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CHAPTER 1

INTRODUCTION TO CELL MOTILITY AND P130CAS SIGNALING

Cell Motility

Cell migration is a fundamental biological process that is important in normal
physiological processes including embryonic development, tissue homeostasis, wound
healing, and immune surveillance (Horwitz and Webb, 2003, Lauffenburger and Horwitz,
1996, Ridley et al., 2003). However, when cell migration becomes dysregulated it
contributes to disease pathology including mental retardation, osteoporosis,
atherosclerosis, chronic inflammation, and cancer (Horwitz and Webb, 2003,
Lauffenburger and Horwitz, 1996, Ridley et al., 2003, Hall, 2009). Cell migration is a
highly dynamic process during which numerous signals must be integrated to generate a
coordinated cellular response. This process depends on several key structures including
the actin and microtubule cytoskeleton networks and focal adhesion sites. These
structures are spatially and temporally coordinated by Rho family GTPases, in particular
Cdc42, Racl and RhoA (Wittmann and Waterman-Storer, 2001, Nobes and Hall, 1999).
The result is a cyclical process that can be broken down into several key steps including:
an initial polarized morphology, followed by protrusion of the leading edge, adhesion to
the substratum, contraction to pull the cell forward, and release of the cell rear (reviewed

in (Etienne-Manneville, 2004, Le Clainche and Carlier, 2008, Ridley et al., 2003).



Key Structures in Cell Motility

Actin and microtubule interactions are fundamental to establish and maintain
dynamic cellular asymmetries in numerous processes including migration (Rodriguez et
al., 2003). Focal adhesion (FA) sites provide the structural link between the actin
cytoskeleton and the extracellular matrix (ECM) and through integrin engagement
regulate enzymes and adapter proteins to control cell behavior (Miranti and Brugge,
2002). Focal adhesion sites and the cytoskeleton are intimately coupled, with actin- and
microtubule-mediated interactions regulating FA dynamics (Wehrle-Haller and Imhof,
2003) and integrin-mediated signaling directing cytoskeleton rearrangements (Miranti

and Brugge, 2002).

Microtubule Cytoskeleton

Microtubules are not required for migration per se, but rather modulate the
migratory machinery by establishing and maintaining cellular polarity (Siegrist and Doe,
2007, Wehrle-Haller and Imhof, 2003). It was noted in 1970 that intact microtubules are
required to maintain the polarized distribution of actin protrusions at the leading edge of
migrating fibroblasts (Vasiliev et al., 1970). Microtubules are polymers with inherent
directionality that form a polarized network for protein and vesicle movement throughout
the cell (Etienne-Manneville, 2004). In migrating cells, microtubules are nucleated from
two central structures, the centrosome (Bettencourt-Dias and Glover, 2007) and the Golgi
complex (Efimov et al., 2007). In migrating cells, these structures are often linked with
the centrosome situated in front of the nucleus and the Golgi positioned around the
centrosome in an extended ribbon-like array (Sutterlin and Colanzi, 2010). Microtubule

minus-ends are anchored at the centrosome and Golgi while polymerization extends



microtubule plus-ends to the cell edges (Sutterlin and Colanzi, 2010). However, the
geometries of these two networks differ, the centrosome produces a symmetric, radial
array while the Golgi produces a polarized array that extends primarily toward the
leading edge (Efimov et al., 2007).

In migrating cells, numerous microtubule-dependent processes are directed
toward the leading edge, including Cdc42-dependent centrosome and Golgi reorientation,
vesicular trafficking, and the presence of stable detyrosinated microtubules (Wittmann
and Waterman-Storer, 2001, Sutterlin and Colanzi, 2010). In addition, microtubule
dynamics both self-regulate and alter local actin and focal adhesion dynamics (Rodriguez
et al., 2003). Microtubule growth stimulates actin assembly at the leading edge (through
Racl activation) and drives a positive feedback loop to stimulate additional microtubule
growth (through Racl/Pak-mediated inhibition of Opl8) (Rodriguez et al., 2003).
Conversely, microtubule shortening drives actomyosin contraction (through RhoA
activation) and microtubule stabilization (through RhoA/mDia) (Rodriguez et al., 2003).
Finally, microtubule-targeting of focal adhesion sites as a result of repeated cycles of
growth and catastrophe results in focal adhesion disassembly (Kaverina et al., 1999,
Ezratty et al., 2005). Polarized vesicular trafficking and directed migration both
specifically require the asymmetric Golgi-derived microtubule array (Miller et al., 2009).
While a potential relationship has not yet been evaluated, this may also be true for other

polarized MT-dependent functions (as hypothesized in (Efimov et al., 2007)).

Actin Cytoskeleton

Despite the essential role that microtubules play in establishing polarity in many

cell types, some cells are able to migrate in the complete absence of microtubules



(including keratocytes, neutrophils, and lymphocytes (Scliwa and Honer, 1993). In the
simplest case using lamellar fish keratocyte fragments, either an existing gradient of actin
assembly and myosin contractility or perturbation of a symmetric cell fragment to create
an asymmetry in contractility was sufficient to drive migration (Euteneuer and Schliwa,
1984, Verkhovsky et al., 1999b). Extending this work to intact cells, an externally
enforced contractility gradient stimulated protrusion in fibroblasts lacking microtubules
(Kaverina et al., 2000). This data helped establish the consensus that the actin
cytoskeleton provides the primary driving force behind protrusion and migration (Small
et al., 2002).

Actin monomers polymerize into filamentous-actin (F-actin), a polymer that can
be used to generate diverse cellular structures (Le Clainche and Carlier, 2008). Like
microtubules, actin polymers have an inherent directionality, which is reinforced by
differential polymerization kinetics. Actin assembles preferentially at the “barbed” end
and disassembles at the “pointed” end (Bugyi and Carlier, 2010). Three principal actin
structures are prominent in migrating cells: filopodia and lamellipodia at the leading
edge, and stress fibers that cross the cell body and connect adhesion sites (Le Clainche
and Carlier, 2008). The lamellipodium consists of a thin sheet of densely-packed
branched actin filaments (Borisy and Svitkina, 2000) (although, a recent report indicated
that lamellipodial actin is a dense meshwork of overlapping, unbranched filaments
(Urban et al., 2010)), while both filopodia and stress fibers are composed of parallel

bundled actin filaments (Le Clainche and Carlier, 2008).

Lamellipodium



The lamellipodium polarizes in the direction of migration and provides the
driving force for protrusion (Etienne-Manneville, 2004, Small et al., 2002). Actin
assembly in the lamellipodium is mediated by Racl/WAVE activation of the Arp2/3
complex and occurs primarily at the leading edge (Pollard and Borisy, 2003, Lai et al.,
2008, Borisy and Svitkina, 2000). Constant polymerization coupled with membrane
resistance and/or myosin II contractility generates retrograde flow of the lamellipodial
actin meshwork away from the leading edge (Vicente-Manzanares et al., 2009, Wittmann
and Waterman-Storer, 2001) where actin filaments are severed and depolymerized
(Pollard and Borisy, 2003). This process of treadmilling (Lai et al., 2008, Wang, 1985) is
converted into forward movement as actin filaments couple to nascent adhesion sites
(Wehrle-Haller and Imhof, 2003, Alexandrova et al., 2008). The rate of formation of
nascent adhesion sites within the lamellipodium is proportional to the rate of protrusion

(Choi et al., 2008).

Filopodia

Similar to the lamellipodium, filopodia are polarized toward the leading edge with
actin assembly at their tips driving protrusion and retrograde flow (Mellor, 2010, Faix et
al., 2009). Activation of Cdc42 drives the formation of filopodia (Nobes and Hall, 1995),
but the mechanism of formation remains controversial. There are currently three models,
convergent elongation, tip nucleation, and the cascade pathway (Mellor, 2010). The
convergent elongation model proposes branched filaments from the lamellipodium
nucleated by Arp2/3 activity converge and form a bundled filopodium that avoids
capping by association with the filopodia “tip complex” enabling continued elongation

(Svitkina et al., 2003). The tip nucleation model proposes filopodial protrusion is driven



by formins, rather than by the Arp2/3 complex, and that filopodial and lamellipodial
nucleation arise from distinct signaling pathways with separable core machineries (Faix
et al., 2009). Finally, the cascade pathway model proposes a hybrid mechanism whereby
dendritic Arp2/3-nucleated lamellipdial actin filaments receive additional signals
(including processive elongation by formins) and become bundled filopodia, but that
lamellipodial formation is a key step in filopodia formation (Biyasheva et al., 2004,
Gupton and Gertler, 2007). This controversy is further complicated by recent data on the
structure of the lamellipodium (Urban et al., 2010), which differs from the prevailing
branched dendritic network model of lamellipodium structure; however, this newly
proposed unbranched lamellipodium structure could bypass the need to transform a
dendritic lamellipodial actin network into filaments with processive elongation. In
addition to their protrusive role, filopodia extending in front of and embedded within the
lamellipodium serve a sensory role (Mellor, 2010, Faix et al., 2009). The plus-end
directed motor, Myosin-X is concentrated at filopodial tips (Berg et al., 2000) where it

transports cargo, including B-integrins (Zhang et al., 2004) and other receptors (Mellor,

2010). Consistent with this concentration of receptors at their tips, filopodia are
implicated in the formation of nascent adhesion sites at the leading edge (Nobes Hall

1995, Faix Rottner 2006).

Stress Fibers

Stress fibers, the actin structures that classically connect adhesion sites, have been
organized into three classes: ventral stress fibers (anchored to FAs at both ends), dorsal
stress fibers (one end anchored to an FA with the other end extending dorsally into a

loose actin network), and transverse arcs (form at the base of the lamella, not connected



to FAs at either end) (Small et al., 1998). In migrating cells, stress fibers have uniform
polarity at the interface with adhesion sites, barbed ends point toward the adhesion, while
the central regions of fibers have graded polarity with mixed filament directionality
(Cramer et al., 1997). Stress fibers form through nascent actin assembly from adhesion
sites (Hotulainen and Lappalainen, 2006), with purified integrin adhesions exhibiting
actin assembly potential (Butler et al., 2006). In addition stress fibers form by end-to-end
joining of short actin and myosin bundles, with end-to-end joining of these sub-structures
with adhesion-anchored fibers resulting in ventral stress fibers anchored to focal
adhesions at both ends (Hotulainen and Lappalainen, 2006). An alternate hypothesis for
the formation of the graded polarity filaments includes the incorporation of existing actin
filaments in the lamella through retrograde flow and myosin contraction (Verkhovsky et
al., 1995, Verkhovsky et al., 1999a, Anderson et al., 2008). Both modes of assembly are
consistent with the observed filament polarity. The cooperative reorganization of actin
into stress fibers is regulated by RhoA signaling to mDial and ROCK, which stimulate
actin assembly and contractility respectively (Watanabe et al., 1999, Hotulainen and
Lappalainen, 2006, Pellegrin and Mellor, 2007). Mature stress fibers display periodic
banding of alpha-actinin and myosin (Pellegrin and Mellor, 2007). It is the presence of
myosin that imparts contractility to stress fibers, which are the major mediators of
cellular contraction (Kumar et al., 2006, Peterson et al., 2004, Katoh et al., 2001,
Pellegrin and Mellor, 2007). In addition, the cross-linking of actin by alpha-actinin and

myosin II promotes FA maturation (Choi et al., 2008, Vicente-Manzanares et al., 2009).



Adhesion Sites

Migration requires the transmission of cellular forces to the ECM through
adhesion to the substrate. Cell adhesion to the ECM is mediated by integrins,
transmembrane receptors that link the ECM to the actin cytoskeleton. These integrin
contact sites, commonly called focal adhesions, not only mediate adhesion, but also form
a large protein signaling network that regulates cell migration (Miranti and Brugge,
2002). An analysis of the molecular interactions within adhesion sites revealed more
than 150 proteins in the “integrin adhesome” including both integral adhesion
components and transiently interacting proteins (Zaidel-Bar et al., 2007a). These
dynamic structures both transduce cellular traction forces and in turn respond to changes
in force by remodeling and coordinating cytoskeletal rearrangements (Lock et al., 2008).
Although adhesion sites clearly exist on a continuum of size and molecular composition,
they have been grouped into several classes: nascent adhesions/focal complexes at the
leading edge, mature/classic focal adhesions connected to stress fibers, and fibrillar
adhesions that align with ECM fibers (Dubash et al., 2009). Due to the large number of
focal adhesion proteins, only a few key aspects of integral structural and signaling

molecules will be discussed in this chapter.

Adhesion Nanoparticles and Focal Complexes

The molecular organization of the earliest adhesive complexes is not clear, but a
plausible primary adhesive subunit is speculated to consist of at least two o/f integrin
heterodimers connected to actin filaments by a talin dimer (Geiger et al., 2009). This

hypothetical complex could account for the talin-dependent 2 pN ‘slip bonds’ detected

between fibronectin-coated beads and the cytoskeleton (Jiang et al., 2003). ECM-



cytoskeleton connections were evaluated by restraining fibronectin-coated beads on the
cell surface using laser tweezers and measuring the smallest force required to break
connections, ‘slip bonds’, between the actin cytoskeleton and matrix on the bead surface
(Jiang et al., 2003). Underscoring its essential role, cells lacking both talin isoforms
initiate spreading, but fail to form adhesions (Zhang et al., 2008). Subsequent
recruitment of vinculin to talin initiates clustering of activated integrins (via the head
domain) and further reinforces the link to the actin cytoskeleton (via the tail domain)
(Humphries et al., 2007). The addition of vinculin is a key step in the ability of early
adhesion sites to transduce force (Galbraith et al., 2002).

The earliest adhesion sites detectable by standard microscopy techniques are focal
complexes, with diameters of approximately 100 nm (Geiger et al., 2009). However,
smaller structures (30-40 nm) containing integrins and some integral FA proteins have
been detected using PALM (photoactivated light microscopy) (Shroff et al., 2007, Shroff
et al., 2008, Geiger et al., 2009). Focal complexes form under the lamellipodium lasting
on the order of seconds until they either turn over or mature into focal adhesions,
typically at the base of the lamellipodium (Ponti et al., 2004, Alexandrova et al., 2008,
Choi et al.,, 2008, Geiger et al.,, 2009). The fast retrograde actin flow in the
lamellipodium is required for the formation of nascent adhesions, and their maturation at
the base of the lamellipodium correlates with a transition to slower retrograde actin flow
in the lamella (Alexandrova et al., 2008). Thus, Racl and Cdc42 drive not only
lamellipodial protrusion but also formation of nascent adhesion complexes (Nobes and
Hall, 1995). In addition to integrins, talin, and low levels of vinculin, focal complexes

have also been reported to contain paxillin, p130Cas, Arp2/3 complex, low levels of FAK



(focal adhesion kinase) and alpha-actinin, and high levels of tyrosine phosphorylation
(Donato et al., 2010, Nobes and Hall, 1995, Zaidel-Bar et al., 2003, DeMali et al., 2002).
Paxillin, p130Cas, and FAK all contribute to the tyrosine phosphorylation signal in focal
complexes, as detected by phospho-specifc antibody staining in fixed cells and a tandem
Src-SH2 FRET (fluorescence resonance energy transfer) probe in live cells (Fonseca et

al., 2004, Webb et al., 2004, Ballestrem et al., 2006).

Focal Adhesions

As they mature into focal adhesions, focal complexes elongate centripetally and
become coupled to stress fibers (Geiger et al., 2009, Wolfenson et al., 2009a). This
maturation zone typically defines the transition from the lamellipodium to the lamella.
Once the process of maturation is complete, adhesion sites become stationary (tens of
minutes), then as the cell moves forward, the focal adhesions disassemble as they near the
rear of the lamella due to forward translocation of the cell (Rid et al., 2005, Wolfenson et
al., 2009a). Coupled to its role in driving contractility and the formation of stress fibers,
RhoA also drives the formation of mature focal adhesions (Nobes and Hall, 1995), which
require myosin activity for their maturation and physically elongate along actin fibers
(Geiger et al., 2009, Vicente-Manzanares et al., 2009).

The molecular composition of focal adhesions differs from focal complexes.
Several proteins including vinculin and FAK while clearly present in focal complexes are
significantly enriched in mature focal adhesions (Zaidel-Bar et al., 2003). Other reported
components of focal complexes such as alpha-actinin are more controversial. While low-
levels of alpha-actinin have been reported in focal complexes (Zaidel-Bar et al., 2003),

other groups (Laukaitis et al., 2001, Webb et al., 2004) report that alpha-actinin is not
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present in focal complexes, and that it serves as a marker of adhesion maturation.
However, from both data sets, it is clear that alpha-actinin displays a higher relative
abundance in mature focal adhesions relative to focal complexes. Finally, zyxin has been
identified as a definitive marker of mature adhesions that is absent from focal complexes
(Zaidel-Bar et al., 2003). Like focal complexes, focal adhesions maintain high levels of
tyrosine phosphorylation.

In addition to differences in molecular composition, adhesion sites develop a clear
asymmetry with maturation. The connection to a stress fiber results in a break in
adhesion symmetry (Wolfenson et al., 2009a). The adhesion grows centripetally along
the stress fiber and undergoes differential internal dynamics within the proximal (near the
stress fiber) and distal (away from the stress fiber) ends of the adhesion (Wolfenson et al.,
2009b), with the proximal adhesion being more dynamic than the distal adhesion. A
molecular polarity is also seen as sequential focal adhesion protein signatures from the
distal to proximal ends of focal adhesions (Zamir et al., 2008). In addition to a general
break in symmetry, focal adhesions have been shown to have molecular sub-domains or
hotspots of activity (Zamir et al., 2008, Shroff et al., 2008, Shroff et al., 2007, Ballestrem
et al., 2006). This recent work has shed light on the molecular nature of adhesions as
well as their non-uniformity, has highlighted their complexity, and underscores the need
for advanced imaging techniques to dissect the spatial and temporal dynamics of these

structures.

Fibrillar Adhesions

Focal adhesions can mature into fibrillar adhesions (FBAs), which are specialized

to participate in fibrillogenesis, fibronectin matrix assembly. The maturation of focal
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adhesions to FBAs requires translocation of the adhesion, the removal of a subset of
integrins, paxillin dephosphorylation, and the incorporation of tensin (Zaidel-Bar et al.,
2007b, Dubash et al., 2009, Pankov et al., 2000). This maturation process as well as
fibrillogenesis is dependent on Rho signaling (Dubash et al., 2009). FBAs are more
centrally located than focal adhesions and can be up to 20 um in length (Dubash et al.,
2009), with the presence of tensin serving as the hallmark of FBAs (Zamir et al., 1999).
While FBAs share some components with both focal complexes and focal adhesions,
they do not contain most of the enzymatic signaling proteins present in focal complexes
and focal adhesions, have low levels of tyrosine phosphorylation, and are not thought to
play a role in signal transduction (Zamir et al., 1999, Dubash et al., 2009). Rather their
primary role appears to be assembling matrix components (Dubash et al., 2009, Pankov et

al., 2000).

Integrin-mediated Adhesion Signaling

Integrin clustering rapidly recruits a diverse set of signaling and adapter proteins
that collect around the integrin cytoplasmic tails and associated actin filaments (Lock et
al., 2008). The unique position of integrins at the cell surface allows them to integrate
information bi-directionally, classically termed “outside-in” and “inside-out” signaling
(Pozzi and Zent, 2003, Lock et al., 2008). Outside-in signaling entails activating
integrins via their ECM ligands, then integrins signal through their cytoplasmic tails to
the associated adhesion proteins. Conversely, inside-out signaling modulates both the
affinity of integrins for their ECM ligands and integrin clustering ability through
interactions with the cytoplasmic tail that change integrin conformation. Through these

pathways integrins regulate the actin cytoskeleton, cell growth, differentiation, and
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survival, as well as their own activity (Wolfenson et al., 2009a, Reddig and Juliano, 2005,
Assoian and Klein, 2008, LaFlamme et al., 2008, Legate et al., 2009).

The proteins in the adhesome form a highly-interconnected signaling network
(Zaidel-Bar et al., 2007a). Within adhesion sites, the adhesion components/signaling
nodes often interact with numerous other adhesion proteins (sometimes more than ten
potential interacting partners), either binding to, or directly activating or inactivating
other components (Zamir and Geiger, 2001, Zaidel-Bar et al., 2007a). Tyrosine
phosphorylation is one of the key signaling events at adhesions sites, which are often
defined by their high levels of tyrosine phosphorylation (Wozniak et al., 2004). The
tyrosine kinases FAK and Src are two of the major kinases at adhesion sites (Wozniak et
al., 2004). While additional tyrosine kinases (Abl, Csk, Fyn, IR, Lyn, Pyk2, Syk,
TESK1) as well as serine-threonine kinases (Akt, ERK, ILK, INK, LIMK, PAK1, PDK1,
PKA, PKC, ROCK) are found at adhesion sites (Zaidel-Bar 2007), they will not be
discussed in detail.

FAK and Src function together as a complex to facilitate substrate
phosphorylation. FAK targeting to adhesions is likely mediated, in part, by interactions
between the FAK focal adhesion targeting (FAT) domain and the LD2 and LLD4 motifs at
the N-terminus of paxillin, a scaffold protein present in focal complexes (Tachibana et
al., 1995, Bertolucci et al., 2005). In vitro studies suggest that FAK may also bind talin

(Chen et al., 1995) and the cytoplasmic tail of B, integrins (Schaller et al., 1995). Upon

integrin engagement and clustering, FAK autophosphorylates tyrosine 397, creating a
high-affinity binding site for Src (Schaller et al., 1994). Src binding to the

phosphorylated-Y397 releases Src autoinhibitory interactions resulting in a transient
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FAK/Src signaling complex. Autophosphorylation is the best-characterized FAK
phosphorylation event, after which despite its intrinsic kinase activity, it functions
primarily as a scaffold (Schaller et al., 1999, Lock et al., 2008). After FAK/Src complex
formation, Src further phosphorylates FAK and other adhesion targets and linking
integrin signaling to the activation of the RhoGTPases (Huveneers and Danen, 2009).
The two main Src substrates at adhesion sites are the scaffold proteins, p130Cas and
paxillin (Hanks et al., 2003, Mitra and Schlaepfer, 2006). The ultimate focus of this
chapter is on the former and its role in the FAK/Src/p130Cas signaling module within

focal adhesions, which is discussed in more detail in subsequent sections.

Adhesion Mechano-sensing

Interactions between the actin cytoskeleton and adhesion sites coordinate
protrusion and the generation of cellular traction forces (Geiger et al., 2009). The
adhesion itself is a mechanically responsive structure (Wolfenson et al., 2009a). Direct
application of forces to cells drives adhesion formation (Riveline et al., 2001, Kaverina et
al., 2002, Sniadecki et al., 2007). Even application of force to Triton X100-extracted
cytoskeletons resulted in incorporation of new adhesion components (Sawada and Sheetz,
2002).  Furthermore, individual adhesion components have been shown to be
mechanically responsive. Simulations indicate mechanical force may facilitate the
transition of P-integrin into an active conformation (Puklin-Faucher et al., 2006).
Substantial unfolding of talin is required to unmask vinculin binding sites buried in the
talin rod domain (Gingras et al., 2006, Papagrigoriou et al., 2004). Stretching of p130Cas
increases its susceptibility to Src phosphorylation (Sawada et al., 2006), likely by

revealing cryptic tyrosine phosphorylation sites.
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Adhesion Disassembly

Four main pathways have been shown to regulate focal adhesion disassembly:
inhibition of myosin contractility, FAK/Src-mediated signaling, calpain-mediated
proteolysis, and microtubule-mediated endocytosis (Dubash 2009 and Wolfenson 2009),
but how these various pathways are coordinated is still unknown.

Just as focal adhesions grow and undergo maturation in response to stress fiber
tension, they disassemble upon its release (Wolfenson et al., 2009a). Interference with
myosin contractility initiates adhesion disassembly both in the presence and absence of
microtubules (known regulators of adhesion disassembly) (Wolfenson et al., 2009a,
Helfman et al., 1999, Bershadsky et al., 1996). Thus, one hypothesis for the mechanism
of adhesion disassembly is that it entails local down-regulation of myosin-mediated
forces (Wolfenson et al., 2009a). This local myosin inhibition may be facilitated by
microtubules through a pathway that includes Rho inhibition mediated by the tyrosine
kinase, Arg (Broussard et al., 2008, Peacock et al., 2007).

Tyrosine phosphorylation has also been shown to play a role in adhesion
disassembly (Crowley and Horwitz, 1995). Cells deficient in FAK or Src family kinases
have defects in migration (Ilic et al., 1995, Klinghoffer et al., 1999). An analysis of the
rates of adhesion disassembly in cells deficient for major focal adhesion signaling
proteins revealed Src, FAK (Y397 phosphorylation), p130Cas, and paxillin (tyrosine
phosphorylation) are required for efficient focal adhesion disassembly (Webb et al.,
2004). In addition inhibitors of ERK and MLCK, known effectors of FAK/Src signaling,

decreased the rates of adhesion disassembly (Webb et al., 2004).
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Calpain was first localized at adhesion sites in 1987 and it was hypothesized that
cells may regulate adhesion through selective proteolysis (Beckerle et al., 1987). Since
that time calpain has been shown to regulate adhesion sites, and deletion of a calpain
subunit or inhibition of calpain results in defects in adhesion disassembly (Huttenlocher
et al., 1997, Palecek et al., 1998, Dourdin et al., 2001). Numerous prominent adhesion

components have been identified as potential calpain targets including: talin, a-actinin,

vinculin, integrins, FAK, Src, paxillin (Perrin and Huttenlocher, 2002, Dubash et al.,
2009). Talin has been verified as a calpain target in cells, and a protease resistant point
mutant yields defects similar to calpain inhibition (Franco et al., 2004). Calpain
proteolysis is also implicated downstream of microtubule targeting of adhesions (Bhatt et
al., 2002).

In migrating cells, repeated microtubule targeting of individual adhesions
preceded adhesion disassembly (Kaverina et al., 1999). A robust assay was developed to
study this phenomenon; initial nocodazole treatment disrupts microtubules and stimulates
focal adhesion formation, which is followed by nocodazole washout to facilitate
microtubule regrowth and coordinated adhesion disassembly (Ezratty et al., 2005). In
this coordinated assay, microtubule-mediated adhesion disassembly depends on FAK and
dynamin, which have ultimately been shown to regulate clathrin-mediated endocytosis of
integrins (Ezratty et al., 2005, Chao and Kunz, 2009, Ezratty et al., 2009).

How these various adhesion disassembly pathways function together is still not
understood. However, microtubules have been implicated in several of the disassembly

mechanisms and disruption of the microtubule cytoskeleton results in robust adhesion
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assembly (Bershadsky et al., 1996). Thus, microtubules may play a role as master

regulators of adhesion disassembly (Broussard et al., 2008).

Discovery of p130Cas

P130Cas (Crk-associated substrate) is a prominent substrate of the Src tyrosine
kinase in the integrin adhesome that has been implicated in the control of cell migration,
the cell cycle, survival, apoptosis, cancer transformation and metastasis, development,
and bacterial pathogenesis (Chodniewicz and Klemke, 2004, Bouton et al., 2001,
Defilippi et al., 2006, O'Neill et al., 2000, Tikhmyanova et al., 2010a). P130Cas was first
identified twenty years ago as a highly tyrosine phosphorylated protein in v-Crk and v-
Src transformed cells (Mayer et al., 1988, Reynolds et al., 1989, Matsuda et al., 1990).
P130Cas was affinity purified from v-crk transformed cells and peptide sequences were
obtained (Sakai et al., 1994). Subsequent molecular cloning of the cDNA revealed
conserved protein-protein interaction domains including an N-terminal SH3 domain and a
large “substrate domain” (SD) containing fifteen putative SH2-binding motifs (Sakai et
al., 1994). With this unique structure, p130Cas was hypothesized to function as a
docking protein. This hypothesis has largely been confirmed over time with the
identification of numerous interacting proteins. Thus, while lacking intrinsic enzymatic
activity, pl130Cas is able to exert spatiotemporal control over signaling pathways by
recruiting and activating downstream effectors (Bouton et al., 2001, Defilippi et al.,

2006).
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Domain Structure

P130Cas contains multiple conserved protein-protein interaction domains, but no
domains indicative of intrinsic enzymatic activity. In addition to the N-terminal SH3
domain and the central SD already noted, p130Cas contains a Serine-rich (SER) domain,
a “Src-binding domain” (SBD) near the C-terminus, and a conserved “Cas-family C-
terminal homology” (CCH) domain (Bouton et al., 2001, Defilippi et al., 2006, O'Neill et
al., 2000, Donato et al., 2010), see Figure 1. The function of these principal domains will
be discussed in more detail below. P130Cas is conserved from flies (Drosophila
melanogaster) to humans, but is not present in Caenorhabditis elegans or Saccharomyces

cerevisiae (Zaidel-Bar, 2009, Singh et al., 2008).

Cas-family Members

P130Cas is the founding member of the Cas family, which consists of four
proteins in mammals: pl30Cas/BCARI1, HEF-1/Cas-L/NEDD9, Efs/Sin, and
HEPL/CASS4 (Singh et al., 2008, Tikhmyanova et al., 2010a), see Figure 1. Only one
Cas family member is present in lower vertebrates, chordates, and insects, corresponding
to p130Cas (Singh et al., 2008). The most highly conserved regions within the Cas
family are the N-terminal SH3 domain and the C-terminal CCH domain
(Alexandropoulos et al., 2003, Donato et al., 2010, Tikhmyanova et al., 2010a), see
Figure 2. Another highly conserved motif is the YDYV sequence in the SBD, which is
invariant in three of the four mammalian protein family members and the single
Drosophila melanogaster family member. Only pl130Cas and Efs/Sin contain the

proline-rich motif of the SBD.
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p130Cas __ 100aa

Y YYY YYYYYY YY Y
SD CCH
HEF1
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SD CCH
Efs/Sin
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SD CCH
HEPL
Y Y Y Y
SD CCH

Figure 1. Diagram of Cas family member domain structures. The primary structure of
the four mouse Cas family members is represented to scale from the N-terminus to the
C-terminus with the major interaction domains indicated. Scale bar is 100 amino
acids (aa). P130Cas is 874 amino acids and contains an SH3 domain aa 7-63; a
substrate domain (SD) aa 119-417 with YxxP tyrosines at residues 119, 132, 169, 183,
196, 238, 253, 271, 291, 310, 331, 366, 376, 391, and 414; a bipartite Src-binding
domain (SBD) with a proline-rich motif RPLPSPP aa 639-645, and a YDYV SH2
domain binding motif aa 668-671; and a Cas-family C-terminal homology (CCH)
domain aa 734-869. HEF1 is 833 amino acids and contains an SH3 domain aa 7-63;
an SD aa 91-347 with YxxP tyrosines at residues 91, 105, 117, 131, 176, 188, 213,
222, 240, 260, 316, and 344; a partial SBD with only the YDYV SH2 domain binding
motif aa 628-631; and a CCH domain aa 693-826. Efs/Sin is 560 amino acids and
contains an SH3 domain aa 9-66; an SD aa 101-256 with YxxP tyrosines at residues
101, 128, 148, 163, 188, 217, 233, and 253; an SBD with two proline-rich motifs
RPLPALP aa 304-310 and RPLPPPP aa 334-340, and a YDYV SH2 domain binding
motif aa 380-383; and a CCH domain aa 421-555. HEPL is 804 amino acids and
contains an SH3 domain aa 15-71; an SD aa 131-345 with YxxP tyrosines at residues
131, 174, 195, 304, 321, and 342; and a CCH domain aa 673-803. HEPL does not
contain either part of the SBD.
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P130Cas is ubiquitously expressed with elevated levels in the brain, lung,
intestine, kidney, and testes of mice (Sakai et al., 1994). Despite having significant
shared structural and sequence homology, other Cas family members are unable to
compensate for pl130Cas in a homozygous knockout mouse (Honda et al., 1998),
resulting in embryonic lethality at E12.5. The resulting Cas -/- mouse embryonic
fibroblasts (MEFs) have disorganized actin stress fibers and defects in cell migration

(Honda et al., 1998, Honda et al., 1999).

P130Cas as a Docking Protein: targeting, signaling, and functional roles

P130Cas provides spatial and temporal control of signaling through its
localization, activation (through tyrosine phosphorylation), and recruitment of effector
proteins at adhesion sites. Because of its numerous protein-protein interaction domains,
p130Cas is generally thought of as a docking protein, providing numerous binding sites
for potential effectors (Bouton et al., 2001, Defilippi et al., 2006). The SH3 and CCH
domains function primarily in targeting p130Cas to adhesion sites (Donato et al., 2010).
After localization, p130Cas is activated and both the SD (Cho and Klemke, 2002,
Klemke et al., 1998, Shin et al., 2004) and SBD (Burnham et al., 2000) have direct
functions in initiating signaling events. The known p130Cas binding partners and their
interacting domains are summarized in Table 1 and additional details are discussed

below.
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Table 1. p130Cas binding partners and characterized interacting domains.

p130Cas Binding
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(Polte and Hanks, 1995, 1997)
(Astier et al., 1997)
(Harte et al., 1996)

(Liu et al., 1996)
(Garton et al., 1997)
(Kirsch et al., 1998)
(Kirsch et al., 1999)

(Chan and Gallo 1998)

(Sakali et al., 1994)
(Schilaepfer et al., 1997)
(Prasad et al., 2001)

(Nakamoto et al., 1995, 1997)
(Donaldson et al., 2000)
(Li et al., 2000)

(Gotoh et al., 2000)
(Sakakibara and Hattori, 2000)
(Pratt et al., 2005)




P130Cas Targeting

P130Cas exists in a large cytoplasmic pool (Donato et al., 2010). In response to
integrin-mediated adhesion, p130Cas localizes to adhesions and becomes tyrosine
phosphorylated (Nojima et al., 1995, Petch et al., 1995, Vuori et al., 1996). Activation of
p130Cas in adhesion sites was later confirmed by immunostaining for p130Cas SD
tyrosines with phospho-specific antibodies (Fonseca et al., 2004, Ballestrem et al., 2006).
Thus adhesion localization correlates with p130Cas activation. However, a p130Cas
mutant with phenylalanine substitutions of all fifteen SD YxxP tyrosines still localized to
adhesions (Cunningham-Edmondson and Hanks, 2009), indicating localization does not
require pl130Cas SD tyrosine phosphorylation. P130Cas rapidly localizes to focal
complexes and persists in adhesions throughout their lifetimes (Donato et al., 2010). In
addition, p130Cas has a high mobile fraction and rapid exchange rate relative to paxillin,
another early adhesion protein, emphasizing its dynamic interaction at adhesion sites
(Donato et al., 2010).

Two previous studies evaluated adhesion targeting of epitope-tagged p130Cas
mutants with conflicting results (Nakamoto et al., 1997, Harte et al., 2000). Hirai and
colleagues evaluated an SH3 deletion mutant and a C-terminal deletion mutant lacking
the SBD and large portion of the C-terminal region and concluded that the SH3 domain
and SBD were both required for targeting (Nakamoto et al., 1997). Bouton and
colleagues saw no p130Cas targeting defects with mutation of the SH3 domain, but noted
that the SH3 domain by itself was sufficient to target adhesions (Harte et al., 2000). In
addition, Bouton and colleagues saw p130Cas targeting defects in a C-terminal deletion

that did not interfere with the SBD and concluded that the C-terminus, not the SBD, was
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the targeting domain in the C-terminal region of p130Cas (Harte et al., 2000). A recent
study (Donato et al., 2010) provides clear quantitative evidence that clarifies the p130Cas
targeting domains. Hanks and colleagues confirmed the importance of the SH3 domain
for targeting and clarified that the C-terminal region required for targeting is in fact the
highly conserved CCH domain (Donato et al., 2010). Deletion of either the SH3 or CCH
domain caused defects in pl130Cas targeting and phosphorylation that was blocked
completely only when both the SH3 and CCH domains were deleted. Furthermore,
similar to what has previously been shown for the SH3 domain (Harte et al., 2000), the
CCH alone is sufficient to target adhesions sites (Donato et al., 2010).

The targeting mechanism has important implications for the p130Cas mechano-
sensing function (Sawada et al., 2006). The model proposed that mechanical extension
was mediated by the presence of two adhesion targeting domains, with tension on the
adhesion resulting in extension and phosphorylation of the SD through exposure of
cryptic tyrosine residues. Rather than SH3 and SBD anchor points as previously
proposed (Sawada et al., 2006), the SH3 and CCH domains are likely to anchor p130Cas
at the N- and C-termini respectively to facilitate extension (Donato et al., 2010).

FAK is a prominent adhesion protein that interacts with the p130Cas SH3
domain. A yeast-two-hybrid screen looking for FAK interacting proteins independently
identified p130Cas (Polte and Hanks, 1995), which binds the FAK proline rich regions,
PR1 and PR2 (Polte and Hanks, 1995, Harte et al., 1996, Polte and Hanks, 1997). Using
an inducible FAK expression system, FAK was shown to be required for the SH3 domain
to target p130Cas to adhesion sites (Donato et al., 2010). Although the p130Cas CCH

domain has been hypothesized to take on a conformation similar to the FAK FAT domain
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(Arold et al., 2002), unlike FAK, p130Cas does not appear to target through paxillin
(Donato et al., 2010). While the CCH has known binding partners, the adhesion targeting

protein is not known.

SH3 Domain: additional binding partners

In addition to binding FAK (Polte and Hanks, 1995, Polte and Hanks, 1997),
p130Cas also binds the FAK family member PYK?2 (Astier et al., 1997) and FRNK
(FAK-related non-kinase) (Harte et al., 1996). The p130Cas SH3 domain also binds two
phosphatases PTP-1B (Liu et al., 1996) and PTP-PEST (Garton et al., 1997), which have
also been implicated in the dephosphorylation of p130Cas (Liu et al., 1996, Garton et al.,
1996). In addition to adhesion targeting, through these interactions, the SH3 domain may
function as a switch regulating the tyrosine phosphorylation state of p130Cas. The SH3
domain binds the guanine nucleotide exchange factor C3G (Kirsch et al., 1998), forming
a possible link between p130Cas and Rapl (Gotoh et al., 1995) and R-Ras (Gotoh et al.,
1997) activation. The SH3 also binds CMS (Cas ligand with multiple SH3 domains)

(Kirsch et al., 1999), and the anti-microbial peptide PR-39 (Chan and Gallo, 1998).

Cas-family C-terminal Homology (CCH) Domain: binding partners

While the conservation of the p130Cas C-terminal region has been recognized
(Arold et al., 2002, Alexandropoulos et al., 2003), designation of the C-terminal 141
amino acids as a distinct conserved domain called the CCH is relatively recent (Donato et
al., 2010). Two NSP (novel Src homology 2-containing protein) family member guanine
nucleotide exchange factors (GEFs) interact with the CCH domain, AND-

34/BCAR3/NSP2 (Gotoh et al., 2000) and Chat/NSP3/Shep-1 (Sakakibara and Hattori,
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2000). AND-34 localizes to the lamellipodium and membrane ruffles (Riggins et al.,
2003), while Chat co-localized with p130Cas in actin filaments and membrane ruffles
(Sakakibara and Hattori, 2000). A third NSP-family member, NSP1, is known to
associate with p130Cas (Lu et al., 1999). It is anticipated that NSP1 also interacts with
the p130Cas CCH because of the significant conservation between NSP family members
in the interacting GEF domain (Alexandropoulos and Regelmann, 2009), but direct
interaction mapping studies have not confirmed this interaction. The CCH also binds
Ajuba (Pratt et al., 2005), which is implicated in recruiting p130Cas to the lamellipodium
and membrane ruffles, but is not integral for p130Cas localization to adhesions. Ajuba -/-
MEFs form adhesions containing p130Cas, but have decreased lamellipodial protrusion

(Pratt et al., 2005).

P130Cas Signaling

The pl130Cas SD signals by recruiting downstream effectors in response to
tyrosine phosphorylation. The SD is characterized by fifteen YxxP motifs, ten of which
can be efficiently phosphorylated by Src (Shin et al., 2004). Of these ten motifs, nine are
YDxP motifs and thus conform to the optimal binding motif for Crk and Nck adaptors
(Songyang and Cantley, 1995), the two best characterized p130Cas SD binding proteins
(Sakai et al., 1994, Schlaepfer et al., 1997). Tyrosine phosphorylation of these sites in
vivo has largely been confirmed through mass spectrometry phospho-proteomics (Rush et
al., 2005, Luo et al., 2008). A summary of the p130Cas phosphotyrosine sites detected

by mass spectrometry is presented in Table 2.
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Table 2. Phosphosite.org summary of p130Cas phosphotyrosines detected by mass
spectrometry. Tyrosine residues are numbered according to the human p130Cas
protein. LTP is low-throughput, and HTP is high-throughput.

Detection

Method Tyrosine
Residue

p130Cas

Peptide Sequence Domain

SKAQQGLYQVPGPsP YxxP #2
PSPATDLYQVPPGPG YxxP #3
GGPAQDIYQVPPSAG YxxP #4
AGMGHDIYQVPPSMD YxxP #5
PTRVGQGYVyEAAQP not YxxP
RVGQGyYVYEAAQPEQ not YxxP
AQPEQDEYDIPRHLL YxxP #6
APGPQDIYDVPPVRG YxxP #7
SQYGQEVyDt PPMAV YxxP #8
RDPLLEVYDVPPSVE YxxP #9
PSNHHAVYDVPPSVS YxxP #10
PLLREEtyDVPPAFA YxxP #11
SPPAEDVYDVPPPAP YxxP #12
PPPAPDLYDVPPGLR YxxP #13
RPGPGtLyDVPRERV YxxP #14
GVVDSGVyAVPPPAE YxxP #15

3
4
1
1
1
1
2
8
3
1
3
3
1
0
5
6

EGGWMEDyDyVHLQG
GWMEDyDyVHLQOGKE
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Although FAK binds p130Cas and recruits it to adhesion sites, FAK shows no
tyrosine kinase activity toward p130Cas (Ruest et al., 2001). Rather FAK serves as a
scaffold to recruit and activate Src to phosphorylate p130Cas through Src SH2 domain
binding to the phosphorylated FAK Y397 (Ruest et al., 2001), see Figure 3. Direct
binding of the Src SH3 domain to a proline-rich binding motif in the p130Cas SBD
(Burnham et al., 2000, Ruest et al., 2001) also recruits and activates Src to phosphorylate

the p130Cas SD, see Figure 3.

kinase

Src
L

DEEEEEEE S0
Substrate Domain (YxxP),5 m

‘ other
substrates

cell motility

Figure 3. Diagram of the FAK/Src/p130Cas signaling complex. P130Cas interacts
with FAK through its N-terminal SH3 domain. FAK autophosphorylates at Y397 and
acts as a scaffold to recruit and activate Src by binding the Src SH2 domain. Src is
also activated by binding the p130Cas SBD directly with its SH3 domain. Src
activated through both of these mechanisms can phosphorylate the p130Cas SD YxxP
tyrosines. In addition Src activated by bind the SBD can also phosphorylate other
substrates. The phosphorylated Y397 and SD YxxP residues are indicated by yellow
circles.
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Src can bind both the proline-rich and the YDYV motifs in the SBD, via its SH3
and SH2 domains respectively (Nakamoto et al., 1995). Hirai and colleagues further
demonstrated that mutation of the p130Cas proline-motif effectively blocks p130Cas/Src
binding while mutation of the YDYV motif only partially blocked p13Cas/Src binding
(Nakamoto et al., 1995). Subsequent studies confirmed the primary role of the proline-
rich motif for p130Cas/Src binding, but found that mutation of the SH2 domain had no
effect on p130Cas/Src binding (Burnham et al., 1999). This is consistent with data
demonstrating disruption of the proline-motif, but not the YDYV motif significantly
reduces SD phosphorylation (Fonseca et al., 2004, Brabek et al., 2005). In vitro studies
with purified components also demonstrated that only the proline-rich motif in the SBD
was required to release Src autoinhibitory interactions and facilitate processive
phosphorylation of the SD (Pellicena and Miller, 2001). As mentioned above, the ability
of Src to phosphorylate the SD is enhanced by physical extension of the SD, implicating
p130Cas as a mechanosensor (Sawada et al., 2006). P130Cas SD phosphorylation has
been detected predominantly at FAs and at the cell periphery in nascent integrin adhesion
sites (Fonseca et al., 2004, Ballestrem et al., 2006).

After activation by tyrosine phosphorylation, the SD is able to recruit downstream
effectors, notably the SH2/SH3 adaptors Crk and Nck that can act to promote protrusion
of the plasma membrane (Chodniewicz and Klemke, 2004, Rivera et al., 2006). While
the recruitment and activation of Src to phosphorylate the SD is the best-characterized
signaling function of the SBD, Src activated by binding to the SBD has the potential to
phosphorylate other proteins (Burnham et al., 2000), which could represent a distinct

signaling function of the SBD.
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Substrate Domain (SD): binding partners

As mentioned above, the SH2-SH3 adapter proteins Crk and Nck are major
p130Cas binding partners that interact with SD phosphotyrosine motifs via their SH2
domains (Sakai et al., 1994, Schlaepfer et al., 1997). Both adapters are known to
promote downstream signaling and have been implicated in cell motility and invasion
(Feller, 2001, Buday et al., 2002). The SH2 domain of SHIP-2 (Src-homology 2
containing inositol phosphatase-2) also binds the phosphorylated SD and is regulated by
adhesion (Prasad et al., 2001). Finally another SH2-SH3 adapter, Grb2 binds p130Cas in

phospho-tyrosine dependent manner (Wang et al., 2000).

Src-binding Domain (SBD): additional binding partners

The SBD consists of two motifs, a Class I PxxP proline-rich motif (RPLPSPP)
and an SH2-binding motif (YDYV) (Nakamoto et al., 1995) and interacts with Src family
kinases (Src, SFKs) (Nakamoto et al., 1995, Nakamoto et al., 1997). The SBD proline
motif has two additional known SH3-mediated binding partners Nephrocystin which
interacts and colocalizes with p130Cas at cell-cell junctions in epithelial kidney cells
(Donaldson et al., 2000), and PI3K which mediates adenovirus entry into cells (L1 et al.,

2000).

Serine-rich Domain (SER): structure, phosphorylation, and binding partners

In addition to tyrosine phosphorylation, pl130Cas is serine-phosphorylated
(Schlaepfer et al., 1997), but significantly less is known about the function of the SER
domain in p130Cas. NMR spectroscopy studies revealed that the SER domain folds into

a four helix bundle similar to the FAK FAT domain, but an invariant patch of residues
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near the C-terminus of the bundle may represent a novel protein interaction domain
(Briknarova et al., 2005). Significant serine phosphorylation of p130Cas was detected 3
hours after replating on fibronectin (Schlaepfer et al., 1997). Interaction of Band 14-3-3
with p130Cas is dependent on this integrin-mediated serine phosphorylation (Garcia-
Guzman et al., 1999). Interestingly, p130Cas, FAK and paxillin are serine
phosphorylated during mitosis, and correlates with concomitant tyrosine
dephosphorylation and disruption of the FAK/Src/p130Cas signaling module (Yamakita
et al., 1999).

More recently, a role for AND-34/BCAR3/NSP2 was shown in regulating serine
phosphorylation of p130Cas and in the induction of anti-estrogen resistance in human
breast cancer cell lines (Makkinje et al., 2009). Over-expression of AND-34, a known
interacting partner of CCH domain (Gotoh et al.,, 2000), induces pl130Cas serine
phosphorylation and anti-estrogen resistance in breast cancer cell lines through an actin-
and adhesion-dependent process (Makkinje et al., 2009). Conversely, knockdown of
AND-34 in mesenchymal breast cancer cells decreases levels of phosphorylated p130Cas
and cells reverted to a more epithelial-like morphology (Makkinje et al., 2009). These
functions depend on the proline-rich domain of AND-34 (Makkinje et al., 2009), not the
domain that interacts with p130Cas. The kinase responsible for the enhanced serine

phosphorylation of p130Cas has not been identified.

Functional roles for pl130Cas signaling

Owing to its role as a docking protein, p130Cas has a role in regulating numerous
signaling pathways including migration, cancer progression and metastasis, and bacterial

pathogenesis, reviewed in (Bouton et al., 2001, Defilippi et al., 2006, Tikhmyanova et al.,
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2010a). The main signaling function of p130Cas is to undergo tyrosine phosphorylation
of the substrate domain, described in the previous section. The SD is phosphorylated in
response to numerous stimuli including integrin engagement, growth factor stimulation,

antigen stimulation, neuropeptides, glucose stimulation in B cells, and uPAR (Nojima et

al., 1995, Petch et al., 1995, Vuori and Ruoslahti, 1995, Casamassima and Rozengurt,
1997, Casamassima and Rozengurt, 1998, Petruzzelli et al., 1996, Rozengurt, 1998, Lee
et al., 2004, Smith et al., 2008). P130Cas /Crk coupling (Chodniewicz and Klemke,

2004) is the central step in many p130Cas signaling pathways.

Cell Motility

Regulation of cell migration is the best described cellular function of p130Cas.
Early studies demonstrated a role for p130Cas in cell migration (Cary et al., 1998, Honda
et al., 1999). Subsequent work demonstrated that all of the main p130Cas signaling
domains (SH3, SD, SBD, and CCH) are required for efficient p130Cas signaling and
migration (Huang et al., 2002, Shin et al., 2004, Donato et al., 2010). P130Cas adhesion
localization via the SH3 and CCH domains is required for activation (Donato et al.,
2010). The SBD is involved in Src binding and is required for p130Cas SD tyrosine
phosphorylation (Burnham et al., 1999), and the SD is required for p130Cas/Crk and
p130Cas/Nck coupling and subsequent activation of Racl (Chodniewicz and Klemke,
2004, Rivera et al., 2006). Purification of leading edge pseudopodia connects
p130Cas/Crk coupling with Racl activation specifically at the leading edge (Cho and
Klemke, 2002). P130Cas is also implicated in regulating adhesion disassembly (Webb et

al., 2004), which is required for efficient migration.
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Cancer

Since its discovery in cells transformed by oncogene produces, v-Src and v-Crk
(Mayer et al., 1988, Reynolds et al., 1989, Matsuda et al., 1990), p130Cas has been
implicated in cancer signaling. P130Cas expression and/or tyrosine phosphorylation is
elevated in numerous cancers and this dysregulated signaling contributes to increased
migration, invasion, cell survival, and drug resistance (Tikhmyanova et al., 2010a).
Studies in Src-transformed fibroblasts clearly implicate p130Cas SD signaling in driving
migration and formation of invasive adhesive structures in vitro, and in promoting
metastasis in vivo (Brabek et al., 2005). Furthermore, p130Cas/Crk coupling leading to
Racl activation has been implicated in membrane protrusion, invasion, and survival
(Chodniewicz and Klemke, 2004).

Particular attention has been placed on the role of p130Cas in breast cancer where
high levels of p130Cas in patients are associated with a poor response to tamoxifen
treatment, early recurrence, and lower rates of long-term survival (van der Flier et al.,
2000, Dorssers et al., 2001). Knowledge of tissue-specific p130Cas signaling is limited
due to the embryonic lethality of the pl130Cas knockout mice. However, transgenic
studies in mice over-expressing pl30Cas in the mammary gland show epithelial
hyperplasia, and double transgenic mice, expressing p130Cas in combination with HER2-
Neu, have shorter tumor latency (Cabodi et al., 2006).

The human gene BCAR1 (breast cancer anti-estrogen resistance 1) that encodes
p130Cas was independently identified in a screen for genes that conferred resistance to
anti-estrogen drugs (e.g. tamoxifen) in breast cancer cells (Brinkman et al., 2000). Breast

cancers are often classified as estrogen-receptor positive (ER+) and thus sensitive to
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tamoxifen therapy, or estrogen-receptor negative (ER-) and resistant to tamoxifen
therapy. However, patients that are initially susceptible to tamoxifen treatment often
develop resistance. P130Cas-mediated tamoxifen resistance is apparently independent of
the normal ER-mediated gene transcription profile (Dorssers et al., 2005), and has instead
been linked to several Src-mediated proliferation and survival pathways (Defilippi et al.,
2006, Tikhmyanova et al., 2010a). P130Cas/Src complexes can interact with the ER to
stimulate ERK activation of cyclin D1 (Cabodi et al., 2004, Cabodi et al., 2006), or can
act independently through an EGFR/STATS5b pathway (Riggins et al., 2006). In addition,
p130Cas tamoxifen resistance has been implicated in an adhesion-dependent survival
pathway through PI3K/Akt (Cowell et al., 2006).

Finally, in addition to conferring tamoxifen resistance in ER+ breast cancer cells,
p130Cas expression levels are elevated in ER- breast cancer cell lines where p130Cas
signaling promotes enhanced migration, invasion, and survival (Cunningham-Edmondson

and Hanks, 2009).

Development

P130Cas is the most ubiquitously expressed Cas family member (Sakai et al.,
1994). Other Cas family members are not able to compensate for p130Cas deficiency,
resulting in embryonic lethality (Honda et al., 1998). Mice deficient in p130Cas die in
utero at E12.5 having retarded growth and heart defects (Honda et al., 1998).

In Drosophila, deletion of the pl130Cas homolog had a limited effect on
development, but showed genetic interactions with Drosophila homologs of integrins,
FAK, Src, and E-cadherin (Tikhmyanova et al., 2010b). In particular, the DCas/FAK56D

double mutant (corresponding to p130Cas/FAK) was embryonic lethal with widespread
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polarity defects, and reduced expression and mislocalizaton of E-cadherin (Tikhmyanova
et al., 2010b). These studies implicate a role for p130Cas in regulating cell-cell adhesion

signaling in development.

P130Cas signaling in the Heart and Vasculature

Mice deficient in p130Cas have poorly developed hearts with a thin myocardium
and dilated blood vessels (Honda et al., 1998). Electron microscopy revealed
disorganized myofibrils and disrupted Z-disks in the heart (Honda et al., 1998). FAK and
pl30Cas were subsequently shown to localize to Z-disks where they organize the
sarcomere and cytoskeleton, and are required for the gene expression pattern associated
with myocyte hypertrophy (Kovacic-Milivojevic et al., 2001, Kovacic-Milivojevic et al.,
2002). P130Cas is also a key regulator of vascular smooth muscle cells with a role in
regulating not only hypertrophy, but also contractility, migration, and growth, reviewed

in (Tang, 2009).

P130Cas signaling in the Brain

In addition to heart defects, pl130Cas deficient mice show overall growth
retardation including smaller brains (Honda et al., 1998). P130Cas is expressed in the
brain in both the embryo and postnatally, and is particularly high in the cerebellum
(Huang et al., 2006). In individual cerebellar granule cells, p130Cas is highly tyrosine
phosphorylated, concentrated in neurite growth cones, and the SD is required for axonal
extension (Huang et al., 2006). The Drosophila p130Cas homolog, DmCas, was also
shown to function in integrin-dependent growth cone guidance during development

(Huang et al., 2007), indicating a conserved role in neuronal signaling for p130Cas.
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Bacterial pathogenesis

Consistent with its role in regulating adhesion and the cytoskeleton, p130Cas has
been implicated in the pathogenesis of several bacteria. In order to avoid phagocytosis,
Yersinia pseuotuberculosis uses the phosphatase YopH to dephosphorylate p130Cas and
block Rac activation, and the actin reorganization required for endocytosis (Viboud and
Bliska, 2005, Weidow et al., 2000, Black and Bliska, 1997, Persson et al., 1997, Hamid et

al., 1999).

Rationale of the current study and presentation of the hypothesis

P130Cas has been implicated in regulating two cellular processes essential to
motility: protrusion of the leading edge and FA disassembly. Recruitment of Crk and
Nck to the tyrosine-phosphorylated p130Cas SD is implicated in promoting protrusion
(Klemke et al., 1998, Cho and Klemke, 2002, Rivera et al., 2006), although direct
quantitative measurements of leading edge actin dynamics stimulated by SD tyrosine
phosphorylation are still lacking. A study evaluating the turnover of adhesion
components in randomly migrating cells implicated p130Cas in regulating FA
disassembly, with the apparent rate constant for FA disassembly ~19-fold lower in Cas -/-
MEFs as compared to cells expressing wild type (WT) p130Cas (Webb et al., 2004). No
studies have addressed the mechanism by which p130Cas promotes FA disassembly.

Here, we utilized Cas -/- MEFs expressing p130Cas signaling variants and live
cell imaging to carry out a detailed investigation of the roles of the p130Cas signaling
domains in mediating cell migration and the key physical steps of leading edge actin

dynamics and FA assembly/disassembly. Our results show that p130Cas SD tyrosine
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phosphorylation sites are required to stimulate leading edge actin assembly and plasma
membrane protrusion and to enhance the rates of both FA assembly and disassembly.
Furthermore, we show that the SD and SBD make distinct additive contributions to

ensure that FA disassembly proceeds without interruption.
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CHAPTER 11

THE ROLE OF P130CAS SIGNALING IN MIGRATION
AND LEADING EDGE ACTIN DYNAMICS

Introduction

P130Cas has been implicated in regulating the dynamics of two structures
essential to cell migration: the lamellipodium and adhesion sites. Understanding how
p130Cas regulates cell migration and the potential contribution of individual signaling
domains requires a detailed analysis of these structures. Previous studies have implicated
the p130Cas/Crk/Racl pathway in driving not only migration, but also leading edge
protrusion. However, no quantitative measurements of protrusion rate or actin dynamics
downstream of p130Cas have been made. To determine the contributions of the p130Cas
SD and SBD signaling to these processes, I used live-cell imaging techniques to quantify
migration rates and the rates of cytoskeleton dynamics in the presence of either wild type
p130Cas protein or signaling variants. The data support distinct roles for the p130Cas
SD and SBD in cell migration, but a cooperative role in driving protrusion and leading

edge actin dynamics.
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Materials and Methods

Cells and cell culture

Cas -/- and Cas +/+ MEFs (Honda et al., 1998) were kindly provided by Hisamaru
Hirai (University of Tokyo). MEFs were maintained in Dulbecco’s Modified Eagle’s
Medium (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA), 1% antibiotic/antimicotic (Mediatech, Manassas, VA),
and 1% non-essential amino acids (Invitrogen, Carlsbad, CA). The retroviral packaging
cell line Phoenix Ectotropic (E) kindly provided by Gary Nolan (Stanford University),

was maintained as previously described (Brabek et al., 2004).

Plasmids and protein expression

The LZRS-MS-IRES-GFP retroviral vector (Ireton et al., 2002) was used to
express pl30Cas variants in conjunction with cytoplasmic GFP from a bicistronic
transcript. The cell populations used for these studies were obtained by three sequential
rounds of viral infection of Cas -/- MEFs followed by one round of fluorescence-
activated cell sorting (FACS) to select cells with low levels of GFP expression. P130Cas
wild type (WT) and mutational variants 15F, mPR, and 15F/mPR were expressed in Cas -
/- MEFs. The expression constructs for p130Cas WT and 15F (Shin et al., 2004) and
mPR (Fonseca et al., 2004) have been previously described. The 15F/mPR variant was
generated for this study using standard molecular biology techniques. All p130Cas
variants were verified by sequencing.

The mCherry-Actin plasmid was used for transient expression. Actin was

subcloned from Clontech pEGFP-actin using Nhel and BglII restriction sites into the
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mCherry-C1 plasmid (provided by Maria Nemethova, Vienna, Austria). The resulting
product is expressed with an N-terminal mCherry tag. Cells were transfected for

transient expression using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).

Antibodies

Monoclonal antibody against total p130Cas (CAS-TL) was obtained from BD
Transduction Laboratories (San Jose, CA). Mouse monoclonal antibody against actin
was obtained from Sigma (St. Louis, MO). The polyclonal phosphospecific pCas
antibodies raised against p130Cas SD tyrosines 165, 249, and 410 were from Cell
Signaling Technology (Beverly, MA). Horseradish peroxidase conjugated goat-anti-
mouse IgG and goat-anti-rabbit secondary antibodies were obtained from Jackson

ImmunoResearch Laboratories, Inc. (West Grove, PA).

Immunoprecipitation

Subconfluent cell cultures were washed with PBS and lysed in 1% SDS boiling
buffer; NP-40 buffer (50 mM This-Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 50 mM
NaF, 1% Nonidet P-40, 1 pg/ml Aprotinin, 100 pM Leupeptin, 1 mM Benzamidine, 100
UM sodium orthovanadate, 50 pg/ml PMSF) plus 1% SDS. Samples were heated to
100°C for 5 minutes, then diluted with NP-40 buffer to 0.1% SDS.  For
immunoprecipitation, 1000 pg of total protein in 800 pl of lysis buffer was incubated
with 2 pg CAS-TL antibody, and protein was recovered on protein G-Sepharose 4B
(Sigma-Aldrich, St Louis, MO). Immunoprecipitates were then immunoblotted as

described.
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Immunoblotting

Subconfluent cell cultures were washed with phosphate buffered saline (PBS) and
lysed in modified RIPA buffer (Brabek et al., 2004). Whole cell lysates were separated
on 7% SDS-polyacrylamide gels and transferred onto nitrocellulose membrane.
Nonspecific activity was blocked by incubating 1 hour at room temperature in Tris-
buffered saline (TBS) containing 3% nonfat dry milk. Membranes were incubated
overnight at 4°C in primary antibody, washed extensively with TBS-T (0.05% Tween-
20), and then incubated 1 hour at room temperature with secondary antibody.

Immunoblots were visualized by enhanced chemiluminescence.

Wound healing migration assay

Cells were grown to confluence on glass coverslips coated with 1 pg/ml
fibronectin (from human plasma, Sigma-Aldrich, St Louis, MO or Calbiochem, San
Diego, CA). A pipette tip was used to make a scratch wound, then the cells were
transferred to media supplemented with 10 mM HEPES (Mediatech, Manassas, VA) and
mounted in a heated chamber (Warner Instruments, Hamden, CT) to maintain cells at
37°C. Cells migrating into the denuded area were visualized on a Nikon Eclipse TE2000-
E2 inverted microscope equipped with a Perfect Focus System using a 20x Plan Apo DIC
objective lens. Using IPlab software (Scanalytics, Fairfax, VA), frames were captured on
a CoolSnapHQ camera (Photometrics, Tucson, AZ) every five minutes for 8 hours. To
determine total migration distance for each cell population, nuclei of seventy-five cells
(25 each from three independent experiments) migrating at the wound edge were tracked
using the ImageJ (National Institutes of Health, Bethesda, MD) Manual Tracking plugin.

The mean velocity (microns/hour) was calculated for each cell population over six hours

42



(two to eight hours post wounding). Any cells that divided during the movie were

excluded from the analysis.

Cell spreading assay

Subconfluent cells were plated onto coverslips coated with 1 pg/ml fibronectin
and immediately mounted in a heated chamber (Warner Instruments, Hamden, CT) to
maintain cells at 37°C and imaged as they attached and spread. Images were captured
every 5 minutes for 2 hours using a 20x Plan Apo DIC objective lens. Cells were scored
as having initiated spreading after obvious protrusions had emanated from the cell
periphery. Cells that divided during the analysis were not scored. Cells that attached, but
neither initiated spreading nor divided during the 2-hour period were scored as DNS (did
not spread). Spread cell area was quantified by analyzing cells that fully spread, and then
measuring the cell area at 2-hours after plating. Cells that were still rounded or had just

initiated spreading were not included in the cell area analysis.

Leading edge DIC kymography

Cells were prepared as in the wound healing migration assay and DIC images
were captured using a 60x Plan Apo 1.4 NA oil-immersion DIC objective lens. Frames
were captured every 3 seconds for 15 minutes starting at an average of 4.6 hours (s.d. +/-
0.5 hours) post wounding for all cells. Three kymographs were generated for each cell.
The time and distance of all protrusions that were parallel to the line of analysis during
the 15-minute period were used to calculate the mean protrusion velocity. The total

protrusion distance and time for all three kymographs were summed to generate a mean
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protrusion velocity for each cell. 60-90 cells (15 each from 4-6 separate wound assays)

were analyzed for each cell type.

Live cell fluorescence imaging and photobleaching

Cells were transiently transfected with mCherry-Cl-actin using Lipofectamine
2000, then grown to confluence (48 hours) on 1 pg/ml fibronectin-coated coverslips.
Wounds were generated and cells mounted as in the wound healing migration assay.
Cells migrating at the wound edge and expressing a low, but detectable level of
fluorescently-tagged Actin were selected for imaging. Cells expressing mCherry-tagged
protein were visualized using a Pinkel triple filter set (Semrock, Rochester, NY) and a
TIRF 100x 1.49 NA oil-immersion lens. Images were captured on a back-illuminated
EM-CCD camera, Cascade 512B (Photometrics).

Photobleaching of leading edge mCherry-actin was achieved using a 10 mW
DPSS laser 85YCAO10 (Melles Griot, Albuquerque, NM) and a custom-made lens
(Nikon) in the position of the filter cube to focus the laser in the focal plane. A pre-
bleach image was captured, the leading edge actin was photobleached for 15 seconds,
then images were captured every second for 60-90 seconds. Cells expressing mCherry-
actin were imaged at an average of 5.1 hours post wounding (s.d. +/- 0.9 hours) for all

cells.

Leading edge wide field fluorescence kymography

Actin dynamics were quantified from mCherry-actin kymographs (see Figure 9A,
right column). A photobleached region of mCherry-actin at the leading edge was used as

a reference point (similar to (Wang, 1985, Lai et al., 2008)). All three rates were
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calculated over the same time period immediately after photobleaching. The rate of
leading edge protrusion was determined by tracking the forward movement of the newly
incorporated fluorescent actin. The rate of retrograde flow was determined by tracking
the rearward movement of the sharp boundary of newly incorporated fluorescent actin
after bleaching (Wang, 1985, Lai et al., 2008). The rate of actin assembly was calculated
as the sum of the absolute values of the retrograde flow and leading edge protrusion rates.

The calculation is illustrated in a schematic in Figure 9C.

Statistical analysis

To compare the means of the numerous groups, one-way analysis of variance
(ANOVA) followed by the Tukey-Kramer post hoc test was used to determine
significance for pair-wise comparisons of all samples. Values were considered not

significant (n.s.) when p = 0.05. Significance levels are indicated as: *p < 0.05, **p <

0.01, ***p<0.001.

Results

P130Cas SD and SBD signaling domains have distinct roles in stimulating cell migration

Cas -/- MEFs stably expressing WT p130Cas versus mutational variants (Figure
4) were generated in order to evaluate the contribution of p130Cas signaling domains to
cell migration. Three p130Cas mutants were expressed: an SD mutant (15F) in which all

fifteen YxxP motif tyrosines were changed to phenylalanines, an SBD mutant (mPR) in
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Figure 4. Diagram of the p130Cas signaling variants used in this study. Diagram
indicates the SH3 domain, substrate domain (SD), Src-binding domain (SBD), and C-
terminal Cas-family Homology (CCH) Domain. Shown in addition to p130Cas WT
are three full-length signaling variants with amino acid substitutions indicated; 15F, all
fifteen YxxP tyrosines in the SD changed to phenylalanine; mPR, proline-rich motif
RPLPSPP in the SBD mutated to RAAASPP; and 15F/mPR double mutant.
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which prolines in the SH3-binding motif are changed to alanines, and a double mutant
(15F/mPR) in which both the SD and SBD are changed. All p130Cas variants were
stably expressed in Cas -/- MEFs using a bicistronic retroviral vector that co-expresses
GFP. Empty vector cells, which express only GFP, were also prepared as a control.
Sorting the cells for low GFP levels yielded populations where the p130Cas variants were
expressed to levels similar to endogenous pl130Cas in Cas +/+ MEFs (Figure 5A).
Moreover, all expressed variants gave rise to the electrophoretic mobility isoforms
characteristic of p130Cas and the expected SD tyrosine phosphorylation pattern (Figure
5B). pl130Cas WT cells have robust SD tyrosine phosphorylation similar to Cas +/+
cells, mPR cells have a reduced but detectable level of SD tyrosine phosphorylation, and
no SD tyrosine phosphorylation is detected in Vector, 15F, and 15F/mPR cells as
expected due to the absence p130Cas protein or SD phosphoacceptor tyrosines.

These cell populations (WT, 15F, mPR, 15F/mPR, and Vector) were employed to
determine the contributions of the two p130Cas signaling domains to cell migration. A
monolayer scratch wound assay was used to stimulate migration, and then cells migrating
into the wound were imaged over 8 hours using differential interference contrast (DIC)
microscopy. Figure 6A shows representative wound edges at 2, 5, and 8 hours post
wounding. Tracking the movement of individual cell nuclei over the 2-8 hour period
showed that WT cells migrated into the wound at a mean rate significantly faster (1.9
fold) than Vector control cells (Figure 6B). The 15F and mPR cells migrated at an
intermediate rate, but still significantly faster than Vector cells (1.4 and 1.6 fold,
respectively). Only the 15F/mPR cells failed to migrate into the wound faster than the

Vector cells. This additive defect indicates that the SBD plays a role in driving cell

47



A & B Q-

N L \* < <
< o0 e o€ S N
& & & Q’Q N ,\c§< & & & \(‘—‘(‘( & ,\o§<
IP: p130Cas
— T G e o p130Cas -« TE .. - IB: p130Cas
_ IP: p130Cas
LT s e o e, | Actin - e IB: pY-p130Cas

Figure 5. Expression and signaling of pl130Cas variants in Cas -/- MEFs. (A)
Immunoblot analysis of whole cell lysates of Cas-/- MEFs reconstituted with p130Cas
variants. Cas +/+ MEFs were included as a control. Equal amounts of total protein were
loaded, 15 pg per lane. WT, 15F, mPR, and 15F/mPR variants are expressed at levels
similar to endogenous p130Cas in Cas +/+ MEFs. Actin immunoblot is included as a
loading control. (B) Analysis of pl30Cas SD tyrosine phosphorylation.
Immunoprecipitates (IP) of pl30Cas variants were prepared and assessed by
immunoblotting (IB). Cas +/+ MEFs were included as a control. Near equal amounts of
p130Cas total protein were loaded for each sample and assessed using the same antibody
used for immunoprecipitation, top panel. SD tyrosine phosphorlation (SD-pY) was
assessed from the same immunoprecipitates using a mixture of phosphospecific
antibodies that recognize SD YxxP sites, lower panel.
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Figure 6. pl130Cas SD and SBD signaling stimulate wound healing migration.
Monolayer scratch wounds were generated and cells were imaged over 8 hours by live
DIC microscopy. (A) Representative images of cells expressing either p130Cas WT,
15F, mPR, or 15F/mPR variants at 2, 5, and 8 hours post wounding. Vector only control
cells are also shown. Scale bar is 50 um. (B) Migration rates were quantified by tracking
nuclei of 75 individual cells (25 each from 3 separate wounds) for each cell type. Mean
migration rate was calculated as the total distance traveled over the 2 to 8 hour period
after wounding. Bars indicate s.e.m. Significance values were determined by one-way
ANOVA followed by Tukey-Kramer post hoc testing; n.s. (not significant), ***p <
0.001.

49



migration that is distinct from its ability to promote SD tyrosine phosphorylation. I also
evaluated individual cells in a replating assay in order to determine if p130Cas SD and
SBD signaling facilitated cell spreading. These studies indicated that both p130Cas SD
and SBD signaling facilitate the initiation of cell spreading, but do not have obvious
effects in the final spread cell area (Figure 7). Thus, in addition to promoting cell
migration, both p130Cas SD and SBD signaling are implicated in regulating cell
adhesion. To gain a better understanding of how the p130Cas signaling domains promote
cell migration and adhesion I analyzed the component steps of actin-driven leading edge

protrusion and FA dynamics.

P130Cas SBD-mediated SD signaling is implicated in promoting actin flux at the leading

edge lamellipodium

I evaluated how p130Cas signaling impacts plasma membrane protrusion and
actin flux at the leading edge of cells migrating at a wound edge using kymography of
high temporal resolution DIC images. Figure 8A shows representative kymographs.
Quantitative analysis indicated that cells expressing WT pl30Cas have increased
protrusion velocities relative to Vector cells and to all three p130Cas signaling variants
(Figure 8B). Thus, mutation of the SD is sufficient to reduce the protrusion rate to the
levels seen in Vector cells. Since mutation of the SBD also results in impaired SD
tyrosine phosphorylation (Figure 5B) (Fonseca et al., 2004, Ruest et al., 2001), the
finding that 15F and mPR cells have similar protrusion rates implicates the primary role

of the SBD in protrusion as mediating SD tyrosine phosphorylation.
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Figure 7. p130Cas SD and SBD signaling facilitate the initiation of cell spreading but
have no effect on the final spread cell area. Cells were plated onto glass coverslips
coated with 1 pg/ml fibronectin and imaged for 2 hours by live DIC microscopy as they
attached and spread. (A) Histogram distributions of the time at which cells initiated
spreading after replating, and the number of cells that did not spread (DNS) at the 2-hour
time point. A total of 211-298 cells for each cell type from 3 separate replating assays
were analyzed. Cells that divided during the two-hour period were excluded from the
analysis. (B) The mean time of spreading initiation was quantified from the cells that
spread within the first two hours. Data shown represent the mean spreading initiation
times determined from 145-256 cells for each cell type. Bars indicate s.e.m. (C) Box and
whisker plots of spread cell area for cells that were fully spread at two hours after
replating. The area of 74-93 cells for each cell type from 3 separate replating assays was
measured. The (+) indicates the median, the bottom and top of the box indicate the 25th
and 75th percentiles, and the lower and upper whiskers indicate the 10th and 90th
percentiles. Significance values were determined by one-way ANOVA followed by
Tukey-Kramer post hoc testing; n.s. (not significant), *p < 0.05.
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Figure 8. p130Cas SD signaling stimulates leading edge protrusion. Monolayer scratch
wounds were generated and DIC images of cells migrating at the wound edge were
captured every 3 seconds for 15 minutes and used to evaluate leading edge dynamics
using kymography. (A) Sample kymographs representative of mean protrusion values.
Vertical scale bar is 5 um, horizontal scale bar is 2 minutes. (B) Rates of protrusion
representing the mean of 60-90 individual cells for each cell type. Leading edge
protrusion velocity was quantified by measuring the distance and duration of individual
protrusions from 3 kymographs per cell. Bars indicate s.e.m. Significance values were
determined by one-way ANOVA followed by Tukey-Kramer post hoc testing; n.s. (not
significant), ***p < 0.001.
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To further study the impact of p130Cas SD signaling on leading edge protrusion,
Vector, WT, and 15F cells were transiently transfected to express mCherry-actin and
photobleaching of the fluorophore was used to assess actin dynamics. Cells migrating at
the wound edge and expressing low levels of mCherry-actin were selected, then a region
of the leading edge lamellipodium with active protrusion was bleached to create a
reference mark. A kymograph through the bleach region was used to measure actin
protrusion velocity and retrograde flow rate, and these values were used to calculate the
actin assembly rate (Figure 9A shows representative examples and Figure 9C shows a
schematic of the rate calculation). Cells expressing WT p130Cas display higher values
for all three rates in comparison to Vector cells (Figure 9B). The cells expressing the
p130Cas 15F mutant have protrusion, retrograde flow, and actin assembly rates similar to
those in Vector cells. The failure of the 15F mutant to stimulate actin flux implicates SD
tyrosine phosphorylation as the primary mechanism by which p130Cas promotes actin
assembly at the leading edge. Note that the protrusion rate values shown in Figure 8B are
somewhat lower than those shown in Figure 9B, which is due to the fact that only a
subpopulation of actively protruding cells were selected for bleaching in the latter

analysis.

Discussion

I used live cell imaging techniques to investigate the extent to which p130Cas
signaling domains contribute to the dynamic membrane protrusion events that drive cell

motility. These properties were examined in a monolayer wound healing response,
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Figure 9. p130Cas SD signaling stimulates actin flux through the leading edge
lamellipodium. pl130Cas WT, 15F, and Vector only cells expressing a low level of
mCherry-actin and migrating at the wound edge were viewed by wide field fluorescence
microscopy. The leading edge was photobleached for 15 seconds then images were
captured at one-second intervals and analyzed using kymography. (A) Time-lapse
images and kymographs (far right) of mCherry-actin representative of mean values for
actin assembly. Kymograph inset is a 2x magnification of the boxed area with upper and
lower dotted lines marking protrusion and retrograde flow, respectively. Nascent actin
assembly is characterized by the area between the dotted lines. Scale bar is Sum. (B)
Rates of protrusion, retrograde flow, and actin assembly representing the mean of 57 to
92 individual cells for each cell type. Bars indicate s.e.m. Significance values were
determined by one-way ANOVA followed by Tukey-Kramer post hoc testing; *p < 0.05,
*¥*%p < 0.001. (C) Schematic of protrusion, retrograde flow, and actin assembly rate
calculations.
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comparing MEFs expressing WT p130Cas versus variants in which the signaling
capacities of the SD and/or the SBD were disrupted by point mutations. Our results
indicate that both the tyrosine phosphorylation sites in the SD and the Src SH3 binding
site in the SBD contribute significantly to the ability of p130Cas to stimulate cell
migration through enhancing actin dynamics. Loss of either signaling function fully
impaired p130Cas-enhanced rates of plasma membrane protrusion. However, the ability
of p130Cas to enhance cell migration rate was fully abolished only when the SD and
SBD functions were simultaneously impaired. These findings indicate that the p130Cas
SBD has a function in promoting cell migration that is distinct from its capacity to recruit
and activate Src to promote SD tyrosine phosphorylation.

Neither the 15F mutation (loss of tyrosine phosphorylation sites) in the SD nor the
mPR mutation (disruption of the Src SH3-binding motif) in the SBD fully impaired the
ability of p130Cas to promote cell migration. But combining both mutations (15F/mPR)
fully abolished the migration-promoting activity of p130Cas (Figure 6). In contrast to
our results, another study reported that mutation of either the SD or the SH3 binding
motif of the SBD was sufficient to fully impair p130Cas-enhanced cell migration (Huang
et al., 2002) and thus a distinct role for the SBD could not be attributed. Our finding of a
distinct role for the SBD in cell migration is consistent with the multiple biochemical
functions attributed to this domain (Burnham et al., 2000, Donaldson et al., 2000, Li et
al., 2000).

Upon tyrosine phosphorylation, the p130Cas SD interacts with the SH2/SH3
adapter proteins, Crk and Nck, and thus may recruit these activators of actin assembly to

stimulate plasma membrane protrusion (Cho and Klemke, 2002, Klemke et al., 1998,
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Rivera et al., 2006). Therefore I addressed whether p130Cas-enhanced cell migration
could be attributed to an enhanced rate of membrane protrusion at the leading edge. I
found that both the SD and SBD are required to promote leading edge protrusion. Cells
expressing pl30Cas WT had approximately 30% higher protrusion rates relative to
Vector control cells and to all three p130Cas mutant cells (15F, mPR, and 15F/mPR).
Thus tyrosine phosphorylation, likely mediated by Src recruited to the SBD, is the key
p130Cas signaling event driving enhanced protrusion. The data do not indicate a distinct
role for the SBD in driving protrusion and thus, do not fully account for the p130Cas
mediated cell migration response. In extending this analysis I demonstrated that WT
pl30Cas stimulated actin assembly and retrograde flow at the leading edge
lamellipodium and that these effects were fully blocked by the SD 15F mutation. Thus
new experimental evidence linking p130Cas signaling to leading edge actin dynamics

was provided.
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Chapter I11

THE ROLE OF P130CAS SIGNALING IN
FOCAL ADHESION DYNAMICS

Introduction

P130Cas has been implicated in regulating the dynamics of two structures
essential to cell migration: the lamellipodium and adhesion sites. A previous study
evaluating the impact of several adhesion signaling components on adhesion dynamics
implicated p130Cas in the regulation of adhesion disassembly (Webb et al., 2004), but no
studies have evaluated the p130Cas signaling domains involved. To determine the
contributions of the p130Cas SD and SBD signaling to this processes, I used live-cell
imaging techniques to visualize adhesion dynamics in cells expressing a fluorescently-
tagged paxillin to mark adhesion sites. I generated temporal intensity profiles in order to
determine not only the rates of adhesion assembly and disassembly, but also to
characerize adhesion behavior from initial assembly through disassembly. The data
support distinct roles for the p130Cas SD and SBD in shortening adhesion lifetimes and
sustaining uninterrupted adhesion disassembly, but a cooperative role in regulating the

rates of initial adhesion formation and final disassembly.

Materials and Methods
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Cells and cell culture

Cas -/- MEFs (Honda et al., 1998) were kindly provided by Hisamaru Hirai
(University of Tokyo). MEFs were maintained in Dulbecco’s Modified Eagle’s Medium
(Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA), 1% antibiotic/antimicotic (Mediatech, Manassas, VA),
and 1% non-essential amino acids (Invitrogen, Carlsbad, CA). The retroviral packaging
cell line Phoenix Ectotropic (E) kindly provided by Gary Nolan (Stanford University),

was maintained as previously described (Brabek et al., 2004).

Plasmids and protein expression

The LZRS-MS-IRES-GFP retroviral vector (Ireton et al., 2002) was used to
express pl30Cas variants in conjunction with cytoplasmic GFP from a bicistronic
transcript as described in Chapter II. The same cell populations of Cas -/- MEFs stably
expressing p130Cas WT, 15F, mPR, or 15F/mPR and the empty Vector control MEFs
described in Chapter II were used in these studies.

Two plasmids were used for transient expression. mCherry-Cl-paxillin
(previously described (Efimov et al., 2008, Donato et al., 2010)) and mCherry-Actin.
Actin was subcloned from Clontech pEGFP-actin using Nhel and Bglll restriction sites
into the mCherry-C1 plasmid (provided by Maria Nemethova, Vienna, Austria). The
resulting product is expressed with an N-terminal mCherry tag. Cells were transfected

for transient expression using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).

58



Live cell fluorescence imaging

Cells were transiently transfected with mCherry-Cl-paxillin or using
Lipofectamine 2000, then grown to confluence (48 hours) on 1 pg/ml fibronectin-coated
coverslips. Wounds were generated and cells mounted as in the wound healing migration
assay, see Chapter II. Cells migrating at the wound edge and expressing a low, but
detectable level of fluorescently-tagged protein were selected for imaging. Cells
expressing mCherry-tagged protein were visualized using a Pinkel triple filter set
(Semrock, Rochester, NY) and a TIRF 100x 1.49 NA oil-immersion lens. Images were
captured on a back-illuminated EM-CCD camera, Cascade 512B (Photometrics). Wide
field fluorescence images of FA dynamics were captured every 60 seconds for 4 hours

starting at an average of 2.5 hours post wounding (s.d. +/- 0.5 hours) for all cells.

FA lifetime quantification

The lifetimes of individual FAs forming at the leading edge (50-100 FAs, 10-20
each from 5 cells) of cells migrating at a wound edge were quantified by tracking FAs
from assembly through disassembly and counting the number of sequential frames in

which individual FAs had signal greater than background levels.

Antibodies
Monoclonal antibody against paxillin was obtained from BD Transduction
Laboratories (San Jose, CA). Cy3-conjugated AffiniPure donkey anti-mouse IgG

secondary antibody was obtained from Jackson ImmunoResearch Laboratories Inc. (West

Grove, PA).
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Immunostaining

Cells growing at low density were plated and allowed to attach and spread for 4
hours. Cells were fixed for 30 minutes in 2% paraformaldehyde (in a buffer containing
20 mM PIPES (pH 7.1), 127 mM NaCl, 5 mM KCI, 1.1 mM NaH;POj, 0.4 mM KH,POy,,
2 mM MgCl,, 5.5 mM glucose, 1| mM EGTA), then permeabilized in 0.4% Triton X in
phosphate-buffered saline (PBS). Cells were blocked for 1 hour in 1% bovine serum
albumin in PBS, then immunostained for paxillin with detection by Cy3-conjugated
secondary antibody. The coverslips were mounted in Prolong Gold Mounting Media
(Invitrogen). Images were acquired using a Nikon Eclipse 801 microscope equipped with

a CoolSNAP ES camera (Photometrics) and Plan Apo 60x objective lens.

FA area quantification

Single cells with a clear polarized morphology were selected for analysis.
Background in the nuclear region was eliminated to facilitate maximal FA detection, then
initial FA masks were generated using the Moments filter in the ImageJ Segmentation,
Multithresholder plugin. To eliminate noise and cellular background, particles in the
mask were filtered to remove particles less than 15 pixels (0.344 pm?) and greater than
10000 pixels. The remaining particles in the mask were then compared to the original
image. To produce the final mask, the particles were subdivided if multiple adhesions
were clearly represented within a single particle, or they were deleted if they did not
correlate with a clearly visible FA. Finally the area of all particles in the mask was

measured using Imagel particle analysis.
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FA temporal intensity profiles

Using ImagelJ, FAs were outlined in each frame of the FA time-course.
Background subtracted total pixel intensity was measured from each frame, using
immediately adjacent pixels (not in the FA) to measure background intensity. To reduce
noise, a moving average of either five or three consecutive intensity data points of
background-subtracted FA intensity measurements was plotted (used for curve-fitting and

local maxima quantification, respectively).

FA assembly and disassembly rate calculations

To reduce noise and facilitate curve fitting, temporal intensity profiles with a
moving average of five consecutive intensity data points of background subtracted FA
intensity measurements were used. Each data set was fit for six parameters using a least
squares fitting routine in Matlab, three parameters for FA assembly, initial growth to

maximum signal (Trise, lo, Iiim) and three for FA disassembly, final decay (rgecay, A, L..).

The assembly was fit to a logistic function:

I
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where I = signal intensity, t = time, Iy = signal intensity at t = 0, r;ise = rate of exponential
growth during the initial rise at small I values, and ;i = signal as t — oo, also called the
limiting value. This function is fit using a portion of the data, from the first non-zero
point to one point beyond the maximum. Three additional parameters are determined by
fitting the final disassembly to a simple exponential decay plus offset:

I(t)= Ae "'+ 1_,
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where A is the amplitude of the decay, rqecay 1S the rate of decay, and P, is the offset from
zero signal. The range of data employed in this fitting was selected in order to capture
only the final decay, while fitting to as much signal as possible for each intensity data set.
This range of data varies with each data set, but begins at a point with an average value of
51% (s.d. £ 22%) of the fitted limiting value (I;in) and continues until the FA intensity is
indistinguishable from the background. For statistical analysis of FA assembly, poor fits
(extreme values greater than two standard deviations above the mean or fits that used
fewer than five data points in the exponential rise phase to approximate FA growth) were

eliminated from the analysis.

FA local intensity maxima quantification

To reduce noise, a moving average three consecutive intensity data points of
background-subtracted FA intensity measurements was plotted. The data were
normalized so that the maximum intensity value for each FA equaled 100 (arbitrary
units), and the number of local maxima in each intensity profile was quantified. A local

maximum was defined as at least three consecutive rising points or an increase of ~10%

of the maximum intensity value followed by at least three consecutive falling points or a

decrease of ~10% of the maximum intensity value.

Statistical analysis

To compare the means of the numerous groups, one-way analysis of variance
(ANOVA) followed by the Tukey-Kramer post hoc test was used to determine
significance for pair-wise comparisons of all samples. Values were considered not

significant (n.s.) when p = 0.05.
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Results

P130Cas SD and SBD signaling domains have distinct roles in shortening FA lifetimes

To evaluate how p130Cas signaling domains impact FA dynamics, mCherry-
paxillin was transiently expressed in the various cell populations in order to mark FAs
with a fluorophore, and then cells were visualized by time-lapse wide field fluorescence
microscopy. Individual FAs forming at the leading edge of cells migrating into a wound
were tracked from assembly through disassembly and their lifetimes were determined by
counting sequential frames in which the adhesion signal was above background. From
inspection of representative time-lapse images (Figure 10), it is apparent that most FAs in
Vector cells are present throughout the 90-minute time-course whereas in WT cells many
FAs are seen to form and fully disassemble after 30-40 minutes (Figure 10, arrowheads).
FAs in the 15F/mPR cells also appear to persist throughout the 90-minute time-course,
while FAs in both the 15F and mPR cells appear to have intermediate lifetimes.
Quantitative analysis confirms that WT cells have the shortest mean FA lifetimes, Vector
and 15F/mPR cells have the longest lifetimes, and 15F and mPR single mutant cells have
intermediate lifetimes (Figure 11A). The significant differences in mean FA lifetime
among these groups reflect distinct distribution patterns such that the majority of FA
lifetimes in WT cells fall under 40 minutes, those of 15F and mPR single mutant cells
cluster between 20 and 80 minutes, and the FA lifetimes in Vector and 15F/mPR cells

distribute even more broadly with no dominant peak (Figure 11B). Similar to what [
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Figure 10. p130Cas SD and SBD signaling cooperate to shorten FA lifetimes, timelapse
images. pl130Cas WT and signaling deficient cells expressing a low level of mCherry-
paxillin and migrating at the wound edge were viewed by wide field fluorescence
microscopy with images captured at one-minute intervals. Representative images at 0,
10, 20, 30, 60, and 90 minutes are shown. Arrowheads indicate FAs representative of
mean values. Scale bar is 10 pm.
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Figure 11. pl30Cas SD and SBD signaling cooperate to shorten FA lifetimes,
quantification. pl130Cas WT and signaling deficient cells expressing a low level of
mCherry-paxillin and migrating at the wound edge were viewed by wide field
fluorescence microscopy with images captured at one-minute intervals. (A) FA lifetimes
determined by counting the number of sequential frames with mCherry-paxillin FA
fluorescence intensity above background levels. Data shown represent the mean FA
lifetimes of 50-100 FAs (10-20 FAs from five cells) for each cell type. Bars indicate
s.e.m. Significance values were determined by one-way ANOVA followed by Tukey-
Kramer post hoc testing; n.s. (not significant), ***p <0.001. (B) Histogram distributions
of FA lifetimes, shown in 20-minute intervals. Note that the majority of WT FA
lifetimes are less than 40 minutes while for all other cell types the majority of FAs
lifetimes are greater than 40 minutes. Note also that the single mutants (15F and mPR)
have similar distributions and that the Vector only control and 15F/mPR double mutant
cells have similar distributions.
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observed for cell migration rate, this additive defect indicates distinct roles for the SD
and SBD in shortening FA lifetimes. To complement the analysis of FA dynamics, FA
size distribution was determined from isolated cells stained for paxillin. Consistent with
their shorter FA lifetimes, cells expressing WT p130Cas have a greater percentage of

smaller FAs relative to cells expressing p130Cas signaling mutants (Figure 12).

P130Cas SBD-mediated SD signaling is implicated in enhancing rates of FA assembly

and disassembly

To better understand how p130Cas impacts FA dynamics, temporal fluorescence
intensity profiles of the individual FAs evaluated in Figures 10 and 11 were generated
using a moving average of five data points to facilitate curve fitting. In the temporal
profiles, increasing fluorescence intensity reflects FAs undergoing assembly, while
decreasing intensity indicates disassembly. These profiles were then used to determine
the rates of FA assembly and disassembly. Two representative fits of FA assembly and
disassembly for each cell type are presented in Figure 13. FA assembly rate was modeled
using a logistic function (exponential growth at early time points which plateaus to a
maximum) and the final continuous phase of FA disassembly was modeled as simple
exponential decay. This approach to determine apparent rate constants for FA assembly
(Trise) and FA disassembly (rgecay) follows on methodology for rate constant determination
established by Webb et al. (2004), while using a greater percentage of the observed data

to generate the rate constants.

66



A Vector Mask of FAs Mask of FAs
{ &) ‘
Lt Wi 5
¢ "7 2, Gt
%\\ -i ~ “‘;I .\?\&‘ i;t;t . —
£ N "”,'J;
’\\ i‘i‘ + ) \:"ﬁ
\\\ \_‘ N
) \
b z
- :
s
(2] [}
< Vector < WT
S 40 S 40
c c
[0] []
o o
(O] (O]
a0 2 o |
06 12 1.8 24 30 36 42 48 >4.8 06 1.2 1.8 24 30 3.6 42 48 >48
Distribution of FAs by Area (um?) Distribution of FAs by Area (um?)

o

**p < 0.01, all other comparisons
3.0 n.s.

I

2.51

2.01

Mean Focal Adhesion
Area (um?)
5 &

0.51

0.0-

V  WT 15F mPR 15F/
mPR

Figure 12. Defects in p130Cas SD and SBD signaling give rise to larger FAs in the front
of polarized cells. FA size was assessed by wide field fluorescence imaging of fixed cells
immunostained for paxillin to mark FAs. Single cells with a clear polarized morphology
were selected and a mask of the front FAs was generated from the paxillin image. (A-B)
Representative fixed images stained for paxillin, FA masks, and FA distribution pattern
are shown for a Vector and WT cell. Scale bars are 10 um. (C) Mean front FA size was
quantified by evaluating FAs from 10-11 cells for each cell type. Bars indicate s.e.m.
Significance values were determined by one-way ANOVA followed by Tukey-Kramer
post hoc testing; n.s. (not significant), **p < 0.01.
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Figure 13. SBD-mediated SD signaling is implicated in stimulating both FA assembly
and disassembly rates, sample curve fits. Apparent rate constants of FA assembly (Tyise)
and disassembly (rgecay) Were determined by fitting FA assembly to a logistic function and
the final FA disassembly to exponential decay. Two examples of curve fits to FA
intensity data (grey line) for assembly (purple dotted line) and disassembly (red dotted
line) representative of the mean rys and rgecay are shown for each cell type. The graphs
are normalized so that the modeled logistic function plateau equals 100.
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Quantitative analysis showed that the mean FA assembly rate is significantly
higher in p130Cas WT cells (1.5-1.8 fold) than for all other cell types (Figure 14A). The
mean FA assembly rates of Vector, 15F, mPR, and 15F/mPR cells were not significantly
different from one another. Reflective of the mean differences, the majority of WT ryige
values are greater than 1.00 x 10 Hz, whereas the majority of rys values for all other cell
types fall below this value (Figure 15A). Similar results were obtained for measurements
of FA disassembly. The mean FA disassembly rate is significantly higher in p130Cas
WT cells (1.9-2.0 fold) than for all other cell types, and the mean FA disassembly rates
are not significantly different between the other cells (Figure 14B). Reflective of the
mean differences, the majority of WT rgecay values are greater than 0.50 x 10 Hz,
whereas the majority of rgecay values for all other cells fall below this value (Figure 15B).

Similar to the results for leading edge protrusion, this analysis shows that the SD
15F mutation alone is sufficient to reduce both the FA assembly and disassembly rates to
the levels seen in Vector cells. Once again, as SD tyrosine phosphorylation is impaired by
the mPR mutation (Figure 5) (Fonseca et al., 2004, Ruest et al., 2001), the finding that
15F and mPR cells have similar rys. and rgecay values indicates that the primary signaling
role of the SBD in enhancing the rates of FA assembly/disassembly is by mediating SD

tyrosine phosphorylation.
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Figure 14. SBD-mediated SD signaling is implicated in stimulating both FA assembly
and disassembly rates, mean values. Apparent rate constants of FA assembly (1ise) and
disassembly (rqecay) Were determined by fitting FA assembly to a logistic function and the
final FA disassembly to exponential decay. (A and B) Mean 15 and rgecay values for each
cell type are shown. Data represent the mean of 45-100 FAs from 5 cells. Bars indicate
s.e.m. Significance values were determined by one-way ANOVA followed by Tukey-
Kramer post hoc testing; n.s. (not significant), where all other comparisons are significant

at ***p < 0.001.
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Figure 15. SBD-mediated SD signaling is implicated in stimulating both FA assembly
and disassembly rates, histogram distrobutions. Apparent rate constants of FA assembly
(trise) and disassembly (Tgecay) Were determined by fitting FA assembly to a logistic
function and the final FA disassembly to exponential decay. (A and B) Histogram
dlstrlbutlons of the ryse and ryecay values for each cell type are shown in intervals of 0.25 x
10? Hz. In panel D, note that the majority of WT 1y values are greater than 1.00 X 107
Hz while for all other cell types the majority of 1y values are less than 1.00 x 102 Hz
and have similar dlstrlbutlons In panel E, note that the majority of WT rgecay values are
greater than 0. 50 x 107 Hz while for all other cell types the majority of 1y values are less
than 0.50 x 10 Hz and have similar distributions.
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P130Cas SD and SBD signaling domains have distinct roles in sustaining FA

disassembly

In modeling FA disassembly rates, I noted prominent discontinuous FA
disassembly, particularly in the p130Cas signaling deficient cells. In order to quantify
this phenomenon, I re-plotted the temporal intensity profiles using a moving average of 3
data points to highlight the numerous intensity peaks. From representative profiles
(Figure 16), it can be seen that FAs with shorter lifetimes have simple bell-shaped
profiles with a single peak of intensity while longer-lived FAs have more complex
profiles with numerous local intensity maxima (arrowheads). The multiple local intensity
maxima are indicative of abortive disassembly attempts. Quantitative analysis (Figure
17A and B) showed that FAs in p130Cas WT cells mostly have a single intensity
maximum while FAs from the cells deficient in p130Cas signaling tend to have more
complex profiles. For 15F and mPR cells, 2-3 local intensity maxima are most common.
For Vector and 15F/mPR cells, there is an even broader distribution of FA local intensity
maxima number with >5 often observed (Figure 17A). I noted that FAs with multiple
intensity maxima typically exhibit sliding behavior. This can be readily seen from a
representative kymograph shown in Figure 18B. The mean FA local intensity maxima
number is significantly lower in the WT cells compared to all other cell types, while 15F
and mPR cells have significantly fewer local intensity maxima than the Vector and
I5F/mPR cells. These results indicate that signaling deficiencies in the SD and SBD of

p130Cas extend FA lifetimes primarily due to a failure to sustain FA disassembly.
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Figure 16. FA profile complexity is increased in the absence of p130Cas SD and SBD

signaling. FA intensity profiles were created from time-lapse images, intensity
profiles. Three FA intensity profiles representative of each cell type are shown,
normalized with the maximum intensity at 100. Arrowheads indicate local intensity
maxima. T indicates intensity profiles shown in Figure 18 with corresponding
kymographs.
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As was observed for cell migration rate, the additive effect of the 15F and mPR
signaling variants indicates that sustained FA disassembly is regulated by distinct

p130Cas signaling functions of the SD and SBD.
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Figure 17. FA profile complexity is increased in the absence of p130Cas SD and SBD
signaling. FA intensity profiles were created from time-lapse images, quantification. (A)
Histogram distributions of the number of local maxima per FA intensity profile for each
cell type. The majority (66%) of WT FAs have a single maximum. The single mutants
are evenly distributed between 1-3 local maxima. The Vector and the 15F/mPR mutant
cells show a broad distribution with a substantial number of FAs with > 5 local intensity
maxima. (B) FA profile complexities for each cell type were quantified by counting the
number of local intensity maxima. Data shown represent the mean number of local
maxima for 50-100 FAs (10-20 FAs from each of five cells). Bars indicate s.e.m.
Significance values were determined by one-way ANOVA followed by Tukey-Kramer
post hoc testing; n.s. (not significant), **p < 0.01, ***p <0.001.
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Figure 18. Kymographs of representative FAs showing single versus multiple intensity
peaks. To visually illustrate the FA dynamics represented by peaks in the intensity
profiles, two representative FA kymographs were generated corresponding to intensity
profiles in Fig 7A, (marked with a {) that have either a single peak (A) or multiple peaks
(B). The images on the left show the FAs at the indicated time point with arrows
designating both the region used for the kymograph and the direction of migration.
Kymographs are shown on the right, presented above the corresponding intensity
profiles. Red arrowheads indicate local intensity maxima, as in Fig 7A. Scale bars are 2
um.
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Discussion

I used live cell imaging techniques to investigate the extent to which p130Cas
signaling domains contribute to the dynamic regulation of cell-ECM adhesion during cell
motility. As in the evaluation of actin dynamics in Chapter II, these properties were
examined in a monolayer wound healing response, comparing MEFs expressing WT
p130Cas versus variants in which the signaling capacities of the SD and/or the SBD were
disrupted by point mutations. Our results indicate that both the tyrosine phosphorylation
sites in the SD and the Src SH3 binding site in the SBD contribute significantly to the
ability of p130Cas to stimulate cell migration through enhancing FA dynamics. Loss of
either signaling function fully impaired pl30Cas-enhanced rates of FA
assembly/disassembly. In contrast, the ability of p130Cas to enhance cell migration rate
and to maintain uninterrupted FA disassembly were fully abolished only when the SD
and SBD functions were simultaneously impaired. These findings indicate that the
pl130Cas SBD has a function in maintaining FA disassembly and promoting cell
migration that is distinct from its capacity to recruit and activate Src to promote SD
tyrosine phosphorylation.

Observations that p130Cas SD tyrosine phosphorylation occurs primarily within
mature FAs located away from the leading edge (Ballestrem et al., 2006, Fonseca et al.,
2004) suggest p130Cas signaling may act to regulate FA dynamics during cell migration.
Indeed, Cas -/- MEFs are reported to have a lower rate of FA disassembly compared to
cells expressing p130Cas (Webb et al., 2004) but which, if any, of the p130Cas signaling
functions are involved in this process was not previously addressed. I found that both the

SD tyrosine phosphorylation sites and the SBD Src SH3-binding motif have important
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roles in regulating FA dynamics. Approximately 2-fold higher rates of FA assembly and
disassembly were observed in p130Cas WT cells relative to Vector control cells and to all
p130Cas mutant cells (15F, mPR, and 15F/mPR). The similar defects observed in all
p130Cas mutants implicate SD tyrosine phosphorylation mediated by Src recruited to the
SBD as the key signaling function of pl30Cas in stimulating FA assembly and
disassembly rates, similar to leading edge protrusion. That these two processes show
similar dependencies on p130Cas signaling domains suggests they may be coupled as has
been speculated (Ridley et al., 2003).

I found that FAs from cells deficient in p130Cas SD and SBD signaling functions
(15F/mPR and Vector) have ~3-fold longer lifetimes in comparison to p130Cas WT cells
(Figure 11). This cannot be fully attributed to the differences in assembly/disassembly
rate constants. Rather, the defect of extended FA lifetimes was linked to unusual FA
temporal fluorescence intensity profiles containing multiple peaks (Figure 16). Such
profiles are indicative of a defect in sustaining FA disassembly. FAs with multiple
intensity maxima typically exhibit sliding behavior as is evident from the kymography
data (Figure 18). It is notable that the full defects of extended FA lifetime and abortive
FA disassembly were achieved only when both the SD and SBD mutations were
combined, similar to our findings on cell migration rate. Thus we conclude that a major
function of p130Cas in promoting cell migration is to sustain FA disassembly, with SD
tyrosine phosphorylation and SBD SH3-binding motifs having distinct roles in this
process.

It is interesting to speculate that p130Cas signaling may sustain FA disassembly

as a consequence of its capacity to stimulate localized actin flux, in this case originating
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from mature FAs under high contractile tension. The coupled retrograde movement of
actin and FA components has been likened to a ‘slippage clutch” whereby cells transduce
mechanical signals and transmit force to the ECM (Brown et al., 2006, Hu et al., 2007,
Wang, 2007). Moreover p130Cas in FAs may act as a "mechanotransducer" whereby
stress-fiber generated tension triggers a conformational change that enhances Src-
mediated SD tyrosine phosphorylation (Sawada et al., 2006). The resultant signaling by
p130Cas may thus act to stimulate local actin assembly at the stress fiber/FA interface,
thereby disengaging the slippage clutch to release tension and allow FA disassembly to
occur. In this model, the aborted FA disassemblies observed in p130Cas signaling
deficient cells would be due to repeated failures to fully disengage the clutch. A possible
role for p130Cas SD signaling promoting actin assembly in mature FAs was suggested by
another recent study from our group where Src activity was specifically elevated in FAs
through expression of a FAK-Src chimeric protein (Siesser et al., 2008). This resulted in
greatly elevated p130Cas SD tyrosine phosphorylation and a striking display of transient
actin assembly in mature FAs. Results from our present study further indicate that the
p130Cas SBD has a role in sustaining FA disassembly that is distinct from that of the SD.
In this regard, I note that SBD-activated Src can phosphorylate other substrates including
paxillin and cortactin (Burnham et al., 2000), both of which have been implicated in
regulating FA dynamics (Bryce et al., 2005, Kruchten et al., 2008, Webb et al., 2004,
Zaidel-Bar et al., 2007b). Interestingly, a cortactin mutant that cannot undergo Src
phosphorylation extends FA disassembly time and appears to give rise to FA profiles

with multiple intensity peaks (Kruchten et al., 2008), similar to what I observed in
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p130Cas signaling deficient cells. It will be of interest for future studies to evaluate the

role of p130Cas-activated Src substrates in FA dynamics.
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Chapter IV

CONCLUDING REMARKS AND FUTURE DIRECTIONS

Concluding Remarks

It has long been known that p130Cas plays a major role in integrin-mediated
signaling, particularly in enhancing cell migration. P130Cas has also been implicated in
disease processes, particularly in promoting disease progression and metastasis in cancer.
It is important to understand how p130Cas initiates signaling cascades in order to better
understand the fundamental process of cell migration, and also because understanding
how p130Cas signals may provide targets to intervene in disease processes.

While numerous studies  hypothesized that the well-characterized
p130Cas/Crk/Rac pathway functioned to drive leading edge protrusion, no direct
quantitative measurements of leading edge dynamics downstream of p130Cas were
made. Because the leading edge actin dynamics are considered the main driving force
behind cell migration, migration rates are often used as a proxy for direct measurements
of lamellipodial dynamics. While the observation that p130Cas SD signaling drives
increased rates of protrusion and actin flux in the lamellipodium was not surprising, these
studies provide the first direct measurements of the rates of lamellipodial activity
downstream of p130Cas signaling. Furthermore, using measurements of cell migration

as a proxy would have yielded a different result.
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P130Cas had also been implicated in regulating adhesion disassembly (Webb et
al., 2004), but no studies had evaluated the mechanism of this process or the p130Cas
signaling domains involved. In evaluating adhesion dynamics of p130Cas signaling
variants, the use of temporal intensity profiles for the entire lifetime of all adhesions
analyzed revealed complex adhesion behavior between the initial formation and final
disassembly consisting of fluctuations in adhesion intensity often correlated with sliding
behavior. Such aborted adhesion disassembly attempts had not previously been noted.

Furthermore, the use of a logistic function, rather than exponential growth, to
model the apparent rate constant of assembly allowed a greater percentage of data points
to be used in the rate approximation, by including points outside the purely exponential
growth. This was especially useful for rapidly dynamic adhesions that did not have as
many data points at the chosen sampling interval.

The activity of the two main pl130Cas signaling domains is linked but not
exclusive. The p130Cas Src-binding domain (SBD) recruits and activates Src, which can
in turn phosphorylate the p130Cas substrate domain (SD). However Src activated by
binding the SBD is also capable of phosphorylating other targets, which is facilitated by
the highly interconnected binding relationships within adhesion sites. Furthermore, the
pl30Cas SD can also be phosphorylated by Src that is bound to the FAK Y397
autophosphorylation site. Therefore, while the signaling of the p130Cas SD and SBD are
intimately related, it is possible that they have distinct signaling functions as was shown.

The conclusions from Chapters II and III are summarized in Figure 19.
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Figure 19. Summary of p130Cas SD and SBD signaling in the regulation of FA and actin
dynamics. The SBD activates Src to promote SD tyrosine phosphorylation (a) and also
promotes sustained FA disassembly through a distinct pathway (b). SD tyrosine
phosphorylation acts to sustain FA disassembly (c), stimulate the rates of FA assembly
and disassembly (d), and promote leading edge actin flux (e). Increased FA
assembly/disassembly rates may be a direct effect of SD signaling on adhesion dynamics
(d) or an indirect effect resulting from leading edge protrusion driving more rapid FA
assembly/disassembly (e, f). Dotted lines indicated that the effect of SD on FA assembly
and disassembly rates could be either direct or indirect.
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Future Directions

Evaluate p130Cas-mediated Actin Assembly in a Biochemical Assay using Xenopus Egg

Extracts

An approach to better characterize the effect of p130Cas SD signaling on actin
assembly is to use a biochemical Xenopus egg extract assay. Beads loaded with tyrosine-
phosphorylated p130Cas SD would be added to Xenopus extracts containing fluorescent
actin. If the SD stimulates actin assembly, a halo of fluorescence would appear around
the bead. This assay has been used to study fundament characteristics of the actin
nucleation machinery and facilitates biochemical perturbation of the system (Ma et al.,
1998, Rohatgi et al., 1999).

Significant preparatory work has been completed for these experiments. Initial
results were potentially interesting but inconsistent. Purified p130Cas SD has been
expressed, purified, and Src-phosphorylated to high levels through an in vitro kinase
reation. However, the phosphorylation is rapidly removed in Xenopus extracts in the
absence of high levels of phosphatase inhibitors. The addition of sufficient levels of
phosphatase inhibitor to block p130Cas dephosphorylation has global effects on the actin
in vitro, leading to F-actin clumping.

One alternative approach includes preloading phosphorylated p130Cas SD with
the anticipated second messengers Crk and/or Nck which would remove one assembly
step required once in the extract and may also serve to partially protect the SD tyrosines

from dephosphorylation. Epitope-tagged Crk and Nck have been bacterially expressed,
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affinity purified, and eluted from beads for this purpose. A second alternative approach

entails using ATPy-S for the in vifro kinase assay, which is partially resistant to

phosphatases and should be removed more slowly. A third alternative includes the used
of pyrene actin assay to evaluate actin assembly. Preliminary experiments indicate
possible differences in actin assembly using the bead assay, but the actin does not always
appear around the bead as a halo. Actin sedimentation assays may show differences in

the F-actin/G-actin ratio that are hard to quantify in the bead assay.

Evaluate the Formation of p130Cas/Crk and p130Cas/Nck Complexes in Live Cells using

FRET

P130Cas is clearly phosphorylated in both focal complexes and mature focal
adhesions. P130Cas activity regulating lamellipodial dynamics would be expected
preferentially in the nascent adhesions forming at the front of the cell, whereas p130Cas
signaling regulating adhesion disassembly would be expected in mature adhesions behind
the leading edge. The localization of p130Cas/Crk or pl130Cas/Nck coupling could
reveal different roles for these two adapters. Because p130Cas is not the only binding
partner for the SH2-SH3 adapter proteins in adhesions, simple localization by
immunofluorescence does not reveal information about specific signaling pathways. In
contrast, FRET between Venus-tagged p130Cas and Cerulean-tagged SH2-SH3 would
likely indicate complex formation. The Venus-tagged p130Cas 15F mutant would be a
good negative control where complex formation would not be expected and any FRET
signal could be attributed to background. In addition to localization information, live-cell
FRET would also reveal how p130Cas coupling to adapter proteins changes over time,

for example during the lifetime of an adhesion.
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Evaluate Actin Dynamics at Stress Fiber Termini

As mentioned in the Discussion of Chapter III, it is interesting to speculate that
p130Cas may drive increased rates of actin assembly at adhesion sites in addition to its
role in driving an increased rate of actin assembly at the leading edge. A FAK-Src gain
of function chimera showed increased p130Cas phosphorylation and dramatic bursts of
actin assembly at adhesion sites that was dependent on Src kinase activity (Siesser et al.,
2008). The ability to control tension at stress fibers by regulating the rate of actin
assembly is a potential mechanism whereby p130Cas signaling could regulate focal
adhesion disassembly. Thus, future experiments should address the dynamics of actin not
only in the leading edge of cells expressing p130Cas signaling variants but also in stress
fibers near the interface with adhesion sites. This would require transient expression of
two fluorescently-tagged proteins, one to mark actin, and one to mark adhesion sites.
Stress fibers incorporate new actin assembly at their adhesion-anchored termini
(Hotulainen and Lappalainen, 2006). Similar to experiments evaluating actin dynamics
in the lamellipodium (Figure 9), the rate of actin assembly could be determined by
tracking incorporation of fluorescent actin after photobleaching at the stress fiber

terminus. Preliminary studies have already demonstrated the feasibility of this approach.

Evalutate the FRAP Exchange Rate of p130Cas Signaling Variants at Adhesion Sites

Recent FRAP (fluorescence recovery after photobleaching) studies showed that
P130Cas exchanges rapidly at adhesion sites with a high mobile fraction compared to
paxillin (Donato et al., 2010). The work presented in this thesis demonstrates p130Cas
regulates adhesion dynamics, both the rates of adhesion assembly/disassembly and the

ability of adhesions to sustain continuous adhesion disassembly. These parameters could
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be altered by changes in the dynamic localization of p130Cas itself. Extension of FRAP
studies to p130Cas signaling variants would demonstrate whether the dynamic exchange
and high mobile fraction of p130Cas is dependent on the p130Cas signaling domains or is
an intrinsic property of the targeting domains. It would be important to complete these
studies in both a wild type p130Cas background and a Cas -/- background to differentiate
if potential differences in exchange rates are due to global adhesion changes due to
changes in pl130Cas signaling or the affinity of the individual fluorescently-tagged
p130Cas molecules.

The FRAP exchange rates for adhesion components have been shown to differ at
the proximal (near the stress fiber) and distal (away from the stress fiber) ends of mature
adhesions (Wolfenson et al., 2009b). Thus it would also be important to evaluate
exchange in both early and late adhesions, and within proximal and distal ends of mature

adhesions.

Evaluate the Impact of p130Cas Signaling on Focal Adhesion Maturation and Molecular
Composition

The longer-lived adhesions in the p130Cas signaling variants with numerous
intensity peaks, which often exhibit sliding behavior, need to be molecularly
characterized. Quantitative analysis of the localization of adhesion components including
the maturation markers zyxin and alpha-actinin (Zaidel-Bar et al., 2003, Laukaitis et al.,
2001, Webb et al., 2004) may reveal information about the molecular nature
mature/immature of these adhesions that distinguishes them from adhesion in cells
expressing pl30Cas WT. In addition, two-color adhesion dynamics studies

simultaneously evaluating both early and late adhesion markers could illuminate whether
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other components enter and leave adhesions at the same rate. In addition to the proposed
FRAP studies evaluating the mobile fraction and exchange rate of fluorophore-tagged
p130Cas, creating two-color temporal intensity profiles for several adhesion protein pairs,
including paxillin and p130Cas may lend insight into the mechanism of pl130Cas
regulation of adhesion disassembly. It is possible that p130Cas signaling variants
disassemble from adhesions at a slower rate relative to other adhesion markers, or that

defects in p130Cas signaling result in defective removal of other adhesion components.

The Role of Substrates of SBD-activated Src in Addition to p130Cas

Several Src substrates are already known to have decreased levels of tyrosine
phosphorylation in the absence of a functional p130Cas SBD, including paxillin and
cortactin (Burnham et al., 1999). These need to be evaluated in the p130Cas signaling
variants. If differences are observed, particularly in the p130Cas SBD mutant, these
proteins should be evaluated in p130Cas-mediated adhesion disassembly. Src-mediated
paxillin and cortactin signaling have already been implicated in regulating adhesion

dynamics (Webb et al., 2004, Kruchten et al., 2008).

Evaluate Cellular Traction Forces in p130Cas Signaling Variants

Initial data gathered in collaboration with Yuli Wang revealed no differences in
cellular traction forces between Vector and WT p130Cas re-expressing cells plated on
micropatterned flexible polyacrylamide substrates that control for cell area. However it
is possible that polarized migrating cells that lack pl130Cas signaling may have
differences in the distribution or dynamics of traction forces, or the ability to respond to

externally applied forces as compared to cells expressing WT p130Cas. These questions
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could be addressed using flexible polyacrylamide substrates cross-linked to fibronectin
and embedded with fluorescent beads to track gel displacement and calculate traction
forces.

In addition, a recent paper (Fraley et al., 2010), demonstrated a lack of detectable
adhesion sites in cells fully embedded in a 3D matrix, as compared to 2D glass, 2D
flexible substrates, or cells plated on a 3D matrix but not fully embedded. However
adhesion proteins, including p130Cas, still regulate migration (Fraley et al., 2010). These
studies emphasize the need to evaluate cell migration in 3D environments in addition to

the traditional 2D environment.
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