
Tumor development is closely associated with the

acquisition of the ability of tumor cells for increased

migration, which permits cells to escape from the border

of afflicted tissue and leads to the penetration of cells into

adjacent organs and tissues (invasion) and dissemination

of tumor cells to distant organs with subsequent forma-

tion of new tumor nodules there (metastasis). These

processes are the main causes of death of oncological

patients. Tumor cells need to show completely new fea-

tures to facilitate their effective migration under new con-

ditions that permit them to pass interstitial barriers, pen-

etrate through the basal membrane and different kinds of

extracellular matrix (ECM), as well as to intravasate into

lymphatic and blood vessels for distribution to remote

areas of the body. It is believed that the acquisition of new

properties of tumor cells supporting their unlimited pro-

liferation and facilitating their dissemination and survival

in new environments is underlain by instability of their

genome [1], which leads to the emergence and consolida-

tion of new adaptations and thus to tumor progression.

Each of these properties (enhanced migration activity,

unlimited proliferation, and survival in nonoptimal con-

ditions) is achieved by complex molecular mechanisms.

For example, the acquisition of so-called motile pheno-

type by cells is associated with remarkable alterations of

their cytoskeleton, disturbance of cell–cell contacts,

changes in cell morphology, increase in matrix metallo-

proteinase (MMP) activity, and with alterations of many

other characteristics. Of course the acquisition of new

properties could occur gradually and is explained by

quantitative changes in the production or activity of a

particular protein. However, there are several basic steps

that are associated with the switch of cells to a new mode

of movement that is based on molecular mechanisms that

are different from those used previously. Such changes are

qualitative in nature and are called “transitions”. It is

possible to identify two such transitions.

The epithelial–mesenchymal transition (EMT) is

when cells previously connected by cell–cell contacts to

integrated epithelial sheet begin to lose these contacts and

to move as individual cells by a motility mode like fibro-

blasts (mesenchymal cells) use.

The mesenchymal–amoeboid transition (MAT) is

when cells that previously moved like fibroblasts by the

mesenchymal mode of motility change their shape to

more or less round and begin to move using very special

type of protrusions – blebs, similar to motility of the
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amoeba Dictyostelium, thus transiting to the amoeboid

mode of motility.

Each of these transitions gives cells certain advan-

tages in moving, enhances migration effectiveness, and

thus the effectiveness of cell dissemination. There are dif-

ferent molecular mechanisms as the basis of each motili-

ty mode, and thus transition means changeover of these

mechanisms. The ability of cells to change the mecha-

nisms of movement depending on external conditions and

intracellular regulation is called plasticity. We will consid-

er each mode of motility, the morphological characteris-

tics of cells migrating by different modes, the cellular and

molecular mechanisms underlying each type of motility,

and different pathways regulating the transitions.

Plasticity was shown for tumor cells, and it is adaptations

that arise during tumor progression that facilitate invasion

and metastasis. The question of at what stage of tumor

development this property appears and whether it is a

common biological property of the cells or an exclusive

feature of cancer cells, in my opinion, is of particular

interest and is important for understanding general

mechanisms underlying motility of tumor cells.

EPITHELIAL–MESENCHYMAL TRANSITION

Epithelial–mesenchymal transition (EMT) is the

complex reorganization that means transition from low

motile epithelial cells of different organs integrated with

each other into epithelial sheet to highly motile individ-

ual cells. Under normal conditions fibroblasts (mes-

enchymal cells) move as individuals, for example during

wound healing, so such mode of migration is called mes-

enchymal. Transition of cells from collective to individual

migration followed by loss of epithelial characteristics and

acquisition of fibroblasts-like features is called EMT [2-

4]. EMT occurs in certain situations, for example during

wound healing, embryonic development [5, 6], and in

tumor progression. The main features of EMT are disrup-

tion of cell–cell contacts, disorder of basal–apical cell

polarity, actin cytoskeleton reorganization, and acquisi-

tion of “mobile” phenotype. EMT is an intensively stud-

ied process. It is followed by significant modifications in

transcription of different genes [7, 8]. These modifica-

tions are regulated by transcriptional factors such as

Snail, Twist, Slug, ZEB1, ZEB2, Lef-1, b-catenin, etc.

EMT leads to appearance of polarized cells with pro-

nounced front and back part [9]. Cell migration is provid-

ed by protrusions on the front (leading) part and by con-

traction of the back (tail) part. The typical feature of mes-

enchymal migration is secretion by cells of proteolytic

enzymes, matrix metalloproteinases (MMPs) and uroki-

nase-type plasminogen activator (uPA), which are

responsible for degradation of extracellular matrix

(ECM) [10-12]. Due to degradation of ECM, tumor cells

make a path to go through tissues and overcome tissue

barriers. The main protrusions formed during mesenchy-

mal migration and which are morphological features of

this type of motility are lamellipodia (a plate at the lead-

ing end outgrowth cells) and filopodia (narrow cylindrical

outgrowths). The actin cytoskeleton of cells using the

mesenchymal mode of migration consists mainly of bun-

dles of actin filaments – stress fibers. Below we will con-

sider in more details the organization and mechanisms of

formation of different protrusions responsible for cell

migration.

MESENCHYMAL–AMOEBOID TRANSITION

This stage represents a change in motility patterns of

individual cells and is based on a fundamental change in

the molecular mechanisms governing the extension of

protrusions on the leading edge of the cell. An external

manifestation of mesenchymal–amoeboid transition

(MAT) is dramatic changes in cell morphology, structure

of the cytoskeleton, and the structure and dynamics of

protrusions, although cells continue to move individually

(figure). The cells become rounded, actin stress fibers dis-

appear, and the cytoskeleton organizes as actin cortex

underlying the cell membrane. Cell motility by the amoe-

boid mode occurs due to formation very specialized pro-

trusions – blebs [13, 14]. Cells using the amoeboid mode

of motility form practically no focal adhesions with

ECM, so this type of motility is independent of integrins

[10, 15], they do not produce MMPs, and thereafter pro-

teolytic degradation of ECM is absent [11, 16]. Unlike

the EMT, the MAT is based not on deep changes in activ-

ity of transcriptional factors, but on quick phenotypic

adaptations for a changing environmental conditions

[17]. Thus, first, this transition can occur rather quickly,

and second, the inverse transition from amoeboid to mes-

enchymal movement could easily occur in case of a rever-

sal of the change in the environmental conditions.

Amoeboid movements have been described for 3D sub-

stratum, possible because cells with absence of pro-

nounced focal adhesions cannot properly attach to a 2D

substratum, and in such experimental conditions all cells

after MAT just detach from the substratum and go into

the liquid medium. When comparing the rate of migra-

tion for cells using the mesenchymal and amoeboid

motility modes, it is commonly noted that amoeboid

motility is much faster than mesenchymal motility [16].

But to prove this thesis authors gave examples of quite dif-

ferent cells migrating using either amoeboid or mes-

enchymal mode. For example, Friedl and coauthors

showed that the rate of a cell using the mesenchymal

mode of migration on a 3D substratum (melanoma cells

MV3 and fibroblasts) was 0.1-1 µm/min [18], while the

rate of cells using amoeboid mode was from 2 µm/min

(other melanoma cells A375m2) [19] and up to 25 µm/

min (T-lymphocytes in collagen gel) [20]. Significant dif-
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ferences were shown in cell motion rate in 3D collagen

matrix when the motilities of a few tumor cell lines (mes-

enchymal motility) and lymphocytes (amoeboid motility)

were compared [21]. In one of the first works where MAT

was demonstrated [11], the cells, which moved mes-

enchymally (fibrosarcoma cell line HT1080 and cells of

breast carcinoma MDA-MB-231), were treated with pro-

teinase inhibitor cocktail, and the authors expected a

decline in cell movement due to cessation of matrix

degradation. In spite of this expectation, such treatment

did not cause the inhibition of motility, and the cells con-

tinued their migration in 3D even without proteolysis,

which means that cells used mechanisms that did not

require matrix degradation and thus should be other than

mesenchymal. But the rate of the cells did not increase

and was the same even after MAT. It was shown also that

transition to amoeboid motility of prechordal plate pro-

genitor cells during gastrulation of zebra fish (Danio rerio)

induced by alteration of membrane-to-cortex attachment

because of deficiency of proteins of the ERM family

(ezrin, radixin, moesin) or activation of myosin II lead to

reduction in rate and directionality of cell migration in

comparison with normal prechordal plate progenitor cells

moving by the mesenchymal mode with lamellipodia and

filopodia [22]. Thus, it turns out that MAT is not likely

needed to increase the rate of cell migration, but rather

for migration of cells under changing environmental con-

ditions, when, for one reason or another, the opportunity

to use mesenchymal mode of motility declines (e.g. on

inhibition of MMPs).

The migration of individual cells is usually followed

by polarization and separation the leading edge with spe-

cialized protrusion structures and back tail part of the

cell, which could pull up as the cell moves because of

actin–myosin contractility, which lead to relocation of

the cell. Polarization could be established due to external

influences, for example chemotaxis. In the case when cells

move mesenchymally in the direction of a chemotactic

gradient, there are local increases in concentration of

small GTPases Rac and Ras at the leading cell edge as a

Actin cytoskeleton organization in protrusions of different types that provide for cell migration. a) Human skin fibroblast forms lamellipodia

(Lp). b) MRC5 human lung fibroblasts transformed with virus SV40 (MRC5V2) form numerous filopodia (Fp) (photo by M. E. Lomakina,

presented with kind permission). c) Stromal mesenchymal cell migrates using amoeboid mode due to blebs (B) formation (photo by A. S.

Chikina, presented with kind permission). Upper row, the DIC microscope view of cells; middle row, schemes of actin cytoskeleton organi-

zation; the bottom row presents the main proteins involved in formation of the structures
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result of interaction of cellular receptors with chemotac-

tic agents, activation of phosphatidylinositol-3-kinase

(PI3K), and establishment of a gradient of phosphatidyl

inositols [23-27]. But even without chemotaxis the polar-

ity of mesenchymally migrating cells is established due to

intracellular mechanisms. In particular, polarity could be

determined by the local distribution and temporal activi-

ty of small GTPases of the Rho-family, which are impor-

tant regulators of cytoskeletal reorganization. It has been

shown that the small GTPases Rac1 and Cdc42 are acti-

vated at the leading edge of migrating cells [28-30]. The

activation of small GTPases provided by local concentra-

tion of phosphatidylinositol(3,4,5)triphosphate (PIP3)

on the leading cell edge [31] in turn leads to activation of

guanine exchange factors (GEFs) that regulate activity of

Rac and Cdc42 [32]. The active Rac stimulated Arp2/3-

dependent polymerization of actin filaments and thus

lamellipodial protrusion [33, 34]. Another small GTPase

RhoA is activated in the tail region of cells, which leads to

increase in actomyosin contractility and induced pull out

of the tail region and reloading of the cell body [35-37].

The inhibition of local activity of Rac1, Cdc42, and

RhoA lead to impairment of directional migration of

neutrophils [38]. Also, a defect in local distribution of

Rac1, Cdc42, and RhoA leads to a defect in formation of

focal adhesions and in cell motility [39-41]. It was shown

that even rather small changes in Rac activity lead to

change in motility characteristics of moving fibroblasts.

Increasing Rac activity promotes random or explorative

cell migration, and vice versa decreasing Rac activity sup-

pressed peripheral lamellae and switched the cell migra-

tion patterns of fibroblasts and epithelial cells from ran-

dom to directionally persistent [42]. In a recent work

using genetically encoded photoactivatable derivatives of

Rac, it was shown that mutual regulation between Rac

and Rho could be precisely spatial and temporarily local

and is sufficient to determine polarized cell movement

[43].

The other cytoskeleton system – microtubules –

plays significant role in polarization of cells and in main-

tenance of directional cell movement [44]. Role of micro-

tubules in organization of directional cell migration and

mechanisms of their activity is discussed in details in

excellent reviews [45, 46].

There are a few types of cell structures that provide

protrusion of the leading edge (figure). The most com-

mon protrusions typical for different cell types are lamel-

lipodia (broad, flat protrusion) and filopodia – narrow

cylindrical protrusion, as well as more specific blebs

(round membrane structure), invadopodia, podosomes

[47], etc. These types of protrusions differ primarily in the

structure of their actin cytoskeleton, as well as the

dynamics and the molecular mechanisms governing their

formation and pulling. Because protrusions are the main

cell structures providing cell migration and their charac-

teristics determine the effectiveness and character of

migration, we will discuss below some of them in more

detail.

Main structures localized on the leading cell edge and

providing cell locomotion. As noted above, the most com-

mon protrusions by which the cell begins to move and

push forward are lamellipodia and filopodia. The number

of lamellipodia and filopodia is different in different cells.

There are cells preferably extended through lamellipodia

(fibroblasts) or predominantly due to filopodia (dendritic

cells and neurons), and in some cells both structures may

be represented equally (for example, B16 melanoma cells

[48]).

Filopodia are cylindrical structures that can grow out

to a few tens of microns from the cortical layer (figure)

[49, 50]. Filopodia consist of 15-20 parallel actin fila-

ments oriented by their (+)-ends toward the filopodial

tip and packed into tight bundles [51-53]. Actin fila-

ments are connected with each other via actin-associat-

ed proteins (for example, fimbrin or fascin) [49, 54-56].

Filopodia can be formed by cell of very different origin,

and thus they can be very different in shape, molecular

composition, and functionality (for reviews see [57, 58]).

This review is devoted to cell movement, so we will main-

ly discuss filopodia on the leading cell edge that play role

in cell motility and migration. Filopodia formation

depends on activity of small GTPase Cdc42 [59]. It is

assumed that during cell movement, filopodia have an

explorative function. In particular, a cell can sense the

gradient of a chemoattractant mainly due to filopodia,

and this can determine the direction of cell migration

[60-63]. Filopodia can also attach to a substratum

through focal adhesions and thus a play role directly in

reloading of cells [64]. A large set of proteins that regu-

late the actin cytoskeleton architecture has been shown

to regulate filopodia formation. First of all it is proteins

of the Ena/VASP family that promote formation of

filopodia by preventing capping of plus ends of actin fil-

aments [65, 66]. It was shown that among others the

motor protein myosin X is quite important for formation

of filopodia to transport other filopodial components,

such as ENA/VASP proteins and integrins, to the dense

tip of the filopodia [67, 68]; as well as protein IRSp53,

which initiates filopodia by bending the membrane at the

site of filopodia initiation through its inverse membrane-

binding domain BAR (I-BAR) [69, 70], fascin which

cross-links single parallel actin filaments into bundle

inside filopodia [55], and the actin nucleator formin

mDia2 which promotes nucleation of long unbranched

filaments [71, 72]. The mechanisms of induction and

formation of filopodia are discussed in detail in reviews

by Mattila and Lappalainen [57] and Yang and Svitkina

[58].

The lamellipodium is one of the main structures pro-

viding directed cell movement by the mesenchymal

mode. It is thin flattened structure on the leading cell

edge (figure). It has about 0.2 µm thickness and its width
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can be from 2 to 5 µm in dependence on cell type. The

cytoskeleton of a lamellipodium consists of a thick uni-

form network of actin filaments. Using the method of

decoration of actin filaments by fragments of heavy

myosin chains, it was shown that all actin filaments at the

leading edge have the same orientation, and their plus

ends are directed to the plasma membrane [73]. When

incorporation of fluorescein-fused G-actin into a fila-

ment was studied, it was found that a few minutes after

injection the staining appeared at first at the periphery of

the lamellipodium near the plasma membrane, then in

small adhesion sites at the leading edge, and only later

the staining could be seen in bundles and others actin

structures [74, 75]. This means that polymerization of

actin cytoskeleton occurred in lamellipodia and forma-

tion of other actin structures going rather through reor-

ganization of the lamellipodial network than through

polymerization of filaments de novo. In the process of

polymerization, each actin filament produces force of a

few piconewtons, which applied to membrane pushes it

out [76]. It is believed that the main forces providing the

leading cell edge protrusions produce in lamellipodia are

due to actin polymerization [34, 53]. The molecular

mechanism that underlies the operation and dynamics of

the actin cytoskeleton in lamellipodia is Arp2/3-depend-

ent actin polymerization [34, 77, 78]. The activators of

Arp2/3 complex are proteins of the WASP family

(Wiskott– Aldrich syndrome proteins). WASP provide

the link between Cdc42- and Rac-dependent pathways

and lead to lamellipodium and filopodium formation.

Particularly one member of the WASP family – WAVE –

localizes in lamellipodia. The rate of polymerization of

new actin filaments depends on the number of globular

actin monomers (G-actin). The protein cofilin severs

and depolymerizes older actin filaments in the base of

lamellipodia and thus lead to the renewal of the G-actin

pool and stimulates branched network polymerization

[78-80]. Profilin catalyzes exchange of ADP to ATP con-

nected with G-actin and thus activates actin monomers

and prepares them for future polymerization. Cell adhe-

sion to substrate provided by special structures, focal

adhesions [81-83], besides the mechanical cell–substrate

connection are responsible for numerous regulatory

functions [81, 84, 85]. It is believed that release of MMPs

occurs in association with focal adhesions. Thus in

experiments with HeLa cells and fibrosarcoma cells

HT1080, it was shown by Takino et al. [86] that expres-

sion of membrane type 1 matrix metalloproteinase

(MT1-MMP) as well as activation of MMP2 occur in

areas of focal adhesions and lead to fibronectin (the

ECM protein) disappearance from these regions. The

biochemical evidence for matrix degradation were not

presented in this work. The formation of nascent focal

adhesions occurs mainly underneath lamellipodia, leads

to attachment of lamellipodia to the substratum and thus

determines its position [87, 88]. If a lamellipodium is not

fixed on the substrate, it contracts with formation of rif-

fles, which are the folds on the dorsal cell surface with

dense actin network inside. The formation of nascent

focal adhesions in the area of lamellipodia is the first step

of actin cytoskeleton reorganization and leads to forma-

tion of bundles consisting of actin filament with opposite

orientation and including myosin II molecules. These

bundles are contractile and provide the relocation of the

cell body during migration.

Podosomes and invadopodia are specialized struc-

tures providing both matrix degradation and cell inva-

sion. Podosomes and invadopodia combine the charac-

teristics of adhesion and protrusive structures. They are

not as common as lamellipodia and filopodia; rather

they are typical for specialized cells and are used mainly

for migration of these cells in vivo. Podosomes are typi-

cal for osteoclasts, macrophages, some endothelial cells,

and lymphocytes. Formation of podosomes is also

described for many transformed cells of epithelial origin

including HeLa and MCF-7 [89]. Podosomes are found

on the ventral side of cells, and both provide cell adhe-

sion and degradation of cell matrix with MMPs or serine

proteases. Particularly lymphocytes ultimately form

trans-cellular pores through the vascular endothelium

for migration due to podosomes [90]. The podosomes

are complex structures and include actin and cortactin

regulating actin polymerization, as well as proteins typi-

cal for focal adhesions – vinculin and paxillin. Invasive

cancer cells and cells transformed by oncogene src dis-

play podosome-like actin-rich membrane protrusions

called invadopodia [91-93]. In both cases actin polymer-

ization occurs by an Arp2/3-dependent mechanism.

Sometimes podosomes and invadopodia are combined

under the name invadosomes [94]. The differences

between these two structures are rather small. These

structures could be distinguished in size, dynamics, and

their number per cell. Podosomes are as small as about 1

µm in diameter and 0.4 µm high, while invadopodia can

reach 8 µm in diameter and 5 µm in height. There can be

more than 20 podosomes but less than 10 (usually 1-2)

invadopodia in one cell. Invadopodia are more stable,

and their time of life can be as long as a few hours, while

the lifetime of podosomes is in range of minutes [75, 93,

95]. Thereafter the level of matrix degradation is quite

different in cases of podosomes and invadopodia in spite

of both structures releasing MMP-2, MMP-9, and

MT1-MMP [96-98]. Motility of cells with formation of

podosomes and invadopodia is considered as mesenchy-

mal migration.

Blebs are specialized rounded membrane protrusions

(figure). For a long time it was believed that blebbing

(bleb formation) is a morphological feature of apoptosis

[99, 100]. During recent decades many data were collect-

ed showing that bleb formation can be the basis for a very

special type of cell motility [13, 14]. The absence of apop-

totic markers and nuclear fragmentation in cells forming
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blebs in the process of migration proves that such bleb-

bing is not associated with apoptosis. Cells which move

due to bleb formation are similar to moving amoebae

Dictyostelium discoideum and Entamoeba histolytica in

shape (rounded) and according types of protrusions

(blebs), and thereafter such type of motility was named

amoeboid [101, 102]. It was shown that blebbing occurs

due to increase in intracellular pressure, for example, as a

result of contraction of actomyosin after activation of

small GTPase Rho or myosin II [103]. At the beginning of

formation, blebs are just membrane protrusions and there

is no underlying actin cytoskeleton inside them [104-

109]. The initiation of blebbing could be a result either of

disruption of connection between cell membrane and

submembrane actin cortex or local defect or depolymer-

ization of actin cortex itself [13, 14, 107]. After mem-

brane protrusion, the formation of actin cytoskeleton

begins under the expanding membrane. Polymerization

of actin cortex during blebbing is regulated by formins,

which are nucleotide polymerization factors different

from those that participate in polymerization of branched

actin network in lamellipodia [110-112]. Then the con-

traction of this newly formed actin cortex leads to retrac-

tion of the blebs [107]. The relocation of blebbing cells

happens because blebs expand into pores of surrounded

matrix and become mechanically fixed in these pores,

then due to actomyosin contraction the body of the cell is

pulled toward the fixed bleb. Mechanisms of motility

driven by blebbing are discussed in detail in a review by

Paluch and Raz [113].

Blebs could form both on the whole cell surface or

polarized to one cell edge to make this edge leading and

thus determining the direction of motility. Such polarized

blebbing could be induced by interactions with

chemokines. For example, polarized bleb formation and

directed migration of cells driven by blebbing was

described for embryogenesis under the action of SDF1

(stromal cell-derived factor 1), which is a chemokine of

subfamily CXC playing an important role in embryonic

development and hemopoiesis. Besides that, polarity of

blebbing could be provided by local differences in intra-

cellular distribution of some proteins. Bleb formation

depends on interaction between plasma membrane and

actin cortex and thus activity and distribution of proteins

regulating these interactions are quite important for regu-

lation of blebbing. An example of such proteins is mem-

bers of the ERM family – ezrin, radixin, and moesin.

Ezrin increases the link between plasma membrane and

cytoskeleton. It was shown that activation of ezrin, radix-

in, and moesin correlated with decline of blebbing during

motility of germ cells of Danio rerio [114], melanoma

cells A375 [115], and mast cells [116]. It was also shown

that in motile Walker carcinosarcoma cells the ezrin con-

centration is increased in the tail part of cells, which leads

to activation of membrane–cortex coupling, and con-

versely is decreased at the leading edge, which causes

weakening of membrane–cortex link and promotes the

polarized formation of blebs [117-119].

It was also shown that even non-polarized blebbing

leads to increase in invasive capacities of cells [110, 120,

121]. This fact gives evidence that amoeboid movement,

or the cell’s ability to change the mechanism of move-

ment under certain conditions, provides them with an

additional advantage in dissemination.

The important question of the compatibility of

results of cell migration obtained in studies in vitro and

under in vivo conditions still remains open. Amoeboid

movement was mainly studied in 3D matrixes. Cells mov-

ing by blebbing do not form focal adhesions with ECM,

and thus they do not release MMPs during motility.

Sabeh et al. [122] showed that 3D matrixes used in sever-

al studies are quite different from natural tumor ECM and

thus there are different requirements for MMPs under in

vitro and in vivo conditions. According to their data, the

activity of at least one metalloproteinase, particularly the

membrane-type 1 matrix metalloproteinase (MT1-

MMP), is necessary for cell migration in vivo, and with-

out it the invasion of breast carcinoma cells was not

observed. According to these data, migration independ-

ent of matrix degradation could occur only in the case

when the collagen matrix is devoid of transverse connec-

tions, which are usually present in tissues.

Factors regulating plasticity of migration. Plasticity of

migration is the ability of cells to switch between different

modes of motility, and it allows cells to “choose” the

mechanism of migration in accordance with the structure

of the surrounding ECM. What factors determine the

existence of such ability?

As mentioned above, the main regulators of

cytoskeleton reorganization that determine the character

of cell motility are small GTPases of the Rho family [59,

123]. It was shown that for cells using mesenchymal mode

of motility with formation of lamellipodia and filopodia

the most important are Rac and Cdc42 GTPases, respec-

tively. In contrast, for amoeboid motility the small

GTPase Rho is the most significant. It activates the kinas-

es ROCK I and II, which leads to increase in contractili-

ty of underlying membrane actin cortex [11, 124, 125].

Experiments with regulation of GTPase activity using

small interfering RNA (siRNA) to guanine nucleotide

exchange factors (GEFs) and GTPase accelerating pro-

teins (GAPs) show that it is the balance of small GTPases

that determines plasticity of mechanisms of cell move-

ment [112]. Thus, increased activity of Rac leads to the

formation of lamellipodia and suppresses amoeboid

movement, and conversely during amoeboid movement

Rac activity is suppressed. It was shown also in other

works that inhibition of Rac activity due to overexpression

of FilGAP lead to increase in Rho activity and thus stim-

ulation of blebbing [126]. However, not even all cancer

cells are capable of demonstrating plasticity under the

same conditions. In experiments with glioblastoma cells
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U87MG, which moved in 3D substrate by the mesenchy-

mal mode, Rac inhibition stopped migration, while in the

case of fibrosarcoma cells HT1080 the same influence

lead to MAT. At the same time, the inhibition of both Rho

and Rac in these cells leads to complete halt of migration

[127]. Hereby the balance of small GTPases is a subtle

and sensitive mechanism determining the migratory

behavior of cells. It is not yet clear what outside and

inside factors regulate these relationships.

Transition to amoeboid movement could happen as a

result of very different influences limiting or disturbing

mesenchymal movement. It could be disturbance in sub-

strate adhesiveness [128] as well as alteration of its densi-

ty or architecture [129, 130]. Cells MDA-MB-435

demonstrated mesenchymal movement on plastic dishes,

but changed to rounded shape and blebbing on or inside

Matrigel (ECM consisting from basal membrane pro-

teins) [110].

Another approach stopping mesenchymal movement

of cells in one case and to switching MAT in other case is

inhibition of Arp2/3-dependent actin polymerization

with specialized inhibitor CK666. Treatment of HT1080

cells with CK666 caused the MAT (our unpublished

data). In the case of migration of glioma cells (lines U251,

LN229, and SNB19) on two-dimensional substrate, the

inhibition of Arp2/3 with CK666 only inhibited their

migration [131].

One of the influences limiting mesenchymal motili-

ty is treatment of cells with MMPs inhibitors, which was

the condition for the first demonstration of MAT [11,

132]. The molecular mechanisms that could explain why

in some cases the limitation of mesenchymal motility

leads to MAT while in others not are absolutely unclear.

For now the most likely explanation is the total increase

in small GTPases activity in tumor cells when inhibition

or limitation of one mechanism leads to stimulation of

another on the basis of the balance of GTPases.

The mesenchymal and amoeboid modes of move-

ment are not entirely mutually exclusive. During early

embryonic development simultaneous formation of

lamellipodia and blebs by the same cells were demon-

strated [22]. In our experiments the inhibition of Arp2/3

activity with CK666 in tumor cells leads first to signifi-

cant increase the number of filopodia and then to bleb-

bing. Similar preliminary formation of numerous filopo-

dia and only later appearance of blebs was shown when

mesenchymal migration of tumor cells was limited due to

the deterioration of substrate adhesiveness after coating it

with PolyHema (poly(2-hydroxyethyl methacrylate))

solutions of different concentrations (A. S. Chikina, A. Y.

Alexandrova, unpublished). We could see that although

filopodia are typical protrusions for the mesenchymal

mode of motility, a stage with numerous filopodia could

be transitory between lamellipodia (Arp2/3-dependent

actin polymerization, mesenchymal motility) and blebs

(formin-dependent actin polymerization, amoeboid

motility) in the process of MAT when the molecular

mechanisms regulated motility change. To explain this

phenomenon, we tried to analyze the common features

between filopodia and blebs. Using cell precursors of

mesendoderma in development of zebra fish embryos, it

was shown that one of the mechanisms determining the

type of protrusions could be regulation of link between

actin cortex and plasma membrane [22]. One of cell

mechanisms regulating relationships of membrane and

underlying membrane actin cortex is the alteration of

activity of aquaporins. Aquaporins belong to a family of

intrinsic membrane proteins that act as selective channels

for water, which due to rapid bidirectional flux of water

can regulate local intracellular pressure [133]. The main

function of aquaporins was postulated to be the regulation

of water exchange in a wide range of organisms from

plants to animals. The discovery of aquaporins resulted in

the Nobel Prize in Chemistry for Peter Agre in 2003

together with Rodrick MacKinnon, who studied struc-

ture and mechanisms of action of potassium channels.

Recently data were obtained showing that it is quite pos-

sible that aquaporins are involved in the regulation of cell

motility. Particularly, it was shown that aquaporin 9 is

localized on the leading edge of migrating neutrophils

[134-138] and epithelial cells [139], and data showed that

aquaporins can influence cell motility and angiogenesis

[136, 137] and they are localized in special regions of

plasma membrane associated with shape alterations and

protrusion formation [140]. It was also shown that

expression of aquaporin 9 induced filopodia formation in

fibroblasts [141]. In further study of the role of aquapor-

ins in cell motility, it was found that accumulation of

aquaporin 9 in certain places in the plasma membrane

induced formation of filopodia and blebs exactly at these

points. Through the pores due to aquaporin 9, local water

flux into the cell and at this point hydrostatic pressure is

locally increased that leads to bleb formation [142]. In

studying of the mechanisms of participation of aquapor-

ins in initiation and formation of filopodia, it was found

that growing filopodia have space free from actin fila-

ments between the plasma membrane and cytoskeleton,

and aquaporin 9 is concentrated at the tip of filopodia.

The increased local water pressure in this point stimulates

outgrowing of filopodia. It is interesting that aquaporins

concentrated at the filopodial tip only at the moment of

growing and quickly disappeared when growth stopped.

Protrusion of filopodia occurs through transient forma-

tion of empty space at the filopodial tips, followed by

actin assembly into this space to stabilize the protrusion.

Thus the actin polymerization is delayed slightly com-

pared to protrusion of filopodia, and actin cytoskeleton is

required rather for long-term maintenance of filopodia

than for elongation [142]. With these experiments the sig-

nificant role of aquaporins for formation and elongation

of filopodia was proved. In other work, it was demonstrat-

ed for liver endothelial cells that overexpression of aqua-
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porin 1 leads to membrane blebbing as a response to FGF

stimulation and thus stimulates liver endothelial cell inva-

sion and angiogenesis during development of cirrhosis

[143]. The connection between aquaporins and bleb for-

mation is also discussed in other works [144]. Thus the

participation of aquaporins in the formation of filopodia

and blebs is proven. Concluding the analysis of these data,

we can say that decrease in the link between plasma mem-

brane and underlying membrane cytoskeleton is impor-

tant for formation of both protrusion types. Whether

aquaporins play a significant role in establishment of plas-

ticity is yet unknown. There are only a few data about

relations between aquaporins and tumor development.

The elevation of aquaporin 4 expression was shown for

glial tumors [145]. Probably the study of the role of aqua-

porins in the regulation of plasticity will be the subject of

research in the near future.

A similar mechanism of formation of filopodia was

shown by other authors [70]. This mechanism is based not

on pushing the membrane due to polymerization of actin

filaments, but on preliminary local protrusion of the plas-

ma membrane caused by membrane deformation through

activity of IRSp53. In this work the authors also observed

preliminary development of membrane protrusion, and

then actin filaments filled this protrusion. Thus actin

polymerization was significantly more likely for stabiliza-

tion of growing filopodia than for elongation itself [70].

In experiments with human embryonic kidney cells

(HEK-293), it was shown that aquaporin 9 colocalized in

filopodia with other filopodial proteins – myosin X and

IRSp53 [142]. We did not find any data about the con-

nection of IRSp53 with blebbing.

Thus the mechanisms underlying the growth of both

filopodia and blebs require the disturbance of close phys-

ical interaction between cytoskeleton and plasma mem-

brane and therefore are not so different. Perhaps that is

why the stage with numerous filopodia appears as an

intermediate in the transition from mesenchymal to

amoeboid movement.

It should be noted that the important role of filopo-

dia in directed cell migration has been known for a long

time. It is widely known that tumor cells are character-

ized by the formation of numerous filopodia. Even more,

there is direct evidence that increased expression of

fascin 1, which is necessary for formation of filopodia,

leads to development of migratory phenotype of prostate

cancer cells and significantly increases the number of

lung metastasis in in vivo experiments with mice [55].

Taking these data into account, we think that increased

number of filopodia typical for cancer cells could be con-

sidered as the very beginning stage of MAT and therefore

an indication that these cells may demonstrate plasticity

of migratory mechanisms under changing external con-

ditions.

Other players regulating connection of actin

cytoskeleton and membrane are proteins of the ERM

family (ezrin, radixin, moesin). These proteins both

directly provide the link between actin cortex and plasma

membrane through their ability to interact with trans-

membrane proteins and the underlying cytoskeleton and

also can regulate the activities of signal transduction

pathways responsible for cell polarity and migration

[146]. It was shown that moesin participates in formation

of membrane underlying actin cortex in non-polarized

rounded lymphocytes and is accumulated in their tail

region during migration (lymphocytes move using amoe-

boid motion) [147]. Ezrin promotes protrusion formation

on the leading edge due to activation of Cdc42 [148]. It

was hypothesized that different ERM proteins play differ-

ent roles. Thus moesin stabilizes actin cortex in rounded

cells and in the tail region of moving polarized cells and

thus inhibit bleb formation. In contrast, ezrin impairs the

link between cortex and membrane and promotes devel-

opment of protrusions such as blebs, filopodia, and

lamellipodia at the leading edge [149]. In some works it

was shown that elevation of ERM proteins is associated

with metastatic potential of tumor cells, the overexpres-

sion of ezrin being observed in metastasis during develop-

ment of sarcoma [150, 151]. Expression of moesin

increases remarkably in metastasis breast cancers, and the

increase in moesin expression is associated with poor

prognosis [152-154]. According the other data moesin

depletion (which theoretically leads to depletion of the

link between membrane and actin cytoskeleton and thus

could promote MAT) increased the ability of melanoma

cells to invade 3D collagen gel and to form lung metasta-

sis in mice when injected into their tail vein [149]. In

other work it was shown that ezrin depletion increases

invasiveness to 3D matrix by colon cancer cells [155].

One could see that there are many different and some-

times opposite data about the role of ERM proteins in

regulation of cell migration during tumor progression and

about their possible role in regulation of transitions such

as EMT and MAT [156]. Clarification of possible mech-

anisms of these activities of ERM proteins needs future

investigation.

It is important to note that we should not consider

the described transitions as constantly directed evolution

of cell migration. At first both EMT and MAT could

occur simultaneously in different cell populations of the

same tumor. Also, these transitions are reversible, and the

cells that went through MAT under certain conditions

could switch back to mesenchymal movement. This abil-

ity to respond to external and internal conditions and

adapt a migration mechanism to new conditions is appar-

ently a property of tumor cells permitting and supporting

their dissemination.

Sometimes the same factors could lead to either

EMT or MAT in dependence on cellular context. In par-

ticular, it was shown that interaction with C-Met recep-

tors followed by activation of tyrosine kinase Met could

cause in some cases EMT and promotion of mesenchy-
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mal motility (for example scattering cells from epithelial

islands under HGF/SF treatment [157]) and to transition

to amoeboid motility and blebbing as happens in experi-

ments with high metastatic potential breast cancer cells

and with HEK293T cells (embryonic cells of human kid-

ney transformed with SV-40 large T-antigen) (experi-

mental activation of Met expression) [158].

CAN NORMAL CELLS

DEMONSTRATE PLASTICITY

OF MIGRATION MECHANISMS?

As one can see from data noted above, the plasticity

of cell migration mechanisms is mainly described for

either cancer or embryonic cells. The question is – could

normal differentiated cells demonstrate plasticity and go

through transitions? Let us look at the different transi-

tions.

EMT. EMT is observed in embryonic development

and tumor progression and is regulated by switching of

some transcriptional factors (see above). In contrast to

MAT, it is rather easy to get experimental model of EMT

because cells during this transition lose cell–cell contacts

but still keep well pronounced focal adhesions with the

substratum. Under experimental conditions EMT can be

stimulated by different treatments, for example by activa-

tion of numerous signal transduction pathways, in partic-

ularly TGFβ, FGF, PDGF, Wnt, EGF, Ras-MAPK,

Ras/PI3K/AKT, Hedgehog-GLI1, Notch, and others

regulatory cascades [6-8], by treatment with cytokine

HGF/SF [157, 159], Ras-transformation [160], and

treatment of cells with the tumor promoter phorbol-12-

myristate-13-acetate (PMA). The classical model of

EMT with HGF/SF on MDCK cells is shown on spe-

cially selected clone of MDCK cells, called clone 20, and

it does not work as well on non-selected cells [157]. PMA

treatment causes EMT in ARCaP(E) prostate cancer cells

[161]. In all other cases stimulation of EMT by different

growth factors is usually caused by a significant surplus of

activator compared to physiological conditions or by

overexpression of regulatory factors (for example, HIF1

or NF-κB) [4]. Thereafter all classical models of EMT

under experimental conditions are provided either with

tumor cells or with specially selected cells, while differen-

tiated epithelial cells demonstrate EMT only after extra

strong treatment.

MAT. MAT is observed for tumor cell, usually for

those that are on an advanced stage of tumor progression,

as well for embryonic stem cells. It was shown that even

not all tumor cells can go through MAT. For example, in

migratory experiments with cells of breast carcinoma cells

MBA-MB-468, prostate cancer cell line PC-3, and cells

of colon carcinoma SW 480 in 3D collagen gel under

treatment with MMP inhibitors, neither EMT no MAT

was demonstrated [162]. These cells also did not demon-

strate MAT in response to other approaches to slow mes-

enchymal motility, for example by inhibition of Rac or

Arp2/3 activity, while other cells demonstrated MAT

under the same conditions, for example, fibrosarcoma

cells HT1080. According to our unpublished data, the

mono oncogenic Ras-transformation did not stimulate

the ability of fibroblasts to plasticity under the same con-

ditions that lead to bleb formation by strongly trans-

formed cells. There was only one work where we found

that MAT was demonstrated on pseudo-normal cells of

CHO line, when blebbing developed due to activation of

membrane domain SH4 by Src-kinases [121], which pro-

moted migration of stimulated cells into 3D matrix. It

should be noted that src is a protooncogene and elevation

of its expression leads to cell transformation.

Interestingly, with other cells Src promotes formation of

invadopodia and podosomes – cell protrusions that also

promote invasion but by the mesenchymal mechanism of

motility [163-165]. On the model of development of pan-

creatitis after stimulation of pancreatic acinus, the activa-

tion of Scr kinase also leads to blebbing associated with

reorganization of actin cytoskeleton and cortactin redis-

tribution, but these blebs were considered by the authors

as signs of cell damage and not being involved in migra-

tion [166].

Leucocytes are cells that normally migrate using

amoeboid mode of motility [167]. During inflammatory

processes or infections, they migrate from the blood

stream to the place of injury through tissue barriers and

can demonstrate mutual MAT and AMT. It was shown

that macrophages originating from monocytes can use

either amoeboid or mesenchymal modes of migration

depending on the structure of the surrounding matrix

[168, 169]. In a matrix with heterogenic structure they

could use both motility modes [170]. Leucocytes of other

types migrated by the amoeboid mode [122, 168], and the

ability to transition was not shown for them. Neutrophils

used amoeboid motility during migration into collagen I

gel [122]. Mouse neutrophils formed structures that

looked like podosomes (the markers of mesenchymal

motility), but neither existence of vinculin, typical for

podosomes no protease activity were checked, so it could

not be considered as evidence of mesenchymal migration

[171]. It should be emphasized that directed migration of

leucocytes to a site of inflammation occurs as a result of

their activation, and thus ability for mutual MAT and

AMT was shown for activated leucocytes. In our experi-

ments studying the ability of transition of normal leuco-

cytes and cells of chronic myeloid leukemia K562 for

which amoeboid motility is typical, it was found that

treatment of K562 cells with ROCK inhibitor Y27632

leads to development by the cells of adhesion structures

with ECM and formation of lamellipodia (the signs of

AMT), while the same treatment of normal leucocytes

did not lead to such alterations (A. S. Chikina, unpub-

lished).
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PLASTICITY OF MIGRATION MECHANISMS

OF STEM CELLS

Mutual EMT and the reverse MET are closely con-

nected with cell migration during embryonic development.

For gastrulation, pluripotent embryonic stem cells, which

have epithelial characteristics of the inner embryo layer, go

through EMT and develop to primary mesoderm [172].

Thus EMT is an initial differentiation step that leads to for-

mation of three germ layers from pluripotent cells. Very

often the transitions are associated with cell stemness.

Expression of transcriptional factors SNAIL or TWIST,

which is typical for EMT, induces the appearance of a spe-

cial pool of mesenchymal cells carrying the stem markers

CD44hiCD24low in a culture of breast epithelial cells [3].

In recent studies it was shown that synthesis of

VEGF-C, which regulates angiogenesis in tumors,

could regulate EMT and increase the number of tumor

stem cells. Its suppression leads simultaneously both to

reversion of EMT and to significant decrease in number

of tumor cells in the population that could form colonies

on semisolid medium [173]. It is important that cells as

a result of EMT acquired typical features of tumor stem

cells both on receptor levels and on the level of mor-

phology and behavior [3, 4, 174]. These features are

similar to those of normal stem cells [175]. For example,

such common feature of normal and tumor stem cells is

the ability to form podosomes in the process of mes-

enchymal migration. It was shown that trophoblasts that

invade myometrium during placental development in

Type
of transition

EMT

MAT

References

[1, 6, 7, 159]

[2, 4, 5, 172]

[4-9]

[157, 158]

[160]

[167-170]

[112, 126, 127]

[110, 128-130]

our unpublished
data

[13]

[11]

[22, 114, 115,
117]

[121]

External and inner factors causing EMT and MAT

Cells

numerous epithelial and endothelial cells of
different origin

pluripotent embryonic stem cells

numerous epithelial and endothelial cells of
different origin

MDCK clone 20

prostate cancer cells ARCaP(E)

activated lymphocytes

fibrosarcoma cells HT1080, melanoma cells
A375M2, human melanoma cells A7

Walker carcinosarcoma cells, fibrosarcoma
cells HT1080, melanoma cells MDA-MB-
435, activated leucocytes, pre-osteoblastic
cell line MC3T3-E1

fibrosarcoma cells HT1080

primordial germ cells of Danio rerio

fibrosarcoma cells HT1080, breast carcinoma
cells MDA-MB-231

primordial germ cells of Danio rerio,
melanoma A375, Walker carcinosarcoma
cells

CHO line cells

Factors and conditions underlying transitions

tumor transformation of different origin (can-
cer disease, in vitro transformation caused by
oncogene Ras, chemical carcinogens, etc.)

development of embryos, the formation of
mesenchymal cells and mesoderm during gas-
trulation

activation of numerous signal transduction
pathways, particularly FGF, PDGF, Wnt,
EGF, Ras-MAPK, Ras/PI3K/AKT, TGFβ,
Hedgehog-GLI1

HGF/SF

tumor promoter PMA

migration of lymphocytes due to inflammation

shift of activity balance of small GTPases
Rho−Rac 

alteration of substrate adhesiveness, stiffness or
architecture 

inhibition of Arp2/3

SDF-1

inhibition of MMPs 

activity depletion of ERM proteins (ezrin,
radixin, moesin) or activation of myosin II

activation of membrane domain SH4 by Src-
kinases 
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early pregnancy form podosome-like structures [94]. It

was also shown that stem cells often form podosomes

during mesenchymal migration [176]. The ability of

mutual MAT and AMT was shown for embryonic cells

in course of development of Danio rerio (zebra fish, see

above).

We summarized in the table the discussed data about

the abilities for EMT and MAT transition regulating

mechanisms of cell migration. One can see that plasticity

of motility modes exists both in embryonic development

an in tumor disease and, correspondingly, in experiments

with embryonic or tumor cells. For normal differentiated

cells plasticity, if any exists, is very limited.

The fact that tumor cells during cancer progression

lose the features of differentiation and often begin to

produce embryonal proteins, for example, α-fetopro-

tein, is long known and used in early diagnostics of

tumor development [177]. Nevertheless, such abilities of

cancer cells as invasion, disturbance of limit of cell divi-

sions, increased production of MMPs for matrix degra-

dation, and also acquisition of multi-drug resistance

(MDR) due to active efflux of drugs from cells is a result

of activity of cell proteins belonging to the superfamily of

ABC-transporters [178], which was always believed char-

acteristics of tumor cells that they acquire in the process

of selection due to unlimited divisions and loss of control

as a result, for example, of disturbance of the gene

encoding p53 [179]. Recently it was shown that many of

these features are typical for stem cells. Particularly the

existence of active ABC-transporters is characteristic of

different stem cells [180, 181], for hemopoietic stem

cells, and for muscle satellite cells it was also shown that

they could exclude the lipophilic dye Hoechst 33342 or

rhodamine 123 [182]. Another feature of tumor cells that

has been revealed in recent years is decreased stiffness of

tumor cells. Stiffness is mainly determined by actin

cytoskeleton, and decrease of stiffness is associated with

increase in deformability, which probably could promote

cell invasion to surrounding tissue and ECM and con-

tribute to increase in dissemination [183, 184]. However,

in other works it was shown that reduced stiffness and

increased ability to deform are also features of stem cells

[185, 186]. Analysis of the most recent works devoted to

investigation of plasticity of migration mechanisms of

tumor cells made in this review give us ideas that adapta-

tions of cell migration widely used by tumor cells during

invasion and metastasis and their plasticity are indeed

using stem cell programs, which means a return to “well

forgotten” old features.
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