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Abstract
The signal transducer and activator of transcription-3 (Stat3) is a member of the STAT family of
cytoplasmic transcription factors. Overactivation of Stat3 is detected with high frequency in
human cancer and is considered a molecular abnormality that supports the tumor phenotype.
Despite concerted investigative efforts, the molecular mechanisms leading to the aberrant Stat3
activation and Stat3-mediated transformation and tumorigenesis are still not clearly defined.
Recent evidence reveals a crosstalk close relationship between Stat3 signaling and members of the
Rho family of small GTPases, including Rac1, Cdc42 and RhoA. Specifically, Rac1, acting in a
complex with the MgcRacGAP (male germ cell RacGAP), promotes tyrosine phosphorylation of
Stat3 by the IL6-receptor family/Jak kinase complex, as well as its translocation to the nucleus.
Studies have further revealed that the mutational activation of Rac1 and Cdc42 results in Stat3
activation, which occurs in part through the upregulation of IL6 family cytokines that in turn
stimulates Stat3 through the Jak kinases. Interestingly, evidence also shows that the engagement of
cadherins, cell to cell adhesion molecules, specifically induces a striking increase in Rac1 and
Cdc42 protein levels and activity, which in turn results in Stat3 activation. In this review we
integrate recent findings clarifying the role of the Rho family GTPases in Stat3 activation in the
context of malignant progression.
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Introduction
Normal or tumor tissues consist of cells which are in constant contact with their neighbors in
a three-dimensional structure, and recent findings revealed that cell to cell adhesion may
influence fundamental cellular processes such as cell division, differentiation and apoptosis
[6,47]. In this context, recent studies have shown that the engagement of cadherins, calcium-
dependent cell to cell adhesion molecules, causes a dramatic increase in the levels and
activity of the signal transducer and activator of transcription-3 (Stat3), a member of the
STAT family of cytoplasmic transcription factors, known to play a key role in a variety of
cancers. Despite extensive efforts, the molecular mechanisms of Stat3 activation that lead to
tumorigenesis are poorly understood. A family of molecules that are dramatically affected
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by the engagement of cadherins is the Rho, small GTPases (Rho). It has been demonstrated
that mutationally activated forms of the Rac1, Cdc42 or RhoA members of this family,
which are known to be important for transformation by oncogenes such as Src and Ras
[21,26,45], directly or indirectly promote the phosphorylation and activation of Stat3
[13,17,54]. Recent studies further showed that cadherin engagement causes a dramatic
increase in the levels and activity of both mutant and wild-type Rac1 and Cdc42, which in
turn leads to Stat3 activation [2,4]. Thus, there is compelling evidence to support the notion
that members of the Rho family represent critical sources of signals that promote events
leading to Stat3 activation in the context of malignant progression. The Rho family of small
GTPases and their role in neoplasia have been recently reviewed [16,21,26,27,45] and will
not be discussed here. In this review we summarize the prevailing evidence on the
mechanism of Stat3 upregulation and neoplastic transformation following activation of wild-
type or mutant members of the Rho family of small GTPases.

Cadherins activate Rho GTPases
Cadherin family of cell to cell adhesion receptors

The formation of cell–cell adhesion junctions is primarily modulated by the calcium-
dependent family of cadherin receptors. These plasma membrane glycoproteins control the
organization, specificity and dynamics of cell adhesion, which is crucial for the development
and maintenance of tissue architecture. Classical, type I cadherins include the epithelial (E)-
cadherin and neuronal cadherin, which are found in most tissues [56]. Type I cadherins
share low amino acid homology with type II cadherins, e.g., cadherin-11. Classical
cadherins consist of three domains, an extracellular, a single-pass transmembrane and an
intracellular domain (Fig. 1A). The ectodomain consists of five modules of ~100 amino
acids each with internal sequence homology [23]. In the presence of calcium, the
extracellular segments expressed on the surface of opposing cells interact to form the cell to
cell adherens junctions, which are stabilized by cytoskeletal elements inside the cell, through
a homologous carboxy-terminal, cytoplasmic region for binding to β- or γ-catenin proteins,
which are linked to actin filaments [6].

The Rho GTPases
The small GTPases of the Ras (Rat sarcoma) superfamily (Ras, Rho, Arf, Rab and Ran) are
~21 kDa proteins that function as molecular switches in signaling pathways which are
initiated by a variety of membrane triggers [21]. The Rho (Ras homologous) proteins are a
subfamily of the Ras superfamily which are highly conserved from lower eucaryotes to
plants and mammals [7]. They differ from other members of the group by the presence of a
Rho-specific insert in the GTPase domain (Rac1 amino acids, 123–135), which has been
suggested to be involved in the recognition of downstream effector proteins. Over 20 Rho
GTPases are known, and 3 members, RhoA, Rac1 and Cdc42, are ubiquitously expressed,
can stimulate cell cycle progression [41] and are crucial for Ras-induced transformation
[46], while Rac1 was shown to be required for transformation by oncogenes such as Src
[53,62] and Ras [33].

The Rho GTPases are best known as master regulators of the actin cytoskeleton: Rac1 and
Cdc42 remodel the actin cytoskeleton at the leading edge of the cell, resulting in filopodial
(Cdc42) or lamellipodial (Rac1) protrusions. RhoA, B and C on the other hand are largely
responsible for orchestrating focal adhesion assembly and actomyosin-mediated cell
contraction at the rear of the cell, thus permitting cell movement across these adhesive
contacts and subsequent detachment by the trailing end of the cell [67]. Increases in the
levels of Rho family proteins have been observed in a number of cancers [16,26].
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Like Ras, most Rho family proteins act as molecular switches cycling between a GTP-
bound, active form and a GDP-bound, inactive state [24]. GTP binding induces
conformational changes which are localized within two surface loops (switch I and switch
II, Rac1 amino acids 25–49 and 59–76, respectively [27]), which play an important role in
GTP catalysis (Fig. 1A). The activity of Rho family proteins is regulated by three classes of
proteins: guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs)
and guanine nucleotide dissociation inhibitors (GDIs). GEFs catalyze the release of GDP
from the Rho GTPases, which is the rate-limiting step in Rho activation. The free GTPase
then associates with GTP, which alters the conformation of the switch regions of the enzyme
to increase its affinity for the effectors (Fig. 1A). To date, over 70 Rho-GEFs have been
described in humans. A substitution mutation of Thr for Asn at position 17 (Rac1
numbering) allows binding to GEFs but inhibits interactions with downstream effectors, so
that these mutants titrate out the GEFs and act as dominant-negative [18]. In contrast to
GEFs, the GAP proteins enhance the inherently low, intrinsic ability of the GTPases to
hydrolyse the bound GTP to GDP. Therefore, GAPs promote inactivation and reverse the
binding of effectors. There are over 80 mammalian Rho GAP proteins identified so far.
Constitutively active mutants (e.g. Leu61 or Val12) cannot hydrolyse GTP; therefore, they
signal continuously to their effectors.

The Rho family members invariably have a C-terminal sequence ending with a -CAAX
motif. Lipid modification at the C-terminus such as farnesylation, geranylgeranylation or
palmitoylation promotes their membrane attachment, where they can be activated by GEFs.
The GDI proteins (3 members) are cytosolic proteins that form a complex with GDP-bound
Rho GTPases, so that they inhibit attachment to the membrane, hence activation by GEFs.
GDIs are also able to associate with the active form and prevent binding to downstream
effectors [14]. Therefore, the activation state of a given Rho family GTPase is tightly
regulated and occurs in a cell-type and pathway-dependent manner, depending upon the
balance of these regulators at any given moment, and this determines its downstream
signaling.

Rho family proteins do not usually exert their effects directly, but instead operate through a
multitude of effector proteins. The main region of Rho binding to its effectors is switch I,
although regions outside switch I have been implicated in the binding of certain effectors.
Over 70 effectors have been described [11]. Most Rac1 and Cdc42 effectors contain a
conserved, GTPase-binding consensus site (Cdc42/Rac interactive binding or CRIB
domain), while many RhoA, B, and C effectors possess an N-terminal Rho effector
homology domain (REM). Many effector molecules are serine/threonine kinases. The best
characterised Rac1 and Cdc42 effectors are the p21-activated kinases (PAKs [22]), while the
Rho-associated coiled-coil domain kinases (ROCK-I and II) represent the best characterised
RhoA effectors [49].

It is interesting to note that the small GTPases can regulate each other’s activity via
crosstalk. For example, oncogenic Ras needs to activate both Raf and Rac1 to transform
[46]; the Tiam1, Rac1 GEF binds the Ras effector domain to activate Rac1 [33]. Similar to
Tiam1, Cool-2 is activated by binding the Cdc42 effector domain, to act as a GEF for Rac1,
while in a feedback loop, Rac-GTP inhibits the GEF activity of Cool-2 [19]. An additional
mechanism whereby Rac1 downregulates Rho activity is through Rac1-mediated production
of reactive oxygen species (ROS). ROS inhibit the low-molecular-weight phosphatase
(LMwtPTPase) which normally dephosphorylates and inhibits the p190RhoGAP.
Consequently, Rac1 activation reduces the activity of RhoA [40].
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Cadherin engagement increases Rac1 and Cdc42 protein levels and activity
In addition to providing structure and integrity to the cell, cadherin adhesive engagement
initiates intracellular signals that are communicated through the conserved cadherin tail
domain to different cytoplasmic pathways. In fact, results from a number of labs indicated
that Cdc42 and Rac1 are required for E-cadherin-mediated, cell–cell adhesion in MDCK
cells [20], and are believed to contribute to the stability of cell–cell adhesion via their effect
on cytoskeletal organization [9]: Expression of activated Rac1val12 in canine epithelial
MDCK cells induces the accumulation of E-cadherin, β-catenin and actin filaments at sites
of cell–cell contact, whereas overexpression of the dominant-negative, Rac1N17 mutant
reduces their accumulation [59]. Rac1 and Cdc42 can regulate E-cadherin activity through
their effector, IQGAP. IQGAP is localized to sites of cell–cell contact and negatively
regulates adhesion by binding to β-catenin, which causes β-catenin to dissociate from α-
catenin [32]. Rac1 and Cdc42 bind IQGAP and remove it from the β-catenin/α-catenin
complex. As a result, activated Rac1 inhibits cell dissociation and scattering, and strengthens
cell–cell adhesion. Interestingly, in a positive feedback mechanism, E-cadherin engagement
also results in the rapid activation of Rac1 and Cdc42, in part through a PI3-kinase-mediated
mechanism, while, as expected, it inhibits RhoA, through the production of ROS by Rac1
[25].

In addition to E-cadherin-mediated activation of Rac1 and Cdc42, previous reports revealed
another mechanism of Rac1 regulation involving protein stability, namely, degradation
through the proteasome pathway [36,44]. In fact, cadherin engagement, e.g., achieved by
high cell density, led to a dramatic increase in Rac1/Cdc42 protein levels through inhibition
of proteasomal degradation [2,4]. Conversely, epithelial cell scattering brought about by
hepatocyte growth factor (HGF) can induce the proteasome-mediated degradation of Rac1
[36]. Moreover, a mutational analysis further indicated that constitutive activation of Rac1,
as well as binding of effectors, which might be acting as ubiquitin E3 ligases, are necessary
for Rac1 degradation [44]. Still, results by Arulanandam et al. indicated that although
permanently activated by mutation, protein levels of Rac1V12 and Rac1L61 are increased
dramatically with cell density [2], indicating that cell density can overcome the degradative
effect of activation. The effect of cadherin engagement upon Rac1/Cdc42 levels was found
to be independent from direct cell to cell contact; plating HC11 mouse breast epithelial cells
sparsely on surfaces coated with a fragment encompassing the two outermost domains of E-
cadherin caused a dramatic increase in Rac1 protein levels and activity, compared to cells
growing on plastic [4], indicating that E-cadherin engagement per se is responsible for the
increase in Rac1 and Cdc42 levels. Such a mechanism could hold true for Cdc42, which
mirrored Rac1 levels and stability increases with cell density. Similarly, cadherin-11 and N-
cadherin were also found to activate Rac1 in different cell lines (Arulanandam et al., in
preparation). The above data taken together indicate that cadherin engagement can abolish
Rac1/Cdc42 proteasomal degradation, which leads to a dramatic increase in their levels and
consequently their activity, even in the absence of direct cell to cell contact.

Rho GTPases activate Stat3
The Stat3 pathway in neoplasia

Stat3 was originally discovered as the acute phase response factor (APRF) that mediates the
acute phase response in the liver via the induction of the C-reactive protein [50,71]. Stat3 is
activated not only by cytokine receptors, such as the receptor for the interleukin-6 (IL6)
family cytokines, but also growth receptor tyrosine kinases, such as the EGFR family
including Her2/Neu, and non-receptor tyrosine kinases such as Src and Abl [63], and is also
activated in response to stimulation of G-protein-coupled receptors [43]. Classically, the
receptor stimulation by ligand induces Stat3 binding to phosphotyrosine residues of
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activated receptors through its SH2 domain and its phosphorylation on a critical tyr705
residue by the receptor itself, or by associated Janus kinase (JAK, Jak1–3, Tyk2) or Src
family tyrosine kinases [68], and the phosphorylation is known to mediate dimerization
between two Stat3 monomers through reciprocal SH2 domain–ptyr interactions [68].
However, studies have also identified pre-existing complexes between non-phosphorylated
Stat3 monomers [51]. Stat3:Stat3 dimers translocate to the nucleus where they bind to target
sequences in specific promoters, although Stat3 monomers have also been detected in the
nucleus. Known Stat3 upregulated genes include Bcl-xL, Mcl1, survivin, Akt, vascular
endothelial growth factor (VEGF), HGF, myc, cyclinD, and HIF1, while the p53 tumor
suppressor is downregulated by Stat3 activity [69].

In contrast to normal Stat3 signaling, which is transient, hyperactive Stat3 is associated with
malignant transformation and tumorigenesis. Constitutively active Stat3 is present in a large
number of cancers, and studies show that aberrant Stat3 activity promotes tumor cell growth
and survival, tumor angiogenesis and metastasis, and induces tumor immune evasion [68]. It
was also shown that a constitutively active form of Stat3, Stat3C, is able to transform
cultured cells, which further points to an etiologic role for Stat3 in cancer [10]. Of
therapeutic importance, disruption of hyperactive Stat3 signaling in tumor xenografts
induces tumor cell apoptosis and tumor regression with little effect upon normal tissues
[65,68,70], which points to Stat3 as an important player in tumor progression.

Rac1 and MgcRacGAP mediate Stat3 ptyr705 phosphorylation and nuclear transport
Emerging evidence suggests a more complex mechanism for Stat3 activation than initially
thought; recent studies indicate that Rac1 plays an important role in Stat3 (as well as Stat5)
tyrosine phosphorylation and nuclear translocation:

The male germ cell RacGAP (MgcRacGAP) is an evolutionarily conserved protein which
binds directly to and serves as a GAP against Rac1, Rac2 and Cdc42 in vitro [61]. Studies in
murine M1 leukemia cells, which differentiate into macrophages upon IL6 stimulation, show
that MgcRacGAP can bind through its cysteine-rich and GAP domains to the DNA binding
domain of Stat3 (aa 338–362), and that the MgcRacGAP-Stat3 association is required for
Stat3, tyr705 phosphorylation following cytokine stimulation. That is, besides having Rac1-
GAP activity, the MgcRacGAP, GAP domain is required for IL6-induced, Stat3 ptyr705
phosphorylation, acting as an effector of Rac1. Although MgcRacGAP is constitutively
associated with Rac1, the association with Stat3 is increased upon IL6 stimulation [60]. In
addition, MgcRacGAP phosphorylation at ser-387 was implicated in transformation by Src,
although the exact mechanism is unclear [15].

Following their synthesis in the cytoplasm, transcription factors such as the STAT proteins
have to cross the nuclear envelope in order to enter the nucleus. The exact mechanism of
Stat3 translocation to the nucleus is just now beginning to emerge. Recent evidence suggests
that, besides tyr705 phosphorylation, the Rac1/MgcRacGAP complex may be involved in
Stat3 translocation. As a general mechanism for nuclear import, proteins larger than ~50
kDa require specific sequences, the nuclear localisation signals (NLS), or binding to NLS-
containing chaperones. The best characterised NLS is the mono- or bi-partite, polybasic
NLS, which is usually recognized by a family of proteins, the importin-α carriers. These
associate with importin-β which docks the complex to the nuclear pore, so that the complex
can migrate into the nucleus. The small GTPase, Ran-GTP, then binds importin-β, and the
complex is disassembled inside the nucleus [12]. In the case of Stat1 it was recognized that
it must be phosphorylated first on tyr701 and dimerized, in order to reveal a conditional
NLS which can associate with importin-α5 [48]. Despite the initial assumption, however,
that all STATs need to be phosphorylated to enter the nucleus, Stat3 was found to be nuclear
and to shuttle between nucleus and cytoplasm, independent of tyrosine phosphorylation.

Raptis et al. Page 5

Exp Cell Res. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Nevertheless, phosphorylation is still required to bind to specific DNA target sites [35]. It
was further demonstrated that a sequence within the coiled-coil domain of Stat3 (amino
acids 150–162) is necessary for nuclear translocation and is critical for the recognition of
unphosphorylated as well as phosphorylated Stat3 by importins α3 and α6 [29,30,35].
However, although the 150–162 sequence was found to be indispensable for nuclear
translocation of full-length Stat3, substitution of the basic amino acid cluster in this
sequence did not hamper nuclear accumulation, indicating that aa 150–162 may only be part
of a conformational structure that is required for nuclear import rather than a bona fide NLS
[35].

In addition to this mechanism, recent evidence brought forth the role of MgcRacGAP as a
nuclear chaperone for translocation of Stat3 (as well as Stat5) to the nucleus. In fact, the
ternary complex between ptyrStat3, Rac1-GTP and MgcRacGAP facilitates the association
with importin-α/β and nuclear translocation; mutation of the polybasic region of the
MgcRacGAP NLS inhibited the nuclear translocation and transcriptional activity of Stat3
and Stat5 [28]. Therefore, Rac1 is emerging as an important regulator of Stat3
phosphorylation, nuclear import and function, acting through the MgcRacGAP/Rac/Stat3
complex (Fig. 2).

Mutationally activated Rho GTPases activate Stat3 through IL6 secretion
Data from a number of labs have demonstrated a functional role for the Rho GTPases in the
activation of Stat3. An earlier study first implicated RhoA in the phosphorylation of Stat3 on
ser727 in Src-transformed cells. Moreover, in vitro kinase assays using purified Stat3 as the
substrate revealed that both p38 and JNK kinases, which can be activated by the Rho
GTPases, phosphorylate Stat3 on ser727, while inhibition of p38 activity suppressed Stat3
activation and vSrc-mediated transformation [62]. In a subsequent report, mutationally
activated RhoA was shown to activate Stat3 (but not Stat1) through phosphorylation at both
tyr705 and ser727 in human cells, while this Stat3 activation, mediated by the ROCK
effector, is required for RhoA-mediated transformation [5]. Further results similarly
demonstrated Stat3 activation by mutationally activated forms of Rac1, Cdc42 and RhoA
[13,17,54].

Despite extensive efforts, the exact mechanism of Stat3 activation by Rho’s has been a
matter of controversy. Simon et al. reported a direct binding between Rac1 and Stat3 in
transiently transfected, Cos1 cells, while Rac1N17 inhibited EGF-mediated, Stat3 activation
[54]. On the other hand, using neutralising antibodies to inhibit IL6 binding, Faruqi et al.
showed that Rac1 activates Stat3 indirectly through autocrine induction of IL-6 [17]. These
results were contradicted in a later study where, using Stat3 null cells, it was demonstrated
that Stat3 activation by the Rho GTPases could occur without the formation of a stable
complex, and in the absence of IL6 secretion [13]. Notably, a recent report indicated that the
engagement of E-cadherin, by growing the mouse breast epithelial HC11 cells to high
densities, causes a dramatic increase in the levels and activity of Rac/Cdc42 ([4], see next
section). Cell density was not taken into account previously, but would significantly impact
studies the observations regarding the effect of Rho GTPases upon Stat3 activity. Stat3
ptyr705 levels in HC11 mouse breast epithelial cells over-expressing activated RacV12 (or
RacLeu61) or Cdc42V12 mutants were compared to the parental HC11 line, both grown to
different densities (from 50% confluence to 5 days post-confluence), and found to be higher
at all cell densities, indicating that the activated forms of the GTPases promoted the
activation of Stat3, in agreement with previous data [13,17,54]. In a similar experiment,
activated RhoAV13 was also found to activate Stat3, although to a lesser extent than Rac1V12

or Cdc42V12 (Arulanandam et al., unpublished). Inhibition experiments indicated that Stat3
activation by RacV12/Cdc42V12 required NFκB and Jak activity [2]. Further examination of
the mechanism showed that the addition of medium conditioned by RacV12-expressing cells
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to the parental line caused an increase in Stat3 activity, suggesting the presence of autocrine
factor (s) that in turn promote Stat3 activation. Screening for mRNA of 86 cytokines by RT-
PCR in RacV12-expressing cells indicated a significant increase in at least 3 cytokines of the
IL6 family compared to untransfected HC11 cells. Furthermore, downregulation of the
gp130, common receptor subunit of the family, blocked the induction of Stat3 activity in
RacV12-expressing cells, indicating an important role for this family in Stat3 activation [2,4]
(Fig. 2). The fact that more than one cytokine of the IL6 family appears to be involved
explains the previous results where addition of neutralising antibodies to IL6 alone did not
block Stat3 activation by RacV12[13]. The above results taken together demonstrate that
activated forms of members of the Rho family can activate Stat3 through nuclear factor
(NF)κB, gp130 and JAKs and provides a basis to explain the apparent discrepancy in the
potential that Rho family GTPases promote Stat3 activation.

Cadherin engagement activates Stat3 through Rac1/Cdc42 and IL6
The dramatic activation of Rac1/Cdc42 following cadherin engagement [4], coupled with
the ability of Rac1/Cdc42 to activate Stat3 [2], leads to the conclusion that cadherin
engagement may activate Stat3 through an increase in activity of the Rho GTPases. In fact,
results from a number of labs revealed that cell density causes a striking increase in the
activity of Stat3 in breast carcinoma [67], melanoma [31], head and neck squamous cell
carcinoma [42,55], as well as normal epithelial cells [4,57,58] and fibroblasts ([67],
reviewed in [47]). Although tumor cells or cells transformed by Src or other oncogenes had
higher Stat3 activity than their normal counterparts when sparse, cell density caused a
further Stat3 activation [66,67]. Moreover, growing HC11 mouse breast epithelial cells on
surfaces coated with E-cadherin caused a dramatic increase in Stat3 activity, demonstrating
that E-cadherin engagement is sufficient to directly activate Stat3, in the absence of cell to
cell contact [4]. The density-dependent Stat3 activation was strikingly greater than that
brought about by serum or EGF stimulation and was not affected by inhibition or ablation of
the cellular Src, Fyn, Yes, Abl, EGFR, Fer or IGF1-R kinases. As expected, this Stat3
activation is triggered by a dramatic increase in the levels of the Rac1 and Cdc42, Rho
family GTPases, brought about by inhibition of proteasomal degradation [2], and a
corresponding increase in their activity, following E-cadherin engagement [4]. The Rac1/
Cdc42 upregulation, in turn, causes a dramatic increase in the expression of a number of
cytokines of the IL6 family, which are responsible for the Stat3 activation observed.

Specificity of Stat3 activation
A key question is how and why cadherin engagement would promote the activation of Stat3,
but not other pathways, such as Erk1/2. Notably, although IL-6/IL-6R typically activates
extracellular-signal activated kinase 1/2 (Erk) in subconfluent cells, post-confluent cultures
do not respond with Erk activation upon IL6 stimulation [4]. In the same vein, E-cadherin
engagement does not lead to Erk activation. This demonstrates a rather specific Stat3
response of cells to E-cadherin engagement, despite the fact that the two pathways, Erk and
Stat3, are often coordinately regulated by oncogenes and growth factor or cytokine receptors
including IL-6 [4]. It is conceivable that Erk-specific phosphatases such as Cdc25A [34]
may be activated at high densities or that other adaptors required for Erk activation by IL6
might be down-regulated following cadherin engagement. It is interesting to note in this
context that cell density also increases Stat5, tyr694 phosphorylation and activity in K562
human chronic myelogenous leukemia cells, although the role of Rho GTPases or cadherins
in this is unknown [39].

Phenotypic effects of activated Rho GTPases require Stat3
Rac1 activation was shown to stimulate survival signals through activation of the PI3k/Akt
pathway [37]. However, although Rac1/Cdc42 activity is dramatically increased following
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cadherin engagement, no increase in Akt-473 phosphorylation was seen with cell density in
HC11 cells (Arulanandam et al., unpublished results). In sharp contrast, Stat3 is dramatically
upregulated at high densities and known to provide a major survival mechanism to cultured
epithelial cells and fibroblasts [47,66,67]. Given the propensity of over-confluent cells to
undergo growth arrest and apoptosis, it is conceivable that the Stat3 activation serves to
provide a survival signal as a last effort to rescue from an impending apoptosis.
Interestingly, Stat3 also enhances the resistance of tumor cells to chemotherapeutic agents
[8]. The observations that cells are more resistant to inhibition of Src [1] and to
chemotherapy when grown to high densities [38] are consistent with the induction of Stat3
signaling at post-confluence, which would provide a survival mechanism.

Stat3 could mediate the proliferative and migration signals provided by activated Rac1,
consistent with the known function of Stat3. Thus, expression of activated Rac1V12 or
Cdc42V12 mutants in epithelial cells was shown to increase cell migration in a “wound-
healing,” cell culture assay, and this process was found to require Stat3 [13] and gp130 [2].
In the same vein, Stat3 is required for the neoplastic conversion of HEK-293T cells
expressing activated RhoA to anchorage independence [5].

Conclusions
In summary, while the mechanisms continue to be investigated, there is strong evidence that
certain Rho GTPases are important Stat3 activators. (1) Mutational activation of Rac1,
RhoA and Cdc42 leads to Stat3 activation. (2) Rac1 and Cdc42 mediate the cadherin signal
that leads to activation of Stat3 through NFκB and gp130. (3) Rac1 binds MgcRacGAP and
Stat3 and this complex promotes interaction with the IL6 receptor for tyr705
phosphorylation and the activation of the MgcRacGAP - NLS, thereby facilitating nuclear
translocation for Stat3-mediated transcription of specific genes (Fig. 2).

The importance of cadherin engagement upon levels and activity of proteins such as Rho
and Stat3 is just beginning to emerge. Cadherin engagement was also shown to activate
Jak1, which is required for Stat3 activation [67]. In sharp contrast, Src was not required for
Stat3 activation following cadherin engagement and its activity was unaffected by cell
density [3].

Overall, the potential for the Rho GTPases to promote the prosurvival Stat3 signaling in the
context of malignant transformation underscores the importance of cell–cell interactions in
the tumor microenvironment in facilitating tumor progression. Due to the generally higher
level of expression of E2F transcription factors which are potent apoptosis inducers [52],
many tumor cells may have higher requirements for survival signals, such as provided by the
cadherin/Rac1/gp130 axis. The increased dependence on Stat3 for survival would explain
the increased sensitivity of cells transformed by oncogenes such as Src [64] or the large
tumor antigen of simian virus 40 [66] to Stat3 inhibition, a finding which could have
significant therapeutic implications.
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Abbreviations

STATs signal transducers and activators of transcription

MgcRacGAP male germ cell RacGAP

E-cadherin epithelial cadherin

MDCK Madin–Darby canine kidney cells

Rho Ras homologous GTPases, Rho

Ras Rat sarcoma

GEF guanine nucleotide exchange factor

GAP GTPase activating proteins

GDI guanine nucleotide dissociation inhibitor

CRIB Cdc42/Rac interactive binding domain

REM Rho effector homology domain

PAK p21-activated kinase

ROCK Rho-associated coiled-coil domain kinases

ROS reactive oxygen species

LMwtPTPase low-molecular-weight phosphatase

Cool-2 cloned out of library-2

Tiam-1 T-cell lymphoma invasion and metastasis-1

PI3-kinase phosphatidylinositol —3 kinase

APRF acute phase response factor

IL6 interleukin-6

EGFR epidermal growth factor receptor

HGF hepatocyte growth factor

VEGF vascular endothelial growth factor

ptyr phosphorylated tyrosine

NLS nuclear localisation signal

Erk extracellular-signal activated kinase 1/2

SH2 Src homology 2

JAKs Janus kinases

NFκB nuclear factor-kappaB
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Fig. 1.
Activation of Rho GTPases (A) and Stat3 (B). (A) Rho GTPases are inactive when
complexed to GDP and one of three known Rho-GDIs. Upon stimulation by extracellular
factors, Rho is released from Rho-GDI and associates with the membrane through its C-
terminal prenyl group. Rho-GEFs promote Rho-GTP exchange leading to the activation of
various effector proteins. A Rho-GAP will then catalyze GTP hydrolysis and Rho-GDI will
extract the GTPase from the membrane locking it once again in an inactive state. A
substitution mutation of Thr for Asn at position 17 (Rac1 numbering) allows binding to
GEF’s but inhibits interactions with effectors, so that the mutant titrates out GEFs and acts
as dominant-negative. On the other hand, mutation to V12 or L61 cannot hydrolyse GTP
and is constitutively active. IQGAP, a Rac1 and Cdc42 effector, negatively regulates
adhesion by binding to β-catenin which causes β-catenin to dissociate from the β-catenin/α-
catenin complex. Activated Rac1 or Cdc42 bind IQGAP and force it to release β-catenin
thus strengthening cell to cell adhesion. (B) Structure of the Stat3 transcription factor. The
N-terminal, coiled-coil, DNA binding, SH2 and transactivation domains are shown, along
with the tyr705 and ser727 phosphorylation sites.
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Fig. 2.
Stat3 is activated by growth factor receptors such as Her2/ErbB2 (that can be inhibited by
drugs such as Herceptin), non-receptor tyrosine kinases such as Src and cytokine receptors
such as the IL6 family. Activated Rac1-GTP, in a complex with MgcRacGAP and Stat3,
facilitates Stat3 phosphorylation by the IL6-R/Jak complex, which results in targeting of the
complex to the nuclear envelope, driven by the NLS of MgcRacGAP. The Stat3 dimer then
binds specific DNA sequences to initiate transcription of Stat3 responsive genes or
downregulation of other genes such as the p53 anti-oncogene. MgcRacGAP may also play a
role in Stat3 activation by Src. In addition to this mechanism, cadherin engagement was
shown to cause a dramatic increase in the levels of Rac1 and Cdc42 proteins and activity,
which results in a transcriptional activation of IL6 through NFκB, hence Stat3 activation.
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