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Microtubules at focal adhesions —

SUBJECT COLLECTION: ADHESION

a double-edged sword

Shailaja Seetharaman'2 and Sandrine Etienne-Manneville'*

ABSTRACT

Cell adhesion to the extracellular matrix is essential for cellular
processes, such as migration and invasion. In response to cues from
the microenvironment, integrin-mediated adhesions alter cellular
behaviour through cytoskeletal rearrangements. The tight association
of the actin cytoskeleton with adhesive structures has been
extensively studied, whereas the microtubule network in this
context has gathered far less attention. In recent years, however,
microtubules have emerged as key regulators of cell adhesion and
migration through their participation in adhesion turnover and cellular
signalling. In this Review, we focus on the interactions between
microtubules and integrin-mediated adhesions, in particular, focal
adhesions and podosomes. Starting with the association of
microtubules with these adhesive structures, we describe the
classical role of microtubules in vesicular trafficking, which is
involved in the turnover of cell adhesions, before discussing how
microtubules can also influence the actin—focal adhesion interplay
through RhoGTPase signalling, thereby orchestrating a very crucial
crosstalk between the cytoskeletal networks and adhesions.

KEY WORDS: RhoGTPases, Actin, Focal adhesion, Microtubules,
Podosome

Introduction

Cell survival, proliferation and differentiation, as well as migration
and invasion, require cell adhesion to the extracellular matrix
(ECM). Several types of adhesive structures are involved in cell-
ECM interactions, and the dysregulation of multiple genes in the
adhesome has been implicated in pathological conditions, such as
cancer and cardiovascular diseases (Byron et al., 2015; Winograd-
Katz et al, 2014). Among the plasma membrane proteins
contributing to cell-ECM interactions, ca-integrin—B-integrin
heterodimers play a crucial role in sensing the biochemical and
mechanical properties of the ECM. Integrin-based structures, such
as hemidesmosomes, focal adhesions (FAs) and podosomes,
connect the ECM to the cytoskeleton, which is primarily
composed of actin microfilaments, microtubules and intermediate
filaments. Hemidesmosomes correspond to small adhesive
structures that attach epithelial cells to the basal membrane. o4
integrins form the core of hemidesmosomes, which mainly connect
to the intermediate filament network (Walko et al., 2015), although
some recent reports have suggested that microtubules can also be
associated with hemidesmosomes (Quintin et al., 2016). In contrast
to hemidesmosomes, FAs and podosomes vary in their integrin
composition and are mainly associated with the actin cytoskeleton
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(Seetharaman and Etienne-Manneville, 2018). FAs and the
smaller focal complexes are adhesive structures that are essential
for cell spreading and cell motility. Functionally, podosomes and
invadopodia help to degrade the ECM in normal and cancer cells,
respectively (Linder et al., 2011; Murphy and Courtneidge, 2011;
Saykali and El-Sibai, 2014). Podosomes form actin-rich, ring-like
structures at the plasma membrane in several cell types, such as
vascular smooth muscle cells, endothelial cells and monocyte-
derived cells (e.g. macrophages, dendritic cells and osteoclasts).
Podosomes can sometimes form rosettes, for instance in vascular
smooth muscle cells, endothelial cells and Src-transformed
fibroblasts (Murphy and Courtneidge, 2011). In osteoblasts,
individual podosomes fuse to form a podosome belt (Destaing
et al., 2003). Invadopodia are more localised structures that
degrade the ECM and push through it or the vascular wall to
promote invasion and transendothelial migration (Gould and
Courtneidge, 2014).

Integrins bind to their respective ligands in the ECM and undergo
conformational changes that can be triggered by either intracellular
(inside-out signalling) or extracellular signals (outside-in
signalling) (Calderwood et al., 2013). The clustering of ligand-
bound integrins and recruitment of talin proteins leads to the
formation of nascent adhesions (Klapholz and Brown, 2017). While
most nascent adhesions are rapidly disassembled, intracellular
signalling and recruitment of multiprotein complexes can promote
their maturation into larger mature FAs (3—10 pum in length), which
are defined by their association with contractile stress fibres (Ridley
and Hall, 1992). Stress fibres, formed by long actin cables
intertwined with myosin, are anchored at FAs through several
molecular linkers, including mechanosensing proteins, such as
talins or vinculin (Tojkander et al., 2012; Yan et al., 2015). FAs
integrate several extracellular cues, including the biochemical nature
of the integrin-bound ligand and the physical properties of the
substrate, to influence the adaptation of cell behaviour to the
microenvironment (Seetharaman and Etienne-Manneville, 2018).
In particular, FAs modulate the acto-myosin network, which
generates forces for cell contraction, shape changes and migration
(De Pascalis and Etienne-Manneville, 2017). Although less-well
characterised than FAs, podosomes and invadopodia are also tightly
associated with actin. They are built around an actin core surrounded
by a ring-shaped cluster of adhesion structures made up of proteins,
including vinculin (Gimona et al., 2008; Murphy and Courtneidge,
2011; Saykali and El-Sibai, 2014). While the importance of the
actin network in the structure and functions of FAs and podosomes
has been vastly documented (Elosegui-Artola et al., 2018; Lee and
Kumar, 2016; Paterson and Courtneidge, 2018), the contribution of
microtubules and intermediate filaments is often overlooked (see
LaFlamme et al., 2018; Leube et al., 2015).

Microtubules are hollow cylindrical structures made up of
heterodimers of o- and P-tubulin. In mammalian cells,
microtubules arise from microtubule-organising centres, including
the centrosome and the Golgi (Petry and Vale, 2015), which stabilise
the minus-ends of microtubules. The highly dynamic plus-ends of
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microtubules grow towards the cell periphery, where they undergo
repeated phases of growth and shrinkage that characterise dynamic
instability (Akhmanova and Steinmetz, 2008; Kirschner and
Mitchison, 1986). The dynamics and functions of microtubules are
regulated through microtubule-associated proteins (MAPs), which
bind to the microtubule lattice, and microtubule plus-end/positive-
end-tracking proteins (+TIPs), which specifically interact with the
extremities of microtubules, as well as post-translational
modifications of tubulins that decorate the microtubule network
(Akhmanova and Steinmetz, 2015; Etienne-Manneville, 2010). One
essential function of microtubules in interphase cells is to carry
cargoes between intracellular compartments, as well as to and from
the plasma membrane. Intracellular trafficking of vesicles, proteins
and RNAs is mediated by two major classes of microtubule-
associated motors: the kinesins and dyneins (Cross and Dodding,
2019; Reck-Peterson et al., 2018). Furthermore, microtubules interact
with and regulate essential signalling molecules, including regulators
of the Rho family of small GTPases (Wojnacki et al., 2014). The
trafficking and signalling functions of microtubules, together with
their interactions with other cytoskeletal networks, constitute the
numerous ways by which microtubules can affect the dynamics and
functions of FAs and podosomes (Etienne-Manneville, 2013).

Starting from the early 1980s, several studies have hinted at a
physical and functional connection between microtubules and
adhesion structures. Microtubule depolymerisation induced by
nocodazole increases the number and size of FAs, as well as
contributing to the activation of the small G protein Rho, which, in
turn, leads to the formation of numerous large FAs and to an
increase in cell contractility (Bershadsky et al., 1996; Liu et al.,
1998). Following nocodazole washout, microtubules regrow and
FAs disassemble (Ezratty et al., 2005; Kaverina et al., 1998). In
contrast to FAs, which enlarge upon nocodazole treatment, the
podosome belt is disrupted (Destaing et al., 2003, 2005; Linder
et al,, 2000). Rho activation results in the disappearance or
redistribution of podosomes, suggesting that the relationship
between Rho activation and podosomes is certainly different from
that with FAs.

Here, we will review the molecular links between microtubules
and integrin-mediated adhesions, in particular, FAs and podosomes.
We will then focus on the recent developments in elucidating the
direct crosstalk between microtubules and adhesive structures that
point to microtubules as essential participants in the actin—FA
interplay, and therefore establish them as crucial regulators of cell
responses to the biochemical and physical properties of the cell
microenvironment.

Contacting FAs - touching and grabbing

Microtubules targeting FAs

The colocalisation of microtubule tips with focal contacts was first
documented in 1984 by Geiger and colleagues, followed by another
study in 1988 (Geiger et al., 1984; Rinnerthaler et al., 1988). A few
years later, microtubule disruption using nocodazole or vinblastine
was shown to result in an increased number of FAs together with an
increased formation of stress fibres in serum-starved 3T3 cells,
suggesting that microtubules participate in the control of FA
dynamics and acto-myosin contractility (Bershadsky et al., 1996;
Enomoto, 1996). Using live-cell fluorescence microscopy,
Kaverina and colleagues later demonstrated that microtubules in
migrating fibroblasts could pass through or target vinculin-
containing FAs at the cell front (Kaverina et al., 1999, 1998). At
the rear of migrating cells, microtubules repeatedly targeted large
FAs, which were undergoing disassembly during the retraction of

the trailing edge (Kaverina et al., 1999). However, since these cells
have a considerably less-dense microtubule network as compared to
several other mammalian cell types, the direct association of
microtubules with FAs remains controversial (Fig. 1A,B). The
accumulation of the growing plus-ends of microtubules near FAs
has been described in goldfish fin fibroblasts (Ezratty et al., 2005;
Krylyshkina et al., 2003). Indeed, by using higher-resolution
microscopy techniques, such as total internal reflection microscopy
(TIRFM), microtubules are observed to localise ~100 nm away
from FAs (Krylyshkina et al., 2003). Similarly, in migrating
astrocytes, microtubules also extend towards FAs at the cell front.
Furthermore, a proportion of these microtubules grow and bend to
reach down towards the basal cell cortex, where they remain
anchored (Etienne-Manneville et al., 2005). Also in this case, our
group was able to show that microtubules run along FAs, without
directly contacting them (Bance et al., 2019) (Fig. 1A,B).

Even if microtubules do not directly contact FAs, their close
proximity suggests that a molecular connection exists between these
two structures. In support of this, a proteomics approach
demonstrated that +TIPs are well represented in complexes that
result from integrin activation at the cortex (Byron et al., 2015).
Microtubule-associated proteins, such as end-binding protein 1
(EB1; also known as MAPRE1) and actin crosslinking factor 7
(ACF7; also known as microtubule actin crosslinking factor 1,
MACF1) are enriched in integrin complexes that contain FA
proteins, such as talins, vinculin and kindlins. Although this study
confirms the close association of microtubules with FAs (Byron
et al., 2015), there is no clear evidence of the direct binding of
microtubules to the core proteins of FAs. In fact, more recently,
protein complexes localised at the periphery of FAs have been
identified to act as cortical anchors of microtubules (Noordstra and
Akhmanova, 2017).

In addition to their proximity to FAs, microtubules are also
observed around podosomes. Growing microtubules can be seen
targeting podosomes (Biosse Duplan et al., 2014). In osteoclasts,
post-translationally modified microtubules are differently
distributed within the cell to non-modified microtubules (Akisaka
et al., 2011). In mature osteoclasts, both the tyrosinated and
acetylated microtubules are seen at the cell periphery near
podosomes (Akisaka et al., 2011; Destaing et al., 2005). All these
studies suggest that microtubules do not necessarily contact FAs and
podosomes, but are indeed observed in close proximity to these
adhesive structures.

Microtubule capture and anchoring at the cortex

Three complementary steps promote the interaction of microtubules
with FAs. In the first, microtubules are guided towards FAs by
interacting with other cytoskeletal networks and crosslinking
proteins. Once microtubules are near FAs, microtubule plus-ends
are captured at the cell cortex. This eventually leads to stable
microtubule anchorage by the recruitment of cortical protein
complexes in the vicinity of FAs.

Microtubule guidance towards FAs

Since actin filaments are tightly associated with FAs, they can serve
as tracks that direct growing microtubules to the core of FAs
(Fig. 2A). The formins mammalian diaphanous (mDia)l and mDia2
(encoded by DIAPHI and DIAPH?, respectively) have been shown
to participate in the orientation and alignment of the microtubule
and actin networks along the long axis of HeLa and 3T3 cells,
respectively (Ishizaki et al., 2001; Palazzo et al., 2001). The
spectraplakin ACF7 links the actin and microtubule networks and
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Migrating astrocyte

Cell rear

(ii) Microtubule not targeting FA

_.=- Microtubule in close proximity to FA

Cell front

(iii) Microtubule passing beyond FA

(iv) Microtubule targeting FA

-

Key

Microtubule <> Focal adhesion

End-binding protein

Fig. 1. Microtubule localisation to FAs. (A) Microtubule growth towards the cell periphery and their association with FAs. Confocal image of a migrating
astrocyte transfected with GFP—EB3 (marking microtubule plus-ends in green) and mCherry—paxillin (marking FAs in red) showing the trajectories of growing
microtubules compared to the position of FAs. Reproduced from Bance et al. (2019). (B) Schematic close-up view of different localisations that microtubules can
take in the vicinity of an FA. (i) Microtubule in close proximity to an FA, without actually localising to an FA. (ii) Microtubule extending to the cell edge, but not
necessarily near any FA. (iii) Microtubule passing by an FA, but continuing towards the cell edge without actually ending at FAs. (iv) Microtubule terminating

at and localising to an FA at the cell edge.

also plays a key role in guiding growing microtubules along actin
fibres towards FAs (Wu et al., 2008) (Fig. 2A). In keratinocytes,
ACF7 localises near FAs, and its depletion results in reduced
targeting of microtubules to FAs and slower FA turnover (Wu et al.,
2008). In Caco2 epithelial cells, ACF7 interacts with calmodulin-
regulated spectrin-associated protein 3 (CAMSAP3) to anchor
non-centrosomal microtubules to actin filaments and align
microtubules along the actin network (Ning et al., 2016).
Microtubules might also be guided by intermediate filaments
(Fig. 2A), which have been shown to interact with FA proteins
(Gregoretal., 2014; Leube et al., 2015). However, it is also possible
that intermediate filaments glide along microtubules in a kinesin-1-
dependent manner (Robert et al., 2019). Intermediate filaments
tightly associate with the microtubule lattice, in particular through

the cytoskeletal linker plectin, the tumour suppressor protein
adenomatous polyposis coli (APC) and also through kinesin and
dynein microtubule-associated motors (Leduc and Etienne-
Manneville, 2017; Sakamoto et al., 2013), and so control the
precise orientation of growing microtubules (Gan et al., 2016).

Microtubule capture at the cell cortex

When microtubule plus-ends reach the cell cortex, they can be
captured in close proximity to FAs. Cortical capture occurs mainly
through the interactions of +TIPs, such as APC, ACF7, CAP-Gly-
containing cytoplasmic linker protein of 170 kDa (CLIP-170; also
known as CLIP1) and cytoplasmic linker-associated proteins
(CLASPs) with cortical factors (Gouveia and Akhmanova, 2010).
For instance, IQ motif containing GTPase-activating protein 1
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A Microtubule guidance towards FA

B Recruitment of cortical partners

Key

~~ Microtubule
> Focal adhesion
—— Actomyosin stress fibre >

- Intermediate filament

ACF7

<> +TIPs

__ Cortical microtubule-
stabilising complex proteins

Actin meshwork

Fig. 2. Microtubule capture, anchoring and stabilisation at FAs. (A) Microtubule guidance to FAs. Both actin fibres and intermediate filaments can guide
microtubules to the cell periphery and may contribute to microtubule localisation at the rim of FAs. Several protein partners involved in this process, such as
CAMSAP3, mDia and APC, are depicted here. Intermediate filaments interact with APC, which associates with the microtubule lattice in an EB1-independent
manner. (B) Recruitment of cortical partners. Local recruitment and accumulation of cortical factors, such as LL5, liprins, IQGAP1 and IQGAP-binding
proteins such as CLASPs, CLIP-170 and SKAP, in the proximity of FAs initiates microtubule capture at the cell cortex. Once recruited near FAs, these cortical
proteins interact with +TIP proteins to promote microtubule capture at the cell cortex. DIg1 can also serve as a cortical anchor for APC-positive microtubule
ends. DIg1 cortical recruitment is controlled by signalling cascades such as that mediated by the Cdc42—-aPKC polarity complex, which also promotes the
accumulation of APC at EB1-positive microtubule plus-ends to trigger microtubule capture. (C) Microtubule anchoring and stabilisation at the cortex. Microtubule
stabilisation at the cortex occurs through factors, such as KANKs, ELKS, liprins, LL53 and CLASPs, which together form a cortical-microtubule-stabilising
complex around the rim of FAs. KANKSs recruit the kinesin-4 protein KIF21A. In the case of APC- and DIg1-mediated microtubule capture, stable anchoring
does not occur at the plus-end but further along the microtubule lattice and requires DIg1-mediated recruitment of the microtubule-associated motor dynein.
The DIg1-GKAP complex recruits dynein which exerts forces required to anchor microtubules at the cell cortex.

(IQGAPI1) and Disks Large 1 (Dlgl) localise at the front of cell
protrusions during migration and are involved in anchoring
microtubules at the cell cortex (Fig. 2B). IQGAP1 interacts with
the EB1-binding protein small kinetochore-associated protein
(SKAP, also known as KNSTRN) and thus may play a role in
microtubule capture (Cao et al., 2015). In fibroblasts, CLIP-170 is
involved in microtubule attachment at the lamella through its
interactions with the dynein—dynactin complex, Racl and IQGAP1
(Fukata et al., 2002; Lansbergen et al., 2004; Watanabe et al., 2004)
(Fig. 2B). Through mass spectrometry, two binding partners of
CLASPs have been identified: pleckstrin homology like domain
family B member 2 (LL5B, also known as PHLDB2) and protein
rich in the amino acids E, L, K and S (ELKS, also known as ERC1);
together CLASP, LL5B and ELKS form a complex around the rim

of FAs where microtubules are anchored (Lansbergen et al., 2006).
The authors showed that LL5B is essential for the recruitment of
CLASPs to the cell cortex, where microtubules then become
stabilised (Lansbergen et al., 2006). Liprins also associate with FAs
and interact directly with ELKS, which is located at the periphery of
FAs (Ko et al., 2003). Although ELKS does not bind microtubules
directly, it plays an accessory role in clustering LL5f and CLASPs at
the cortex, which is important for microtubule stabilisation
(Lansbergen et al., 20006).

However, in migrating astrocytes, CLIP-170 and CLASPs are not
necessary for microtubule capture. Instead, EB1-associated APC at
microtubule plus-ends interacts with the PDZ domains of DIgl,
which localises at the basal cortex at the front of the protrusion
(Etienne-Manneville et al., 2005). The direct interacting partner of
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EB1, APC membrane recruitment 2 (Amer2; also known as
FAM123) participates in the recruitment of APC to the cell
membrane in order to direct microtubules to the proximity of FAs
(Pfister et al., 2012). Membrane-bound APC then recruits ACF7 to
the cortex, thus providing the means for an EBIl-dependent
guidance of microtubules to FAs (Akhmanova and Steinmetz,
2008; Zaoui et al., 2010). The given microtubule-anchoring
machinery might be cell type dependent and cue specific, but
crucial in regulating FA dynamics and cell migration in response to
specific ECM components.

Microtubule capture is tightly regulated, which may explain why
microtubules appear to localise to FAs so precisely. This spatio-
temporal regulation of microtubule capture is essential for directed
cell migration, during which the polarised organisation of
microtubules defines cell polarity and the direction of migration
(Etienne-Manneville, 2013). The exact localisation of microtubule
capture, which requires the interaction between +TIPs and cortical
partners, depends not only on the expression level of these proteins
but also on their concomitant recruitment to the correct region of the
cell cortex. It has been shown that signalling cascades affect the
localisation of cortical proteins. Glycogen synthase kinase 3f
(GSK3p) has recurrently emerged as a regulator of microtubule
capture and anchoring in different systems (Beurel et al., 2015).
Indeed, GSK3p negatively regulates the interaction between +TIPs
and microtubule-associated EB1. For instance, in fibroblasts,
inhibition of GSK3B by the phosphoinositide 3-kinase (PI3K)
pathway promotes the recruitment of CLASPs specifically to the tip
of microtubules at the cell front (Akhmanova et al., 2001).
Similarly, in keratinocytes, expression of a constitutively active
form of GSK3B disrupts microtubule—-CLASP binding and,
therefore, impairs microtubule anchoring at the lamella (Kumar
et al.,, 2009). In astrocytes, the Cdc42—Par6—aPKC polarity
pathway triggers the phosphorylation and inactivation of GSK3
at the cell front, which induces the interaction between APC and
EB1 specifically in leading-edge microtubules to control the
polarisation of the microtubule network (Etienne-Manneville and
Hall, 2003). These observations suggest that the regulation of
microtubule anchoring is essentially achieved by the control of the
recruitment of the cortical anchors on one hand and of the +TIP-
binding partners on the other hand, but does not seem to involve
the direct modulation of the binding affinity of the +TIP proteins
for their cortical partners.

Recruitment of cortical partners near FAs

Concomitantly with the recruitment of +TIPs to the cell cortex,
microtubule anchoring requires the local accumulation of cortical
proteins in the proximity to FAs. Here, IQGAPI serves as a cortical
interactor for both CLIP-170 and APC. IQGAP1, CLIP-170 and
APC form a tripartite complex that facilitates the targeting of
microtubule plus-ends to the leading edge of a cell (Fukata et al.,
2002; Watanabe et al., 2004) (Fig. 2B). To that end, IQGAP is
recruited to the leading edge through its interaction with Racl
(Fukata et al., 2002), or that with the FERM domain of the leading-
edge protein 4.1R (Ruiz-Sdenz et al., 2011). In migrating astrocytes,
the Cdc42—aPKC polarity complex induces the recruitment of Dlgl
to the cell front, where it associates with APC-positive microtubule
plus-ends and so promotes microtubule capture at the cortex
(Etienne-Manneville et al., 2005). The APC-Dlgl complex also
promotes the recruitment of microtubule minus-end-directed motor
dynein through the Dlgl-interacting factor guanylate kinase-
associated protein (GKAP, also known as DLGAP1) (Manneville
etal., 2010). The accumulation of microtubule-associated dynein at

the cell cortex may help to exert the forces that are necessary to
anchor microtubules and resist the actin-driven retrograde flow
(Manneville and Etienne-Manneville, 2006).

Several additional cortical proteins are involved in regulating cell
adhesion, including LL5B, CLASPs, ELKS, liprins and KN motif
and ankyrin repeat domain-containing proteins (KANKs) (Fig. 2C).
LL5B interacts with the PI3K product phosphatidylinositol 3,4,5-
triphosphate (PIP;) (Paranavitane et al., 2003). Experiments in
HeLa cells using nocodazole suggest that LL5f recruitment to the
cell cortex does not depend on intact microtubules, but mainly on
the activity of PI3K (Lansbergen et al., 2006). However in epithelial
cells, laminin-based cell adhesion, but not PI3K, regulates LL53
localisation and thus its control of microtubule anchoring at the
cortex (Hottaetal., 2010). APC and CLASP2 can be recruited to the
cell cortex upon GSK3 phosphorylation downstream of the ErbB2
receptor tyrosine kinase (Zaoui et al., 2010), suggesting that
different external signals, such as those downstream of integrins
(e.g. in astrocytes), NGF (e.g. in neurons) and EGFR (e.g. in breast
carcinoma cells), can result in the recruitment of cortical proteins
and polarisation via GSK3 regulation. CLASPs are also found
closely associated with FAs, along with ELKS and liprins (Kumar
et al., 2009; Lansbergen et al., 2006). CLASPs can be recruited to
the vicinity of FAs through their interaction with LL58 (Lansbergen
et al., 2006). In addition to their localisation near FAs, LL5f and
ELKS are also observed at synaptic podosomes (Proszynski et al.,
2009; Proszynski and Sanes, 2013). Amotl2, an actin regulator,
interacts with LL5B, and the depletion of Amotl2 in fibroblasts
disrupts invadopodia (Proszynski and Sanes, 2013), suggesting a
possible way by which LL53 might also be recruited to the vicinity
of invadopodia.

Microtubule stabilisation at the cortex

Cortical microtubules are generally stabilised upon anchorage
(Etienne-Manneville, 2013). The stabilisation of microtubules
typically refers to the lifetime of microtubules and their resistance
to nocodazole or cold treatment, and not necessarily to
microtubule dynamic instability. Following nocodazole
treatment of goldfish fibroblasts, microtubules near FAs show
very limited depolymerisation compared to microtubules localised
at a distance from FAs (Kaverina et al., 1998). Upon nocodazole
treatment, peripheral microtubules that do not interact with FAs
shrink faster than those interacting with FAs (Kaverina et al.,
1998).

MAPs, such as MAP2 and MAP4, can stabilise microtubules (by
preventing depolymerisation and catastrophe events) to promote the
formation of cell protrusions during migration (Dehmelt and Halpain,
2004). Moreover, some signalling cascades can indirectly participate
in microtubule stabilisation. RhoA and formins, such as mDia2,
control microtubule stabilisation, independently of their effect on
actin (Bartolini et al., 2008). A screen for Rho-effector domains first
identified the role of mDia in microtubule stabilisation in 3T3
fibroblasts; here, expression of constitutively active mDia2 or
activation of endogenous mDial induced the detyrosination of
microtubules, which is a classic marker of stable microtubules
(Palazzo et al., 2001). Interestingly, in T cells, inhibition of Rho-
associated protein kinases (ROCKs) and myosin stabilises
microtubules, suggesting that the balance between Rho-mediated
activation of ROCK proteins and mDia is crucial in controlling
cortical microtubule stability (Takesono et al., 2010) (Fig. 3A).
mDial and mDia2 might facilitate microtubule stabilisation
downstream of Rho through their interaction with EB1 and APC at
microtubule plus-ends (Wen et al., 2004). Another formin, inverted
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formin 2 (INF2) is necessary for the formation of mDial-dependent
detyrosinated microtubules (Bartolini et al., 2016). Upon LPA
treatment, microtubule acetylation and detyrosination increase,
possibly through enhanced recruitment of mDial or INF1 and/or
INF2 (Andrés-Delgado et al., 2012; Bartolini et al., 2016; Cook et al.,
1998; Gaillard et al., 201 1; Thurston et al., 2012). INF2 can promote
microtubule acetylation through myocardin-related transcription
factor (MRTF)/serum response factor (SRF)-dependent transcription
of o-tubulin acetyltransferase 1 («TAT1) (Fernandez-Barrera et al.,
2018). The APC-binding protein Amer2 recruits EB1-positive

~———» Protrusion formation

/ Stress fibre formation

~——>» Actomyosin contractility

Fig. 3. RhoGTPase-mediated
crosstalk between microtubules and
actin at FAs. (A) Microtubule
polymerisation and Rac signalling.
Microtubule polymerisation (observed
during microtubule growth) at the
leading edge of the cell contributes to
Rac activation, which involves the
RacGEFs STEF and Asef. In turn, Rac
activation promotes the formation of new
cell adhesions and protrusion formation
through its effects on actin
polymerisation. (B) Microtubule
depolymerisation and Rho signalling.
RhoGEFs, such as GEF-H1, TrioGEF
and p190RhoGEF, have been shown to
activate (green arrows) Rho upon
microtubule depolymerisation (observed
during dynamic instability of
microtubules or nocodazole-induced
microtubule depolymerisation). GEF-
H1, when inactive, localises on
microtubules. PAK, ERKs and MARK2
and the dynein light chain protein Tctex-
1 are a few of the proteins that regulate
GEF-H1 activity or localisation, and they
can induce the release of GEF-H1 from
microtubules to activate Rho. Rho
activation, in turn, increases acto-
myosin contractility and FA maturation.
Thus, the crosstalk between
microtubules with actin through Rac and
Rho is important for FA turnover, acto-
myosin contractility and protrusion
formation during cell migration. GAP
activity inhibits (red arrows) Rho and
Rac signalling.

Actin polymerisation

f FA assembly

FA maturation

microtubule plus-ends to the cell membrane and promotes
microtubule acetylation (Pfister et al., 2012). How microtubule
stability, as characterised by microtubule detyrosination or acetylation,
is controlled remains unclear. In fact, our recent observations indicate
that acetylation and detyrosination are regulated independently and
may have different roles that are possibly unrelated to microtubule
stability (Bance et al., 2019).

Most importantly, microtubule stabilisation is also achieved
through the regulation of microtubule plus-end dynamics. Although
FAs have been shown to induce microtubule catastrophe to promote
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the dynamic ‘poking’ behaviour observed during microtubule-
induced FA disassembly (Efimov et al., 2008), more recent
observations have focused on the inhibition of microtubule
disassembly by the cortical microtubule-stabilising complex
(CMSC) (Fig. 2C). The CMSC consists of proteins that are
involved in microtubule capture, such as CLASPs, the scaffolding
proteins liprin-al and liprin-f1, and the ELKS (Bouchet et al.,
2016; van der Vaart et al., 2013). CMSC components accumulate at
the periphery of FAs, but do not exactly colocalise with FAs
(Lansbergen et al., 2006). In addition, the four KANK proteins,
KANKI1-KANK4, have been described as ‘seeds’ that initiate the
formation of a cortical platform assembly for the stabilisation of
microtubules (Bouchet et al., 2016; Sun et al., 2016). KANKI1 and
KANK2 localise around FAs and podosomes (Rafiq et al., 2019).
KANKI1 links the CMSC to FAs through its direct interaction with
both talin and liprin-B1 (Bouchet et al., 2016; Sun et al., 2016).
Furthermore, KANK1, which is enriched in the cortical complex
formed by LL5B, ELKS and liprin, recruits kinesin-4 (KIF21A) to
the cortex and so prevents microtubule catastrophe, thereby
promoting cortical microtubule stability (Kakinuma and Kiyama,
2009; van der Vaart et al., 2013) (Fig. 2C).

Stabilisation of peripheral microtubules might also play a role in
the formation of podosomes (Destaing et al., 2003). Overexpression
of two adaptor proteins, Cbl and Cbl-b, which are present in
osteoclasts, enhances microtubule acetylation and stability (Purev
et al., 2009). Furthermore, depletion of the protein tyrosine kinase
Pyk2 (also known as PTK2B), which is primarily confined to
podosomes, results in higher RhoA activity and decreases
microtubule stability (Gil-Henn et al., 2007). Therefore, the effect
of RhoA activity on the stability of microtubules near podosomes in
osteoclasts appears to be different from its effect on those in the
vicinity to FAs, suggesting that there are different regulatory
mechanisms that remain to be identified.

Thus, multiple protein complexes that appear to be cell type
specific and may associate with FAs dependent on distinct integrin
subtypes (Seetharaman and Etienne-Manneville, 2018), are not only
involved in recruiting microtubules to the vicinity of FAs, but also in
keeping them anchored at these sites by preventing their
depolymerisation or removal by the actin retrograde flow. In turn,
FA-associated microtubules can also contribute to intracellular
transport and signalling to alter FA dynamics as discussed below.

Giving and taking back: microtubule-driven vesicular
trafficking at FAs

The spatio-temporal regulation of FA turnover is crucial for cells to
move forward and to counterbalance traction forces exerted on the
substrate during migration. Microtubules control the turnover of
FAs by regulating both FA assembly and disassembly during
migration (Etienne-Manneville, 2013). Microtubules also serve as
cargo tracks within the cell and are, therefore, key players in the
regulation of molecular trafficking of proteins to and from the
plasma membrane. Microtubule motors also carry cytoskeletal
regulators, such as APC or Cdc42 and Rac small GTPases,
cytoskeletal elements, such as intermediate filaments (Leduc and
Etienne-Manneville, 2017), and mRNAs encoding proteins
involved in actin polymerisation, such as subunits of the Arp2/3
complex (Mili et al., 2008; Mingle et al., 2005). For instance, the
plus-end-directed microtubule motor kinesin KIF3A transports
APC to nascent axon tips (Nishimura et al., 2004; Shi et al., 2004).
At the tip, APC associates with Par3 and helps in the recruitment of
atypical protein kinase C (aPKC) (Nishimura et al., 2004), which
may then interact with, and phosphorylate GSK3 to promote

microtubule anchoring and stabilisation (see above; ‘recruitment of
cortical partners near FAs’) (Etienne-Manneville and Hall, 2003).
Such microtubule-based intracellular trafficking contributes to cell
polarisation, protrusion formation and the turnover of FAs during
migration (Etienne-Manneville, 2013).

Microtubule-dependent transport to FAs

Integrin exocytosis plays a role in FA assembly (Gu et al., 2011;
Gupton and Gertler, 2010). Microtubules anchored to the plasma
membrane serve as tracks for the transport of exocytic vesicles to FA
sites where they can disassemble FAs and in turn, promote FA
turnover (Noordstra and Akhmanova, 2017). Retention using
selective hooks (RUSH) and specific protein immobilisation (SPI)
assays helped to show that Rab6-dependent exocytosis of vesicles
occurs along microtubule tracks and at specific hotspots around FAs
(Fourriere et al., 2019). Rab6 associates with most post-Golgi
vesicles [ for instance, vesicles containing CD59, TNF or ColX (also
called Coll0A)], irrespective of the cargoes transported to the
plasma membrane; these are all delivered to the plasma membrane
in close proximity to FAs, although not directly at FAs (Fourriere
et al., 2019). ELKS has been shown to play a crucial role in the
exocytosis of Rab6-positive vesicles around FAs (Del Nery et al.,
2006; Grigoriev et al., 2007). Rab8, another binding partner of
ELKS, interacts with MICALS3, a protein of the MICAL family of
flavoprotein monooxygenases (Grigoriev et al., 2011). This
interaction between Rab6, Rab8 and ELKS is key for the docking
and fusion of vesicles at cortical adhesion sites to promote FA turnover.
We also recently demonstrated a potential role for microtubule
acetylation in controlling FA dynamics in astrocytes, as oTAT1, the
enzyme responsible for microtubule acetylation, promotes Rab6-
mediated vesicular fusion at FAs, which regulates FA turnover and
astrocyte migration (Bance et al., 2019). While it is easy to speculate
that microtubules play a key role in delivering integrins and possible
membrane-associated partners to FAs, their involvement in the precise
control of vesicle delivery remains unclear. Whether anchored
microtubules merely serve as tracks for vesicular traffic or can
directly control vesicle docking and fusion needs to be further explored.

Microtubule-dependent disassembly of FAs

The role of microtubules in FA disassembly has been mainly
characterised by using nocodazole washout-induced FA
disassembly. Nocodazole-induced microtubule depolymerisation
causes an accumulation of FAs and phosphorylation of FAK and
paxillin (Bershadsky et al., 1996); however, following nocodazole
washout, microtubules grow again and localise to FAs as these
simultaneously disassemble (Kaverina et al., 1999). This is in
agreement with the finding that dynamic microtubules disassemble
FAs from the rear of migrating cells and a higher degree of FA
disassembly corresponds to regions with microtubules in close
proximity to FAs (Efimov et al., 2008; Kaverina et al., 1999; Rid
et al., 2005; Waterman-Storer et al., 1999).

A number of observations point to the role of microtubules in
controlling endocytosis, which contributes to FA disassembly
(Chao and Kunz, 2009; Ezratty et al., 2009, 2005). During
nocodazole washout-induced regrowth of microtubules, clathrin-
mediated endocytosis is involved in FA disassembly (Ezratty et al.,
2005), suggesting that microtubules targeting FAs can directly
trigger endocytosis. More recent studies strongly suggest a direct
role of microtubules in endocytosis. By using quantitative
proteomics, two studies have shown that the protein MAP4K4
binds to EB2 (also known as MAPRE2) at microtubule plus-ends to
promote integrin internalisation (Gu et al., 2011; Margadant et al.,
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2011). The recruitment of MAP4K4 near FAs appears to also
involve the cytoskeletal linker ACF7 (Ning et al., 2016; Yue et al.,
2014). Moreover, localisation of CLASPs near FAs facilitates FA
disassembly (Stehbens et al., 2014). In addition, microtubules can
also trigger endocytosis in an indirect manner. Stehbens et al. have
shown that the matrix metalloprotease MT1-MMP is exocytosed in
the vicinity of FAs through CLASP-stabilised microtubule tracks,
thereby promoting ECM degradation and facilitating integrin
internalisation (Stehbens et al., 2014).

Podosomes are also influenced by microtubules; in particular,
acetylated microtubules are known to regulate podosome patterning.
More generally, proteins, such as Cbl, Cbl-b and Pyk2, which help
stabilise microtubules, promote podosome formation (Gil-Henn
et al., 2007; Purev et al., 2009). Acetylation of tubulin, which
characterises stable microtubules, affects the distribution of the
kinesin KIF1C and thereby controls the delivery of matrix proteases
and podosome activity in macrophages (Bhuwania et al., 2014,
Castro-Castro et al., 2012). In addition to KIFIC, KIF9 also
contributes to the matrix-degrading capacity of macrophages and is
thus likely to participate in the role of microtubules in stabilising
podosomes (Cornfine et al., 2011). The contribution of
microtubules to the regulation of podosomes is confirmed by the
fact that microtubule plus-end proteins CLASP and EB1 have been
shown to be involved in podosome maturation, possibly by
promoting microtubule-mediated podosome belt stability (Biosse
Duplan et al., 2014).

Thus, the microtubule-mediated transport of cargoes to and from
FAs is now regarded as a pivotal process in the regulation of FAs.
The transport of this wide range of molecules by microtubules also
raises speculations of several different roles for microtubules at the
cortex, other than the regulation of FAs.

Meddling with the FA-actin duo

It has become increasingly evident over the years that the crosstalk
between microtubules and actin is crucial in regulating FA
dynamics, cell adhesion and migration. Key proteins involved in
this tripartite crosstalk are the family of RhoGTPases, which are well
known for their role in regulating actin and microtubules, as well as
FAs (Fig. 3A,B). RhoGTPases act as molecular switches that cycle
between a GDP-bound inactive form and a GTP-bound active form.
RhoGTPases bound to GTP can interact with downstream effectors
and trigger signalling cascades that regulate various cellular
processes (Lawson and Ridley, 2018). Guanine nucleotide
exchange factors (GEFs) promote the exchange of GDP for GTP,
whereas, GTPase-activating proteins (GAPs) catalyse the hydrolysis
of GTP to GDP.

All the evidence converges towards a role for polymerising
microtubules in the activation of the Rho family member Rac, which
in turns promote actin polymerisation, membrane protrusion and FA
turnover (Fig. 3A) (Stehbens and Wittmann, 2012; Waterman-
Storer et al., 1999). Microtubule regrowth after nocodazole washout
activates Rac at the leading edge of the cell to promote actin
polymerisation and membrane protrusion (Waterman-Storer et al.,
1999). During microtubule regrowth, the Rac GEF Sif and TIAM1-
like exchange factor (STEF, also known as TIAM2) activates Racl
(Fig. 3A). Accordingly, STEF-depleted cells exhibit impaired FA
disassembly and decreased Racl activity (Rooney et al., 2010).
Furthermore, microtubule regrowth after nocodazole washout in
STEF-depleted cells, does not result in Racl activation, suggesting a
role for the RacGEF in microtubule regrowth-induced FA
disassembly (Rooney et al., 2010). Another Racl-specific GEF,
Asef, binds to APC, which associates with microtubule plus-ends at

the leading edge of migrating cells. In MDCK cells, this interaction
between APC and Asef activates the GEF and might be important in
inducing local Racl activity to promote the formation of protrusions
(Kawasaki et al., 2000) (Fig. 3A).

In contrast to the role of growing microtubules in Rac-mediated
actin polymerisation, depolymerising microtubules activate Rho to
increase acto-myosin contractility (Fig. 3B). Activation of Rho
leads to the formation of stress fibres and, in turn, facilitates FA
maturation (Fig. 3B) (Ezratty et al., 2005; Liu et al., 1998; Ren et al.,
1999). The RhoA-specific GEF pl90RhoGEF (also known as
ARHGEF28) interacts with microtubules and might play a role in
microtubule-dependent FA turnover (van Horck et al., 2001).

Another RhoGEF, named GEF-H1 (also known as ARHGEF2 or
Lfc) has emerged as a key mediator of the effects of microtubules on
Rho activity, acto-myosin contractility and FA maturation. When
inactive, GEF-H1 associates with microtubules. Upon release from
microtubules, GEF-H1 activates Rho in the cytoplasm. This, in turn,
contributes to increased acto-myosin contractility, similar to what is
observed upon nocodazole-induced microtubule depolymerisation
(Chang et al., 2008; Krendel et al., 2002; Ren et al., 1998) (Fig. 3B).
Expression of a mutated form of GEF-HI that cannot bind to
microtubules displays similar effects with regard to RhoA activation
and cell contractility (Krendel et al., 2002). How the GEF-H1
interaction with microtubules is regulated is still a matter of debate.
Uncoupling microtubules from FAs, by depleting KANKSs, releases
GEF-H1 from microtubules (Rafiq et al., 2019), which indicates that
anchoring microtubules at FAs inhibits GEF-H1 and may act as a
negative-feedback loop to prevent excessive acto-myosin-mediated
forces at FAs. Signalling cascades involving the serine threonine
kinase Parlb/MARK?2, as well as p21-activated-kinase 4 (PAK4),
phosphorylate GEF-H1, which promotes its release from
microtubules (Callow et al., 2005; Yoshimura and Miki, 2011).
Microtubule-mediated regulation of GEF-H1 might also involve its
association with the dynein light chain protein Tctex-1, which
directly binds to GEF-H1 and inhibits its activity (Meiri et al.,
2012). Moreover, activation of GEF-HI1 is triggered by force-
induced integrin stimulation through a mechanism that involves
phosphorylation of GEF-H1 by extracellular signal-regulated
kinases (ERKSs) (Guilluy et al., 2011). Once released from
microtubules, GEF-H1 activates protein kinase D (PKD), a serine/
threonine kinase localised at the trans-Golgi, which stimulates Rab6
delivery to FAs (Eisler et al., 2018), thus hinting at an additional role
of GEF-H1 in the wvesicular traffic along FA-associated
microtubules. Taken together, all these studies suggest that a
crucial crosstalk exists between the actin and microtubule networks
for the spatio-temporal regulation of RhoGTPases and microtubule-
dependent FA dynamics.

Conclusions and perspectives

The role of microtubules in the regulation of FAs and, in particular,
the control of FA turnover has become indisputable. Surprisingly,
the molecular basis of the interaction between microtubules and FAs
still remains obscure, but it appears to be indirect and mediated
through the recruitment of large molecular complexes, whose
regulation also needs to be further explored. Differences in the
molecular machineries involved in microtubule capture and
anchoring are likely to be responsible for the apparent
discrepancy in both the localisation of microtubules at or
surrounding FAs and the role of microtubules in promoting
assembly and disassembly of FAs. Apart from the classical role of
microtubules in vesicular trafficking, it is now also clear that
microtubules can affect FAs through both the transport and
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regulation of signalling molecules, such as RhoGTPases. Moreover,
microtubules indirectly impact FAs by modulating actin dynamics
and acto-myosin contractility. In addition to microtubule-mediated
regulation of FAs and actin, which is achieved through
RhoGTPases, there exists a feedback mechanism, whereby
RhoGTPase activity, which is regulated by integrin signalling,
alters microtubule stabilisation, organisation and dynamics
(Wojnacki et al., 2014). This crosstalk highlights the necessity of
systematically considering the potential impact of microtubules on
acto-myosin-mediated cell adhesion and migration. FAs have
emerged as major mechanosensitive structures, which help the
cell sense extracellular cues to alter the cytoskeleton and force
transmission (Jansen et al., 2017). Given that microtubules function
together with FAs to regulate cell migration, it will be interesting to
explore the effect of mechanosensing at FAs on microtubule
structure and organisation, as well as their capture, anchorage and
stability. The role of microtubules in the crosstalk between
mechanosensing, FA and actin regulation, together with the
emerging idea that cancer cell motility is strongly affected by the
physical properties of their microenvironment, points to
microtubules as potential targets to prevent cancer cell invasion
and metastasis.

Acknowledgements
We apologize to authors whose work we were unable to discuss due to space
constraints.

Competing interests
The authors declare no competing or financial interests.

Funding

Our work in this areas is supported by the La Ligue Contre le Cancer (S-CR17017),
Centre National de la Recherche Scientifique and Institut Pasteur. S.S. is funded
by the ITN PolarNet Marie Curie grant and Fondation pour la Recherche Médicale
and is enrolled at the Ecole Doctorale Frontiéres du Vivant (FdV) — Programme
Bettencourt.

References

Akhmanova, A. and Steinmetz, M. O. (2008). Tracking the ends: a dynamic protein
network controls the fate of microtubule tips. Nat. Rev. Mol. Cell Biol. 9, 309-322.
doi:10.1038/nrm2369

Akhmanova, A. and Steinmetz, M. O. (2015). Control of microtubule organization
and dynamics: two ends in the limelight. Nat. Rev. Mol. Cell Biol. 16, 711. doi:10.
1038/nrm4084

Akhmanova, A., Hoogenraad, C. C., Drabek, K., Stepanova, T., Dortland, B.,
Verkerk, T., Vermeulen, W., Burgering, B. M., De Zeeuw, C. I., Grosveld, F.
et al. (2001). CLASPs Are CLIP-115 and -170 associating proteins involved in the
regional regulation of microtubule dynamics in motile fibroblasts. Cell 104,
923-935. doi:10.1016/S0092-8674(01)00288-4

Akisaka, T., Yoshida, H. and Takigawa, T. (2011). Differential distribution of
posttranslationally modified microtubules in osteoclasts. J. Histochem. Cytochem.
59, 630-638. doi:10.1369/0022155411405334

Andrés-Delgado, L., Antén, O. M., Bartolini, F., Ruiz-Saenz, A., Correas, I.,
Gundersen, G. G. and Alonso, M. A. (2012). INF2 promotes the formation of
detyrosinated microtubules necessary for centrosome reorientation in T cells.
J. Cell Biol. 198, 1025-1037. doi:10.1083/jcb.201202137

Bance, B., Seetharaman, S., Leduc, C., Boéda, B. and Etienne-Manneville, S.
(2019). Microtubule acetylation but not detyrosination promotes focal adhesion
dynamics and astrocyte migration. J. Cell Sci. 132, jcs.225805. doi:10.1242/jcs.
225805

Bartolini, F., Moseley, J. B., Schmoranzer, J., Cassimeris, L., Goode, B. L. and
Gundersen, G. G. (2008). The formin mbDia2 stabilizes microtubules
independently of its actin nucleation activity. J. Cell Biol. 181, 523-536. doi:10.
1083/jcb.200709029

Bartolini, F., Andres-Delgado, L., Qu, X., Nik, S., Ramalingam, N., Kremer, L.,
Alonso, M. A. and Gundersen, G. G. (2016). An mDia1-INF2 formin activation
cascade facilitated by IQGAP1 regulates stable microtubules in migrating cells.
Mol. Biol. Cell 27, 1797-1808. doi:10.1091/mbc.e15-07-0489

Bershadsky, A., Chausovsky, A., Becker, E., Lyubimova, A. and Geiger, B.
(1996). Involvement of microtubules in the control of adhesion-dependent signal
transduction. Curr. Biol. 6, 1279-1289. doi:10.1016/S0960-9822(02)707 14-8

Beurel, E., Grieco, S. F. and Jope, R. S. (2015). Glycogen synthase kinase-3
(GSK3): regulation, actions, and diseases. Pharmacol. Ther. 148, 114-131.
doi:10.1016/j.pharmthera.2014.11.016

Bhuwania, R., Castro-Castro, A. and Linder, S. (2014). Microtubule acetylation
regulates dynamics of KIF1C-powered vesicles and contact of microtubule plus ends
with podosomes. Eur. J. Cell Biol. 93, 424-437. doi:10.1016/j.ejcb.2014.07.006

Biosse Duplan, M., Zalli, D., Stephens, S., Zenger, S., Neff, L., Oelkers, J. M.,
Lai, F. P. L., Horne, W., Rottner, K. and Baron, R. (2014). Microtubule dynamic
instability controls podosome patterning in osteoclasts through EB1, cortactin,
and Src. Mol. Cell. Biol. 34, 16-29. doi:10.1128/MCB.00578-13

Bouchet, B. P., Gough, R. E., Ammon, Y.-C., van de Willige, D., Post, H.,
Jacquemet, G., Altelaar, A. F. M., Heck, A. J. R., Goult, B. T. and Akhmanova,
A. (2016). Talin-KANK1 interaction controls the recruitment of cortical microtubule
stabilizing complexes to focal adhesions. eLife 5, €18124. doi:10.7554/eLife.18124

Byron, A., Askari, J. A., Humphries, J. D., Jacquemet, G., Koper, E. J.,
Warwood, S., Choi, C. K., Stroud, M. J., Chen, C. S., Knight, D. et al. (2015). A
proteomic approach reveals integrin activation state-dependent control of
microtubule cortical targeting. Nat. Commun. 6, 6135. doi:10.1038/ncomms7135

Calderwood, D. A., Campbell, I. D. and Critchley, D. R. (2013). Talins and
kindlins: partners in integrin-mediated adhesion. Nat. Rev. Mol. Cell Biol. 14,
503-517. doi:10.1038/nrm3624

Callow, M. G., Zozulya, S., Gishizky, M. L., Jallal, B. and Smeal, T. (2005). PAK4
mediates morphological changes through the regulation of GEF-H1. J. Cell Sci.
118, 1861-1872. doi:10.1242/jcs.02313

Cao, D, Su, Z., Wang, W., Wu, H,, Liu, X., Akram, S., Qin, B., Zhou, J., Zhuang,
X., Adams, G. et al. (2015). Signaling scaffold protein IQGAP1 interacts with
microtubule plus-end tracking protein SKAP and links dynamic microtubule plus-
end to steer cell migration. J. Biol. Chem. 290, 23766-23780. doi:10.1074/jbc.
M115.673517

Castro-Castro, A., Janke, C., Montagnac, G., Paul-Gilloteaux, P. and Chavrier,
P. (2012). ATAT1/MEC-17 acetyltransferase and HDAC6 deacetylase control a
balance of acetylation of alpha-tubulin and cortactin and regulate MT1-MMP
trafficking and breast tumor cell invasion. Eur. J. Cell Biol. 91, 950-960. doi:10.
1016/j.ejcb.2012.07.001

Chang, Y.-C., Nalbant, P., Birkenfeld, J., Chang, Z.-F. and Bokoch, G. M. (2008).
GEF-H1 couples nocodazole-induced microtubule disassembly to cell contractility
via RhoA. Mol. Biol. Cell 19, 2147-2153. doi:10.1091/mbc.e07-12-1269

Chao, W.-T. and Kunz, J. (2009). Focal adhesion disassembly requires clathrin-
dependent endocytosis of integrins. FEBS Lett. 583, 1337-1343. doi:10.1016/.
febslet.2009.03.037

Cook, T. A., Nagasaki, T. and Gundersen, G. G. (1998). Rho guanosine
triphosphatase mediates the selective stabilization of microtubules induced by
lysophosphatidic acid. J. Cell Biol. 141, 175-185. doi:10.1083/jcb.141.1.175

Cornfine, S., Himmel, M., Kopp, P., El Azzouzi, K., Wiesner, C., Kriiger, M.,
Rudel, T. and Linder, S. (2011). The kinesin KIF9 and reggie/flotillin proteins
regulate matrix degradation by macrophage podosomes. Mol. Biol. Cell 22,
202-215. doi:10.1091/mbc.e10-05-0394

Cross, J. A. and Dodding, M. P. (2019). Motor-cargo adaptors at the organelle-
cytoskeleton interface. Curr. Opin. Cell Biol. 59, 16-23. doi:10.1016/j.ceb.2019.
02.010

De Pascalis, C. and Etienne-Manneville, S. (2017). Single and collective cell
migration: the mechanics of adhesions. Mol. Biol. Cell 28, 1833-1846. doi:10.
1091/mbc.e17-03-0134

Dehmelt, L. and Halpain, S. (2004). The MAP2/Tau family of microtubule-
associated proteins. Genome Biol. 6, 204. doi:10.1186/gb-2004-6-1-204

Del Nery, E., Miserey-Lenkei, S., Falguiéres, T., Nizak, C., Johannes, L., Perez,
F. and Goud, B. (2006). Rab6A and Rab6A’ GTPases play non-overlapping roles
in membrane trafficking. Traffic 7, 394-407. doi:10.1111/j.1600-0854.2006.00395.x

Destaing, O., Saltel, F., Géminard, J.-C., Jurdic, P. and Bard, F. (2003).
Podosomes display actin turnover and dynamic self-organization in osteoclasts
expressing actin-green fluorescent protein. Mol. Biol. Cell 14, 407-416. doi:10.
1091/mbc.e02-07-0389

Destaing, O., Saltel, F., Gilquin, B., Chabadel, A., Khochbin, S., Ory, S. and
Jurdic, P. (2005). A novel Rho-mDia2-HDAC6 pathway controls podosome
patterning through microtubule acetylation in osteoclasts. J. Cell Sci. 118,
2901-2911. doi:10.1242/jcs.02425

Efimov, A., Schiefermeier, N., Grigoriev, I., Ohi, R., Brown, M. C., Turner, C. E.,
Small, J. V. and Kaverina, I. (2008). Paxillin-dependent stimulation of
microtubule catastrophes at focal adhesion sites. J. Cell Sci. 121, 196-204.
doi:10.1242/jcs.012666

Eisler, S. A., Curado, F., Link, G., Schulz, S., Noack, M., Steinke, M., Olayioye,
M. A. and Hausser, A. (2018). A Rho signaling network links microtubules to PKD
controlled carrier transport to focal adhesions. eLife 7, €35907. doi:10.7554/eLIife.
35907

Elosegui-Artola, A., Trepat, X. and Roca-Cusachs, P. (2018). Control of
mechanotransduction by molecular clutch dynamics. Trends Cell Biol. 28,
356-367. doi:10.1016/j.tcb.2018.01.008

Enomoto, T. (1996). Microtubule disruption induces the formation of actin stress
fibers and focal adhesions in cultured cells: possible involvement of the rho signal
cascade. Cell Struct. Funct. 21, 317-326. doi:10.1247/csf.21.317

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1038/nrm2369
https://doi.org/10.1038/nrm2369
https://doi.org/10.1038/nrm2369
https://doi.org/10.1038/nrm4084
https://doi.org/10.1038/nrm4084
https://doi.org/10.1038/nrm4084
https://doi.org/10.1016/S0092-8674(01)00288-4
https://doi.org/10.1016/S0092-8674(01)00288-4
https://doi.org/10.1016/S0092-8674(01)00288-4
https://doi.org/10.1016/S0092-8674(01)00288-4
https://doi.org/10.1016/S0092-8674(01)00288-4
https://doi.org/10.1369/0022155411405334
https://doi.org/10.1369/0022155411405334
https://doi.org/10.1369/0022155411405334
https://doi.org/10.1083/jcb.201202137
https://doi.org/10.1083/jcb.201202137
https://doi.org/10.1083/jcb.201202137
https://doi.org/10.1083/jcb.201202137
https://doi.org/10.1242/jcs.225805
https://doi.org/10.1242/jcs.225805
https://doi.org/10.1242/jcs.225805
https://doi.org/10.1242/jcs.225805
https://doi.org/10.1083/jcb.200709029
https://doi.org/10.1083/jcb.200709029
https://doi.org/10.1083/jcb.200709029
https://doi.org/10.1083/jcb.200709029
https://doi.org/10.1091/mbc.e15-07-0489
https://doi.org/10.1091/mbc.e15-07-0489
https://doi.org/10.1091/mbc.e15-07-0489
https://doi.org/10.1091/mbc.e15-07-0489
https://doi.org/10.1016/S0960-9822(02)70714-8
https://doi.org/10.1016/S0960-9822(02)70714-8
https://doi.org/10.1016/S0960-9822(02)70714-8
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://doi.org/10.1016/j.ejcb.2014.07.006
https://doi.org/10.1016/j.ejcb.2014.07.006
https://doi.org/10.1016/j.ejcb.2014.07.006
https://doi.org/10.1128/MCB.00578-13
https://doi.org/10.1128/MCB.00578-13
https://doi.org/10.1128/MCB.00578-13
https://doi.org/10.1128/MCB.00578-13
https://doi.org/10.7554/eLife.18124
https://doi.org/10.7554/eLife.18124
https://doi.org/10.7554/eLife.18124
https://doi.org/10.7554/eLife.18124
https://doi.org/10.1038/ncomms7135
https://doi.org/10.1038/ncomms7135
https://doi.org/10.1038/ncomms7135
https://doi.org/10.1038/ncomms7135
https://doi.org/10.1038/nrm3624
https://doi.org/10.1038/nrm3624
https://doi.org/10.1038/nrm3624
https://doi.org/10.1242/jcs.02313
https://doi.org/10.1242/jcs.02313
https://doi.org/10.1242/jcs.02313
https://doi.org/10.1074/jbc.M115.673517
https://doi.org/10.1074/jbc.M115.673517
https://doi.org/10.1074/jbc.M115.673517
https://doi.org/10.1074/jbc.M115.673517
https://doi.org/10.1074/jbc.M115.673517
https://doi.org/10.1016/j.ejcb.2012.07.001
https://doi.org/10.1016/j.ejcb.2012.07.001
https://doi.org/10.1016/j.ejcb.2012.07.001
https://doi.org/10.1016/j.ejcb.2012.07.001
https://doi.org/10.1016/j.ejcb.2012.07.001
https://doi.org/10.1091/mbc.e07-12-1269
https://doi.org/10.1091/mbc.e07-12-1269
https://doi.org/10.1091/mbc.e07-12-1269
https://doi.org/10.1016/j.febslet.2009.03.037
https://doi.org/10.1016/j.febslet.2009.03.037
https://doi.org/10.1016/j.febslet.2009.03.037
https://doi.org/10.1083/jcb.141.1.175
https://doi.org/10.1083/jcb.141.1.175
https://doi.org/10.1083/jcb.141.1.175
https://doi.org/10.1091/mbc.e10-05-0394
https://doi.org/10.1091/mbc.e10-05-0394
https://doi.org/10.1091/mbc.e10-05-0394
https://doi.org/10.1091/mbc.e10-05-0394
https://doi.org/10.1016/j.ceb.2019.02.010
https://doi.org/10.1016/j.ceb.2019.02.010
https://doi.org/10.1016/j.ceb.2019.02.010
https://doi.org/10.1091/mbc.e17-03-0134
https://doi.org/10.1091/mbc.e17-03-0134
https://doi.org/10.1091/mbc.e17-03-0134
https://doi.org/10.1186/gb-2004-6-1-204
https://doi.org/10.1186/gb-2004-6-1-204
https://doi.org/10.1111/j.1600-0854.2006.00395.x
https://doi.org/10.1111/j.1600-0854.2006.00395.x
https://doi.org/10.1111/j.1600-0854.2006.00395.x
https://doi.org/10.1091/mbc.e02-07-0389
https://doi.org/10.1091/mbc.e02-07-0389
https://doi.org/10.1091/mbc.e02-07-0389
https://doi.org/10.1091/mbc.e02-07-0389
https://doi.org/10.1242/jcs.02425
https://doi.org/10.1242/jcs.02425
https://doi.org/10.1242/jcs.02425
https://doi.org/10.1242/jcs.02425
https://doi.org/10.1242/jcs.012666
https://doi.org/10.1242/jcs.012666
https://doi.org/10.1242/jcs.012666
https://doi.org/10.1242/jcs.012666
https://doi.org/10.7554/eLife.35907
https://doi.org/10.7554/eLife.35907
https://doi.org/10.7554/eLife.35907
https://doi.org/10.7554/eLife.35907
https://doi.org/10.1016/j.tcb.2018.01.008
https://doi.org/10.1016/j.tcb.2018.01.008
https://doi.org/10.1016/j.tcb.2018.01.008
https://doi.org/10.1247/csf.21.317
https://doi.org/10.1247/csf.21.317
https://doi.org/10.1247/csf.21.317

REVIEW

Journal of Cell Science (2019) 132, jcs232843. doi:10.1242/jcs.232843

Etienne-Manneville, S. (2010). From signaling pathways to microtubule dynamics:
the key players. Curr. Opin. Cell Biol. 22, 104-111. doi:10.1016/j.ceb.2009.11.008

Etienne-Manneville, S. (2013). Microtubules in cell migration. Annu. Rev. Cell Dev.
Biol. 29, 471-499. doi:10.1146/annurev-cellbio-101011-155711

Etienne-Manneville, S. and Hall, A. (2003). Cdc42 regulates GSK-3beta and
adenomatous polyposis coli to control cell polarity. Nature 421, 753-756. doi:10.
1038/nature01423

Etienne-Manneville, S., Manneville, J.-B., Nicholls, S., Ferenczi, M. A. and Hall,
A. (2005). Cdc42 and Par6—-PKC{ regulate the spatially localized association of
DIg1 and APC to control cell polarization. J. Cell Biol. 170, 895-901. doi:10.1083/
jcb.200412172

Ezratty, E. J., Partridge, M. A. and Gundersen, G. G. (2005). Microtubule-induced
focal adhesion disassembly is mediated by dynamin and focal adhesion kinase.
Nat. Cell Biol. 7, 581-590. doi:10.1038/ncb1262

Ezratty, E. J., Bertaux, C., Marcantonio, E. E. and Gundersen, G. G. (2009).
Clathrin mediates integrin endocytosis for focal adhesion disassembly in
migrating cells. J. Cell Biol. 187, 733-747. doi:10.1083/jcb.200904054

Fernandez-Barrera, J., Bernabé-Rubio, M., Casares-Arias, J., Rangel, L.,
Fernandez-Martin, L., Correas, |. and Alonso, M. A. (2018). The actin-MRTF-
SRF transcriptional circuit controls tubulin acetylation via «-TAT71 gene
expression. J. Cell Biol. 217, 929-944. doi:10.1083/jcb.201702157

Fourriere, L., Kasri, A., Gareil, N., Bardin, S., Bousquet, H., Pereira, D., Perez, F.,
Goud, B., Boncompain, G. and Miserey-Lenkei, S. (2019). RAB6 and
microtubules restrict protein secretion to focal adhesions. J. Cell Biol. 218,
2215-2231. doi:10.1083/jcb.201805002

Fukata, M., Watanabe, T., Noritake, J., Nakagawa, M., Yamaga, M., Kuroda, S.,
Matsuura, Y., lwamatsu, A., Perez, F. and Kaibuchi, K. (2002). Rac1 and Cdc42
capture microtubules through IQGAP1 and CLIP-170. Cell 109, 873-885. doi:10.
1016/S0092-8674(02)00800-0

Gaillard, J., Ramabhadran, V., Neumanne, E., Gurel, P., Blanchoin, L., Vantard,
M. and Higgs, H. N. (2011). Differential interactions of the formins INF2, mDia1,
and mDia2 with microtubules. Mol. Biol. Cell 22, 4575-4587. doi:10.1091/mbc.
e11-07-0616

Gan, Z,, Ding, L., Burckhardt, C. J., Lowery, J., Zaritsky, A., Sitterley, K., Mota,
A., Costigliola, N., Starker, C. G., Voytas, D. F. et al. (2016). Vimentin
intermediate filaments template microtubule networks to enhance persistence in
cell polarity and directed migration. Cell Syst. 3, 252-263.e258. doi:10.1016/j.cels.
2016.08.007

Geiger, B., Avnur, Z., Rinnerthaler, G., Hinssen, H. and Small, V. J. (1984).
Microfilament-organizing centers in areas of cell contact: cytoskeletal interactions
during cell attachment and locomotion. J. Cell Biol. 99, 83s-91s. doi:10.1083/jcb.
99.1.83s

Gil-Henn, H., Destaing, O., Sims, N. A., Aoki, K., Alles, N., Neff, L., Sanjay, A.,
Bruzzaniti, A., De Camilli, P., Baron, R. et al. (2007). Defective microtubule-
dependent podosome organization in osteoclasts leads to increased bone density
in Pyk2(—/-) mice. J. Cell Biol. 178, 1053-1064. doi:10.1083/jcb.200701148

Gimona, M., Buccione, R., Courtneidge, S. A. and Linder, S. (2008). Assembly
and biological role of podosomes and invadopodia. Curr. Opin. Cell Biol. 20,
235-241. doi:10.1016/j.ceb.2008.01.005

Gould, C. M. and Courtneidge, S. A. (2014). Regulation of invadopodia by the
tumor microenvironment. Cell Adhes. Migr. 8, 226-235. doi:10.4161/cam.28346

Gouveia, S. M. and Akhmanova, A. (2010). Cell and molecular biology of
microtubule plus end tracking proteins: end binding proteins and their partners. Int.
Rev. Cell Mol. Biol. 285, 1-74. doi:10.1016/B978-0-12-381047-2.00001-3

Gregor, M., Osmanagic-Myers, S., Burgstaller, G., Wolfram, M., Fischer, .,
Walko, G., Resch, G. P., Jorgl, A., Herrmann, H. and Wiche, G. (2014).
Mechanosensing through focal adhesion-anchored intermediate filaments.
FASEB J. 28, 715-729. doi:10.1096/fj.13-231829

Grigoriev, l., Splinter, D., Keijzer, N., Wulf, P. S., Demmers, J., Ohtsuka, T.,
Modesti, M., Maly, I. V., Grosveld, F., Hoogenraad, C. C. et al. (2007). Rab6
regulates transport and targeting of exocytotic carriers. Dev. Cell 13, 305-314.
doi:10.1016/j.devcel.2007.06.010

Grigoriev, I, Yu, K. L., Martinez-Sanchez, E., Serra-Marques, A., Smal, I,
Meijering, E., Demmers, J., Perdnen, J., Pasterkamp, R. J., van der Sluijs, P.
etal. (2011). Rab6, Rab8, and MICAL3 cooperate in controlling docking and fusion
of exocytotic carriers. Curr. Biol. 21, 967-974. doi:10.1016/j.cub.2011.04.030

Gu, Z., Noss, E. H., Hsu, V. W. and Brenner, M. B. (2011). Integrins traffic rapidly
via circular dorsal ruffles and macropinocytosis during stimulated cell migration.
J. Cell Biol. 193, 61-70. doi:10.1083/jcb.201007003

Guilluy, C., Swaminathan, V., Garcia-Mata, R., O’Brien, E. T., Superfine, R. and
Burridge, K. (2011). The Rho GEFs LARG and GEF-H1 regulate the mechanical
response to force on integrins. Nat. Cell Biol. 13, 722-727. doi:10.1038/ncb2254

Gupton, S. L. and Gertler, F. B. (2010). Integrin signaling switches the cytoskeletal
and exocytic machinery that drives neuritogenesis. Dev. Cell 18, 725-736. doi:10.
1016/j.devcel.2010.02.017

Hotta, A., Kawakatsu, T., Nakatani, T., Sato, T., Matsui, C., Sukezane, T., Akagi,
T., Hamaji, T., Grigoriev, I., Akhmanova, A. et al. (2010). Laminin-based cell
adhesion anchors microtubule plus ends to the epithelial cell basal cortex through
LL5alpha/beta. J. Cell Biol. 189, 901-917. doi:10.1083/jcb.200910095

Ishizaki, T., Morishima, Y., Okamoto, M., Furuyashiki, T., Kato, T. and Narumiya,
S. (2001). Coordination of microtubules and the actin cytoskeleton by the Rho
effector mDia1. Nat. Cell Biol. 3, 8-14. doi:10.1038/35050598

Jansen, K. A., Atherton, P. and Ballestrem, C. (2017). Mechanotransduction at
the cell-matrix interface. Semin. Cell Dev. Biol. 71, 75-83. doi:10.1016/j.semcdb.
2017.07.027

Kakinuma, N. and Kiyama, R. (2009). A major mutation of KIF21A associated with
congenital fibrosis of the extraocular muscles type 1 (CFEOM1) enhances
translocation of Kank1 to the membrane. Biochem. Biophys. Res. Commun. 386,
639-644. doi:10.1016/j.bbrc.2009.06.109

Kaverina, l., Rottner, K. and Small, J. V. (1998). Targeting, capture, and
stabilization of microtubules at early focal adhesions. J. Cell Biol. 142, 181-190.
doi:10.1083/jcb.142.1.181

Kaverina, I., Krylyshkina, O. and Small, J. V. (1999). Microtubule targeting of
substrate contacts promotes their relaxation and dissociation. J. Cell Biol. 146,
1033-1044. doi:10.1083/jcb.146.5.1033

Kawasaki, Y., Senda, T., Ishidate, T., Koyama, R., Morishita, T., Iwayama, Y., Higuchi,
0. and Akiyama, T. (2000). Asef, a link between the tumor suppressor APC and G-
protein signaling. Science 289, 1194-1197. doi:10.1126/science.289.5482.1194

Kirschner, M. W. and Mitchison, T. I. M. (1986). Microtubule dynamics. Nature 324,
621-621. doi:10.1038/324621a0

Klapholz, B. and Brown, N. H. (2017). Talin — the master of integrin adhesions.
J. Cell Sci. 130, 2435-2446. doi:10.1242/jcs.190991

Ko, J., Na, M., Kim, S., Lee, J.-R. and Kim, E. (2003). Interaction of the ERC family
of RIM-binding proteins with the liprin-alpha family of multidomain proteins. J. Biol.
Chem. 278, 42377-42385. doi:10.1074/jbc.M30756 1200

Krendel, M., Zenke, F. T. and Bokoch, G. M. (2002). Nucleotide exchange factor
GEF-H1 mediates cross-talk between microtubules and the actin cytoskeleton.
Nat. Cell Biol. 4, 294-301. doi:10.1038/ncb773

Krylyshkina, O., Anderson, K. |., Kaverina, I., Upmann, |., Manstein, D. J., Small,
J. V. and Toomre, D. K. (2003). Nanometer targeting of microtubules to focal
adhesions. J. Cell Biol. 161, 853-859. doi:10.1083/jcb.200301102

Kumar, P., Lyle, K. S., Gierke, S., Matov, A., Danuser, G. and Wittmann, T. (2009).
GSK3beta phosphorylation modulates CLASP-microtubule association and lamella
microtubule attachment. J. Cell Biol. 184, 895-908. doi:10.1083/jcb.200901042

LaFlamme, S. E., Mathew-Steiner, S., Singh, N., Colello-Borges, D. and Nieves,
B. (2018). Integrin and microtubule crosstalk in the regulation of cellular
processes. Cell. Mol. Life Sci. 75, 4177-4185. doi:10.1007/s00018-018-2913-x

Lansbergen, G., Komarova, Y., Modesti, M., Wyman, C., Hoogenraad, C. C.,
Goodson, H. V., Lemaitre, R. P., Drechsel, D. N., van Munster, E., Gadella,
T. W. Jr. et al. (2004). Conformational changes in CLIP-170 regulate its binding to
microtubules and dynactin localization. J. Cell Biol. 166, 1003-1014. doi:10.1083/
jcb.200402082

Lansbergen, G., Grigoriev, l., Mimori-Kiyosue, Y., Ohtsuka, T., Higa, S.,
Kitajima, ., Demmers, J., Galjart, N., Houtsmuller, A. B., Grosveld, F. et al.
(2006). CLASPs attach microtubule plus ends to the cell cortex through a complex
with LL5beta. Dev. Cell 11, 21-32. doi:10.1016/j.devcel.2006.05.012

Lawson, C. D. and Ridley, A. J. (2018). Rho GTPase signaling complexes in cell
migration and invasion. J. Cell Biol. 217, 447-457. doi:10.1083/jcb.201612069

Leduc, C. and Etienne-Manneville, S. (2017). Regulation of microtubule-
associated motors drives intermediate filament network polarization. J. Cell Biol.
216, 1689-1703. doi:10.1083/jcb.201607045

Lee, S. and Kumar, S. (2016). Actomyosin stress fiber mechanosensing in 2D and
3D. F1000 Res. 5, 2261. doi:10.12688/f1000research.8800.1

Leube, R. E., Moch, M. and Windoffer, R. (2015). Intermediate filaments and the
regulation of focal adhesion. Curr. Opin. Cell Biol. 32, 13-20. doi:10.1016/j.ceb.
2014.09.011

Linder, S., Hufner, K., Wintergerst, U. and Aepfelbacher, M. (2000). Microtubule-
dependent formation of podosomal adhesion structures in primary human
macrophages. J. Cell Sci. 113, 4165-4176.

Linder, S., Wiesner, C. and Himmel, M. (2011). Degrading devices: invadosomes
in proteolytic cell invasion. Annu. Rev. Cell Dev. Biol. 27, 185-211. doi:10.1146/
annurev-cellbio-092910-154216

Liu, B. P., Chrzanowska-Wodnicka, M. and Burridge, K. (1998). Microtubule
depolymerization induces stress fibers, focal adhesions, and DNA synthesis via
the GTP-binding protein rho. Cell Adhes. Commun. 5, 249-255. doi:10.3109/
15419069809040295

Manneville, J.-B. and Etienne-Manneville, S. (2006). Positioning centrosomes
and spindle poles: looking at the periphery to find the centre. Biol. Cell 98,
557-565. doi:10.1042/BC20060017

Manneville, J.-B., Jehanno, M. and Etienne-Manneville, S. (2010). DIg1 binds
GKAP to control dynein association with microtubules, centrosome positioning,
and cell polarity. J. Cell Biol. 191, 585-598. doi:10.1083/jcb.201002151

Margadant, C., Monsuur, H. N., Norman, J. C. and Sonnenberg, A. (2011).
Mechanisms of integrin activation and trafficking. Curr. Opin. Cell Biol. 23,
607-614. doi:10.1016/j.ceb.2011.08.005

Meiri, D., Marshall, C. B., Greeve, M. A., Kim, B., Balan, M., Suarez, F., Bakal, C.,
Wu, C., LaRose, J., Fine, N. et al. (2012). Mechanistic insight into the microtubule
and actin cytoskeleton coupling through dynein-dependent RhoGEF inhibition.
Mol. Cell 45, 642-655. doi:10.1016/j.molcel.2012.01.027

10

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1016/j.ceb.2009.11.008
https://doi.org/10.1016/j.ceb.2009.11.008
https://doi.org/10.1146/annurev-cellbio-101011-155711
https://doi.org/10.1146/annurev-cellbio-101011-155711
https://doi.org/10.1038/nature01423
https://doi.org/10.1038/nature01423
https://doi.org/10.1038/nature01423
https://doi.org/10.1083/jcb.200412172
https://doi.org/10.1083/jcb.200412172
https://doi.org/10.1083/jcb.200412172
https://doi.org/10.1083/jcb.200412172
https://doi.org/10.1038/ncb1262
https://doi.org/10.1038/ncb1262
https://doi.org/10.1038/ncb1262
https://doi.org/10.1083/jcb.200904054
https://doi.org/10.1083/jcb.200904054
https://doi.org/10.1083/jcb.200904054
https://doi.org/10.1083/jcb.201702157
https://doi.org/10.1083/jcb.201702157
https://doi.org/10.1083/jcb.201702157
https://doi.org/10.1083/jcb.201702157
https://doi.org/10.1083/jcb.201805002
https://doi.org/10.1083/jcb.201805002
https://doi.org/10.1083/jcb.201805002
https://doi.org/10.1083/jcb.201805002
https://doi.org/10.1016/S0092-8674(02)00800-0
https://doi.org/10.1016/S0092-8674(02)00800-0
https://doi.org/10.1016/S0092-8674(02)00800-0
https://doi.org/10.1016/S0092-8674(02)00800-0
https://doi.org/10.1091/mbc.e11-07-0616
https://doi.org/10.1091/mbc.e11-07-0616
https://doi.org/10.1091/mbc.e11-07-0616
https://doi.org/10.1091/mbc.e11-07-0616
https://doi.org/10.1016/j.cels.2016.08.007
https://doi.org/10.1016/j.cels.2016.08.007
https://doi.org/10.1016/j.cels.2016.08.007
https://doi.org/10.1016/j.cels.2016.08.007
https://doi.org/10.1016/j.cels.2016.08.007
https://doi.org/10.1083/jcb.99.1.83s
https://doi.org/10.1083/jcb.99.1.83s
https://doi.org/10.1083/jcb.99.1.83s
https://doi.org/10.1083/jcb.99.1.83s
https://doi.org/10.1083/jcb.200701148
https://doi.org/10.1083/jcb.200701148
https://doi.org/10.1083/jcb.200701148
https://doi.org/10.1083/jcb.200701148
https://doi.org/10.1016/j.ceb.2008.01.005
https://doi.org/10.1016/j.ceb.2008.01.005
https://doi.org/10.1016/j.ceb.2008.01.005
https://doi.org/10.4161/cam.28346
https://doi.org/10.4161/cam.28346
https://doi.org/10.1016/B978-0-12-381047-2.00001-3
https://doi.org/10.1016/B978-0-12-381047-2.00001-3
https://doi.org/10.1016/B978-0-12-381047-2.00001-3
https://doi.org/10.1096/fj.13-231829
https://doi.org/10.1096/fj.13-231829
https://doi.org/10.1096/fj.13-231829
https://doi.org/10.1096/fj.13-231829
https://doi.org/10.1016/j.devcel.2007.06.010
https://doi.org/10.1016/j.devcel.2007.06.010
https://doi.org/10.1016/j.devcel.2007.06.010
https://doi.org/10.1016/j.devcel.2007.06.010
https://doi.org/10.1016/j.cub.2011.04.030
https://doi.org/10.1016/j.cub.2011.04.030
https://doi.org/10.1016/j.cub.2011.04.030
https://doi.org/10.1016/j.cub.2011.04.030
https://doi.org/10.1083/jcb.201007003
https://doi.org/10.1083/jcb.201007003
https://doi.org/10.1083/jcb.201007003
https://doi.org/10.1038/ncb2254
https://doi.org/10.1038/ncb2254
https://doi.org/10.1038/ncb2254
https://doi.org/10.1016/j.devcel.2010.02.017
https://doi.org/10.1016/j.devcel.2010.02.017
https://doi.org/10.1016/j.devcel.2010.02.017
https://doi.org/10.1083/jcb.200910095
https://doi.org/10.1083/jcb.200910095
https://doi.org/10.1083/jcb.200910095
https://doi.org/10.1083/jcb.200910095
https://doi.org/10.1038/35050598
https://doi.org/10.1038/35050598
https://doi.org/10.1038/35050598
https://doi.org/10.1016/j.semcdb.2017.07.027
https://doi.org/10.1016/j.semcdb.2017.07.027
https://doi.org/10.1016/j.semcdb.2017.07.027
https://doi.org/10.1016/j.bbrc.2009.06.109
https://doi.org/10.1016/j.bbrc.2009.06.109
https://doi.org/10.1016/j.bbrc.2009.06.109
https://doi.org/10.1016/j.bbrc.2009.06.109
https://doi.org/10.1083/jcb.142.1.181
https://doi.org/10.1083/jcb.142.1.181
https://doi.org/10.1083/jcb.142.1.181
https://doi.org/10.1083/jcb.146.5.1033
https://doi.org/10.1083/jcb.146.5.1033
https://doi.org/10.1083/jcb.146.5.1033
https://doi.org/10.1126/science.289.5482.1194
https://doi.org/10.1126/science.289.5482.1194
https://doi.org/10.1126/science.289.5482.1194
https://doi.org/10.1038/324621a0
https://doi.org/10.1038/324621a0
https://doi.org/10.1242/jcs.190991
https://doi.org/10.1242/jcs.190991
https://doi.org/10.1074/jbc.M307561200
https://doi.org/10.1074/jbc.M307561200
https://doi.org/10.1074/jbc.M307561200
https://doi.org/10.1038/ncb773
https://doi.org/10.1038/ncb773
https://doi.org/10.1038/ncb773
https://doi.org/10.1083/jcb.200301102
https://doi.org/10.1083/jcb.200301102
https://doi.org/10.1083/jcb.200301102
https://doi.org/10.1083/jcb.200901042
https://doi.org/10.1083/jcb.200901042
https://doi.org/10.1083/jcb.200901042
https://doi.org/10.1007/s00018-018-2913-x
https://doi.org/10.1007/s00018-018-2913-x
https://doi.org/10.1007/s00018-018-2913-x
https://doi.org/10.1083/jcb.200402082
https://doi.org/10.1083/jcb.200402082
https://doi.org/10.1083/jcb.200402082
https://doi.org/10.1083/jcb.200402082
https://doi.org/10.1083/jcb.200402082
https://doi.org/10.1016/j.devcel.2006.05.012
https://doi.org/10.1016/j.devcel.2006.05.012
https://doi.org/10.1016/j.devcel.2006.05.012
https://doi.org/10.1016/j.devcel.2006.05.012
https://doi.org/10.1083/jcb.201612069
https://doi.org/10.1083/jcb.201612069
https://doi.org/10.1083/jcb.201607045
https://doi.org/10.1083/jcb.201607045
https://doi.org/10.1083/jcb.201607045
https://doi.org/10.12688/f1000research.8800.1
https://doi.org/10.12688/f1000research.8800.1
https://doi.org/10.1016/j.ceb.2014.09.011
https://doi.org/10.1016/j.ceb.2014.09.011
https://doi.org/10.1016/j.ceb.2014.09.011
https://doi.org/10.1146/annurev-cellbio-092910-154216
https://doi.org/10.1146/annurev-cellbio-092910-154216
https://doi.org/10.1146/annurev-cellbio-092910-154216
https://doi.org/10.3109/15419069809040295
https://doi.org/10.3109/15419069809040295
https://doi.org/10.3109/15419069809040295
https://doi.org/10.3109/15419069809040295
https://doi.org/10.1042/BC20060017
https://doi.org/10.1042/BC20060017
https://doi.org/10.1042/BC20060017
https://doi.org/10.1083/jcb.201002151
https://doi.org/10.1083/jcb.201002151
https://doi.org/10.1083/jcb.201002151
https://doi.org/10.1016/j.ceb.2011.08.005
https://doi.org/10.1016/j.ceb.2011.08.005
https://doi.org/10.1016/j.ceb.2011.08.005
https://doi.org/10.1016/j.molcel.2012.01.027
https://doi.org/10.1016/j.molcel.2012.01.027
https://doi.org/10.1016/j.molcel.2012.01.027
https://doi.org/10.1016/j.molcel.2012.01.027

REVIEW

Journal of Cell Science (2019) 132, jcs232843. doi:10.1242/jcs.232843

Mili, S., Moissoglu, K. and Macara, I. G. (2008). Genome-wide screen reveals
APC-associated RNAs enriched in cell protrusions. Nature 453, 115-119. doi:10.
1038/nature06888

Mingle, L. A., Okuhama, N. N., Shi, J., Singer, R. H., Condeelis, J. and Liu, G.
(2005). Localization of all seven messenger RNAs for the actin-polymerization
nucleator Arp2/3 complex in the protrusions of fibroblasts. J. Cell Sci. 118,
2425-2433. doi:10.1242/jcs.02371

Murphy, D. A. and Courtneidge, S. A. (2011). The ‘ins’ and ‘outs’ of podosomes
and invadopodia: characteristics, formation and function. Nat. Rev. Mol. Cell Biol.
12, 413-426. doi:10.1038/nrm3141

Ning, W,, Yu, Y., Xu, H., Liu, X., Wang, D., Wang, J., Wang, Y. and Meng, W.
(2016). The CAMSAP3-ACF7 complex couples noncentrosomal microtubules
with actin filaments to coordinate their dynamics. Dev. Cell 39, 61-74. doi:10.1016/
j.devcel.2016.09.003

Nishimura, T., Kato, K., Yamaguchi, T., Fukata, Y., Ohno, S. and Kaibuchi, K.
(2004). Role of the PAR-3-KIF3 complex in the establishment of neuronal polarity.
Nat. Cell Biol. 6, 328-334. doi:10.1038/ncb1118

Noordstra, I. and Akhmanova, A. (2017). Linking cortical microtubule attachment
and exocytosis. F1000 Res. 6, 469. doi:10.12688/f1000research.10729.1

Palazzo, A. F., Cook, T. A., Alberts, A. S. and Gundersen, G. G. (2001). mDia
mediates Rho-regulated formation and orientation of stable microtubules. Nat.
Cell Biol. 3, 723. doi:10.1038/35087035

Paranavitane, V., Coadwell, W. J., Eguinoa, A., Hawkins, P. T. and Stephens, L.
(2003). LL5B is a phosphatidylinositol (3,4,5)-trisphosphate sensor that can bind
the cytoskeletal adaptor, y-filamin. J. Biol. Chem. 278, 1328-1335. doi:10.1074/
jbc.M208352200

Paterson, E. K. and Courtneidge, S. A. (2018). Invadosomes are coming: new
insights into function and disease relevance. FEBS J. 285, 8-27. doi:10.1111/
febs.14123

Petry, S. and Vale, R. D. (2015). Microtubule nucleation at the centrosome and
beyond. Nat. Cell Biol. 17, 1089. doi:10.1038/ncb3220

Pfister, A. S., Hadjihannas, M. V., Rohrig, W., Schambony, A. and Behrens, J.
(2012). Amer2 protein interacts with EB1 protein and adenomatous polyposis coli
(APC) and controls microtubule stability and cell migration. J. Biol. Chem. 287,
35333-35340. doi:10.1074/jbc.M112.385393

Proszynski, T. J. and Sanes, J. R. (2013). Amotl2 interacts with LL58, localizes to
podosomes and regulates postsynaptic differentiation in muscle. J. Cell Sci. 126,
2225-2235. doi:10.1242/jcs. 121327

Proszynski, T. J., Gingras, J., Valdez, G., Krzewski, K. and Sanes, J. R. (2009).
Podosomes are present in a postsynaptic apparatus and participate in its
maturation. Proc. Natl. Acad. Sci. USA 106, 18373-18378. doi:10.1073/pnas.
0910391106

Purev, E., Neff, L., Horne, W. C. and Baron, R. (2009). c-Cbl and Cbl-b act
redundantly to protect osteoclasts from apoptosis and to displace HDAC6 from
beta-tubulin, stabilizing microtubules and podosomes. Mol. Biol. Cell 20,
4021-4030. doi:10.1091/mbc.e09-03-0248

Quintin, S., Wang, S., Pontabry, J., Bender, A., Robin, F., Hyenne, V.,
Landmann, F., Gally, C., Oegema, K. and Labouesse, M. (2016). Non-
centrosomal epidermal microtubules act in parallel to LET-502/ROCK to promote
C. elegans elongation. Development 143, 160-173. doi:10.1242/dev.126615

Rafiq, N. B. M., Nishimura, Y., Plotnikov, S. V., Thiagarajan, V., Zhang, Z., Shi,
S., Natarajan, M., Viasnoff, V., Kanchanawong, P., Jones, G. E. et al. (2019). A
mechano-signalling network linking microtubules, myosin IIA filaments and
integrin-based adhesions. Nat. Mater. 18, 638-649. doi:10.1038/s41563-019-
0371-y

Reck-Peterson, S. L., Redwine, W. B., Vale, R. D. and Carter, A. P. (2018). The
cytoplasmic dynein transport machinery and its many cargoes. Nat. Rev. Mol. Cell
Biol. 19, 382-398. doi:10.1038/s41580-018-0004-3

Ren, Y., Li, R., Zheng, Y. and Busch, H. (1998). Cloning and characterization of
GEF-H1, a microtubule-associated guanine nucleotide exchange factor for Rac
and Rho GTPases. J. Biol. Chem. 273, 34954-34960. doi:10.1074/jbc.273.52.
34954

Ren, X.-D., Kiosses, W. B. and Schwartz, M. A. (1999). Regulation of the small
GTP-binding protein Rho by cell adhesion and the cytoskeleton. EMBO J. 18,
578-585. doi:10.1093/emboj/18.3.578

Rid, R., Schiefermeier, N., Grigoriev, ., Small, J. V. and Kaverina, I. (2005). The
last but not the least: the origin and significance of trailing adhesions in fibroblastic
cells. Cell Motil. Cytoskelet. 61, 161-171. doi:10.1002/cm.20076

Ridley, A. J. and Hall, A. (1992). The small GTP-binding protein rho regulates the
assembly of focal adhesions and actin stress fibers in response to growth factors.
Cell 70, 389-399. doi:10.1016/0092-8674(92)90163-7

Rinnerthaler, G., Geiger, B. and Small, J. V. (1988). Contact formation during
fibroblast locomotion: involvement of membrane ruffles and microtubules. J. Cell
Biol. 106, 747-760. doi:10.1083/jcb.106.3.747

Robert, A,, Tian, P., Adam, S. A,, Kittisopikul, M., Jagaman, K., Goldman, R. D.
and Gelfand, V. I. (2019). Kinesin-dependent transport of keratin filaments: a
unified mechanism for intermediate filament transport. FASEB J. 33, 388-399.
doi:10.1096/fj.201800604R

Rooney, C., White, G., Nazgiewicz, A., Woodcock, S. A., Anderson, K. I,
Ballestrem, C. and Malliri, A. (2010). The Rac activator STEF (Tiam2) regulates

cell migration by microtubule-mediated focal adhesion disassembly. EMBO Rep.
11, 292-298. doi:10.1038/embor.2010.10

Ruiz-Saenz, A., Kremer, L., Alonso, M. A., Millan, J. and Correas, I. (2011).
Protein 4.1R regulates cell migration and IQGAP1 recruitment to the leading edge.
J. Cell Sci. 124, 2529-2538. doi:10.1242/jcs.083634

Sakamoto, Y., Boéda, B. and Etienne-Manneville, S. (2013). APC binds
intermediate filaments and is required for their reorganization during cell
migration. J. Cell Biol. 200, 249-258. doi:10.1083/jcb.201206010

Saykali, B. A. and EI-Sibai, M. (2014). Invadopodia, regulation, and assembly in
cancer cell invasion. Cell Commun. Adhes. 21, 207-212. doi:10.3109/15419061.
2014.923845

Seetharaman, S. and Etienne-Manneville, S. (2018). Integrin diversity brings
specificity in mechanotransduction. Biol. Cell110, 49-64. doi:10.1111/boc.201700060

Shi, S.-H., Cheng, T., Jan, L. Y. and Jan, Y.-N. (2004). APC and GSK-38 are
involved in mPar3 targeting to the nascent axon and establishment of neuronal
polarity. Curr. Biol. 14, 2025-2032. doi:10.1016/j.cub.2004.11.009

Stehbens, S. and Wittmann, T. (2012). Targeting and transport: how microtubules
control focal adhesion dynamics. J. Cell Biol. 198, 481-489. doi:10.1083/jcb.
201206050

Stehbens, S. J., Paszek, M., Pemble, H., Ettinger, A., Gierke, S. and Wittmann, T.
(2014). CLASPs link focal-adhesion-associated microtubule capture to localized
exocytosis and adhesion site turnover. Nat. Cell Biol. 16, 558. doi:10.1038/ncb2975

Sun, Z., Tseng, H.-Y., Tan, S., Senger, F., Kurzawa, L., Dedden, D., Mizuno, N.,
Wasik, A. A, Thery, M., Dunn, A. R. et al. (2016). Kank2 activates talin, reduces
force transduction across integrins and induces central adhesion formation. Nat.
Cell Biol. 18, 941-953. doi:10.1038/ncb3402

Takesono, A., Heasman, S. J., Wojciak-Stothard, B., Garg, R. and Ridley, A. J.
(2010). Microtubules regulate migratory polarity through Rho/ROCK signaling in T
cells. PLoS ONE 5, e8774. doi:10.1371/journal.pone.0008774

Thurston, S. F., Kulacz, W. A,, Shaikh, S., Lee, J. M. and Copeland, J. W. (2012).
The ability to induce microtubule acetylation is a general feature of formin proteins.
PLoS ONE 7, e48041. doi:10.1371/journal.pone.004804 1

Tojkander, S., Gateva, G. and Lappalainen, P. (2012). Actin stress fibers —
assembly, dynamics and biological roles. J. Cell Sci. 125, 1855-1864. doi:10.
1242/jcs.098087

van der Vaart, B., van Riel, W. E., Doodhi, H., Kevenaar, J. T., Katrukha, E. A.,
Gumy, L., Bouchet, B. P., Grigoriev, ., Spangler, S. A, Yu, K. L. et al. (2013).
CFEOM1-associated kinesin KIF21A is a cortical microtubule growth inhibitor.
Dev. Cell 27, 145-160. doi:10.1016/j.devcel.2013.09.010

van Horck, F. P. G., Ahmadian, M. R., Haeusler, L. C., Moolenaar, W. H. and
Kranenburg, O. (2001). Characterization of p190RhoGEF, a RhoA-specific
guanine nucleotide exchange factor that interacts with microtubules. J. Biol.
Chem. 276, 4948-4956. doi:10.1074/jbc.M003839200

Walko, G., Castafién, M. J. and Wiche, G. (2015). Molecular architecture and
function of the hemidesmosome. Cell Tissue Res. 360, 363-378. doi:10.1007/
s00441-014-2061-z

Watanabe, T., Wang, S., Noritake, J., Sato, K., Fukata, M., Takefuji, M.,
Nakagawa, M., lzumi, N., Akiyama, T. and Kaibuchi, K. (2004). Interaction
with IQGAP1 links APC to Rac1, Cdc42, and actin filaments during cell polarization
and migration. Dev. Cell 7, 871-883. doi:10.1016/j.devcel.2004.10.017

Waterman-Storer, C. M., Worthylake, R. A., Liu, B. P., Burridge, K. and Salmon,
E. D. (1999). Microtubule growth activates Rac1 to promote lamellipodial
protrusion in fibroblasts. Nat. Cell Biol. 1, 45-50. doi:10.1038/9018

Wen, Y., Eng, C. H., Schmoranzer, J., Cabrera-Poch, N., Morris, E. J. S., Chen,
M., Wallar, B. J., Alberts, A. S. and Gundersen, G. G. (2004). EB1 and APC bind
to mDia to stabilize microtubules downstream of Rho and promote cell migration.
Nat. Cell Biol. 6, 820-830. doi:10.1038/ncb1160

Winograd-Katz, S. E., Fassler, R., Geiger, B. and Legate, K. R. (2014). The
integrin adhesome: from genes and proteins to human disease. Nat. Rev. Mol.
Cell Biol. 15, 273. doi:10.1038/nrm3769

Wojnacki, J., Quassollo, G., Marzolo, M.-P. and Caceres, A. (2014). Rho
GTPases at the crossroad of signaling networks in mammals: impact of Rho-
GTPases on microtubule organization and dynamics. Small GTPases 5,
€28430-e28430. doi:10.4161/sgtp.28430

Wu, X., Kodama, A. and Fuchs, E. (2008). ACF7 regulates cytoskeletal-focal
adhesion dynamics and migration and has ATPase activity. Cell 135, 137-148.
doi:10.1016/j.cell.2008.07.045

Yan, J., Yao, M., Goult, B. T. and Sheetz, M. P. (2015). Talin dependent
mechanosensitivity of cell focal adhesions. Cell. Mol. Bioeng. 8, 151-159. doi:10.
1007/s12195-014-0364-5

Yoshimura, Y. and Miki, H. (2011). Dynamic regulation of GEF-H1 localization at
microtubules by Par1b/MARK2. Biochem. Biophys. Res. Commun. 408, 322-328.
doi:10.1016/j.bbrc.2011.04.032

Yue, J., Xie, M., Gou, X., Lee, P., Schneider, M. D. and Wu, X. (2014).
Microtubules regulate focal adhesion dynamics through MAP4K4. Dev. Cell 31,
572-585. doi:10.1016/j.devcel.2014.10.025

Zaoui, K., Benseddik, K., Daou, P., Salaun, D. and Badache, A. (2010). ErbB2
receptor controls microtubule capture by recruiting ACF7 to the plasma membrane
of migrating cells. Proc. Natl. Acad. Sci. USA 107, 18517-18522. doi:10.1073/
pnas.1000975107

11

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1038/nature06888
https://doi.org/10.1038/nature06888
https://doi.org/10.1038/nature06888
https://doi.org/10.1242/jcs.02371
https://doi.org/10.1242/jcs.02371
https://doi.org/10.1242/jcs.02371
https://doi.org/10.1242/jcs.02371
https://doi.org/10.1038/nrm3141
https://doi.org/10.1038/nrm3141
https://doi.org/10.1038/nrm3141
https://doi.org/10.1016/j.devcel.2016.09.003
https://doi.org/10.1016/j.devcel.2016.09.003
https://doi.org/10.1016/j.devcel.2016.09.003
https://doi.org/10.1016/j.devcel.2016.09.003
https://doi.org/10.1038/ncb1118
https://doi.org/10.1038/ncb1118
https://doi.org/10.1038/ncb1118
https://doi.org/10.12688/f1000research.10729.1
https://doi.org/10.12688/f1000research.10729.1
https://doi.org/10.1038/35087035
https://doi.org/10.1038/35087035
https://doi.org/10.1038/35087035
https://doi.org/10.1074/jbc.M208352200
https://doi.org/10.1074/jbc.M208352200
https://doi.org/10.1074/jbc.M208352200
https://doi.org/10.1074/jbc.M208352200
https://doi.org/10.1111/febs.14123
https://doi.org/10.1111/febs.14123
https://doi.org/10.1111/febs.14123
https://doi.org/10.1038/ncb3220
https://doi.org/10.1038/ncb3220
https://doi.org/10.1074/jbc.M112.385393
https://doi.org/10.1074/jbc.M112.385393
https://doi.org/10.1074/jbc.M112.385393
https://doi.org/10.1074/jbc.M112.385393
https://doi.org/10.1242/jcs.121327
https://doi.org/10.1242/jcs.121327
https://doi.org/10.1242/jcs.121327
https://doi.org/10.1073/pnas.0910391106
https://doi.org/10.1073/pnas.0910391106
https://doi.org/10.1073/pnas.0910391106
https://doi.org/10.1073/pnas.0910391106
https://doi.org/10.1091/mbc.e09-03-0248
https://doi.org/10.1091/mbc.e09-03-0248
https://doi.org/10.1091/mbc.e09-03-0248
https://doi.org/10.1091/mbc.e09-03-0248
https://doi.org/10.1242/dev.126615
https://doi.org/10.1242/dev.126615
https://doi.org/10.1242/dev.126615
https://doi.org/10.1242/dev.126615
https://doi.org/10.1038/s41563-019-0371-y
https://doi.org/10.1038/s41563-019-0371-y
https://doi.org/10.1038/s41563-019-0371-y
https://doi.org/10.1038/s41563-019-0371-y
https://doi.org/10.1038/s41563-019-0371-y
https://doi.org/10.1038/s41580-018-0004-3
https://doi.org/10.1038/s41580-018-0004-3
https://doi.org/10.1038/s41580-018-0004-3
https://doi.org/10.1074/jbc.273.52.34954
https://doi.org/10.1074/jbc.273.52.34954
https://doi.org/10.1074/jbc.273.52.34954
https://doi.org/10.1074/jbc.273.52.34954
https://doi.org/10.1093/emboj/18.3.578
https://doi.org/10.1093/emboj/18.3.578
https://doi.org/10.1093/emboj/18.3.578
https://doi.org/10.1002/cm.20076
https://doi.org/10.1002/cm.20076
https://doi.org/10.1002/cm.20076
https://doi.org/10.1016/0092-8674(92)90163-7
https://doi.org/10.1016/0092-8674(92)90163-7
https://doi.org/10.1016/0092-8674(92)90163-7
https://doi.org/10.1083/jcb.106.3.747
https://doi.org/10.1083/jcb.106.3.747
https://doi.org/10.1083/jcb.106.3.747
https://doi.org/10.1096/fj.201800604R
https://doi.org/10.1096/fj.201800604R
https://doi.org/10.1096/fj.201800604R
https://doi.org/10.1096/fj.201800604R
https://doi.org/10.1038/embor.2010.10
https://doi.org/10.1038/embor.2010.10
https://doi.org/10.1038/embor.2010.10
https://doi.org/10.1038/embor.2010.10
https://doi.org/10.1242/jcs.083634
https://doi.org/10.1242/jcs.083634
https://doi.org/10.1242/jcs.083634
https://doi.org/10.1083/jcb.201206010
https://doi.org/10.1083/jcb.201206010
https://doi.org/10.1083/jcb.201206010
https://doi.org/10.3109/15419061.2014.923845
https://doi.org/10.3109/15419061.2014.923845
https://doi.org/10.3109/15419061.2014.923845
https://doi.org/10.1111/boc.201700060
https://doi.org/10.1111/boc.201700060
https://doi.org/10.1016/j.cub.2004.11.009
https://doi.org/10.1016/j.cub.2004.11.009
https://doi.org/10.1016/j.cub.2004.11.009
https://doi.org/10.1083/jcb.201206050
https://doi.org/10.1083/jcb.201206050
https://doi.org/10.1083/jcb.201206050
https://doi.org/10.1038/ncb2975
https://doi.org/10.1038/ncb2975
https://doi.org/10.1038/ncb2975
https://doi.org/10.1038/ncb3402
https://doi.org/10.1038/ncb3402
https://doi.org/10.1038/ncb3402
https://doi.org/10.1038/ncb3402
https://doi.org/10.1371/journal.pone.0008774
https://doi.org/10.1371/journal.pone.0008774
https://doi.org/10.1371/journal.pone.0008774
https://doi.org/10.1371/journal.pone.0048041
https://doi.org/10.1371/journal.pone.0048041
https://doi.org/10.1371/journal.pone.0048041
https://doi.org/10.1242/jcs.098087
https://doi.org/10.1242/jcs.098087
https://doi.org/10.1242/jcs.098087
https://doi.org/10.1016/j.devcel.2013.09.010
https://doi.org/10.1016/j.devcel.2013.09.010
https://doi.org/10.1016/j.devcel.2013.09.010
https://doi.org/10.1016/j.devcel.2013.09.010
https://doi.org/10.1074/jbc.M003839200
https://doi.org/10.1074/jbc.M003839200
https://doi.org/10.1074/jbc.M003839200
https://doi.org/10.1074/jbc.M003839200
https://doi.org/10.1007/s00441-014-2061-z
https://doi.org/10.1007/s00441-014-2061-z
https://doi.org/10.1007/s00441-014-2061-z
https://doi.org/10.1016/j.devcel.2004.10.017
https://doi.org/10.1016/j.devcel.2004.10.017
https://doi.org/10.1016/j.devcel.2004.10.017
https://doi.org/10.1016/j.devcel.2004.10.017
https://doi.org/10.1038/9018
https://doi.org/10.1038/9018
https://doi.org/10.1038/9018
https://doi.org/10.1038/ncb1160
https://doi.org/10.1038/ncb1160
https://doi.org/10.1038/ncb1160
https://doi.org/10.1038/ncb1160
https://doi.org/10.1038/nrm3769
https://doi.org/10.1038/nrm3769
https://doi.org/10.1038/nrm3769
https://doi.org/10.4161/sgtp.28430
https://doi.org/10.4161/sgtp.28430
https://doi.org/10.4161/sgtp.28430
https://doi.org/10.4161/sgtp.28430
https://doi.org/10.1016/j.cell.2008.07.045
https://doi.org/10.1016/j.cell.2008.07.045
https://doi.org/10.1016/j.cell.2008.07.045
https://doi.org/10.1007/s12195-014-0364-5
https://doi.org/10.1007/s12195-014-0364-5
https://doi.org/10.1007/s12195-014-0364-5
https://doi.org/10.1016/j.bbrc.2011.04.032
https://doi.org/10.1016/j.bbrc.2011.04.032
https://doi.org/10.1016/j.bbrc.2011.04.032
https://doi.org/10.1016/j.devcel.2014.10.025
https://doi.org/10.1016/j.devcel.2014.10.025
https://doi.org/10.1016/j.devcel.2014.10.025
https://doi.org/10.1073/pnas.1000975107
https://doi.org/10.1073/pnas.1000975107
https://doi.org/10.1073/pnas.1000975107
https://doi.org/10.1073/pnas.1000975107

