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The on-off relationship of Rho and Rac during
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Rho GTPases play an essential role in regulating cell
spreading, adhesion, and migration downstream of integrin
engagement with the extracellular matrix. In this review, we
focus on RhoA and Rac1—2 Rho GTPases that are required for
efficient adhesion and migration—and describe how specific
guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs) regulate the extensive crosstalk that
exists between them. In particular, we assess the role of GEFs
and GAPs in light of recent, unexpected evidence concerning
the spatiotemporal relationship between RhoA and Racl
at the leading edge of migrating cells. Force is increasingly
recognized as a key regulator of cell adhesion and we highlight
the role of GEFs and GAPs in mechanotransduction, before
debating the controversial role of tension in focal adhesion
maturation.

Introduction

The adhesion of cells to the extracellular matrix (ECM) is an
important facet of mammalian physiology, and plays a critical
role in regulating essential cellular functions such as migration,
proliferation, and survival. Upon binding to the ECM, complex
networks of intracellular signaling pathways are initiated,
resulting in the spreading and adhesion of cells onto the ECM.
The specific signaling molecules that become activated in
response to attachment are dependent on a number of factors,
including cell type and substrate composition. In addition, the
rigidity of the ECM substrate is increasingly viewed as a key
regulator of intracellular signaling cascades.

Integrins and Rho GTPases are essential in mediating cellular
responses downstream of ECM engagement, and in this review
we will discuss the role of guanine nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs) in regulating
these responses. We will begin by providing a brief introduction
to these key molecular players, followed by a discussion of their
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intersecting roles in promoting cellular adhesion, spreading,
and migration. Our focus will then turn to recent advances
in our understanding of the role of mechanical tension in the
development and maturation of cell adhesion and the crosstalk
that exists between integrins and Rho GTPases in mediating
these force-dependent responses.

The Extracellular Matrix

ECMs exist either as complex, 3-dimensional networks in
which cells are embedded or as basement membranes which are
laid down by many cells and which form a structural framework
for tissue organization.»? The matrix provides biochemical and
biomechanical signals to individual cells, thereby influencing
many aspects of their behavior. The composition and physical
properties of different ECMs are highly heterogeneous and vary
both between and within certain tissues. As discussed later,
tension plays a profound role in the development and maintenance
of cellular adhesion, and changes in the compliance of the ECM
(e.g., stiffening as a result of aging or tumor formation)*? can
modulate adhesion signaling, thus contributing to the onset or
progression of disease.*

The ECM is comprised of an interweaving mesh of fibrous
proteins (e.g., collagen, fibronectin, elastin, and laminin) and
various proteoglycans.>*
provide the ECM with structural integrity (e.g., collagen fibrils

These macromolecules combine to

confer tensional strength and elastins allow the matrix to recoil
in response to repetitive stretch)®® and form an adhesive substrate
to which cells adhere. Experimentally, it has been difficult to
examine cell interactions with the ECM within intact tissues
but, by plating cells on surfaces coated with ECM components,
this has been extensively explored in tissue culture. Although
multiple ECM proteins have been investigated (e.g., collagen,
fibronectin, laminin, and vitronectin), in this review we will
mainly be focusing on signaling pathways initiated downstream
of fibronectin engagement. Fibronectin is a large, dimeric
glycoprotein containing repeating modules and an arginine-
glycine-aspartic acid (RGD) cell adhesion motif, which is located
within the FnlIl, | module. Fibronectin also contains additional
cell-binding domains, as well as cryptic sites that are exposed in
response to force and are involved in matrix assembly.”'* Although
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Figure 1. Regulation of Rho GTPase activity by GEFs, GAPs, and GDlIs. At the membrane, inactive, GDP-
bound Rho GTPases can be activated by GEFs, which catalyze the exchange of GDP for GTP. Once GTP-
bound, Rho GTPases can bind to a variety of downstream effectors and elicit diverse responses. GAPs
catalyze the GTPase-dependent hydrolysis of GTP back into GDP, thus inactivating Rho proteins. In the
cytosol, Rho GTPases are bound by GDIs which prevent nucleotide exchange and bury the prenylated

and participate in signaling. Many
questions regarding how these short
cytoplasmic domains mediate so many
functions remain unanswered.

Most cells express multiple integrin
types and, although different integrins
can bind to the same components of
the ECM, they presumably convey
distinct information. An ECM protein
such as fibronectin can engage several
different integrins; however, the most
prominent and  widely-expressed
fibronectin-binding integrins are .3,
and af,, both of which bind to the
RGD sequence within fibronectin.
Recent work from the Fissler group
has demonstrated that these 2 integrins
regulate  Rho GTPase signaling
differently,” and this will be discussed
later.

Rho GTPases

Rho (Ras homologous) family

small GTPases are intracellular

C-terminus, thus preventing degradation.

signaling molecules belonging to the

fibronectin can initiate adhesive responses via syndecan-4," it is
best known for mediating cell attachment via integrins, which
typically bind to the RGD motif.

Integrins

The integrins are a major family of cell adhesion molecules
that interact either with components of the ECM or with other
adhesion molecules on other cells.'™” Twenty-four distinct
integrins have been identified and each is heterodimer composed
of an a and a B subunit. Both subunits span the membrane and
typically have large extracellular but short intracellular domains.
There are 18 a chains and 8 B chains, with several of the B
subunits pairing with different o chains to generate integrins
with unique binding properties. For example, the B -integrin
subunit can pair with 11 different « chains, and each has a
distinct specificity. Similarly, some of the a chains can pair with
more than one B subunit, as illustrated by o, which can partner
with 5 different B chains.

Integrins exhibit bidirectional signaling." Signals from
within the cell can cause integrins to undergo conformational
changes leading to integrin activation and an increased
¢ Conversely, the binding of
integrins to their ligands and/or integrin clustering can initiate

affinity for extracellular ligands.

conformational changes to their cytoplasmic domains, altered
binding interactions, and the activation of multiple signaling
pathways. The cytoplasmic domains of o and 3 subunits associate
with several scaffolding proteins that link to the cytoskeleton
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Ras superfamily. There are 20 Rho
family members, although the field
is dominated by the study of the 3 ‘canonical’ members of this
group: RhoA, Racl, and Cdc42."® When GTP-bound, Rho
GTPases are active and capable of signaling to a diverse array of
downstream effectors, through which they regulate a variety of
cellular responses such as adhesion, spreading, migration, polarity,
survival, and cell division. The activity of Rho family GTPases is
determined by 3 different classes of regulatory molecules: GEFs,
GAPs, and guanine nucleotide dissociation inhibitors (GDlIs)
(Fig. 1). GEFs activate Rho GTPases by catalyzing the exchange
of a bound GDP molecule for GTP, whereas GAPs stimulate
the intrinsic GTPase activity of Rho proteins, thus returning
them to an inactive, GDP-bound state.”*! GDIs are responsible
for maintaining a cytosolic pool of stable, inactive Rho family
GTPases which can readily translocate to membranes, where
nucleotide exchange takes place (Fig. 1).%

Rho GTPases are essential in propagating integrin-mediated
responses and, by tightly regulating the dynamics of the actin
cytoskeleton, provide a key signaling link through which
adhesion, spreading, and migration are controlled. These
responses require coordinated regulation of Rho GTPase activity,
which is provided as a consequence of GEF and GAP activation
downstream of integrin ligation.

Rho and Rac Signal Downstream of Integrins to
Regulate Cell Adhesion and Spreading

Upon ECM engagement, activated integrins initiate a cascade
of intracellular signaling pathways ultimately leading to cellular
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Table 1. GEFs and GAPs involved in cell adhesion and migration

GEF/GAP Rac{l?h'o Name Common synonyms Force- References
specificity regulated
B-Pix COOL-1, ArhGEF7 Yes8® 41,42,68,86,103
DOCK180 DOCK1 - 43,44,103
Trio (N-term) - - 48-50
Rac Vav2 - Yes'3? 53-55,132
Tiam1 - - 35,55,57,59,113
a-Pix COOL-2, ArhGEF6 - 65-67
GEF
Asef2 - - 114
P190RhoGEF Rgnef, ArhGEF28 - 76-78,99
p115RhoGEF Lsc, ArhGEF1 - 79,80
Rho LARG ArhGEF12 Yes®! 79,81,99
GEF-H1 Lfc, ArhGEF2 Yes'781 17,81,101
Syx Tech, PLEKHG5 - 94
FilGAP p73RhoGAP, ArhGAP24 Yes®3 82-84,104,106
Rac ArhGAP22 - Yes'%® 104,105
GAP
RacGAP1 MgcRacGAP, CYK4 - 85,107
Rho p190RhoGAP GRLF1, p190A, ArhGAP35 Yes'3! 27,28,69-72,99,131

GEFs and GAPs that are known to regulate RhoA or Rac1 during cell adhesion or migration are listed along with common synonyms. Those that have

been shown to be regulated by tension are indicated.

spreading and adhesion onto the ECM substrate. The early
stages of adhesion are characterized by the presence of small,
nascent adhesions that form just behind the leading edge of a
spreading or migrating cell.”*?** Their assembly requires actin but
is independent of myosin II. Typically, nascent adhesions rapidly
turn over and either disassemble (half-life < 60 s) or mature to
become focal complexes, which are larger (-1 pm in diameter)
and more stable adhesions that usually develop at the interface
between the lamellipodium and lamella.** Focal complexes are
dependent on myosin II and are prominent in cells with high
Racl activity and low RhoA activity. In turn, focal complexes can
mature into focal adhesions, the largest and most stable matrix
adhesion.”*® Focal adhesions anchor stress fibers (large bundles
of actin filaments) and are induced by active RhoA. Although
these 3 types of adhesion are distinguishable, there is often a
continuum between types and many of the same scaffolding and
signaling proteins have been identified in each.”
Integrin-mediated spreading and focal adhesion maturation
develop as a result of a biphasic reaction associated with the
relative activities of RhoA and Racl.”?* Early adhesion,
involving nascent adhesions, is dependent on Racl activation
and a concomitant suppression of RhoA activity. In contrast,
late adhesion, and mature focal adhesion formation, is reliant on
elevated RhoA activity and Racl inhibition. The activation of
Rho GTPases in adhesion signaling involves extensive crosstalk
between integrins, Src family kinases, and between individual
Rho GTPases themselves, as previously reviewed by Huveneers
and Danen® and by Guilluy et al.*® Here, we focus on the
GEFs and GAPs that are involved in these responses, and the
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mechanisms through which they are regulated. The fine balance
that exists between the opposing activities of RhoA and Racl is
dictated by the spatiotemporal activation of specific GEFs and
GAPs downstream of integrin engagement, and several of these
GTPase regulators have been implicated in controlling specific

phases of spreading and adhesion (Table 1).
Early Adhesion

Racl activation

Early adhesion is associated with Racl-dependent lamellipodia
formation and cell spreading. Racl activity stimulates the actin
nucleating protein Arp2/3 via the WAVE complex,*3
the polymerization of new actin filaments and resulting in the

causing

formation of a branched network of actin which is characteristic
of lamellipodia. A number of GEFs have been implicated in
activating Racl during the initial phase of cell adhesion, including
B-Pix, DOCK180, Trio, Vav2, Tiam]1, and a-Pix (Table 1). The
activation of these GEFs downstream of integrin engagement
is discussed below. To some extent, the involvement of specific
GEFs appears to be dependent on cell type.” Furthermore,
the mechanisms through which these GEFs become activated
downstream of integrins vary in each case, but typically involve
interactions with components of nascent adhesions, which form
in response to integrin engagement.

Integrins do not possess intrinsic catalytic activity, but
instead mediate downstream signaling pathways by providing a
scaffold onto which non-receptor tyrosine kinases are recruited
and activated. Focal adhesion kinase (FAK) and Src are 2 such
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kinases, and localize to the intracellular tails of integrin
subunits upon integrin clustering. The integrin-FAK interaction
stimulates autophosphorylation of the FAK residue tyrosine 397,
which creates a binding site for the SH2 domain of Src, thus
initiating the formation of a FAK-Src signaling complex at
nascent adhesions.* Src kinase activity increases upon interaction
with FAK, and the kinase activity of FAK is stimulated by Src-
dependent phosphorylation of additional tyrosine residues within
the activation loop of FAK.?”3 The FAK-Src complex is in turn
responsible for phosphorylating nascent adhesion-associated
adaptor proteins, notably paxillin and p130Cas. These proteins
can subsequently bind to other adaptor molecules; for example,
both paxillin and p130Cas bind Crk, whereas paxillin associates
with GIT2 (also known as PKL) .34

GIT2 and Crk can recruit the GEFs B-Pix (also known
as COOL-1 and ArhGEF7) and DOCKI180 (also known as
DOCKI), respectively, to nascent adhesions, and thereby
promote Rac activation downstream of integrin engagement and
FAK-Src complex formation. Upon binding of B-Pix to GIT2,
Racl is recruited to adhesion sites and membrane ruffles by
binding directly to the SH3 domain of B-Pix via its C-terminal
tail.#! B-Pix also forms a complex with GIT1 and PAK, which can
be localized to adhesions upon PAK-mediated phosphorylation of
the paxillin residue serine 273.% The activation of Racl by B-Pix
has been shown to control cell spreading.”!

p130Cas- and Crk-dependent DOCKI180 activation has
also been implicated in Racl-dependent spreading.®#* It was
initially proposed that DOCKI180 and its binding partner
ELMO could mediate Racl-dependent spreading downstream of
integrin ligation via another Rho GTPase, RhoG.*** However,
subsequent studies have indicated that RhoG is dispensable for
integrin- and Racl-dependent spreading.”

The N-terminal catalytic DH-PH domain of the GEF Trio,
which has dual specificity for Racl and RhoG (the C-terminal
DH-PH domain activates RhoA), has also recently been
implicated in regulating cell spreading on fibronectin. Notably,
spreading was mediated via Racl and was independent of RhoG
activity.®® Trio has been shown to bind and be phosphorylated
by FAK;* however, the contribution of this interaction to Racl
activity has not been directly demonstrated, and the mechanisms
through which this GEF is regulated remain unclear.’®

The Vav family GEFs Vavl and Vav3 are crucial for the
152 and, in
fibroblasts, this response can be regulated by Src-activated
Vav2.3 Vav2 has recently been shown to interact with GIT2
and to drive recruitment of both GIT2 and B-Pix to adhesion
sites in response to integrin engagement, although only upon

Rac-dependent spreading of hematopoietic cells

the simultaneous activation of growth factor receptors.’ The
Ras subfamily GTPase Rapl has been implicated in regulating
Racl-dependent spreading on fibronectin by localizing Vav2
to sites of active lamellipodial extension.”” Rapl associates with
and can activate integrins via the focal adhesion protein talin
and the adaptor molecule RIAM, although it is unclear if Vav2
localization is dependent on this interaction.’®

The Rac GEF Tiam1 isalso localized to membrane protrusions
in a Rapl-dependent manner.”” Tiam1 can induce spreading via
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Racl upon interaction with 14-3-3{, an adaptor protein that
associates with 3, and {3, integrins and p130Cas.””*® Since Tiam1
is activated upon Src-dependent phosphorylation,” 14-3-3(
may provide another link through which Rac can be activated
downstream of Src signaling (though this has yet to be validated).
Talin has also recently been identified to bind directly to Tiam1
and both components are required for spreading on fibronectin.”
Interestingly, talin recruitment to nascent adhesions has been
shown to occur downstream of FAK,® reinforcing the idea that
FAK and Src can influence GEF activity in multiple ways.

In addition to the FAK-Src complex, integrin linked kinase
(ILK) is capable of controlling Rac-dependent spreading
downstream of integrin engagement. ILK associates with the
cytoplasmic tails of B, and 3, integrins and forms a heterotrimeric
scaffolding complex with the adaptor proteins PINCH and «-
or B-parvin.®** B-parvin is a binding partner for a-Pix and, in
epithelial cells, this GEF is required for Rac-dependent spreading
on fibronectin downstream of ILK.%**” The related GEF B-Pix
has also been linked to ILK-mediated spreading.®®

RhoA inhibition

GEF-dependent Racl activity is a hallmark of early adhesion,
but GAP-dependent RhoA inhibition is also characteristic of
this adhesive phase. The suppression of RhoA activity in the
early stages of adhesion is dependent on plI90RhoGAP, a Rho-
specific GAP which is activated downstream of integrin ligation
in a Src-dependent manner.””*® Upon fibronectin binding,
tyrosine phosphorylation of plI90RhoGAP is mediated via the
integrin o 8,, whereas the syndecan-4 receptor drives PKCat-
dependent p190RhoGAP localization.”” A complex of FAK and
p120RasGAP has been shown to activate pl90RhoGAP, although
the role of Src in this response is unclear.”® Interestingly, Racl has
been implicated as an upstream regulator of p190RhoGAP both
as a result of direct interactions and indirectly, via reactive oxygen
species production.””? Hence, Racl crosstalk to RhoA may be
involved in regulating early adhesion events.

Late Adhesion

RhoA activation

After the initial phase of adhesion, the activity of RhoA
gradually increases whereas Racl activity diminishes. Late
adhesion isassociated with RhoA-dependent stress fiber formation
and focal adhesion maturation. RhoA is thought to mediate
focal adhesion maturation via Rho kinase (ROCK)-induced
myosin activity. ROCK is a RhoA effector which elevates the
phosphorylation of the regulatory myosin light chain directly,”
as well as indirectly by phosphorylating and inhibiting the
myosin phosphatase.”* By clustering integrins to focal adhesions
and inducing the recruitment of other proteins to these sites,
contractility is traditionally assumed to promote focal adhesion
maturation and cytoskeletal reinforcement.'®”> However, the
role of tension in focal adhesion maturation has recently been
challenged (as discussed below). RhoA is nevertheless involved in
the later stages of adhesion and its activation has been attributed
to the activities of several GEFs, including pl190RhoGEEF,
pl15RhoGEF, LARG, and GEF-HI (Table 1).
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The Rho-specific GEF p190RhoGEF (also known as Rgnef)
has been shown to stimulate RhoA activity and focal adhesion
formation downstream of integrin engagement.”*”” Interestingly,
a GEF-independent role for pl190RhoGEF in regulating the
localization, and subsequent activation, of FAK to early adhesion
complexes has also been discovered recently.”

Evidence for the involvement of pl15RhoGEF (also known as
Lsc) and LARG arose from the finding that both of these GEFs
could activate RhoA in fibroblasts plated on fibronectin, and
that their depletion diminished stress fiber and focal adhesion
formation.”” Upon G protein-coupled receptor stimulation,
p115RhoGEF is inhibited by the Racl effector PAK1.** Hence,
it is possible that the decreased Rac activity associated with late-
phase spreading may facilitate Rho activation by alleviating PAK1
inhibition of p115RhoGEF. It is currently unknown, however, if
the same crosstalk exists downstream of integrin engagement.
LARG has been shown to be recruited to integrin adhesions in
response to mechanical tension, and its activation is dependent
on the Src family kinase Fyn.®' In the same study, GEF-HI, a
microtubule-associated GEF, was also identified to influence
RhoA activity in a tension-dependent manner. In contrast to
LARG, GEF-H1 is activated downstream of FAK, in a signaling
cascade involving Ras and ERK.®!

Racl inhibition

The suppression of Racl activity at later stages of adhesion
appears to be dependent on crosstalk originating from elevated
RhoA activity and the associated increase in actomyosin
contractility. Indeed, Rac activity can be suppressed by
FilGAP, a filamin A-associated GAP which is activated upon
phosphorylation by the Rho effector ROCK.*? Filamin A
links the cytoplasmic tails of 3 integrin subunits to actin and,
in a reconstituted in vitro system, external shear or myosin
II-dependent force production results in the dissociation of
FilGAP from filamin A.% In intact cells, this force-induced
activity of FilGAP can suppress the formation of Rac-dependent
lamellipodia.®

RacGAPI has also recently been identified to inhibit Rac at
the latter stages of adhesion.® This Rac-specific GAP is recruited
to sites of B -integrin activation in the lamellipodia of spreading
cells by a complex containing filamin A and the adaptor protein
IQGAPI® (which does not have intrinsic GAP activity). The
signaling events that trigger the spatiotemporal localization of
these components await investigation, as does the potential for
RacGAP1 to respond to force.

Further evidence for the role of intracellular tension in
inhibiting Rac activity has arisen from a proteomic approach
that examined changes in the composition of focal adhesions
in response to myosin II activity. Notably, recruitment of the
Rac GEF B-Pix to adhesion complexes was negatively regulated
by myosin II-dependent contractility.*® Hence, in addition to
mediating FilGAP-dependent suppression of Racl, elevated
RhoA activity and the associated increase in actomyosin
contractility may also inhibit Rac activity by spatially restricting
the interaction of Rac with one of its GEFs.

The findings described above have not only enhanced our
understanding of the complex antagonism that exists between
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RhoA and Racl downstream of integrin ligation, but have also
provided support for the notion that mechanical tension is a
critical regulator of cellular adhesion and spreading. An increasing
body of work has provided insight into how mechanical force
contributes to the crosstalk between specific integrins and Rho
GTPases, although the relationship between mechanical force
and focal adhesion maturation is disputed. These issues will be
discussed after first considering how these signaling components
control cell migration.

Crosstalk between Rho GTPases is Critical for
Integrin-Mediated Cell Migration

The directional migration of cells across the ECM is a dynamic
process that is fundamentally linked to spatially-regulated Rho
GTPase activity. The onset of migration is dependent on the
formation of a polarized cell morphology, with protrusive actin
structures forming at the leading edge of the cell in tandem with
retraction and detachment of the cell rear. As described above,
integrins form an important link between the ECM and the actin
cytoskeleton, and the adhesions formed in response to integrin
engagement stabilize actin protrusions and provide the traction
that is required for cell motility. These sites of ECM-actin
adhesion are also organized throughout the cell in a polarized
fashion, with small nascent adhesions repeatedly assembling and
disassembling at the leading edge, in a process known as adhesion
turnover, whereas larger, more mature adhesions form at the
cell rear. For an overview of the role of adhesion dynamics in
migration, readers are referred to an excellent review by Parsons
et al.” Here, we will focus on the crosstalk that exists between
specific Rho GTPases in the regulation of cell migration.

The polarized processes that occur in migrating cells are
directly dependent on the localized activities of the Rho GTPases
Racl, Cdc42, and RhoA. Racl and Cdc42 are typically thought
to act at the leading edge of migrating cells, where they induce
actin protrusions. Racl activity at the leading edge gives rise to
lamellipodia formation, whereas Cdc42 is associated with the
extension of filopodia, which are thin bundles of actin filaments
that protrude from the leading edge of migratory cells and
act as probes for sensing the external environment.*”® Actin
polymerization is stimulated downstream of these 2 GTPases via
effectors such as WAVE, WASP, and PAK. WAVE and WASP
activate the actin nucleating complex Arp2/3, whereas PAK
leads to LIM kinase activation, which inhibits cofilin-mediated
breakdown of actin filaments.®®

For efficient locomotion, leading edge advancement must
be coupled to retraction at the rear of the cell. Given the role
of RhoA in stimulating actomyosin contractility through its
effector ROCK, it is not surprising that this GTPase has been
implicated in regulating the retraction of cell tails.*””* Hence,
the established view of the role of Rho GTPases in polarized
migration is that Racl and Cdc42 localize to the leading edge,
whereas RhoA is found predominantly toward the rear of
migrating cells. In recent years, however, this notion has been
challenged as a result of data generated using Rho GTPase
fluorescence resonance energy transfer (FRET) biosensors.”'*?
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Strikingly, RhoA activity is also observed to occur at the leading
edge of mouse embryonic fibroblasts (MEFs) migrating on
fibronectin, in advance of Racl and Cdc42 both spatially and
temporally.”? Peak Racl activity is observed approximately 40
s after peak RhoA activity,”” suggesting that RhoA or RhoA-
mediated events may be responsible for initiating Racl activity
at the leading edge.

These results are paradoxical to the generally accepted dogma
that Racl activity precedes that of RhoA in spreading cells (as
discussed above), and a definitive explanation for this apparent
discrepancy has yet to be provided. An important factor is likely
to be that many of the signaling pathways affecting integrin-
dependent Rho GTPase activity have been determined using
bulk biochemical measurements. Indeed, the biphasic activities
of RhoA and Racl in fibronectin-adhering cells were determined
in this manner. It was anticipated that studies using FRET-based
biosensors to visualize the spatiotemporal activities of GTPases in
individual cells would confirm the eatlier findings; hence, it was
surprising that they instead revealed RhoA to be active in advance
of Racl at the extreme edge of migrating cells. It is possible that
the high activity of RhoA in this region represents only a small
fraction of the total activity of RhoA in the cell, and is therefore
not detected when less-sensitive, bulk measurements are made.
Another factor contributing to the different observations may
be that most of the biosensor data are generated from cells that
have already fully spread and are migrating, and hence may have
different signaling dynamics to those that are only beginning the
adhesion process.

Given the role of RhoA in promoting myosin contractility
via ROCK, it seems contradictory that this GTPase is found at
the front of the lamellipodium, a region of membrane extension.
It has been proposed, however, that RhoA may contribute to
protrusion via its effector mDia,” an actin-polymerizing formin
protein. Intriguingly, the RhoA GEF Syx has recently been
identified to selectively couple RhoA to mDia at the leading edge
of migrating cells.”* Another potential mechanism through which
RhoA may selectively activate mDia rather than ROCK at the
leading edge is through adhesion-induced ROCK inhibition.”
As cells extend their leading edge, integrin engagement with
the ECM may promote the tyrosine phosphorylation of ROCK,
leading to the suppression of ROCK-mediated contraction. This
pathway has also been implicated in promoting the turnover of
focal complexes behind the leading edge of migrating cells.”®

Much remains to be learned about the role of Rho GTPases
and the crosstalk that exists between them in regulating
cell migration. In particular, the GEFs and GAPs that are
responsible for mediating the spatiotemporal activation of Rho
and Rac in migrating cells are incompletely understood, as are
the mechanisms that regulate the spatial distribution of these
components. The subcellular localization of Rho GTPases is
dependent on a number of factors including post-translational
modifications to the hypervariable C-terminal regions of these
proteins and their interactions with RhoGDIs.”” In migrating
cells, spatially-restricted Rho GTPase activity could be speculated
to be controlled by the interaction of GEFs and GAPs with specific
scaffolding proteins, and the diverse composition of adhesion
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complexes at various stages of maturation may influence GEF
and GAP localization. The development of biosensors for specific
GEFs and GAPs would greatly enhance our understanding of
how Rho GTPases are spatiotemporally regulated in migrating
cells.

To some extent, the same pathways that are involved in
regulating cell adhesion and spreading downstream of integrins
(as described above) also appear to play a role in regulating
migration. The sheer number of GEFs and GAPs that have been
implicated in regulating adhesion and migration (Table 1) can
appear bewildering, but it is important to note that variations
between cell types are common. Although most of the GEFs,
GAPs, and GTPases mentioned in this review have a generally
widespread tissue distribution,?*”®
these components undoubtedly varies between specific cell

the relative expression of

types. Hence, certain GEFs and GAPs are likely to play a more
important role in some cells than in others, which may account for
some of the apparent discrepancies concerning the involvement
of specific proteins in adhesion and migration.

Here we summarize what is currently known about the
involvement of Rho family GEFs and GAPs in different regions of
polarized cells, and speculate on how these regulatory molecules
may fit in with the emerging model of cell migration that shows
RhoA, Racl, and Cdc42 all localizing to the leading edge.

RhoA activation at the leading edge

RhoA activation at the anterior edge of migrating cells may be
stimulated by RhoA-specific GEFs such as p190RhoGEF, GEF-
H1, Syx, and LARG (Fig. 2). Knockdown or genetic ablation
of pl90RhoGEF inhibits the migration of MEFs by suppressing
RhoA activity.”*”7 This GEF has also been shown to regulate
lamellipodia formation in growth factor-stimulated cells via
RhoC.”” RhoC is a Rho GTPase that localizes slightly behind
the leading edge of migrating cells and controls actin dynamics
via cofilin, thereby contributing to the efficient formation of
lamellipodia.””!® GEF-HI has been identified to regulate the
localization of RhoA to the leading edge of migrating cells and
its depletion also affects migration.'” Interestingly, GEF-H1 has
been linked to the phosphorylation of FAK and paxillin'®* and
may therefore influence the accumulation of other GEFs and
GAPs to the front of the cell. As noted above, Syx selectively
couples RhoA to its effector mDia at the leading edge and is
required for efficient polarity and migration.”* The GEFs LARG
and pl15RhoGEF are involved in promoting RhoA activity in
response to fibronectin adhesion and, in migrating cells, LARG
has been implicated in regulating RhoA-dependent lamellipodia
formation.”””” The role of p115RhoGEF in migration is currently
unclear.

RhoA-mediated suppression of Rac

At the cell rear, RhoA has been shown to restrict the
formation of lateral protrusions.'”” The Rac GEFs B-Pix and
DOCKI180 are negatively regulated by ROCK-mediated myosin
IT contractility and, given the role of RhoA in driving myosin II
activity, it therefore seems likely that the low activity of Rac at
the cell posterior derives in part from the activity of RhoA $¢100:103
Similarly, the ROCK-mediated phosphorylation and activation
of the filamin A-associated protein FilGAP may contribute to
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Figure 2. Crosstalk between RhoA and Rac1 in migrating cells. At the leading edge of migrating cells, RhoA can be activated by GEFs such as p190Rho-
GEF, GEF-H1, LARG, and Syx. At the cell rear, RhoA can restrict Rac1 activity via FilGAP and by negatively regulating the localization of 3-Pix. RhoA-
stimulated mDia activity may contribute to the subsequent increase in Racl activity at the leading edge, possibly by activating Src-dependent GEFs
such as Tiam1 and DOCK180. Rac1 can inhibit RhoA via p190RhoGAP and the decrease in RhoA activity may further activate Rac1 by preventing FilGAP
activation and by relieving the inhibition of B-Pix. The association of inactive RhoA with RhoGDI could also increase Rac1 activity as a result of the com-

the suppression of Racl activity downstream of RhoA in the cell
rear (Fig. 2).5284

At the leading edge, RhoA activity precedes that of Racl,
suggesting that RhoA may initially suppress Rac activation.”?
FilGAP has been suggested to downregulate Racl activity
in this region in response to RhoA activity during the early
stages of migration, although this has yet to be experimentally
proven.'* FilGAP is closely related to another Rac-specific GAP,
ArhGAP22, and both proteins have been shown to play a role in
regulating the plasticity of tumor cell migration.

Tumor cells can migrate using either an ‘amoeboid’ or a
‘mesenchymal’ mode of movement. Amoeboid migration is
characterized by a rounded morphology and elevated RhoA
activity, whereas mesenchymal migration is associated with an
elongated cell morphology and high Racl activity. Notably, the
balance of Rho and Rac activity is a key determinant of migratory
mode, and mutual antagonism between these 2 GTPases dictates
the prevailing cell morphology. In mesenchymal melanoma cells,
Racl is activated by a complex containing the GEF DOCK3 and
the p130Cas-related protein NEDD9. However, in amoeboid
cells, Rac activity is inhibited by ArhGAP22 in a RhoA- and
ROCK-dependent manner.!” FilGAP has also been shown to
promote mesenchymal-to-amoeboid transition downstream of
ROCK.!"

In addition to FilGAP and ArhGAP22, RacGAP1 has
recently been identified as another Rac-specific GAP that can
control migration.*>'”” Under conditions of ap, recycling,
RacGAP1 is phosphorylated by Ake, causing its recruitment to
IQGAP1 at the edge of invasive pseudopods where it can inhibit
Rac. Interestingly, this process also leads to an increase in RhoA

www.landesbioscience.com

Small GTPases

activation, resulting in enhanced invasion into 3D fibronectin
matrices.'”” The mechanism through which RacGAP1 causes
this elevation in RhoA activity is currently unclear.

Racl activation and RhoA suppression

As shown by Machacek et al., the initially high activity of
RhoA at the leading edge subsides as the activities of Racl and
Cdc42 increase.”* Furthermore, a photoactivatable construct of
a constitutively active variant of Racl is capable of suppressing
RhoA when expressed and activated to promote lamellipodia
formation in fibroblasts.!

It has been proposed that RhoA activity contributes to
membrane ruffling by selectively coupling to its effector, mDial,
a formin protein which is capable of nucleating actin filaments

93,109,110

and stabilizing microtubule formation. Interestingly,

microtubule growth has been linked to the activation of Rac."!
Furthermore, mDial can influence Rac activity by controlling
the localization of Src to focal adhesions and promoting the
subsequent phosphorylation of p130Cas.'®!"? Hence, it is possible
that RhoA initiates Rac activity at the leading edge of migrating
cells via mDial (Fig. 2). The GEFs involved in activating Rac in
this putative RhoA-dependent mechanism could be speculated to
include those that are activated downstream of Src and p130Cas,
including Tiam1 and DOCKI180. Tiam1 associates with the PAR
complex and has been shown to control cell polarity downstream
of Cdc42." Upon binding to talin, this Tiam1-PAR complex
has also been implicated in the activation of Racl during cell
migration.”

As Racl activity gradually rises, it is possible that the activity
of RhoA at the leading edge may decline as a result of the
Rac-mediated activation of pl90RhoGAP (Fig. 2).”7*7? This
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Rho-specific GAP is localized to the leading edge in a complex
with FAK and p120RasGAP.”’ p190RhoGAP also inhibits RhoC,
and has been shown to counteract pl90RhoGEF in the control of
RhoC activity behind the leading edge.”” Another way in which
Racl may suppress RhoA activity is via the GEF Asef2, which can
stimulate Rac activity in migrating fibrosarcoma cells, causing
RhoA inhibition through an unknown mechanism." At the
leading edge of epithelial cells, PKA-mediated phosphorylation
of the RhoA residue serine 188 increases the affinity of RhoA
for RhoGD], thus reducing the interaction of RhoA with the
plasma membrane."” Hence, RhoGDIs may contribute to the
suppression of RhoA at the leading edge. Since RhoA and Racl
undergo competitive binding to RhoGDI," it is possible that the
increased RhoA-RhoGDI interaction may facilitate the release
and activation of Rac (Fig. 2).!'"!18

As RhoA activity decreases in migrating cells, it is conceivable
that the associated decrease in contractility may also promote
Rac activity, by relieving the spatially restricted localization of
B-Pix (Fig. 2). This GEF can activate Rac in the lamellipodium
but its localization to nascent adhesions is inhibited in a myosin-
dependent manner.®® The tension-mediated localization of
FilGAP could also be speculated to modulate Rac activity
downstream of RhoA.!"

The Role of Force in Adhesion

Cells are constantly exposed to tension that can either arise
from external sources or intracellularly, from the cell’s own
actomyosin contractile system. Recent work has shown that
cells respond in many ways to mechanical force and the physical
characteristics of the environment, and tension is increasingly
recognized as a key regulator of cell adhesion and migration.
Tension can influence Rho GTPase activity in several ways, and
a number of GEFs and GAPs have been shown to be regulated
by force. One way in which mechanical tension has long been
accepted to control adhesion is in the regulation of focal adhesion
assembly and growth. Indeed, the progression of focal complexes
into focal adhesions is usually attributed to mechanical
tension.”>'*12* Recent evidence is beginning to question this
dogma, however.!?122

The idea that mechanical tension promotes focal adhesion
assembly originally arose from the finding that active RhoA
induces myosin activity and that blocking either RhoA or
contractility abolished focal adhesion assembly.”> However, some
of the inhibitors of contractility that were used in this early work
were relatively non-specific and some were subsequently shown
to inhibit ROCK rather than myosin directly. The most elegant
evidence for the role of mechanical force in inducing adhesion
assembly came from experiments in which the growth of focal
adhesions was observed in real-time upon the direct application
of force to cells with inhibited RhoA activity."® The observation
that adhesion size correlates with the force transmitted at that site
is also consistent with the notion of focal adhesion growth being
dictated by tension.!?*124

The recent challenge to this view has emerged from several
lines of evidence. First, Beningo et al. observed that the tension
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transmitted at focal adhesions to the substratum did not correlate
to the size of the adhesions within the cell, and that the greatest
tension occurred at small adhesions (focal complexes) found at
the cell front rather than at the large adhesions further back.'”
Similar results have been obtained by Gardel’s group.”® In a
separate study, Tan et al. identified one subset of adhesions that
exhibited a correlation between tension and size, and another
set of smaller adhesions that were involved in transmitting high
forces and therefore did not fit this correlation.'”” Hence, there
may be 2 adhesion populations: one that undergoes growth
and maturation in response to force, and one that does not.
Nevertheless, the overall argument of these results is that tension
is not a critical determinant of adhesion size.

Further evidence against tension leading to adhesion
maturation comes from the Gardel lab’s manipulation of mDia
and a-actinin. Decreasing the expression of either of these proteins
resulted in increased tension on the adhesions but a decrease in
adhesion size and diminished maturation, as determined by
decreased FAK and phospho-paxillin accumulation.'?! Similarly,
using inhibitors of contractility such as the ROCK inhibitor
Y27632, focal adhesion size has been shown to be unaffected
over a considerable range of myosin-generated tension.'”? The
complete loss of myosin activity, however, causes focal adhesion
disassembly. Hence, a low threshold level of myosin activation
appears to be required for focal adhesion maintenance and
maturation. It is notable that adhesion maturation in myosin
I1-depleted cells can be rescued by re-expression of a myosin 11
that is defective in its motor function but is still able to bind and
crosslink actin.?® The idea that myosin-mediated crosslinking of
actin filaments contributes to stress fibers and focal adhesions has
previously been proposed.'?® The F-actin crosslinking function of
myosin is also downstream of RhoA activity, and may be more
important in the assembly of adhesions than its force-generating
activity.

The requirement for myosin II in the formation, but not
the maturation of large focal adhesions is supported by a recent
study conducted by Schiller et al.” Using pan-integrin-depleted
fibroblasts reconstituted with the - or the 8 -integrin subunit
(thereby generating cells which expressed o 8, and a3, but not B,
integrins, or o B, but not o integrins), they found that cells which
expressed o integrins alone exhibited large focal adhesions, but
low myosin IT activity and traction force. Myosin II was however
required for focal adhesion formation, as these structures failed
to form in the presence of the myosin II inhibitor blebbistatin."”

The same study employed a proteomic approach to analyze
the composition of the focal adhesions induced by either o or
a3, integrins downstream of fibronectin binding, and strikingly
delineated the individual roles of each. Cells reconstituted with
the a subunit had high levels of RhoA activity but could not
couple RhoA to ROCK, hence the low myosin II activity of
these cells. Instead, mDial was enriched in o focal adhesions
and is proposed to induce stress fiber-dependent focal adhesion
maturation downstream of RhoA in these cells. In contrast,
a3 -expressing cells were capable of inducing ROCK-dependent
myosin II activity, but did not appear to develop large ventral
stress fibers.”” Instead, these cells seem to contain peripheral
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dorsal ‘arcs’, a form of stress fiber that moves centripetally from
the cell periphery toward the cell nuclear region. While arcs are
moving rearward, they are not usually linked directly to focal
adhesions. However, in some situations dorsal arcs can link up
with focal adhesions and give rise to large prominent ventral
stress fibers.'””” This phenomenon is not apparent in the study
by Schiller et al. but, notably, a.f3 -expressing cells exhibited
small adhesions that formed independently of myosin II. It will
be interesting to explore the mechanisms through which o and
B, integrins selectively couple to mDia and ROCK, respectively,
especially since previous work, which did not take integrin type or
expression into account, has yielded opposing results with respect
to the role of mDia and ROCK in stress fiber formation.'*

A final finding of the study by Schiller et al. is that the
Rho-specific exchange factor GEF-H1 associates with the a8,
integrin, but that the activation of this GEF is dependent on o8,
possibly via ERK activation. Hence, in normal cells adhering to
fibronectin, the a8, and B, integrins appear to synergize to
promote the activity of GEF-H1, as well as to elicit efficient stress
fiber formation and myosin II activation.”

GEF-HI is activated upon the external application of force to
integrins and has been shown to regulate RhoA-dependent cell
stiffening downstream of FAK, Ras, and ERK. Fyn-stimulated
activation of the Rho GEF LARG has also been implicated
in promoting cell rigidity.®" These 2 GEFs are members of a
relatively short list of GTPase regulators that have been shown to
be regulated by force, which also includes B-Pix, Vav2, FilGAP,
ArhGAP22, and pl190RhoGAP (Table 1).88¢105131133 Given the

increasing interest in studying the role of force in mediating cell
responses, and the fact that a number of Rho family GEFs and
GAPs remain uncharacterized, it seems inevitable that others will
be added to this list in due course.

Conclusions

In this review we have outlined the GEFs and GAPs that
are involved in regulating RhoA and Racl in the control of
integrin-mediated cell adhesion and migration. We have also
attempted to reassess 2 topics that have proven controversial in
light of surprising new evidence: first, the dynamics of GTPase
activation at the leading edge of migrating cells and second, the
role of tension in promoting focal adhesion maturation. While
our understanding of the mechanisms that control adhesion and
migration is continually advancing, much remains to be revealed
about the specific roles of Rho GTPases, GEFs, and GAPs in

these processes.
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