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Racis amember of the Rho family of small GTPases, which act as
molecular switches to control a wide array of cellular functions.
In particular, Rac signaling has been implicated in the control
of cell-cell adhesions, cell-matrix adhesions, cell migration,
cell cycle progression and cellular transformation. As a result
of its functional diversity, Rac signaling can influence several
aspects of tumorigenesis. Consistent with this, in vivo evidence
that Rac signaling contributes to tumorigenesis is continuously
emerging. Additionally, our understanding of the mechanisms
by which Rac signaling is regulated is rapidly expanding and
consequently adds to the complexity of how Rac signaling
could be modulated during tumorigenesis. Here we review the
numerous biological functions and regulatory mechanisms
of Rac signaling and discuss how they could influence the
different stages of tumorigenesis.

Regulation of Rac Signaling

The Racl GTPase binds to either GTP or GDP, the exchange
of which controls its activation status. Rac is inactive when in
a GDP-bound state and is activated upon exchange of its GDP
for GTP, which enables downstream signaling to proceed. The
conformation of the guanine nucleotide binding domain is
altered upon exchange of GDP for GTP, which permits effector
binding.! Multiple mechanisms exist to control Rac activation
(Fig. 1). Rac activity can be regulated through its association
with various guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs), which control the cycling
between the GDP- and GTP-bound states.? The activated
GTP-bound state of Rac is promoted by its association with
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GEFs, whereas its inactive GDP-bound state is promoted by
its association with GAPs. Moreover, through association with
RhoGDI in the cytosol, Rac can be maintained in its inactive
state.” In addition to working as chaperones for RhoGTPases,
RhoGDIs also control their homeostasis through protect-
ing them from degradation.® Furthermore, post-translational
modifications (PTMs) of Rac can also regulate its activity.
Modification of the carboxyl-terminal CAAX motif on Rac
with the addition of either farnesyl or geranylgeranyl isopren-
oid lipids increases its hydrophobicity, facilitating its membrane
localization and therefore also its activation.® Ubiquitin-like
(Ubl)-type modifications of Rac, including ubiquitylation®”
and SUMOylation,® have now also been described as additional
regulatory mechanisms of Rac activity, adding huge complexity
to the regulation of Rac signaling.

Ubiquitin and ubiquitin-like proteins such as SUMO (small
ubiquitin-like modifier) are conjugated to many target proteins,
either as monomeric units or as polymeric chains, which can vary
in length and linkage type, all of which can provide signals to
alter protein function in specific ways, i.e., through changing
protein stability, activity or localization.” Lynch et al. showed that
activated Rac is ubiquitylated and subjected to proteasome-medi-
ated degradation during the early stages of Hepatocyte Growth
Factor (HGF)-induced epithelial cell scattering.® Additionally,
ubiquitylation of activated Racl has been shown to occur in
response to the CNFI toxin, also resulting in its degradation and
which was shown to be dependent on its prenyl-acceptor residue
Cys189. More recently, another study reported that the major
target site for Racl ubiquitylation is Lys147, which is stimulated
by downstream Racl signaling through JNK, creating a negative
feedback loop to terminate Rac signaling.’ Moreover, it has also
been shown that the ubiquitylation of active Rac and its subse-
quent degradation is regulated by its association with calveolin-1,
and that Racl ubiquitylation is important for Racl dynamics at
the cell periphery.” Together, these studies have shown a positive
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Figure 1. Multiple mechanisms exist to regulate Rac activity. The Rac GTPase cycles between inactive GDP-bound and active GTP-bound states. Rac
activation is facilitated by the action of GEFs, which promote GDP dissociation from Rac and allow GTP to bind instead. Through the association with
GAPs the intrinsic GTPase activity of Rac is accelerated, thereby inactivating Rac. Through association with RhoGDIs Rac can be sequestered in its
inactive state. Activated Rac can also be removed through Ubiquitylation-induced degradation, or it can be maintained following its modification by

correlation between Rac activation, its ubiquitylation and its
consequent degradation. Consequently, it is believed that ubiq-
uitylation and the resultant degradation of activated Rac acts as
a mechanism to terminate Rac signaling downstream of multiple
stimuli.

Furthermore, we have recently shown that the SUMO ligase
PIAS3 preferentially interacts with and SUMOylates the active
form of Rac, and that Racl SUMOylation is important for optimal
Rac-mediated cell migration and invasion, but not proliferation.®
Therefore, the active form of Rac is preferentially ubiquitylated
and SUMOylated; however, in contrast to ubiquitylation, we
found that SUMOylation of Rac promotes its activated state and
influences the magnitude of Rac activation. We therefore believe
SUMOylation to be required to maintain activated Rac during
some cellular functions, including cell motility.® The polybasic
region (PBR) within the C terminus of Rac provides the main
sites for SUMO conjugation, and, interestingly, this region is also
involved in regulating its degradation.”'*'* However, loss of the
lysine residues on Rac that are required for SUMOylation does
not affect its ubiquitylation or other functions in which the PBR
has previously been implicated, such as nuclear or plasma mem-
brane localization or protein-protein interactions.®

The identification of Ubl-type PTMs of Rac has greatly
enhanced our understanding of the complexity but also the plas-
ticity of the regulation of Rac signaling. An interesting question
is whether GTP hydrolysis alone is sufficient to inactivate Rac
signaling. Other key unanswered questions are whether these
Ubl-type PTMs of Rac become deregulated during tumorigenesis
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and/or whether their manipulation could provide novel thera-
peutic strategies to inhibit cancer progression.

Rac Signaling in Intercellular Adhesion
and Apical-Basal Polarity

Alterations in intercellular adhesions are known to occur dur-
ing several stages of tumorigenesis, including tumor initiation,
growth, progression and metastasis. Several types of intercellular
adhesion exist, including tight junctions (TJ), adherens junctions
(AJ), desmosomes and gap junctions (Fig. 2A). TJ are comprised
of members of the Claudin, Occludin and junctional adhesion
molecule (JAM) families of proteins, which are associated with
various cytoplasmic-signaling and scaffolding proteins, such
as the zonula occludens (ZO), partitioning defective 3 (Par3)
and atypical protein kinase C (aPKC) (Fig. 2B). TJ provide
so-called “barrier” and “fence” functions to epithelial tissues.
Their barrier function regulates the passage of ions, solutes and
cells through the intercellular space. The fence function of TJ
prevents diffusion of apical and basolateral membrane compo-
nents, which is necessary for the establishment and maintenance
of apical-basal polarity.!*'* Directly below TJ are A] complexes.
AJ consist of both Cadherin-Catenin and Nectin-Afadin com-
plexes (Fig. 2B), which cooperate to promote efficient assembly
of both AJ and TJ.>'¢ A large body of evidence has implicated
Rac signaling in the regulation of both AJ and TJ, includ-
ing their assembly, disassembly and maintenance. Here, we
review the evidence and discuss how Rac-mediated regulation
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of tumorigenesis

Numerous reports have demonstrated
that Rac regulates AJ. Ehrlich et al. showed
that Racl-mediated lamellipodia forma-
tion expands initial cadherin-based cell-cell
contacts in MDCKII cells in a zipper-like
fashion, and that Racl is lost from more
mature sites of intercellular adhesion, sug-
gesting Racl is required at the early stages
of cell-cell adhesion assembly."” Supporting
these findings, induction of cadherin-based
intercellular adhesion using a calcium
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Figure 2. Schematic representation of epithelial cell-cell adhesions. (A) Typical organization of
epithelial cell-cell junctions and apical-basal polarity. The different types of cell-cell junctions are
shown. (B) The main constituents of epithelial adherens junctions (AJ) and tight junctions (TJ).

phosphorylation positively correlates with
Src phosphorylation in human tumors.
These data provide further evidence that Tiaml-induced Rac
activity is likely to be important for A] maintenance. However,
we cannot exclude the possibility that Src-induced, Tiaml-
mediated activation of Calpain could be necessary for degrada-
tion of E-cadherin®®*’ or of other junctional proteins,*>* which
could provide the driving force for AJ disassembly rather than the
loss of Tiam1 itself. It is therefore possible that signaling through
the Tiam1/Rac module plays a role in AJ disassembly as well as
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AJ maintenance. Consistent with this idea, another report has
shown that Tiam1-mediated Racl activation drives PAF-induced
disassembly of interendothelial junctions.’!

Furthermore, several other reports have shown Racl activity
to negatively regulate AJ. In PANCI cells, E-cadherin levels are
reduced by overexpression of constitutively active Racl but are
increased by dominant-negative Racl.? In addition, overexpres-
sion of constitutively active Racl in keratinocytes induces the
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Figure 3. Schematic representation summarizing how Rac-mediated
regulation of cell-cell adhesions may contribute to different stages of
tumorigenesis.

disassembly of E-cadherin-based adhesions in a PAK1-dependent
manner** and also induces internalization of E-cadherin into
endosomal structures.”” Moreover, expression of constitutively
active Racl promotes Ras-induced transformation and the loss
of AJ in primary epithelial cells.**¥ Racl is also required for
the disruption of AJ during cell scattering induced by HGF?*®
and Collagen 1. In addition, increased Racl activity has been
observed in primary mouse keratinocytes from squamous mouse
epithelia with defective cell-cell junctions.”” Consequently, there
is substantial evidence that Rac signaling contributes to the disas-
sembly of AJ.

Rac has also been shown to regulate TJ in both a positive
and negative manner. Several reports have demonstrated that
altered Rac signaling can perturb T assembly. Chen and Macara
reported that Par3-mediated inhibition of Tiaml-induced Rac
activity is required for efficient T] assembly in MDCKII cells.*!
In contrast to this, Mertens et al. reported that Tiam1-mediated
Rac activity is required for efficient T] assembly in keratino-
cytes.” Moreover, Bruewer et al. reported that expression of
constitutively active Racl increases paracellular permeability in
MDCK cells 18 h after seeding, which is reflective of defective T]
assembly.® They also showed that both constitutively active and
dominantnegative Racl can disrupt the localization of certain
T]J proteins. In addition, Jou et al. reported that both constitu-
tively active and dominant-negative Racl disrupt TJ function in
MDCK cells, but the localization of some TJ proteins was only
affected by constitutively active Racl.** In summary, it is appar-
ent that Rac signaling must be tightly controlled for the estab-
lishment, maintenance and disassembly of epithelial A] and T7J.

The loss or gain of AJ are hallmarks of the epithelial to mes-
enchymal transition (EMT) and the mesenchymal to epithelial
transition (MET), respectively. As discussed above, Rac signal-
ing has been implicated in both the assembly and disassembly
of AJ and is therefore likely to be involved in both EMT and
MET processes. EMT increases cell motility and invasiveness
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and therefore promotes the acquisition of a metastatic phenotype.
Aberrant Rac signaling can perturb AJ integrity, and therefore,
changes in Rac signaling are likely to be important in driving
EMT and promoting tumor progression and metastasis. On the
other hand, Rac activity has been shown to be important for the
establishment of AJ, and therefore, Rac activity may be required
for metastatic tumor cells to undergo MET at distant sites to
facilitate secondary tumor formation.

The role of Rac in the regulation of TJ could also be important
for tumorigenesis because functional TJ restrict cell prolifera-
tion.” T can restrict cell proliferation through the sequestration
of various proteins, including the Y-box transcription factor
ZONAB and the ZO proteins that can localize to both cell-cell
junctions and to the nucleus, with their nuclear activities promot-
ing cell proliferation.”* Cell differentiation and T] maturation
causes such proteins to translocate from the nucleus to TJ, thereby
inhibiting their pro-proliferative functions, and conversely, the
loss of functional T] can promote their nuclear localizations,
where their activities can enhance proliferation. Defects in the
T]J barrier function can also lead to increased cell proliferation
through enhancing the accessibility of luminal growth factors to
basolateral cell surface receptors.’® In summary, aberrant Rac sig-
naling may disrupt T] functions and, consequently, increase cell
proliferation, thereby promoting tumor initiation and growth.

Additionally, the regulation of cell-cell adhesion is tightly
coordinated with the establishment and maintenance of apical-
basal polarity.”! The formation of intercellular junctions provides
spatial organization along the lateral domain and sets up the
polarity axis. In particular, the fence function of TJ is essential
for the maintenance of apical-basal polarity through preventing
diffusion of proteins between the apical and basolateral regions
of the plasma membrane. Disruption of this fence function can
cause protein mislocalization along the lateral membrane, result-
ing in the loss of apical-basal polarity. Interestingly, expression of
dominant-negative Racl has been shown to invert apical-basal
polarity in cysts of MDCKII cells grown in Collagen I matrix as
a result of defective Laminin assembly.’> Therefore, alterations in
Rac signaling could disrupt apical-basal polarity through pertur-
bation of both cell-cell adhesions and matrix-induced polariza-
tion. Loss of apical-basal polarity is frequently observed in tumor
cells and is believed to be an eatly event in tumorigenesis and a
driving force for tumor progression.”>> Therefore, deregulated
Rac signaling could drive changes in apical-basal polarity and,
consequently, could promote tumorigenesis.

Rac Signaling in Cell Migration

In addition to regulating cell motility and invasiveness indirectly
through modulating AJ integrity, Rac signaling has also been
directly implicated in the regulation of cell migration through
its ability to regulate membrane protrusions and cell-matrix
adhesions. The actin cytoskeleton is a major driving force for
cell migration due to its ability to promote both cell protrusions
and cell contraction. The RhoGTPases are key regulators of the
actin cytoskeleton, and therefore, coordination of their activities
is essential for controlled cell migration. The activities of RhoA,
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Racl and Cdc42 have been shown to be tightly coordi-
nated to regulate both membrane protrusions and cell-
matrix adhesions at or near the leading edge of migrating
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Figure 4. Schematic representation summarizing how Rac-mediated regula-
tion of cell migration and invasion may contribute to tumor metastasis.

form specifically at the front of the cell to drive forward
cell movement. Cdc42 has been shown to be important
for restricting Rac-induced lamellipodia to the front of the cell,
since inhibition of Cdc42 activity results in Rac-mediated lamel-
lipodia formation around the whole periphery of the cell due to
a loss of front-rear polarity and thereby inhibits directional cell
migration.”® Similarly, it has been shown by Bass and co-workers
that Syndecan-4 signaling via PKCalpha is also important for the
localization of Rac activity and Rac-induced membrane protru-
sions to the leading edge of migrating fibroblasts.”” Moreover,
several studies have made use of FRET-based probes to detect
Rac activity in live migrating cells, which have clearly demon-
strated spatial regulation of Rac activity during cell migration.
In one such study, Kraynov et al. revealed that gradients of Rac
activity exist in migrating fibroblasts, with high Rac activity near
the leading edge and in membrane ruffles.®

In addition to promoting membrane protrusions, Rac also
regulates focal adhesions (FA), which must also be efficiently reg-
ulated to drive forward cell movement. Continuous assembly and
disassembly of FA is required for cell movement, and therefore,
the turnover of FA must be efficiently regulated to control cell
migration. One regulatory mechanism of FA turnover is through
microtubule (MT) dynamics, since multiple targeting of FA by
MT promotes FA disassembly.®®* We have previously shown
that Rac activity induced by its activator STEF is important for
MT-induced FA disassembly and, consequently, is required for
optimal cell migration.*

Interestingly, Rac activity has also been shown to regulate the
mode of cell movement. Cells can move using either a mesen-
chymal- or an amoeboid-type movement, and these two types
of cell movement are interconvertible.** Mesenchymal-type cell
movement is characterized by elongated cell morphology, and it
requires extracellular proteolysis to generate tracks for cells to
move through. In contrast, cells moving via an amoeboid-type
movement display a rounded morphology and are less dependent
on proteolytic activity, but do require Rho-ROCK-mediated
actomyosin contractility. Sanz-Moreno et al. showed that Rac
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signaling is important for determining these two different modes
of cell movement through its regulation of MLC2 phosphoryla-
tion.® Rac-mediated inhibition of MLC2 phosphorylation was
shown to repress amoeboid movement but promote mesenchy-
mal-type movement. It was also shown that ROCK signaling
activates ARHGAP22, which inactivates Rac, thereby permit-
ting MLC2 phosphorylation and stimulating amoeboid move-
ment. In addition, the Rac activator DOCK3, in a complex with
NEDD?Y, promotes Rac activation and its signaling through
WAVE2. This signaling is required for both reducing MLC2
phosphorylation and, therefore, suppressing amoeboid move-
ment, but also for the formation of actin-based membrane pro-
trusions to stimulate mesenchymal-type movement. Consistent
with these findings, Rac activity has been implicated in the
expression of various matrix metalloproteinases (MMPs), secre-
tion of which is important for generating tracks for mesenchy-
mal-type movement.®* For tumor cells to efficiently metastasise
both amoeboid and mesenchymal-type cell movement may be
required. For example, mesenchymal-type movement may be
required for cells to invade through a more rigid environment
through its ability to degrade the matrix and generate tracks. On
the other hand, amoeboid movement is more rapid, promotes
lung colonization and may also protect tumor cells from shear
stress during circulation.®

In summary, Rac signaling can modulate cell motility and
invasion through a variety of mechanisms (summarized in Fig. 4)
and, consequently, it has a complex role in these processes and
likely plays an important part in the tumor metastasis process.
Efficient regulation of Rac signaling may be required for efficient
tumor cell metastasis, or conversely, deregulated Rac signaling
may either promote or repress tumor cell metastasis or could
alter the location where metastases develop. Recent advances in
our understanding of the molecular details of how Rac signaling
regulates cell-cell adhesion, migration and invasion has provided
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Figure 5. Schematic representation of how Rac-mediated regulation of
cell proliferation and survival may contribute to tumor growth.

many opportunities to develop novel therapeutic strategies to
target Rac signaling at different stages of tumor cell metastasis.

Rac Signaling in Cell Survival and the Cell Cycle

The observation that Rac plays a critical role in oncogenic,
Ras-mediated foci formation in fibroblasts® highlighted a poten-
tial function for Rac in regulating cell growth and survival. It has
since become apparent that Rac has important roles in the regula-
tion of cell survival and apoptosis in addition to the regulation of
gene expression required for progression through the early stages
of the cell cycle. To complicate matters, recent studies have also
revealed an intriguing role for Rac in mitosis, and have shown it
is also involved in the process of cytokinesis. There are, therefore,
many separate pathways by which Rac could influence tumor
growth and survival (Fig. 5). The following sections will review
the known roles of Rac signaling in regulating cell survival and
apoptosis, in addition to various stages of the cell cycle.

Rac Signaling in Cell Survival

It has been known for many years that cancer cells are capable
of evading normal cell death pathways by the altered expression
of cell survival genes. There are many reports demonstrating a
role for Rac in positively regulating cell survival. For example,
Rac has been shown to suppress Ras-induced apoptosis in fibro-
blasts through signaling to NFkB.* In another study, deletion
of Racl in MEFs was shown to promote apoptosis and prema-
ture senescence.®® Rac has also been shown to promote survival
in mammary acini cells in 3D culture via PAK and NFkB® and
in non-adherent cells via interaction with Akt”® In addition,
an alternative splice variant of Rac, Raclb, has been shown to
increase NFkB-mediated survival in fibroblasts,”" and its expres-
sion in colorectal tumor cells also promotes survival.”? Despite
these numerous reports that Rac can promote cell survival
through activation of Akt, Erk and NFkB, it has also been shown
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to induce apoptosis by stimulation of p38 and JNK in rat PC-12
pheochromocytoma cells”® and to promote Fas-mediated apop-
tosis in T cells,”* and therefore, in some circumstances, Rac can
apparently also act to promote cell death.

Rac Signaling in G,/S Phase of the Cell Cycle

The ability to progress from a quiescent state (G,) to G, and
S phase in the absence of either mitogenic or adhesion signals
can allow tumor cells to proliferate in abnormal conditions. It
has been shown that Rac, along with Rho and Cdc42, is required
for progression of cells from G, to S phase of the cell cycle.””
Progression through the G, phase is controlled by the activity of
certain cyclin-dependent kinases, which are activated when they
bind to their specific cyclin partners (reviewed in ref. 76). The
activity of CDK4 and/or CDKG6 in complex with D-type cyclins
is essential to commit a cell to proliferate. These active CDK
complexes phosphorylate and inhibit the tumor suppressor pro-
tein retinoblastoma (Rb), which allows activity of the E2F tran-
scription factor and subsequent transcription of genes required
for cell cycle progression to S phase.”” CDK2 then combines with
E- and A-type cyclins to promote the replication of DNA.

The D-type cyclin (mostly D1 in fibroblastic and epithelial
cells) is required for Ras-induced tumorigenesis in vivo’ and is
overexpressed in a variety of tumors.”” It has been shown that
dual signaling from growth factor receptors and integrin recep-
tors leads to sustained ERK activity, which is required for the
expression of cyclin D1.%° Several studies have demonstrated
that activated Rac stimulates cyclin D1 expression, though it
appears there may be several possible mechanisms. Although
it has been shown that sustained ERK activity is required for
cyclin DI expression, several studies have shown that Rac can
induce cyclin D1 expression independently of ERK.5"** Joyce
et al. showed that induction of the cyclin D1 promoter by Rac
required NFkB and ATF2 binding sites in fibroblasts.® In this
study NFkB binding to the cyclin D1 promoter was increased by
Rac, and this correlated with Rac’s ability to promote superoxide
production.® This agreed with another study which showed that
inhibition of superoxide production inhibited the mitogenic effect
of Rac in fibroblasts.®® More recently, however, it was shown that
Rac and NFkB can stimulate cyclin D1 gene expression in par-
allel yet separate pathways.*> Moreover, in addition to its effect
on cyclin D transcription, it has been shown that Rac activation
downstream of integrin engagement on the extracellular matrix
component fibronectin leads to upregulation of cyclin D1 trans-
lation independently of ERK, via SOS and PI3-K.*

Other studies have tried to dissect these various mechanisms
by focusing more closely on the timing of cyclin D1 expression.
Firstly, Welsh et al. found that Rho is required to inhibit the
ERK-independent induction of cyclin D1 by Rac (or Cdc42) in
early G, and this inhibition is necessary for the correct timing
of cyclin D1 expression in mid G,-phase in NIH-3T3 cells.*” A
more recent study using MCF10A cells confirmed that Rac can
induce cyclin DI in early G, independently of ERK, but also
showed that mid-G, phase induction of cyclin D1 required paral-
lel signaling from both ERK and Rac.® Interestingly, the early
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ERK-independent cyclin D1 expression was not seen in mesen-
chymal cells (and was not sufficient to induce Rb phosphoryla-
tion or S-phase entry), but the mid-G, induction is conserved in
both epithelial and mesenchymal cells,*® highlighting the poten-
tial differences in Rac-dependent cell cycle events in different cell

types.

Rac Signaling in Mitosis and Cytokinesis

There have also been reports implicating Rac in regulation of
the G,/M phase of the cell cycle. Moore et al. showed that Rat2
fibroblasts expressing dominant-negative Racl accumulate in
the G,/M phase, whereas no such accumulation was seen with
cells expressing dominant-negative Rho or dominant-negative
Cdc42.% In another more recent study, it was found that Rac
localizes to the nucleus in late G, phase and expression of a mutant
of Rac that was confined to the nucleus increased the mitotic
rate.”® It has since become apparent that Rac is involved specifi-
cally in the process of cell division, both in the early stages of
mitosis and in the regulation of cytokinesis. These processes need
to be carefully regulated in order to maintain genomic stability;
loss or gain of chromosomes (chromosomal instability or CIN) is
known to be a driving force for tumorigenesis.”” At the beginning
of mitosis, the two centrosomes (the MT organizing centers of
the cell) begin to separate around the intact nucleus, then, upon
nuclear envelope breakdown, the MTs invade the nuclear space
to form the mitotic bipolar spindle.”> This structure is responsible
for the capture of chromosomes to the metaphase plate, and only
when all chromosomes are properly aligned (with the kineto-
chore of each sister chromatid attached to opposite poles) will the
spindle assembly checkpoint allow progression into anaphase.”
Whilst the genetic material is separated in anaphase, the separate
process of physical division of the cells (cytokinesis) also begins.
A few studies have suggested that RhoGTPases are impor-
tant for proper alignment of chromosomes in the earlier stages
of mitosis,”® and Rac has also been shown to be involved in cor-
rect spindle organization in meiosis of mouse oocytes, where cell
division is assymetrical. It was found that Rac-GTP was polar-
ized in the cortex overlying the meiotic spindle, and that inhibi-
tion of Rac during oocyte maturation caused a permanent block
at prometaphase I and elongation of the spindle.”” We have also
recently discovered that Rac is involved in the process of chro-
mosome congression in mitosis.”® We found that the Rac activa-
tor Tiaml is required for proper centrosome separation in the
early stages of mitosis, and that exerting a force opposing the
major MT kinesin Eg5 promotes the efficient alignment of chro-
mosomes in prometaphase.”® Intriguingly, both Rac and Tiam1
localize to the centrosomal regions in the early stages of mitosis.
The same chromosome alignment and centrosomal separation
defects seen with Tiam1 depletion were also apparent after treat-
ment with a Rac inhibitor. Importantly, unlike wild-type Tiaml,
expression of a GEF mutant form of Tiam1 was unable to rescue
the phenotypes. We also found evidence that the same mecha-
nism functions in vivo using a mouse model in which Rac can be
conditionally deleted from the intestine. We found that cells in
the crypts of Rac-null intestines were less susceptible to arrest by
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Eg5 inhibitor than wild-type mice, which mirrored our results
for Tiam1 depletion in cell culture. Therefore Tiaml-induced
Rac activity is important for balancing the forces during forma-
tion of the mitotic spindle to allow proper chromosome align-
ment and mitotic progression.

The process of cytokinesis involves the formation and ingres-
sion of a cleavage furrow (CF), which is driven by the assem-
bly and contraction of a dynamic, highly organized actomyosin
structure known as the actomyosin contractile ring (CR).” It
has long been known that the activation of Rho is required for
CR assembly and constriction,” but the role of Rac in the pro-
cess of cytokinesis has only recently begun to emerge. Activation
of RhoA at the cleavage site is regulated by the evolutionarily
conserved two-protein complex known as centralspindlin,”
which comprises a plus-end directed MT motor MKLP1 and
the Rho family GAP MgcRacGAP. Studies in Drosophila have
shown that the RacGAP component of centralspindlin binds to
and activates a RhoGEF that subsequently activates Rho at the
cleavage site.'”® However, conversely, the RacGAP has also been
shown to be important for local inactivation of RhoA to promote
the formation and maintenance of the Rho activity zone at the
CFE.!" The role that Rac plays in this process has not been as
easy to interpret. Genetic experiments in Drosophila had sug-
gested that RacGAP50C (the ortholog of MgcRacGAP) was
able to inhibit Rac function, leading to the hypothesis that this
GAP was required to simultaneously inhibit Rac and activate
RhoA at the cleavage site.!”” Subsequently, Yoshizaki et al. mea-
sured a decrease in Rac activity at the CF in mammalian cells by
FRET, and demonstrated that expression of a dominant-negative
MgcRacGAP abolished this decrease.'” The authors also showed
that expression of constitutively active Racl induces a multinu-
cleated phenotype in both Hela and RatlA cells, indicating that
the decrease in Rac activity is essential for cytokinesis. A recent
study in C. elegans has also added evidence to this hypothesis,
since depletion of its two Rac proteins or depletion of the Rac
effectors WASP, WAVE or Arp2/3 were able to rescue the ingres-
sion defects caused by expression of inactive RacGAP (CYK-4
in C. elegans)."” These studies suggest that GAP activity is nec-
essary to decrease Rac activity at the cleavage site to promote
CF ingression and allow normal progression of cytokinesis.

In Vivo Evidence Implicating Rac Signaling
in Tumorigenesis

Despite the in vitro evidence that activation of Rac promotes
several biological processes that are relevant to tumorigenesis,
no constitutively active mutant forms of Rac have been found
in tumors. However, there are several lines of evidence that Rac
signaling is altered in cancer, including a number of reports of
increased Rac expression in tumors. Overexpression of Racl

105

correlates with progression of gastric carcinoma,'” testicu-

106 and breast cancer.'””

lar cancer Racl is also overexpressed in
oral squamous cell carcinoma.!® An alternative splice variant of
Racl, Raclb, which encodes a highly active isoform, was also
increased in colon cancer.'”” Rather than changes at the protein

level, the activity of another isoform of Rac, Rac3, was found
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The diverse roles of Rac signaling in tumorigenesis
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Figure 6. Schematic representation summarizing how Rac-mediated regulation of various important cellular processes may contribute to multiple

to be increased in highly proliferative breast cancer cell lines.!?

Altered Rac activity could also be a result of differential expres-
sion of its regulating proteins. Consistent with this, it has been
shown that high expression levels of the Rac GEFs Vav, Trio and
Tiaml correlate with poor prognosis in breast cancer.!! Another
Rac-specific GEF P-Rex1 was shown to be upregulated in human
prostate adenocarcinoma and lymph node metastases.'?

The role of Rac in regulating tumorigenesis in vivo has been
studied by production of various mouse models. For example,
Kissil et al. produced a lung cancer model in which an oncogenic
allele of K-Ras (K-Ras®'?P) could be activated by Cre-mediated
recombination in the presence or absence of conditional deletion
of Racl.!® Using this model, they found that mice with Racl
deletion had reduced tumor formation and prolonged survival
compared to control mice." Moreover, all tumors which formed
in the Rac-knockout mice were actually derived from Racl
expressing cells that had escaped the gene deletion, suggesting
that Racl is essential for K-Ras-induced tumorigenesis in this
model. Additionally, in a colorectal carcinoma model whereby
adenocarcinoma cells were orthotopically injected into mice,
overexpression of Racl accelerated tumor formation, whereas
inhibition of Racl completely suppressed tumor formation.'”

Indirect evidence that Rac is involved in skin tumorigenesis
has come from the findings of Malliri et al., who showed that
Tiaml-knockout mice (which displayed approximately a 50%
reduction in GTP-bound Rac) are resistant to a Ras-induced
skin carcinogenesis protocol (DMBA/TPA)."® More recently,
this has been tested directly using a mouse model with a kera-
tinocyte-specific loss of the Racl gene.!” Using the same Ras-
mediated transformation protocol (DMBA/TPA) as was used
with the Tiaml-knockout mice, Racl was shown to be essen-
tial for the formation of Ras-induced skin tumors. It was also
shown that this was via Racl promoting, Erk-dependent hyper-
proliferation through a Racl-Pakl-Mek-Erk pathway. Racl was
also required for Pak2-dependent hyperactivation of Akt in this
model. Interestingly, no change in proliferation was detected in
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untreated Racl-deficient skin, indicating a hyperproliferation-
specific function of Racl in this system.!”

Rac signaling has also been found to be important in chronic
myelogenous leukemia (CML), which is characterized by expres-
sion of the p210-BCR-ABL fusion protein. Ber is a GEF, and
the p210-BCR-ABL oncoprotein was shown to activate Racl
in addition to Cdc42 and RhoA."® In a mouse model of p210-
BCR-ABL-induced myeloproliferative disease, gene targeting
of Rac significantly delayed or abrogated disease development,
apparently through severe disruption of p210-BCR-ABL-induced
downstream signaling.'” In the same study, it was shown that
treatment with the Rac inhibitor NSC-23766 significantly inhib-
ited p210-BCR-ABL-induced proliferation of primary human
CML cells in vitro and in a mouse model in vivo. In addition,
when CML cells from human patients were transplanted into
immunodeficient (NOD/SCID) mice, NSC-23766 induced an
85% reduction in CML development. These data implicate Rac
inhibition as a potential therapy for CML, perhaps in combi-
nation with tyrosine kinase inhibition of p210-BCR-ABL.'*
Interestingly, NSC-23766 has also been shown to significantly
impair proliferation and survival of some human acute myelog-
enous leukemia (AML) cell lines in vitro and development of
AML in vivo,'”! indicating that targeting Rac may be beneficial
in a subgroup of AML cases.

Conclusions/Perspectives

It is clear from the extensive evidence described here that Rac
signaling is involved in a wide range of cellular functions, the
modulation of which can be crucial for tumor formation and pro-
gression (Fig. 6). Despite the complexity already apparent from
these studies, it is likely that we are still far from understanding
the full extent of the contribution of Rac signaling to tumori-
genesis. In addition to the role of Rac in cancer cells themselves,
we must consider that Rac-mediated signaling pathways in other
cell types can also alter the behavior of tumor cells. For example,
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there is growing evidence that the stromal microenvironment
surrounding cancer cells can affect their growth, invasiveness
and metastatic potential. For example, the levels of the Rac acti-
vator Tiam1 in fibroblasts has been shown to influence the inva-
siveness of epithelial cells in experimental models in vitro and
also to affect breast cancer invasion in vivo.!?? It therefore seems
likely that changes in Rac activity in stromal fibroblasts could
affect tumor progression. Additionally, through regulating many
essential signaling pathways in endothelial cells, Rac has an
important role in angiogenesis,'® a process which is well known
to be important for tumor progression. In addition, the relatively
recent discovery of the involvement of Rac in mitosis and cyto-
kinesis may reveal another link between Rac and tumorigenesis,
since the deregulation of both of these processes can lead to chro-
mosomal instability (CIN). As CIN is known to contribute to
tumorigenesis, this could be another important mechanism by
which Rac signaling contributes to tumor progression.

Despite the in vitro evidence that Rac is involved in cell cycle
progression, it is interesting that in vivo studies thus far have
found that Rac may not be required for proliferation of non-
transformed cells, but instead, its function in the cell cycle may

be specific to hyperproliferating cells. It has been suggested that
if Rac is indeed not required for normal proliferation in vivo,
blocking its function may allow tumor-specific growth repres-
sion.'” However, the complexity of the involvement of Rac in
tumorigenesis suggests that caution is required when consider-
ing Rac as a direct therapeutic target. An important task for the
future is therefore to further dissect the molecular mechanisms
underlying the positive and negative effects of Rac on the vari-
ous aspects of tumorigenesis. This will involve more research
to decipher which regulating molecules and post-translational
modifications are important in defining the effector pathways
downstream of Rac. Additionally, we need to understand the
importance of the various Rac effector pathways in different
tumor types. Answering these questions will not only further our
understanding of the function of Rac and its associated proteins,
but may reveal new potential targets for cancer therapy.
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