movement, cell polarization, chromatin organization, cellular
mechano-sensing and mechano-transduction signaling. Eukaryotic cells require the presence of the
nucleus as a necessary component of the molecular clutch involved in the regulation of their mechanical
responses to the environment. The physical properties of the nucleus strongly connected with the
cytoskeleton allow and guarantee a proper cell migration when the environment displays mechanical
complexities, as it happens in 3D conditions [72,73].

6. Conditioned Behavior in Single Cells

In continuation of this study and following the Pavlov’s methodological approach with dogs [82],
the same group of investigators observed that two different unicellular organisms (Amoeba proteus sp.
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and Metamoeba leningradensis sp.) showed associative learning behaviors [83], which can be essential
for adequate and efficient cellular migration (Figure 2). To analyze such conditioned behavior in
amoebae they used an electric field as a conditioned stimulus and a specific chemotactic peptide as
a non-conditioned stimulus. The migratory trajectories of more than 700 amoebae under different
experimental conditions were studied. The results showed that, through the association of stimuli,
these unicellular organisms were able to learn and forget new behaviors as time passes [83]. This
phenomenon can be considered as a rudimentary form of associative memory and is also crucial to
govern properly cell migration.Cancers 2020, 12, x 9 of 15 
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peptide was placed, while the reminders did it to the cathode, 

Figure 2. Experimental evidences of conditioned behavior in Amoeba proteus. (Part of this figure has
been reported previously by the authors in ref. [83].) (a) Without stimulus, the cells practically explored
all the directions of the experimentation chamber. (b) Under galvanotaxis, practically all the amoebae
migrated towards the cathode. (c) Under chemotaxis, 86% of the cells migrated towards the chemotactic
gradient. (d) Under galvanotaxis and chemotaxis simultaneously, 53% of the amoebae moved towards
the anode-peptide (induced cells). (e) After induction process, the cells were placed in Chalkley’s
medium without any stimulus for 5 min and then they were exposed to galvanotaxis for 30 min, 82% of
the inducted cells presented lasting directionality towards the anode where the chemotactic peptide
was absent. (f) Migratory trajectories of 15 amoebae under galvanotaxis, that previously acquired the
conditioned behavior after induction process, lost gradually the persistence towards the anode and
turned back to the cathode (times ranging from 27 to 44 min). The colors of the trajectories represent the
duration of the conditioned behavior. “N” total number of cells, “t” time of galvanotaxis or chemotaxis.
“p” chemotactic peptide (nFMLP), “+” anode, “-” cathode. In (a)–(e), both the x and y axis show the
distance in mm and the initial location of each cell has been placed at the center of the diagram.

The consecutive steps of this study [83] are summarized as follows:

(1) Cell locomotion in the absence of stimuli exhibited a random directional distribution in which
amoebae and metamoebae explored practically all the directions of the experimental chamber
(Figure 2a),

(2) Amoebae and metamoebae showed an unequivocal systemic response consisting in the migration
to the cathode when they were exposed to a strong direct electric field of about 300–600 mV/mm
(galvanotaxis, Figure 2b),
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(3) The response of both organisms was studied during biochemical guidance by exposing them
to an nFMLP peptide gradient placed in the anode of a specific set-up. In these experimental
conditions, most of the exposed cells migrated towards the peptide in the anode showing
stochastic movements with robust directionality (chemotaxis, Figure 2c),

(4) Cells were exposed simultaneously to the galvanotactic and chemotactic stimuli for 30 min
(induction process). For such a purpose, the cathode was placed on the right of the set-up and the
anode with the nFMLP peptide solution on the left (Figure 2d). The results showed that roughly
half of the amoebae and metamoebae migrated towards the anode where the peptide was placed,
while the reminders did it to the cathode,

(5) To verify if the cells that moved to the anode during the induction process (Figure 2d) exhibited
some degree of persistence in their migratory behavior, those cells that had previously migrated
to the anode-peptide in the fourth step were exposed a second time (30 min) to a single electric
field without the peptide. Under these experimental conditions, the analysis of the individual
trajectories showed that most cells did migrate to the anode where the peptide was absent
(Figure 2e). This evidence corroborated that a new locomotion pattern had appeared in amoebae
and metamoebae (Figure 2d) (note that without the induction process practically all the cells
migrated to the cathode, (Figure 2c) and after the induction process the cells modified their
behavior going to the anode instead to the cathode).

This step-wise experiment showed that some amoebae seemed to associate the anode with the
food (the peptide) when the cells were exposed to a stimulus related to their nourishment (the specific
peptide nFMLP placed in the anode) and this exposition was simultaneously accompanied by an
electric field (induction process, Figure 2d) [83].

After the induction process, most of the conditioned Amoeba proteus sp. and Metamoeba
leningradensis sp. ran to the anode where the peptide was absent, modifying their systemic conduct,
behaving against their known tendency to move to the cathode (Figure 2b) and developing a new
persistent pattern of cell locomotion characterized by movements towards the anode (Figure 2e).

Strikingly, this conditioned behavior persisted for relatively long periods ranging from 20 to 95
min (Figure 2f). The quantitative analysis of these results emphasized that it was extremely unlikely to
obtain them by chance (p = 10−19; Z = 8.878, Wilcoxon rank-sum test).

Pavlov described four fundamental types of persistent behavior provoked by two stimuli [82].
The experiment of cellular conditioning summarized here was based in one of them, the so-called
simultaneous conditioning, in which both stimuli are applied at the same time. This finding in which
individual cells can generate migratory conditioned patterns guiding their systemic locomotion
movements has never been reported so far.

These experiments with unicellular organisms were the consequence of previous
physical-mathematical analyses with complex metabolic networks published in 2013 [84], where
using advanced tools of Statistic Mechanics and techniques of Artificial Intelligence it was verified
from a computational viewpoint that metabolic networks were governed by Hopfield-like dynamics
showing associative memory behavior. This quantitative study demonstrated for the first time that an
associative memory was also possible in unicellular organisms. Such type of memory could be the
manifestation of the emergent properties underlying the complex dynamics of the systemic metabolic
networks corresponding to an epigenetic type of cellular memory [80].

7. Concluding Remarks

This narrative reviews fundamental issues related to cell motility and cancer. For such purpose,
we revisit the usefulness of analyzing unicellular eukaryotic cells to improve current understanding in
several crucial points—(i) the regulation of cell migration in mammalian cells, (ii) the importance of
systemic approaches in these studies, (iii) the role of the nucleus in cell displacements, (iv) the emergence
of a new behavior by which cells do learn and develop a primitive form of associative memory to
respond to the environmental changes during migration and (v) the implications of some important

274



Cancers 2020, 12, 2177

processes related to the control of cell locomotion in cancer. The spectrum of external stimuli and the
analysis of their corresponding systemic migratory behaviors (galvanotaxis, chemotaxis, haptotaxis,
barotaxis, durotaxis, topotaxis and plithotaxis) in standard physiological conditions and in disease
have been briefly reviewed as an example of translational research with potential clinical applicability.

Some special points deserve further special comments, for example, the role of the nucleus in
cell migration in diverse environments, fundamentally in 3D spaces. As it has been pointed out in
the chapter 5 of this review, several studies have already shown that motility patterns in enucleated
cells does not significantly differ from the observed in normal cells on 2D surfaces [72,74]. In this
sense, the works of De la Fuente et al. [74,75] with eukaryotic unicellular organisms and of Graham et
al. [72] with mammalian cells, demonstrating that cell migration does not depend on the nucleus in 2D
scenarios represents a great advance in the understanding of systemic control of cell motility.

However, it is necessary to underline the crucial role of the nucleus during cell locomotion
in 3D environments, for instance, cell migration during embryogenesis, wound repair and cancer
is performed in 3D spaces in a context of a very different spectrum of extracellular matrix (ECM)
proteins that conditionate cell movements. In this particular setting the nucleus acts as a fundamental
mechanosensory structure in a continuous interplay with the cytoplasmic architecture.

On the other hand, the comparative analysis of cell motility at the molecular level between
unicellular organisms and human cells has been a matter of translational study mentioned in a specific
chapter of this review. Similarities and differences have been detected in the analysis, although
in general terms, crucial enzymatic routes underlying cell migration have been well preserved
during evolution. Numerous studies with eukaryotic unicellular organisms have provided excellent
experimental models to understand the precise role of many molecules and metabolic processes
involved in cell migration. Interestingly, the translation of these findings at the molecular level from
unicellular organisms to cancer cell biology has contributed to unveil new therapeutic opportunities
for patients.

Finally, the associative conditioning with long term persistence detected experimentally in
unicellular eukaryotic organisms has also been highlighted. In these experiments, amoebas were able
to develop a conditioned behavior during cell migration when they were exposed to two different
simultaneous stimuli in a similar way as Pavlov’s dogs did more than one hundred years ago.

The new studies in the control of cell motility both in unicellular organisms and mammalian
cells define a new framework in the understanding of the mechanisms underlying the complex
systemic behavior involved both in the cellular migration and in the adaptive capacity of cells to the
external medium. Such findings constitute a significant advance in the comprehension of the biological
processes involved in critical issues for human life like embryogenesis, tissue repair and carcinogenesis.
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