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Abstract

Cell migration is a highly dynamic process driven by the cytoskeleton, which mainly comprises
the actin microfilaments, microtubules and intermediate filaments. During migration, cells
polarize and form protrusions at the front where new adhesions are formed. These nascent
adhesions mature into focal adhesions that transmit the traction forces required for movement.
All of these steps are coupled to major cytoskeletal rearrangements and are controlled by a wide
array of signaling cascades. The constant crosstalk between actin, microtubules, and
intermediate filaments ensures their coordinated dynamics to facilitate cell migration. Here, we
first describe how master regulators, such as RhoGTPases, can simultaneously control the three
cytoskeletal structures. We then summarize the recent crosstalk mechanisms by which
cytoskeletal networks can locally regulate one another in order to function in a coordinated and

efficient manner during migration.
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Cell migration: general principles and variations

Cell migration is essential for fundamental physiological processes such as development, tissue
repair and immune responses [1]. Cells migrate throughout embryonic development and in
adulthood. For instance, the collective migration of cells in the blastocyst gives rise to the three
germ layers, and these cells further migrate out to target sites and form tissues and organs.
During wound healing and tissue renewal, migration of leukocytes to sites of infection and
inflammation plays a key role in immune responses [2, 3]. Cell migration also contributes to
several pathological conditions such as chronic inflammatory diseases and cancer invasion. In this
context, unravelling the mechanisms that regulate cell migration can help design therapeutic

strategies [4].

The speed, directionality, persistence and modes of migration can be influenced by several
factors including the cell type, the presence of neighboring cells or soluble cues, and the physical
and biochemical properties of the extracellular matrix (ECM, see Glossary). Distinct cell
morphologies, adhesive properties and cytoskeletal dynamics give rise to different modes of
migration, such as the amoeboid and mesenchymal modes. Amoeboid migration refers to the
movement of cells lacking mature focal adhesions (FAs) and stress fibers. In this case, cells
undergo a contraction-based bleb migration or use actin-driven protrusions to glide on the
substrate [5-9]. On the other hand, cells with strong matrix adhesions and contractility migrate
in a mesenchymal manner ( ), where they adhere to the ECM through integrin-mediated
FAs. FAs serve as foci that transmit traction forces to pull the cell forward [10-13]. The highly
adhesive cells exert higher forces on the substrate and migrate much slower than amoeboid cells
with weaker adhesions (mesenchymal cells: 0.1-1 pm/min; amoeboid cells: 4-20 um/min). Cells
can switch between the two migration modes (termed as plasticity) depending on matrix
stiffness, confinement, adhesion levels, contractility, and changes in the activity of certain
proteins such as the small GTPases of the Rho family [8, 14, 15]. Moreover, cells can migrate
individually (e.g. neutrophils and fish keratocytes) or collectively as groups, sheets or chains (e.g.
neural crests and epithelial cell sheets) [1]. In contrast to single cell migration, collective

migration involves the synchronized movement of several cells connected by cell-cell contacts.
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Cell migration in 2D systems can be described as a multi-step process that involves the spatio-
temporal regulation and dynamics of the cytoskeleton, which comprises the actin
microfilaments, microtubules (MTs) and intermediate filaments (IFs) ( ). However,
in contrast to flat 2D substrates, cells in the body experience a constantly changing ECM and have
to adapt their morphologies and modes of migration accordingly. In recent years, the
mechanisms of 3D cell migration ( ) have been explored in order to better
understand the physiological cellular process. In addition to amoeboid and mesenchymal modes
of 3D migration, cells can move through an intermediary lobopodial type of migration, whereby
tightly adherent cells use actomyosin contractility, hydrostatic pressure and nuclear pistoning to

form bleb-like blunt protrusions called lobopodia ( ) [16].

The individual role of each cytoskeletal element in cell migration has been well described
(for reviews, refer to [17-19]); however, all three cytoskeletal networks must function in a
coordinated manner for a cell to migrate efficiently. In addition to sharing common regulators,
each cytoskeletal network can influence the others directly through cytoskeletal crosslinkers or
indirectly via signaling cascades. This crosstalk between cytoskeletal structures helps coordinate
their dynamics during each step of migration as well as establish feedback mechanisms that allow
cells to adapt to the constantly changing microenvironment. In this review, we will focus on the
recent developments demonstrating the crosstalk between actin, MTs and IFs during the
establishment of cell polarity, the formation of protrusions, cell adhesion and contractility, and
highlight their involvement in the feedback mechanisms that fine-tune the migratory behavior of

cells.
1. Cytoskeletal networks are controlled by common master regulators

A straightforward manner to coordinate the dynamics of the cytoskeletal elements is through
signaling cascades that can simultaneously regulate all the networks. Since their discovery in the
1980’s, the Rho family of small GTPases (RhoGTPases) have been shown to orchestrate cell
migration through their effects on the cytoskeleton [20]. Initially characterized by their impact
on actin dynamics, RhoGTPase signaling has subsequently been linked to the regulation of MTs

and IFs [21-24].
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Ras-related C3 botulinum toxin substrate 1-3 (Racl, Rac2 and Rac3) and Cell division cycle
42 (Cdc42) activity along with phosphoinositide signaling at the cell front promote actin
polymerization at the protruding cell front, whereas Ras homolog family members A, B and C
(RhoA, RhoB and RhoC) stabilize actin filaments and control actomyosin contractility. In addition
to these extensively studied RhoGTPases, a few others have been recently described to play a
role in actin dynamics and cell migration. In contrast to RhoA, RhoB and RhoC, Rnd3/RhoE and
Rnd1, although cell-type dependent, inhibit Rho kinase (ROCK) and stress fiber assembly to act
as Rho antagonists [25, 26]. RhoH interacts with Racl and p21-activated kinase (PAK) 2, and
promotes lamellipodium extension and persistence during prostate cancer cell migration,
possibly through changes in the actin or MT networks [27]. Another RhoGTPase, RhoU,
cooperates with PAK4 to promote cell adhesion and migration [28]. Also, RhoD regulates actin
dynamics, protrusion formation and directed cell migration by binding to WASp homologue

associated with actin Golgi membranes and microtubules (WHAMM) [29, 30].

With the development of optogenetic tools and Forster Resonance Energy Transfer (FRET)
sensors for RhoGTPases and their regulators (Guanine nucleotide exchange factors GEFs and
GTPase-activating proteins GAPs), studies have shown that the spatio-temporal regulation,
including the local activation and gradients of RhoGTPases, controls cell directionality and
stabilization of the protrusion [21, 31-35]. Recent systems analyses demonstrated that the GEFs
and GAPs occupy different regions/organelles/compartments/structures within the cell, and can
therefore regulate the local activity of RhoGTPases [33]. For instance, FA regions have a spatial
segregation of several RhoGEFs and GAPs. This local segregation alters Racl activity near the cell
periphery, suggesting that the spatio-temporal organization of the GEFs helps maintain a balance
between the extension of a protrusion by Racl and the contractility of the cell body through

RhoA during cell migration [33].

RhoGTPases, along with their GEFs and GAPs, are also involved in the control of MT
dynamics, anchoring and stabilization at the cell cortex [36-39]. Cdc42 not only promotes actin
polymerization and reorganization through Neural Wiskott-Aldrich syndrome protein (N-WASP)
and formins, but also controls cell polarity through its effects on MT and Golgi organization,

centrosome positioning or downstream of vesicular trafficking via the polarity protein Par6-
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Atypical protein kinase C (aPKC) complex [40-45]. Cdc42 also contributes to the reorganization of
the IF network by regulating MT-driven transport of the filaments [46]. Thus, Cdc42 acts as a
master regulator of cell polarity by simultaneously promoting the localized polymerization of
actin as well as the extension and polarized distribution of MTs and IFs in order to promote the

formation and maintenance of a stable membrane protrusion.

Similarly, Rho and Rac have been shown to concomitantly control actin, MTs and IFs [32,
46-50]. Activation of Racl facilitates lamellipodia formation through actin polymerization (via the
WASP-family verprolin-homologous protein complex SCAR/WAVE [51, 52]), MT rescue (by PAK1-
dependent phosphorylation and inactivation of stathmin, a MT catastrophe inducing protein [53,
54]) and local disassembly of IFs (by the phosphorylation of vimentin [55]). Vimentin can be
phosphorylated by ROCK, which is well-known regulator of actomyosin contractility, downstream
of Rho. The levels of vimentin and the ROCK-dependent phosphorylation status of vimentin has
been linked to cell migration speed, possibly through its effects on IF assembly and organization
[56-58]. Rho signaling can also control migration through its effects on the MT network
organization and stability [59-61]. Altogether, Rho promotes the formation of longer lived or
highly stable structures such as stress fibers, stable MTs and bundled IFs that are oriented in the
direction of migration, whereas Rac and Cdc42 rather increase cytoskeletal dynamics to promote

membrane remodeling at the cell periphery.

Apart from the RhoGTPases, additional signaling cascades (such as phosphoinositide
signaling) or proteins (such as cofilin and the tumor suppressor Adenomatous polyposis coli -
APC) influence the three filamentous networks [62, 63]. All these master regulators control the
general front-to-back coordination of the cytoskeletal structures. Interestingly, the localization
and activity of these regulatory proteins are in turn controlled by the cytoskeleton, further
contributing to the crosstalk between actin, MTs and IFs. Such a crosstalk allows fine-tuning of

the cytoskeletal dynamics required for optimal cell migration.

2. Collaborative polarization of the cytoskeletal networks

The first step of cell migration involves the establishment of a front-rear polarity axis (

), which is important for directionality and persistence during migration. The crucial role

6|Page



of MTs in mesenchymal cell polarity is well documented - the asymmetrical dynamics and
regulation of MTs imparts polarity and directionality. The centrosome and Golgi apparatus, which
are MT organizing centers, are frequently repositioned in front of the nucleus and promote MT
growth towards the cell front ( ) [64, 65]. For instance, during epithelial-to-
mesenchymal transition (EMT)-associated migration, epithelial cells with the centrosome on the
apical pole undergo MT destabilization-mediated polarity reversal as they transition into
mesenchymal cells that invade through the tissue [66]. In micropatterned cells, centrosome
positioning and MT organization was shown to be dependent on the anisotropy of the
actomyosin network [67], which supports the idea that the architecture of the actomyosin
network is important for the polarization of MTs. In addition to centrosomal MTs, non-
centrosomal MTs can also orient themselves to promote cell polarity and directionality during
migration [68]. In order to ensure cell polarity and directed cell migration, the microtubule
organization must be coupled to that of actin and IFs, as the common polarized distribution of all

networks is essential for the protrusion of the cell front and retraction of the rear (

).

2.1 Interplay between actin and MTs

Despite the entrenched role of MTs in the polarity of different cell types, the mechanisms by
which MTs influence the other cytoskeletal structures is not fully understood yet. One major
impact of the orientation of the MTs is the polarization of MT-mediated intracellular transport
towards the leading edge. MT-associated motors influence actin polymerization at the leading
edge of the cell by carrying mRNAs of proteins that regulate the actin cytoskeleton, for example
Actin-related protein 2/3 (Arp2/3) ( ) [46, 69-72]. Improper localization of Arp2 mRNA
away from the leading edge impairs directionality during migration [73]. It was shown that Rho-
and contractility-dependent formation of detyrosinated MTs promotes the transport of APC
MRNA to the cell front, suggesting a possible crosstalk mechanism by which actin and MTs drive

the transport of mRNA transcripts that are essential for maintaining cell protrusions [74]. MT-
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dependent trafficking of post-Golgi carriers and recycling endosomes also plays a key role in the
delivery of molecules to the leading edge of the cell. For instance, recycling of endosomes helps
deliver Rac and Cdc42 to the cell front, along with their effector protein Rho guanine nucleotide
exchange factor 7 (ARHGEF7/B-PIX) ( ) [75, 76], thus creating a positive feedback loop

reinforcing cell polarity, stabilizing the protrusion, and promoting persistent migration.

The global polarization of the MT network influences the overall cytoskeletal
reorganization. The dynamic instability observed at MT plus-ends near the cell front can fine-
tune local actin dynamics. One major mechanism underlying the effects of MTs on the actin
network is the activation of Racl and RhoA by MT polymerization and depolymerization
respectively [77, 78], which can, in turn, influence the dynamics of the three cytoskeletal
elements ( ). In addition, MTs control the activity or localization of the direct regulators
of actin dynamics; for instance, a protein of the WASP family, WHAMM, binds to MTs and
activates Arp2/3 to promote actin polymerization [79]. Several MT plus-end tracking proteins,
+TIP proteins, are tightly coupled to MT dynamics but also appear to play a role in the regulation
of actin. Single molecule fluorescence microscopy studies showed that the MT +TIP, cytoplasmic
linker protein of 170 kDa (CLIP-170), tightly associates with the formin mammalian diaphanous 1
(mDial) [80]. The End-binding protein 1 (EB1) at the plus-ends of growing MTs recruits the CLIP-
170-mDial complex to trigger actin polymerization and lamellipodia formation ( ) [80].
Another EB1-associated protein, drebrin, has recently emerged as a potential MT-actin crosstalk
protein in neurons as this MT-regulating protein promotes the formation of actin bundles in
filopodia [81]. Finally, a proteome-wide search revealed MT +TIPs at the actin cortex, such as
Growth arrest-specific protein 2 (GAS2) and GAS2 family protein Pigs (binds to actin as well as
MTs) [82-84]. In vitro experiments showed that GAS2-like-1 (GAS2L1) exists in an autoinhibited
conformation in which the MT binding domain interacts with the actin-binding domain. Upon
interaction with MTs, GAS2L1 associates with and stabilizes actin filaments [85]. These results
show how MT dynamics at the cell front can control actin polymerization to promote local
membrane protrusion and directed cell migration. It also provides insight into the crosstalk of

the polarized MT network with actin during migration.
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Whilst MTs influence actin dynamics, the actin network can in turn promote and/or stabilize
the organization of MTs, thus creating a feedback loop that maintains cell polarity ( ).
First, actin reorganization facilitates the polarization of the MT network. The balance between
the different kinds of stress fibers in a cell, i.e., ventral fibers and transverse arcs, is important for
MT organization and polarization [86]. Actin fibers guide MTs to the cell cortex through formins
or crosslinking proteins. For example, the actin polymerizing Rho effector proteins of formin
family, mDial and mDia2, are involved in orienting MTs along the major axis of cells [59, 87].
Inhibition of cell contractility by the depletion of non-muscle myosin IIA or treatment with
blebbistatin decreases the levels of mDial and mDia2 and promotes MT growth in U20S
osteosarcoma cells [88]. An in vitro study showed that the crosslinking of growing MT plus ends
to actin facilitates the alignment and guidance of MTs along pre-existing stiff actin bundles [89].
Along these lines in epithelial cells and keratinocytes, MTs can be guided to the cell front by Actin
Crosslinking Factor 7 (ACF7) [90, 91], suggesting a close relationship between actin and MTs as

they establish their tracks towards the periphery.

In neurons, MT-actin crosstalk is predominantly controlled by Tau, which binds to actin as
well as MTs [92]. A recent study demonstrated that Tau not only serves as a MT stabilizing and
bundling protein but also interacts with dynamic MTs and promotes their growth along actin
bundles towards the actin-rich lamellipodia and filopodia [93]. In addition to Tau, formin 2 (Fmn2)
crosslinks MTs with actin, guides MTs along actin bundles and promotes the capture of MTs in
filopodia of growth cones [94]. MT capture helps the stabilization of the protrusion and thereby,
regulates directionality during neuronal chemotaxis [94]. In neuroblastoma cells, a MT-
associated protein (MAP4) induces the elongation of MTs along actin filaments and promotes the

formation of protrusions [95].

Once MTs reach the cortex, the actin-rich regions of the cortex act as physical barriers for
the interaction of MTs with the membrane ( ) [83]. Recent in vitro experiments
demonstrated that a dense and branched actin meshwork triggers the disassembly of MTs [96],
suggesting that the actin-rich cortex in the cell can serve as an obstruction for MT growth, as
observed in the actin-rich lamellipodia of migrating cells [97]. In addition to regulating MT growth

and polarity, the actomyosin network upon treadmilling induces a rearward movement of MTs,
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excluding them from the leading edge. The buckling of MTs and breaking of MTs due to the actin
retrograde flow might also play a role in the polarized organization of the MT network (

) [97, 98]. For example, in neuronal growth cones, the entry of MTs into actin-rich protrusions
highly depends upon actin retrograde flow rates and myosin Il activity [99]. From these results,
it appears that the polarized organization of actin contributes to the guidance and stabilization
of MTs from their organizing centers towards the cell front and also influences the dynamics of

MTs at the cell periphery.

2.2 IFs in cytoskeletal crosstalk

Similar to actin and MTs, perturbations in the IF network can result in the loss of directionality
and speed during cell migration [11, 58, 100]; however, the exact link between IFs and polarity is
unknown. There is increasing evidence for an interplay between IFs and the actin and MT
networks at the protruding cell front. The turnover and polarization of the IF networks involve
MTs and MT-associated motors ( ) [46, 101-103]. Kinesins and dyneins transport IFs
along MTs; the preferential binding of kinesins to post-translationally modified acetylated or
detyrosinated MTs [104-107] may play a role in the selective transport of IFs to the cell front.
Interestingly, oncogene SV40T-induced activity of histone deacetylase 6 (HDAC6; responsible for
deacetylating MTs) results in the collapse of the vimentin network [108], confirming the role of
MT post-translational modifications in the crosstalk between MTs and IFs. The MT-dependent
transport of vimentin is also regulated by actin, ROCK (which inhibits IF transport), Cdc42 and
PAK (which stimulate IF transport) [46, 109]. MT-associated protein APC binds to IFs, reorganizes
the network, and regulates cell polarity [110]. The direct coupling of IFs and MTs might help
template MTs along their previous tracks to promote persistence and polarity [111, 112]. Recent
studies identified another cytoskeletal protein Rudhira/Breast Carcinoma Amplified Sequence 3
(BCAS3) as a direct binding partner of MTs and IFs [113-115]. Rudhira controls the crosstalk

between MTs and IFs networks to enhance MT stability (acetyl and Glu-tubulin) and cell
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migration [115], possibly through its effects on the master regulator Cdc42 [113]. Thus, similar

to actin, the polarized organization of IFs is largely regulated by the MT network ( ).

As vimentin IFs grow towards the cell periphery ( ), their organization near the
cortex was shown to correlate with that of actin [11, 58]. Actin and IFs are bidirectionally linked;
actin retrograde flow affects vimentin subcellular localization, and vimentin depletion results in
stronger stress fibers and the disassembly of actin transverse arcs [11, 116-118]. A capping
protein, Arp2/3, myosin-I linker 2 (CARMIL2), regulates actin capping protein CP and localizes to
vimentin [119]. CARMIL2 was shown to be necessary for polarity, actin assembly and
lamellipodium formation, suggesting that vimentin may facilitate actin polymerization at the
front through CARMIL2 [119]. These results hint at a contribution of the IFs in the polarization of
the actin network ( ) and certainly point towards a need for further investigation in this

area.

In conclusion, the mechanisms responsible for the common front-rear orientation of the
three cytoskeletal networks in a polarized migrating cell are not only based on common signaling
pathways controlling each cytoskeletal network independently ( ), but also involve a
constant crosstalk between the cytoskeletal structures to ensure their coordination through local

regulation and feedback loops ( ).

3. Cytoskeletal reciprocity in adhesion, contractility and force transmission

During mesenchymal migration, the dynamics of FAs contribute to the attachment and
detachment of cells, and mature FAs transmit forces generated by actomyosin stress fibers onto
the substrate [120]. All three cytoskeletal networks influence FA distribution and turnover
through a wide range of mechanisms. Briefly, actomyosin contractility promotes FA maturation;
MTs facilitate transport to and from FAs to promote FA assembly or disassembly [38, 121]; IFs
regulate FA turnover; although whether IFs directly affect FA dynamics and/or influence actin
and MTs connecting FAs is not yet entirely clear [122, 123]. Recent studies have unraveled the
mechanisms by which the three cytoskeletal networks, converging at FAs, cooperate to control

FA localization, dynamics and force transmission.
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3.1 Interplay between actin and MTs

MTs are guided towards the cell front and the dynamic MT plus-ends accumulate at the border
between the lamellipodia and lamella where nascent adhesions either disassemble or mature
into FAs. In this region, APC promotes actin assembly near FAs, and allows the capture of MTs
near FAs ( ). The APC-mediated capture of MTs in the cortical region results in FA
disassembly through autophagosome delivery to FA sites [124, 125]. Similar to APC, proteins such
as ACF7 (which binds actin and MTs to control their dynamics) and Mitogen-activated protein
kinase kinase kinase kinase 4 (MAP4K4) might also play a role in the concerted regulation of actin

and MTs near stress fiber-linked FAs [90, 126].

MTs are stabilized around mature FAs at the cell cortex through the recruitment of the
cortical MT stabilizing complex (CMSC) proteins, including the KN motif and ankyrin repeat
domain-containing proteins (KANKs) and the scaffolding proteins liprin-al and liprin-p1 (

) [36, 127]. KANK proteins interact directly with both talin and liprin-B1, thus, linking the
CMSC to FAs [36, 128]. KANK2 activates talin and at the same time, inhibits talin-actomyosin
interaction, and thus, reduces force transmission and cell migration [128]. Another study showed
that KANK2 decreases the coupling of MTs with avfBs containing adhesion complexes, and
therefore reduces cell migration [127]. These two studies, although contradictory (possibly due
to cell-type specificity), point to KANK proteins as strong links between the actin and MT
networks near FAs. The impact of MTs on actomyosin contractility via KANK was also confirmed
in a recent study showing that the uncoupling of MTs from adhesions by suppressing KANK
expression facilitates the release of MT-bound RhoGEF, Rho guanine nucleotide exchange factor
2 (GEF-H1/ARHGEF2), which activates RhoA and promotes actomyosin contractility ( )
[22]. The MT-mediated regulation of GEF-H1 and contractility can also occur through Tctex-1, a
dynein light chain protein; Tctex-1 recruits GEF-H1 to MTs and therefore acts as a negative
regulator of acto-myosin contractility ( ) [129]. When GEF-H1 is released from MTs, it
can activate protein kinase D (PKD), which facilitates Ras-related protein Rab6 delivery to FAs
[47]; the Rab6-decorated vesicles dock and fuse with FAs to promote FA turnover [130, 131].

These results demonstrate a role for GEF-H1 in MT-mediated vesicular trafficking and FA
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turnover. It is very likely that the proteins of the CMSC coordinate the stabilization of MTs around
FAs and the transmission of forces at these FAs, which would ensure the cooperation of the actin

and MT networks at the level of each individual FA.

3.2 Interplay between IFs and actin

As cells migrate, IFs polymerize at or extend towards FAs and hemidesmosomes ( ). In
migrating epithelial cells, keratin filament precursors are transported along stress fibers to FAs,
where the precursors then form keratin filament networks in the lamellipodia, showing how the

interaction of actin with FAs may promote the recruitment of IFs [132].

Uncoupling IFs from FAs either by the loss of vimentin/nestin/Glial fibrillary acidic protein
(GFAP) or by depleting the cytoskeletal linker protein, plectin, impairs cell migration [11, 122].
This change in cell migration can be attributed to IFs that alter FA turnover and traction force
generation ( ) [11, 122, 133]. Vimentin- and plectin-depleted cells display increased
stress fibers and loss of cell-cell junctions, illustrating the crosstalk between the actin and IF
networks [133]. Several mechanisms seem to be involved in this crosstalk. Vimentin which binds
to the cytoplasmic tail of Bsintegrin [134], and might directly affect integrin signaling and the
connection to actin and MTs. The regulation of FAs by vimentin has also been shown to involve
the actin-binding protein filamin A and PKC-mediated phosphorylation of vimentin [135-137].
Moreover, vimentin helps in the recycling and trafficking of integrins to the membrane, thus
promoting integrin-ligand binding and FA turnover ( ) [135, 138]. In addition, IFs can
influence the actin network and cell adhesion by manipulating the activity of GEFs involved in the
RhoGTPase signaling ( ). For instance, vimentin induces the phosphorylation of the MT-
associated GEF-H1 at Ser886 to trigger Rho activation [139]. Vimentin can also regulate Racl
activation and the stabilization of focal adhesion kinase (FAK) at FAs through its effects on the

activity of RacGEF (VAV2; [140]).

Other IF proteins, nestin and keratins 8 and 18 have also been linked to FA signaling as they

recruit FAK to B1 integrin-mediated FAs [141, 142]. Desmin IFs are associated with the cortex
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through their interactions with the actin networks surrounding adhesive clathrin plaques.
Desmins are recruited to the plaques through clathrin and actin, and desmins can in turn stabilize
these clathrin structures [143], which are important for cells to anchor to the substrate and

extend protrusions during migration [144].

In epithelial cells, IFs may be able to influence acto-myosin contractility, FAs and cell
adhesion through their association with the epithelial-specific asBa containing adhesive
structures called hemidesmosomes. In adenocarcinoma cells, the vimentin-Bs integrin
interaction was suggested to reduce Racl activity, and therefore, hamper actin polymerization
and cell migration [24]. The interaction of keratins with hemidesmosomes reduces FA maturation
and traction forces suggesting a crosstalk between IFs and actin in mechanotransduction [145].
Similar to vimentin, evidence indicates that keratins regulate contractility and traction forces
during collective cell migration ( ) [146]. Keratin 6 interacts directly with myosin IIA,
regulates FA disassembly, and might also be involved in regulating contractility [147]. Keratins 8
and 18 bind a RhoGEF, Solo, to promote RhoA activation, and thereby the assembly of stress
fibers ( ) [148].

The mechanisms underlying the functions of IFs in controlling FAs and traction forces during
migration remain unclear. The complexity involved in the composition of IFs, IF-linked adhesion
structures (FAs, adherens junctions, clathrin plaques, hemidesmosomes) and cell-type specificity
triggers unique signaling cascades that could coordinate cytoskeletal functions at FAs and may
play a key role in determining the type of migration used by a given cell type. A better
characterization of these IF-specific signaling mechanisms will help in understanding the role of

IFs in EMT, cancer cell migration, and metastasis.

Concluding remarks and future perspectives

The individual actions of each cytoskeletal network have been explored well over the last few
decades. However, it is the need of the hour to better understand the mechanisms by which they
are coordinated during complex processes such as 2D and 3D cell migration. As evidence
accumulates supporting the need for precise spatio-temporal cytoskeletal crosstalk during

migration ( ), important questions of how the cytoskeletal networks locally interact, either
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through signaling cascades, crosslinking proteins or the mere physical proximity, remain
unanswered ( ). Actin, MTs and IFs extend towards the cell periphery
or the leading edge of the cell, helping one another to control and stabilize the cell protrusion
and polarization. The signaling pathways are very well characterized in terms of the regulation of
the actin cytoskeleton. Actin plays a dominant role in cell contractility; however, the crosstalk
between actin, MTs, and IFs in this context appears to be important and needs further
investigation ( ). While the influence of MTs and IFs on actin
organization is being unraveled, crucial information on how the actin cytoskeleton conversely

influences MTs and IFs still remains unclear.

The identification of downstream targets specific to each cytoskeletal component allows
the discrimination of the functions that are unique to the different networks. This will also help
decipher how the networks can interact and communicate at a subcellular scale in a spatio-
temporal manner ( ). The interaction of MT +TIPs at the cortex is one
example of local crosstalk between actin and MTs at the leading edge of cells. In addition to
cytoskeletal linkers or crosslinkers which locally couple cytoskeletal networks, complex signaling
cascades involving master cytoskeletal regulators such as the RhoGTPases appear to be involved.
These signaling events, precisely regulated by the dynamic behavior of the cytoskeletal elements,
are ideal candidates to coordinate subtle readjustments of the cytoskeleton as cells sense their
microenvironment and adapt their migratory behavior. Following this hypothesis, the emerging
roles of MTs and IFs in controlling FA dynamics and actomyosin contractility suggest that these
two cytoskeletal networks may fine-tune mechanotransduction at FAs (

). Changes in the composition or the stability of IFs or MTs may influence the ability of
cells to migrate on soft or stiff substrates, promote mesenchymal or amoeboid types of migration
and play a key role in cell invasion in a physiological context. A deeper understanding of the
mechanisms underlying cytoskeletal crosstalk will provide insights on the mechanisms by which
alterations in any of the cytoskeletal elements may influence cell migration and in general,

cellular behavior during development and in disease.
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Figure legends

Figure 1. Distribution of the polarized cytoskeletal networks. Mesenchymal cell migration
involves five steps — (1) establishment of front-rear polarity, (2) leading edge extension, (3) the
formation of new adhesions and their turnover, (4) cell body contraction and (5) rear
retraction. The three cytoskeletal networks, actin (in red), microtubules (MTs, in purple) and
intermediate filaments (IFs, in cyan-green) polarize in the direction of migration. (1, 2) The
formation of a protrusion and the corresponding cytoskeletal rearrangements define three major
regions of the cell during migration: the cell front/lamellipodium, cell body/lamella and the back
of the cell/cell rear. The formation of a lamellipodium and the extension of the leading edge occur
through protrusive forces generated by actin polymerization at the cell front. In addition, MTs
play a crucial role in the establishment and maintenance of cell polarity, thus defining the
directionality during migration. Along with the actin and MT networks, IFs are polarized in the
direction of migration. (3) Small nascent adhesions form at the leading edge and mature into
actomyosin-linked focal adhesions (FAs) that are seen in the lamella. (4) The association of actin
with myosin is crucial for the generation of contractile forces along FA-anchored stress fibers.
Actomyosin contractility is mainly governed by the small GTPase Rho and crosstalk mechanisms
between the cytoskeletal networks. MT-mediated transport of vesicles to the cell front help in
the recycling of membrane proteins as well as signaling molecules, thus contributing vastly to FA
turnover and RhoGTPase signaling. In addition to the longitudinal stress fibers, the actin network
constantly flows rearward through a process called actin retrograde flow. The IF network appears
to protect the cell from the high forces generated during actomyosin contraction. (5) As the cell
body contracts, mature FAs start disassembling from the cell rear. The detachment of the cell

rear from the substrate promotes rear retraction and the forward movement of the cell.

Figure 2. Schematic depicting cytoskeletal crosstalk during the formation of a lamellipodium
and front-rear polarity. A. Cytoskeletal networks extend towards the periphery. Actin,
microtubules (MTs) and intermediate filaments (IFs) grow and extend to the cell periphery, and
contribute to cell polarization and lamellipodium formation. Actin fibers guide MTs to the cell
edge through the formin mDia, actin-microtubule crosslinking protein ACF7, or in a myosin II-

dependent manner [89, 90, 149-151]. As MTs grow towards the leading edge, the plus end
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protein EB recruits the CLIP-170-mDial complex and promotes MT stabilization and actin
polymerization at the front [80]. MT-associated motors transport cargoes containing Cdc42, Racl
and GEFs to the cell front, thus facilitating signal transduction. Cdc42 and Racl at the leading
edge help in the establishment and maintenance of polarity as well as actin polymerization.
Molecular motors also transport mRNAs of some proteins such as Arp2/3 as well as proteins such
as APC and IFs to the cell front, and therefore, indirectly control actin assembly, MT stability and
cell polarity [46, 69, 72, 74-76]. IFs interact with actin and MTs through the cytoskeletal
crosslinking protein plectin, and localize near FAs at the cell front. B. Actin acts as a physical
barrier for MT growth. As MTs grow towards the periphery, actin polymerization at the
lamellipodium slows down MT growth, causes MT catastrophe or induces MT bending/buckling

[152].

Figure 3. Schematic summarizing the cytoskeletal interplay during the regulation of FA turnover
and cell contractility. A. Through the crosstalk between MTs and actin. MTs promote actin
polymerization through proteins such as APC-stimulated guanine nucleotide exchange factor 1
(Asef), which is a RacGEF associated with APC at the MT plus ends. Local Rac1 activation by Asef
at the cell front also promotes FA turnover [61, 153, 154]. The MT-actin crosslinking protein ACF7
is recruited by MAP4K4 to control FA disassembly and FA-actin stability [126]. The FA protein,
talin, interacts with KANK [36, 128]. KANK1 recruits kinesin KIF21A, which inhibits MT growth,
and at the same time, prevents catastrophe events to stabilize MTs at the cortex [39]. KANK
proteins also inhibit the release of a MT-bound RhoGEF, GEF-H1 into the cytosol, thus, acting as
a negative regulator of actomyosin contractility (similar to the effects observed upon nocodazole-
induced MT depolymerization) [22]. When GEF-H1 is released from MTs, it activates RhoA and
controls contractility and FA maturation [155-158]. B. Through the crosstalk between IFs and
actin/MTs. IFs are transported along MTs and associate with FAs at the leading edge of the cell.
IFs alter FA turnover and traction force generation, directly or indirectly through changes in
actomyosin contractility [11, 122, 133, 146]. Vimentin induces GEF-H1 release from MTs, which
triggers Rho activation and actomyosin contractility [139]. Similar to vimentin, keratins can also
promote RhoA activation; this occurs through IF-linked RhoGEF Solo [148]. The regulation of FAs

by vimentin occurs through actin-binding protein filamin A or PKC-mediated phosphorylation of
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vimentin [135-137]. Phosphorylation (marked as P) of vimentin and MT vesicle transport promote
integrin recycling and FA turnover [135, 138]. Some IF proteins, nestin and keratins 8 and 18, are

also involved in FA signaling as they recruit FAK to FAs [141, 142].

Figure 4. Schematic summarizing the cytoskeletal crosstalk during cell migration. The
actomyosin network guides microtubules (MTs) to the cell front in close proximity to focal
adhesions (FAs) and stabilizes FA-associated MTs. In turn, MTs regulate contractility and stabilize
the cell protrusion. MTs and intermediate filaments (IFs) also share a bidirectional relationship:
MTs transport IFs and regulate the assembly and reorganization of the IF network, and IFs
stabilize MT orientation. In addition, IFs dampen actomyosin contractility and reduce cell
tractions. Reciprocally, the actomyosin network regulates the retrograde flow of IFs. Thus, all

three cytoskeletal networks function together to orchestrate cell adhesion and migration.

Figure | (box 2). Mechanisms of 3D migration. This figure depicts the three modes of 3D
migration: (A) amoeboid, (B) mesenchymal and (C) lobopodial migration. Cells can switch
between the different modes of migration depending on the ECM properties and the changing
intracellular and extracellular environments. (A) Amoeboid migration. This involves very few
adhesions and low protease activity. Cells migrate through the formation of contraction-based
blebs or use actin-driven protrusions to glide on the substrate. The centrosome is usually behind
the nucleus during amoeboid migration. (B) Mesenchymal migration. Cells attach very strongly
to the ECM through mature stress fiber linked-FAs. These cells also exhibit a high matrix
degrading ability. The centrosome is in front of the nucleus, and the three cytoskeletal networks
are polarized in the direction of migration. (C) Lobopodial migration. During lobopodial
migration, the nucleus acts as a piston that drives migration through the formation of blunt
protrusions called lobopodia. These cells exhibit very low protease activity, and high RhoA-ROCK-

Myoll contractility.
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Box 1: Major functions of actin, microtubules and intermediate filaments in cell migration.

The dynamics of the cytoskeleton, which comprises actin microfilaments, microtubules (MTs) and
intermediate filaments (IFs), play a crucial role in every step of cell migration. In general, cell
migration can be divided into five broad steps: establishment of front-rear polarity, leading edge
extension, formation of new adhesions, cell body contraction, and rear retraction ( ). Each
cytoskeletal network independently contributes to specific properties of one or several migratory
steps. First, actin polymerization is generally the major source of protrusive forces allowing the
extension of the leading edge, while the association of actin with myosin is crucial for the
generation of contractile forces along FA-anchored stress fibers to control the contraction of the
cell body and rear retraction. Secondly, MTs are often involved in the establishment and
maintenance of cell polarity. MT-dependent transport helps in the delivery of molecules to the
leading edge of the cell and to recycle numerous membrane proteins, such as integrins,
chemokine receptors or cadherins. These molecules are involved in sensing the
microenvironment and controlling FA dynamics and the speed and directionality of migration
[127, 159-162]. Thirdly, the role of IFs in cell migration was initially proposed because of their
alterations during cancer invasion and progression. Although the exact functions of IFs are not
well characterized yet, IFs appear to contribute to the mechanical properties of cells, in order to

resist physical constraints and to maintain the integrity of organelles [11, 147, 163, 164].

Box 2: 2D and 3D cell migration

Cell migration in 2D has been extensively studied over the last few decades. However, cells in the
body experience a complex 3D microenvironment and they have to adapt accordingly in order to
perform different cell type-dependent functions. Similarities and differences between cell
migration in 2D and in 3D have been found. Figure | depicts the three modes of 3D migration:

amoeboid ( ), mesenchymal ( ) and lobopodial migration ( ).

In contrast to 2D migration, 3D migration largely depends on the properties of the
surrounding environment, such as chemical cues, ligand specificity, rigidity of the matrix, pore
size that cells have to navigate through, as well as the topology of the microenvironment. Cells

sense the properties of the environment through integrins [165-167], extend protrusions such as
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lobopodia, invadopodia and filopodia [16, 168-171], and explore different regions in the
surrounding ECM before adopting a migration strategy ( ). Cells in 3D experience

confinement and they migrate by degrading proteins in the ECM and remodeling the matrix

(distinguished by protease activity on ). RhoA-ROCK-mediated actomyosin contractility
controls cell adhesion and the different modes of migration through the 3D matrix ( ) [10,
172-174]. Similar to 2D, integrin-mediated FAs are observed during 3D migration ( )

[169]. In addition, the nucleus being highly bulky poses challenges when cells squeeze through
the matrix and this can cause significant DNA damage [175-178]. However, in some cases, the

lack of a nucleus also slows down migration [179].

Another characteristic of 3D cell migration involves the rapid switch between the different
modes of migration. Upon confinement and high actomyosin contractility, cells can switch from
mesenchymal to amoeboid modes of migration using less adhesions ( ) [14, 15]. Cells
can also exhibit plasticity as they switch from amoeboid or lobopodial to mesenchymal type of

migration [16, 180].

Similar to 2D systems, the centrosome is often positioned in front of the nucleus in 3D
mesenchymal migration; however, the centrosome is frequently observed behind the nucleus in
3D amoeboid migration [64, 181, 182]. Gradients of intracellular proteins such as Cdc42, Racl
and Phosphatidylinositol (3,4,5)-trisphosphate (Ptdins(3,4,5)P3 or PIP3) play similar roles in 3D
mesenchymal migration as in 2D; however, in some modes of 3D migration such as the nuclear
piston driven migration ( ), these signaling molecules are observed in a non-polarized

manner [183].
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Glossary

+TIP proteins: MT plus-end tracking proteins such as EB1.

Actin: Cytoskeletal protein existing as a monomer globular actin (G-actin) in equilibrium with a
helicoidal polymer of filamentous actin (F-actin). Actin associates with myosin Il motors to form

the actomyosin network, which generates contractile forces.

Cortical microtubule stabilizing complex (CMSC): complex of FA-associated proteins involved in
stabilizing microtubules at the cell cortex. A few proteins of this complex are KANKs, LL58 and

liprins.

Extracellular matrix (ECM): mix of fibrous proteins, viscous proteoglycans and polysaccharides,

which are secreted by cells and surround them.

Focal adhesions (FAs): adhesive structures based on core transmembrane proteins of the
integrin family. They also include multiple cytoplasmic proteins such as talin, vinculin and
paxillin, which link the integrins to the actomyosin cytoskeleton. FAs contribute to the

attachment of cells to the substrate/ECM.

Integrins: heterodimeric trans-membrane receptors that interact with fibrous proteins of the
ECM. Integrin engagement with the ECM triggers downstream signaling cascades that promote

the formation of FAs and regulate cell adhesion and migration.

Intermediate filaments (IFs): dense filamentous cytoskeletal network present in most animal
cells. Depending on the cell type and differentiation state, IFs are composed of one or several of

the more than 70 IF proteins, including keratins and vimentin.
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Lamellipodium: Dynamic membrane protrusion, rich in branched actin.

Mechanotransduction: multi-step process by which the mechanical properties of the
environment are sensed by molecular mechanosensors (mechanosensing) and transduced into

biochemical intracellular signals which impact the cytoskeleton and signaling cascades.

Microtubule-associated motors: proteins (kinesins and dyneins) which use ATP to “walk” in a
directed manner along microtubules. They are responsible for the transport of various types of

cargoes around the cell.

Microtubules (MTs): hollowed tubes formed of protofilaments (13 in general) of tubulin
dimers. These highly dynamic cytoskeletal structures undergo continuous assembly and

disassembly.

Stress fibers: contractile actomyosin fibers linked to FAs.
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Figure 1

Distribution of the polarised cytoskeletal networks
during mesenchymal cell migration
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