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Metastasis involves tumor cells mov-
ing through tissues and crossing 

tissue boundaries, which requires cell 
migration, remodeling of cell-to-cell con-
tacts and interactions with the extracel-
lular matrix. Individual tumor cells move 
in three-dimensional environments with 
either a rounded “ameboid” or an elon-
gated “mesenchymal” morphology. These 
two modes of movement are tightly regu-
lated by Rho family GTPases: elongated 
movement requires activation of Rac1, 
whereas rounded movement engages 
specific Cdc42 and Rho signaling path-
ways. It has been known for some time 
that events unfolding downstream of Ras 
GTPases are also involved in regulating 
multiple aspects of cell migration and 
invasion. More recently, RasGRF2—a 
Ras activator—has been identified as 
a suppressor of rounded movement, by 
inhibiting the activation of Cdc42, inde-
pendently of its capacity to activate Ras. 
Here, we discuss how Rho and Ras sig-
nals can either cooperate or oppose each 
other in the regulation of cell migration 
and invasion.

Types of Individual Cell Movement

Abnormal cell migration is an essential 
component of metastasis, the main clini-
cal problem in cancer. While collective 
cell movement permits entry into the lym-
phatic system, individual cell movement 
is necessary for tumor cells to cross base-
ment membranes and enter blood vessels 
to enable dissemination to distant organs.1 
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Individual tumor cells have two differ-
ent modes of movement: an elongated 
“mesenchymal-like” mode, characterized 
by a marked cell polarity, actin-dependent 
protrusions, requirement for high extra-
cellular proteolysis2 and low actomyo-
sin contractility.3-5 The second type is a 
rounded “amoeboid-like” mode, driven by 
high actomyosin contractility and a bleb-
bing surface where polarity is generated 
at the rear of the cell.6 Rounded move-
ment occurs when the composition of the 
ECM allows the contractile force of the 
cell to deform the matrix.3,7 It has become 
clear that these two modes of tumor cell 
movement are inter-convertible, depend-
ing on environmental conditions.4,7,8 This 
capacity of switching migration strategies 
is what we have previously described as 
tumor cell plasticity.4,9

Therapies directed to blocking meta-
static dissemination will have to inhibit 
both rounded and elongated types of 
movement, since efficient invasion may 
need both elongated movement for rigid 
tissues requiring extracellular proteolysis 
and rounded movement for rapid migra-
tion in deformable environments. In addi-
tion, high actomyosin contractility in 
rounded movement may provide mechan-
ical strength to resist shear forces after 
entry into the bloodstream.4,10,11

Rho GTPases Signaling in  
Individual Cell Movement

Rho family GTPases are key regulators 
of cell movement through their effects on 
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and regulation of autophagy. As tumors 
develop, they switch their response to 
TGFβ and utilize this factor as a potent 
promoter of cell motility, invasion, metas-
tasis and tumor stem cell maintenance.22 
Ras signaling is essentially involved in the 
TGFβ switch from tumor-suppressive to 
tumor-promoting functions, leading to 
enhanced growth and metastatic dissemi-
nation of primary tumors.22 On the other 
hand, there is also evidence showing that 
TGF-induced EMT requires cytoskel-
etal rearrangements undertaken by Rho23 
while Rac inactivation needs to be tightly 
regulated in this process.24 This suggests 
that the cooperation between Rho and 
Ras pathways can promote invasiveness in 
later stages of cancer progression.

Interplay between RasGRF  
and Cdc42

RasGRF is a Ras family GEF cloned 
by virtue of its homology with the 
Saccharomyces cerevisiae CDC25 gene prod-
uct that stimulates nucleotide exchange on  
S. cerevisiae RAS.25,26 The RasGRF GEFs 
family includes RasGRF1 and RasGRF2, 
that exhibit an 80% of overall homol-
ogy (revised in ref. 27). Both contain a 
number of functional motifs involved 
in diverse signaling control mechanisms 
and protein-protein interactions. The 
carboxyl-terminal Cdc25 domain is suf-
ficient to catalyze nucleotide exchange on 
Ras and to induce cellular transformation 
in fibroblasts.26 In its amino terminus, 
RasGRF GEFs contain a Dbl homology 
domain (DH) which is generally present 
in GEFs for the Rho family of small G 
proteins. The DH domain is flanked by 
two Pleckstrin homology domains (PH) 
also present in Rho family GEFs and other 
unrelated proteins. The presence of regu-
latory domains for Rho and Ras GTPases 
make of RasGRF a confluence point in the 
control of the signals flowing through both 
pathways. Even though the rasgrf genes 
are preferentially expressed in the central 
nervous system, both RasGRF proteins 
can also be found in several other tissues, 
whilst their functional roles at those loca-
tions remain less defined and require fur-
ther studies (reviewed in ref. 27).

Most interestingly, RasGRF functions 
can be inhibited by its interaction with 

Ras GTPases have been linked to prolifer-
ation and survival. However, it is becom-
ing evident that both families cooperate 
in promoting these hallmarks of cancer, 
as defined by Hanahan and Weinberg.15 
While there are studies supporting the 
notion that proliferative and invasive 
states are mutually exclusive,16 there is also 
considerable experimental evidence impli-
cating the ERK pathway, one of the main 
Ras effector cascades, in regulating not 
only cell proliferation, but also cell motil-
ity. For example, B-raf signaling augments 
the levels of fibronectin and promotes the 
expression of integrin beta 3. Other Ras 
effector pathways, like those mediated by 
PI3K and Ral-GDS, can also contribute 
to cell migration and invasion in multiple 
ways. For example, PI3K can activate Rac 
GEFs (e.g., Sos, Vav) to promote activa-
tion of Rac.17 So, it could be argued that 
Ras signals, can, in certain cases, exert 
both pro-proliferative and pro-invasive 
functions. Other inter-regulatory mecha-
nisms between both pathways involve 
interactions between Rho and Ras regula-
tory proteins. For example, phosphoryla-
tion of p190RhoGap by Brk promotes its 
interaction with p120RasGAP, thereby 
stimulating p190 and attenuating p120 
functions, leading to RhoA inactivation 
and Ras activation, respectively to pro-
mote breast carcinoma growth, migration 
and invasion.18 On the other hand, there 
are multiple evidences of Rho GTPases 
contributing to cell proliferation.19 Some 
Rho GTPases stimulate cell cycle pro-
gression and regulate gene transcription, 
something that could partly explain their 
pro-oncogenic properties, for example in 
promoting Ras-induced transformation.20 
Furthermore, some Rho GEFs have been 
directly implicated in cell proliferation; 
such is the case of Tiam1 Dbl and Vav 
among others.21

“Epithelial-mesenchymal transition” 
(EMT) has become prominently impli-
cated in cancer cell invasion as a means 
by which transformed epithelial cells can 
acquire the abilities to invade, resist apop-
tosis and disseminate.15 TGFβ has been 
described as a key regulator of this tran-
sition. TGFβ is a tumor suppressor that 
becomes a tumor promoter. Tumor sup-
pressive functions include inhibition of 
cell proliferation, induction of apoptosis 

actin assembly, actomyosin contractility 
and microtubules.12 Expression of Rho fam-
ily proteins is deregulated in many tumors 
and correlates with progression of disease.12 
Most Rho GTPases switch between active, 
GTP-bound and inactive, GDP-bound, 
forms. Cycling between these two states is 
orchestrated by three sets of regulatory pro-
teins: guanine nucleotide exchange factors 
(GEFs), which function as activators; and 
GTPase activating proteins (GAPs) plus 
guanine nucleotide dissociation inhibitors 
(GDIs) that act as negative regulators.12

The rounded/amoeboid form of move-
ment is driven by high actomyosin con-
tractility evoked by Rho and Cdc42 
activation,4,13 while Rac signaling is required 
for actin assembly in elongated-protrusive 
movement.4,5 A major Rho effector pathway 
in rounded movement is mediated by the 
Rho-kinases, ROCK I and II that generate 
actomyosin contractility by phosphorylating  
and inactivating MYPT1, the regula-
tory subunit of Myosin phosphatase.5 
Actomyosin contractility can also be gen-
erated via Cdc42 signaling through the 
kinases MRCK5 or Pak2.13

Regarding the regulation of Rho 
GTPases in these two types of movement, it 
has been observed that Rac1 is activated by 
the GEF, DOCK3 in order to trigger elon-
gated movement4 while another member of 
the same GEF family, DOCK10, activates 
Cdc42 in order to promote rounded motil-
ity.11,13 On the other hand, Rho inhibits 
Rac1 through activation of the Rac1 specific 
GAP, ARHGAP22.4 Furthermore, down-
regulation of SMURF1 a ubiquitin ligase 
that targets RhoA for localized destruction 
at Rac-dependent protrusions results in con-
version from elongated to rounded move-
ment.14 In addition, low levels of the cell 
cycle inhibitor p27Kip1 promotes the rounded 
form of movement and it is known that 
p27Kip1 can bind RhoA in the cytoplasm and 
prevent it from being activated (reviewed 
in ref. 9). These inter-regulatory connec-
tions between different Rho GTPases high-
light the importance of their signals in the  
regulation of cellular plasticity.

Proliferation and Invasion Driven 
by Rho/Ras Signaling

Traditionally, Rho GTPases have been 
involved in cell migration/invasion while 
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By controlling the balance between 
Ras and Rho signal output the interaction 
between RasGRF1/2 and Cdc42 could 
ultimately determine cell fate. For exam-
ple, it could be hypothesized that, under 
normal circumstances, cells with moder-
ate to low levels of both RasGRF1/2 and 
Cdc42 will exhibit low levels of Ras/TC21 
and Cdc42 signals, evoking normal/physi-
ological responses that depending on the 
cell context would result in normal pro-
liferative and migratory states (Fig. 1A).

On the other hand, high levels of 
RasGRF1/2 would result in high flux 
through TC21 and Ras pathways and, at 
the same time, in the inhibition of Cdc42 

In Ras GRF1/2, the DH domain is 
responsible for binding to Cdc42, thereby 
regulating the switch between rounded and 
elongated invasion strategies. On the other 
hand, the DH domain is also required for 
RasGRF translocation to the membrane.29 
As such, it is possible that the cross-talk 
between Cdc42 and RasGRF could be spa-
tially restricted. As a precedent, RasGRF has 
been described to activate Ras and TC21 in 
particular sub-cellular locations.28,30 Thus, 
it is possible that the control of actomyosin 
contractility may take place at a particular 
sub-cellular location. This level of complex-
ity in the interplay between RasGRF and 
Cdc42 remains to be investigated.

Cdc42 in its inactive GDP bound form. 
As such, Cdc42-GDP negatively regulates 
the activation of the Ras/ERK cascade 
and of TC21 as induced by RasGRF.28,29 
Reciprocally, we have recently dem-
onstrated that the effects of Cdc42 on 
cytoskeletal dynamics are inhibited by 
RasGRF1/2, independently of their func-
tions as Ras activators, by outcompeting 
bona fide Cdc42 exchange factors. In 
this respect, RasGRF GEFs are unique 
because they can behave as Rho GTPase 
inhibitors. Remarkably, an important con-
sequence of Cdc42 inhibition by RasGRF 
overexpression is decreased actomyosin 
contractility.11

Figure 1. schematic representation of the balance between cdc42 and rasGrF pathways. (A) the balance between both signaling pathways is in 
equilibrium and both are active to a similar extent. (B) rasGrF expression is higher and there is more signaling through the erK pathway while cdc42 
signaling is low. (c) tumor cell plasticity allows that both pathways signal on and off depending on environmental conditions. (D) rasGrF expression is 
lower and there is less signaling through the erK pathway while cdc42 signaling is high.
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this possibility and quite intriguingly, 
RasGRF1 has been identified in a signa-
ture for B-chronic lymphocytic leukemia 
(B-CLL).37 Even though both RasGRF1 
and RasGRF2 can activate Ras27 and 
inhibit Cdc42,11 a thorough compara-
tive analysis of their capabilities in these 
processes, in physiologically relevant 
contexts, has not been performed. Thus, 
the possibility exists that the presence of 
one or the other isoform could tilt the 
threshold either towards Ras activation 
or Cdc42 inhibition.

Future Perspectives

In conclusion, further work is needed to 
ascertain the potential role for RasGRF 
as a tumor/metastasis suppressor in those 
tumors where its expression is reduced or 
blocked as a selective mechanism to pro-
mote tumor progression and metastatic 
spread. Moreover it would be necessary 
to study such tumors in comparison 
with those in which RasGRF expression 
is retained. In such RasGRF-expressing 
tumors, it would be very interesting to 
assess whether RasGRF2 could be a bio-
marker for elongated cell movement in 
clinical samples and search for any cor-
relations with progression of the disease. 
Furthermore, it will be important to dis-
tinguish between RasGRF1 and RasGRF2 
functions as they seem to be differentially 
expressed in human malignancies.

We are starting to understand the 
complexity behind intracellular path-
ways regulating the plasticity of tumor 
cell migration. More efforts will have to 
be made now to further understand the 
extracellular signals governing this plastic-
ity. On that note, RasGRF regulation and 
interactions with Cdc42 are extracellular 
stimuli-dependent.11 Different microenvi-
ronments within the tumor could provide 
distinct signals into tumor cells in order 
to switch on and off the interplay between 
Cdc42 and RasGRF, and that would add 
the last level of complexity in balancing 
the output signals emanating from these 
two signalling pathways.
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requiring proteolysis is necessary. So the 
ability to convert to this form of move-
ment is essential wherever tumor cells 
meet such barriers (reviewed in ref. 9). 
Taking this into consideration, melanoma 
cells would exploit RasGRF1/2 functions 
in order to finely tune the transition from 
rounded to elongated types of move-
ment—whenever dictated by environ-
mental conditions. Melanoma cells could 
maintain RasGRF expression in order to 
regulate this phenotypic switch, indepen-
dently of its role as a regulator of the Ras/
ERK pathway. The main metastatic sites 
in melanoma are lung, liver, brain and 
bone and noticeably we have shown how 
depletion of RasGRF2 favors initial stages 
of melanoma lung colonization. It would 
be very interesting to assess the effects of 
re-expressing RasGRF2, once melanoma 
cells have invaded the lung, in order to 
promote proliferation in this newly colo-
nized site via the activation of the Ras-
ERK pathway.

(2) RasGRF could still contribute to 
ERK mediated functions at later stages 
of melanoma. In support of this notion, 
constitutive activation of the RAS/ERK 
pathway through a mechanism involving 
RasGRF1 has been described to promote 
secretion of the protease MMP934 that 
could help in metastasis.

In contrast to melanoma, a number 
of reports have described reduced levels 
of RasGrf2 expression in human and 
rodent tumors of pancreatic, mammary, 
colon and lung origin, frequently in  
association with aberrant methylation 
of the RasGrf2 genomic locus (reviewed 
in ref. 27). In these cases, RasGRF 
function has been lost and the situa-
tion would be most likely as shown in 
Figure 1D. As such, RasGRF2 defi-
ciency favors the development and dis-
semination of lymphomas in mouse 
models.35 Lymphocytes have been 
described to rely on amoeboid shape to 
traffic through interstitial tissues.36 In 
this particular scenario of tumor cells 
relying mainly on amoeboid strategies, 
depletion of RasGRF would be favor-
able as a mechanism to sustain efficient 
amoeboid highly contractile phenotype. 
Alternatively, other negative regulators 
of acto-myosin contractility could have 
a role once RasGRF2 is lost. Regarding 

and its associated actomyosin contractil-
ity (Fig. 1B). The latter would allow cell 
elongation and protrusive activity. In line 
with this notion, it has been shown that 
RasGRF favors neuronal differentiation 
under physiological conditions.27 In agree-
ment, neurite outgrowth requires down-
regulation of actomyosin contractility.31 
Thus, it is tempting to speculate that in 
neurons, RasGRF could contribute to 
neurite outgrowth by downregulating 
Cdc42-mediated acto-myosin contractil-
ity. A similar mechanism could take place 
in certain cancer contexts and at the onset 
of tumor progression. Before local inva-
sion and metastatic dissemination process 
takes place, RasGRF could promote Ras 
signals (Fig. 1B) while inhibiting Cdc42 
mediated processes. This would result in 
an initial promotion of cancer cell prolif-
eration via Ras-ERK signaling while pre-
venting invasion.

All the melanoma cell lines used in 
our study11 harbor either BRAF or N-Ras 
mutations, which render constitutive acti-
vation of the ERK pathway.32 In such a 
scenario, one would imagine that a Ras 
activator—RasGRF—would have less 
of a role in activating the ERK pathway. 
Surprisingly, all the lines displayed detect-
able levels of RasGRF2.11 Metastatic 
melanoma cells express genes associ-
ated with a diverse range of cell lineages. 
Something that may partly explain the 
diverse modes of motility that melanoma 
cells can exhibit.33 So, the question that 
arises is why would a melanoma cell retain 
RasGRF expression?

(1) Our work11 supports a prominent 
role for RasGRF2 in suppressing the inva-
sive “highly contractile” rounded phe-
notype11 by inhibiting the activation of 
Cdc42. An attractive possibility is that 
RasGRF would serve a key role in the 
switch between rapid, highly contractile 
and proteolytic/low contractile pheno-
types (Fig. 1C). Indeed, a system for pro-
viding agile inter-convertibility between 
these forms of migration would facilitate 
tumor cells to metastasize. When mea-
sured in vivo, rounded movement can 
be 10–100 times faster than protrusive 
movement. But, while rounded movement 
can be much faster, elongated movement 
would still be required whenever prog-
ress through a rigid extra-cellular matrix 
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