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ABSTRACT

FAK and SRC Kinases Maintain Integrin Activation During

Endocytic Recycling to Polarize Adhesion Formation

Guilherme Pedreira de Freitas Nader

Integrin recycling has been generally assumed to be important for cell migration but the
trafficking pathways and the molecules regulating integrin trafficking remain poorly
characterized. Furthermore, little is known about the activation status of endocytosed integrins
and how it affects the recycling of these receptors. It is likely that FA-engaged integrins will
follow different trafficking pathways than bulk integrins and here I sought to study the endocytic
fate of this particular integrin pool using the MT-induced FA disassembly assay. I found that
integrins previously resident at FAs travel through different Rab compartments after FA
disassembly and that their return to the plasma membrane is Rabll- and Src-dependent.
Strikingly, I unveiled new functions for FAK and Src family kinases in this process by showing
that these kinases are critical to keep integrins active during endocytic trafficking. This finding is
unprecedented since it was not known whether endocytosed integrins were kept active during
their trafficking. Interestingly, reassembly of FAs from endocytosed integrin occurred
preferentially at the leading edge of migrating cells suggesting that integrins are trafficked in a
polarized fashion. Furthermore, the recycling of integrins from the Rab11-positive compartment
to the plasma membrane is a long-range transport implying the existence of a MT motor

committed to this task. Consistently, I identified that a kinesin-II motor, Kif3AC, is engaged in



this process. My work establishes a FAK- and Src family kinases-based mechanism for integrin
“adhesion memory” during endocytic trafficking and identifies a direct link between FA
disassembly and reassembly through an endocytic recycling pathway involving Rab5 and Rabl11

and a kinesin-II family member.
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INTRODUCTION

CELL MIGRATION

Cell migration is an evolutionary conserved physiological mechanism that orchestrates
embryonic development and functioning and continues to play critical role through life. For
instance, migration constitutes a prominent component of tissue repair and immune surveillance
and contributes to several important pathological processes, including vascular disease,
osteoporosis, chronic inflammatory diseases, cancer and mental retardation (Ridley et al., 2003).

Migration is a cyclical process and the general mechanism involves the repetition of four
basic steps: (a) leading edge protrusion, (b) adhesion, (c) cell body contraction, and (d) rear
retraction (Vicente-Manzanares et al., 2009). A hallmark of cell migration is that these different
steps must be coordinated in time and space. Membrane protrusion is driven by actin
polymerization via the small Rho GTPases Rac and Cdc42 (Borisy and Svitkina, 2000; Etienne-
Manneville and Hall, 2001) and is required for the formation of new adhesions, which transmit
propulsive forces and serve as traction points over which the cell moves.

Polarity is intrinsic to a migrating cell and spatial regulation must prevent protrusions from
occurring along the entire cell periphery and contraction from developing randomly to avoid
disorganized cell motility and stalling of the cell body displacement (Etienne-Manneville, 2013).
The polarized organization of a migrating cell results from directed vesicle trafficking towards
the leading edge, organization of microtubules (MTs), and the localization of the MT organizing
centre (MTOC) and Golgi apparatus in front of the nucleus. Importantly, these events are
paralleled by the polarized distribution of active signaling molecules (Etienne-Manneville,

2013).



One model for how migrating cells maintain polarity is based on the fact that the members
of the family of small Rho GTPases, Rho and Rac, are mutually antagonistic, each suppressing
the other’s activity (Evers et al., 2000). Active Rac at the leading edge of cells would suppress
Rho activity, whereas Rho would be more active at the sides and rear of the cell and suppress
Rac activity, thereby preventing Rac-mediated protrusion at sites other than the leading edge
(Worthylake and Burridge, 2003; Xu et al., 2003). Despite this model of Rac-Rho antagonism,
measurements of active GTPases show that Rho is also active at the leading edge (Pertz et al.,
2006) and actually precedes Rac and Cdc42 activation (Machacek et al., 2009). These results

suggest that the activity of Rac/Rho must be tightly coordinated during migration.

INTEGRINS AND ADHESION DURING CELL MIGRATION

Although many different receptors are involved in the migration of different cell types, the
integrins are a major family of migration-promoting receptors that act as the “feet” of a
migrating cell by supporting adhesion to the extracellular matrix (ECM) by linking with actin
filaments on the inside of the cell via adapters such as talinl (Critchley, 2005; Geiger et al.,
2001). Integrins are glycoproteins that play central roles in the biology of metazoan by
controlling cell adhesion and cell migration, growth, differentiation and apoptosis. They
constitute heterodimeric af} receptors with large ligand-binding extracellular domains, a single
transmembrane domain and a generally short cytoplasmic tail. In mammals, they consist of 18 a-
subunits and 8 B-subunits that assemble into 24 different integrins capable of binding several
ECM substrates such as laminin, fibronectin (FN), collagen, and vitronectin (Hynes, 2002; van
der Flier and Sonnenberg, 2001).

Although integrins themselves do not have intrinsic catalytic activity, signals are transmitted

through direct and indirect interactions with many partners at sites termed focal adhesions (FAs),



which are sites of clustered integrins and associated proteins that mediate connection to the actin
cytoskeleton and transmit signals. Thus by connecting the ECM to the intracellular cytoskeleton,
integrins serve as both traction sites over which the cell moves and as mechanosensors,
transmitting information about the physical state of the ECM into the cell and altering
cytoskeletal dynamics (Beningo et al., 2001; Galbraith et al., 2002; Lauffenburger and Horwitz,
1996). The binding of ligands to the extracellular portion of integrins leads to conformational
changes in the receptors by changing interactions between the a- and -chain transmembrane and
cytoplasmic domains leading to integrin clustering (Emsley et al., 2000). This combination of
occupancy and clustering initiates intracellular signals (“outside-in” signaling) such as protein
tyrosine phosphorylation, activation of small GTPases and changes in phospholipid biosynthesis
that regulate the formation and strengthening of adhesion sites, the organization and dynamics of
the cytoskeleton and cell polarity during migration (Geiger et al., 2001). Likewise, cytoplasmic
signals can also influence the activation status and ligand-binding competency of integrins
(“inside-out” signaling). Thus integrins are known as receptors that transduce signals in a

bidirectional fashion (Hynes, 2002; Schwartz, 2001; Shattil et al., 2010).

COMPLEXITY OF FOCAL ADHESIONS

FAs have been the objects of intense study and much has been learned about many of
their major components, structure, dynamics and the signaling pathways that emanate from them.
Adhesions of fibroblasts to the underlying substratum were first observed by electron
microscopy, where they were described as “dense plaques” which appeared to anchor “bundles
of microfilaments” (today known as stress fibers) at the ventral plasma membrane (Abercrombie
and Dunn, 1975; Abercrombie et al., 1971; Izzard and Lochner, 1976; Izzard and Lochner,

1980). At the light microscope level, the technique of interference reflection microscopy (IRM)



(Curtis, 1964) was used to show that these dense adhesion plaques seen by electron microscopy
coincided with regions that came closest to the substratum, appearing most dark by IRM. They
called these structures “feet” and through many observations concluded that they were sites of
cell adhesion and therefore must play critical role on cell locomotion (Abercrombie, 1978;
Abercrombie and Dunn, 1975; Abercrombie et al., 1977; Abercrombie et al., 1971).

The classification of adhesions is based on morphology, composition and method of
formation and include, FAs, focal complexes (FCs), fibrillar adhesions and podosomes (Webb et
al., 2002). FAs are large integrin clusters that are composed of numerous proteins, including
paxillin, vinculin, talin, focal adhesion kinase (FAK) and high levels of tyrosine-phosphorylated
proteins, whereas FCs are small adhesions near the leading edge of a protrusion that are induced
by Rac activation and can mature into FAs (Nobes and Hall, 1995; Rottner et al., 1999). Fibrillar
adhesions are elongated, central structures, which contain tensin but have low levels of paxillin,
vinculin and tyrosine-phosphorylated proteins (Katz et al., 2000; Pankov et al., 2000; Zamir and
Geiger, 2001). Lastly, podosomes are actin-based dynamic protrusions of the plasma membrane
that represent sites of attachment to — and degradation of — the ECM. Key players include the
actin regulators cortactin and neural Wiskott-Aldrich syndrome protein (N-WASP), the tyrosine
kinase Src and the transmembrane membrane type 1 matrix metalloprotease (MMP1) (Murphy
and Courtneidge, 2011).

Currently more than 150 proteins have been reported to be associated with FAs and related
ECM adhesions (Zaidel-Bar et al., 2007). Most of these contain multiple domains through which
they can interact with other molecular partners, potentially forming a dense and heterogeneous
protein network at the cytoplasmic faces of the adhesion site (Zamir and Geiger, 2001). Since

most components of FAs contain multiple binding sites for other components, the molecular



ensemble can, theoretically, assemble in alternative ways, thus giving rise to different
supramolecular structures and signaling platforms (Zamir and Geiger, 2001). Sorting these
structures according to their presumed functions reveals cytoskeletal proteins (e.g. tensin,
vinculin, paxillin, a-actinin and talin), tyrosine kinases (e.g. Src, FAK, PYK2, Csk and Abl),
serine/threonine kinases (e.g. Integrin Linked Kinase-ILK, PKC and PAK), modulators of small
GTPases (e.g. ASAP1 and GRAF) and tyrosine phosphatases (e.g. SHP-2). Some of these
proteins can directly bind, cap, bundle or nucleate actin filaments (e.g. vinculin, tensin, a-actinin
and VASP,) and/or directly bind to the cytoplasmic tails of integrins (e.g. talin, tensin, FAK, ILK

and a-actinin) (Zamir and Geiger, 2001).

FocAL ADHESION ASSEMBLY

Cell migration is a physically integrated molecular process. In order to migrate cells need to
constantly assemble and disassemble their FAs, a process called FA turnover. The signaling
cascades involved in FA assembly are well understood and most of the findings came from
adhesion and spreading assays performed on different matrices. Moreover, since Rho GTPase
was known to be activated by growth factors and to be required for adhesion formation following
integrin activation, additional findings came from studies where serum-starved cells were treated
with growth factors to activate this pathway (Ridley and Hall, 1992; Ridley et al., 1992).

The formation of the adhesion complexes occurs underneath the lamellipodia, a thin, veil-
like structure filled with a dynamic branching actin network generated by actin nucleation
mediated by the actin-related protein 2/3 (Arp2/3) complex (Small et al., 2002). The small
GTPases Rac and Ccd42 are critical players in the first steps of adhesion formation (Guo et al.,
2006). They contribute to cell migration by mediating the formation of FCs thus allowing the

attachment of the protruding lamellipodium to the ECM. Interestingly, FCs depend on actin



polymerization but they do not require myosin II activity (Choi et al., 2008). Subsequently, these
sites can either undergo a rapid turnover at the rear of the lamellipodium or grow into FAs in the
lamella (Parsons et al., 2010). Maturation occurs along an a-actinin—actin template that elongates
centripetally from nascent adhesions (Choi et al., 2008) and relies on both the formation of actin
filaments mediated by the formin mDia (Geneste et al., 2002; Li and Higgs, 2003) and on the
force transmitted to these sites derived from Rho-mediated acto-myosin contractility (Amano et
al., 1996). The key player in the FA-maturation signaling pathway is the Rho effector Rho kinase
(ROCK). This kinase promotes myosin-II activity by phosphorylating and inhibiting MLC
phosphatase and perhaps by directly phosphorylating myosin light-chain (MLC) (Amano et al.,
1996; Kimura et al., 1996). This in turn leads to crosslinking of actin filaments and increased
tension at the adhesion sites (Vicente-Manzanares et al., 2009). Ultimately, the cooperation
between the two Rho effectors mDia and ROCK leads to augmented contractility and adhesion
maturation (Nakano et al., 1999). Interestingly, while integrin activation plays a central role in
adhesion formation during platelet aggregation (see below), models for FA assembly do not
specifically indicate a separate step of integrin activation. They assume either that the integrin is
activated by ECM binding or that it is constitutively active. The ensuing steps in FA formation
include the recruitment of additional components that promote integrin clustering and
reinforcement of the integrin—cytoskeleton bonds. In particular, the binding of vinculin to talin
triggers the clustering of activated integrins (Humphries et al., 2007) and, through the vinculin
tail, their association with actin, thereby strengthening the actin—integrin link (Galbraith et al.,

2002).



FocarL ADHESION DISASSEMBLY

The application of traction forces to the substrate is the result of the force-producing actin—
myosin network interacting with force-transmitting FAs. In this way, cellular tractions can be
considered as a function of both actin flow and FA turnover (Gardel et al., 2010; Hu et al., 2007,
Lapierre et al., 2001). FA turnover has been described as a key component for cell migration and
the dynamics of FA disassembly and reassembly and the regions where these events take place in
a migrating cell have been characterized (Berginski et al., 2011; Mohl et al., 2012; Smilenov et
al., 1999). Assembling FAs are exclusively found at the leading edge, which is also the zone of
pronounced FA nucleation. Directly behind the leading edge, there is a sharp change from
assembling to disassembling FAs. Disassembly of FAs, however, occurs in the front and rear
parts of the cell (Mohl et al., 2012; Smilenov et al., 1999). The next two sections consider the

mechanisms underlying FA disassembly.

Microtubules

Well known for its key role during cell division and in vesicular transport, the MT
cytoskeleton has also been revealed as an essential component of migration (Vasiliev et al.,
1970). Low concentrations of nocodazole (NZ) or taxol block cell migration by inhibiting MT
dynamic instability without affecting MT polarity or abundance (Liao et al., 1995; Mikhailov
and Gundersen, 1998; Tanaka et al., 1995). Interestingly, MTs have also been linked to FA
dynamics and signaling. For instance, it was shown that MT destabilization in serum-starved
cells is associated with contractility- and ECM-dependent growth of FAs via assembly of the FA
proteins vinculin and paxillin into primordial adhesion sites. This was shown to be accompanied
by initiation of signal transduction events, including the tyrosine phosphorylation of FAK and

paxillin (Bershadsky et al., 1996; Musse et al., 2012; Pletjushkina et al., 1998).



Further evidence supporting the involvement of MTs in adhesion dynamics came from
studies performed by Vic Small’s group. They observed that in migrating fibroblasts some FAs
are targeted for disassembly by contact with the dynamic ends of MTs in a process sometimes
referred to as the “kiss of death” (Kaverina et al., 1999; Kaverina et al., 1998). As multiple MT
targeting events were required, and MTs did not need to remain in contact with the
disassembling FA, they proposed that MTs delivered a “relaxing factor” to FAs in a precise, site-
specific manner (Kaverina et al., 1999). Based on these observations, the Gundersen laboratory
developed an assay where MT regrowth after NZ washout synchronously induces FA
disassembly and integrin endocytosis allowing the temporal segregation (and study) of both FA
disassembly and reassembly (Figure 1) (Ezratty et al., 2009; Ezratty et al., 2005). Using this
assay, the Gundersen laboratory and others have shown that FA disassembly constitutes an
endocytic process that involves dynamin, clathrin, clathrin adaptors (Dab2, ARH and AP-2) and
FAK (Chao and Kunz, 2009; Ezratty et al., 2009; Ezratty et al., 2005; Wang et al., 2011b).
Another clathrin adaptor protein, Numb, was shown to bind to integrin and to affect integrin
endocytosis in migrating cells, but it may function in endocytosis of unengaged integrins
(Nishimura and Kaibuchi, 2007).

Alternatively, MT-dependent transport processes directly contribute to the delivery of
proteases to sites of degradation (Steffen et al., 2008; Wiesner et al., 2010). Degradation of the
ECM by matrix metalloproteases such as MT1-MMP/MMP-14 alters integrin engagement with
the ECM and facilitates FA turnover (Takino et al., 2006). Accordingly, MT1-MMP was shown
to be exocytosed in proximity to FAs and promote local ECM degradation and integrin
endocytosis (Shi and Sottile, 2011; Stehbens et al., 2014; Takino et al., 2007; Wang and

McNiven, 2012). Interestingly, the identity of the “relaxing factor” is still unknown although it



has been suggested that it might be some component that stimulates clathrin- and dynamin-
dependent endocytosis (Chao and Kunz, 2009; Ezratty et al., 2009; Ezratty et al., 2005; Wang et
al., 2011b). Additionally, kinesin-I has been proposed to be the motor for the “relaxing factor”
since interfering with it led to increased FA size (Krylyshkina et al., 2002). However, in direct
tests of kinesin-I in the MT-induced FA disassembly assay no effect was observed when this

motor was inhibited (Ezratty, E.J., unpublished results).

Tension and retraction at the rear

At the rear of migrating cells, adhesions must also disassemble. In fibroblasts, the rearmost
adhesions often tether the cell strongly to the substratum. Increased contractility and
transmission of tension to sites of adhesion can be sufficient to physically break the linkage
between integrin and the actin cytoskeleton, with the result that integrin is left behind while the
rest of the cell moves on (Ridley et al., 2003). In addition, the tension generated in migrating
cells by strong adhesions in the rear can be sufficient to open stretch-activated calcium channels
(Lee et al., 1999). Potential targets for calcium are the calcium-regulated phosphatase calcineurin
and the calcium-activated protease calpain, which is also activated by ERK and has the potential
to cleave several FA proteins, including integrins, talin, vinculin, and FAK (Glading et al., 2002;
Hendey et al., 1992).

Regulated-FA assembly and disassembly is a critical component of the front-to-rear polarity
of the cell, most apparently by formation of a lamellipodium at the front and contractile actin
bundles at the rear. Thus, it is likely that signaling pathways controlling FA dynamics will
influence cell polarization. In line with this hypothesis, FAK has been shown to promote the

reorganization of the cytoskeleton and to induce stress fiber assembly (Mitra et al., 2005).



FocarL ADHESION KINASE

FAK is a ubiquitously expressed 125-kDa cytoplasmic tyrosine kinase that regulates
migration and proliferation (Mitra et al., 2005). It plays an essential role during embryonic
development and in the pathogenesis of human disease, including cancer and cardiovascular
disease (Golubovskaya et al., 2009; Vadali et al., 2007). Interestingly, FAK has been described
as both a signaling kinase and as an adaptor/scaffold protein, which places FAK in a position to
modulate various intracellular signaling pathways. Additionally, a kinase related to FAK, PYK2,

has been shown to play a redundant role (Mitra et al., 2005).

Molecular structure of FAK

Sequence and structural analysis reveals four distinct domains within FAK: an N-terminal
FERM (protein 4.1, ezrin, radixin and moesin homology) domain, a central kinase domain, a
proline-rich region and a C-terminal FA targeting (FAT) domain (Mitra et al., 2005) (Figure 2).
The FERM domain of FAK has been shown to be involved in signaling from receptor tyrosine
kinases such as the epidermal growth factor receptor (EGFR) and the platelet-derived growth
factor receptor (PDGFR) (Sieg et al., 2000). It can also bind to and promote the integrin- and
FAK-mediated activation of other non-receptor tyrosine kinases (Chen et al., 2001). The C-
terminal domain contains two proline-rich regions that function as binding sites for Src-
Homology (SH)3-domain-containing proteins. SH3-domain-mediated binding of the adaptor
protein pl130Cas to FAK is important in promoting cell migration through the coordinated
activation of Rac at membrane extensions (Hanks et al., 2003; Wozniak et al., 2005). The SH3-
mediated binding of other proteins, such as GRAF and ASAP1 connects FAK to the regulation
of cytoskeletal dynamics and FA assembly (Parsons, 2003). The C-terminal domain of FAK also

encompasses the FAT region, which promotes the colocalization of FAK with integrins at FA.
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Whereas it was first hypothesized that FAK might bind directly to the cytoplasmic tails of
integrins (Schaller, 2001), accumulated evidence supports an indirect association of FAK with
integrins through binding to integrin-associated proteins such as paxillin and talin (Schlaepfer et
al., 2004). Additionally the tyrosine residue Y925 in the FAT domain was reported to bind the
adaptor protein GRB2 (Kharbanda et al., 1995; Schlaepfer and Hunter, 1996) which in turn

recruits dynamin and triggers FA disassembly (Ezratty et al., 2005; Wang et al., 2011b).

FAK activation and phosphorylation

FAK can be activated by integrin-, G-protein-coupled receptors- or growth factors-linked
stimuli (Mitra et al., 2005; Sieg et al., 2000; Streblow et al., 2003). The best-characterized FAK
phosphorylation event is autophosphorylation at Tyr397, which can occur in either cis or trans
(Toutant et al., 2002). Another direct FAK substrate is N-WASP, which functions to activate the
Arp2/3 complex to promote both actin branching and nucleation of F-actin assembly (Wu et al.,
2004). Phosphorylation of FAK at Tyr397 creates a motif that is recognized by various SH2-
domain-containing proteins, such as Src Family Kinases (SFKs), phospholipase Cy (PLCy),
growth-factor-receptor-bound protein-7 (GRB7), the Shc adaptor protein, p120 RasGAP and the
p85 subunit of phosphatidylinositol 3-kinase (PI3K) (Hanks et al., 2003; Parsons, 2003; Schaller,
2001; Schlaepfer et al., 2004). It is the transient recruitment of SFKs into a signaling complex
with FAK that is one of the first events associated with FAK tyrosine phosphorylation and
activation (Schlaepfer et al., 2004). Src-mediated transphosphorylation of FAK within the kinase
domain activation loop at Tyr576 and Tyr577 promotes maximal FAK catalytic activation
(Hanks et al., 2003). Within this FAK—Src complex, Src phosphorylates FAK at Tyr861, and this
is associated with an increase in SH3-domain-mediated binding of p130Cas to the FAK C-
terminal proline-rich regions (Lim et al., 2004). Additionally, the FA component paxillin was

shown to be phosphorylated by FAK-Src-associated signaling (Bellis et al., 1995; Schaller and
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Parsons, 1995). Activated Src also phosphorylates FAK at Tyr925, which creates an SH2-
binding site for the GRB2 adaptor protein that recruits dynamin (Kharbanda et al., 1995;

Schlaepfer and Hunter, 1996).

FAK signaling and effects on GTPases

Studies using knockout mice revealed that FAK deletion resulted in defective developmental
morphogenesis (Ilic et al., 1995). As FAK-null fibroblasts show excessive, rather than decreased
FA assembly, FAK signaling has been associated with the disassembly of integrin-based
adhesion sites (Webb et al., 2002). Additionally, the loss of FAK expression disrupts MT
polarization within cells (Palazzo et al., 2004) and FAK™ cells display somewhat elevated RhoA
activity (Ren et al., 2000). Altogether these findings linked FAK to the regulation of the Rho-
family GTPases. In concurrence with this hypothesis, pharmacological inhibitors of ROCK
partially reverse the polarization defects of FAK ™ cells (Chen et al., 2002) and stable FAK re-
expression in FAK™™ cells decreased RhoA activity (Ren et al., 2000) through enhanced-
p190RhoGAP tyrosine phosphorylation (which increases its GAP activity) (Arthur et al., 2000;
Hsia et al., 2003). Alternatively, in other cell types, FAK activation and tyrosine phosphorylation
are associated with RhoA activation and the formation of stress fibres (Schlaepfer et al., 2004).
This connection is mediated by the FAK FAT domain which binds to and phosphorylates a Rho
activator known as pl90RhoGEF (Zhai et al., 2003). Additionally, the FAK FAT domain was
shown to play a critical role in targeting dynamin to FAs and this was shown to be a critical step
in FA disassembly (Ezratty et al., 2005; Wang et al., 2011b).

Importantly, FAK-Src signaling is also involved in the modification of phosphatidylinositol
lipids, and differentially phosphorylated lipid function as binding sites for signaling proteins that
are involved in the formation of FAs. Phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P-)

binds to and controls the assembly of proteins such as a-actinin, vinculin and talin into FAs
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(Ridley et al., 2003). As the binding of the talin FERM domain to B-integrin cytoplasmic tails is
enhanced by PtdIns(4,5)P, (Calderwood, 2004a; Calderwood, 2004b), and the talin rod domain
binds vinculin and actin (Papagrigoriou et al., 2004), a link between integrins, FA formation and
the actin cytoskeleton is established. The type I phosphatidylinositol phosphate kinase-y
(PIPKIy) is an enzyme that makes PtdIns(4,5)P; and it is targeted to FAs by an association with
the talin FERM domain (Di Paolo et al.,, 2002). PIPKIy is phosphorylated by a FAK-Src
complex, which promotes increased PIPKIy activity and association with talin (Ling et al.,
2002). In this manner, FAK signaling is connected to the formation of FAs and the spatial
regulation of PtdIns(4,5)P, generation. Interestingly, the integrin and PIPKIy binding sites within
the talin FERM domain overlap, which implies that PIPKIy binding might displace talin from B-
integrin tails (Barsukov et al., 2003; Ling et al., 2002). Thus, although FAK-Src activity could
promote the production of PtdIns(4,5)P, and the formation of FAs by enhancing the activity of
PIPKIy, subsequent phosphorylation of PIPKIy by FAK-Src signaling might break the talin-
integrin linkage and promote FA turnover. Additionally, despite the canonical role for talin in
integrin activation (Moser et al., 2009), it was recently demonstrated that impaired recruitment of
talin to FA sites in FAK™ cells did not affect FA formation during early spreading (Lawson et
al., 2012). Consistently, alternative FA targeting mechanisms for talin have been porposed

(Franco et al., 2006; Wang et al., 2011a).
INTEGRIN ACTIVATION

Many integrins are known to adopt low-affinity, intermediate-affinity, and high-affinity
conformations, and these exist in a dynamic equilibrium with one another. The turnover of FAs

that occurs during cell migration requires dynamic regulation of integrin-ligand binding affinity

(Askari et al., 2009). Conformational changes in a5B1 from the bent to the extended
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conformation have been observed in FAs, but the mechanism that triggers the unbending remains
to be elucidated (Askari et al., 2010). It has been suggested that integrin activation in adherent
cells occurs by an “outside-in” mechanism (e.g. the high concentration of available ligand in the
ECM), by regulation of avidity (integrin clustering), or by force. However, the specific factors or
processes regulating integrin activation remain unclear and most models of FA formation in
migrating cells assume that the integrin is constitutively active.

On the basis of structural studies, it is thought that integrins are in a low-affinity state when
their extracellular domains are bent and in a high-affinity state when those are extended. The
exact changes that occur in the head domain when integrins move to the high-affinity state are
still unclear. Mutational studies and molecular modeling suggest that interactions between the
transmembrane domain of an a- and a B-integrin subunit are important in maintaining the low
affinity inactive state and that activation requires separation of these transmembrane domains
(Gottschalk, 2005; Hughes et al., 1996; Li et al., 2005b; Luo et al., 2005; Luo et al., 2004;
Partridge et al., 2005). Integrin affinity is regulated in large part by alterations in the
conformation of the integrin extracellular domains that result from interactions at the integrin
cytoplasmic tail (Moser et al., 2009; Shattil et al., 2010). The relatively short a-cytoplasmic and
B-cytoplasmic tails (except for f4) contain docking sites for a variety of proteins that control
integrin activation, recruitment to adhesion sites, and trafficking (Margadant et al., 2011).

Almost all B tails have two well-defined motifs that are part of a canonical recognition
sequence for phosphotyrosine-binding (PTB) domains (Calderwood et al., 2003), consisting of a
membrane proximal NPxY (where x represents any amino acid) motif and a membrane distal
NxxY motif. These NxxY motifs are binding sites for multiple integrin-binding proteins,

including talin and kindlin (Moser et al., 2009). High integrin affinity is thought to be associated
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with talin and kindlin binding to the membrane-proximal (MP) and -distal (MD) motifs of the -
tail, respectively, causing separation of the o and B cytoplasmic tails (Kim et al., 2003; Lau et al.,
2008). Because kindlins and talin bind distinct regions of the 3 integrin tail, they may cooperate
to regulate integrin affinity (Calderwood et al., 2002; Calderwood et al., 1999; Ma et al., 2008;
Montanez et al., 2008; Moser et al., 2009; Moser et al., 2008). Although kindlins are not
sufficient to shift integrins to a high-affinity state, they facilitate talin function. Conversely, talin
depends on kindlins to promote integrin affinity because talin-head overexpression failed to
increase allbB3 affinity in CHO cells in which kindlin expression was reduced by siRNA. Thus,
kindlins require talin, and talin is not sufficient to increase integrin affinity (Moser et al., 2009).
The best example of a tightly controlled integrin activation process comes from studies
performed with the integrin allbPB3 following platelet activation with thrombin. In resting
platelets, the bent, low-affinity conformation of allbf3 is stabilized by a “clasp” formed between
allb and B3 and this mechanism is thought to help prevent inappropriate platelet aggregation that
could lead to thrombosis. Activation of cytoplasmic signaling downstream of the thrombin
receptor leads to disruption of the salt bridge, and the subsequent separation (“unclasping”) of
the cytoplasmic tails. This event triggers an allosteric change to favor the extended, high-affinity
integrin conformation. The last step of this inside-out mechanism is the binding of the FERM-
containing head-domain of talin to the MP motif and an additional region of the B3 cytoplasmic
tail (Anthis et al., 2009; Kim et al., 2011). Inside-out activation also requires kindlin-3 (Moser et
al., 2009). Loss of talin or kindlin-3 from platelets prevents platelet adhesion and aggregation in
mice (Moser et al., 2009; Moser et al., 2008; Nieswandt et al., 2007; Petrich et al., 2007).
Likewise, gene targeting of kindlin-1 and kindlin-2 compromises integrin-mediated adhesion in

mice (Margadant et al., 2010; Margadant et al., 2009; Meves et al., 2009).
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For several years it has been known that adhesion receptors undergo endocytic-exocytic
transport (Bretscher, 1992; Caswell and Norman, 2006). Interestingly, the NPxY motifs found in
B-integrin tails are canonical signals for clathrin-mediated endocytosis of plasma membrane
receptors (Traub, 2009). For instance, whereas the integrin MP domain was shown to be
dispensable for integrin recycling, the MD domain (which binds to kindlin) was shown to be
critical for this event (see below) (Margadant et al., 2012). Additionally, depletion of clathrin
adaptors such as AP-2, Dab-2 and ARH reduces integrin endocytosis and affects cell migration
(Chao and Kunz, 2009; Ezratty et al., 2009; Teckchandani et al., 2009) thus establishing a direct

link between integrin trafficking and cell motility.

INTEGRIN TRAFFICKING

Over the past years, it has been established that integrin trafficking in adherent cells is
important for FA turnover during cell spreading and migration and for localized integrin
redistribution to new adhesion sites, for example at the leading edge of migrating cells.
Trafficking mechanisms include the delivery of newly synthesized integrins via the biosynthetic-
secretory pathway, integrin endocytosis and recycling of internalized integrins (Caswell et al.,

2009).

Integrin Endocytosis

Integrin internalization occurs through clathrin-dependent and clathrin-independent (via
caveolae or macropinocytosis) mechanisms, and many integrins can follow more than one route
into the cell (Bridgewater et al., 2012; Margadant et al., 2011). As mentioned above, it is
generally thought that most integrins are recruited to clathrin-coated pits by binding to clathrin
adaptors. Indeed, Numb and Dab-2 bind respectively to the MP-NPxY and the MD-NxxY motifs

of B-tails (Calderwood et al., 2003).
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Importantly, FA disassembly was shown to involve integrin endocytosis and to require
dynamin, FAK, clathrin and the clathrin adaptors ARH, Dab2 and AP-2 (Chao and Kunz, 2009;
Ezratty et al., 2009; Ezratty et al., 2005). Moreover, the clathrin adaptors Numb, ARH, Dab-2
and AP-2 accumulate at FAs at the leading edge of migrating cells or shortly before their
disassembly (Chao and Kunz, 2009; Ezratty et al., 2009; Nishimura and Kaibuchi, 2007).
Accordingly, depletion of clathrin or any of these adaptors leads to increased integrin surface
expression and reduced migration (Chao and Kunz, 2009; Ezratty et al., 2009; Teckchandani et
al., 2009).

Of note, integrins have been observed in Rab5- and Rabl1-positive endosomes following
dynamin-dependent endocytosis after manipulations that lead to synchronous disruption of FAs
(Chao and Kunz, 2009; Ezratty et al., 2009). Additionally, it was recently proposed that ligand-
bound integrins are directed to lysosomes (Lobert et al. 2010). Therefore it is likely that in order
to be sorted to a recycling route, i.e., the Rabl1 ERC, FA-resident integrins have to be separated
from their ECM ligand upon FA disassembly (and therefore are expected to be deactivated),

otherwise they would be directed to the lysosomes for degradation.

Integrin Recycling and Degradation

The early endosome are the first port of call for receptors following internalization and
delivers internalized receptors to the sorting endosome. It is in the sorting endosome where key
decisions are made as to whether a receptor is routed to late endosomes and lysosomes for
degradation or whether it is sent to recycling endosomes for return to the plasma membrane. The
rate at which internalized integrins are degraded is very slow by comparison with the speed of
their recycling (Bretscher, 1989; Bretscher, 1992; Dozynkiewicz et al., 2012; Lobert et al., 2010;
Roberts et al., 2001). This has led to the view that integrins are so very efficiently sorted into

recycling pathways that they are not trafficked to late endosomes. More recently, however, it has

17



become clear that this is not the case. We now know of regulatable mechanisms whose function
is to control the sorting of integrin between late endosomes and recycling pathways, and these
can dictate the rate of integrin degradation (Bottcher et al., 2012; Dozynkiewicz et al., 2012;
Lobert et al., 2010; Steinberg et al., 2012). For instance the decision to recycle or degrade
internalized a5B1 was shown to be influenced by its ubiquitinylation. In migrating fibroblasts,
endocytosed a5P1 integrin associated with FN is ubiquitinated (on the a5-tail) and this is
required to direct FN-a5B1 complexes to lysosomes for degradation. Therefore it was suggested
that ubiquitinylation functions to prevent endosomal accumulation of ligated integrins which
may interfere with cell signaling and efficient migration (Lobert et al., 2010).

Different groups have been investigating the consequences of mutating integrin NPxY
motifs on their intracellular trafficking and recycling (Bottcher et al., 2012; Margadant et al.,
2012; Steinberg et al., 2012). A clear consequence of disrupting the MD NPxY in B1 is that
rather than being sorted to recycling endosomes, it is routed to late endosomes and lysosomes.
Additionally, its half-life for degradation is reduced from several hours to less than 15 min.
These observations initially pointed kindlins as regulators of integrin lysosomal sorting
(Margadant et al., 2012). The mechanism by which the MD NPxY motif dictates whether
integrins are sorted for recycling or degradation was revealed shortly after. First, using a
proteomic approach to identify new cargoes of sorting nexins, Steinberg et al. (2012) found that
knockdown of sorting nexin 17 (SNX17) leads to reduced surface expression of Bl integrins.
Using a different proteomic approach, the Fassler lab identified SNX17 as a ligand for Bl
integrin’s MD NPxY domain (Bottcher et al., 2012). There is a common strand to the results
emanating from both labs which indicates that when internalized Bl integrins arrive in early

endosomes they recruit SNX17 to their MD NPxY motif. This promotes sorting of the integrin
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into a Rab11-dependent recycling pathway and opposes integrin ubiquitinylation and the ensuing
lysosomal-routing. Thus integrins are normally recycled efficiently and degraded very slowly.
But in SNX17-depleted cells, their recycling is reduced and they are rapidly degraded.
Conceptually, these studies indicate that there are sorting signals present in integrin cytoplasmic
domains that directly participate in recruitment of a trafficking regulator at a stage that is critical
for the delivery of integrins from sorting to recycling endosomes and, if this is disrupted
integrins end up in late endosomes for degradation.

As suggested above, most internalized integrins are not degraded, but are efficiently
recycled to the plasma membrane by either a Rab4-dependent short (fast)-loop or by a Rabl1-
dependent long (slow)-loop and a number of growth factors and kinases are now known to
influence this process (Arjonen et al., 2012; Caswell and Norman, 2008; Caswell et al., 2008;
Caswell and Norman, 2006; Gu et al., 2011; Jones et al., 2006; Pellinen and Ivaska, 2006;
Rainero and Norman, 2013; Veale et al., 2010). For example, PDGF stimulates rapid, short-loop
recycling of internalized avB3 from early endosomes (Roberts et al., 2001), whereas a5p1 travels
from early endosomes to the endocytic recycling compartment (ERC) and is then recycled via a
long-loop to the plasma membrane (Powelka et al., 2004).

Rabs contain PTB domains that recognize NPxY motifs and can thus potentially bind to -
tails. Indeed, Rab25 (Rabl1c) was reported to bind directly to a581 integrin and contribute to the
aggressiveness of breast and ovarian cancers (Cheng et al., 2004) and along with Rab-coupling
protein to coordinate the delivery of endocytosed aS5B1 integrin to pseudopodial tips thus
promoting an invasive mode of migration (Caswell et al., 2008; Caswell et al., 2007).
Furthermore it has been shown that serum-stimulation dependent recycling of Bl integrin

involves ADP-ribosylation factor 6 (Arf6) and Rabl1 (Powelka et al., 2004). Rab11 was also
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shown to control recycling of a6B4 integrin in breast cancer cells, which may contribute to
hypoxia-induced invasive migration (Yoon et al., 2005). Likewise Rab5 and Rab21 were shown
to regulate cell adhesion and motility by controlling the endosomal trafficking of Bl integrin
(Pellinen et al., 2006).

It has been known for some time that sorting endosomes are located near to the front of
migrating cells, at their leading edge (Pierini et al., 2000). Consistently, it is now apparent that
clathrin-dependent endocytosis is sharply polarized towards the leading edge (Rappoport and
Simon, 2003), and more recently it has become clear that integrins are internalized at FAs near
the leading edge and then transported backwards to the Rabl1 ERC (Chao and Kunz, 2009;
Ezratty et al., 2009; Laukaitis et al., 2001). Thus it has been suggested that integrins undertake an
intracellular journey from the cell front to the Rab11 compartment and back again, thus spatially
restricting a particular population of integrins to the front portion of the cell (Caswell et al.,
2009). Taken together, these findings support the view that trafficking through the Rab11 ERC is
the major route for large scale recycling of integrins in migrating cells. In this context, there are
some important questions that remain to be addressed and that I will try to answer in the present
study: Do FA-resident integrins undertake different endocytic pathways than bulk integrins? Is
FA disassembly connected to FA assembly through the Rabl1 ERC, which would be in this case
the source of integrins for FA formation? If so, is integrin endocytic trafficking rate limiting for
cell migration? Do FA components traffic with internalized integrins and affect their trafficking?
And lastly, is this integrin endocytic recycling pathway coupled to a cytoskeletal component to

ensure a polarized trafficking towards the cell leading edge?
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ROLE OF MICROTUBULE MOTORS IN ENDOCYTIC RECYCLING AND POLARIZED TRAFFICKING

In a migrating cell MTs form a single network that spreads throughout the cytoplasm from
the leading edge to the rear edge and the continuity of the network is essential for long-range
intracellular traffic (Etienne-Manneville, 2013). In order to maintain a cycling pool of integrins
at the front edge (as suggested above) it is reasonable to speculate that a migrating cell must have
polarized trafficking of integrin-containing vesicles towards the leading edge. In concurrence
with this hypothesis, a generic monoclonal antibody to integrins was shown to preferentially
label the leading edge of freshly plated fibroblasts, suggesting that this receptor is recirculated to
the leading edge of motile cells by an endo/exocytic cycle (Bretscher, 1989). These observations
suggested that there must be a cytoskeletal component for such function and kinesins would be
likely candidates. Surprisingly, direct evidence of kinesin-mediated integrin transport is very
scarce. Only recently a study by Anne Straube’s group shed some light on this topic. Kif1C was
shown to transport a5B1-integrins to the cell rear where it is required for proper maturation of
trailing adhesions and the consequent maintenance of directional persistence of migrating cells
(Theisen et al., 2012). Thus polarized integrin trafficking towards the cell front still remains to be
demonstrated.

It is well accepted that Rabs are major regulators of integrin trafficking and that they can
associate to kinesin motors directly or via linker proteins that simultaneously bind the Rab and
the kinesin motor (Horgan and McCaffrey, 2011). Although Theisen et al. identified Kif1C as an
integrin-associated motor for transport to the trailing edge we think there might be distinct
kinesins committed to the polarized trafficking of integrins to the leading edge and this is likely

to be a critical aspect of FA assembly during cell migration.
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Figure 1. Model system to study FA turnover and integrin recycling.
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Figure 2. Focal adhesion kinase domain structure and phosphorylation sites.

Focal adhesion kinase (FAK) contains a FERM (protein 4.1, ezrin, radixin and moesin
homology) domain, a kinase domain and a FA targeting (FAT) domain. The FERM domain
mediates interactions of FAK with the epidermal growth factor (EGF) receptor, platelet-derived
growth factor (PDGF) receptor. The FAT domain recruits FAK to focal contacts by associating
with integrin-associated proteins such as talin and paxillin. It also links FAK to the activation of
Rho GTPases by binding to guanine nucleotide-exchange factors (GEFs) such as p190 RhoGEF.
FAK contains three proline-rich regions (PRR1-3), which bind Src homology-3 (SH3) domain-
containing proteins such as p130Cas, the GTPase regulator associated with FAK (GRAF) and the
Arf-GTPase-activating protein ASAP1. FAK is phosphorylated (P) on several tyrosine residues,
including Tyr397, 576, 577, 861 and 925. Tyrosine phosphorylation on Tyr397 creates a Src-
homology-2 (SH2) binding site for Src, phospholipase Cy (PLCy), suppressor of cytokine
signalling (SOCS), growth-factor-receptor bound protein 7 (GRB7), the Shc adaptor protein,
p120 RasGAP and the p85 subunit of phosphatidylinositol 3-kinase (PI3K). Phosphorylation of
Tyr576 and Tyr577 within the kinase domain is required for maximal FAK catalytic activity,
whereas the binding of FAK-family interacting protein of 200 kDa (FIP200) to the kinase region
inhibits FAK catalytic activity. FAK phosphorylation at Tyr925 creates a binding site for GRB2.

Modified from (Mitra et al., 2005).
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Chapter 1: FAK and Src Kinases Maintain Activation of
Endocytosed Integrin for Rapid and Polarized Reformation
of Adhesions
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ABSTRACT

Integrin endocytosis and recycling are critical for cell migration. While the assembly of cell
surface integrins into FAs is well-understood from spreading assays, it is unclear whether
recycled integrins follow the same steps to reassemble FAs. Here we developed a system to
study the reassembly of recycled integrins into adhesions based on the synchronous endocytosis
of integrins from FAs triggered by MT regrowth. In this system, FA reassembly required integrin
recycling from the Rabll compartment. Activated FAK and Src colocalized with the
endocytosed integrin in the Rab11 compartment prompting us to test their role in reformation of
adhesions. FAK kinase mutants rescued defective FA disassembly but not reassembly in FAK™
cells. Consistently, FAK and Src inhibitors did not affect FA disassembly but blocked
reassembly. Surprisingly, integrin recycling was blocked in Src family kinase- but not FAK-
inhibited cells. Cell and fibronectin fragment binding assays showed that recycled integrin in
FAK-inhibited cells was not active but could be induced to reassemble FAs by Mn*" treatment.
Localization studies revealed active integrin in Rab5 and Rabll endosomes after FA
disassembly and FAK kinase activity was required to maintain recycled integrins active. Studies
in migrating cells revealed results consistent with those obtained with the synchronous system:
both FAK and Src kinase inhibitors blocked formation of new adhesions without affecting
disassembly of pre-existing ones; Src, but not FAK activity was required to maintain surface
integrin level; and FAs reformed quicker after FAK compared to Src inhibitor washout. We
propose that FAK and Src kinases are specifically required to maintain the activation state of
endocytosed integrin after FA disassembly so that recycled integrin can be rapidly reassembled

into FAs when it is returned to the cell surface.
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INTRODUCTION

Directional cell migration is a multi-step process fundamental for embryonic development,
immune responses, tissue repair and regeneration in multicellular organisms (Ridley et al., 2003).
Abnormal cell migration contributes to cancer metastasis, atherosclerosis and inflammation.
Deciphering the cellular mechanisms that contribute to migration is thus essential to
understanding both physiological and disease processes.

The establishment of adhesive contacts between the cell and its ECM substratum is one of
the central processes of migration. Integrins are the principal membrane receptors mediating
ECM contacts in migrating cells. As a result of association with the ECM, integrins cluster into
dynamic multi-component complexes, termed FCs and FAs (Burridge et al., 1997). FAs serve as
points of force transmission during migration as well as cytoskeletal regulation (Geiger et al.,
2009; Lauffenburger and Horwitz, 1996) and signaling that regulates cell survival, division and
differentiation (Bershadsky et al., 2003; Zaidel-Bar et al., 2004; Zamir and Geiger, 2001).

Integrin association with its ECM ligands and clustering into FCs and FAs have been
intensively studied and a detailed understanding of the major factors contributing to these
processes has emerged (Geiger et al., 2009; Shattil et al., 2010). A much more poorly understood
process is the turnover of adhesions and recycling of the “released” integrin receptors. Cell
migration requires not only assembly of FAs at the leading edge but disassembly of FAs as the
cell body translocates over the stationary adhesions. Although commonly (but incorrectly)
described as occurring in the tail of migrating cells, maps of FA disassembly show two major
regions: the tail and a region in the lamella just distal to the site of FA maturation (Mohl et al.,

2012; Smilenov et al., 1999; Stehbens et al., 2014).
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The mechanisms underlying FA disassembly are not fully understood. Consistent with a role
of dynamic MTs in cell migration (Liao et al., 1995; Mikhailov and Gundersen, 1998), Small and
colleagues (Kaverina et al., 1999; Kaverina et al., 1998) identified a mechanism whereby FA
disassembly was triggered by repeated targeting of FAs by dynamic MTs. Later studies revealed
that MT-induced FA disassembly required dynamin, clathrin (and its adaptors), PIPK1pB and
FAK (Chao et al., 2010; Chao and Kunz, 2009; Ezratty et al., 2009; Ezratty et al., 2005; Wang et
al., 2011b). Surface labeling experiments showed that integrin is endocytosed during MT-
induced FA disassembly and live imaging studies of integrin and clathrin showed that
endocytosis occurs directly at FAs. FAK scaffolding function is implicated in FA disassembly
since a GRB2 binding site that recruits dynamin to FAs was necessary for FA disassembly
(Ezratty et al., 2005). A major regulator of FAK kinase activity is Src kinase, a member of the
Src family kinases (SFKs) (Mitra et al.,, 2005), which are important regulators of protein
trafficking(Kaplan et al., 1992; Kasahara et al., 2007; Sandilands et al., 2007; Sandilands et al.,
2004). Src has been reported to be involved in FA disassembly in cancer cells through its
phosphorylation of dynamin 2 (Wang et al., 2011b), yet MT-induced FA disassembly occurs
normally in cells lacking Src, Yes and Fyn (SYF™ cells) (Yeo et al., 2006), suggesting SFKs may
only be require under specific circumstances or in specific cell types. Other factors contribute to
FA disassembly, including calpain-dependent cleavage of adhesion components (Franco et al.,
2004a; Franco et al., 2004b), targeted ECM degradation (Stehbens et al., 2014) and in some
types, enhanced contractility that literally pulls the FA from the substratum (Chrzanowska-
Wodnicka and Burridge, 1996; Crowley and Horwitz, 1995; Vicente-Manzanares et al., 2009). It
is unknown whether these forms of FA disassembly involve endocytosis and/or are separate

mechanisms for FA disassembly.
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Given the association of integrin endocytosis in FA disassembly, an important question is
the fate of the endocytosed integrin. Endocytosis and recycling of integrins are necessary to
maintain cell polarization and to co-ordinate FA turnover during cell migration (Caswell et al.,
2009; Fletcher and Rappoport, 2010; Grant and Donaldson, 2009). Initial evidence connecting
cell motility and vesicle trafficking came from the pioneering studies of Mark Bretscher who
showed that integrins were constitutively endocytosed and recycled (Bretscher, 1989; Bretscher,
1992). He proposed that endocytosed integrin was directed to the leading edge to form new
adhesions (Bretscher and Aguado-Velasco, 1998). The existence of such a long-range pathway
has remained controversial, although newer studies have identified intracellular trafficking
factors that contribute to the recycling of integrins and in many cases shown that these factors are
required for efficient cell migration. For instance, bulk a5p1 integrin recycles to the plasma
membrane from a perinuclear recycling compartment via a Rab11-dependent recycling pathway
and this recycling is critical for cell migration (Li et al., 2005a; Powelka et al., 2004; Roberts et
al., 2004). Additionally, Rab5, Rab21 and Rab-coupling protein regulate cell motility by
controlling the endosomal trafficking of B1 integrin (Caswell et al., 2008; Caswell et al., 2007;
Pellinen et al., 2006). Rabl1 also controls the recycling of a6p4 integrin in breast cancer cells
contributing to the aggressiveness of breast and ovarian cancers (Cheng et al., 2004; Yoon et al.,
2005). In contrast, growth factor-stimulated recycling of avfB3 integrin from early endosomes to
the plasma membrane is Rab4 dependent and is a key upstream event in the assembly of cell-
matrix contacts (Roberts et al., 2001).

These studies establish a correlation between integrin endocytosis and recycling and cell
migration (Caswell and Norman, 2006; Caswell et al., 2009; Lawson and Maxfield, 1995), yet

the relationship between the uptake of integrins during FA disassembly, their endosomal
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recycling and the de novo formation of adhesions is still unclear. A particularly important
question is whether the recycled integrin requires activation upon return to the cell surface to
allow it to bind to its ECM ligands. Indeed, it might be expected that integrins disassembled from
FAs would transition to an inactive state during FA disassembly to allow them to detach from the
ECM. In fact, active a5B1 integrin endocytosed with soluble fibronectin is efficiently degraded
rather than returned to the cell surface (Lobert et al., 2010). Here, we adapt the MT-induced FA
disassembly assay to study the trafficking of endocytosed integrin and their reassembly into FAs.
We find that this integrin traffics through Rab5 and Rabl1l endosomal compartments before
returning to the cell surface where it reforms FAs in a highly polarized manner. Surprisingly, we
find that FAK and SFK activities are required for these processes and describe a new function for
these kinases in maintaining integrin in an active, but unliganded state during trafficking. These
results suggest that FAK and SFKs comprise a system of “activation memory” for integrins

during their intracellular trafficking.
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RESULTS

FA reassembly occurs with a lag after MT-induced FA disassembly

To study the fate of integrin endocytosed from FAs we adapted the system of synchronous
MT regrowth after NZ washout used previously as a model system to study MT targeting and
disassembly of FAs (Chao et al., 2010; Chao and Kunz, 2009; Wang et al., 2011b; Wu et al.,
2008; Yeo et al., 2006). Two previous studies noted that FAs reformed with a lag after MT-
induced FA disassembly (Chao et al., 2010; Yeo et al., 2006), but did not identify the nature of
the lag or whether FA reformation required recycling of integrins. We reexamined FA
reassembly after MT-induced FA disassembly to more precisely determine the timing of this
process relative to FA disassembly. MT regrowth triggers virtually complete FA disassembly in
NIH3T3 fibroblasts by 60 min following NZ washout (Figure 3A) (Ezratty et al., 2009; Ezratty
et al., 2005). As assessed by immunofluorescence of vinculin, FA reassembly occurred as soon
as 90 min after NZ washout, i.e., with a lag of 30 min after complete FA disassembly (Figure
3A, B). Additional FA markers gave similar results and actin stress fibers also reassembled
showing that the reassembled FAs were typical FAs (Figure 4). A biochemical marker of FAs,
the autophosphorylation/activation site of FAK (pY397 FAK) decreased after disassembly as
previously reported (Ezratty et al., 2005), but then increased at 80-90 min, coincident with the
reformation of FAs (Figure 3C). The levels of phosphorylated paxillin (pY118), a substrate of
FAK, paralleled the changes in FAK-pY397 levels (Figure 3C). Quantification revealed a 1.3-
1.6 fold increase in FAK-pY397 at 80-120 min relative to 60 min of NZ washout (Figure 3D).

To examine FA reassembly dynamically, we used total internal reflection (TIRF)
microscopy to image FAs in a stable NIH3T3 cell line expressing paxillin-EGFP. This cell line
displayed paxillin-EGFP expression levels comparable to the endogenous protein and presented

FA distribution and migration rates similar to the parental cell line (Figure 5). Consistent with
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the fixed cell assays, live cell imaging revealed that FA reformation began 30 min after complete
FA disassembly in individual cells (compare figures 3A and 3F). Notably, by either fixed cell or
live cell assays, FA reassembly occurred in a polarized fashion with most reassembled FAs
localized near the cell periphery in contrast to their random localization throughout the cell
before FA disassembly (Figure 3A-compare 0 and 90 min and Figure 4). Quantification revealed
that reassembled FAs showed a strong bias toward a peripheral location compared to the FAs
before NZ washout (Figure 3E, F). Collectively, these results show that FA reassembly occurs

with a lag of 30 min after FA disassembly and is polarized towards the cell periphery.

FA reassembly requires endocytic recycling of integrin

As integrin is endocytosed during MT-induced FA disassembly (Chao and Kunz, 2009;
Ezratty et al., 2009), we tested whether FA reassembly required recycling of the endocytosed
integrins. After 60 min of MT regrowth surface levels of a5 integrin decreased to 40% of that in
NZ-treated cells, consistent with earlier results (Ezratty et al., 2009). Coincident with the
reassembly of FAs at 90-100 min after MT regrowth, integrin surface levels increased reaching
approximately 80 % of the level before MT regrowth (Figure 6A). Importantly, total levels of a5
integrin assessed by western blot did not change during MT regrowth (Figure 7A). Using a5
integrin-GFP to monitor integrin trafficking, at 60 min after MT regrowth integrin was
colocalized with the Rabl11 perinuclear ERC (Figure 6B), but not with the Golgi (Figure 8). The
level of a5 integrin-GFP in the ERC decreased at 120 min after MT regrowth, coincident with
the return of surface integrin and the reappearance of FAs (Figure 6B). These results are
consistent with endocytosed integrin trafficking to the Rab 11 ERC after FA disassembly and
then recycling back to the cell surface to reassemble new FAs.

Previous studies of bulk integrin trafficking have identified Rabs as regulators of integrin

recycling. For instance, a5B1 integrin is recycled in a Rab5 and Rabll dependent manner
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whereas avp3 integrin is recycled through Rab5 and Rab4 dependent pathways (Pellinen et al.,
2006; Powelka et al., 2004; Roberts et al., 2001). These studies, however, did not specifically
examine integrins endocytosed during FA disassembly. To test if Rabs were important for
integrin recycling and FA reassembly after MT-induced FA disassembly, we transiently
transfected cells with dominant negative Rab mutants (Rab5 S34N and Rabll S25N) and
assayed them for MT-induced FA disassembly and reassembly. Neither of the mutants interfered
with FA disassembly, but both prevented FA reassembly (Figure 6C, D and Figure 7B). Wild
type Rab11 and EGFP had no effect on either FA disassembly or reassembly. Knockdown of the
major Rabll isoforms, Rablla and Rabllb, expressed in NIH3T3 fibroblasts with siRNA
oligonucleotides (Figure 7C), confirmed that Rabl1 was required for FA reassembly, but not
disassembly (Figure 6E, F). MT regrowth occurred normally in Rabl1-depleted fibroblasts
(Figure 6E). Importantly, Rab11-depleted fibroblasts failed to restore their surface integrin levels
after 90 min of MT regrowth (Figure 6G). Together, these data show that FA reassembly
requires Rabl1-dependent endocytic recycling of endocytosed integrin and indicates that FA

reassembly is coupled to return of integrins to the cell surface.

FAK and SFK activities are required for reassembly of FAs from endocytosed integrin
After FA disassembly we detected accumulation of activated FAK (FAK-pY397) at a

perinuclear site that colocalized with Rab11 (Figure 9A-top panels). When FAs reassembled at
120 min after MT regrowth, FAK-pY397 was no longer observed at the Rab11 ERC, but instead
redistributed to FAs (Figure 9A-bottom panels). These results raised the possibility that FAK
might be involved in the recycling of integrins or in their reassembly into FAs.

FAK scaffolding function functions in MT-induced FA disassembly by recruiting dynamin
to FAs (Ezratty et al., 2005; Wang et al., 2011b). Whether FAK kinase activity is important for

either FA disassembly or reassembly has not been tested. To approach this question we
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expressed FAK constructs mutated in the major autophosphorylation site (Y397F) or in the
kinase active site (K454R) in FAK™ fibroblasts, which were previously shown to exhibit
impaired MT-induced FA disassembly (Ezratty et al., 2005). As expected, reexpression of wild
type FAK-GFP rescued FA disassembly and reassembly (Figure 9B, D, E). In contrast, while
FAKY¥"F.GFP and FAK****_HA rescued FA disassembly in FAK™ fibroblasts to the same
extent of wild type FAK-GFP, neither supported FA reassembly (Figure 9C-E). To confirm the
requirement of FAK kinase activity for FA reassembly, we treated cells with the FAK kinase
inhibitor, PF228 (Slack-Davis et al., 2007). Consistent with the reexpression experiments, PF228
blocked FA reassembly without interfering with FA disassembly (Figure 10A, B). Similar results
were observed with a structurally distinct FAK inhibitor (Figure 11).

FAK and Src are major partners and Src was previously implicated in FA reassembly (Yeo
et al., 2006), so we next tested whether SFK activity was also required for FA reassembly by
treating cells with PP2, a selective inhibitor of SFKs (Hanke et al., 1996). PP2 had no detectable
effect on FA disassembly but blocked FA reassembly (Figure 10A, B). Inhibition of FA
reassembly was also evident biochemically using paxillin-pY118 as a marker for FA in FAK-
and SFK-inhibited cells (Figure 12). The effects of the FAK and SFKs inhibitors on FA
reassembly were reversible: within 10 min after drug wash out, FAs begin to reassemble and by
30 min FA reassembly reached the same level as that in vehicle-treated cells (Figure 10C, D).
These results show that FAK and SFKs activities are required for proper FA reassembly and that
FAK scaffolding and kinase functions orchestrate distinct steps in the cycle of FA disassembly

and reassembly.

FAK and SFK activities function at distinct steps in FA reassembly from recycled integrin
As with FAK (Figure 9A), Src was also localized in the ERC after MT regrowth and FA

disassembly (Figure 13), consistent with earlier studies showing the localization of Src in the
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ERC (Kaplan et al., 1992; Sandilands et al., 2007; Sandilands et al., 2004; Sandilands and Frame,
2008). Coupled with the requirement of FAK/SFKs for FA reassembly, these data suggest that
FAK and SFKs may contribute to integrin recycling from the ERC to the cell surface. To address
this we measured surface levels of a5 integrin after MT-induced FA disassembly in the presence
of either FAK (PF228) or SFK (PP2) inhibitors. Although neither inhibitor affected the loss of
surface integrin after FA disassembly, cells treated with PP2 failed to restore integrin surface
levels after 100 min of NZ washout (Figure 14A). Surprisingly, cells treated with PF228
reestablished their surface integrins at 100 min of NZ washout to levels similar to those in
DMSO-treated cells (Figure 14A). Consistent with the integrin surface levels, a5 integrin-GFP
accumulated in the Rab11 ERC 60 min after MT regrowth in control cells or in cells treated with
either inhibitor (Figure 14B, top panels). However, at 120 min after MT regrowth, when a5
integrin-GFP left the ERC and was reassembled into FAs in control cells, in cells treated with
PP2, but not PF228, it remained in the ERC (Figure 14B, bottom panels). Instead, in cells treated
with PF228, the a5 integrin-GFP appeared as diffuse labeling throughout the cell at a time when
FAs had reformed in the controls (Figure 14B, bottom panels-arrowheads). To quantify these
findings, we measured the signal of a5 integrin-GFP in the Rab11 ERC after 60 and 120 min of
MT regrowth. At 60 min of MT regrowth, at least 50% of the integrin signal colocalized with
Rabl1 in all conditions. At 120 min of MT regrowth, the level of a5 integrin-GFP in the Rabl1
ERC was reduced in control and PF228-treated cells, but remained elevated in PP2-treated cells
(Figure 14C). Thus, while both FAK and SFKs are required for the reassembly of FAs after MT-
induced FA disassembly, SFKs (but not FAK) are required for return of integrins to the cell

surface, whereas FAK is required for a step after the return of surface integrins.
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FAK kinase is required for activation of endocytosed integrin before FA reassembly

The failure of FAs to reassemble in FAK-inhibited cells, even though surface integrins
returned to control levels, suggested that FAK kinase activity might be regulating the activation
state of endocytosed integrins. To test this possibility, we explored the ability of FAK- and SFK-
inhibited cells to adhere to FN-coated surfaces after FA disassembly. We used cells at 90 min of
MT regrowth when integrins had returned to the surface in control and FAK-inhibited cells, but
not in SFK-inhibited cells. As expected because of their reduced levels of surface integrin, SFKs-
inhibited cells showed reduced binding to different FN concentrations relative to controls (Figure
15A, gray bars). Interestingly, FAK-inhibited cells showed similar reduced binding to FN as the
SFK-inhibited cells (Figure 15A, gray bars).

To test whether the reduced binding in FAK-inhibited cells reflected the activation state
of the returned integrin, we treated cells 90 min after MT regrowth with Mn”" to artificially
activate integrins (Gailit and Ruoslahti, 1988). Strikingly, Mn”" increased the binding of FAK-
inhibited cells to FN to levels similar to controls (Figure 15A, black bars). In contrast, Mn*" had
no effect on SFKs-inhibited cells binding to FN, which is consistent with the inability of these
cells to return integrin to the cell surface (Figure 15A). To test whether integrin activation was
sufficient for FA reassembly, we added Mn”" to FAK- or SFKs-inhibited adherent cells 80 min
after MT regrowth. Paralleling the cell binding results, we found that Mn®" stimulated FA
reassembly in FAK- but not SFKs-inhibited cells (Figure 15B). Furthermore, Mn*" did not
rescue FA reassembly in Rabl1a/b-depleted cells (Figure 16). To test directly the ligand binding
state of a5P1 integrin, we quantified by FACS the binding of a fluorescent FN fragment
comprising the RGD- and synergy-binding sites that mediate binding to integrins (Bouaouina et
al., 2012). This analysis showed that both FAK- and SFK-inhibited cells had reduced FN binding

compared to vehicle-treated control cells (Figure 15C). The reduced binding of the FN fragment
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in FAK-inhibited cells was reversible as binding of the FN fragment was restored to control
levels within 15 min of PF228 washout (Fig 15C). Thus, recycled integrins from disassembled
FAs require FAK kinase activity for integrin activation. We showed that FAK kinase activity is
not required for integrin recycling (Figure 14) and that transfection of different FAK kinase
defective mutants (FAK-Y397F and FAK-K454R) into FAK™" cells rescues FA disassembly but
not reassembly (Figure 9). Next, we tested whether these FAK mutants prevent FA reassembly
by affecting integrin recycling or activation. To exam this we transfected FAK™ cells with FAK-
Y397F or FAK-K454R and treated them after MT-induced FA disassembly with Mn*" to
artificially activate integrins. Interestingly, this cation rescued FA reassembly in these cells
(Figure 15D and E) which suggests that these mutations have the same effect on integrin

activation as the FAK inhibitor (PF228).

FAK maintains integrin in an active conformation after FA disassembly and during endocytic
recycling

FAK may be required either for maintaining endocytosed integrins in an active state after
FA disassembly and during endocytic recycling or for reactivating them once they return to the
cell surface. We tested these possibilities by examining the localization of active a5B1 integrin
after FA disassembly using antibodies that specifically detect active integrin epitopes. Because
of the availability of multiple antibodies to active human, but not mouse integrins, we conducted
these experiments in HT1080 fibrosarcoma cells, which had previously been shown to require
clathrin and dynamin for MT-induced FA disassembly (Chao and Kunz, 2009). We confirmed
that HT1080 cells disassemble their FAs after 60 min of NZ washout and reassemble them with a
lag after disassembly and that the FAK inhibitor, PF228, did not affect FA disassembly, but

strongly inhibited FA reassembly (Figure 17). Thus, multiple features of MT-induced FA
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disassembly and reassembly in NIH3T3 fibroblasts are recapitulated in human HT1080
fibrosarcoma cells.

After FA disassembly, integrin traffics through Rab5 early endosomes (Ezratty et al.,
2009). We tested whether active integrin accumulated in Rab5 early endosomes after FA
disassembly by transfecting HT1080 cells with constitutively active Rab5 Q79L, which
artificially swells early endosomes. Before NZ washout, staining of the Rab5 endosomes with
12G10 antibody, which specifically recognizes conformationally active B1 integrin (Byron et al.,
2009), was barely detectable; in contrast, 30 min after NZ washout, when many FAs had
disassembled, 12G10 staining was increased in most of the Rab5 endosomes (Figure 18A, B).
Quantitation showed that 12G10 staining of Rab5 endosomes increased significantly after NZ
washout (Figure 18C). FAK also specifically appeared in Rab5 endosomes after NZ washout
(Figure 18A, B).

We next tested whether active Bl integrin would appear in the Rab 11 endocytic
recycling compartment after FA disassembly. Indeed, at 60 min after FA disassembly, a strong
signal of active B1 integrin was colocalized with Rab11 in the ERC (Figure 18D-bottom panel).
Interestingly, active FAK-pY397 was colocalized with this active f1 integrin (Figure 19). At 120
min after NZ washout when FAs had reassembled, the active 1 integrin was nearly depleted
from the Rab11 ERC (Figure 18E). To test whether the presence of active B1 integrin in the ERC
depended on FA disassembly, we treated cells with the dynamin inhibitor dynasore after NZ
washout. Dynasore prevented MT-induced FA disassembly (see Figure 20), as expected (Ezratty
et al., 2005), and strongly prevented the accumulation of active B1 integrin in the Rabl1 ERC
(Figure 18D-top panels). Moreover active integrin staining in the Rab11 ERC decreased sharply

during FA reassembly (Figure 18D-bottom panel). Quantitation of the active B1 integrin in the
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Rabll ERC showed that it clearly increased after FA disassembly and then decreased
concomitant with the reassembly of FAs (Figure 18E).

We next tested whether FAK activity was required to maintain integrin in an active
conformation during endocytic recycling after FA disassembly. We triggered FA disassembly in
cells by NZ washout and then allowed integrin to accumulate in the Rabl11 ERC for 60 min in
the absence or presence of PF228. Whereas active 1 integrin was detected in the ERC in control
cells, it was dramatically reduced in PF228 treated cells (Fig. 18F, G). The lack of active integrin
in the ERC was not due to the absence of Bl integrin itself, as an antibody insensitive to
conformational state of B1 integrin (K20) showed similar staining of the ERC in the absence or
presence of PF228 (Figure 18F). FN-bound (and therefore presumably active) integrins have
been reported to be targeted to the lysosome for degradation (Lobert et al., 2010). Thus, we
wanted to test if integrins endocytosed from FAs are trafficked with FN. Prior to NZ washout FN
was detected mostly in fibrillar structures and small intracellular puncta, presumably vesicles.
The fibrillar FN was reduced in cells after 60 min of NZ washout (Figure 18H). Importantly,
active B1 integrin in the ERC 60 min after NZ washout displayed little colocalization with FN
(Figure 18I), suggesting that either FN is not endocytosed with FA-engaged integrins or that FN
dissociates from integrins at some point after endocytosis. Next, we used the FN fragment
comprising the RGD- and synergy-binding sites that mediate binding to integrins as an
alternative way to track active integrins following FA disassembly. Post-fixation staining with
this fragment revealed strong labeling of the ERC (as assessed by transferrin) and colocalization
with the 12G10 antibody (which also detects active integrin) after 60 min of NZ washout (Figure
18J). In agreement with our previous findings, treatment with FAK inhibitor or inhibition of FA

disassembly with dynasore strongly reduced the labeling of the ERC with the FN fragment,
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confirming that the staining was dependent on endocytosis and FAK (Figure 18J). These results
support the hypothesis that FA-derived integrin is uncoupled from FN after endocytosis since the
FN fragment only binds to ligand-free integrins. Combined, these results show that endocytosed
integrin derived from FAs travels through Rab5 and Rab11 endocytic compartments in an active

unliganded conformation maintained by FAK.

FAK and SFKs orchestrate integrin recycling in migrating cells
To explore whether the results from the MT induced FA disassembly system applied to a

more physiological situation, we analyzed FA dynamics in migrating cells treated with FAK or
SFK inhibitors. As expected from earlier studies (Ilic et al., 1995; Lawson et al., 2012; Sieg et
al., 2000; Sieg et al., 1999; Slack-Davis et al., 2007; Wang et al., 2011b; Yeo et al., 2006), both
kinase inhibitors prevented migration (Figure 21). Consistent with their effects on FA
reformation but not disassembly, both inhibitors allowed FAs to disassemble but blocked FA
reassembly in migrating cells (Figure 22A, B). The rate of FA disassembly in cells treated with
FAK and SFK inhibitors was similar to DMSO-treated cells (0.022 + 0.007 min” for DMSO,
0.018 + 0.004 min"' for PF228 and 0.017 + 0.005 for PP2), which are all comparable to
previously reported rates for NIH 3T3 fibroblasts (Berginski et al., 2011). Because integrin
recycling is unaffected in FAK-inhibited cells, but is blocked in SFK-inhibited cells (Figure
14A), reassembly of FAs after inhibitor washout should be faster in FAK-inhibited cells than
SFKs-inhibited cells. Indeed, after washout of the inhibitors, FAs reassembled quicker in FAK-
inhibited cells compared to SFKs-inhibited cells (Figure 22C, D). The ti/, Fa reassembly calculated
from plots of the summed intensity of FAs, was 5 min for PF228 release and 25 min for PP2
release. The ~20 min difference in the ti, FA reassembly an be taken as an estimate of the time for
recycling of integrin to the cell surface from the ERC, although other processes may contribute

to these values (see Discussion). Importantly, at later times both reassembly curves reached
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similar intensity levels. These levels surpassed the steady state FA level in untreated cells,
presumably because of the synchronous return of activated integrins (see Discussion). Also in
agreement with the results obtained from the MT regrowth system (Figure 14A), SFK but not
FAK inhibitor reduced surface integrin levels in migrating cells (Figure 22E).

Next, we tested if Mn”" could rescue FA assembly in FAK-inhibited migrating cells. We
treated migrating cells with PF228 or PP2 for 2 h to allow for complete FA disassembly and then
added Mn”". In agreement with the data from the MT-induced FA disassembly system, Mn>"
induced FA reassembly in FAK-inhibited cells but not in SFKs-inhibited cells (Figure 22F).
Lastly, we determined where and when FA reassembly takes place after MT regrowth from NZ
treatment in cells at the edge of a wounded monolayer and hence polarized for migration.
Consistent with the earlier results (Figure 3E, F), FA reassembly occurred at 90-100 min after
MT regrowth and was highly polarized at the leading edge (Figure 22G). Quantification revealed
that FA density increased 4-fold in the leading edge 90-100 min after MT regrowth compared to
before MT regrowth (Figure 22H). Collectively these results support the idea that FAK and

SFKs modulate activation of endocytosed integrin and its recycling during cell migration.
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DISCUSSION

Our study establishes for the first time a connection between FA disassembly and
reassembly through an integrin endocytic recycling pathway and shows that this cycle is rate-
limiting for cell migration. Combined with results from earlier studies, our work supports a new
model for the reassembly of FAs from recycled integrins in which FAK and SFKs play
previously unsuspected roles (Figure 23). The key steps of the model are as follows. MT-induced
disassembly of FAs results in the endocytic uptake of FA integrin through a clathrin and
dynamin-dependent process (Chao and Kunz, 2009; Ezratty et al., 2009; Ezratty et al., 2005).
The endocytosed integrins travel through Rab5 early endosomes and the Rabl1l ERC before
returning to the cell surface where they rapidly reassemble into new FAs due to their
maintenance in an active state during endocytic recycling. FAK and SFKs play key roles in this
trafficking by maintaining integrin in an active state after FA disassembly and returning integrin
to the cell surface from the ERC, respectively. A key implication of this model is that integrins
derived from disassembled FAs have “memory” of their residence in FAs since they retain their
activation state.

The functions we describe for FAK and SFKs in the recycling of active integrin represent
new functions for both kinases. That SFKs participate in the return of integrin from the ERC is
consistent with earlier studies reporting localization of Src to perinuclear endosomes and the
regulation of SFK’s activity by association with endosomal membranes (Fincham et al., 1996;
Kaplan et al., 1992; Sandilands et al., 2007; Tanji et al., 2010), yet SFKs have not been shown
previously to regulate the recycling of integrins. The localization of Src in the ERC during
integrin recycling, the failure to restore surface integrin levels and accumulation of integrin in

the ERC in SFK-inhibited cells, and the lag in the reappearance of FAs after PP2 washout
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relative to PF228 washout, all strongly support a role for SFKs in regulating the trafficking of
integrin from the ERC to the cell surface. Consistently, SFKs have been shown to be necessary
for the trafficking of one other membrane protein, namely the FGF receptor (Belleudi et al.,
2011; Auciello et al., 2013).

The function of FAK in maintaining the activity of endocytosed integrin was unexpected.
FAK has not previously been shown to control integrin activation state, which may reflect the
fact that previous studies did not specifically examine endocytosed integrin. Strikingly, we detect
active FAK with the endocytosed integrin in at least two intracellular compartments, suggesting
that FAK may travel with integrin throughout its endocytic recycling. To our knowledge, FAK is
the first FA resident protein shown to have a role in integrin trafficking.

Previous studies demonstrated that the scaffolding function of FAK is required for MT-
induced FA disassembly (Ezratty et al., 2005; Wang et al., 2011b). Strikingly, we found that
FAK kinase activity is dispensable for this process, thus indicating that the scaffolding and
kinase functions of FAK can be separated. Moreover, the scaffolding function of FAK was
recently shown to be important for talin recruitment to FAs during early cell spreading (Lawson
et al., 2012), which is consistent with a role for this kinase in modulating integrin activation
and/or clustering in the plasma membrane. Thus it is possible that FAK might contribute to
integrin activation at two stages in the life cycle of integrins: during integrin recycling back to
the cell surface where FAK kinase activity is required and in the plasma membrane where FAK
scaffolding function enhances talin recruitment (Lawson et al., 2012).

Curiously, while we find that FAK is essential for FA reformation, previous studies using
spreading assays do not report a defect in FA formation (Ilic et al., 1995). How can our results be

reconciled with the earlier studies? We suggest that there is a major difference between our assay
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and that used in the earlier studies. In the MT regrowth assay, FA reformation is specifically
dependent on recycled integrin, whereas in spreading assays, there is a vast pool of active
integrins released into the cell membrane upon cell detachment and these would be available to
engage the ECM during cell spreading.

Our study supports the idea that endocytosed integrin is trafficked to different locales
depending on its activation state. Previously, inactive B1 integrin was shown to traffic through a
Rab4-dependent fast-loop recycling pathway, whereas active integrin traffics predominantly
along the Rab11-dependent long-loop pathway (Powelka et al., 2004; Arjonen et al., 2012) as we
observed in our study. Additionally, it was demonstrated that the active Pl integrin is
internalized more efficiently than the inactive conformation and that this particular integrin pool
does not undergo Rab4-rapid recycling (Chao and Kunz, 2009; Arjonen et al., 2012).

The presence of ECM ligand with endocytosed integrin may also effect its trafficking.
Interestingly, FN has been detected in integrin-containing endosomes (Ng et al., 1999; Pellinen
et al., 2006) and it has been demonstrated that this active pool of integrins follows an alternative
trafficking pathway. Active integrin (detected with conformation specific antibodies) localized to
Rab7 endosomes (Arjonen et al., 2012) and FN-bound integrin was shown to be ubiquitinylated
and directed to lysosomes for degradation (Lobert et al., 2010). That FN bound integrin is
degraded rather than recycled may be one way to ensure that the integrin returned to the cell
surface is capable of binding ECM ligands and reforming adhesions. We find that after FA
disassembly, there is little FN associated with B1 integrin in the Rabl1 ERC (data not shown),
consistent with it being returned to the cell surface in an unliganded state.

Our results support the idea that there is a cycle of integrin recycling that contributes to

polarized formation of FAs in the leading edge of migrating cells. To fully understand how this
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cycle is coupled to cell migration it will be important to address new questions raised by our
study, including how vesicles are trafficked from the Rab11 ERC to the cell surface and how the
sites of recycled integrin exocytosis are related to sites of FA reformation. We identified FAK as
one component that maintains integrin in an active state during its endocytic recycling, which
raises the possibility that other FA components may also be involved. The system of
synchronous FA disassembly and integrin endocytosis we have characterized here should be

useful for exploring these questions.
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Figure 3. FA reassembly occurs with a lag of 30 minutes after disassembly.

(A) Immunofluorescence images of vinculin and MTs in NIH3T3 fibroblasts after
treatment with NZ for 3-4 h followed by washout for the indicated times. (B)
Quantification of FA disassembly and reassembly following NZ washout. The histogram
illustrates data from at least 2 independent experiments in which 25 cells per time-point
were analyzed. Error bars are SD. Scale bar, 15 um. (C) Western blot of FAK, FAK-
pY397, paxillin-pY 118 and tubulin after NZ washout. Starved NIH 3T3 fibroblasts were
incubated with NZ (10 uM; 4 h) and the drug was then washed out and MTs were allowed
to regrow for the indicated times before preparing samples for SDS—-PAGE. Tubulin is a
loading control. (D) Quantification of FAK-pY397 to FAK ratios from western blots such
as in “C”. The data represent densitometric analysis of five separate experiments. Error
bars are SD. (E) FA reassembly occurs preferentially at the cell periphery. Left: diagram
illustrating the methodology used to quantify the distribution of reassembled FAs: FAs
located outside a 2 pm range from the cell periphery were classified as internal FAs
(“Region B”) whereas those inside the 2 pm range were classified as peripheral FAs
(“Region A”). Right: quantification of FA area within each of the regions defined in the
diagram. Data are from at least 3 independent experiments in which 15 cells were analyzed
for each time-point. Error bars are SD. (F) Merged images of paxillin-EGFP at Omin
(green) and 100min (red) after NZ washout showing polarized FAs reassembly. Scale bar,

5 um. ***p < 0.001; **p<0.01.
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Figure 4. FA reassembly as assayed with additional FA markers.
Immunofluorescence images of pY397-FAK, paxillin and Rhodamine-phalloidin staining
of NIH3T3 fibroblasts after NZ treatment (3-4 h) and washout for the indicated times.

Scale bar, 10 um.
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Figure 5. Characterization of paxillin-EGFP NIH3T3 fibroblast cell line.

(A) Immunofluorescence of Paxillin-EGFP NIH3T3 fibroblast cell line showing a similar
distribution of paxillin-EGFP and endogenous FAK-pY397. (B) Immunofluorescence of
NIH3T3 fibroblasts stained for paxillin and vinculin showing that FAs are similar in size,
number and distribution compared to the FAs in paxillin-EGFP NIH3T3 fibroblasts. (C)
Western blot analysis of paxillin levels in paxillin-EGFP NIH3T3 fibroblasts. Note that
the exogenous paxillin-EGFP is expressed at levels comparable to endogenous paxillin.
(D) Quantification of cell migration velocity for parental NIH3T3 fibroblasts and paxillin-
EGFP NIH3T3 fibroblasts. DIC images were taken at 5 min intervals for 12 h. Error bars

are SD. (A-B) Scale bars, 15 um.
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Figure 6. FA reassembly involves endocytic recycling.

(A) Quantification of levels of surface a5 integrin measured by antibody labeling and
flow cytometry for NIH3T3 fibroblasts at indicated times after NZ washout. Values
represent mean fluorescent intensity normalized to the value at 0 min of NZ washout. Data
are from eight independent experiments. (B) Immunofluorescence of a5 integrin-GFP and
endogenous Rab11 in NIH3T3 fibroblasts at the indicated times after NZ washout. Arrows
indicate colocalization of a5 integrin-GFP with the Rabl11-ERC. Note the reduction and
redistribution of the a5 integrin-GFP from the Rabl1-positive compartment to FAs at 120
min of NZ washout. Scale bar, 15 um. (C) Immunofluorescence images of vinculin and
Rabl1 in NIH3T3 fibroblasts expressing Rabl1 WT-GFP or Rab11 S25N-GFP fixed at 120
min of NZ washout. Arrows indicate transfected cells. Scale bar, 20 um. (D)
Quantification of FA disassembly and reassembly in NIH3T3 fibroblasts transfected with
the indicated Rab mutants. Cells were scored positive if they contained > 10 FAs. Data
represent at least three independent experiments in which > 150 cells were analyzed for
each condition. (E) Immunofluorescence images of vinculin and MTs in NIH3T3
fibroblasts treated with non-coding (NC) or Rablla/b siRNAs and fixed at the indicated
times after NZ washout. Scale bar, 20 um. (F) Quantification of FA disassembly and
reassembly in NIH3T3 fibroblasts treated with Rablla/b or NC siRNAs. Cells were fixed
at the indicated times after NZ washout. Data represent at least five independent
experiments in which > 150 cells were analyzed for each condition. (G) Levels of surface
a5 integrin at 90 min of NZ washout relative to 60 min of NZ washout in NIH3T3
fibroblasts treated with either Rablla/b or NC siRNAs. Data represent the mean
fluorescent intensity from three independent experiments. Error bars are SD. *** p <

0.001, ** p <0.01.
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Figure 7. Analysis of total integrin levels and of dominant negative Rab5 during MT induced FA
disassembly.

(A) Western blot analysis of a5 integrin in NIH3T3 fibroblasts lysates at the indicated
times after NZ washout. Vinculin is shown as a loading control. (B) Immunofluorescence
image of zyxin and Rhodamine-phalloidin stained in a Rab5 dominant negative (Rab5
S34N)-transfected NIH3T3 fibroblast (arrow) after 120 min of NZ washout. Scale bar, 15
pum. (C) Western blot analysis of Rablla/b in NIH3T3 fibroblasts treated with non-coding

(NC) or Rablla/b siRNAs. Tubulin is a loading control.
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Figure 8. Localization of a5 integrin-GFP in the Rab11 ERC after FA disassembly.

Immunofluorescence images of a5 integrin-GFP, Rabl1l and GM-130 (Golgi) in NIH3T3
fibroblasts expressing o5 integrin-GFP fixed at 60 min of NZ washout. Arrows indicate
the Rabl1l ERC; arrowhead indicates the Golgi. Note colocalization of a5 integrin-GFP

with the Rab11 ERC but not the Golgi. Scale bar, 5 um.
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Figure 9. FAK Kkinase activity is dispensable for FA disassembly but critical for FA reassembly.

(A) Immunofluorescence images of FAK-pY397 and Rabll in NIH3T3 fibroblasts
expressing Rabll WT-GFP. Cells were fixed at the indicated times after NZ washout.
Arrows indicate the Rab11 ERC. (B) Immunofluorescence images of vinculin and GFP in
FAK™™ mouse embryo fibroblasts (MEFs) expressing FAK-WT-EGFP. Cells were fixed at
the indicated times after NZ washout. Arrows indicate transfected cells. (C)
Immunofluorescence images of vinculin or paxillin and GFP or HA in FAK' MEFs
expressing FAK-Y397F-EGFP (autophosphorylation/Src binding site) or FAK-K454R-HA
(kinase dead) variants. Cells were fixed at the indicated times after NZ washout. Arrows
indicate transfected cells. (D-E) Quantification of FA disassembly (D) and reassembly (E)
in FAK”™ MEFs expressing the indicated FAK constructs. Data represent at least five
independent experiments in which > 100 cells were analyzed for each condition. Scale

bars, 20 um. Error bars are SD, *** p < 0.001, relative to EGFP-transfected cells.
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Figure 10. FAK and SFKs activities are required for FA adhesion reassembly.

(A) Immunofluorescence images of vinculin in NIH3T3 fibroblasts treated with NZ for 3-4
h followed by washout in the presence of the indicated drugs (DMSO, PF228 10 pM or
PP2 10 uM). Cells were fixed at the indicated times. (B) Quantification of FA disassembly
and reassembly in cells treated with vehicle (DMSO), PF228 or PP2. Data represent at
least three independent experiments in which > 200 cells were analyzed for each
condition. (C) Immunofluorescence images of vinculin and MTs in NIH3T3 fibroblasts
treated with NZ for 3-4 h followed by washout in the presence of the indicated drugs
(DMSO, PF228 10 puM or PP2 10 uM). Cells were fixed at the indicated times. (D)
Quantification of FA reassembly following drug release. Data represent at least three
independent experiments in which > 200 cells were analyzed for each condition. Error bars
are SD. Scale bars, 20 pm. *** p < 0.001, relative to DMSO-treated cells at 120 min after

NZ washout.
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Figure 11. A structurally distinct FAK inhibitor inhibits FA reassembly without affecting
disassembly.

Immunofluorescence images of vinculin, paxillin and MTs in NIH3T3 fibroblasts treated
with NZ for 3-4 h followed by washout in the presence of the indicated drugs (DMSO or

FAK inhibitor-I1 2 uM). Cells were fixed at the indicated times.
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Figure 12. Biochemical analysis of FA disassembly and reassembly after inhibition of FAK or
SFKs.

NIH3T3 fibroblasts treated with NZ for 3-4 h followed by washout in the presence of the
indicated drugs (DMSO, PF228 10 uM or PP2 10 uM). Cells were lysed at the indicated

times and blotted for paxillin-pY 118 and paxillin antibodies. Tubulin is a loading control.
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Figure 13. Src localizes to the Rab11 ERC after FA disassembly.
Immunofluorescence images of Src and Rabl1-EGFP in NIH3T3 fibroblasts expressing
Rab11-EGFP fixed at 60 min after NZ washout. Arrows indicate the Rabll ERC. Note

colocalization of endogenous Src with the Rabl1 ERC. Scale bar, 15 pm.
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Figure 14. SFKs mediate integrin trafficking from the ERC.

(A) NIH 3T3 fibroblasts were treated with NZ for 3-4 h and surface levels of a5 integrin
were measured by flow cytometry at the indicated times after NZ washout. Data represent
mean fluorescent intensity from eight independent experiments. (B) Immunofluorescence
images of a5 integrin-GFP and Rabl1 in NIH3T3 fibroblasts expressing a5 integrin-GFP
fixed at 60 or 120 min after NZ washout. The NZ washout was performed in the presence
of DMSO (vehicle), PF228 (10 uM) or PP2 (10 uM). Arrows indicate the Rabl1l ERC.
Note that a5 integrin-GFP accumulates in the Rabll ERC at 60 min after NZ washout.
Arrowheads indicate the redistribution of a5 integrin-GFP to FAs after 120 min of NZ
washout in DMSO-treated NIH3T3 fibroblasts. Scale bar, 15 um. (C) Quantification of a5
integrin-GFP signal in the Rabll ERC (assessed by Rabll staining) during FA
disassembly and reassembly in the presence of DMSO (vehicle), PF228 (10 pM) or PP2
(10 uM). Data represent at least three independent experiments in which 20 cells were
analyzed for each condition. Scale bars, 20 um. Bars are SD. In “C”, *** p < 0.001,

relative to PP2-treated cells at 120 min after NZ washout.
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Figure 15. FAK inhibitor causes impaired cell adhesion and blocks FA reassembly by affecting
integrin activation.

(A) Data represent adhesion assay performed on FN-coated surfaces. NIH3T3 fibroblasts
were treated with NZ for 3-4 h and following 90 min of NZ washout in the presence of
DMSO, PP2 (10 uM) or PF228 (10 uM) cells were trypsinized and replated on FN-treated
coverslips for 15 min still in the presence of the drugs. Manganese was added to the
indicated samples (100 uM). Nuclei were stained with DAPI to assess the number of cells
adhered (for more details see Methods). (B) Immunofluorescence images of vinculin in
NIH3T3 fibroblasts treated with NZ for 3-4 h and fixed at the indicated times after NZ
washout. NZ washout was performed in the presence of the indicated drugs as in “A”.
Manganese was added to the medium at 85 min of NZ washout and cells were incubated
for another 35 min. Scale bar, 10 um. (C) Quantification of the binding of a FN fragment
containing the canonical RGD- and synergy-binding sites for integrin (FN9-11). NIH3T3
fibroblasts were treated with NZ for 3-4 h and following the indicated times of NZ
washout cells were harvested and the binding of the FN fragment was measured by flow
cytometry (see Methods). NZ washout was performed in the presence of the indicated
drugs as in “A”. The histogram represents mean fluorescence intensity normalized to the
value at 45 min of NZ washout. Data are from > 10 independent experiments. Error bars
are SEM. (D) Immunofluorescence images of FAK (wt or different kinase mutants) and
vinculin in NIH3T3 fibroblasts expressing FAK-WT-GFP, FAK-Y397F-GFP or FAK-
K454R-HA and fixed at the indicated times after NZ washout. Manganese (100 uM) was
added to the cells after 60 min of NZ washout. Arrows point to the transfected cells. Scale
bar, 15 pm. (E) Quantification of FA disassembly and reassembly in transfected cells at
the indicated times after NZ washout. At least 100 cells were analyzed in each experiment

from a total of 3 independent experiments. Bars are SD. * p < 0.05; ** p < 0.01.
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Figure 16. Manganese does not rescue FA reassembly in Rab11-depleted cells.

(A) Immunofluorescence images of vinculin and in NIH3T3 fibroblasts treated with non-
coding (NC) or Rabl1a/b siRNAs and fixed at 120 min after NZ washout. Manganese (100
uM) was added at 90 min after NZ washout. (B) Data represent the quantification of FA
disassembly and reassembly in cells treated with Rablla/b or NC siRNAs. At least two
independent experiments were performed in which > 150 cells were analyzed for each
condition. Scale bar, 15 pm. Error bars are SD. ***p < 0.001, relative to control (NC)

values at 120 min after NZ washout.
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Figure 17. FAK inhibitor blocks FA reassembly without interfering with FA disassembly in
HT1080 fibrosarcoma cells.

(A) Immunofluorescence images of vinculin, paxillin-pY118 and MTs in HT1080 human
fibrosarcoma cells fixed at the indicated times after NZ washout in the presence of DMSO
(vehicle) or PF22 (10 uM). (B) Data represent quantification of FA disassembly and
reassembly in cells treated with DMSO or PF228. Data are from at least three independent
experiments in which > 200 cells were analyzed for each condition. Scale bar, 25 um.

Error bars are SD. ** p < 0.01.
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Figure 18. FAK Kkinase activity maintains integrin in an active state after FA disassembly and
during endocytic recycling.

(A-B) Immunofluorescence images of active Bl integrin (12G10 antibody) and FAK in
Rab5 constitutively active (Rab5 Q79L)-transfected HT1080 fibrosarcoma cells fixed at 0
or 30 min after NZ washout. Arrowheads indicate the Rab5 endosomes. Note the
localization of active Bl integrin and FAK to the endosomes at 30 but not at 0 min after
NZ washout. Scale bars, 10 pm. (C) Data represent the intensity of active f1 integrin in
Rab5 endosomes. Data are from 12 cells (30 individual Rab5-positive endosomes) and this
experiment was repeated at least two times. (D) Immunofluorescence images of Rab11 and
active B1 integrin (12G10 antibody-insets) in HT1080 fibrosarcoma cells fixed at 60 min
after NZ washout in the presence of Dynasore (80 uM) or vehicle (DMSO). Scale bars, 15
pum. (E) Data represent the intensity of active Bl integrin measured in the Rabl1l ERC.
Data are from 12 cells (30 individual Rabl1-positive recycling compartments) and this
experiment was repeated at least two times. (F) Immunofluorescence images of active Bl
integrin (12G10 antibody), total B1 integrin (K20 antibody) and Rabll in HT1080
fibrosarcoma cells fixed at 60 min after NZ washout in the presence of PF228 (10 uM) or
vehicle (DMSO). Scale bars, 15 pm. (G) Data represent the intensity of active f1 integrin
measured in the Rabll ERC. Data are from 12 cells (30 individual Rabll1-positive
recycling compartments) and this experiment was repeated at least two times. (H)
Immunofluorescence images of FN in HT1080 fibrosarcoma cells fixed at 0 and 60 min
after NZ washout. Scale bar, 15 pm. (I) Immunofluorescence images of active Bl integrin
(12G10 antibody), FN and Alexa 649-conjugated transferrin in HT1080 fibrosarcoma cells
fixed at 60 min after NZ washout. Scale bars, 10 um and 3 pm. (J) Immunofluorescence
images of active Bl integrin [FN fragment-left row and 12G10 antibody-middle row] and
Alexa 649-conjugated transferrin in HT1080 fibrosarcoma cells fixed at 60 min after NZ
washout in the presence of vehicle (DMSO), PF228 (10 uM) or Dynasore (80 uM). Scale
bar, 10 um. The horizontal lines in the scatter dot plots represent the mean intensity. *** p

<0.01.
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Figure 19. FAK-pY397 colocalizes with active integrin following FA disassembly in HT1080
fibrosarcoma cells.
Immunofluorescence images of active f1 integrin (12G10 antibody) and FAK-pY397 in

HT1080 fibrosarcoma cells fixed at 60 min after NZ washout. Scale bar, 10 um.
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Figure 20. Dynasore blocks FA disassembly in HT1080 fibrosarcoma cells.
Immunofluorescence images of FAK-pY397 in HT1080 fibrosarcoma cells fixed at 60 min

after NZ washout in the presence of Dynasore (80 uM) or vehicle (DMSO). Scale bar, 15

pm.
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Figure 21. FAK and SFKSs inhibitors mitigate migration.

(A) Confluent monolayers of NIH3T3 fibroblasts were wounded and cells were imaged by
DIC during 4 h in the presence of vehicle (DMSO), PF228 (10 uM) or PP2 (10 uM). Scale
bar, 5 um. (B) Data represent the quantification of cell migration for the duration of the
experiment (4 hours). Results are from three independent experiments. Bars are SD. ***

p<0.001, relative to DMSO-treated cells.
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Figure 22. The effects of FAK and SFK inhibitors on migrating NIH3T3 fibroblasts are consistent
with their role in regulating integrin activation and recycling.

(A) TIRF images of a paxillin-EGFP NIH3T3 cell line incubated with DMSO (vehicle),
PF228 (10 uM) or PP2 (10 uM). Scale bar, 5 um. (B) Data represent the average sum
intensity of FAs which was normalized to the time when drugs were added (see methods).
Error bars are SD. (C) TIRF images of drug washout from the same cells represented in
“A”. Scale bar, 5 um. (D) Data represent the average sum intensity of FAs following drug
washout. Note the faster FA reformation for FAK-inhibited cells. Error bars are SD. (E)
Quantification of levels of surface o5 integrin measured by antibody labeling and flow
cytometry. Cells were submitted to random migration for 6 h on FN-coated dishes in the
presence of DMSO (vehicle), PF228 (10 uM) or PP2 (10 uM). Error bars are SD. (F) TIRF
images of a paxillin-EGFP NIH3T3 cell line incubated with PF228 (10 pM) for
approximately 2 h followed by treatment with manganese (100 uM). Scale bar, 2.5 pm. (G)
Immunofluorescence images of FAK in wounded monolayers of NIH3T3 fibroblasts at 0
and 90-100 min after NZ washout. Scale bar, 7.5 um. (H) Assessment of the distribution of
FAs during FA reassembly in wounded monolayers. Left: diagram illustrating the
methodology used to quantify FA reassembly distribution: FAs located within a 2 pm
range from the cell periphery were classified as peripheral FAs; subsequently this
population was further divided in leading edge- (“Region A”) or cell side/rear-located FAs
(“Region B”). Right: the histogram represents the total FA area relative to each region.
The data are from at least 3 independent experiments in which 15 cells were analyzed in
each time-point. Error bars are SD. *** p < 0.001, relative to 90-100 min of NZ washout

in “Region A”; **p<0.01.
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Figure 23. Proposed model for polarized FA reassembly mediated by recycling of integrins
previously resident at FAs.

MT-induced-FA disassembly is dependent on integrin endocytosis mediated by FAK,
GRB2, dynamin2, clathrin, clathrin adaptors (Dab2 and ARH) and PIPk1p. Following
endocytosis, integrins remain associated with Rab5-positive early endosomes that also
contain FAK and possibly Src, and this maintains integrins in an active conformation.
Alternatively, integrins might not remain associated with FAK/Src after endocytosis and
in this case we suggest that they get deactivated. Active integrins are then trafficked to the
Rabll endocytic recycling compartment where FAK and Src are also present. The
recycling of integrins back to the cell surface is dependent on Rabl1 and SFKs activity
and probably on a MT-associated motor given the fact that this is a long range and
polarized transport. Whether these proteins function in one or multiple steps in returning
integrin from the ERC is unclear. Of note, FA reassembly will rapidly occur following
exocytosis of integrin-containing vesicles since recycled integrins are active and therefore
ready to engage with the extracellular matrix. The labels in red represent my findings

whereas those in black refer to previous findings.
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MATERIAL AND METHODS

Chemicals and cell culture

Src family kinases inhibitor (PP2) was purchased from Calbiochem. FAK kinase inhibitor
(PF-573228) was purchased from Tocris Bioscience and FAK Kinase inhibitor I was purchased
from Chemicon. Nocodazole was purchased from Sigma-Aldrich. NIH3T3 fibroblasts were
cultured in DMEM (Life Technologies, Grand Island, NY) with 10% calf serum (Gemini, West
Sacramento, CA) and 10 mM HEPES (pH 7.4). For serum starvation, cells on acid-washed
coverslips were grown to confluence (~2 days) and transferred to serum-free medium (DME and
10 mM Hepes, pH 7.4) for 48 hours as previously described (Ezratty et al., 2005; 2009). FAK-
null mouse embryonic fibroblasts were cultured in DMEM and fetal bovine serum as previously
described (Schlaepfer et al., 1999; Sieg et al., 1999). The human fibrosarcoma cell line HT1080
(ATCC) was grown in DMEM supplemented with 10% bovine serum and 10 mM HEPES (pH

7.4). All cell lines were cultured on 5% CO, at 37°C.

Model system to study FA turnover and integrin recycling

Focal adhesion disassembly and cell migration experiments were performed as previously
described (Ezratty et al., 2005; 2009). In brief, NIH3T3 cells grown on glass coverslips were
treated with 10 uM NZ for 4 hours to completely depolymerize MTs. The drug was washed out
with serum-free medium, and MTs were allowed to repolymerize for different intervals. Cells
were either fixed in —20°C methanol for 5 min and rehydrated in TBS or fixed in 4%
paraformaldehyde in PBS for 10 min, followed by permeabilization with 0.3% Triton X-100 in
PBS for 5 min before immunofluorescence staining. Depending on the experiment, cells were
stained with anti-HA (mouse monoclonal; 1:200; Covance), vinculin (mouse monoclonal; 1:100;
Sigma-Aldrich), FAK-pY397 (rabbit polyclonal; 1:200; Invitrogen), Paxillin-pY31 (rabbit

polyclonal; 1:200; Invitrogen), Paxillin (mouse monoclonal; 1:200; BD Biosciences), Rabl1
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(rabbit polyclonal; 1:200; BD Biosciences), FAK (rabbit polyclonal; 1:200; Santa Cruz Biotech),
activate human PB1 integrin clone 12G10 (mouse monoclonal; 1:200; Abcam), total human B1
integrin clone K20 (mouse monoclonal; 1:200; Santa Cruz), fibronectin antibody (rabbit
polyclonal; 1:500; SIGMA), tyrosinated tubulin (rat monoclonal YL1/2; 1:20 dilution of culture
supernatant), Golgi-GM31 (mouse monoclonal; 1:200; BD Biosciences), GFP (chicken
polyclonal; 1:100; Chemicon-MilliPore) or CyS/rhodamine-phalloidin (1:200; Cytoskeleton,
Inc.). Secondary antibodies were purchased from Jackson ImmunoResearch Laboratories, Inc.
and were absorbed to minimize cross-reaction with other species. Coverslips were mounted with

Fluoromount-G (Southern Biotech, Birmingham, AL).

Cell migration experiments

Cells were plated at a subconfluent density (75%) on glass-bottom dishes and 24 h later
growth medium was replaced by DMEM supplemented with 0.5% calf serum. The following
day, cell monolayers were wounded with a pipette tip and incubated in DMEM containing 2%
calf serum before imaging. Phase images were acquired after 12 and 24 hours post-wound using
a 10X (NA 0.3) DLWD Plan Fluor objective and a CoolSNAP HQ CCD camera on a Nikon
TE300 inverted microscope controlled by Metamorph (Molecular Devices, Sunnyvale, CA).

Wound closure was calculated by the relative change in area between 0, 12 and 24 h.

Measurements of integrin activation

The activation state of endogenous a5B1 was assessed as described previously by measuring
the binding of a recombinant soluble integrin-binding fragment of fibronectin containing the
RGD- and the synergy-binding site for integrins (GST-FN9-11) (Hughes et al., 2002; Bouaouina
et al., 2008; Bouaouina et al., 2012). For each preparation of biotinylated GST-FN9-11 the
effective concentration to be used on the experiment was determined by titration. Briefly, cells

were harvested by a brief trypsinization, followed by neutralization with the addition of complete
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media. Following a brief centrifugation, cells were washed twice in ice cold Tyrode’s buffer and
suspended and incubated on ice with biotinylated GST FN9-11 for 30 min. After washing the
cells with ice cold Tyrode’s, cells were incubated on ice for another 30 min with Alexa Fluor
488-streptavidin (10pg/ml; Molecular Probes Inc.). The cells were then washed again in ice cold
Tyrode’s buffer and analyzed on a FACScan (Becton Dickinson) flow cytometer. The collected

data were analyzed using Cel/lQuest software (Becton Dickinson).

Western blotting
Cells were lysed in lysis buffer (1% NP-40, 50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM

MgCl,, 1 mM EGTA, and protease and phosphatase inhibitors), boiled in 2x Laemmli sample
buffer, and then separated by SDS-PAGE on 7.5 or 10% gels. Lysate protein concentration was
determined by bicinchoninic acid assay and normalized for loading. Gels were transferred to
nitrocellulose, blocked 1 h at room temperature in TBS buffer containing 5% BSA, and then
incubated in 5% BSA/TBST overnight at 4°C with antibodies against Src (rabbit polyclonal;
1:500; Santa Cruz Biotech), Rab11 (rabbit polyclonal; 1:1,000; BD Biosciences), Paxillin pY 118
(rabbit polyclonal; 1:1,000; Invitrogen), Paxillin (mouse monoclonal; 1:1,000; BD Biosciences)
FAK (rabbit polyclonal; 1:500; Santa Cruz Biotech), pY397 FAK (rabbit polyclonal; 1:5,000;
Invitrogen), vinculin (1:5,000), or tyrosinated tubulin (rat monoclonal YL1/2; 1:50,000) followed
by the appropriate IR680- or IR800-conjugated secondary antibodies (1:5,000; Rockland
Immunochemicals, Inc.). Quantification of bands was performed with an Odyssey imaging

system (LI-COR Biosciences).

Microscopy

Immunofluorescently stained preparations were observed with an inverted microscope
(TE2000-U; Nikon) using a 60x NA 1.45 Plan Apochromat objective and filter cubes optimized

for coumarin, fluorescein/GFP, rhodamine, and Cy5 fluorescence. For TIRF microscopy,
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preparations were observed using a TIRF illuminator and fiber optic—coupled laser illumination
with three separate laser lines (Ar ion [488 nm] and HeNe [543 nm and 633 nm]) and filter cubes
optimized for fluorescein/GFP, Cy3/Alexa Fluor 546, and Cy5 fluorescence (Chroma
Technology Corp.). All Images were captured with a camera (OrcallER; Hamamatsu Photonics)
using MetaMorph software (Molecular Devices, Sunnyvale, CA). Live cell imaging was
performed with an inverted microscope (Nikon Eclipse Ti) equipped with motorized xyz stage to
acquire multiple data points simultaneously using recording media (Gomes and Gundersen,
2006) and a temperature controller (37°C). NIH3T3 cells stably expressing EGFP—paxillin were
analyzed either by TIRF or DIC using a 60x NA 1.49 Apochromat objective. For TIRF
microscopy preparations were observed using a TIRF illuminator and fibre optic—coupled laser
illumination with an Ar ion [488] laser line. All images were captured with a camera (Andor

1Xon3 888, back illuminated EMCCD) controlled by NIS elements software.

Image quantifications

All images were background-subtracted before performing any type of measurement. To
analyze the percentage of integrin signal in the ERC after FA disassembly we first defined a
region of interest (ROI) highlighting the ERC (assessed by staining of endogenous Rab11). The
integrin channel (assessed by transfection of a5 integrin-GFP) was then converted to binary and
threshold was applied to get only the integrin signal. The total integrin binary area was then
divided by the ROI to get the fraction of integrin signal localized to the Rab11 compartment.

To analyze the percentage of active integrin signal in the ERC after FA disassembly we
defined a ROI highlighting the ERC (assessed by staining of endogenous Rab11). Then we used
the 12G10 antibody to assess the amount of active B integrin signal (Sum intensity) present
inside the Rab11 compartment (inside the ROI area). The active integrin Sum intensity was then

divided by the ROI area drawn for each measurement.
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To measure FA assembly and disassembly rates during wound healing we used cells stably
expressing EGFP-paxillin and imaged them under TIRF microscopy. We defined ROIs at the cell
leading edge where most of the FAs were concentrated and measured the Sum intensity in the
GFP channel through the migration assay during treatment with the drugs (PF228 and PP2) and
after drug washout. Moreover we also performed a more detailed measurement of the FA
disassembly rate in a per FA basis. In this case each FA was highlighted with individual ROIs
and the Sum intensity was measured through the time. The Sum intensity values for each FA

were then divided by their individual ROI area.

Cell surface labeling and flow cytometry
Cell surface labeling was performed as described previously (Ezratty et al., 2009). Briefly,

cells were harvested by trypsinization at several time points after MT regrowth and washed in
cold PCN (1x PBS, 0.5% calf serum, and 0.1% NaN3). Approximately 1 x 10° cells per sample
were stained at 4°C without fixation. For the detection of a5 integrin in NIH3T3, PE-conjugated
rat a-mouse CD49e monoclonal antibody (BD) was used at dilution of 1:100. After washes to
remove unbound antibody, samples were fixed in cold 4% paraformaldehyde/PCN, and the
distribution and mean fluorescence intensity of each sample was quantified using a FACScan
(BD).
Transfection studies and plasmids

GFP-tagged FAK WT, FAK Y397F and HA-tagged FAK K454R were gifts from David
Schlaepfer. GFP-tagged a5-integrin was a gift from Allan F. Horwitz and is exactly as described
in Laukaitis et al., 2001 and Webb et al., 2007. Rab5 S34N, Rabl1l S25N and Rabll wt
constructs were gifts from Jennifer Lipponcott-Schwartz. All constructs were transiently
transfected with Lipofectamine Plus (Invitrogen) according to manufacturer’s instructions and

expressed for 24-48 hours before performing the FA disassembly assay. For siRNA knockdown
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experiments 21-nucleotide RNA duplexes were purchased from Shanghai Gene Pharma
(Shanghai, China) and resuspended in RNAase free water at a concentration of 20pM. NIH3T3
cells were transfected with 40 nM siRNA using Lipofectamine RNAIMAX (Invitrogen,
Carlsbad, CA) according manufacturer’s protocol. siRNAs were designed based on previously
published  sequences  (Junutula et al, 2004) as follows: Rablla: 5’-

AATGTCAGACAGACGTGAAAA-3’, Rabl1b: 5>-AAGCACTTGACATAT GAGAAC-3’

Cell adhesion assay

Cells were trypsinized with 0.05% trypsin and 2 mM EDTA in PBS (2.5 min at 37°C).
Trypsin was inactivated by the addition of 0.25 mg/ml soybean trypsin inhibitor in PBS. Cells
were collected by centrifugation, resuspended in migration medium (DME with 0.5% BSA) and
held in suspension at 37°C for 30 min. Acid-washed glass coverslips were coated with FN (1 or
2.5 pg/ml in PBS) overnight, 4°C, blocked with 1% BSA in PBS for 30 min, and pre-heated to
37°C before use in the experiments. Cells were evaluated for adhesion to FN-coated dishes

following 15 min of plating by DAPI staining and subsequent counting.

Statistical analysis

A two-tailed unpaired Student’s ¢ test was used to evaluate two groups. Significance
between multiple groups was determined by one-way analysis of variance (ANOVA) followed

by Tukey’s multiple comparison test.
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Chapter 2: The Heterodimer Kif3AC is a Microtubule
Motor for Polarized Integrin Trafficking in Migrating Cells
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ABSTRACT

Integrin recycling has been generally accepted as a major component of cell migration.
Surprisingly very little is known about the motors involved in integrin trafficking. After MT
induced FA disassembly we noticed that integrin traffics to the Rabl1 ERC before returning to
the cell surface where it preferentially reassembles into FAs near the leading edge. Such long
range transport suggests that a MT motor may be involved in returning integrin to the cell
surface. We tested whether the kinesin II Kif3, which previously was shown to interact with a
Rab11 adaptor protein (Schonteich et al., 2008), might be involved. Using the NZ washout assay
as a model system to study integrin recycling we find that Kif3AC depletion affects FA
reassembly without affecting FA disassembly, and that this is due to impaired recycling of a5-
integrin back to the cell surface. Knockdown of the other Kif3 family member expressed in our
cells (Kif3B) or the Kif3 adaptor protein, KAP3, did not affect FA reassembly, showing
specificity in this transport. Consistent with a role in integrin trafficking, Kif3A- and Kif3C-
depleted cells exhibited impaired migration. These results are the first to identify a MT-
associated motor for polarized integrin trafficking to the cell leading edge that is important for

FA formation and cell migration.
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INTRODUCTION

I have found that FA reassembly is polarized towards the cell periphery/leading edge and
that this event relies on Rabll-mediated integrin recycling (Chapter 1). These findings have
important implications for cell migration and raise additional questions about the endocytic
trafficking of integrins, for example: how does integrin move from the ERC to the cell surface?
Is the return of integrin directed to the sites where FA reassembly occurs?

MTs have long been implicated in the migration of adherent cells (Vasiliev et al., 1970). It is
possible that components specifically accumulated at MTs tips act as cofactors, along with cargo
delivered by kinesins. For instance, there has been increasing evidence relating kinesins with FA
dynamics. Krylyshkina et al., (2002) showed that kinesin-1 affects FA dynamics and similarly it
was shown that Kif1C is enriched at a subset of MT-plus ends that contact podosomes and leads
to podosome dissolution (Kopp et al., 2006). More recently, it was shown that CLIP-associated
proteins (CLASPs) are necessary for efficient trafficking and deposition of KIFIC at the cell
periphery and are critical components of podosome induction signaling (Efimova et al., 2014).
Additionally, Kifl1C has been recently shown to transport integrins to the cell rear for the proper
maturation of trailing FAs thus facilitating directional migration (Theisen et al., 2012). Another
study strongly suggesting a role for a kinesin in the dynamics of FAs showed that constitutively
active Rab8 mutants induce MT1-matrix metalloproteinase collagen degradation and invasion in
adenocarcinoma cells (Bravo-Cordero et al., 2007). Altogether, these data point to a critical role
for MTs and MT motors in the regulation of major aspects of cell migration. Likewise we predict
that long distance trafficking, such as would be required to move integrins from the

pericentriollar ERC to the leading edge of migrating cells would involve kinesins (trafficking on
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actin filaments is unlikely since they generally do not extend from the ERC to the plasma
membrane).

In this chapter I sought to understand the relationship between the endocytic recycling of
integrins and their roles as adhesion receptors in cell migration. More specifically I aimed to
address whether there is a specific cytoskeletal mechanism to ensure that there is a polarized
trafficking of internalized integrins as cell migrates. Interestingly I found a specific kinesin II
motor to be involved in FA reassembly following endocytic disassembly. The kinesin II family
comprises four members: Kif3A, Kif3B, Kif3C and Kifl7 (not expressed in NIH 3T3 cells). Kif3
kinesins are heterodimers of Kif3A and either Kif3B or Kif3C; Kifl7 kinesin is a homodimer.
Kif3 kinesins frequently associate with Kif associated protein, KAP3, which acts as an adaptor
for certain cargos (Hirokawa et al., 2009). Here we found that the heterodimer Kif3AC is
involved in FA reassembly by recycling integrins back to the cell surface. This function was
specific to this heterodimer since neither Kif3B nor KAP3 affected FA reassembly. Additionally
Kif3A-depleted cells exhibited smaller FAs at steady state and impaired migration. To the best of
our knowledge this is the first time that a MT-associated motor is shown to play a role in

delivering integrin-containing vesicles to the cell front for polarized FA formation.
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RESULTS

We have shown in Chapter 1 that integrin is recycled to the cell surface in a Rabll-
dependent fashion and that this is required for FA reassembly. Likewise, our lab has unpublished
data showing that dominant negative Rab11 blocks nuclear movement and that Kif3A depletion
blocks centrosome orientation, two fundamental features of cell polarization/migration.
Interestingly, Kif3 was reported to interact with a protein from the Rab1l1 family of interacting
proteins (Rab11-FIPs) and play a role in endocytic recycling (Schonteich et al., 2008). Together
these results show that Kif3 plays important roles in cell migration and endocytic trafficking.
These findings prompted us to test the involvement of this motor in integrin trafficking and cell
motility.

We first used siRNA-mediated knockdown to deplete Kif3A in NIH 3T3 fibroblasts. The
knockdown efficiency was close to 80% (Figure 24A). Interestingly, Kif3A-depleted cells
displayed considerably smaller FAs after 3 days of knockdown when compared to non-coding
siRNA-transfected cells (Figure 24B, C).

Next, we tested if Kif3A and other members of the kinsesin II family were required for FA
reassembly using the NZ washout assay. Kif3A knockdown with two different siRNAs strongly
inhibited FA reassembly (FA disassembly was not affected) (Figure 25A and B). As the
members of kinesin II family exist either as Kif3A-Kif3B or Kif3A-Kif3C the depletion of
Kif3A led to instability and degradation of Kif3B (Figure 25C). Thus we wanted to test if Kif3B
was also involved in FA reassembly. Depletion of Kif3B (Figure 25D) did not affect FA
disassembly or FA reassembly (Figure 25A, B). Finally we tested Kif3C, the other kinesin II
member expressed in NIH3T3 fibroblasts. Similar to Kif3A, Kif3C depletion strongly inhibited

FA reassembly without affecting FA disassembly (Figure 25A, B and E). Additionally, depletion
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of KAP3 (Figure 26A) did not show any effect on FA disassembly or reassembly (Figure 26B,
C). Collectively, these results show that Kif3AC is the specific kinesin II motor involved in FA
reassembly.

To examine the involvement of Kif3A in FA reassembly with a different approach we
microinjected a dominant negative tail construct of Kif3A (Kif3A-tail-GFP) (Hirokawa et al.,
2009). Neither Kif3A-tail-GFP nor GFP microinjection affected FA disassembly. However,
consistent with the knockdown data, microinjection of Kif3A-tail-GFP impaired FA reassembly
when compared to GFP-microinjected cells (Figure 27). These results further support our
previous data of an involvement of Kif3A in FA reassembly.

To test whether Kif3AC might be directly involved in the endocytic recycling of integrins,
we localized Kif3A and examined the surface levels of a5 integrin after FA disassembly. Kif3A
colocalized with endocytosed transferrin in the pericentriollar ERC both in migrating cells and in
cells after MT-induced FA disassembly (Figure 28). Next we measured surface levels of a5
integrin during FA disassembly and reassembly triggered by MT regrowth. Kif3A depleted cells
reduced their surface a5 integrin levels to the same extent as controls after FA disassembly (60
min NZ washout) but failed to return surface a5 integrin at the time of FA reassembly (Figure
29A). Consistent with its role in integrin recycling, Kif3A-depleted cells exhibited reduced
wound closure (30-40% less) when compared to non-coding siRNA-transfected cells (Figure

29B, C). These results identify Kif3AC as a motor for integrin recycling in migrating cells.
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DISCUSSION

Many cell types require the MT cytoskeleton to support cell polarity and directional cell
migration. Interestingly, MTs are more important to the migration of large cells, while being
dispensable for the locomotion of small cells (Kaverina and Straube, 2011). This is most likely
due to their function as intracellular transport tracks, needed to efficiently deliver polarity factors
to specific locations at the cell edge. In migrating cells, the MT cytoskeleton is usually
asymmetrically arranged with the majority of MTs projecting toward the cell front (Miller et al.,
2009). This front-biased MT cytoskeleton supports the directional transport of post-Golgi
carriers, messenger RNAs, and recycling endosomes to the cell front, thereby supporting cell
polarity and directional migration (Miller et al., 2009; Mingle et al., 2005; Palamidessi et al.,
2008; Yadav et al., 2009).

Although it has been known for some time that trafficking of endocytosed transferrin
depends in part on kinesin I (Lin et al., 2002) and on myosin-Vb (Lapierre et al., 2001; Provance
et al., 2008), the motors involved in the trafficking and recycling of integrins remain to be
determined. Interestingly, KiflC (a kinesin-3) was shown to be involved in MT-dependent
regulation of podosomes (Kopp et al., 2006). More recently KiflC was shown to transport a5p1
integrins between the ERC and cell tails and disruption of this process led to impaired maturation
of trailing adhesions causing defects in persistent cell migration (Theisen et al., 2012). On the
other hand we identified Kif3A as the motor involved in polarized integrin trafficking towards
the cell leading edge.

It is likely that there will be other kinesins involved in integrin transport during endocytic
recycling and it will be important to screen for additional candidates involved in this event.

Moreover, kinesins might be contributing to FA dynamics by indirect mechanisms. For instance,
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they could traffic and deposit “disassembling factors” to FA sites, as shown for Kinesin-1
(Krylyshkina et al., 2002). Although we did not provide direct evidence that Kif3C is required
for integrin recycling we strongly suggest that Kif3AC is the heterodimer transporting integrin-
containing vesicles back to the plasma membrane prior to FA reassembly. The members of
kinesin II family occur as a heterodimers. Thus the fact that Kif3A and Kif3C (but not Kif3B)
are required for FA reassembly (Figure 25) along with the fact that Kif3A is critical for restoring
integrin levels following endocytic recycling (Figure 29) and is localized in the ERC (Figure 28)
strongly support the view that the heterodimer Kif3AC is the one responsible for integrin
recycling in our system. To the best of our knowledge we are the first ones to identify a kinesin
involved in the polarized transport of integrins to the cell front. Identifying the kinesin(s)
involved in integrin endocytic recycling and return of integrin may provide the means to
understand one of the links between the polarized organization of the MT network in a migrating
cell and FA dynamics.

To unequivocally show that Kif3AC is the motor for integrin recycling I would suggest the
following: 1) Show that Kif3AC accumulates in the ERC along with integrins after FA
disassembly and that Kif3AC and integrin signals in the ERC are lost (or decreased) upon FA
reassembly. 2) Demonstrate that a5 integrin-GFP accumulates in the ERC at 90-120 min after
NZ washout in cells depleted for Kif3AC (due to impaired integrin recycling to the cell surface).
3) Perform direct imaging of Kif3A- or Kif3C-GFP during FA reassembly to visualize vesicles
(presumably carrying integrin) coming from the ERC towards the cell periphery. Additionally,
imaging studies using a5 integrin-GFP and Kif3A- or Kif3C-RFP during FA reassembly would

provide direct evidence that Kif3AC is the motor for integrin recycling. 4) Perform co-
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immunoprecipitation assays with endogenous or recombinant Kif3AC to show that Kif3AC-

integrin interaction increases after FA disassembly.
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FIGURES

106



Figure 24. Kif3A depleted NIH3T3 fibroblasts exhibit small FAs.

(A) Western blot analysis of Kif3A in NIH3T3 fibroblasts treated with non-coding (NC) or
Kif3A siRNAs. Tubulin is a loading control. (B) Immunofluorescence images of paxillin-
pY31 and vinculin in NIH3T3 fibroblasts treated with NC or Kif3A siRNAs and fixed after
120 min of NZ washout. Scale bar, 15 pm. (C) Data represent the distribution of FA area
in Kif3A- and NC-treated cells. At least 160 FAs from 8 different cells were analyzed.

**p<0.01 when comparing FA area between NC- and Kif3A-depleted cells.
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Figure 25. Kif3A and Kif3C but not Kif 3B are required for FA reassembly.

(A) Immunofluorescence images of paxillin in NIH3T3 fibroblasts treated with non-
coding (NC), Kif3A, Kif3B or Kif3C siRNAs and fixed at the indicated times after NZ
washout. Scale Bar, 10 um. (B) Quantification of FA disassembly and reassembly in
Kif3A-, Kif3B- or Kif3C-depleted cells at the indicate times after NZ washout. Bars are
SD. At least 150 cells were analyzed in each experiment from a total of 5 independent
experiments. (C-E) Western blot analysis of Kif3A, Kif3B or Kif3C in NIH3T3 fibroblasts
treated with NC, Kif3A, Kif3B or Kif3C siRNAs. Tubulin is a loading control. Note that
Kif3B protein levels go down after Kif3A depletion. **p<0.01, relative to NC 120 min
after NZ washout. All the 60 min NZ washout values are not significantly different from

control (NC).
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Figure 26. KAP3 is not required for FA reassembly.

(A) Western blot analysis of KAP3 in NIH3T3 fibroblasts treated with non-coding (NC) or
KAP3 siRNAs. Tubulin is a loading control. (B) Immunofluorescence images of paxillin
and MTs in NIH3T3 fibroblasts treated with NC or KAP3 siRNAs and fixed at the
indicated times after NZ washout. Scale Bar, 10 um. (C) Quantification of FA disassembly
and reassembly in KAP3-depleted cells at the indicated times after NZ washout. Bars are
SD. At least 150 cells were analyzed in each experiment from a total of 3 independent
experiments. All the 60 and 120 min NZ washout values are not significantly different

from control.
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Figure 27. Kif3A-tail-microinjected NIH3T3 fibroblasts display impaired FA reassembly.

(A) Immunofluorescence images of Kif3A-tail (GFP), paxillin-pY118 and MTs in NIH3T3
fibroblasts expressing Kif3A-tail-GFP and fixed at the indicated times after NZ washout.
Cells were microinjected with Kif3A-tail-GFP during NZ treatment. Arrows indicate
microinjected cells. Scale Bar, 15 pum. (B) Quantification of FA disassembly and
reassembly following NZ washout. At least 35 cells were analyzed in each experiment
from a total of 3 independent experiments. Bars are SE. **p<0.01 relative to GFP-

microinjected cells.
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Figure 28. Kif3A localizes to the ERC after FA disassembly and during cell migration.

(Top) Immunofluorescence images of Kif3A and Alexa 649-conjugated transferrin in
NIH3T3 fibroblasts fixed at 60 min after NZ washout. (Bottom) Immunofluorescence
images of Kif3A and Alexa 649-conjugated transferrin in a wounded monolayer of

NIH3T3 fibroblasts. Bar, 15 pum.
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Figure 29. Kif3A is a motor for integrin trafficking and is important for cell migration.

(A) Quantification of levels of a5 integrin measured by antibody labeling and flow
cytometry at the indicated times after NZ washout for NIH3T3 fibroblasts treated with
non-coding (NC) or Kif3A siRNAs. Data represent mean fluorescent intensity from seven
independent experiments. Bars are SE. (B-C) Phase images and quantification of wound
closure in NC-, Kif3A- and Kif3C-depleted cells. Bars are SE from 3 independent

experiments. Scale bar, 50 pm. ** p<0.01 relative to control (NC) values; * p<0.05.
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MATERIAL AND METHODS

Chemicals and cell culture

All chemicals were from Sigma unless otherwise noted. NIH 3T3 fibroblasts were cultured
in DMEM and calf serum as previously described (Cook et al., 1998; Gundersen et al., 1994).
For serum starvation, cells on acid-washed coverslips were grown to confluence (~2days) and
transferred to serum-free medium (SFM; DMEM, 10mM HEPES, pH7.4) for 48 hour as

previously described (Cook et al., 1998; Gundersen et al., 1994).

Plasmids, microinjection and transfection

Kif3A-tail-GFP was a generous gift from Dr. Geri Kreitzer. For microinjection, 10-50 pg/ml
purified plasmid DNA in 10 mM HEPES, 140 mM KCI (pH 7.4) was pressure microinjected into
nuclei of cells at the wounded edge using glass micropipettes and allowed to express for 1 hr.
siRNAs (20 uM) were transfected with using Lipofectamine RNAIMAX (Invitrogen) according
to manufacturer’s instructions for reverse transfection. All siRNA oligonucleotides were from
Shanghai GenePharma Co., Ltd (Shanghai, China). siRNAs were designed using Dharmacon
algorithm  (http://dharmacon.gelifesciences.com/design-center/). ~ Sequences: Kif3A: 5’-
TGTCATACTTGGAGATATA-3’, 5-CAGATAAGATGGTGGAAAT-3’and 5’-
GGAAATAACATGAGGAAAC-3’; Kif3B: 5-GAGCAGAAACGTCGAGAAA-3°, 5’-
GAAGAAGACCATTGGAAAT-3" and 5’-AGATAGAGCATGTGATGAA-3’; KAP3A: 5°-
GAAGAAAGCTGTTGATGAA-3’, 5’-GAGAAAGGATTATGACAAA-3’and 5’-
AGAGAAGACTGGAAACAAA-3’; Kif3C:5’-CCGAAGAGGAAGATGATAA-3’, 5’-

GGCTAGAGCTGAAGGAGAA-3’; 5°-GGAGATTGCGGAACAGAAA-3’.

Focal adhesion disassembly and Immunofluorescence

Focal adhesion disassembly was performed as previously described (Ezratty et al., 2005).

Briefly, NIH 3T3 cells were grown on glass coverslips and treated with 10 mM NZ for 3-4 hours
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to completely depolymerize MTs. The drug was washed out with SFM, and MTs allowed to
repolymerize for different intervals of time. For immunostaining cells were either fixed in 4%
paraformaldehyde in PBS for 10 minutes followed by permeabilization with 0.3% Triton in PBS
for 5 minutes and blocking with 5% normal goat serum (MP Biomedicals, Santa Ana, CA)
before processing for immunofluorescence. Coverslips were mounted with Fluoromount-G
(Southern Biotech, Birmingham, AL) after incubation with primary and secondary antibodies for

30 minutes each.

Western blotting and antibodies

Cells lysed in sample buffer were boiled for 5 min and then separated by SDS-PAGE on a
10% gel for all blots. Gels were transferred to nitrocellulose, blocked for 1 hour in NET buffer
containing 5% BSA and then incubated overnight with different primary antibodies followed by
1 hour incubation with the appropriate IRDye-conjugated secondary antibodies (1:10,000
dilution, Li-cor, Lincoln, NE). After washing the membrane several times with TBS/Tween they
were scanned and recorded with an Odyssey Infrared Imager (Li-cor). Antibodies used for
Western Blot (WB) or Immunofluorescence (IF): pY118/31paxillin (rabbit polyclonal, 1:100
dilution for IF; Invitrogen), GFP (chicken polyclonal, 1:100 dilution for IF, EMD Millipore),
Kif3A (mouse monoclonal, 1:1000 dilution for WB, BD Bioscience or rabbit polyclonal, 1:100
dilution for IF, Sigma), Kif3C (rabbit polyclonal, 1:1000 dilution for WB, Sigma), Kif3B (rabbit
polyclonal, 1:1000 dilution for WB, Sigma), KAP3 (mouse monoclonal, 1:1000 dilution for WB,
BD Bioscience), vinculin (mouse monoclonal, 1:100 dilution for IF; Sigma), tyrosinated tubulin
(rat monoclonal YL1/2, 1/10 dilution of culture supernatant for IF and 1:50,000 dilution for
WB). All secondary antibodies for immunofluorescence were from Jackson ImmunoResearch

(West Grove, PA) and used at 1:200 dilution.
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Epifluorescence and Phase contrast microscopy

Immunofluorescent stained preparations were observed with a Nikon Optiphot microscope
using a 60X plan apo objective and filter cubes optimized for coumarin, fluorescein/GFP,
rhodamine, and Cy5 fluorescence (Nikon). Images were captured with a MicroMax cooled CCD
(Kodak KAF 1400 chip; Princeton Instruments, Trenton, NJ) using Metamorph software
(Universal Imaging Corp., West Chester, PA). For wound healing assays phase contrast live cell
movies were acquired with a 20X Planfluor objective (NA 0.45) and a CoolSNAP HQ CCD
camera on a Nikon TE300 inverted microscope with temperature controller (37°C) and
motorized xyz stage to acquire multiple movies simultaneously using Metamorph’s multi-
dimensional acquisition application. Acquisition rate was 10 min per frame. AVI files and
montage images were generated using Image J. controlled by Metamorph (Molecular Devices,

Sunnyvale, CA) and processed with Image J (NIH, Bethesda, MD).

Cell surface labeling and flow cytometry

Cells were harvested by trypsinization at various timepoints during MT regrowth and FA
disassembly, and washed in cold PCN (1x PBS, 0.5% Calf Serum, 0.1% NaN3). Approximately
4x10° cells per sample were stained without fixation at 4°. For detection of a5 integrin in
NIH3T3 and HA1 fibroblasts, PE—conjugated rat a-mouse CD49¢ monoclonal antibody (BD
Pharmingen) was used at dilution of 1:1500. After 3-4 washes to remove unbound antibody,
samples were fixed in cold 4% paraformaldehyde/PCN and the distribution and mean

fluorescence intensity of each sample was quantified using a Becton Dickson FACScan.

Statistical analysis

A two-tailed unpaired Student’s ¢ test was used to evaluate two groups. Significance
between multiple groups was determined by one-way analysis of variance (ANOVA) followed

by Tukey’s multiple comparison test.
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Chapter 3: Talin but not Other Integrin Activation
Regulators is Required for Focal Adhesion Reassembly
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INTRODUCTION

Given that FAK inhibition resulted in inactive integrin after recycling to the cell surface, we
originally envisaged two scenarios: 1) FAK kinase activity was required to maintain integrin
activation during endocytic recycling (“Always active” model-Figure 30A) or 2) FAK kinase
activity was required to reactivate recycled integrin once they returned to the plasma membrane
(“‘Surface activation” model-Figure 30B). In Chapter 1, I presented evidence that the “Always
active” model is the more likely one. Specifically, I used conformation-specific antibodies for
active integrins to demonstrate that FAK kinase activity is critical to keep integrins active during
their endocytic recycling. Nevertheless, before reaching this conclusion, we made several
attempts to test the “Surface activation” model. For instance, there are several proteins that
interact with integrin a- and B-cytoplasmic tail and modulate integrin activation either positively
or negatively (Bouvard et al., 2013; Morse et al., 2014). Thus in this chapter, we examined
integrin activity regulators, which may also be FAK substrates, to determine if they played a role
in the activation state of recycled integrin. This chapter is organized into three topics: integrin

activators, phosphatidylinositol-4,5-bisphosphate generators and integrin inhibitors.
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RESULTS AND DISCUSSION

Integrin activators

Since integrin return to the cell surface was unaffected by FAK inhibition but FA
reassembly was still impaired due to lack of integrin activation (Figure 14, Chapter 1), we tested
whether canonical integrin activators were involved in the activation of recycled integrin. To test
this we knocked down talinl and kindlin2, the two major integrin activators in most cells (Moser
et al., 2009). Talinl levels were reduced approximately 90% after transfecting NIH3T3
fibroblasts with three different siRNAs for talinl (Figure 31A). Consistent with its role in
integrin activation, talinl-depleted cells grown under sparse conditions or in wounded
monolayers displayed considerably smaller and fewer FAs when compared to non-coding
siRNA-transfected cells (Figure 31B). Next we conducted NZ washout assays with talinl-
depleted cells to test its role in MT-induced FA disassembly and reassembly. Talinl-depleted
cells displayed normal levels of FAs after NZ treatment and normal disassembly of FAs after NZ
washout (Figure 31C and D). However, talinl-depleted cells exhibited impaired FA reassembly
when compared to non-coding siRNA-treated cells (Figure 31C and D). This result was not
surprising given talin’s critical role in integrin activation. I should point out however that talin
may be playing a role either during integrin recycling or right after their return to the plasma
membrane (or maybe both). Further experimentation with talin-depleted cells and antibodies
recognizing the active conformation of integrins may distinguish between these possibilities.

The level of talin expressed in cells determines the efficacy of kindlins in promoting integrin
activation. For example, overexpressing kindlin2 in cells with relatively little talin has little or no
effect on integrin affinity modulation and coexpression of the talin-head domain with kindlinlor
kindlin2 results in a synergistic increase in allbB3 affinity (Han et al., 2006). Conversely, talin

depends on kindlins to promote integrin affinity because talin-head overexpression failed to
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increase allbPB3 affinity in kindlin-depleted cells (Harburger et al., 2009; Harburger and
Calderwood, 2009; Kloeker et al., 2004; Montanez et al., 2008; Ussar et al., 2008).

To test whether kindlin affected FA disassembly or reassembly, I knocked down kindlin2,
the major isoform in fibroblasts, using three different siRNAs oligonucleotides (Figure 32A).
Reduction of kindlin2 levels by knockdown did not affect either FA disassembly or reassembly
following NZ washout (Figure 32B). Therefore although talin is critical for FA reassembly in our
system, kindlin does not seem to play a crucial role.

To further test talin involvement in FA reassembly we used a talinl head domain (residues
1-405) that was previously shown to bind to integrin B-subunit cytoplasmic tails and promote
integrin activation (Bouaouina et al., 2008; Calderwood et al., 1999). We hypothesized that FAK
kinase activity could be affecting talin activation, which involves an unfolding of the tail domain
from the head domain (Moser et al., 2009). If this is correct, then the overexpression of talin
head would bypass the requirement for FAK kinase activity and rescue FA reassembly in FAK-
inhibited cells. As shown in figure 33, transient expression of full length talin or talin head did
not have detectable effect on FA disassembly or reassembly in DMSO-treated cells. Neither full
length talin nor talin head overexpression rescued FA reassembly in FAK-inhibited cells. This
result was not completely unexpected as Zhang et al., (2008) had previously demonstrated that
talinl head activated Bl integrins but did not rescue FA formation in talin” cells. They
concluded that integrin clustering into FAs depends on both the head and rod domains of talin.

Next we sought to test if talin binding to FAK was required for FA reassembly. To this end
we used a FAK mutant that is defective in talin binding (FAK-E1015A) (Lawson et al., 2012)
and tested whether it could rescue FA reassembly in FAK™" cells (assuming it would rescue FA

disassembly). As expected, FA disassembly was rescued in these cells and surprisingly FA

125



reassembly occurred normally (Figure 34A, C). Initially this suggested that talin binding to FAK
is not critical for FA reassembly. However more careful analysis by Total Internal Reflection
(TIRF) microscopy revealed that talin was being recruited normally to FAs in FAK-E1015A-
transfected cells (Figure 34C). This is consistent with observations by Lawson et al. (2012) who
showed that FAK-E1015A-talin colocalization in FAs increases at later time-points of cell
spreading. This may reflect alternative FA targeting mechanisms for talin (Franco et al., 2006;

Wang et al., 2011a).

Phosphatidylinositol-4,5-bisphosphate generators
We next explored the role of the type I phosphatidylinositol phosphate kinase isoform-y90

(PIPKIy90) in FA disassembly and reassembly. PIPKIy90 generatesPtdIns(4,5)P, and is tyrosine
phosphorylated by FAK-associated signaling, which increases its activity (Ling et al., 2002).
Additionally, PIPKIy90 was previously shown to be targeted to FAs by an association with talin
(Di Paolo et al.,, 2002; Ling et al., 2002). Talin activation probably involves binding to
PtdIns(4,5)P, since this lipid elicits a conformational change that disrupts the autoinhibitory
head-tail interaction and enhances integrin-talin binding (Goksoy et al., 2008; Martel et al.,
2001). Thus we hypothesized that integrins are not active in FAK-inhibited cells due to reduced
levels of PtdIns(4,5)P; at plasma membrane sites, which would lead to impaired recruitment and
activation of talin. To test this hypothesis, we transiently expressed PIPKIy90 and PIPKIy87 (an
isoform that does not target to FAs) (Di Paolo et al., 2002; Ling et al., 2002) in NIH3T3
fibroblasts and conducted the FA disassembly/reassembly assay in the absence or presence of the
FAK inhibitor PF228. PIPKIy90 and PIPKIy87 overexpression did not affect FA disassembly or
reassembly in DMSO-treated cells (Figure 35A and B). Interestingly, PIPKIy90 but not
PIPKIy87 partially rescued FA reassembly in PF228-treated cells (Figure 35), suggesting that

PtdIns(4,5)P, levels might by an important factor modulating activation of recycled integrin.

126



Consistent with this hypothesis, adding PtdIns(4,5)P, to PF228-treated cells also partially
rescued FA reassembly (Figure 36A, B). To investigate if FAK kinase activity was affecting the
global cellular levels of PtdIns(4,5)P, we measured PtdIns(4,5)P, levels by high-performance
liquid chromatography (HPLC) of lipid extracts prepared from cells during FA disassembly and
reassembly. There were no significant changes in PtdIns(4,5)P; levels during FA disassembly or
reassembly and PF228-treated cells displayed a slight (but statistically not significant) increase in
PtdIns(4,5)P, levels (Figure 36C). These results suggest that FAK kinase activity does not
modulate the activation of recycled integrin by affecting the global levels of PtdIns(4,5)P,. The
rescue of FA reassembly in PF228-treated cells transfected with PIPKIy90 or treated with
PtdIns(4,5)P, may reflect a gain of function. A similar gain of function in the reassembly of FAs

is observed in PF228- and PP2-treated cells incubated with Rho activator II (Figure 37).

Integrin inhibitors

There are several integrin inhibitors that prevent integrin activation by binding to the
cytoplasmic tails of either their a- or B-integrins (Bouvard et al., 2013). For example SHANK-
associated RH domain-interacting protein (SHARPIN) was shown to bind to the a-integrin tail
and prevent it from binding to the integrin activators talin and kindlin (Rantala et al., 2011).
Likewise, filamin inhibits integrin activation by competing with talin for binding to B-integrin
tails (Kiema et al., 2006). Interestingly, a kindlin binding protein known as migfilin (Brahme et
al., 2013; Tu et al., 2003) was suggested to stimulate integrin activation by competing away
filamin and promoting talin-integrin binding (Das et al., 2011; Ithychanda et al., 2009; Kiema et
al., 2006; Lad et al., 2008; Musse et al., 2012). We first tested the possibility that FAK kinase
activity is necessary to cause SHARPIN dissociation from integrin tails prior to FA reassembly.
To verify this we knocked-down SHARPIN (Figure 38A) and performed the NZ washout assay

in the presence of PF228. If our hypothesis is correct SHARPIN-depleted cells should
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reassemble their FAs regardless of the presence of PF228. However, FA reassembly was still
blocked in SHARPIN-depleted cells when the PF228 was present (Figure 38C). Furthermore,
overexpression of a migfilin construct that localizes to stress fibers (migfilin 1-85aa) (Brahme et
al., 2013) and promotes integrin activation by displacing filamin from integrin tails (Lad et al.,
2008; Musse et al., 2012) did not rescue FA reassembly in PF228-treated cells (Figure 39).
Together these results show that neither SHARPIN nor filamin are involved in the activation of
recycled integrins.

Overall the results presented here strengthen the “Always active” model proposed in
Chapter 1 (also see Figure 30) since all of the results to test the “Surface activation” model were
negative. Nevertheless, the experiments do identify a role for talinl in the reassembly of FAs
from recycled integrins and it will be interesting to test whether talinl, like FAK, is required to

maintain the activation state of integrins during their endocytic recycling.
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Figure 30. Models for integrin (re)activation during endocytic recycling.

(A) “Always active model”: here we propose that recycled integrins never get deactivated
during endocytic recycling. Thus once they get back to the plasma membrane they are
ready to engage with the extracellular matrix to form new adhesions. (B) “Surface
activation” model: here we suggest that at some point during the endocytic recycling
integrins get deactivated and only after they are recycled back to the cell surface they are

reactivated.
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Figure 31. Talinl is required for FA reassembly.

(A) Western blot analysis of talinl in NIH3T3 fibroblasts treated with non-coding (NC) or
talinl siRNAs. Tubulin is a loading control. (B) Immunofluorescence images of vinculin
in NIH3T3 fibroblasts treated with NC or talinl siRNAs. Scale bar, 10 um. (C)
Immunofluorescence images of paxillin-pY31 and MTs in NIH3T3 fibroblasts treated with
NC or talinl siRNAs and fixed at the indicated times after NZ washout. Scale bar, 15 pm.
(D) Quantification of FA disassembly and reassembly in talinl-depleted cells at the
indicated times after NZ washout. Bars are SD. At least 150 cells were analyzed in each
experiment from a total of 3 independent experiments. **p<0.01, relative to control (NC)

values at 120 min after NZ washout.
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Figure 32. Kindlin is not required for FA reassembly.

(A) Western blot analysis of kindlin2 in NIH3T3 fibroblasts treated with non-coding (NC)
or kindlin2 siRNAs. Tubulin is a loading control. (B) Immunofluorescence images of
paxillin-pY118 and MTs in NIH3T3 fibroblasts treated with NC or kindlin2 siRNAs and
fixed at the indicated times after NZ washout. Scale bar, 15 um. (C) Quantification of FA
disassembly and reassembly in kindlin2-depleted cells at the indicated times after NZ
washout. Bars are SD. At least 150 cells were analyzed in each experiment from a total of

3 independent experiments.
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Figure 33. Overexpression of full length talin or talin head (1-405) does not rescue FA reassembly in
FAK-inhibited cells.

(A) Immunofluorescence images of talin (wt or head), vinculin and MTs in NIH3T3
fibroblasts expressing talin wt-EGFP or talin head (1-405aa)-EGFP and fixed at the
indicated times after NZ washout in the presence of PF228 (10 uM) or vehicle (DMSO).
Arrows point to the transfected cells. Scale bar, 15 um. (B) Quantification of FA
disassembly and reassembly in cells transfected with talin wt or talin-head (1-405) at the
indicated times after NZ washout. Bars are SD. At least 150 cells were analyzed in each

experiment from a total of 3 independent experiments. *** p<0.001.
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Figure 34. Talin binding to FAK is not required for FA reassembly.

(A) Immunofluorescence images of FAK (talin binding mutant), vinculin and MTs in
NIH3T3 fibroblasts expressing FAK-E1015A-GFP and fixed at the indicated times after
NZ washout. Arrows point to the transfected cells. Scale bar, 15 um. (B) Quantification of
FA disassembly and reassembly in transfected cells at the indicated times after NZ
washout. (C) Same as in “A” but the cells were analyzed by total internal reflection
(TIRF) microscopy. Scale bar, 15 um. At least 100 cells were analyzed in each experiment
from a total of 3 independent experiments. Bars are SD. ** p<0.01, relative to 120 min

after NZ washout.
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Figure 35. Overexpression of PIPK1790 rescues FA reassembly in FAK-inhibited cells.

(A) Immunofluorescence images of PIPK1y90 or PIPK1y87, vinculin and MTs in NIH3T3
fibroblasts expressing either PIPK1y90-GFP or PIPK1y87-GFP and fixed at the indicated
times after NZ washout in the presence of DMSO (vehicle) or PF228 (10 uM). Arrows
point to the transfected cells. Scale bar, 20 um. (B) Quantification of FA disassembly and
reassembly in cells transfected with PIPK1y90 or PIPK1y87 at the indicated times of NZ
washout. At least 150 cells were analyzed in each experiment from a total of 3

independent experiments. Bars are SD. *p<0.05; ** p<0.01.
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Figure 36. The phospholipid PI(4,5)P, rescues FA reassembly in FAK-inhibited cells but P1(4,5)P,
levels remain unchanged.

(A) Immunofluorescence images of paxillin-pY 118 and MTs in NIH3T3 fibroblasts treated
with either PI1(4,5)P, plus vehicle (neomycin sulfate) or vehicle only and fixed at 120 min
after NZ washout. NZ washout was performed in the presence of either PF228 (10uM) or
DMSO. Scale bar, 15 um. (B) Quantification of FA reassembly after 120 min of NZ
washout. At least 150 cells were analyzed in each experiment from a total of 3
independent experiments. (C) Data represent PI(4,5)P, levels measured by High-
performance liquid chromatography (HPLC) in NIH3T3 fibroblasts harvested at the
indicated times after NZ washout in the presence of PF228 (10uM) or DMSO. Bars are SD.

*% p< 0.01.
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Figure 37. Rho activator rescues FA reassembly in FAK-inhibited cells.

Immunofluorescence images of vinculin, rhodamine-phalloidin and MTs in NIH3T3
fibroblasts fixed at 120 min after NZ washout in the presence of PF228 (10 uM), SFKs
inhibitor PP2 (10 puM) or DMSO. The Rho activator was added at 60 min after NZ

washout. Scale bar, 15 um.
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Figure 38. SHARPIN depletion does not rescue FA reassembly in FAK-inhibited cells.

(A) Western blot analysis of SHARPIN in NIH3T3 fibroblasts treated with non-coding
(NC) or SHARPIN siRNAs. Tubulin is a loading control. (B-C) Immunofluorescence
images of paxillin and MTs in NIH3T3 fibroblasts treated with NC or SHARPIN siRNAs
and fixed at the indicated times after NZ washout in the presence of PF228 (10 uM) or

DMSO. Scale bars, 10 and 15 pm, respectively.
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Figure 39. Migfilin (1-85aa) overexpression does not rescue FA reassembly in FAK-inhibited cells.

Immunofluorescence images of migfilin, paxillin-pY118 and MTs in NIH3T3 fibroblasts
expressing the N-terminus of migfilin, Migfilin(1-85aa)-EGFP, and fixed at the indicated
times after NZ washout in the presence of DMSO (vehicle) or PF228 (10 uM). Arrows

point to the transfected cells. Scale bar, 15 um.
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MATERIAL AND METHODS

Chemicals and cell culture

Nocodazole was purchased from Sigma. FAK inhibitor (PF228) was purchased from Tocris
bioscience and Src family kinases inhibitor (PP2) was purchased from EMD Millipore
Bioscience. The Rho Activator II was purchased from Cytoskeleton, Inc. The phospholipid
PtdIns(4,5)P, was purchased from Echelon (Salt Lake city, UT). NIH 3T3 fibroblasts were
cultured in DMEM and calf serum as previously described (Cook et al., 1998; Gundersen et al.,
1994). For serum starvation, cells on acid-washed coverslips were grown to confluence (~2days)
and transferred to serum-free medium (SFM; DMEM, 10mM HEPES, pH7.4) for 48 hour as

previously described (Cook et al., 1998; Gundersen et al., 1994).

Plasmids and transfection

GFP-FAK-wt, GFP-FAK-Y397F, GFP-FAK-EI0I5A and HA-tagged FAK-K454R
constructs were gifts from Dr. David Schlaepfer. EGFP-Talinl wt, GFP-talinl-head (1-405aa)
and EGFP-Migfilin (1-85aa) were gifts from Dr. David Calderwood. GFP-PIPKIy90 and GFP-
PIPKIy87 were kindly provided by Dr. Di Paolo. All constructs were transiently transfected with
Lipofectamine Plus reagent (Invitrogen) according to manufacturer’s instructions and expressed
for 24-48 hours before performing the FA disassembly assay. siRNAs (20 uM) were transfected
with using Lipofectamine RNAIMAX (Invitrogen) according to manufacturer’s instructions for
reverse transfection. All siRNA oligonucleotides were from Shanghai GenePharma Co., Ltd
(Shanghai,  China). siRNAs  were  designed using  Dharmacon  algorithm

(http://dharmacon.gelifesciences.com/design-center/). Sequences: Talinl: 5’-

GGATGTAGCTGGTGGACTA-3’, 5’-GCCAAAGAGACGTGGATAA-3’ and 5’-
TGACAAGGCCTGTGAATTT -3’; Kindlin2: 5°- GAGAAGAACUUAUUGGAAUUU -3°, 5°-

CGAGAAGAGUCCAGUGGUAUU-3’ and 5’-UGACAAAGAAGUUGAUGAAUU-3’;
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SHARPIN: 5’-GCUCAAAUACCUAAAGCAAUU-3’, 5-CCAGAGAAGUUUCAGGACAUU

-3’and 5’- GCUACAAGUCACAGUUGAAUU-3".

Focal adhesion disassembly and Immunofluorescence

Focal adhesion disassembly was performed as previously described (Ezratty et al., 2005).
Briefly, NIH 3T3 cells were grown on glass coverslips and treated with 10 mM NZ for 3-4 hours
to completely depolymerize MTs. The drug was washed out with SFM, and MTs allowed to
repolymerize for different intervals of time. For immunostaining cells were either fixed in 4%
paraformaldehyde in PBS for 10 minutes followed by permeabilization with 0.3% Triton in PBS
for 5 minutes and blocking with 5% normal goat serum (MP Biomedicals, Santa Ana, CA)
before processing for immunofluorescence. Coverslips were mounted with Fluoromount-G
(Southern Biotech, Birmingham, AL) after incubation with primary and secondary antibodies for

30 minutes each.

Western blotting and antibodies

Cells lysed in sample buffer were boiled for 5 min and then separated by SDS-PAGE on a
10% gel for all blots. Gels were transferred to nitrocellulose, blocked for 1 hour in NET buffer
containing 5% BSA and then incubated overnight with different primary antibodies followed by
1 hour incubation with the appropriate IRDye-conjugated secondary antibodies (1:10,000
dilution, Li-cor, Lincoln, NE). After washing the membrane several times with TBS/Tween they
were scanned and recorded with an Odyssey Infrared Imager (Li-cor). Antibodies used for
Western Blot (WB) or Immunofluorescence (IF): pY118/31paxillin (rabbit polyclonal, 1:100
dilution for IF; Invitrogen), GFP (chicken polyclonal, 1:100 dilution for IF, EMD Millipore),
vinculin (mouse monoclonal, 1:100 dilution for IF; Sigma), tyrosinated tubulin (rat monoclonal
YL1/2, 1/10 dilution of culture supernatant for IF and 1:50,000 dilution for WB), paxillin (mouse

monoclonal, 1:100 dilution for IF; BD Biosciences), HA.11 clone 16B12 (mouse monoclonal,
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1:200 dilution for IF; Covance), SHARPIN (rabbit polyclonal, 1:500 dilution for WB; Santa
Cruz Biotechnology, Inc.), Kindlin-2 (rabbit polyclonal, 1:1000 dilution for WB, Cell Signaling),
Rhodamine-phalloidin (1:200 dilution, Molecular probes). All secondary antibodies for
immunofluorescence were from Jackson ImmunoResearch (West Grove, PA) and used at 1:200

dilution.

Epifluorescence and TIRF microscopy

Immunofluorescent stained preparations were observed with a Nikon Optiphot microscope
using a 60X plan apo objective and filter cubes optimized for coumarin, fluorescein/GFP,
rhodamine, and Cy5 fluorescence (Nikon). Images were captured with a MicroMax cooled CCD
(Kodak KAF 1400 chip; Princeton Instruments, Trenton, NJ) using Metamorph software
(Universal Imaging Corp., West Chester, PA). For TIRF microscopy, preparations were
observed using a 60X apo objective (NA=1.45) on a Nikon TE2000-U microscope equipped with
a TIRF illuminator and fiber optic coupled laser illumination. Illumination was with three
separate laser lines (Ar ion (488 nm); HeNe (543 nm and 633 nm)) and filter cubes optimized for
flourescein/GFP, Cy3/Alexa 546 and CyS5 fluorescence (Chroma Technology, Rockingham, VT).
Images were captured with a back-illuminated cooled CCD (1000X800 pixels; Princeton
Instruments, Trenton, NJ) using Metamorph software (Universal Imaging Corp., West Chester,
PA).

Preparation of cells for detection of phosphoinositides

Lipid Extraction

NIH 3T3 cells were grown to confluence in 10-cm dishes, and phospholipids were
extracted as described by others (Nasuhoglu et al., 2002; Serunian et al., 1991). Solution was
aspirated from culture dishes, 0.75 ml ice-cold MeOH:1 M HCI (1:1) was added, and the cells

were scraped quickly from the dish. This suspension was transferred to a 2-ml microfuge tube
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and vortexed vigorously. After addition of 0.38 ml chloroform, samples were agitated for 15 min
and centrifuged at 1000g for 10 min. The lower phase was removed and washed with 1 ml of
cold MeOH containing 2 mM oxalic acid. Finally, the chloroform phase was transferred to a new

tube and dried with a stream of nitrogen.

Phospholipid deacylation and head group recovery

Phospholipids were deacylated with monomethylamine essentially as described by others
(Bocckino et al., 1989). The reaction was carried out at 53°C for 50 min with 1 ml of reagent
(42.8% of a 25% methylamine solution in water, 45.7% methanol, and 11.4% n-butanol). After
centrifuging for 1 min at 1000g, the samples were dried in a Speed-Vac. The products were then
resuspended in 0.5 ml water and extracted twice with an equal volume of n-butanol:petroleum
ether:ethyl formate (20:4:1) to remove fatty acids. The aqueous phase was then dried in a Speed-
Vac and resuspended in 33 ml of water. After centrifuging at 1000g to remove particulate matter,
30 ml of sample was used for analysis. When small amounts of pure phospholipids (<1 nmol)
were deacylated, inclusion of 50 mM sodium dodecyl sulfate (SDS) with the phospholipid was

found to increase recovery substantially.

Statistical analysis

A two-tailed unpaired Student’s ¢ test was used to evaluate two groups. Significance
between multiple groups was determined by one-way analysis of variance (ANOVA) followed

by Tukey’s multiple comparison test.
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Chapter 4: Kif4 Interacts with EB1 and Stabilizes
Microtubules Downstream of Rho-mDia in Migrating
Fibroblasts

Note: I am a co-first author of this work which was published in PLoSOne (2014) in
collaboration with Edward Morris, Francesca Bartolini, Nagendran Ramalingam and Gregg
Gundersen. My specific contribution to the results is indicated in each figure legend.
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ABSTRACT

Selectively stabilized MTs form in the lamella of fibroblasts and contribute to cell
migration. A Rho-mDia-EB1 pathway regulates the formation of stable MTs, yet how selective
stabilization of MTs is achieved is unknown. Kinesin activity has been implicated in selective
MT stabilization and a number of kinesins regulate MT dynamics both in vitro and in cells. Here,
we show that the mammalian homolog of Xenopus XKLP1, Kif4, is both necessary and
sufficient for the induction of selective MT stabilization in fibroblasts. Kif4 localized to the ends
of stable MTs and participated in the Rho-mDia-EB1 MT stabilization pathway since Kif4
depletion blocked mDia- and EB1-induced selective MT stabilization and EB1 was necessary for
Kif4 induction of stable MTs. Kif4 and EBI interacted in cell extracts and binding studies
revealed that the tail domain of Kif4 interacted directly with the N-terminal domain of EBI.
Consistent with its role in regulating formation of stable MTs in interphase cells, Kif4
knockdown inhibited migration of cells into wounded monolayers. These data identify Kif4 as a

novel factor in the Rho-mDia-EB1 MT stabilization pathway and cell migration.
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INTRODUCTION

Rearrangements of MTs play a central role in the establishment of cell polarity in many
systems (Li and Gundersen, 2008). In migrating cells, MTs contribute to the front-back polarity
that is essential for directional migration of cells in a variety of environments. MTs are thought
to provide the tracks for directional delivery of membrane precursors and actin regulators
necessary for protrusion of the leading edge (Miller et al., 2009; Prigozhina and Waterman-
Storer, 2004; Schmoranzer et al., 2003). MTs also regulate the turnover of FAs by stimulating
the disassembly of FAs through endocytic processes (Chao and Kunz, 2009; Ezratty et al., 2009;
Ezratty et al., 2005; Kaverina et al., 1999). In addition, MTs regulate myosin contraction in the
cell rear in certain migrating cells such as neutrophils and T cells (Takesono et al., 2010; Xu et
al., 2005).

To contribute to front-back polarity in migrating cells, the MT array itself becomes
polarized. Several sources of MT polarization in migrating cells have been identified. Radial MT
arrays are biased toward the front of many migrating cells by the specific orientation of the
centrosome toward the leading edge (Luxton and Gundersen, 2011). The oriented centrosome
positions the associated Golgi and endocytic recycling compartment to direct vesicular traffic
toward the leading edge. The reorientation of the Golgi may also reinforce MT asymmetry
toward the leading edge as the Golgi itself can nucleate MTs in certain cell types (Miller et al.,
2009). Factors that interfere with centrosome orientation usually reduce the rate of cell migration
(Gomes et al., 2005; Luxton et al., 2010; Schmoranzer et al., 2009), although direct laser ablation
of the centrosome has modest-to-strong effects on cell migration depending on the cell type

(Koonce et al., 1984; Wakida et al., 2010).
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A second source of MT polarization is the selective stabilization of a subset of MTs oriented
toward the cell’s leading edge (Gundersen and Bulinski, 1988; Li and Gundersen, 2008).
Because of their longevity, these selectively stabilized MTs become post-translationally
modified by detyrosination and/or acetylation of tubulin. Even in situations where the
centrosome does not orient toward the leading edge, for example, in a subset of fibroblasts
migrating in 2D or in fibroblasts migrating on fibrillar 1D matrices, MT stabilization remains
highly biased toward the front of the cell (Doyle et al., 2009; Gundersen and Bulinski, 1988;
Palazzo et al., 2001b; Palazzo and N.D., 2001). Post-translationally modified MTs are longer-
lived than their dynamic counterparts (Gundersen et al., 1987; Webster et al., 1987) and serve as
preferred tracks for certain kinesin motors (Dunn et al., 2008; Konishi and Setou, 2009; Kreitzer
et al., 1999; Liao and Gundersen, 1998; Lin et al., 2002; Reed et al., 2006). Thus, the generation
of selectively stabilized MTs biases vesicle trafficking toward the leading edge in migrating
cells.

Posttranslational modification of MTs may contribute to their stability (Peris et al., 2009),
yet studies have shown that this is not likely responsible for the initial generation of stability of
the long-lived MTs. Posttranslational modification of tubulin within MTs is relatively slow
compared to dynamic turnover of MTs and in starved NIH3T3 fibroblasts stimulated with the
serum factor lysophosphatidic acid (LPA), MTs are stabilized within minutes, long before the
accumulation of posttranslational detyrosination (Cook et al., 1998). In addition, treatments that
enhance the levels of detyrosinated or acetylated tubulin do not directly lead to stabilized MTs
(Khawaja et al., 1988; Palazzo et al., 2003; Webster et al., 1990).

Factors have been identified that contribute to the selective stabilization of MTs in cells.

Rho GTPase and its downstream effector the formin mDia are key factors in a MT stabilization
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pathway that mediates the selective stabilization of MTs in migrating fibroblasts (Goulimari et
al., 2005; Palazzo et al., 2003; Palazzo et al., 2001a) and other cell types (Andres-Delgado et al.,
2012; Arakawa et al., 2003; Butler and Cooper, 2009; Kodama et al., 2003). Rho only stimulates
mDia in the presence of integrin and FAK signaling, which may restrict the formation of stable
MTs to the leading edge (Palazzo et al., 2004). mDia interacts with three MT +TIP proteins,
EBI1, APC and CLIP170 and the interactions with EB1 and APC have been implicated in MT
stability (Butler and Cooper, 2009; Lewkowicz et al., 2008; Wen et al., 2004). In vitro, mDia2
binds directly to MTs and can stabilize them against cold-induced depolymerization, although it
does not generate nondynamic MT ends typical of selectively stabilized MTs in vivo (see below)
(Bartolini et al., 2008). mDia and other formins have recently emerged as MT regulators in
addition to their role in regulating actin nucleation and elongation (Bartolini and Gundersen,
2009; Thurston et al., 2012). Other factors, including two other +TIPs CLASP and ACF7/MACF
(Kodama et al., 2003; Lansbergen et al., 2006), actin capping protein (Bartolini et al., 2012), and
the negative regulator moesin (Naghavi et al., 2007) and are also involved in the generation of
selectively stabilized MTs. In addition to the Rho-mDia-EB1 MT stabilization pathway, other
MT stabilization pathways have been described (Gundersen et al., 2004; Lansbergen and
Akhmanova, 2006).

An unusual property of selectively stabilized MTs that may explain their longevity is the
inability of their plus ends to add or lose tubulin subunits (Infante et al., 2000; Palazzo et al.,
2001a; Palazzo et al., 2004; Webster et al., 1987). Indeed, these MTs behave as if their ends are
capped, a property that may also explain their resistance to MT antagonists and to dilution after
detergent permeabilization of cells (Infante et al., 2000; Khawaja et al., 1988). The nature of this

putative cap is unknown. Some of the factors functioning in the MT stabilization pathway have
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been localized to the ends of stable detyrosinated MTs (Wen et al., 2004), yet none of these
factors have been shown to directly cap MTs to convert them to nondynamic MTs. A study with
permeabilized cell models showed that the putative capping activity of stabilized MTs has
characteristics of kinesin motor proteins, including inhibition by the non-hydrolyzable ATP
analog AMP-PNP (Infante et al., 2000). Here we tested the possibility that kinesin motor
proteins may be involved in the generation of selective MT stability in cells. Among a group of
kinesins implicated in MT stability, we identify Kif4 as a novel factor in the selective
stabilization of MTs in migrating cells and provide evidence that this protein functions
downstream of other proteins in the Rho-mDia MT stabilization pathway and contributes to cell

migration.
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RESULTS

Kif4 motor domain induces stable MT formation in vivo

We first tested whether kinesins can induce the formation of selectively stabilized MTs
by expressing motor domains of kinesins in serum-starved NIH3T3 fibroblasts that have low
levels of stable MTs as judged by the lack of detyrosinated and NZ resistant MTs (Cook et al.,
1998; Gundersen et al., 1994; Palazzo et al., 2001a; Wen et al., 2004). Throughout this paper we
refer to stable MTs with high levels of detyrosinated tubulin as Glu MTs (reflecting the newly
exposed glutamate residue formed by removal of tyrosine from the C-terminus of a-tubulin) and
their dynamic counterparts as Tyr MTs. We tested kinesins that have been implicated in MT
stability based upon: 1) their interaction with known MT stabilizing factors (Kif3, a kinesin 2
which binds APC) (Jimbo et al., 2002), 2) their ability to stabilize MTs in epithelial cells (Kif17,
another kinesin 2) (Jaulin and Kreitzer, 2010); or 3) their ability to render MTs nondynamic in
vitro (Kif4, a kinesin 4 and ortholog of Xenopus XKLP1) (Bieling et al., 2010; Bringmann et al.,
2004) and in spindle midzone MTs (Hu et al., 2011). We were particularly interested in testing
Kif4, because the motor domain of XKLP1 prevents tubulin subunit addition to or lose from
MTs in biochemical studies (Bringmann et al., 2004). We chose not to explore a possible role for
kinesin-8 motors (such as Kif18A), which also regulate MT dynamics, as they seem to primarily
affect spindle MTs and do not appear to stabilize MTs against antagonists (Du et al., 2010;
Stumpff et al., 2011; Weaver et al., 2011).

Green fluorescent protein (GFP)-tagged constructs encoding the motor domain of these
kinesins were microinjected into nuclei of starved NIH3T3 fibroblasts bordering an in vitro
wound and after 2 hr of expression, levels of Glu MTs were assessed in fixed cells by
immunofluorescence. The motor domain of Kif4 induced Glu MTs in serum-starved NIH3T3

fibroblasts compared to uninjected neighboring cells (Figure 40A, B). The Kif4 motor domain
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induced only a subset of the MTs to become Glu MTs and did not detectably alter the
distribution of Tyr MTs, consistent with it selectively, rather than globally stabilizing MTs. Glu
MTs in the Kif4 expressing cells were preferentially oriented toward the leading edge (as in
Figure 40A) in 70 +/- 7% (N=3) of the cells, similar to the response of starved NIH3T3
fibroblasts to serum, LPA or active Rho (Cook et al., 1998; Gundersen et al., 1994). Kif3 or
Kif17 motor domains did not induced the formation of Glu MTs above background levels when
expressed in starved cells under identical conditions, even though the proteins were expressed at
comparable levels to Kif4 as judged by GFP fluorescence (Figure 40A, B).

Glu MT staining is widely used as a marker for MT stability, but it was formally possible
that Kif4 altered the enzymatic removal of tyrosine from a-tubulin instead of directly stabilizing
MTs. To test this possibility and as an independent test of MT stabilization, cells expressing
GFP-Kif4 motor domain were treated with NZ to depolymerize dynamic MTs and then stained
for Glu tubulin. Starved NIH3T3 fibroblasts expressing GFP-Kif4 motor domain had numerous
NZ-resistant Glu MTs whereas uninjected cells had only one or two short NZ-resistant MTs
(Figure 40C, D). We conclude that the motor domain of Kif4, but not that of several other
kinesins, is sufficient to induce the formation of stabilized and posttranslationally modified MTs

in starved NIH3T3 fibroblasts.

Kif4 is required for LPA-induced formation of Glu MTs
To test whether Kif4 was necessary for formation of Glu MTs, we depleted Kif4 with

small interfering RNAs (siRNAs) and then induced Glu MTs in serum-starved NIH3T3
fibroblasts by treating with the serum factor LPA. As controls, we depleted either glyceraldehyde
3-phosphate dehydrogenase (GAPDH) or Kif3A (we note that we were unable to test the role of
Kifl7, as it is not expressed in NIH3T3 fibroblasts-Figure 41). Kif4 depletion inhibited LPA-

induced Glu MT formation while control siRNAs had no effect (Fig. 42A-C). Kif4 depletion had
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no noticeable effects on Tyr MTs (Figure 42A), suggesting that it did not affect dynamic MTs.
Knockdown of kinesins was verified by western blot, which showed that Kif4 and Kif3A were
knocked down approximately 70% compared to GAPDH (control) siRNA-treated cells (Figure
42D, E). A second siRNA sequence to Kif4 also blocked Glu MT formation limiting the
possibility that the effects of the Kif4 siRNAs were due to off-target effects (Figure 42C and
Figure 43). While Kif4 depletion inhibited Glu MT formation, it did not affect LPA-induced
actin stress fiber formation (Figure 44). These results show that Kif4 is necessary for LPA-
induced formation of Glu MTs and suggest that it specifically regulates MTs rather than actin

filaments downstream of LPA stimulation.

Endogenous Kif4 localizes to the ends of Glu MTs
We localized endogenous Kif4 to determine if it associated with Glu MTs. Kif4 has been

described as a chromokinesin and much of Kif4 is localized in the nucleus before mitosis
(Kurasawa et al., 2004; Mazumdar et al., 2004). Because of this, we first checked if Kif4 was
present in the cytoplasm of serum-stimulated starved NIH3T3 fibroblast and whether its nuclear
localization was regulated during the cell cycle. In starved cells or at early times after serum
stimulation, there was little detectable Kif4 in the nucleus and diffuse staining of Kif4 in the
cytoplasm; at 12-24 hours of serum stimulation, corresponding to late G1/S and G2 phases, Kif4
appeared in both the cytoplasm and the nucleus suggesting that Kif4’s nuclear localization is cell
cycle regulated (Figure 45A). The cytoplasmic staining of Kif4 in unstimulated cells, which
mostly appeared punctate, was dramatically reduced by siRNA-mediated depletion of Kif4
(Figure 46), indicating that the signal detected with the Kif4 antibody was specific. In LPA-
treated cells, Kif4 cytoplasmic staining appeared to increase coincident with the formation of Glu

MTs and in some cells appeared as linear accumulations that paralleled MTs (Figure 45B).
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To address Kif4’s localization further and in particular to probe whether Kif4 might be
associated with Glu MTs, we used total internal reflection fluorescence (TIRF) microscopy.
Most of the Kif4 puncta observed by TIRF microscopy were associated with MTs with linear
accumulations detected on both Glu and Tyr MTs (Figure 45C). We were particularly interested
in the ends of Glu MTs, because localization at this site is readily quantifiable and because other
factors in the Rho-mDia pathway are localized on the ends of Glu (Butler and Cooper, 2009;
Wen et al., 2004). In serum-stimulated NIH3T3 fibroblasts, Kif4 puncta were detected on a
number of Glu MT ends and also along their length (Figure 45D, E). In contrast, fewer Kif4
puncta were localized on Tyr MT ends (Figure 45E). To account for random localization, we
determined the number of Kif4 puncta on Glu and Tyr MTs ends before and after shifting the
Kif4 image relative to the MT images: for both types of MTs, shifting the images eliminated the
colocalization with the ends, indicating that the Kif4 localization on MT ends was not due to
random overlap of Kif4 puncta with MT ends. A similar analysis of Kif4 localization in TC-7
cells, which have particularly distinct Glu MTs, also revealed specific localization of Kif4 on
Glu MT ends (Figure 47). These results show that endogenous Kif4 specifically accumulates on

some Glu MTs ends, consistent with a direct involvement of Kif4 in MT stabilization.

Kif4 is required for induction of Glu MTs by factors in the Rho-mDia-EB1 MT stabilization
pathway

To test the relationship between Kif4 and the Rho-mDia-EB1 MT stabilization pathway,
we asked if Kif4 was necessary for the induction of Glu MTs stimulated by known intracellular
activators of the pathway. The formation of Glu MTs in serum starved NIH3T3 fibroblasts can
be stimulated by expressing the Dia autoregulatory domain (DAD) of mDia, which relieves the
autoinhibition of the formin and activates it toward both actin and MTs (Palazzo et al., 2001a;

Palazzo et al., 2004). Microinjection of GST-DAD into serum-starved NIH3T3 fibroblasts
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depleted of Kif4 did not induce Glu MT formation, whereas it did when introduced into control
(GAPDH) depleted cells (Figure 48A, B). While GST-DAD failed to induce Glu MTs in Kif4
depleted cells, it still stimulated actin cable formation showing that Kif4 depletion did not
prevent DAD from activating mDia (Figure 48C).

To test further whether Kif4 functioned downstream of mDia in the formation of Glu
MTs, we tested whether Kif4 was necessary for the induction of Glu MTs in serum starved
NIH3T3 fibroblasts treated with LiCl, an inhibitor of GSK-3. Activation of mDia by Rho leads
to the inhibition of GSK-3p and this is necessary for the formation of Glu MTs in NIH3T3
fibroblasts (Eng et al., 2006). LiCl treatment of NIH3T3 fibroblasts depleted of Kif4 failed to
induce the formation of Glu MTs, whereas similar treatment of control (GAPDH) depleted cells
did (Figure 48D, E). Combined, these results suggest that Kif4 functions downstream of mDia in
Glu MT formation and that Kif4 is not involved in mDia’s stimulatory effect on actin filaments.
Consistent with this interpretation, we did not detect a significant alteration in the distribution of

mDial or EBI in GFP-Kif4 motor expressing cells (Figure 49).

Kif4 and EBI require each other to generate stable MTs

EB1 functions downstream of mDia in the MT stabilization pathway and overexpression of
EB1 induces the formation of stable MTs in serum-starved NIH3T3 fibroblasts (Wen et al.,
2004). We tested if the induction of Glu MTs by Kif4 and/or EB1 expression in starved NIH3T3
fibroblasts depended on each other. Kif4 or control (GAPDH) depleted serum-starved NIH3T3
fibroblasts were microinjected with GST-EB1 and the formation of Glu MTs was assessed. GST-
EBI induced Glu MTs in control cells, but not in Kif4 depleted cells (Figure 50A, B). Similarly,
expression of either GFP-tagged Kif4 motor domain or Kif4 full length in starved cells knocked

down for EB1 (Figure 51), which inhibits Glu MTs induced by LPA (Wen et al., 2004), did not
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induce Glu MTs (Figure 50C, D). These results suggest that Kif4 and EB1 are mutually

dependent for inducing stable MTs.

Kif4 interacts directly with EB1
Given the mutual dependence of Kif4 and EB1 in inducing Glu MTs, we tested whether the

proteins might interact. Immunoprecipitation of endogenous EB1 revealed that endogenous Kif4
associated with EBI in NIH3T3 fibroblast lysates (Figure 52A). Kif4 has predicted N-terminal
motor, central stalk with coiled coils domains and C-terminal tail domains (Figure 52B) (Sekine
et al.,, 1994). Using purified recombinant proteins, we found that EB1 interacted directly with
the tail of Kif4, but not the motor domain; there was also a weak interaction of EB1 with the
stalk domain of Kif4 (Figure 52C). Using fragments of EB1, we found that Kif4 tail bound to the
N-terminal domain of EB1, but not the C-terminal domain (Figure 52C). These results show that
Kif4 associates directly with one of the previously established factors in the pathway for

selective stabilization of MTs.

Kif4 is necessary for efficient migration of cells

Selectively stabilized MTs have been implicated in cell migration (Akhmanova et al., 2001;
Gundersen and Bulinski, 1988; Wen et al., 2004). To test whether Kif4 contributed to cell
migration, we knocked it down and measured rates of migration of NIH3T3 fibroblasts into in
vitro wounds. Cells depleted of Kif4 still formed a normal confluent monolayer, but migration
into the wound was reduced about 40% (Figure 53A, B). Analysis of the cell aspect ratio, a
measure of overall cell polarization, revealed that Kif4 depleted cells had a significantly reduced
aspect ratio compared to controls (Figure 53C). These results are consistent with earlier studies
suggesting that stable MTs in the lamella contribute to cell migration by enhancing cell

polarization and strengthen the notion that Kif4 has non-mitotic functions.
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DISCUSSION

Previous studies revealed that long-lived Glu MTs in TC-7 cells and NIH3T3 fibroblasts
exhibit the unusual property of not growing or shrinking for long intervals (Infante et al., 2000;
Palazzo et al., 2001a; Webster et al., 1990; Wen et al., 2004). This nondynamic behavior of Glu
MTs contrasts with the bulk of the MTs, which undergo dynamic instability and exhibit much
more rapid turnover. Glu MTs in detergent extracted TC-7 cell models behave as if they are
capped at their plus ends by an ATP-sensitive activity that has characteristics of kinesin motors
(Infante et al., 2000). In this study, we identified Kif4 as a kinesin that is necessary and sufficient
for the induction of Glu MTs and NZ resistant MTs in NIH3T3 fibroblasts. Our results indicate
that Kif4 functions in the Rho-mDia-EB1 MT stabilization pathway because Kif4 depletion
prevented the formation of Glu MTs in response to extracellular (LPA) and intracellular factors
(DAD, LiCl and EB1) that activate this pathway, overexpression of Kif4 motor domain was
sufficient to induce Glu MTs and Kif4 interacted with EB1, a previously identified factor in the
pathway. Kif4 also localized to Glu MT ends where other factors in this pathway have been
localized (Wen et al., 2004). Our data suggest a model in which Kif4 contributes to the
nondynamic behavior and stability of Glu MTs potentially by accumulating on Glu MT ends.
Because only a subset of Glu MT ends had detectable Kif4 localization, we cannot rule out a
model in which Kif4 may act more transiently, perhaps by transporting another factor in the
pathway.

How does Kif4 stabilize MTs? Studies have identified two activities for Kif4. A motor
function for Kif4 in the delivery of L1 cell adhesion molecule was described in studies of rat
neurons (Bisbal et al., 2009; Peretti et al., 2000). Kif4 also appears to be required for transporting

Gag protein from murine leukemia virus and HIV (Kim et al., 1998; Martinez et al., 2008), the
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ribosomal protein PO (Bisbal et al., 2009), and the mitotic protein PRC1 (Zhu and Jiang, 2005).
A MT stabilizing activity of the Xenmopus Kif4, XKLP1 was identified in in vitro studies
(Bringmann et al., 2004). In this study, the motor domain of XKLP1 alone was shown to prevent
the assembly and disassembly of dynamic MTs in vitro. Three pieces of data from our study are
consistent with Kif4 generating nondynamic stabilized MTs through its predicted stabilizing
activity: 1) induction of stabilized MTs by Kif4 motor domain, 2) localization of Kif4 on Glu
MT ends, and 3) the ability of Kif4 to function downstream of other factors in the Rho-mDia MT
stabilization pathway. Such a role would also be consistent with Kif4’s reported role in
cytokinesis where it contributes to the stability and nondynamic nature of midzone MTs (Hu et
al., 2011; Kurasawa et al., 2004; Zhu and Jiang, 2005). Additional studies will be needed to test
whether mammalian Kif4 exhibits the direct MT stabilization activity of XKLP1 and/or whether
Kif4 transport activity is necessary for MT stabilization.

Given the potent stabilizing activity of the Kif4 motor domain shown in the study of
XKLP1, an interesting question arises in the context of selective stabilization of interphase MTs:
how is the stabilizing activity of the motor regulated so that it selectively stabilizes only a subset
of MTs in vivo? One possibility is that other factors in the Rho-mDia-EB1 pathway restrict its
activity to specific locations. Rho is activated near the leading edge of migrating fibroblasts
(Pertz et al., 2006), but as yet there is no evidence that Rho or mDia interact with Kif4. Another
possibility is that EB1 interaction with Kif4 may regulate its stabilizing activity. The yeast EBI,
Mal3, interacts with the kinesin Tea2, and this interaction activates its motor activity (Browning
and Hackney, 2005). The mammalian kinesin-2, Kif17, stabilizes MTs in epithelial cells in part
by binding to EBl(Jaulin and Kreitzer, 2010). A number of destabilizing kinesin-13s also

interact with EBs and this interaction targets their activity to the MT plus end (Su et al., 2012).
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Perhaps, the stabilizing activity of Kif4 needs to be targeted to or retained on MT plus ends and
this is accomplished by EB1. We note that in addition to this possible role for EBI, it is likely
that EB1 plays a Kif4-independent role in MT stabilization, since EB1 interacts with a number of
other components implicated in MT stabilization including mDia (Wen et al., 2004) and CLASPs
(Mimori-Kiyosue et al., 2005).

Kif4 may also be regulated by phosphorylation, as has been shown for other kinesins
(Hirokawa et al., 2009). PKCe is activated and GSK3p is inactivated downstream of mDia
activation in fibroblasts and both contribute to formation of stabilized Glu MTs (Eng et al.,
2006). The downstream substrates of these kinases in the Rho-mDia stabilization pathway have
not been identified. Kif4 has 12 known phosphorylation sites as shown by mass spectroscopy

and two of these are predicted to be sites for GSK3 (S1017 and S1186; http://scansite.mit.edu/)

(Nousiainen et al., 2006). Kif4 was recently shown to be activated by Aurora B phosphorylation
in mitotic cells (Nunes Bastos et al., 2013). It would be interesting to test whether it is
phosphorylated by one of these kinases during generation of stable MTs in LPA stimulated cells.

Kif4 has a well characterized role in cell division but there is growing evidence that Kif4
has roles in non-dividing cells (see references above). Our results show that even in serum-
starved cells in Gy there is a small pool of cytoplasmic Kif4 and that cytoplasmic Kif4 increases
with either LPA or serum stimulation. Consistent with a role in regulating interphase MT
stability, we find that the axial polarization and migration of serum-stimulated cells was inhibited
by Kif4 knockdown. Kif4 has a predicted nuclear localization sequence, yet we observed that
nuclear accumulation of Kif4 was delayed for 12-24 h after serum-stimulation, suggesting that its

nuclear localization is regulated in a cell cycle dependent fashion.
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Members of the kinesin superfamily have been recognized for some time to participate in
the regulation of MT dynamics in addition to their well-established role in acting as molecular
transporters. Indeed, a subset of the kinesins, those in the kinesin-13 subfamily of which
MCAK/Kif2 has been most intensively studied, are well-established MT depolymerases that
recognize and promote the curved protofilament structure of depolymerizing MTs (Ems-
McClung and Walczak, 2010; Wordeman, 2005). The kinesin-8 family has also been implicated
in regulating MT dynamics (Gardner et al., 2008). There are fewer kinesins that have been
implicated in stabilizing MTs to generate long-lived and post-translationally modified MTs.
Indeed, other than Kif4/XKLP1 the only other kinesin that has been reported to enhance MT
longevity is Kif-17(Jaulin and Kreitzer, 2010). In our study, we found that Kifl7 was not
expressed in NIH3T3 fibroblasts and expression of its motor domain did not induce MT stability
in starved fibroblasts. Since the same construct induced MT stability in epithelial cells (Jaulin
and Kreitzer, 2010), these results suggest that different kinesins may be used to regulate MT
stability in different cell types. It will be interesting to explore other kinesin subfamilies to

determine whether there are other kinesins with the ability to generate long-lived, stable MTs.
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FIGURES
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Figure 40. Kif4 motor domain induces the formation of stable Glu MTs in starved NIH3T3
fibroblasts.

(A) Immunofluorescence of Glu MTs and Tyr MTs in starved NIH3T3 fibroblasts
expressing the indicated GFP-tagged kinesin motor constructs. Arrows indicate expressing
cells. (B) Quantification of Glu MT formation in starved NIH3T3 fibroblasts expressing
the indicated kinesin motors. n>70 cells; error bars, SEM from at least 6 experiments.
(C)* Immunofluorescence staining of Glu MTs in GFP-Kif4 motor expressing NIH3T3
fibroblasts treated with 10 uM NZ for 1 hr. The expressing cell (arrow) has NZ-resistant
Glu MTs. (D)* Quantification of cells with NZ resistant Glu MTs. Error bars, SEM from

3 experiments. Scale bars, 10 um.
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Figure 41. Analysis of Kif17 expression in NIH3T3 fibroblasts.

(A)* Western blot analysis of Kifl7 in MDCK cell and NIH3T3 fibroblast lysates. Tubulin
is shown as a loading control. (B) RT-PCR analysis of Kifl7 expression in mouse brain

and NIH3T3 fibroblasts. Kifl6B is shown as a positive control.
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Figure 42. Knockdown of Kif4 inhibits LPA-induced formation of Glu MTs in NIH3T3 fibroblasts.
(A,B) Glu MT and Tyr MT staining of LPA-stimulated NIH3T3 fibroblasts transfected
with the indicated siRNAs. (C) Quantification of the percent of siRNA-treated cells that
scored positive for Glu MTs. Two different siRNAs targeting Kif4 (#1 and #2) gave
similar results. n>100 cells; error bars, SEM from at least 5 experiments. (D, E) Western
blots of NIH3T3 fibroblasts treated with indicated siRNAs and blotted for the indicated
proteins. Quantification of the bands revealed over 70% knockdown of the indicated

kinesins. Scale bars, 20 um.
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Figure 43. Western blot of Kif4 knockdown using a second siRNA.

NIH3T3 fibroblasts treated with noncoding GAPDH or Kif4 siRNA #2 were analyzed by

western blot. Actin was used as a loading control.
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Figure 44. LPA stimulates normal actin fiber formation in Kif4 siRNA-treated NIH3T3 fibroblasts.
Fluorescence images of F-actin stained with rhodamine phalloidin in LPA stimulated
NIH3T3 fibroblasts that had previously been treated with control (GAPDH) or Kif4

siRNAs. Scale bar, 10 pm.
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Figure 45. Localization of endogenous Kif4 in interphase cells.

(A) Immunofluorescence images of Kif4, cyclin B and Tyr MTs in serum-starved NIH3T3
fibroblasts (0h) and in cells stimulated with serum for 12 and 24h. (B)
Immunofluorescence images of Kif4, Glu and Tyr MTs in serum-starved NIH3T3
fibroblasts (0 min) and in cells stimulated with LPA for 30 and 60 min. Arrowheads
indicate linear accumulations of Kif4 that coaligned with Glu and Tyr MTs. (C) TIRF
immunofluorescence images of Kif4, Glu and Tyr MTs in serum-stimulated NIH3T3
fibroblasts. Linear accumulations of Kif4 on Glu MTs are indicted by arrowheads; on Tyr
MTs by arrows. (D)* TIRF immunofluorescence images of Kif4 localization on Glu MT
ends. The boxed region in the merged image is shown at higher magnification in the right
panels. (E) Quantification of Kif4 on Glu and Tyr MT ends in serum-stimulated NIH3T3
fibroblasts. To account for random colocalization, overlaid Kif4 images were shifted
relative to Glu MT images and then recounted. n>50 ends, error bars, SEM from three

experiments. Scale bars, A, B, 20 pm; C, 5 pm. D, 10 pm; 5 pm (high mag).
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Figure 46*. Immunofluorescence images of Kif4 and Tyr MTs in noncoding (NC) and Kif4 siRNA-

treated cells.
NIH3T3 fibroblasts were stimulated for 60 min with LPA. Note the reduction in

cytoplasmic Kif4 immunostaining in cells treated with Kif4 siRNA. Scale bar, 20 pm.
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Figure 47. Kif4 localization on Glu MT ends in TC-7 cells.

(A) Immunofluorescence images of Kif4 and Glu MTs in TC-7 cells showing typical
examples of localization of Kif4 on the ends of Glu MTs (arrows). (B) Quantification of
the percentage of Glu MTs ends that exhibit Kif4 puncta before and after shifting the Glu
MT and Kif4 images relative to each other. n>20 ends, error bars are SEM from at least 3

experiments. Scale bar, 0.5 um.

185



B

186

Glu MT ends with Kif4 (%)

60

50 -

40
30

20
10 -

Image Shifted



Figure 48. Kif4 functions downstream of mDia in the Rho-mDia-EB1 MT stabilization pathway.

(A) Immunofluorescence staining of Tyr MTs and Glu MTs in NIH3T3 fibroblasts treated
with GAPDH (control) siRNA or Kif4 siRNA and microinjected with GST-DAD. Arrows
indicate injected cells. (B) Quantification of GST-DAD induction of Glu MTs in siRNA
treated cells. n>50 cells; error bars, SEM from at least 4 experiments. (C)
Immunofluorescence staining of GST-DAD and phalloidin staining of F-actin in NIH3T3
fibroblasts treated with GAPDH (control) or Kif4 siRNA and microinjected with GST-
DAD (arrows). (D) Immunofluorescence staining of Kif4 and Glu MTs in starved NIH3T3
fibroblasts treated with indicated siRNAs and 10 mM LiCIl for 2 hr. (E) Quantification of
LiCl-induced Glu MTs in GAPDH control and Kif4 siRNA cells. n>50 cells; error bars,
SEM from at least 4 experiments. Scale bars, A,D 10 um; C 20 um.
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Figure 49*. GFP-Kif4 motor expression does not change the distribution of mDial or EB1.
Immunofluorescence of GFP, mDial and Glu MTs (top) and EB1 and Tyr MTs (bottom) in
starved NIH3T3 fibroblasts expressing GFP-Kif4 motor. Arrows indicate GFP-Kif4 motor

expressing cells. Scale bar, 10 pm.
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Figure 50. Expressed Kif4 and EB1 require each other to induce Glu MTs.

(A) Immunofluorescence staining of Glu MTs in starved NIH3T3 fibroblasts treated with
control (GAPDH) siRNA or Kif4 siRNA and microinjected with GST-EB1 (arrows).
Human IgG (IgG) was used as an injection marker for GST-EB1 injected cells. Arrows
indicate injected cells. (B) Quantification of the percentage of siRNA-treated cells
exhibiting Glu MTs after injection with GST-EB1 protein. n>100 cells; error bars are SEM
from 4 experiments. (C)* Immunofluorescence staining of Glu MTs in starved NIH3T3
fibroblasts treated with control (noncoding) siRNA or EB1 siRNA and expressing GFP-
Kif4 motor (arrows). (D)* Quantification of the percentage of siRNA-treated cells
exhibiting Glu MTs after expression of GFP-Kif4 full length (FL) or motor (M) constructs.

n>100 cells; error bars, SEM from at least 4 experiments. Scale bars, 10 pm.
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Figure 51*. Western blot of EB1 knockdown using EB1 siRNA.
NIH3T3 fibroblasts treated with noncoding (NC) or EB1 siRNA were analyzed by western

blot. Tubulin was used as a loading control.

*My contribution

193



siRNA
WB: NC  EBf

tubulin — ——

194



Figure 52. Kif4 interacts directly with EB1.

(A) Kif4 coimmunoprecipitates with EB1 from NIH3T3 fibroblast lysates. EB1 or control
IgG immunoprecipitates were western blotted for EB1 and Kif4. (B) Diagram of Kif4
protein fragments used for binding studies. (C) Pull-down of recombinant proteins. Equal
amounts of GST or the indicated GST-EB1 proteins on glutathione-Sepharose were used to
pull down MBP-tagged Kif4 proteins. Bound proteins were analyzed by western blotting

as indicated.
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Figure 53*. Kif4 knockdown inhibits cell migration into wounded monolayers.

(A) Panels from phase movies of wounded monolayers of NIH3T3 fibroblast treated with
noncoding (NC) or Kif4 siRNAs. Scale bar, 15 pm. (B) Quantification of the migration of
NIH3T3 fibroblast monolayers after treating with noncoding (NC) or Kif4 siRNAs. (C)
Quantification of the cellular aspect ratio of wound edge NIH3T3 fibroblast treated with
noncoding (NC) or Kif4 siRNAs and allowed to migrate for indicated times. Histograms in

B, C are based on data from 3 experiments; error bars are SD.
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MATERIAL AND METHODS

Cell culture and chemicals

NIH3T3 cells (ATCC) were used throughout unless otherwise noted and were cultured in
10% calf serum in DMEM (Gibco BRL) as previously described (Cook et al., 1998; Palazzo et
al., 2001a). TC-7 cells (ATCC) were cultured as described previously (Infante et al., 2000).
MDCK cell lysate and Kifl7 antibody (Sigma) were kind gifts from G. Kreitzer (Weill Cornell

Medical College, NY). All chemicals were from Sigma-Aldrich unless otherwise noted.

Cell starvation and LPA and serum treatments

NIH3T3 cells were passaged onto glass coverslips and after growing to confluency, were
starved for two days in serum-free DMEM plus 10 mM Hepes, pH 7.4 (Cook et al., 1998;
Gundersen et al., 1994; Palazzo et al., 2001a). After wounding with a jeweler’s screwdriver, MT
stabilization was induced by adding 5 uM LPA for 2 hr. To examine Kif4 localization, starved
NIH3T3 cells were stimulated for various times with either 5 pM LPA or 10% calf serum.
Microinjection

Serum-starved NIH3T3 fibroblasts at the edge of wounded monolayers were pressure-
microinjected with a micromanipulator (Narshige International). DNA (50 ug/ml) was injected
into nuclei and recombinant protein (90 uM) was injected into the cytoplasm. After
microinjection, the injected plasmid was allowed to express for 2 hr before fixation or further
treatment with LPA.

cDNA Constructs. Human GFP-Kif4 motor (residues 1-356), GFP-Kif3A motor (residues 1-
354) and GFP-Kifl7 motor (residues 1-335) were kind gifts of G. Kreitzer (Weil Cornell
Medical College, NY). Mouse Kif4 full length was obtained from Open Biosystems and cloned

into the Clontech GFP-C1 vector to prepare mouse GFP-Kif4. Human Kif4 fragments were
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subcloned into a maltose binding protein (MBP) vector pMAL-c2E (New England Biolabs) from
the GFP-C1 vector after digesting with EcoRI and Sall and were verified by sequencing.
Binding of purified proteins

Recombinant GST-EB1, GST-EB1-N and GST-EB1-C proteins were previously described
(Wen et al., 2004). MBP-tagged Kif4 proteins were expressed in Rosetta-2 bacteria (EMD
Biosciences) and purified according to manufacturer’s recommendations except using a different
buffer (20 mM Hepes buffer, 150 mM NaCl, pH 7.5). Binding studies were performed by
incubating 0.3 uM MBP-tagged Kif4 proteins in RIPA buffer (20 mM Tris pH 7.5, 150 mM
NaCl, 1% Nonidet-P40, 1% sodium deoxycholate, 0.1% SDS) with 0.3 uM GST-tagged EB1
proteins on glutathione-agarose overnight at 4°C. After washing, bound proteins were eluted with

SDS sample buffer and western blotted.

Immunoprecipitation

Immunoprecipitation was performed overnight at 4°C using pre-cleared NIH3T3 fibroblast
lysates in 10% RIPA buffer plus protease inhibitor cocktail (Sigma Aldrich) and MG132 (A.G.
Scientific) and 1 ug rabbit anti-EB1 antibody (Santa Cruz Biotechnology) or non-immune rabbit
IgG as a control. MG132 was critical to prevent degradation of Kif4 during the incubation.
Immunoprecipitates were recovered with Protein A/G beads (1:1 mix), washed, and the bound

protein eluted with SDS sample buffer and analyzed by western blotting.

SiRNA transfection
Cells were transfected with siRNA (5 uM) using Lipofectamine RNAiMax (Invitrogen)

according to manufacturer’s instructions and plating cells directly into the transfection media.
After overnight transfection, cells were serum-starved for 2 days. siRNAs were designed using

the BIOPREDsi website (www.biopredsi.org/) and were obtained from Shanghai GenePharma.
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siRNA sequences were as follows: GAPDH, 5~ AAAGUUGUCAUGGAUGACCTT-3’; Kif4#l,
5’-GGAACUGGAGGGUCAAAUATT-3’; Kif4#2, 5’-GCAGAUUGAAAGCCUAGAGTT-3’;
KIF3A, 5’-CAGGAAAUAACAUGAGGAATT-3’; EBI, 5’-
CUGCCAGACAAGGUCAAGAAA-3’ Fixation. For routine immunofluorescence and for
staining Kif4 in NIH3T3 fibroblasts, cells on glass coverslips were fixed in methanol for 5 min at
-20° C. To detect Kif4 on the ends of MTs in TC-7 cells, cells were cryofixed in isopentane
cooled in a dry ice-liquid nitrogen bath with constant stirring until it started to become gel-like,
which corresponds to approximately -200°C (Oliver and Jamur, 2010). After one min in
isopentane, the cells were freeze substituted in a 6:4 acetone:methanol on dry ice and then
transferred to -80°C for 2 days. The cryofixed cells were gradually warmed by placing them in
an insulated container at -20°C container for 4 hr and then transferred to TBS buffer (20 mM Tris

pH 7.4, 150 mM NaCl) and stained with antibodies.

Immunofluorescence staining

Rabbit anti-Glu-tubulin antibody (dilution 1:400) was described previously(Gundersen et al.,
1984). Rat anti-Tyr tubulin (dilution 1:10 of culture supernatant) was from European Collection
of Animal Cell Cultures. Kif4 monoclonal antibody (dilution 1:50) was described previously
(Bisbal et al., 2009) and was a gift from A. Caceres or was from Sigma-Aldrich. Mouse anti-GFP
antibody (dilution 1:200) was from Sigma-Aldrich. Cyclin B antibody (dilution 1:100) was from
Santa Cruz. Secondary antibodies, absorbed to minimize interspecies cross reactivity, were from
Jackson ImmunoResearch and were used as described previously (Palazzo et al., 2001a).
Because most serum-starved NIH3T3 fibroblasts have a small number of Glu MTs before LPA
stimulation, we scored cells as positive for Glu MTs if they had more than five brightly and
continuously labeled Glu MTs that extended toward the cell periphery (Cook et al., 1998;

Gundersen et al., 1994). The stability of MTs in cells expressing kinesin motors was tested by
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treating cells with 10 pM NZ for 30 min as described previously (Cook et al., 1998; Gurland and

Gundersen, 1995).

Western Blotting

Samples were run on 4-15% polyacrylamide SDS gels and transferred to nitrocellulose.
Blots were incubated with the following antibodies: anti-Kif4 mAb (1:500), anti-beta-catenin
(1;1000), anti-actin (Ab-5; 1:10,000), anti-Kif3A (1:100; BD Transduction Laboratories), anti-
EB1 (1:10,000), anti-Kif17 (1:1000) or anti-GAPDH (1;6000). After incubation with fluorescent
IR680- or IR800-conjugated secondary antibodies (1:5,000, Rockland Immunochemicals),

reactivity was documented with an Odyssey scanner (Li-Cor Biosciences).

Analysis of Kif4 localization at Glu MT ends
NIH3T3 fibroblasts or TC-7 cells immunofluorescently stained for Glu tubulin, Tyr tubulin

and Kif4 were mounted in TBS and imaged by TIRF microscopy on a Nikon TE2000
microscope with a 60X, 1.45 objective and an Orca II ER CCD (Hamamatsu) controlled by
MetaMorph software. To unambiguously identify Glu MT ends, we overlaid Glu and Tyr MT
images and considered only ends of Glu MTs in which the Glu tubulin staining abruptly stopped
and was not “continued” with Tyr tubulin staining. Circles (10 pixels in diameter) were then
drawn on the Glu MT ends and the overlaid on the corresponding image of Kif4 staining. Kif4
puncta inside circles that also contacted Glu MT ends were counted positive; those lacking Kif4
were counted negative. To control for random overlap of Kif4 puncta with Glu MTs, the circles
were shifted 10 pixels in the x- and y-axes and the number of Kif4 puncta appearing in the

circles was determined.

Analysis of Cell Migration
Wounded monolayers of NIH3T3 fibroblasts treated with noncoding or Kif4 siRNAs were

imaged with a 20X ELWD Plan Fluor objective (NA 0.45) at multiple positions every 10 min for
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12 h on a Nikon TE300 microscope with a temperature controller (37° C) and motorized xyz
stage. The extent of cell migration was measured as percentage of wound closure. The polarization
of the cells was measured by determining their aspect ratio (major axis/minor axis) using Image J

software.

Statistical Anaylsis

Statistical significance was assessed by Chi square analysis for non-parametric data and
paired t-test for parametric data. P values are indicated in the figures as: *, p<0.05; **, p<0.01;

8% < 0.001.
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DISCUSSION

In this work I sought to answer the following questions:

- Do FA components traffic with internalized integrins and affect their trafficking?

- Do integrins engaged in FAs traffic through a specific endocytic pathway?

- Is there a relationship between integrin recycling and FA formation?

- When are recycled integrins reactivated?

- Is membrane trafficking coupled to a specific cytoskeletal mechanism to ensure that

internalized integrins are trafficked in a polarized fashion?

Molecular mechanisms of migration have been extensively studied over the past decades (Pollard
and Borisy, 2003; Ridley et al., 2003; Vicente-Manzanares et al., 2005) and FA turnover is a major
aspect of persistent cell migration (Webb et al., 2002). FA disassembly occurs in a common
cytoplasm along with FA formation, which makes it difficult to separately study the mechanisms
underlying these events. Ezratty et al., (2005) developed a model system that kinetically separate
FA disassembly from FA reassembly and showed that FA disassembly involves integrin
endocytosis that is dependent on dynamin, GRB2, FAK, clathrin and clathrin adaptors (Dab2 and
ARH). Therefore FA disassembly was characterized as an endocytic process.

Integrin endocytosis and recycling was previously shown to be important for cell
migration (Caswell et al., 2008; Caswell et al., 2007; Pellinen et al., 2006). These studies report

the overall pathways taken by bulk integrins but do not provide information about the recycling
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of integrins that were previously resident in FAs. Therefore they could not address the
relationship between integrin endocytosis and FA disassembly/reassembly. This prompted us to
ask the following question: Do FA-derived integrins travel through the same recycling pathways
as bulk integrins? Importantly, my findings strongly support the view that FA-derived integrins
traffic through different pathways when compared to bulk integrins.

I identified unanticipated roles for SFKs in the recycling of integrins (previously resident
at FAs) from the ERC and for FAK in the maintenance of integrin activation during their
recycling to the cell surface (Figure 54). More specifically, I found that FA-derived endocytosed
integrin localizes to the Rab5 and then to the Rabll compartment in an active state.
Additionally, FAK also localized to the Rab5 endosomes and both FAK and Src colocalized at
the Rab11 ERC along with active integrins. This particular integrin population is then recycled
back to the plasma membrane in a Rab11-, SFKs- and Kif3AC-dependent fashion (Figure 54). I
anticipate that Kif3AC will play an important role in determining where exocytosis of
endocytosed integrin occurs. Polarized integrin trafficking would be a critical aspect of persistent
cell migration since our findings predict that recycled integrins are active and therefore ready to
engage with the ECM to rapidly form new FAs.

My study shows that a5p1 integrins are kept active during endocytic recycling in a FAK-
dependent fashion since FAK-inhibited cells displayed reduced staining for active integrins
following FA disassembly (Figure 18). Therefore, we suggest that FAK and SFKs are critical
regulators of integrin endocytic trafficking by escorting them throughout the recycling pathway
and maintaining them active. But how do FAK and SFKs maintain integrins active during
recycling? Are there other proteins (possibly FAK/SFKs substrates) involved in this step?

Although possible, it is unlikely that inactive (or bulk) integrins will be associated with
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FA components during their recycling. We have observed FAK and active integrin in Rab5 and
Rabl1 endosomes (Figure 18). It is probable that endocytosed integrins that have not been
previously in FAs will travel on endosomes that do not have FAK or other FA proteins
associated with them. In this case we suggest that these integrins are inactive and further
experimentation will be required to answer whether or not, and if so, how these integrin-
containing vesicles are (re)sorted for recycling.

How might FAK maintain the activation state of endocytosed integrin? One possibility is
that direct FAK binding to integrin tails may be involved. FAK has been shown to bind to 1
integrin tail (Chen et al., 2000; Schaller et al., 1995). Alternatively, FAK kinase activity may be
important to target other proteins to the integrin tail, e.g., talin. Immunoprecipitation of active
integrin at 60 min after NZ washout (and therefore resident at the ERC) to detect its binding
partners and also imaging studies of talin and active integrins would shed some light on this
topic. Additionally, talin phosphorylation has been proposed as a mechanism for its activation
(Moser et al., 2009), thus it will be interesting to immunoprecipitate talin and analyze its
phosphotyrosine levels in the presence and absence of PF228 and PP2 during FA reassembly.
Consistent with a role for talin in integrin activation, depletion of talin blocked FA reassembly
(Figure 31). We do not know however, how talin is contributing to FA reassembly and we
envisage two scenarios that are not mutually exclusive: 1) talin is required to keep integrins
active at the plasma membrane after they are exocytosed-in this case we propose there will be a
switch between FAK and talin for binding to the integrin tail and/or 2) talin is required (along
with FAK/SFKSs) to keep integrins active during their endocytic recycling. Hypothesis “1” would
be in complete concurrence with the canonical role for talin in integrin activation (Moser et al.,

2009). On the other hand, hypothesis “2” would reveal a new role for talin as until now this FA
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component has not been shown to play a role during endocytic trafficking. In agreement with this
hypothesis, talin localized to the ERC following FA disassembly (data not shown). Further
experimentation is needed to test these hypotheses.

As mentioned above, I found that SFKSs are required for integrin recycling from the ERC.
SFKs may play a role in the budding of vesicles from the ERC or in the attachment of Kif3AC or
an adaptor protein to the integrin-containing vesicles derived from the ERC. Kif3AC
immunoprecipitation assays after MT-induced FA disassembly in PP2-treated may shed some
light on the potential partners of Kif3AC that are being modulated by SFKSs activities.

In addition to their role in promoting trafficking from the ERC to the plasma membrane,
SFKs may also contribute to maintaining the activation of endocytosed integrins. The
observation that Mn®" rescued FA reassembly in FAK™" cells transfected with FAK-Y397 (Figure
15D and E), suggests that Src binding to FAK is not required for integrin recycling from the
ERC and further implies that SFKs (along with FAK) play a role in integrin activation at the
level of the plasma membrane. Consistent with this, I have preliminary results showing that
when PF228 is washed out (after integrin has returned to the cell surface) and PP2 is added, FAs
do not reassemble. Further experimentation using assays that measure integrin surface levels in
cells transfected with FAK kinase mutants would test this hypothesis.

Another major regulator of integrin activation is kindlin (Moser et al., 2009). It was
recently shown that the binding of SNX17 to the MD NPxY motif of B1 integrin (which is also
the binding site for kindlin2) early on after endocytosis is critical for the recycling of this
receptor to the cell surface (Bottcher et al., 2012; Steinberg et al., 2012). Similarly, two studies
reported that kindlin2 binding to this same motif was important to regulate B1 integrin surface

levels by different mechanisms. Whereas one study showed that kindlin2 is required to prevent
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B1 integrin degradation (Margadant et al., 2012) the other group found that it is rather required to
regulate B1 integrin mRNA levels but not its recycling or degradation (Bottcher et al., 2012). In
agreement with the findings of Botcher et al., (2012) my results indicate that kindlin2 is not
required for integrin recycling as kindlin2-depleted cells displayed normal FA reassembly
(Figure 32). The mechanisms of how kindlins regulate 1 integrin surface expression will clearly
require further analysis.

The heterodimer a5B1 was shown to recycle via the Rabll-dependent, long-loop
pathway and Rab4 disruption had no effect (Powelka et al., 2004). My studies of FA-derived a5p1
are consistent with this as their recycling was dependent on Rabl1 (Figure 6G). On the other
hand, PDGF-stimulated recycling of bulk avp3 integrin was shown to occur via the Rab4-
dependent, short-loop pathway, suggesting alternative pathways for integrins for different
integrins (Roberts et al., 2001). Interestingly, a5B1 and avp3 integrins were recently shown to
exhibit distinct dynamic nanoscale organizations inside FAs (Rossier et al., 2012). Therefore, it
will be interesting for future studies to characterize the trafficking pathways taken by integrin
avp3 after MT-induced FA disassembly to see whether they follow similar pathways to the ones
here characterized for the a5p1 heterodimer. Likewise it will be important to determine whether
there are different proteins affecting the recycling of the integrin avf33.

Active and inactive integrins were shown to have distinct net endocytic rates. The active
B1 integrins endocytosis is higher when compared to the endocytosis of the inactive B1 integrin,
which is counteracted by rapid recycling to the plasma membrane via a Rab4-dependent pathway
(Arjonen et al., 2012). Additionally, it has been shown that FN and integrins colocalize in late
endosomal compartments (Lobert et al., 2010) suggesting that active, FN-engaged integrins are

directed to degradation. An important consideration in this study is that the cells were incubated
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with soluble recombinant FN prior to stimulate endocytosis. Therefore the intracellular FN they
detected was not derived from the ECM. Thus it is unlikely that the integrins associated with this
FN were previously in FAs. It may be that integrin attached to the soluble ligand is efficiently
degraded as observed (Lobert et al., 2010) and in my case I speculate that FA-derived integrin is
separated from FN upon endocytosis. Consistent with this hypothesis, intracellular FN did not
colocalize with active integrin in the Rabl1 ERC after FA disassembly (Figure 18I) and FA-
derived integrins were accessible to the FN fragment (Figure 18J), which would be unlikely to
occur if this integrin population was still bound to FN. Another important point is that I am
looking at integrins derived from FAs, and as suggested above, it is likely that this integrin
population may be associated with FA components, what may alter its trafficking while keeping
it active.

Given the considerations above, new questions arise: Is ECM-derived FN that is
associated with FA-integrins endocytosed along with integrins during FA disassembly? If not,
what are the mechanisms by which FN is detached during endocytosis? Detachment might occur
by three different ways: 1) Mechanically, by the force of endocytosis, analogous to the force of
endocytosis helping Notch cleavage (Musse et al., 2012); this could be tested by using a FN
FRET-biosensor that would stretch upon integrin endocytosis. 2) By MMP-mediated ECM
degradation during FA disassembly (Stehbens et al., 2014; Wang et al., 2012). Although this is
an attractive hypothesis, I have preliminary results that MMPs inhibitors do not block MT-
induced FA disassembly. 3) By sorting after endocytosis (ligand uncoupling). If this hypothesis
is correct, ECM-derived FN should not be found in Rab5 endosomes following MT-induced FA
disassembly. These mechanisms are not mutually exclusive so it is possible a combination of

them may contribute to removal of FN from integrins endocytosed during FA disassembly.
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Active integrins have been previously shown to localize to different Rab compartments
(Arjonen et al., 2012; Chao and Kunz, 2009). In these studies, cells were pre-incubated with
antibodies that detect active-conformation integrins and then integrin endocytosis was triggered
either by MT-induced FA disassembly (Chao and Kunz, 2009) or by incubating the cells at 37°C
with serum-containing medium, which stimulates the endocytosis of not only antibody-bound but
also bulk integrins (Arjonen et al., 2012). One major concern about these studies is that these
conformation-specific antibodies may lock integrins in their active conformation (Byron et al.,
2009 and Calderwood, personal communication). In contrast, in my studies I fixed the cells at
different times after NZ washout and only then I used an antibody that recognizes active
integrins (12G10). My imaging studies showed that the integrin pool endocytosed from FAs after
MT regrowth localizes to the Rab5 and Rab11 ERC in an active state (Figure 18). Importantly, I
also detected other FA components (including Src and active FAK) in the same compartment
(Figures 4, 9, 11 and 13). Previously, FAK was reported to localize at the perinuclear region of
highly invasive cytotrophoblasts (Ilic et al., 2001).

The endocytic trafficking pathways followed by different FA components have just
started to be elucidated, therefore the real significance of their distinct intracellular localizations
remains elusive. Here we speculate that the localization of several FA components to the ERC
following FA disassembly suggests the existence of an intracellular “FA signaling module” that
might be critical to drive integrin recycling and to keep it from being directed to degradation. In
agreement with this idea, it was recently suggested that endocytosed active integrins may signal
from the endosomes via an “inside-in” mechanism (Bouvard et al., 2013) and here we further
suggest that this will ultimately influence integrin recycling and FA formation. Moreover it

might be that additional FA components traffic with the integrin endocytosed from FAs. Indeed,
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in preliminary experiments I have found that two additional FA components, paxillin and
vinculin, localized to the ERC after FA disassembly (Figure 55).

Several actin-associated molecular motors play a role in integrin trafficking. For instance,
actin-based motors, such as myosin-10, regulate integrin-mediated cell adhesion in filopodia
(Zhang et al., 2004) and myosin-6 promotes the internalization of ligand-bound a5B1 integrin
(Valdembri et al., 2009). However a comprehensive characterization of the MT-associated
molecular machinery regulating integrin trafficking was missing. Collectively, our findings
indicate that plasma membrane delivery of endocytosed integrins from the ERC is important for
FA reassembly and in turn imply that MTs and kinesins may contribute to this event. Consistent
with these ideas, | have found data supporting the idea that the heterodimer Kif3AC transports
active integrins from the ERC to the cell leading edge for polarized FA reassembly. Interestingly,
Kif1C was recently shown to transport integrins to the cell rear and to play an important role in
persistent cell migration (Theisen et al., 2012). In contrast, I identified Kif3AC as a kinesin
committed to polarized integrin trafficking towards the cell front. This would keep a cycling pool
of integrins in a restricted cell region for proper FA dynamics and cell migration, as suggested
previously (Caswell et al., 2009). Identifying a motor engaged in integrin recycling constituted a
significant finding as until now there was no evidence linking a molecular motor with polarized
integrin trafficking during cell migration. It will be interesting for future studies to determine if
Kif3AC directly transports integrin from the Rab11 ERC to the cell surface and to determine the
relationship between integrin exocytic sites and FA reassembly sites.

The exact pathway of integrin trafficking depends not only on the integrin activation
state, but also on cell type, composition of the integrin heterodimer and extracellular stimuli

(Caswell and Norman, 2006). Likewise, different integrin heterodimers exhibit distinct trafficking
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kinetics (Caswell et al., 2009) and this suggests diverse molecular requirements for the trafficking
(Teckchandani et al., 2009). In this context, it is likely that distinct kinesins will be committed to
transport different integrin heterodimers and affect FA dynamics through different mechanisms.
For instance, kinesin-1 was suggested to affect FA disassembly by the delivery of a hypothetical
“relaxing factor” to FAs (Krylyshkina et al., 2002). Similarly, Kifl5 (a member of the kinesin-12
family) was recently proposed to regulate a2 integrin internalization by controlling the cell-
surface localization of Dab2 (Eskova et al., 2014). Surprisingly, several regulators of a2 integrin
trafficking were related to FA formation and epithelial cell migration (Simpson et al., 2008;
Winograd-Katz et al., 2009), further indicating a functional crosstalk between integrin trafficking,
FA dynamics and cell motility. Of note, KIF15 was shown to be overexpressed in various tumors
(Bidkhori et al., 2013). Therefore, it is clear that it will be important to screen for additional
motors engaged in the recycling of different integrin heterodimers in different cell types to
ultimately prevent cell migration in the context of cancer progression and tumor spreading.
Importantly, our model system based on MT-induced FA disassembly allowed us to
identify critical steps and regulators of integrin recycling dependent-FA reassembly. More
specifically it allowed us to characterize the different endosomal compartments through which
FA-integrins travel following endocytosis and also allowed to unveil the molecules playing
critical roles during integrin endocytic trafficking. This model system however is artificial since
in order to stimulate FA disassembly in a synchronous fashion we treat the cells with NZ for
several hours. Therefore it was crucial to test if our findings would also apply to migrating cells,
in a NZ-free context. In order to test this I made several predictions about the behavior of
integrins in migrating cells based on the findings gleaned with the MT-induced FA disassembly

assay: 1) FAs should disassemble but not reassemble in migrating cells treated with either FAK
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or SFKs inhibitors. 2) Integrin recycling should be blocked in SFKs-inhibited cells but not in
FAK-inhibited cells. 3) FA reassembly should occur faster in FAK-inhibited cells than in SFKs-
inhibited cells upon drug release. 4) Manganese should rescue FA reassembly in FAK- but not
SFKs-inhibited cells. Importantly all these predictions were verified (Figure 22), strongly
supporting the view that the major steps and players characterized with the NZ washout assay
will contribute to the understanding of the basic mechanisms of cell migration. Additional tests
of the model in migrating cells would be to examine the role of Kif3AC in integrin trafficking
and the FA disassembly/reassembly cycle.

It will also be interesting to determine the implications and relevance of our model in the
context of collective cell migration. This mode differs from single cell migration in that cells
remain connected as they move, which results in migrating cohorts. Collective migration of
cohesive cell groups in vivo is particularly prevalent during embryogenesis and drives the
formation of many complex tissues and organs. For instance, it plays an essential role in the
branching morphogenesis of mammary ducts, in border cell migration in the Drosophila egg
chamber and in vascular sprouting during angiogenesis (Friedl and Gilmour, 2009).

A hallmark of collective cell migration is the distinction of the cell cohort into “leader”
cells that guide the “followers” cells at their rear. Leader cells in the front row display polarized
morphologies, detect extracellular guidance cues and generate greater cytoskeletal dynamics than
follower cells. Moreover leader cells display distinct integrin heterodimer expression and a
polarized localization towards the leading edge. Significantly, many invasive tumor types display
a similar collective behavior and configuration. They can move as isolated groups or clusters that
migrate through tissue after they detach from their origins (Friedl and Gilmour, 2009). It is likely

that polarized integrin recycling/trafficking and the activation state of these receptors will be
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much more critical for the leader cells than to the followers ones. Therefore it will be interesting
to test if our findings are relevant in the context of collective migration of cancer and other cells.
For instance, can we prevent cell migration and tumor metastasis by specifically targeting
integrin activation in the leader cells?

In conclusion, my work has established unprecedented findings that revealed key aspects
of integrin recycling and FA formation during cell migration and showed that these two basic
cellular events are intimately connected. Until now it was uncertain whether or not recycled
integrins previously resident in FAs remained active during their endocytic trafficking. Besides,
little is known about the molecules controlling integrin trafficking and here we identified FAK
and SFKs as major components of this event. Importantly, we are the first to identify a FA
component playing a role during integrin recycling (namely FAK). FAK has been known as the
“activatable scaffolding kinase” (Schwartz, 2001) that has two major functions: it can act as a
signaling platform where other adaptor proteins and kinases bind and transduce downstream
signals or it can act as a kinase by directly phosphorylating substrates. It has been known for
some time now that FAK knockout cells exhibit enlarged FAs, so FAK has been generally
considered to be required for FA disassembly but not for FA assembly (Ezratty et al., 2005; Ilic et
al., 1995; Ren et al., 2000; Sieg et al., 1999). Surprisingly I revealed an unanticipated role for FAK
kinase activity in FA reassembly. Whereas I found that FAK activity is dispensable for FA
disassembly I showed it is crucial for FA reassembly by keeping integrins active during
endocytic recycling. Importantly, FAK scaffolding function had been previously shown to be
required for FA disassembly (Ezratty et al., 2005). Additionally, SFKs have been implicated in FA
reassembly as Src, Yes, and Fyn knockout cells (SYF cells) displayed impaired FA reassembly

after NZ washout (Yeo et al., 2006). Also, Src has been known to localize to the ERC and
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suggested to regulate endosomal trafficking (Kaplan et al., 1992) but until now its precise roles in
this compartment were undefined. Here I gathered evidence showing that SFKs modulate
integrin recycling from the ERC. Such long-range traffic implies that there must be a MT-
associated motor transporting integrins back to the plasma membrane for polarized FA
formation. Here I identified the heterodimer Kif3AC, a kinesin II family member, as a critical
player in this event. In the near future the relationship here established between integrin
recycling, integrin activation and FA (re)formation will certainly provide alternative ways to

better interfere with deregulated cell migration during tumor cell motility and metastasis in vivo.
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Figure 54. Proposed model for polarized FA reassembly mediated by a Kkinesin II-driven integrin
trafficking.

MT-induced-FA disassembly is dependent on integrin endocytosis mediated by FAK,
GRB2, dynamin2, clathrin, clathrin adaptors (Dab2 and ARH) and PIPk1p. Following
endocytosis, integrins remain associated with Rab5-positive early endosomes that also
contain FAK and possibly Src, and this maintains integrins in an active conformation.
Active integrins are then trafficked to the Rabl1l endocytic recycling compartment where
FAK and Src are also present. The recycling of integrins back to the cell surface is
dependent on Rabl1, SFKs activity and the kinesin II family member Kif3AC. Whether
these proteins function in one or multiple steps in returning integrin from the ERC is
unclear. Of note, FA reassembly will rapidly occur following exocytosis of integrin-
containing vesicles since recycled integrins are active and therefore ready to engage with
the extracellular matrix. The labels in red represent my findings whereas those in black

refer to previous findings.
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Figure 55. Different FA markers localize to the ERC following FA disassembly.
Immunofluorescence images of vinculin, Rabll, paxillin and FAK-pY397 in NIH3T3
fibroblasts fixed at 60 min of NZ washout. Arrows indicate colocalization between

vinculin and Rabl11 or between paxillin and FAK-pY397. Scale bar, 10 um.
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