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Integrin‑Dependent Regulation of Small GTPases: 
Role in Cell Migration

1  Integrins, Cell Adhesion, and Migration
Integrins are major trans-membrane receptors 
that regulate the dynamic association between the 
extracellular matrix (ECM) and cells. In doing so, 
they drive changes at the plasma membrane and 
the actin cytoskeleton that help regulate many 
cellular processes, including cell migration.1 Inte-
grins are heterodimeric proteins consisting of an 
alpha and beta subunit that carry an extracellular 
domain that binds the extracellular matrix and 
triggers downstream signaling through a short 
cytoplasmic tail that also links it with the actin 
cytoskeleton.2 In addition, integrin clustering can 
also trigger intracellular signaling that drives cell 
proliferation, survival, and migration in both 
normal and cancer cells.3 The extracellular 
domain of integrins recognizes diverse matrix 
ligands, including fibronectin (e.g., α5β1, αvβ3, 
and α4β1), collagen (e.g., α1β1 and α2β1), and 
laminin (e.g., α2β1, α3β1, and α6β1). Integrins in 
general bind-specific motifs (like the RGD  
motif) within the matrix protein; thus, cells 
adherent to fibronectin could carry adhesions 
containing a diverse group of integrins. These 

RGD: The tripeptide Arg-
Gly-Asp (RGD) was originally 
identified as the sequence 
within fibronectin that integ-
rins recognize and bind.
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Abstract | Integrins play a vital role in regulating cell adhesion that 
drives cell attachment, spreading, and migration. They do so by recruit‑
ing and activating several downstream signaling pathways that control 
actin cytoskeleton remodelling, endocytic and exocytic trafficking, and 
membrane organization in cells. The spatial and temporal nature of this 
regulation supports the polarization, leading edge protrusion and trail‑
ing edge retraction vital for cell migration. By virtue of their dynamic but 
tightly controlled regulation, small GTPases activated by integrins con‑
stitute vital mediators in this pathway. Their activation in cells is driven 
by the differential recruitment of GEFs and GAPs. This review looks at 
the integrin‑dependent activation, regulation, and role of the Rho family 
small GTPases Rac‑1, RhoA, and Cdc42 along with the emerging contri‑
bution that Ral and Arf6 are making to this pathway. It also discusses the 
extensive crosstalk between these GTPases at the lamellipodial edge in 
a migrating cell.
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can, in turn, differentially regulate adhesion 
dynamics, vital to processes like cell motility.4, 5

Cell migration is a fundamental physiologi-
cal process involved in everything from embry-
ogenesis to immune surveillance and wound 
healing.6 It is also central to pathogenesis of 
diseases, contributing to tumor cell invasion 
and leukocyte transmigration.7, 8 Movement 
of cells requires the precise coordination of 
four sequential cellular events.9 (A) Recurring 
interaction of the cell with the extracellular 
matrix (ECM), through adhesion receptors, 
such as integrins, provides a link between the 
ECM and intracellular actin cytoskeleton. Inte-
grin-ECM binding triggers the recruitment of 
cytoskeletal and signaling proteins creating 
dynamic adhesion complexes. These evolve in 
space and time, changing in size, shape, and 
force they experience.10 (B) To initiate migra-
tion, these signals facilitate the development of 
a polarized cell morphology with a leading and 
a trailing edge. This supports the compartmen-
talization of membrane and signaling events 
needed for directed cell migration.9 (C) These 
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ECM: Extra cellular matrix 
composed of proteins secreted 
by cells that are crosslinked to 
provide structural support and 
biochemical cues. These pro-
teins include collagen, fibronec-
tin, laminin, proteoglycans, and 
others. They bind cell surface 
receptors (like integrins) to relay 
information from the ECM to 
the cell. Their crosslinking and 
stiffness also provide mechani-
cal cues to the cell.

http://crossmark.crossref.org/dialog/?doi=10.1007/s41745-016-0010-4&domain=pdf


6

Archana Pawar and Nagaraj Balasubramanian

1 3 J. Indian Inst. Sci. | VOL 97:1| 5–21 March 2017 | journal.iisc.ernet.in

spatially restricted signals can now promote 
active actin remodelling and polymerization 
that pushes the cell membrane forward at the 
leading edge and helps retract it at the trail-
ing edge.11 (D) Migration finally also requires 
disassembly and recycling of adhesion sites. 
The balance between formation and disassem-
bly of adhesion is tightly coordinated in space 
and time.12 Along with adhesion disassembly,13 
integrin recycling also plays a role in adhesion 
turnover.14–16

Integrins lack an intrinsic catalytic activ-
ity and ligand binding induces their clustering 
that results in the formation of multiprotein 
complexes containing signaling and adaptor 
proteins that connect to the actin cytoskeleton. 
Proteins Talin, Kindlin, Vinculin, and α-actinin 
are known to mediate this crosstalk.17, 18 The 
affinity of integrins for its ligands is also regu-
lated by intracellular signaling (inside out sign-
aling) that controls their activation (reviewed 
in 18). The difference between the rate of actin 
polymerization and its retrograde flow defines 
the forward protrusion in a migrating cell. The 
resistance the plasma membrane offers to the 
polymerizing actin cytoskeleton at the lead-
ing edge drives the retrograde actin flow,19 
supported by contraction of actomyosin fila-
ments.20 Integrin-dependent adhesions by 
inhibiting retrograde flow help promote rapid 
protrusion. Integrins are also seen to regulate 
the organization of the plasma membrane by 
regulating the trafficking and spatial localiza-
tion of raft microdomains at the leading edge 
of the migrating cell.21, 22 This, in turn, regu-
lates the membrane anchoring and activation 
of several adhesion-dependent signaling path-
ways.23, 24 The maturation of integrin-mediated 
adhesions and the signals they generate are also 
regulated by the tension they experience which, 
in turn, also influences cell motility.25, 26

The rapid and dynamic nature of cell migra-
tion entails continuous remodelling of the cel-
lular architecture. This requires rapidly activated 
and spatiotemporally regulated signaling net-
works that enable the cell to respond to external 
cues. Small GTPases (including those belonging 
to the Rho family) act as important molecular 
switches to drive such signaling processes.27

2  Small GTPases
Small GTPases cycle between an active GTP-
bound (Guanosine triphosphate) and inactive 
GDP-bound (Guanosine diphosphate) form to 
differentially bind downstream effectors when 

active and control downstream signaling.28 
Consensus amino-acid sequences mediate this 
nucleotide binding seen to be dependent on the 
presence of Mg2+ as a co-factor.28 Small GTPases 
are inactivated by their intrinsic GTPase activ-
ity resulting in conversion of GTP to GDP turn-
ing off signaling.29–31 In addition, small GTPases 
also undergo post-translational modifications, 
Ras and Rho family undergoing farnesylation, 
geranylgeranylation, and palmitoylation at their 
C-terminus,32 while Arf family GTPases undergo 
myristoylation on their N-terminus.33 These 
facilitate the targeting of GTPases to the cell 
and endo-membrane allowing for their spatial 
activation and binding of effectors.34, 35 Align-
ment of the crystal structures of small GTPases 
in their active and/or inactive form revealed that 
they undergo very little structural rearrange-
ment, except within the effector loop.36 These 
changes are thought to mediate their association  
with upstream regulators and downstream effec-
tors.29, 37

Activation state of small GTPases is regulated 
by three kinds of proteins. (A) Guanine nucleo-
tide exchange factors (GEFs) that promote 
GTPase activation by displacing the Mg2+ from 
active site and triggering the switch from GDP to 
GTP.38 (B) GTPase activating proteins (GAPs) 
inhibit GTPase activation by inserting a water 
molecule into the catalytic pocket of the GTPase 
and promoting their intrinsic GTPase activity 
(by a few 1000-fold).39, 40 GEF and GAP interac-
tions take place at the effector-binding interface 
in the GTPase and are also governed by their rel-
ative localization in cells.32 (C) Finally, GDP dis-
sociation inhibitors (GDI) bind GDP-associated 
GTPases and block the switch from GDP to GTP 
and help maintain GTPases in an inactive state. 
29–31 GDI actively retrieve the GDP-bound form 
from the plasma membrane and facilitate their 
cytosolic or endo-membrane localization.41, 42 
Small GTPase activity can also be regulated by 
transient post-translational modifications, such 
as phosphorylation 43–46 or SUMOylation,47 
which regulate their localization and activa-
tion.43, 44

Determining the activation status of a small 
GTPase in a cell at any given time has been vital 
to studying their role in cellular processes like 
migration. The fact that GTPases undergo only a 
very small structural rearrangement on their 
activation means that antibodies fail to detect 
this change. Most of our early understanding of 
small GTPase function hence comes from stud-
ies of mutants that are locked in active or inac-
tive GTPase conformations 48, 49 and from the 

GAPs: GTPase Activating 
Protein; enhances intrinsic 

GTPase activity of a GTPase 
by positioning water molecule 

for a nucleophilic attack on 
GTP in the GTP-binding 

pocket.

GEFs: Guanine nucleotide 
exchange factor; assists GDP–

GTP exchange on a GTPase by 
displacing the magnesium ion 
from the active site favouring 
destabilization of GDP–GT-
Pase interaction. This allows 
exclusion of the bound GDP 

from the active site. The 
substitution by a GTP is a 
result of relatively higher 

intracellular concentration of 
GTP than GDP (~10-fold).

FRET: Förster resonance 
energy transfer; Mechanism 
of energy transfer between 
two light-sensitive molecules 
(chromophores). A donor 
chromophore, in its electronic 
excited state, can transfer 
energy to excite an acceptor 
chromophore through non-
radiative dipole–dipole cou-
pling. The efficiency of this 
energy transfer is inversely 
proportional to the sixth 
power of the distance between 
donor and acceptor, making 
FRET extremely sensitive to 
small changes in their relative 
distance.
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active and control downstream signaling.28 
Consensus amino-acid sequences mediate this 
nucleotide binding seen to be dependent on the 
presence of Mg2+ as a co-factor.28 Small GTPases 
are inactivated by their intrinsic GTPase activ-
ity resulting in conversion of GTP to GDP turn-
ing off signaling.29–31 In addition, small GTPases 
also undergo post-translational modifications, 
Ras and Rho family undergoing farnesylation, 
geranylgeranylation, and palmitoylation at their 
C-terminus,32 while Arf family GTPases undergo 
myristoylation on their N-terminus.33 These 
facilitate the targeting of GTPases to the cell 
and endo-membrane allowing for their spatial 
activation and binding of effectors.34, 35 Align-
ment of the crystal structures of small GTPases 
in their active and/or inactive form revealed that 
they undergo very little structural rearrange-
ment, except within the effector loop.36 These 
changes are thought to mediate their association  
with upstream regulators and downstream effec-
tors.29, 37

Activation state of small GTPases is regulated 
by three kinds of proteins. (A) Guanine nucleo-
tide exchange factors (GEFs) that promote 
GTPase activation by displacing the Mg2+ from 
active site and triggering the switch from GDP to 
GTP.38 (B) GTPase activating proteins (GAPs) 
inhibit GTPase activation by inserting a water 
molecule into the catalytic pocket of the GTPase 
and promoting their intrinsic GTPase activity 
(by a few 1000-fold).39, 40 GEF and GAP interac-
tions take place at the effector-binding interface 
in the GTPase and are also governed by their rel-
ative localization in cells.32 (C) Finally, GDP dis-
sociation inhibitors (GDI) bind GDP-associated 
GTPases and block the switch from GDP to GTP 
and help maintain GTPases in an inactive state. 
29–31 GDI actively retrieve the GDP-bound form 
from the plasma membrane and facilitate their 
cytosolic or endo-membrane localization.41, 42 
Small GTPase activity can also be regulated by 
transient post-translational modifications, such 
as phosphorylation 43–46 or SUMOylation,47 
which regulate their localization and activa-
tion.43, 44

Determining the activation status of a small 
GTPase in a cell at any given time has been vital 
to studying their role in cellular processes like 
migration. The fact that GTPases undergo only a 
very small structural rearrangement on their 
activation means that antibodies fail to detect 
this change. Most of our early understanding of 
small GTPase function hence comes from stud-
ies of mutants that are locked in active or inac-
tive GTPase conformations 48, 49 and from the 
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FRET: Förster resonance 
energy transfer; Mechanism 
of energy transfer between 
two light-sensitive molecules 
(chromophores). A donor 
chromophore, in its electronic 
excited state, can transfer 
energy to excite an acceptor 
chromophore through non-
radiative dipole–dipole cou-
pling. The efficiency of this 
energy transfer is inversely 
proportional to the sixth 
power of the distance between 
donor and acceptor, making 
FRET extremely sensitive to 
small changes in their relative 
distance.

studies of their downstream effectors.36, 50 
Knowing that downstream effectors associate 
specifically with the active form of the GTPase, 
effector domains conjugated to beads were used 
to pull down and measure GTPase activity from 
cell lysates. Examples include GGA3 (Golgi-
localized, gamma ear-containing, Arf-binding 
protein 3) for Arf6,51 Sec5 Ral-binding domain 
for Ral,52 and p21 activated kinase (PAK) for 
Rac1 and Cdc42.53 This, however, does not pro-
vide spatiotemporal information about the 
active GTPase in cells. As an alternate approach, 
biosensors were designed to follow the activa-
tion state of GTPases in live cells or organisms 
using microscopy.54 To date, several generations 
of probes have been developed to monitor bind-
ing of fluorescently tagged active GTPases to 
their downstream effectors by measuring Förster 
resonance energy transfer (FRET). Biosensors 
currently available include probes for Rac1,55 
RhoA,56 Cdc42,57 Arf6,58 and Ral59–61 These 
probes have provided much needed spatiotem-
poral information on the activation of these 
GTPases allowing for a better understanding of 
their role in processes like cell migration.

The spatial localization of small GTPases 
when considered with their regulation by GEFs, 
GAPs, GDIs,62 and their ability to mediate actin 
polymerization and vesicular trafficking, makes 
them attractive candidates for integrin-depend-
ent regulation of process like cell migration.20 
This review looks at five major small GTPases 
Rho GTPases (Rac-1, Rho, and Cdc42), Ral, and 
Arf6 focusing on their regulation by integrins and 
their spatiotemporal activation and function in 
migrating cells. It further goes on to look at their 
regulatory crosstalk and the implication it has in 
mediating their role in integrin-dependent cell 
motility.

3  Rac GTPase
The Rac subfamily comprises of four members 
Rac1, Rac2, Rac3, and RhoG;63, 64 the ubiqui-
tously expressed Rac1 is studied more extensively 
than others and has hence been discussed here. 
Rac GTPases regulate multiple molecular path-
ways, such as cell polarity,65 cadherin-based cell–
cell adhesions,66 microtubule stabilization,67 and 
actin polymerization,68, 69 making it a major 
player in a process like cell migration. Active Rac1 
is found to be localized to the plasma mem-
brane,70 endosomes,71 cell–cell adhesions72 and 
nucleus.73 Activation of Rac1 is tightly coupled to 
its translocation to plasma membrane 74 medi-
ated by its palmitoylation at Cysteine 17875 and 

Focal adhesions: They are 
large macromolecular assem-
blies of cell surface integrin 
receptors that cluster together 
when bound to the extracellu-
lar matrix (ECM) and recruit 
several adaptors and signaling 
proteins. These structures 
through actin-binding 
proteins induce actin stress 
fibre assembly. They hence act 
as important mechanical links 
and signaling hubs between 
the cell and the ECM.

supported by its dissociation from RhoGDI.76, 77 
Integrin-mediated adhesion is known to regulate 
this plasma membrane targeting of Rac1 (sup-
porting its interactions with effectors) by the reg-
ulation of the trafficking and plasma membrane 
delivery of raft microdomains that act as Rac1 
binding sites.23 These trafficking and targeting of 
rafts are, in turn, dependent on integrin-depend-
ent activation of RalA and Arf6.78, 79 In addition, 
PIPK-I α binds Rac1 and mediates its localization 
at the plasma membrane80 as does the integrin-
binding protein Tetraspanin (CD151).81 Integrin-
associated protein Talin binds the RacGEF Tiam1 
to support localized activation of Rac at focal 
adhesions.82 Focal adhesion kinase (FAK) phos-
phorylates RacGEF β-Pix to also recruit Rac at 
focal adhesions.69, 74

FRET sensors developed for detecting active 
Rac reveal a gradient of Rac1 activation in 
migrating cells, with higher activity at the front 
decreasing towards the cell interior.70 High Rac 
activity is spatially, temporally, and in magnitude 
tightly correlated with lamellipodial protrusions 
at the leading edge of migrating cells. Studies in 
re-adherent neutrophils from mice expressing the 
Rac-FRET construct reveal maximum Rac activa-
tion in the first 8 min after readhesion. Localiza-
tion of Rac activity in migrating neutrophils is 
also shown to be the highest at the leading edge 
with bursts of high activity lasting for 3–5 s. In 
addition, bursts of Rac activity were also detected 
at the periphery and trailing edges in these cells.83 
On integrin-dependent adhesion, Rac1 activation 
is the first step followed by activation of RhoA; 
this facilitates the early spreading of cells by 
extension of lamellipodia in all directions. How-
ever, at later stages, the Rac1-RhoA activation 
switch at leading edge of cell promotes directional 
migration. In addition, the decreasing spatial gra-
dient of Rac1 activation from cell front till the 
trailing edge of cells ensures restricted lamellipo-
dia formation—again favouring directed cell 
migration.84, 85

Rac activation drives cell migration by regu-
lating actin polymerization at the leading lamel-
lipodial edge that provides the driving force 
for membrane extension.86, 87 Rac regulates the 
Arp2/3-WAVE complex to drive actin polym-
erization via multiple mechanisms, including 
its activation of PAK.88 Maximal activity of the 
WAVE2 complex requires simultaneous interac-
tions with prenylated membrane-bound Rac1 
and acidic phospholipids.89 RacGEF Tiam1 also 
directly binds to Arp2/3 to spatially facilitate Rac-
1-dependent actin polymerization.69 Rac acti-
vation suppresses local Rho activity supporting 

Lamellipodial: Highly 
dynamic sheet like actin 
cytoskeletal projections in the 
front of a polarized migrating 
cell. These structures have 
ruf-fle-like plasma membrane 
organization and are rich in 
focal complexes and focal 
adhesions. They measure a 
few micrometers from the 
cell edge.
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the formation of nascent adhesions essential for 
lamellipodia extensions.28 Although mamma-
lian Dia1—an actin nucleator protein—is acti-
vated only by the Rho family (i.e., RhoA, B, and 
C), the related Dia2 and Dia3 proteins can also 
be activated by Rac1 and Cdc42 to effect actin 
polymerization.90 In the lamellipodium, cofilin 
inactivation that regulates actin depolymerisation 
is seen to be dependent on Rac1 and its effectors 
PAK1 and PAK2.91

Rac1 also regulates actomyosin contractility.92 
Rac activated by GEF Asef2 enhances phospho-
rylation of MyoII leading to greater cell contrac-
tion.93 A ternary complex of RacGEF P-Rex1, 
Rac1, and actin remodelling protein Flightless 1 
was recently shown to also influence cell contrac-
tion 94 and hence migration. Rac effector PAK1 
antagonises MLCK function to also decrease 
actomyosin contractility.95 Another important 
Rac effector IQGAP1 mediates active Rac1-
dependent destabilization of cell–cell adhesions 
by directly binding α catenin and sequestering it 
from E-cadherin junctions.96 This would favour 
cell–cell dissociation and cell migration. IQGAP1 
also facilitates actin reorganization by binding 
N-WASP-Arp2/3.97, 98

Rac1 inhibition is pro-migratory owing to 
the fact that this Rac1-RhoA switch is essen-
tial for persistence of directional migration.84, 85 
This mechanism is also exploited in cancer cells 
where increased RacGAP1 expression favours 
Rac1 inactivation at cell front and promotes 
invasion through RhoA.99 Another mediator of 
the Rac–Rho crosstalk is the Rac GAP, FilGAP, 
which is recruited to cell protrusions through its 
interaction with FilaminA100 and Arf6.101 This 
then functions to deactivate Rac1 at these sites 
upon phosphorylation by Rho effector ROCK.100 
Nuclear translocation of active Rac1 by Nucle-
ophosmin-1 also allows for higher cytosolic RhoA 
activation promoting cell invasion.102

4  Rho GTPase
The Rho subfamily includes the isoforms RhoA, 
RhoB, and RhoC, which are 84% identical in 
sequence; differing largely in their C-termi-
nus.103 RhoA and RhoC localize to the plasma 
membrane or interact with RhoGDI in the 
cytoplasm, whereas RhoB localizes to endoso-
mal membranes because of its unique C-ter-
minal lipid modifications.30, 103, 104 Studies by 
Ren et al. revealed that in the first 10–30 min 
of integrin-mediated adhesion, RhoA is rapidly 
and transiently inhibited followed by peak in 

activation between 60 and 90 min.105 Integrins 
use p190RhoGAP to inhibit RhoA, which sup-
port the release of Rac-1 from RhoGDI and its 
activation. This, in turn, enhances cell spreading 
and migration in Rat1 fibroblasts.106–109 RhoGEF 
p115 is also implicated in RhoA activation fol-
lowing its transient inhibition on adhesion of 
cells to fibronectin.110 p190RhoGEF is also impli-
cated in integrin-dependent RhoA activation 
downstream of FAK and Proline rich kinase2.111 
αv integrin-mediated adhesions recruit Rho 
GEF-H1 to activate RhoA and its effector mDia1 
to support actin reorganization.112 However, 
α5-β1 integrin localizing in smaller peripheral 
adhesions uses the Rho ROCK pathway to drive 
force generation.112 β1 integrins mediate force-
dependent RhoA activation specifically through 
GEFs GEF-H1 and LARG to cause cell stiffening 
in migrating cardiac fibroblasts. GEF-H1 further 
activates RhoA to support focal adhesion matu-
ration essential for migration.113

Studies done using a Rho sensor have revealed 
GEF-H1 to be required for localized RhoA acti-
vation at the leading edge of migrating HeLa 
cells.114 Despite the fact that RhoA is activated at 
the back of the cell to control actomyosin con-
tractility,115 FRET probes reveal bulk of RhoA 
activation to occur directly at the leading edge 
of protruding lamellae in fibroblasts.56, 116 In Rat 
mammary adenocarcinoma cells MtLN3, RhoA 
activation observed at the cell front showed a 
biphasic pattern with peaks of activity at 1 and 
3 min post-EGF stimulation.117 Transient bursts 
of RhoA activation were, however, simultane-
ously observed at the back of the cell during 
active retraction of the tail.56 Further activation 
of RhoA was also observed in peripheral ruffles 
and on actively moving macropinosomes.116, 118

Active RhoA relieves autoinhibition of Rho-
associated kinase/ROCK that phosphorylates 
MLC and inhibits the MLC phosphatase.119 Phos-
pho-MLC thus generated has greater actin-bind-
ing capacity and induces formation of stress 
fibres. This leads to the maturation of focal com-
plexes to focal adhesions and greater contractility 
in cells to drive cell motility. ROCK also targets 
FAK and paxillin to control the formation and 
stability of focal adhesions.50 Rho effector mDia1 
regulates c-Src and Cdc42 localization thus affect-
ing polarization and directed cell migration.120 
mDia1 also controls actin reorganization and 
microtubule alignment in these cells.116, 121, 122

The morphology of RhoA, RhoB, and RhoC 
lacking is very distinctive and so are their effects 
on localization of Rac1 activity and chemotactic 

Focal complexes: Small/
nascent focal adhesions are 

often referred to as focal com-
plexes. They are present at 

the periphery of spreading or 
migrating cells are regulated 
by GTPases Rac and Cdc42.
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cell migration.123, 124 GEF-H1 activated RhoB 
affects focal adhesion dynamics by regulating 
active β1 integrin levels to control cell spreading 
and cell migration in cancer cells.124 RhoB also 
regulates Akt activation to drive this pathway. 
125–127 While a direct effector of RhoB remains to 
be identified, a role for mDia that binds RhoB is 
speculated.128 Activation of RhoC when followed 
using a RhoC-FLARE sensor in conjunction with 
RhoA sensor showed their concomitant activa-
tion at the cell edge.129 RhoC recruits its effector 
formin3 (FMNL3) to regulate migration in pros-
tate cancer cells.124 It is also over-expressed in 
metastatic pancreatic cancers, where its activation 
is essential for invasiveness.130

5  Cdc42 GTPase
Cell division control protein 42—Cdc42—was 
first identified in the budding yeast, Saccharo-
myces cerevisiae, as a small GTPase essential for 
regulating cell polarity.131 Adhesion of mouse 
fibroblasts to fibronectin is seen to activate 
Cdc42/Rac1 effector PAK supporting the integ-
rin-dependent activation of these GTPases. This 
was confirmed by inhibition of cell spreading by 
dominant negative mutants of Cdc42.36 Active 
Cdc42 pulled down with its effector (GST-PAK) 
found that it is activated a minute after the astro-
cyte monolayer is wounded by a scratch.132 This 
activation stays for most of the next 1 h.132 The 
initial recruitment of Cdc42 to the leading edge of 
a migrating cell is integrin-dependent 132 which is 
supported by the integrin-dependent activation 
of Arf6 and resulting membrane trafficking.78, 133 
In neutrophils downstream of β2 integrin, Rho 
GEF Vav1 and Vav3 activate Cdc42.134 In 3D col-
lagen gels, integrin α2-β1 uses the GEF βPix to 
regulate Cdc42 activation,135 while in invasive 
glioblastoma cells, integrin αv-β8 was shown to 
bind directly to RhoGDI-1, releasing Cdc42 to 
support its activation.136 Cdc42 is also found to 
transcriptionally upregulate the expression of 
β1 integrins through transcription factor SRF.137 
Integrin-dependent activation of Cdc42 was fur-
ther shown to be negatively regulated by 14-3-3 
ζ in CHO cells.138 Recently, yeast 14-3-3 protein 
Rad24 was shown to competitively bind Cdc42 
GEF Gef-1, thereby regulating the spatial activa-
tion of Cdc42.139 A ternary complex of integrin 
α-4/paxillin/14-4-3-ζ was seen to be essential for 
activation of Cdc42 at the leading edge of migrat-
ing leukocytes and the Cdc42-dependent migra-
tion of these cells.140

Cdc42 inhibition leads to a loss of polariza-
tion in wound edge cells accompanied by a loss in 

Fast cycling mutant: A small 
GTPase mutant that does 
not stably bind either GTP 
or GDP effectively allowing 
the nucleotide exchange to 
be independent of GEF and 
GAPs. This mutant hence 
has a higher cycling rate of 
nucleotides. In a GTP-rich 
cellular milieu, these mutants 
better represent the active 
state of a GTPase.

Golgi realignment inhibiting overall migration.141 
Active Cdc42 fast cycling mutant (Cdc42-L28) in 
neuronal cells is shown to regulate neuronal 
polarity.142 Spatial activation of Cdc42 using an 
optically activatable construct found this site to 
convert to a migrating front in the cell with 
detectable Rac1 activation. RhoA/ROCK activa-
tion was further triggered at the newly defined 
rear of the cell, demonstrating that Cdc42 activa-
tion alone is sufficient for cell polarization.143 
Detection of Cdc42 activation by the GDI-Cdc42 
FLARE sensor144 and Cdc42 Mero-CBD sensor145 
found most of Cdc42 to be active 2–3 μm behind 
the protruding cell edge, at sites of maturing focal 
adhesions.144 This activation happened following 
the initiation of protrusion, suggesting that 
Cdc42 may function in reinforcement of protru-
sive forces rather than their initiation.144 A role is 
also seen for Cdc42-binding GDI in creating the 
time lag preceding this activation.146 Cdc42 acti-
vation was also decreased in the retraction phase 
of the membrane ruffle.144 The spatial control of 
Cdc42 activity is not only achieved through 
recruitment of its regulators but also by recruit-
ment of Cdc42 itself. In budding yeast, polarized 
recruitment of the GEF Cdc24p recruits and acti-
vates Cdc42p.147, 148 Arf6-dependent vesicular 
trafficking promotes the accumulation of βPIX at 
the leading edge, which is also required for Cdc42 
recruitment and activation.133, 149, 150 It is also 
speculated that a Cdc42-driven feedback loop 
could enhance its accumulation at the leading 
edge.151

In polarized migrating cells, the positioning 
of the MTOC relative to the nucleus is thought 
to be an important early event. In astrocytes, 
fibroblasts, and epithelial sheets, the centrosome 
is relocated between the nucleus and the leading 
edge of the migration cell.132, 152, 153 The Golgi 
complexcolocalizes with the MTOC153 and their 
positioning contributes to the targeted delivery 
of processed proteins along microtubules to the 
cell front.154 A integrin-Cdc42–Par6–PKCζ path-
way is thought to recruit the microtubule motor 
protein Dynein to mediate this.132 Apart from 
this, a PKCζ -GSK3β-APC-Dlg1 pathway has 
also been reported to cause MTOC reorienta-
tion downstream of the Cdc42/PAR6 complex.155 
The localization of protrusion at the leading edge 
was, however, mediated by Cdc42 effector PAK 
recruiting βPix and Rac1 which, thereby, regulate 
actin reorganization. The PAR6/aPKC pathway 
functioned only for Golgi and MTOC reorienta-
tion.156 In 2005, Gomes et al. observed that the 
MTOC reorientation is accomplished by retro-
grade movement of nucleus behind the MTOC 
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and maintenance of MTOC at its location. The 
PAR6/aPKC/Dynein pathway was involved in 
keeping the MTOC immobile at the cell cen-
troid, while a Cdc42–MRCK-myosinII pathway 
channelizes actin retrograde flow to move the 
nucleus.157

6  Ral GTPase
Ral GTPases are key regulators of multiple cellu-
lar functions, including cytokinesis, mitochon-
drial fission, cell survival, and cell 
migration.158–161 Ral isoforms, RalA and RalB, 
share 82% sequence identity but regulate distinct 
cellular functions 162 mediated by their differen-
tial activation and/or localization in cells.163, 164 
Integrin-mediated adhesion differentially regu-
lates the activation of RalA (but not RalB), in 
mouse fibroblasts.79 This further supports a 
RalA-Arf6-exocyst-dependent membrane traf-
ficking pathway to drive adhesion-dependent 
signaling and cell spreading.79, 164 The kinetics of 
integrin-dependent RalA activation suggests that 
it is transiently activated at the early adhesion 
time points (15 min). Ral is further seen to local-
ize to sites of active integrin signaling, membrane 
ruffles79 and focal adhesions,165 and specialized 
structures like invadopodia.166 Growth factors, 
such as EGF, seen to work with integrins to drive 
common pathways, also activate Ral at sites of 
active integrin function like membrane ruffles.60, 
167 The regulation of Ral activation is mediated by 
the spatiotemporal localization of RalGEFs and/
or GAPs.158, 168 It remains unclear which GEF/
GAP directly helps mediate integrin-dependent 
Ral activation. The cell-type-specific nature of 
integrin-dependent Ral isoform activation and 
function also remains untested.

Active Ral talks to a series of downstream 
effectors to help regulate cell migration. RalA 
effector FilaminA, known to be required for 
induction of actin stress fibres and filopodia,169 is 
recruited by active RalA.170 Active Ral-mediated 
binding of exocyst components Sec5171 and 
Exo84172 regulates exocyst function.173 This, in 
turn, mediates the delivery of raft microdomains 
at the plasma membrane which act as anchoring 
sites for small GTPases like Rac to regulate their 
activation and function.23, 79 Interestingly, in 
NRK epithelial cells, RalB similarly engages the 
exocyst complex to guide polarized delivery of 
secretory vesicles and drive directional cell move-
ment.174 Exocyst-mediated delivery of PIPK-I-
gamma-i2 promotes PIP2 synthesis at the cell 
front to support activation of multiple GEFs at 
these sites.175 The Ral-exocyst complex is also 

Invadopodia are membrane 
protrusions and sites of 

active ECM degradation by 
the trans-membrane type 

1 matrix metalloproteinase 
(MT1-MMP, also known as 

MMP14) typically seen in 
invasive cells.

Exocyst complex: An 
octameric protein complex 

evolutionarily conserved from 
yeast to mammals that binds 

cargo loaded vesicles ensuring 
their delivery at specific sites 

on plasma membrane.

seen to mediate trafficking of α-5 integrins44 and 
β1 integrin.175 Active Ral is further seen to acti-
vate Arf6164 that, in turn, supports multiple path-
ways (discussed under Arf6 subheading) that 
drive cell migration.78, 101, 176 Active RalB-Sec5 
also binds Rho GEF (GEFH1) to regulate RhoA 
activation.177 While FRET sensors detecting active 
RalA and RalB are available and have shown their 
activation to be spatially restricted,59–61 the locali-
zation of active Ral in migrating cells remains to 
be tested.

In renal carcinoma cells, Prostagandin E2 
(PGE2)-mediated activation of RalA through 
the RalGAP protein RGC2 promotes invasive-
ness.163 RalA-mediated regulation of the exo-
cyst complex in invasive prostate cancer cell line 
PC3 is seen to be essential for single cell as well 
as collective cell migration.178 The Ral-exocyst 
complex also interacts with aPKC to mediate 
JNK activation, phosphorylate paxillin at the 
leading edge, and regulate focal adhesion stabil-
ity.174 Proteome analysis of focal adhesions has 
reported the presence of RalA.179 Exocyst com-
ponent Exo70 also directly interacts with the 
Arp2/3 complex facilitating its interaction with 
WAVE2, promoting actin branching at the lae-
mellipodia edge in migrating cells.180 RalB, more 
than RalA, was also found essential for formation 
invadopodia in PDAC cell lines trough regulation 
of its effector RalBP1.166 In bladder cancer cells, 
indeed, active RalB is seen to promote cell migra-
tion.161 In breast cancer cell line, MDA-MB-231, 
however, loss of either Ral isoforms, was seen to 
inhibit their invasive phenotype.181 In cancers, 
RalGEFs and RalGAPs are, however, seen to reg-
ulate Ral activation and drive tumor cell migra-
tion. RalGDS in breast cancer cells,182 RalGAP-β 
and RalGAP-α2 in pancreatic cancer cell lines,61 
and RalGAP-α2 in bladder cancer cells183 all help 
mediate cell migration. This suggests differential 
regulation and role for RalA and RalB along cell 
migratory pathways in cancer cells.

7  Arf6 GTPase
Arf6 is the sole member of Class III Arf GTPases 
that is primarily localized at plasma membrane 
and recycling endosomal compartments184–186 
and to special structures like invadopodia in 
cancer cells.187, 188 Arf6 is seen to be essential 
for migration of variety of cell types, including 
Schwann cells,189 Smooth muscle cells,190 and sev-
eral epithelial cell lines.188, 191 Arf6 regulates cell 
migration, though several mechanisms include 
regulation of cortical actin reorganization,192 acti-
vation of Rac1,186 adherence junction turnover,191 
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membrane recycling,78 integrin recycling, and 
focal adhesion turnover.193 Arf6 activation itself is 
interestingly regulated by integrin-ECM engage-
ment downstream of RalA GTPase in mouse 
embryonic fibroblasts. The kinetics of adhesion-
dependent Arf6 activation suggests its regulation 
to also be rapid (like RalA).78, 79 This is medi-
ated by the recruitment of the Arf6 GEF ARNO 
by the Ral effector RalBP1.78, 164 IQGAP1 is also 
seen to act downstream of β1 integrins to regu-
late Arf6 activation possibly through the Arf6 
GEF HERC1.194 Arf6 is also a critical mediator of 
β1-integrin recycling detected in endothelial cells 
derived from Arf6 −/− mice195 and several other 
cell types, including mouse fibroblasts, human 
fibroblasts, ovarian carcinoma cells, and mela-
noma cells.78, 196–198 The β1 integrin recycling in 
these cells is tightly coupled to Arf6-mediated 
endocytosis of β3 integrins which regulates their 
surface levels and focal adhesion stability.197 The 
relative levels of β1 and β3 integrins, in turn, 
determine the speed and persistence of migrat-
ing cells.4 Arf6 controlled endocytosis of integrins 
is regulated by Dynamin,199 whereas its recycling 
is mediated by effectors PIP5K, exocyst complex, 
and Rab-11 interacting FIP3/4.200–202 Another 
Arf6 effector—GGA3—in association with sort-
ing nexin SNX17 ensures proper localization of 
integrins α2, α5, and β1, and prevents their lyso-
somal degradation.203

Apart from regulation of integrin traffick-
ing, another major contribution of Arf6 to cell 
migration is via its regulation of Rac1 activa-
tion.186, 204 Arf6 determines plasma membrane 
localization of RacGEF Kalirin176 and RacGAP 
FilGAP101 through direct GTP-dependent asso-
ciation. Another RacGEF DOCK180/ELMO com-
plex mediates Arf6-dependent Rac1 activation 
by mechanism not yet known.149 Arf6 effector 
Nm23H1 is also reported to compete for RacGEF 
Tiam1 and regulates its activity at cell–cell junc-
tions.199 IQGAP1 is also seen to act as important 
mediator of Arf6-dependent Rac-1 activation.194 
The integrin-RalA-Arf6 pathway is also seen to 
mediate the spatial delivery of raft microdomains 
that act as plasma membrane anchoring sites that 
mediate Rac activation.23, 79, 164 Arf6 promotes 
migration of epithelial cells by mediating E-cad-
herin trafficking and adherence junction turno-
ver.191, 199, 205 ArfGEF BRAG2 (GEP100) controls 
Arf6 activation in this pathway. BRAG2-activated 
Arf6 also promotes β1 integrin internalization 
through the microtubule motor protein MAP4K4 
leading to the disassembly of focal adhesions and 
endothelial cell migration.206–208 Arf GEF Cyto-
hesin2 (ARNO) (seen to work downstream of 

Ral) also directly interacts with paxillin to acti-
vate Arf6 and guide pre-adipocyte migration.209, 
210 Cytohesin2 associates with PIP2 to regulate β1 
integrin recycling as well.211

Like their GEFs, ArfGAP ACAP4, via inter-
action with Grb2, also mediates β1 integrin 
recycling and cell migration.212 Arf6 GAP Cen-
taurin α2 further regulates Arf6 inactivation at 
the PM to effect cortical actin reorganization.213 
ArfGAP1 interacts with non-phosphorylated 
α4 integrin and paxillin at the sides and rear of 
migrating cells to reduce Arf6 and Rac activa-
tion at these sites. This helps to facilitate the gen-
eration of the Rac activation gradient from the 
front of a migrating cell.214, 215 ArfGAP proteins 
ACAP1 and ARAP2 localize in distinct endoso-
mal compartments and have opposing effects on 
Arf6-dependent β1 integrin internalization and 
thereby focal adhesion stability.216, 217 Such a dis-
tinct localization of active Arf6 in two distinct 
vesicular compartments was also reported ear-
lier.199 This suggests that two subcellular pools of 
active Arf6 may be helping influence directional 
cell migration.216 A FRET-based Arf6 activity sen-
sor is available for Arf6 but has not been used to 
evaluate Arf6 activation in migrating cells.58

8  Crosstalk Between Small GTPases 
at the Lamellipodial Edge

Since small GTPases are known to activate over-
lapping pathways, their crosstalk provides the 
much needed regulatory control processes like 
cell migration need. The ability of RhoA and 
Rac to inhibit each other,84, 85 Cdc42 to activate 
Rac,218 Arf6 to activate Cdc42,219 Ral to activate 
Arf6,164 and the Ral-Arf6 crosstalk to regulate Rac 
activation at the plasma membrane 23, 79 all reveal 
the extent of their regulatory overlap (Fig. 1). 
Functionally, this overlap controls two major 
pathways in cells that actively affect cell migra-
tion, actin cytoskeletal reorganization, and vesic-
ular trafficking.

Such a crosstalk among GTPases is best char-
acterized between RhoA and Rac1 (Fig. 2) at the 
lamellipodial edge. The Rac–Rho crosstalk at the 
lamellipodial edge involves active Rac1-mediated 
binding of p190RhoGAP allowing it to directly 
suppress RhoA activity.220 Rac1-dependent gen-
eration of reactive oxygen species (ROS) inhibits 
the low molecular weight protein tyrosine phos-
phatase (LMW PTP) promoting p190RhoGAP 
phosphorylation and inhibition of Rho.221 The 
Rac effector p21 associated kinase (PAK) also 
contributes to its suppression of RhoA signal-
ing by regulating RhoA-specific GEFs p115,222 
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Figure 1: This schematic lists proteins (GEFs, GAPs, and adaptor proteins) that positively and negatively 
regulate the crosstalk between Rac1, RhoA, Cdc42, Ral, and Arf6 downstream of integrins to support cel‑
lular contractility and actin dynamics vital for cell migration. Direct effectors for each GTPase in this sche‑
matic are represented in the same color

Figure 2: Crosstalk between Rac‑1 and RhoA. This schematic lists proteins that positively and negatively 
regulate the crosstalk between Rac‑1 and RhoA. Arrows indicate positive regulation (activation), while 
closed lines indicate negative regulation (inhibition). Together, this crosstalk allows for the differential acti‑
vation of Rac and Rho to support lamellipodial protrusion and tail retraction in migrating cells (adapted 
from Guilluy et al. 227)
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Net1,223 and GEFH1.224 Rac-1 also undergoes 
nucleocytoplasmic shuttling, mediated by Nucle-
ophosmin-1, which, in turn, regulates cytosolic 
RhoA activation.102 Arf6 also regulates Rac1 acti-
vation by engaging multiple RacGEFs149, 176, 199 
as well as RacGAP FilGAP.225 Arf6 is also seen to 
work with RalA to mediate the exocytic delivery 
of raft microdomains to the plasma membrane, 
which, in turn, could support Rac-1 targeting 
to raft/non-raft boundaries promoting its acti-
vation.226 The spatial regulation of membrane 
trafficking and targeting could help restrict Rac 
activation and its crosstalk with Rho at the lamel-
lipodial edge.

The Rho–Rac crosstalk (Fig. 2) is, however, 
mediated by the Rho effector ROCK that phos-
phorylates FilGAP to inhibit Rac-1 activation.100 
FilGAP is, in turn, recruited through its interac-
tion with FilaminA100 and Arf6.225 Active Ral also 
binds FilaminA mediating its localization, which 
could further affect Rho mediated Rac-1 inhibi-
tion.170 Competition between Rho proteins for 
binding RhoGDI could also allow for one Rho 
protein to regulate the stability and/or activation 
of the other.227 In invasive rat adenocarcinoma 
cells, RhoA activation suppresses Rac1 activ-
ity to allow for Cdc42 to act as the predominant 
regulator of cell protrusion. Inhibition of RhoA 
in these cells causes Rac1 (instead of Cdc42) to 
mediate this protrusion. Hence, RhoA could also 
act as a mediator of Rac1 vs Cdc42 activity and 
downstream signaling.117 Spatial accumulation at 
the lamellipodial edge of Cdc42 and its GEF βPix 
is mediated by Arf6 dependent membrane exo-
cytosis.133 Ral GTPase as an upstream regulator 
of both Arf6164 and exocyst228, 229 could further 
support Cdc42 localization. A distinct pool of 
Cdc42 is also seen to exist at the Golgi which acts 
as a reservoir for its plasma membrane pool and 

could be trafficked by the Ral-Arf6 pathway.230 
Cdc42 effectors by binding Rac1 GEF Tiam1231 
and ArfGEF17 could also drive Rac1 activation 
during lamellipodium formation.218

Computational multiplexing correlates 
the spatiotemporal activation profiles of Rho 
GTPases with respect to membrane protrusion 
and retraction cycle in fibroblasts (Fig. 3). These 
results were also validated by simultaneous use of 
biosensors for up to two GTPases in a cell. They 
reveal that RhoA was activated at the protrud-
ing cell edge and its temporal activity correlated 
with the protrusion retraction cycle. Rac1 and 
Cdc42 on the other hand were activated after a 
lag of about 40 s after initiation of protrusion and 
at a distance of approximately 1.8 μM from the 
cell edge (Fig. 3).144 These studies indicated that, 
indeed, RhoA would function to initiate protru-
sion via actin reorganization simultaneously sup-
pressing Rac1 activation at cell edge. Inhibition of 
Rho accompanied by the activation of Rac1 and 
Cdc42 could allow for the reinforcement of pro-
trusive forces by acting on stable focal adhesions 
that are located about 2 μM from cell edge.144 
Regression analysis of Cdc42 and Rac1 activities 
has also demonstrated that their responses induce 
membrane protrusion but also cause membrane 
retraction in the perimeters. This analysis hence 
predicts a role for Rac1 in persistent migration 
and Cdc42 in random migration.232

9  Open Questions in the Field
Much of our understanding of the spatial and 
temporal regulation of small GTPases during 
cell migration is restricted to the leading edge of 
migrating cells. There again, this information is 
limited to small GTPases of the Rho family. With 
the emerging role for GTPases, like Ral and Arf6, 

Figure 3: This schematic illustrates the spatial and temporal activation of Rho GTPases (RhoA—red, 
Cdc42—green, and Rac‑1—blue) at the lamellipodial edge of a migrating cell during protrusion (arrows 
pointing up) and retraction or stalling (arrows pointing down). The coloring and shading indicate how acti‑
vation of RhoA, Rac, and Cdc42 changes over space and time after the initial induction of a protrusive 
edge. Rac‑1 activation (blue) is initiated as RhoA activation drops (red). This activation of Rac‑1 initially 
overlaps with Cdc42 activation (green), though Rac‑1 activation is sustained longer, fading into the next 
protrusion event (adapted from Machacek et al. and Welch et al.144, 239).
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in regulating Rho GTPases100, 101, 149, 170, 176, 177 
and membrane organization,78, 79, 233 understand-
ing their spatiotemporal regulation in a migrat-
ing cells remains of much interest. The dynamic 
nature of membrane organization and trafficking 
at the leading edge and the role of this could have 
also remained unexplored. As has been discussed 
in this review, the localization and role for small 
GTPases are also reported at the nucleus and at 
focal adhesions.73, 165, 217, 234 The role of the cross-
talk among these GTPase, seen at the lamellipo-
dia edge, which could have at these sites, is only 
beginning to emerge and needs further testing. 
The differential localization and role of GEFs 
and GAPs at sites of GTPase regulation and func-
tion are also an open question 135, 158, 235 which, 
however, is limited by the availability of reagents 
to detect and study many of these molecules. It is 
known that small GTPases have distinct roles in 
the regulation of random and directed migration 
in 2D matrices.232, 236 With cellular morphology, 
integrin-dependent focal adhesion organization 
and cellular migration being all distinctly dif-
ferent in cells growing in 3D,237, 238 the localiza-
tion, regulation, and role of small GTPases in this 
microenvironment could also be different and are 
hence of direct interest to the field.

Acknowledgements
NB is funded by a Senior Fellowship from the Wellcome Trust DBT 
India Alliance (WT_DBT_30711059). AP was supported by a fellow-
ship from the Council of Scientific and Industrial Research (CSIR), 
India, and is currently funded by IISER, Pune.

Received: 26 October 2016. Accepted: 8 November 2016
Published online: 28 February 2017

References
 1. Vicente-Manzanares M, Choi CK, Horwitz AR (2008) 

Integrins in cell migration—the actin connection. J Cell 

Sci 122:199–206

 2. Hynes RO (2002) Integrins: bidirectional, allosteric 

signaling machines. Cell 110:673–687

 3. Gabarra-Niecko V, Schaller MD, Dunty JM (2003) FAK 

regulates biological processes important for the patho-

genesis of cancer. Cancer Metastasis Rev 22:359–374

 4. Danen EHJ et al (2005) Integrins control motile 

strategy through a Rho-cofilin pathway. J Cell Biol 

169:515–526

 5. Huttenlocher A, Horwitz AR (2011) Integrins in cell 

migration. Cold Spring Harb Perspect Biol 3:a005074

 6. Friedl P, Wolf K (2010) Plasticity of cell migration: a 

multiscale tuning model. J Cell Biol 188:11–19

 7. Muller WA (2011) Mechanisms of leukocyte transen-

dothelial migration. Annu Rev Pathol 6:323–344

 8. Kassis J, Lauffenburger DA, Turner T, Wells A (2001) 

Tumor invasion as dysregulated cell motility. Semin 

Cancer Biol 11:105–117

 9. Ridley AJ et al (2003) Cell migration: integrating signals 

from front to back. Science 302:1704–1709

 10. Kim DH, Wirtz D (2013) Predicting how cells spread 

and migrate: focal adhesion size does matter. Cell Adhes 

Migr 7:293–296

 11. Galbraith CG, Yamada KM, Galbraith JA (2007) Polym-

erizing actin fibers position integrins primed to probe 

for adhesion sites. Science 315:992–995

 12. Gardel ML, Schneider IC, Aratyn-Schaus Y, Waterman 

CM (2010) Mechanical integration of actin and adhe-

sion dynamics in cell migration. Annu Rev Cell Dev 

Biol 26:315–333

 13. Wehrle-Haller B (2012) Assembly and disassembly of 

cell matrix adhesions. Curr Opin Cell Biol 24:569–581

 14. Caswell PT, Norman JC (2006) Integrin trafficking and 

the control of cell migration. Traffic 7:14–21

 15. Caswell P, Norman J (2008) Endocytic transport of 

integrins during cell migration and invasion. Trends 

Cell Biol 18:257–263

 16. Caswell PT, Vadrevu S, Norman JC (2009) Integrins: 

masters and slaves of endocytic transport. Nat Rev Mol 

Cell Biol 10:843–853

 17. Moser M, Nieswandt B, Ussar S, Pozgajova M, Fässler R 

(2008) Kindlin-3 is essential for integrin activation and 

platelet aggregation. Nat Med 14:325–330

 18. Shattil SJ, Kim C, Ginsberg MH (2010) The final steps 

of integrin activation: the end game. Nat Rev Mol Cell 

Biol 11:288–300

 19. Mitchison T, Cramer L (1996) Actin-based cell motility 

and cell locomotion. Cell 84:371–379

 20. Ridley AJ (2011) Life at the leading edge. Cell 

145:1012–1022

 21. Gómez-Moutón C et al (2004) Dynamic redistribution 

of raft domains as an organizing platform for signaling 

during cell chemotaxis. J Cell Biol 164:759–768

 22. Mañes S et al (2003) From rafts to crafts: mem-

brane asymmetry in moving cells. Trends Immunol 

24:319–325

 23. Del Pozo MA et al (2004) Integrins regulate Rac target-

ing by internalization of membrane domains. Sci (New 

York, NY) 303:839–842

 24. Norambuena A, Schwartz MA (2011) Effects of inte-

grin-mediated cell adhesion on plasma membrane 

lipid raft components and signaling. Mol Biol Cell 

22:3456–3464

 25. Giannone G et al (2007) Lamellipodial actin mechani-

cally links myosin activity with adhesion-site forma-

tion. Cell 128:561–575

 26. Choi CK et al (2008) Actin and α-actinin orchestrate 

the assembly and maturation of nascent adhesions in 

a myosin II motor-independent manner. Nat Cell Biol 

10:1039–1050



15

Integrin Dependent Regulation of Small GTPases: Role in Cell Migration

1 3J. Indian Inst. Sci. | VOL 97:1| 5–21 March 2017 | journal.iisc.ernet.in

 27. Jaffe AB, Hall A (2005) Rho GTPases: biochemistry and 

biology. Annu Rev Cell Dev Biol 21:247–269

 28. Spiering D, Hodgson L (2011) Dynamics of the rho-

family small GTPases in actin regulation and motility. 

Cell Adhes Migr 5:170–180

 29. Takai Y, Sasaki T, Matozaki T (2001) Small GTP-bind-

ing proteins. Physiol Rev 81:153–208

 30. Heasman SJ, Ridley AJ (2008) Mammalian Rho 

GTPases: new insights into their functions from in vivo 

studies. Nat Rev Mol Cell Biol 9:690–701

 31. D’Souza-Schorey C, Chavrier P (2006) ARF proteins: 

roles in membrane traffic and beyond. Nat Rev Mol 

Cell Biol 7:347–358

 32. Hodge RG, Ridley AJ (2016) Regulating Rho GTPases 

and their regulators. Nat Rev Mol Cell Biol 17:496–510

 33. Jackson CL, Bouvet S (2014) Arfs at a glance. J Cell Sci 

127:4103–4109

 34. ten Klooster JP, Hordijk PL (2007) Targeting and local-

ized signalling by small GTPases. Biol Cell 99:1–12

 35. Zhou Y, Johnson JL, Cerione RA, Erickson JW (2013) 

Prenylation and membrane localization of Cdc42 

are essential for activation by DOCK7. Biochemistry 

52:4354–4363

 36. Price LS, Leng J, Schwartz MA, Bokoch GM (1998) 

Activation of Rac and Cdc42 by integrins mediates cell 

spreading. Mol Biol Cell 9:1863–1871

 37. Wennerberg K, Rossman KL, Der CJ (2005) The Ras 

superfamily at a glance. J Cell Sci 118:843–846

 38. Zhang B, Zhang Y, Wang Z, Zheng Y (2000) The role of 

Mg2+ cofactor in the guanine nucleotide exchange and 

GTP hydrolysis reactions of Rho family GTP-binding 

proteins. J Biol Chem 275:25299–25307

 39. Sprang SR (1997) G proteins, effectors and GAPs: struc-

ture and mechanism. Curr Opin Struct Biol 7:849–856

 40. Sprang SR (1997) GAP into the breach. Science 

277:329–330

 41. Dovas A, Couchman JR (2005) RhoGDI: multiple func-

tions in the regulation of Rho family GTPase activities. 

Biochem J 390:1–9

 42. Gavriljuk K, Itzen A, Goody RS, Gerwert K, Kötting C 

(2013) Membrane extraction of Rab proteins by GDP 

dissociation inhibitor characterized using attenuated 

total reflection infrared spectroscopy. Proc Natl Acad 

Sci USA 110:13380–13385

 43. Lim K et al (2010) Aurora-A phosphorylates, activates, 

and relocalizes the small GTPase RalA. Mol Cell Biol 

30:508–523

 44. Martin TD, Mitin N, Cox AD, Yeh JJ, Der CJ (2012) 

Phosphorylation by protein kinase Cα regulates 

RalB small GTPase protein activation, subcellular 

localization, and effector utilization. J Biol Chem 

287:14827–14836

 45. Kwon T, Kwon DY, Chun J, Kim JH, Kang SS (2000) 

Akt protein kinase inhibits Rac1-GTP binding through 

phosphorylation at serine 71 of Rac1. J Biol Chem 

275:423–428

 46. Schoentaube J, Olling A, Tatge H, Just I, Gerhard R 

(2009) Serine-71 phosphorylation of Rac1/Cdc42 

diminishes the pathogenic effect of Clostridium difficile 

toxin A. Cell Microbiol 11:1816–1826

 47. Castillo-Lluva S et al (2010) SUMOylation of the 

GTPase Rac1 is required for optimal cell migration. Nat 

Cell Biol 12:1078–1085

 48. Akeda Y et al (2002) Dominant-negative Rho, Rac, 

and Cdc42 facilitate the invasion process of Vibrio 

parahaemolyticus into Caco-2 cells. Infect Immun 

70:970–973

 49. Jou TS, Nelson WJ (1998) Effects of regulated expres-

sion of mutant RhoA and Rac1 small GTPases on the 

development of epithelial (MDCK) cell polarity. J Cell 

Biol 142:85–100

 50. Sinnett-Smith J, Lunn JA, Leopoldt D, Rozengurt E 

(2001) Y-27632, an inhibitor of Rho-associated kinases, 

prevents tyrosine phosphorylation of focal adhesion 

kinase and paxillin induced by bombesin: dissociation 

from tyrosine phosphorylation of p130(CAS). Exp Cell 

Res 266:292–302

 51. Yoon H-Y, Bonifacino JS, Randazzo PA (2005) In vitro 

assays of Arf1 interaction with GGA proteins. Methods 

Enzymol 404:316–332

 52. Wolthuis RMF, Zwartkruis F, Moen TC, Bos JL (1998) 

Ras-dependent activation of the small GTPase Ral. Curr 

Biol 8:471–474

 53. Bustelo XR, Sauzeau V, Berenjeno IM (2007) GTP-

binding proteins of the Rho/Rac family: regulation, 

effectors and functions in vivo. BioEssays 29:356–370

 54. Pertz O, Hahn KM (2004) Designing biosensors for 

Rho family proteins–deciphering the dynamics of 

Rho family GTPase activation in living cells. J Cell Sci 

117:1313–1318

 55. Gardiner EM et al (2002) Spatial and temporal analy-

sis of Rac activation during live neutrophil chemotaxis. 

Curr Biol 12:2029–2034

 56. Pertz O, Hodgson L, Klemke RL, Hahn KM (2006) Spa-

tiotemporal dynamics of RhoA activity in migrating 

cells. Nature 440:1069–1072

 57. Tzima E, Kiosses WB, del Pozo MA, Schwartz MA 

(2003) Localized cdc42 activation, detected using a 

novel assay, mediates microtubule organizing center 

positioning in endothelial cells in response to fluid 

shear stress. J Biol Chem 278:31020–31023

 58. Hall B et al (2008) A fluorescence resonance energy 

transfer activation sensor for Arf6. Anal Biochem 

374:243–249

 59. Takaya A, Ohba Y, Kurokawa K, Matsuda M (2004) RalA 

activation at nascent lamellipodia of epidermal growth 

factor-stimulated Cos7 cells and migrating Madin-

Darby canine kidney cells. Mol Biol Cell 15:2549–2557

 60. Yoshizaki H, Aoki K, Nakamura T, Matsuda M (2006) 

Regulation of RalA GTPase by phosphatidylinositol 

3-kinase as visualized by FRET probes. Biochem Soc 

Trans 34:851–854



16

Archana Pawar and Nagaraj Balasubramanian

1 3 J. Indian Inst. Sci. | VOL 97:1| 5–21 March 2017 | journal.iisc.ernet.in

 61. Martin TD et al (2014) Ral and Rheb GTPase activat-

ing proteins integrate mTOR and GTPase signaling in 

aging, autophagy, and tumor cell invasion. Mol Cell 

53:209–220

 62. Hall A (2012) Rho family GTPases. Biochem Soc Trans 

40:1378–1382

 63. Shirsat NV, Pignolo RJ, Kreider BL, Rovera G (1990) A 

member of the ras gene superfamily is expressed specif-

ically in T, B and myeloid hemopoietic cells. Oncogene 

5:769–772

 64. Bolis A, Corbetta S, Cioce A, de Curtis I (2003) Dif-

ferential distribution of Rac1 and Rac3 GTPases in 

the developing mouse brain: implications for a role of 

Rac3 in Purkinje cell differentiation. Eur J Neurosci 

18:2417–2424

 65. O’Brien LE et al (2001) Rac1 orientates epithelial apical 

polarity through effects on basolateral laminin assem-

bly. Nat Cell Biol 3:831–838

 66. Ehrlich JS, Hansen MDH, Nelson WJ (2002) Spatio-

temporal regulation of Rac1 localization and lamellipo-

dia dynamics during epithelial cell–cell adhesion. Dev 

Cell 3:259–270

 67. Wittmann T, Bokoch GM, Waterman-Storer CM 

(2004) Regulation of microtubule destabilizing activ-

ity of Op18/stathmin downstream of Rac1. J Biol Chem 

279:6196–6203

 68. Tapon N, Hall A (1997) Rho, Rac and Cdc42 GTPases 

regulate the organization of the actin cytoskeleton. 

Curr Opin Cell Biol 9:86–92

 69. ten Klooster JP, Jaffer ZM, Chernoff J, Hordijk PL 

(2006) Targeting and activation of Rac1 are mediated 

by the exchange factor beta-Pix. J Cell Biol 172:759–769

 70. Kraynov VS et al (2000) Localized Rac activation 

dynamics visualized in living cells. Science 290:333–337

 71. Palamidessi A et al (2008) Endocytic trafficking of Rac 

is required for the spatial restriction of signaling in cell 

migration. Cell 134:135–147

 72. Nakagawa M, Fukata M, Yamaga M, Itoh N, Kaibuchi K 

(2001) Recruitment and activation of Rac1 by the for-

mation of E-cadherin-mediated cell-cell adhesion sites. 

J Cell Sci 114:1829–1838

 73. Lanning CC, Ruiz-Velasco R, Williams CL (2003) Novel 

mechanism of the co-regulation of nuclear transport of 

SmgGDS and Rac1. J Biol Chem 278:12495–12506

 74. Chang F, Lemmon CA, Park D, Romer LH (2007) FAK 

potentiates Rac1 activation and localization to matrix 

adhesion sites: a role for betaPIX. Mol Biol Cell 18:253–264

 75. Navarro-Lérida I et al (2012) A palmitoylation switch 

mechanism regulates Rac1 function and membrane 

organization. EMBO J 31:534–551

 76. Michaelson D et al (2001) Differential localization of 

Rho GTPases in live cells: regulation by hypervariable 

regions and RhoGDI binding. J Cell Biol 152:111–126

 77. Castro-Castro A et al (2011) Coronin 1A promotes a 

cytoskeletal-based feedback loop that facilitates Rac1 

translocation and activation. EMBO J 30:3913–3927

 78. Balasubramanian N, Scott DW, Castle JD, Casanova JE, 

Schwartz MA (2007) Arf6 and microtubules in adhe-

sion-dependent trafficking of lipid rafts. Nat Cell Biol 

9:1381–1391

 79. Balasubramanian N et al (2010) RalA-exocyst complex 

regulates integrin-dependent membrane Raft exocyto-

sis and growth signaling. Curr Biol 20:75–79

 80. Chao W-T, Daquinag AC, Ashcroft F, Kunz J (2010) 

Type I PIPK-alpha regulates directed cell migration by 

modulating Rac1 plasma membrane targeting and acti-

vation. J Cell Biol 190:247–262

 81. Hong I-K, Jeoung D-I, Ha K-S, Kim Y-M, Lee H (2012) 

Tetraspanin CD151 stimulates adhesion-depend-

ent activation of Ras, Rac, and Cdc42 by facilitating 

molecular association between β1 integrins and small 

GTPases. J Biol Chem 287:32027–32039

 82. Wang S et al (2012) Tiam1 interaction with the PAR 

complex promotes talin-mediated Rac1 activation dur-

ing polarized cell migration. J Cell Biol 199:331–345

 83. Johnsson A-KE et al (2014) The Rac-FRET mouse 

reveals tight spatiotemporal control of Rac activity in 

primary cells and tissues. Cell Rep. 6:1153–1164

 84. Sander EE, ten Klooster JP, van Delft S, van der Kam-

men RA, Collard JG (1999) Rac downregulates Rho 

activity: reciprocal balance between both GTPases 

determines cellular morphology and migratory behav-

ior. J Cell Biol 147:1009–1022

 85. Lawson CD, Burridge K (2014) The on-off relationship 

of Rho and Rac during integrin-mediated adhesion and 

cell migration. Small GTPases 5:e27958

 86. Faix J, Breitsprecher D, Stradal TEB, Rottner K (2009) 

Filopodia: complex models for simple rods. Int J Bio-

chem Cell Biol 41:1656–1664

 87. Le Clainche C, Carlier M-F (2008) Regulation of actin 

assembly associated with protrusion and adhesion in 

cell migration. Physiol Rev 88:489–513

 88. Takahashi K, Suzuki K (2009) Membrane transport of 

WAVE2 and lamellipodia formation require Pak1 that 

mediates phosphorylation and recruitment of stath-

min/Op18 to Pak1-WAVE2-kinesin complex. Cell Sig-

nal 21:695–703

 89. Lebensohn AM, Kirschner MW (2009) Activation of 

the WAVE complex by coincident signals controls actin 

assembly. Mol Cell 36:512–524

 90. Lammers M, Meyer S, Kühlmann D, Witting-

hofer A (2008) Specificity of interactions between 

mDia isoforms and Rho proteins. J Biol Chem 

283:35236–35246

 91. Delorme V et al (2007) Cofilin activity downstream of 

Pak1 regulates cell protrusion efficiency by organizing 

lamellipodium and lamella actin networks. Dev Cell 

13:646–662

 92. van Leeuwen FN, van Delft S, Kain HE, van der Kam-

men RA, Collard JG (1999) Rac regulates phosphoryla-

tion of the myosin-II heavy chain, actinomyosin disas-

sembly and cell spreading. Nat Cell Biol 1:242–248



17

Integrin Dependent Regulation of Small GTPases: Role in Cell Migration

1 3J. Indian Inst. Sci. | VOL 97:1| 5–21 March 2017 | journal.iisc.ernet.in

 93. Jean L et al (2013) Activation of Rac by Asef2 promotes 

myosin II-dependent contractility to inhibit cell migra-

tion on type I collagen. J Cell Sci 126:5585–5597

 94. Marei H et al (2016) Differential Rac1 signalling by gua-

nine nucleotide exchange factors implicates FLII in regu-

lating Rac1-driven cell migration. Nat Commun 7:10664

 95. Sanders LC, Matsumura F, Bokoch GM, de Lanerolle 

P (1999) Inhibition of myosin light chain kinase by 

p21-activated kinase. Science 283:2083–2085

 96. Fukata M et al (2001) Involvement of IQGAP1, an 

effector of Rac1 and Cdc42 GTPases, in cell-cell dissoci-

ation during cell scattering. Mol Cell Biol 21:2165–2183

 97. Le Clainche C et al (2007) IQGAP1 stimulates actin 

assembly through the N-WASP-Arp2/3 pathway. J Biol 

Chem 282:426–435

 98. Benseñor LB et al (2007) IQGAP1 regulates cell motil-

ity by linking growth factor signaling to actin assembly. 

J Cell Sci 120:658–669

 99. Imaoka H et al (2015) RacGAP1 expression, increasing 

tumor malignant potential, as a predictive biomarker 

for lymph node metastasis and poor prognosis in colo-

rectal cancer. Carcinogenesis 36:346–354

 100. Ohta Y, Hartwig JH, Stossel TP (2006) FilGAP, a Rho- 

and ROCK-regulated GAP for Rac binds filamin A to 

control actin remodelling. Nat Cell Biol 8:803–814

 101. Kawaguchi K, Saito K, Asami H, Ohta Y (2014) ADP 

ribosylation factor 6 (Arf6) acts through FilGAP pro-

tein to down-regulate Rac protein and regulates plasma 

membrane blebbing. J Biol Chem 289:9675–9682

 102. Navarro-Lérida I et al (2015) Rac1 nucleocytoplasmic 

shuttling drives nuclear shape changes and tumor inva-

sion. Dev Cell 32:318–334

 103. Wheeler AP, Ridley AJ (2004) Why three Rho proteins? 

RhoA, RhoB, RhoC, and cell motility. Exp Cell Res 

301:43–49

 104. Adamson P, Paterson HF, Hall A (1992) Intracel-

lular localization of the P21rho proteins. J Cell Biol 

119:617–627

 105. Ren XD, Kiosses WB, Schwartz MA (1999) Regulation 

of the small GTP-binding protein Rho by cell adhesion 

and the cytoskeleton. EMBO J 18:578–585

 106. Arthur WT, Petch LA, Burridge K (2000) Integrin 

engagement suppresses RhoA activity via a c-Src-

dependent mechanism. Curr Biol 10:719–722

 107. Arthur WT, Burridge K (2001) RhoA inactivation by 

p190RhoGAP regulates cell spreading and migration 

by promoting membrane protrusion and polarity. Mol 

Biol Cell 12:2711–2720

 108. Dib K, Melander F, Andersson T (2001) Role of 

p190RhoGAP in beta 2 integrin regulation of RhoA in 

human neutrophils. J Immunol 166:6311–6322

 109. Del Pozo MA et al (2002) Integrins regulate GTP-Rac 

localized effector interactions through dissociation of 

Rho-GDI. Nat Cell Biol 4:232–239

 110. Dubash AD et al (2007) A novel role for Lsc/

p115 RhoGEF and LARG in regulating RhoA 

activity downstream of adhesion to fibronectin. J Cell 

Sci 120:3989–3998

 111. Lim Y et al (2008) PyK2 and FAK connections to 

p190Rho guanine nucleotide exchange factor regulate 

RhoA activity, focal adhesion formation, and cell motil-

ity. J Cell Biol 180:187–203

 112. Schiller HB et al (2013) β1- and αv-class integrins 

cooperate to regulate myosin II during rigidity sensing 

of fibronectin-based microenvironments. Nat Cell Biol 

15:625–636

 113. Guilluy C et al (2011) The Rho GEFs LARG and GEF-

H1 regulate the mechanical response to force on integ-

rins. Nat Cell Biol 13:722–727

 114. Nalbant P, Chang Y-C, Birkenfeld J, Chang Z-F, Bokoch 

GM (2009) Guanine nucleotide exchange factor-H1 

regulates cell migration via localized activation of RhoA 

at the leading edge. Mol Biol Cell 20:4070–4082

 115. Burridge K, Wennerberg K (2004) Rho and Rac take 

center stage. Cell 116:167–179

 116. Kurokawa K, Nakamura T, Aoki K, Matsuda M (2005) 

Mechanism and role of localized activation of Rho-

family GTPases in growth factor-stimulated fibroblasts 

and neuronal cells. Biochem Soc Trans 33:631–634

 117. El-Sibai M et al (2008) RhoA/ROCK-mediated switch-

ing between Cdc42- and Rac1-dependent protrusion in 

MTLn3 carcinoma cells. Exp Cell Res 314:1540–1552

 118. Pertz O (2010) Spatio-temporal Rho GTPase signal-

ing—where are we now? J Cell Sci 123:1841–1850

 119. Kimura K et al (1996) Regulation of myosin phos-

phatase by Rho and Rho-associated kinase (Rho-

Kinase). Science 273:245–248

 120. Yamana N et al (2006) The Rho-mDia1 pathway 

regulates cell polarity and focal adhesion turnover in 

migrating cells through mobilizing Apc and c-Src. Mol 

Cell Biol 26:6844–6858

 121. Ishizaki T et al (2001) Coordination of microtubules 

and the actin cytoskeleton by the Rho effector mDia1. 

Nat Cell Biol 3:8–14

 122. Watanabe N, Kato T, Fujita A, Ishizaki T, Narumiya S 

(1999) Cooperation between mDia1 and ROCK in Rho-

induced actin reorganization. Nat Cell Biol 1:136–143

 123. Vega FM, Fruhwirth G, Ng T, Ridley AJ (2011) RhoA and 

RhoC have distinct roles in migration and invasion by 

acting through different targets. J Cell Biol 193:655–665

 124. Vega FM, Colomba A, Reymond N, Thomas M, Rid-

ley AJ (2012) RhoB regulates cell migration through 

altered focal adhesion dynamics. Open Biol 2:120076

 125. Bousquet E et al (2016) RhoB loss induces Rac1-

dependent mesenchymal cell invasion in lung cells 

through PP2A inhibition. Oncogene 35:1760–1769

 126. Chen W et al (2016) RhoB acts as a tumor suppressor 

that inhibits malignancy of clear cell renal cell carci-

noma. PLoS ONE 11:e0157599

 127. Bousquet E et al (2009) Loss of RhoB expression pro-

motes migration and invasion of human bronchial cells 

via activation of AKT1. Cancer Res 69:6092–6099



18

Archana Pawar and Nagaraj Balasubramanian

1 3 J. Indian Inst. Sci. | VOL 97:1| 5–21 March 2017 | journal.iisc.ernet.in

 128. Prendergast GC (2001) Actin’ up: RhoB in cancer and 

apoptosis. Nat Rev Cancer 1:162–168

 129. Zawistowski JS, Sabouri-Ghomi M, Danuser G, Hahn 

KM, Hodgson L (2013) A RhoC biosensor reveals dif-

ferences in the activation kinetics of RhoA and RhoC in 

migrating cells. PLoS ONE 8:e79877

 130. Lin M et al (2005) Regulation of pancreatic cancer cell 

migration and invasion by RhoC GTPase and Caveo-

lin-1. Mol Cancer 4:21

 131. Johnson DI, Pringle JR (1990) Molecular charac-

terization of CDC42, a Saccharomyces cerevisiae gene 

involved in the development of cell polarity. J Cell Biol 

111:143–152

 132. Etienne-Manneville S, Hall A (2001) Integrin-mediated 

activation of Cdc42 controls cell polarity in migrating 

astrocytes through PKCζ. Cell 106:489–498

 133. Osmani N, Peglion F, Chavrier P, Etienne-Manneville S 

(2010) Cdc42 localization and cell polarity depend on 

membrane traffic. J Cell Biol 191:1261–1269

 134. Gakidis MAM et al (2004) Vav GEFs are required for 

beta2 integrin-dependent functions of neutrophils. J 

Cell Biol 166:273–282

 135. Kutys ML, Yamada KM (2014) An extracellular-matrix-

specific GEF–GAP interaction regulates Rho GTPase 

crosstalk for 3D collagen migration. Nat Cell Biol 

16:909–917

 136. Reyes SB et al (2013) αvβ8 integrin interacts with 

RhoGDI1 to regulate Rac1 and Cdc42 activation 

and drive glioblastoma cell invasion. Mol Biol Cell 

24:474–482

 137. Reymond N et al (2012) Cdc42 promotes transen-

dothelial migration of cancer cells through β1 integrin. 

J Cell Biol 199:653–668

 138. Bialkowska K, Zaffran Y, Meyer SC, Fox JEB (2003) 

14-3-3 zeta mediates integrin-induced activation of 

Cdc42 and Rac. Platelet glycoprotein Ib-IX regulates 

integrin-induced signaling by sequestering 14-3-3 zeta. 

J Biol Chem 278:33342–33350

 139. Das M et al (2015) Phosphorylation-dependent inhibi-

tion of Cdc42 GEF Gef1 by 14-3-3 protein Rad24 spatially 

regulates Cdc42 GTPase activity and oscillatory dynamics 

during cell morphogenesis. Mol Biol Cell 26:3520–3534

 140. Deakin NO et al (2009) An integrin-alpha4-14-3-3zeta-

paxillin ternary complex mediates localised Cdc42 

activity and accelerates cell migration. J Cell Sci 

122:1654–1664

 141. Nobes CD, Hall A (1999) Rho GTPases control polarity, 

protrusion, and adhesion during cell movement. J Cell 

Biol 144:1235–1244

 142. Schwamborn JC, Püschel AW (2004) The sequential 

activity of the GTPases Rap1B and Cdc42 determines 

neuronal polarity. Nat Neurosci 7:923–929

 143. O’Neill PR, Kalyanaraman V, Gautam N (2016) Subcel-

lular optogenetic activation of Cdc42 controls local and 

distal signaling to drive immune cell migration. Mol 

Biol Cell 27:1442–1450

 144. Machacek M et al (2009) Coordination of Rho GTPase 

activities during cell protrusion. Nature 461:99–103

 145. Nalbant P, Hodgson L, Kraynov V, Toutchkine A, Hahn 

KM (2004) Activation of endogenous Cdc42 visualized 

in living cells. Science 305:1615–1619

 146. Hodgson L et al (2016) FRET binding antenna reports 

spatiotemporal dynamics of GDI–Cdc42 GTPase inter-

actions. Nat Chem Biol 12:802–809

 147. Nern A, Arkowitz RA (2000) Nucleocytoplasmic shut-

tling of the Cdc42p exchange factor Cdc24p. J Cell Biol 

148:1115–1122

 148. Shimada Y, Gulli M-P, Peter M (2000) Nuclear seques-

tration of the exchange factor Cdc24 by Far1 regu-

lates cell polarity during yeast mating. Nat Cell Biol 

2:117–124

 149. Santy LC, Ravichandran KS, Casanova JE (2005) The 

DOCK180/Elmo complex couples ARNO-mediated 

Arf6 activation to the downstream activation of Rac1. 

Curr Biol 15:1749–1754

 150. Pegtel DM et al (2007) The Par-Tiam1 complex con-

trols persistent migration by stabilizing microtubule-

dependent front-rear polarity. Curr Biol 17:1623–1634

 151. Wedlich-Soldner R, Wai SC, Schmidt T, Li R (2004) 

Robust cell polarity is a dynamic state established by 

coupling transport and GTPase signaling. J Cell Biol 

166:889–900

 152. Gotlieb AI, May LM, Subrahmanyan L, Kalnins VI 

(1981) Distribution of microtubule organizing cent-

ers in migrating sheets of endothelial cells. J Cell Biol 

91:589–594

 153. Kupfer A, Louvard D, Singer SJ (1982) Polarization of 

the Golgi apparatus and the microtubule-organizing 

center in cultured fibroblasts at the edge of an experi-

mental wound. Proc Natl Acad Sci USA 79:2603–2607

 154. Bergmann JE, Kupfer A, Singer SJ (1983) Membrane 

insertion at the leading edge of motile fibroblasts. Proc 

Natl Acad Sci USA 80:1367–1371

 155. Etienne-Manneville S, Hall A (2003) Cdc42 regulates 

GSK-3β and adenomatous polyposis coli to control cell 

polarity. Nature 421:753–756

 156. Cau J, Hall A (2005) Cdc42 controls the polarity of 

the actin and microtubule cytoskeletons through 

two distinct signal transduction pathways. J Cell Sci 

118:2579–2587

 157. Gomes ER, Jani S, Gundersen GG (2005) Nuclear 

movement regulated by Cdc42, MRCK, myosin, and 

actin flow establishes MTOC polarization in migrating 

cells. Cell 121:451–463

 158. Cascone I et al (2008) Distinct roles of RalA and RalB 

in the progression of cytokinesis are supported by dis-

tinct RalGEFs. EMBO J 27:2375–2387

 159. Kashatus DF et al (2011) RALA and RALBP1 regu-

late mitochondrial fission at mitosis. Nat Cell Biol 

13:1108–1115

 160. Chien Y et al (2006) RalB GTPase-mediated acti-

vation of the IkappaB family kinase TBK1 couples 



19

Integrin Dependent Regulation of Small GTPases: Role in Cell Migration

1 3J. Indian Inst. Sci. | VOL 97:1| 5–21 March 2017 | journal.iisc.ernet.in

innate immune signaling to tumor cell survival. Cell 

127:157–170

 161. Oxford G et al (2005) RalA and RalB: antagonistic rela-

tives in cancer cell migration. Cancer Res 65:7111–7120

 162. Neel NF et al (2011) The RalGEF-Ral effector signaling 

network: the road less traveled for anti-ras drug discov-

ery. Genes Cancer 2:275–287

 163. Li Z, Zhang Y, Kim WJ, Daaka Y (2013) PGE2 promotes 

renal carcinoma cell invasion through activated RalA. 

Oncogene 32:1408–1415

 164. Pawar A et al (2016) Ral-Arf6 crosstalk regulates Ral 

dependent exocyst trafficking and anchorage independ-

ent growth signalling. Cell Signal 28:1225–1236

 165. Spiczka KS, Yeaman C (2008) Ral-regulated interaction 

between Sec5 and paxillin targets Exocyst to focal com-

plexes during cell migration. J Cell Sci 121:2880–2891

 166. Neel NF et al (2012) The RalB Small GTPase mediates 

formation of invadopodia through a GTPase-activating 

protein-independent function of the RalBP1/RLIP76 

effector. Mol Cell Biol 32:1374–1386

 167. Yoshizaki H, Mochizuki N, Gotoh Y, Matsuda M (2007) 

Akt-PDK1 complex mediates epidermal growth factor-

induced membrane protrusion through Ral activation. 

Mol Biol Cell 18:119–128

 168. Matsubara K et al (1999) Plasma membrane recruit-

ment of RalGDS is critical for Ras-dependent Ral acti-

vation. Oncogene 18:1303–1312

 169. Kim H, McCulloch CA (2011) Filamin A mediates 

interactions between cytoskeletal proteins that control 

cell adhesion. FEBS Lett 585:18–22

 170. Ohta Y, Suzuki N, Nakamura S, Hartwig JH, Stossel TP 

(1999) The small GTPase RalA targets filamin to induce 

filopodia. Proc Natl Acad Sci USA 96:2122–2128

 171. Fukai S, Matern HT, Jagath JR, Scheller RH, Brunger 

AT (2003) Structural basis of the interaction between 

RalA and Sec5, a subunit of the sec6/8 complex. EMBO 

J 22:3267–3278

 172. Moskalenko S et al (2003) Ral GTPases regulate exo-

cyst assembly through dual subunit interactions. J Biol 

Chem 278:51743–51748

 173. Sugihara K et al (2002) The exocyst complex binds the 

small GTPase RalA to mediate filopodia formation. Nat 

Cell Biol 4:73–78

 174. Rossé C et al (2006) RalB mobilizes the exocyst to drive 

cell migration. Mol Cell Biol 26:727–734

 175. Thapa N et al (2012) Phosphoinositide signaling regu-

lates the exocyst complex and polarized integrin traffick-

ing in directionally migrating cells. Dev Cell 22:116–130

 176. Koo TH, Eipper BA, Donaldson JG (2007) Arf6 recruits 

the Rac GEF Kalirin to the plasma membrane facilitat-

ing Rac activation. BMC Cell Biol. 8:29

 177. Biondini M et al (2015) RalB regulates contractility-

driven cancer dissemination upon TGFβ stimulation 

via the RhoGEF GEF-H1. Sci Rep 5:11759

 178. Hazelett CC, Yeaman C (2012) Sec5 and Exo84 medi-

ate distinct aspects of RalA-dependent cell polarization. 

PLoS ONE 7:e39602

 179. Kuo J-C, Han X, Hsiao C-T, Yates JR III, Waterman 

CM (2011) Analysis of the myosin-II-responsive focal 

adhesion proteome reveals a role for β-Pix in negative 

regulation of focal adhesion maturation. Nat Cell Biol 

13:383–393

 180. Liu J et al (2012) Exo70 stimulates the Arp2/3 complex 

for lamellipodia formation and directional cell migra-

tion. Curr Biol 22:1510–1515

 181. Li TT et al (2009) Beta-arrestin/Ral signaling regu-

lates lysophosphatidic acid-mediated migration and 

invasion of human breast tumor cells. Mol Cancer Res 

7:1064–1077

 182. Wang Z et al (2015) RILP suppresses invasion of breast 

cancer cells by modulating the activity of RalA through 

interaction with RalGDS. Cell Death Dis 6:e1923

 183. Saito R et al (2013) Downregulation of Ral GTPase-

activating protein promotes tumor invasion and metas-

tasis of bladder cancer. Oncogene 32:894–902

 184. Yang CZ, Heimberg H, D’Souza-Schorey C, Mueck-

ler MM, Stahl PD (1998) Subcellular distribution 

and differential expression of endogenous ADP-

ribosylation factor 6 in mammalian cells. J Biol Chem 

273:4006–4011

 185. D’Souza-Schorey C et al (1998) ARF6 targets recycling 

vesicles to the plasma membrane: insights from an 

ultrastructural investigation. J Cell Biol 140:603–616

 186. Santy LC, Casanova JE (2001) Activation of ARF6 by 

ARNO stimulates epithelial cell migration through 

downstream activation of both Rac1 and phospholipase 

D. J Cell Biol 154:599–610

 187. Tague SE, Muralidharan V, D’Souza-Schorey C (2004) 

ADP-ribosylation factor 6 regulates tumor cell invasion 

through the activation of the MEK/ERK signaling path-

way. Proc Natl Acad Sci USA 101:9671–9676

 188. Hashimoto S et al (2004) Requirement for Arf6 in 

breast cancer invasive activities. Proc Natl Acad Sci USA 

101:6647–6652

 189. Miyamoto Y et al (2013) Signaling through Arf6 gua-

nine-nucleotide exchange factor cytohesin-1 regulates 

migration in Schwann cells. Cell Signal 25:1379–1387

 190. Charles R, Namkung Y, Cotton M, Laporte SA, Claing 

A (2016) β-Arrestin-mediated angiotensin II signaling 

controls the activation of ARF6 protein and endocyto-

sis in migration of vascular smooth muscle cells. J Biol 

Chem 291:3967–3981

 191. Palacios F, Price L, Schweitzer J, Collard JG, D’Souza-

Schorey C (2001) An essential role for ARF6-regulated 

membrane traffic in adherens junction turnover and 

epithelial cell migration. EMBO J 20:4973–4986

 192. Donaldson JG (2002) Arf6 and its role in cytoskeletal 

modulation. Methods Mol Biol 189:191–198



20

Archana Pawar and Nagaraj Balasubramanian

1 3 J. Indian Inst. Sci. | VOL 97:1| 5–21 March 2017 | journal.iisc.ernet.in

 193. Powelka AM et al (2004) Stimulation-dependent recy-

cling of integrin beta1 regulated by ARF6 and Rab11. 

Traffic 5:20–36

 194. Jacquemet G, Humphries MJ (2013) IQGAP1 is a key 

node within the small GTPase network. Small GTPases 

4:199–207

 195. Hongu T et al (2015) Arf6 regulates tumour angiogen-

esis and growth through HGF-induced endothelial β1 

integrin recycling. Nat Commun 6:7925

 196. Moravec R, Conger KK, D’Souza R, Allison AB, Casa-

nova JE (2012) BRAG2/GEP100/IQSec1 interacts 

with clathrin and regulates α5β1 integrin endocytosis 

through activation of ADP ribosylation factor 5 (Arf5). 

J Biol Chem 287:31138–31147

 197. Morgan MR et al (2013) Syndecan-4 phosphoryla-

tion is a control point for integrin recycling. Dev Cell 

24:472–485

 198. Arjonen A, Alanko J, Veltel S, Ivaska J (2012) Distinct 

recycling of active and inactive β1 integrins. Traffic 

13:610–625

 199. Palacios F, Schweitzer JK, Boshans RL, D’Souza-Schorey 

C (2002) ARF6-GTP recruits Nm23-H1 to facilitate 

dynamin-mediated endocytosis during adherens junc-

tions disassembly. Nat Cell Biol 4:929–936

 200. Fielding AB et al (2005) Rab11-FIP3 and FIP4 interact 

with Arf6 and the Exocyst to control membrane traffic 

in cytokinesis. EMBO J 24:3389–3399

 201. Honda A et al (1999) Phosphatidylinositol 4-phosphate 

5-kinase alpha is a downstream effector of the small 

G protein ARF6 in membrane ruffle formation. Cell 

99:521–532

 202. Prigent M et al (2003) ARF6 controls post-endocytic 

recycling through its downstream exocyst complex 

effector. J Biol Chem 163:1111–1121

 203. Ratcliffe CDH, Sahgal P, Parachoniak CA, Ivaska J, Park 

M (2016) Regulation of cell migration and β1 integrin 

trafficking by the endosomal adaptor GGA3. Traffic 

17:670–688

 204. Marchesin V, Montagnac G, Chavrier P (2015) ARF6 

promotes the formation of Rac1 and WAVE-dependent 

ventral F-actin rosettes in breast cancer cells in response 

to epidermal growth factor. PLoS ONE 10:e0121747

 205. Hiroi T, Someya A, Thompson W, Moss J, Vaughan M 

(2006) GEP100/BRAG2: activator of ADP-ribosyla-

tion factor 6 for regulation of cell adhesion and actin 

cytoskeleton via E-cadherin and alpha-catenin. Proc 

Natl Acad Sci USA 103:10672–10677

 206. Dunphy JL et al (2006) The Arf6 GEF GEP100/BRAG2 

regulates cell adhesion by controlling endocytosis of 

beta-1 integrins. Curr Biol 16:315–320

 207. Yue J et al (2014) Microtubules regulate focal adhesion 

dynamics through MAP4K4. Dev Cell 31:572–585

 208. Manavski Y et al (2014) Brag2 differentially regulates 

β1- and β3-integrin-dependent adhesion in endothelial 

cells and is involved in developmental and pathological 

angiogenesis. Basic Res Cardiol 109:404

 209. Davies JCB, Tamaddon-Jahromi S, Jannoo R, Kanamar-

lapudi V (2014) Cytohesin 2/ARF6 regulates preadipo-

cyte migration through the activation of ERK1/2. Bio-

chem Pharmacol 92:651–660

 210. Torii T et al (2010) Cytohesin-2/ARNO, through its 

interaction with focal adhesion adaptor protein paxillin, 

regulates preadipocyte migration via the downstream 

activation of Arf6. J Biol Chem 285:24270–24281

 211. Oh SJ, Santy LC (2010) Differential effects of cytohes-

ins 2 and 3 on beta1 integrin recycling. J Biol Chem 

285:14610–14616

 212. Yu X et al (2011) ACAP4 protein cooperates with Grb2 

protein to orchestrate epidermal growth factor-stim-

ulated integrin β1 recycling in cell migration. J Biol 

Chem 286:43735–43747

 213. Venkateswarlu K, Brandom KG, Yun H (2007) PI-3-ki-

nase-dependent membrane recruitment of centaurin-

alpha2 is essential for its effect on ARF6-mediated actin 

cytoskeleton reorganisation. J Cell Sci 120:792–801

 214. Nishiya N, Kiosses WB, Han J, Ginsberg MH (2005) An 

alpha4 integrin-paxillin-Arf-GAP complex restricts Rac 

activation to the leading edge of migrating cells. Nat 

Cell Biol 7:343–352

 215. Goldfinger LE, Han J, Kiosses WB, Howe AK, Gins-

berg MH (2003) Spatial restriction of alpha4 integ-

rin phosphorylation regulates lamellipodial stability 

and alpha4beta1-dependent cell migration. J Cell Biol 

162:731–741

 216. Chen P-W, Luo R, Jian X, Randazzo PA (2014) The Arf6 

GTPase-activating proteins ARAP2 and ACAP1 define 

distinct endosomal compartments that regulate integ-

rin α5β1 traffic. J Biol Chem 289:30237–30248

 217. Chen P-W, Jian X, Yoon H-Y, Randazzo PA (2013) 

ARAP2 signals through Arf6 and Rac1 to control focal 

adhesion morphology. J Biol Chem 288:5849–5860

 218. Nishimura T et al (2005) PAR-6-PAR-3 mediates 

Cdc42-induced Rac activation through the Rac GEFs 

STEF/Tiam1. Nat Cell Biol 7:270–277

 219. Ikenouchi J, Umeda M (2010) FRMD4A regulates epi-

thelial polarity by connecting Arf6 activation with the 

PAR complex. Proc Natl Acad Sci USA 107:748–753

 220. Bustos RI, Forget M-A, Settleman JE, Hansen SH 

(2008) Coordination of Rho and Rac GTPase function 

via p190B RhoGAP. Curr Biol 18:1606–1611

 221. Nimnual AS, Taylor LJ, Bar-Sagi D (2003) Redox-

dependent downregulation of Rho by Rac. Nat Cell Biol 

5:236–241

 222. Rosenfeldt H, Castellone MD, Randazzo PA, Gutkind JS 

(2006) Rac inhibits thrombin-induced Rho activation: 

evidence of a Pak-dependent GTPase crosstalk. J Mol 

Signal 1:8

 223. Barac A et al (2004) Direct interaction of p21-activated 

kinase 4 with PDZ-RhoGEF, a G protein-linked Rho 

guanine exchange factor. J Biol Chem 279:6182–6189



21

Integrin Dependent Regulation of Small GTPases: Role in Cell Migration

1 3J. Indian Inst. Sci. | VOL 97:1| 5–21 March 2017 | journal.iisc.ernet.in

 224. Callow MG, Zozulya S, Gishizky ML, Jallal B, Smeal T 

(2005) PAK4 mediates morphological changes through 

the regulation of GEF-H1. J Cell Sci 118:1861–1872

 225. Kawaguchi K, Saito K, Asami H, Ohta Y (2014) ADP 

ribosylation factor 6 (Arf6) acts through FilGAP pro-

tein to down-regulate Rac protein and regulates plasma 

membrane blebbing. J Biol Chem 289:9675–9682

 226. Moissoglu K et al (2014) Regulation of Rac1 transloca-

tion and activation by membrane domains and their 

boundaries. J Cell Sci 127:2565–2576

 227. Guilluy C, Garcia-Mata R, Burridge K (2011) Rho pro-

tein crosstalk: another social network? Trends Cell Biol 

21:718–726

 228. Moskalenko S et al (2002) The exocyst is a Ral effector 

complex. Nat Cell Biol 4:66–72

 229. Wu B, Guo W (2015) The exocyst at a glance. J Cell Sci 

128:2957–2964

 230. Farhan H, Hsu VW (2016) Cdc42 and cellular polar-

ity: emerging roles at the Golgi. Trends Cell Biol 

26:241–248

 231. Zhao X, Rotenberg SA (2014) Phosphorylation of 

Cdc42 effector protein-4 (CEP4) by protein kinase C 

promotes motility of human breast cells. J Biol Chem 

289:25844–25854

 232. Yamao M et al (2015) Distinct predictive performance 

of Rac1 and Cdc42 in cell migration. Sci Rep 5:17527

 233. Gaus K, Le Lay S, Balasubramanian N, Schwartz MA 

(2006) Integrin-mediated adhesion regulates mem-

brane order. J Cell Biol 174:725–734

 234. Nobes CD, Hall A (1995) Rho, rac, and cdc42 GTPases 

regulate the assembly of multimolecular focal com-

plexes associated with actin stress fibers, lamellipodia, 

and filopodia. Cell 81:53–62

 235. Bos JL, Rehmann H, Wittinghofer A (2007) GEFs and 

GAPs: critical elements in the control of small G pro-

teins. Cell 129:865–877

 236. Parri M, Chiarugi P (2010) Rac and Rho GTPases in 

cancer cell motility control. Cell Commun Signal 8:23

 237. Petrie RJ, Yamada KM (2012) At the leading edge 

of three-dimensional cell migration. J Cell Sci 

125:5917–5926

 238. Doyle AD et al (2015) Local 3D matrix microenviron-

ment regulates cell migration through spatiotemporal 

dynamics of contractility-dependent adhesions. Nat 

Commun 6:8720

 239. Welch CM, Elliott H, Danuser G, Hahn KM (2011) 

Imaging the coordination of multiple signalling activi-

ties in living cells. Nat Rev Mol Cell Biol 12:749–756

Archana Pawar obtained her bachelors and 
masters degrees in biotechnology from Ram-
narain Ruia College, Mumbai. She joined 
IISER, Pune, as Ph.D. student in 2010, and 
will be defending her thesis in November 

2016. She will be taking up a teaching faculty position in 
the Life Sciences department at St. Xavier’s College, Mum-
bai after her defense.

Nagaraj Balasubramanian graduated from 
the University of Mumbai (Bombay) with a 
bachelors and masters degrees in Microbiology. 
He earned his Ph.D. in biochemistry from the 
Cancer Research Institute (now ACTREC) at 

the Tata Memorial Center, Mumbai. He perused postdoc-
toral research first in mammalian phototransduction at the 

University of Miami followed by research on cell adhesion 
and trafficking in the lab of Dr. Martin Schwartz at the 
University of Virginia. He started his lab in IISER, Pune in 
2010. His research interests include understanding how 
integrin signaling regulates membrane trafficking (2D vs 
3D microenvironments), organellar homeostasis, and 
anchorage independence.


	Integrin-Dependent Regulation of Small GTPases: Role in Cell Migration
	Abstract | 
	1 Integrins, Cell Adhesion, and Migration
	2 Small GTPases
	3 Rac GTPase
	4 Rho GTPase
	5 Cdc42 GTPase
	6 Ral GTPase
	7 Arf6 GTPase
	8 Crosstalk Between Small GTPases at the Lamellipodial Edge
	9 Open Questions in the Field
	Acknowledgements
	References




