Small GTPases of the Rho family and cell transformation 1. Introduction

The Rho GTPases form a distinct subgroup of the Ras superfamily of low molecular weight GTP binding proteins. These proteins are implicated in signal transduction leading to changes in membrane structures and cytoskeletal reorganisation associated with changes in cell shape. Like other Ras-related proteins, Rho GTPases are thought to adopt either an active GTP-bound conformational state or an inactive GDPbound state. Although cycling between these states is controlled by several regulatory proteins, mutations in Rho proteins can favour a specific status : an asparagine substitution in Rho at position homologous to Ras threonine 17 led to a drop in the affinity for GTP. This mutated protein acts as an inhibitor by sequestering positive regulatory factors thereby preventing activation of the endogenous Rho GTPase. Conversely, substitutions of residues similar to those found in oncogenic Ras proteins (e.g. G12V or Q61L) led to constitutively active Rho proteins, due to a reduced GTP hydrolysis. Once loaded with GTP, the GTPase gains the ability to bind cognate effector downstream targets, which converts the input signal into a specific set of activations.

Over the past few years, it has been shown that Rho GTPases play a role in the organisation of the actin cytoskeleton, and also have critical functions in the control of cell proliferation. In the present review, I address the implication of the Rho family in cell transformation and apoptosis, as well as in the regulatory crosstalk between pathways controlled by Rho and Ras proteins.

The Rho family

Rho proteins are key elements in the regulation of numerous functions such as the assembly of the cytoskeleton 1 , cell motility 2 , smooth muscle contraction [START_REF] Hirata | Involvement of rho p21 in the GTP-enhanced calcium ion sensitivity of smooth muscle contraction[END_REF] , metastasis [START_REF] Habets | Identification of an invasion-inducing gene, Tiam-1, that encodes a protein with homology to GDP-GTP exchangers for Rho-like proteins[END_REF] , apoptosis [START_REF] Jimenez | Induction of apoptosis in NIH3T3 cells after serum deprivation by overexpression of rho-p21, a GTPase protein of the ras superfamily[END_REF] , as well as various aspects of cell polarity. The Rho family is made of two branches, one comprising RhoA [START_REF] Madaule | A novel ras-related gene family[END_REF] , RhoB and RhoC [START_REF] Chardin | Coding sequences of human rho cDNAs clone 6 and clone 9[END_REF] , RhoD [START_REF] Murphy | Endosome dynamics regulated by a Rho protein[END_REF] , RhoE [START_REF] Foster | Identification of a novel human Rho protein with unusual properties: GTPase deficiency and in vivo farnesylation[END_REF] and RhoL [START_REF] Murphy | Cell type-specific roles for Cdc42, Rac, and RhoL in Drosophila oogenesis[END_REF] , the other comprising Rac1 and Rac2 11 , Rac3 [START_REF] Courjal | Structure and chromosomal assignment to 22q12 and 17qter of the ras-related Rac2 and Rac3 human genes[END_REF][START_REF] Haataja | Characterization of RAC3, a novel member of the rho family[END_REF] , RhoG 14 , Cdc42Hs [START_REF] Shinjo | Molecular cloning of the gene for the human placental GTP-binding protein Gp (G25K): identification of this GTP-binding protein as the human homolog of the yeast cell-divisioncycle protein CDC42[END_REF] , TC10 [START_REF] Drivas | Characterization of four novel ras-like genes expressed in a human teratocarcinoma cell line[END_REF] and TTF [START_REF] Dallery | TTF, a gene encoding a novel small G protein, fuses to the lymphoma-associated LAZ3 gene by t(3;4) chromosomal translocation[END_REF] .

RhoA, RhoB and RhoC control the formation of focal adhesions and actin stress fibres in fibroblasts [START_REF] Ridley | The small GTPbinding protein rac regulates growth factor-induced membrane ruffling[END_REF][START_REF] Ridley | The small GTP-binding protein rho regulates the assembly of focal adhesions and actin stress fibers in response to growth factors[END_REF][START_REF] Flescher | Components required for cytokinesis are important for bud site selection in yeast[END_REF] , while RhoD causes rearrangements of the actin cytoskeleton and controls early endosome motility and distribution [START_REF] Murphy | Endosome dynamics regulated by a Rho protein[END_REF] . Rac proteins are required for growth factorinduced membrane ruffling and lamellipodia formation in fibroblasts [START_REF] Ridley | Membrane ruffling and signal transduction[END_REF][START_REF] Ridley | The small GTPbinding protein rac regulates growth factor-induced membrane ruffling[END_REF] . Additionally, in neurons, their activity is required for axonal outgrowth [START_REF] Luo | Distinct morphogenetic functions of similar small GTPases: Drosophila Drac1 is involved in axonal outgrowth and myoblast fusion[END_REF] while in phagocytic cells, they play a role in the activation of NADPH oxidase [START_REF] Abo | Activation of the NADPH oxidase involves the small GTP-binding protein p21rac1[END_REF][START_REF] Abo | Activation of NADPH oxidase involves the dissociation of p21rac from its inhibitory GDP/GTP exchange protein (rhoGDI) followed by its translocation to the plasma membrane[END_REF][START_REF] Knaus | Regulation of phagocyte oxygen radical production by the GTP-binding protein Rac 2[END_REF][START_REF] Knaus | Purification and characterization of Rac 2. A cytosolic GTP-binding protein that regulates human neutrophil NADPH oxidase[END_REF] . Cdc42 is involved in the establishment of cell polarity in yeast [START_REF] Adams | CDC42 and CDC43, two additional genes involved in budding and the establishment of cell polarity in the yeast Saccharomyces cerevisiae[END_REF][START_REF] Johnson | Molecular characterization of CDC42, a Saccharomyces cerevisiae gene involved in the development of cell polarity[END_REF] and the mammalian homologue Cdc42Hs is required in the polarization of helper T cells toward antigen-presenting cells [START_REF] Stowers | Regulation of the polarization of T cells toward antigen-presenting cells by Ras-related GTPase CDC42[END_REF] . Cdc42Hs also regulates the formation of filopodia in growth stimulated fibroblastic cells [START_REF] Nobes | Rho, rac, and cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and filopodia[END_REF] . In addition to their role in cell morphology, Rho, Rac and Cdc42Hs have been shown to promote cell cycle progression through G 1, trigger DNA synthesis [START_REF] Olson | An essential role for rho, rac, and cdc42 GTPases in cell cycle progression through G1[END_REF] and regulate the activation of the ubiquitous transcription factor SRF (serum response factor) [START_REF] Hill | The rho family GTPases RhoA, rac1, and CDC42Hs regulate transcriptional activation by SRF[END_REF] . However, the effect induced by Cdc42Hs is still controversial, as other reports indicate that its expression causes cytokinesis arrest [START_REF] Dutartre | Cytokinesis arrest and redistribution of actin-cytoskeleton regulatory components in cells expressing the Rho GTPase Cdc42Hs[END_REF] , and inhibits serum-stimulated cell cycle progression at G1/S through a mechanism requiring the MAP kinase p38/RK [START_REF] Molnar | Cdc42Hs, but not Rac1, inhibits serum-stimulated cell cycle progression at G1/S through a mechanism requiring p38/RK[END_REF] . Rac, Cdc42Hs and RhoG also stimulate the c-Jun kinase JNK/SAPK, an enzyme essential in the signalling pathways from IL-1 or TNFα receptors [START_REF] Coso | The small GTP-Binding proteins rac1 and cdc42 regulate the activity of the JNK/SAPK signaling pathway[END_REF][START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF] .

Regulators of the Rho family and their oncogenic properties

The transition between GTP-bound and GDP-bound conformational states of the Rho GTPases is controlled by a wide array of regulatory proteins : guanine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs) and GDP-dissociation inhibitory factors (GDIs). So far, only three GDIs proteins have been characterized, namely RhoGDI, D4/LyGDI and γ-GDI/RhoGDI3. RhoGDI is ubiquitously expressed in mammalian tissues and organs [START_REF] Fukumoto | Molecular cloning and characterization of a novel type of regulatory protein (GDI) for the rho proteins, ras p21-like small GTP-binding proteins[END_REF] , while D4/LyGDI expression is restricted to hematopoietic tissues [START_REF] Adra | Identification of a novel protein with GDP dissociation inhibitor activity for the ras-like proteins CDC42Hs and rac I[END_REF][START_REF] Scherle | Ly-GDI, a GDP-dissociation inhibitor of the RhoA GTP-binding protein, is expressed preferentially in lymphocytes[END_REF] . γ-GDI/RhoGDI3 is preferentially expressed in the brain and pancreas [START_REF] Adra | RhoGDIgamma: a GDP-dissociation inhibitor for Rho proteins with preferential expression in brain and pancreas[END_REF] , and has a binding specificity for RhoB and RhoG [START_REF] Zalcman | RhoGDI-3 is a new GDP dissociation inhibitor (GDI). Identification of a noncytosolic GDI protein interacting with the small GTP-binding proteins RhoB and RhoG[END_REF] .

A high number of GAPs acting on the Rho family have been isolated. They include p190 [START_REF] Settleman | Molecular cloning of cDNAs encoding the GAP-associated protein p190: implications for a signaling pathway from ras to the nucleus[END_REF] , p190-B 42 , RhoGAP [START_REF] Garrett | Purification and N-terminal sequence of the p21rho GTPase-activating protein, rho GAP[END_REF] , abr [START_REF] Heisterkamp | Human ABR encodes a protein with GAPrac activity and homology to the DBL nucleotide exchange factor domain[END_REF] , bcr [START_REF] Heisterkamp | Localization of the c-ab1 oncogene adjacent to a translocation break point in chronic myelocytic leukaemia[END_REF] , Cdc42Hs-GAP [START_REF] Hart | Identification of the human platelet GTPase activating protein for the CDC42Hs protein[END_REF][START_REF] Barfod | Cloning and expression of a human CDC42 GTPase-activating protein reveals a functional SH3-binding domain[END_REF] , 3BP-1 [START_REF] Cicchetti | 3BP-1, an SH3 domain binding protein, has GAP activity for Rac and inhibits growth factor-induced membrane ruffling in fibroblasts[END_REF] , p85 [START_REF] Cooper | In vivo binding properties of SH2 domains from GTPase-activating protein and phosphatidylinositol 3-kinase[END_REF] , n-chimaerin [START_REF] Hall | Novel human brain cDNA encoding a 34,000 Mr protein n-chimaerin, related to both the regulatory domain of protein kinase C and BCR, the product of the breakpoint cluster region gene[END_REF] , p115 [START_REF] Tribioli | An X chromosome-linked gene encoding a protein with characteristics of a rhoGAP predominantly expressed in hematopoietic cells[END_REF] , RIP1/RLIP76 [START_REF] Park | A putative effector of Ral has homology to Rho/Rac GTPase activating proteins[END_REF][START_REF] Jullien-Flores | Bridging Ral GTPase to Rho pathways. RLIP76, a Ral effector with CDC42/Rac GTPase-activating protein activity[END_REF] , myr-5 [START_REF] Reinhard | A novel type of myosin implicated in signalling by rho family GTPases[END_REF] , the myosin IXb 55 , graf [START_REF] Hildebrand | An SH3 domain-containing GTPaseactivating protein for Rho and Cdc42 associates with focal adhesion kinase[END_REF] , and IQGAP1 [START_REF] Brill | The Ras GTPase-activating-protein-related human protein IQGAP2 harbors a potential actin binding domain and interacts with calmodulin and Rho family GTPases[END_REF] . These proteins exhibit a wide range of tissue specificity and act differentially on the members of the Rho family [START_REF] Manser | Diversity and versatility of GTPase activating proteins for the p21rho subfamily of ras G proteins detected by a novel overlay assay[END_REF][START_REF] Ridley | rho family GTPase activating proteins p190, bcr and rhoGAP show distinct specificities in vitro and in vivo[END_REF] .

The first characterized exchange factor was Dbl, an oncoprotein isolated from diffuse B cell lymphomas [START_REF] Ron | A region of proto-dbl essential for its transforming activity shows sequence similarity to a yeast cell cycle gene, CDC24, and the human breakpoint cluster gene, bcr[END_REF][START_REF] Hart | Catalysis of guanine nucleotide exchange on the CDC42Hs protein by the dbl oncogene product[END_REF][START_REF] Hart | Cellular transformation and guanine nucleotide exchange activity are catalyzed by a common domain on the dbl oncogene product[END_REF] . Dbl was shown to share a conserved 250 amino acids domain (DH domain) with Cdc24, an exchange factor for yeast Cdc42 [START_REF] Zheng | Control of the yeast bud-site assembly GTPase Cdc42. Catalysis of guanine nucleotide exchange by Cdc24 and stimulation of GTPase activity by Bem3[END_REF] . Since the initial characterization of Dbl and Cdc24, additional members of the Dbl family have been characterized, including oncoproteins such as bcr [START_REF] Heisterkamp | Localization of the c-ab1 oncogene adjacent to a translocation break point in chronic myelocytic leukaemia[END_REF] , vav [START_REF] Katzav | vav, a novel human oncogene derived from a locus ubiquitously expressed in hematopoietic cells[END_REF] , ost [START_REF] Horii | A novel oncogene, ost, encodes a guanine nucleotide exchange factor that potentially links Rho and Rac signaling pathways[END_REF] , tiam-1 4 , ect2 [START_REF] Miki | Oncogene ect2 is related to regulators of small GTP-binding proteins[END_REF] , tim 67 , fgd1 [START_REF] Pasteris | Isolation and characterization of the faciogenital dysplasia (Aarskog-Scott syndrome) gene: a putative Rho/Rac guanine nucleotide exchange factor[END_REF] , abr [START_REF] Heisterkamp | Human ABR encodes a protein with GAPrac activity and homology to the DBL nucleotide exchange factor domain[END_REF] , dbs [START_REF] Whitehead | Retroviral transduction and oncogenic selection of a cDNA encoding Dbs, a homolog of the Dbl guanine nucleotide exchange factor[END_REF] , lbc [START_REF] Toksoz | Novel human oncogene lbc detected by transfection with distinct homology regions to signal transduction products[END_REF] , lfc [START_REF] Whitehead | Expression cloning of lfc, a novel oncogene with structural similarities to guanine nucleotide exchange factors and to the regulatory region of protein kinase C[END_REF] and lsc [START_REF] Whitehead | Expression cloning of lsc, a novel oncogene with structural similarities to the Dbl family of guanine nucleotide exchange factors[END_REF] . Like GAPs, GEFs factors exhibit a wide diversity in their tissue distribution and specificity towards Rho members. Thus, only proteins capable of activating one or several Rho proteins have oncogenic properties [START_REF] Cerione | The Dbl family of oncogenes[END_REF] . A direct link between activation of Rho GTPases and cell transformation has been demonstrated by the finding that the GEF activity of the dbl exchange factor is required for cell transformation [START_REF] Hart | Cellular transformation and guanine nucleotide exchange activity are catalyzed by a common domain on the dbl oncogene product[END_REF] . Since that GEFs may activate one or several Rho GTPases, this resulted to the hypothesis that one or several pathways controlled by Rho proteins are involved in cell transformation.

Rho proteins and cell transformation

Intrinsic transforming properties of Rho proteins

During the last ten years, several studies have investigated the transforming potential of the Rho family members. It was first observed that although expression of activated RhoA (V14-RhoA) in NIH3T3 cells did not cause focus formation in monolayers or growth in soft agar, it led to a reduced dependence on serum for growth, a higher saturation density and a tumourigenic potential in nude mice [START_REF] Avraham | Characterization and expression of the human rhoH12 gene product[END_REF] . Since then, many Rho proteins have been examined for their focus forming activity in NIH3T3 cells. Interestingly, like V14-RhoA, wild-type RhoA was also shown to confer a reduced anchorage-and serum-dependent growth [START_REF] Perona | Tumorigenic activity of rho genes from Aplysia californica[END_REF] . V14-RhoA and wild-type RhoA transfected cells were able to induce tumours in nude mice, albeit at a much lower efficiency for the wild-type RhoA.

RhoA-induced tumours consist in well-differentiated fibrosarcomas, which exhibit intersecting bundles of spindle cells. Similar tumour types were obtained in nude mice transplanted with V14-RhoB expressing cells [START_REF] Prendergast | Critical role of Rho in cell transformation by oncogenic Ras[END_REF] .

Analysis of Rac1 [START_REF] Qiu | An essential role for Rac in Ras transformation[END_REF] and RhoG [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF] showed that expression of either protein in NIH3T3 cells led to a partial loss of cell contact inhibition and a reduced dependence on serum. In addition, overexpression of constitutively active Rac1 (V12-Rac1) induced invasiveness of BW5147 T-lymphoma cells in a culture assay system, as did the Racspecific exchange factor Tiam1 [START_REF] Van Leeuwen | Oncogenic activity of Tiam1 and Rac1 in NIH3T3 cells[END_REF][START_REF] Michiels | A role for Rac in Tiam1-induced membrane ruffling and invasion[END_REF] . The morphology of V12-Rac1-expressing NIH3T3 cells was found to be polymorphic, appearing either as large flat cells with extensive membrane ruffling, similar to dbl-transformed cells [START_REF] Ron | A region of proto-dbl essential for its transforming activity shows sequence similarity to a yeast cell cycle gene, CDC24, and the human breakpoint cluster gene, bcr[END_REF] , or spindle shaped and refractile, as observed for V14-RhoA-transformed cells. These cells were also characterized by a high proportion of multinucleated cells [START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF] . Subsequent transplantation in nude mice induced tumours at the same efficiency as RhoA [START_REF] Qiu | An essential role for Rac in Ras transformation[END_REF][START_REF] Qiu | A role for Rho in Ras transformation[END_REF] .

Although expression of activated Cdc42Hs protein (V12-Cdc42Hs) in Rat1 or NIH3T3 cells led to a dramatic loss of anchorage dependence, it had no effect on serumdependent growth and on contact inhibition [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF][START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF] . Interestingly, V12-Cdc42Hs-expressing Rat1 cells readily produced tumours in nude mice [START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF] but did not form foci [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF] . These cells showed a high membrane activity, which were generally multinucleated with a rounded phenotype and a reduced adhesion to the substratum [START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF] .

It thus appears that members of the Rho family have similar transforming potentials : decreased anchorage-dependent cell growth (Cdc42Hs and RhoA), reduction of cell contact inhibition and serum dependence (Rac1 and RhoG), and tumour formation in nude mice (Cdc42Hs, Rac1 and RhoA). These results led to the question of whether these proteins activate distinct pathways leading to similar phenotypic changes or whether their shared properties are mediated by a single pathway. Such a situation was described for the control of actin cytoskeleton, where activated Cdc42Hs activates Rac1, which in turn can modulate the activity of Rho [START_REF] Ridley | The small GTPbinding protein rac regulates growth factor-induced membrane ruffling[END_REF][START_REF] Nobes | Rho, rac, and cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and filopodia[END_REF][START_REF] Tapon | Rho, Rac and Cdc42 GTPases regulate the organization of the actin cytoskeleton[END_REF] .

Crosstalk between Rho controlled pathways

In contrast with the low focus forming activity of cells transfected with GTPases, cells expressing exchange factors display a high focus forming activity. As exchange factors can activate several distinct GTPases, this suggests a probable cooperation between Rho-controlled pathways. For instance, the Ost exchange factor potentially acts on RhoA and Cdc42Hs, and also has the ability to bind the GTP-bound form of Rac1 [START_REF] Horii | A novel oncogene, ost, encodes a guanine nucleotide exchange factor that potentially links Rho and Rac signaling pathways[END_REF] .

Thus, the activated Ost protein might express its full oncogenic properties through the activation of three distinct Rho-dependent pathways.

Analysis of coordinated crosstalk has been worked out by coexpressing various combinations of constitutively active and dominant negative Rho protein variants.

Whereas constitutively active individual Rho GTPases showed very weak focus forming activities, their simultaneous expression results in much higher focus formation [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF] :

Coexpression of V12-Cdc42Hs and V12-Rac1, or V12-Cdc42Hs and V12-RhoG produced a high focus forming activity, in the range of that observed for Ost [START_REF] Horii | A novel oncogene, ost, encodes a guanine nucleotide exchange factor that potentially links Rho and Rac signaling pathways[END_REF] . Coexpression of V12-RhoG and V12-Rac1 elicited a focus forming activity an order of magnitude lower [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF] .

Interestingly, coexpression of N17-Rac1, a dominant negative Rac, caused an 80% inhibition in the focus forming activity of cells expressing V12-Cdc42Hs and V12-RhoG, while expression of N17-RhoG and N17-Cdc42Hs only marginally reduced the focus formation elicited by V12-Rac1/V12-Cdc42Hs and V12-Rac1/V12-RhoG, respectively. This suggests that Rac acts downstream of RhoG in a pathway independent from Cdc42Hs. Along the same line, coexpression of V12-Cdc42Hs and N17-Rac1 strongly inhibited the generation of multinucleated cells as well as PDGF-induced lamellipodia [START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF] .

In contrast, anchorage-independent growth in soft agar was not significantly inhibited. This suggests that Cdc42Hs might control at least two distinct pathways: one pathway responsible for lamellipodia and cleavage furrow formation where Cdc42Hs is upstream of Rac, and a second Rac-independent pathway, which controls anchorage-independent cell growth.

Thus, although Cdc42Hs was shown to act upstream of Rac1 in pathways signalling cytoskeletal reorganization of various cell types [START_REF] Nobes | Rho, rac, and cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and filopodia[END_REF][START_REF] Tapon | Rho, Rac and Cdc42 GTPases regulate the organization of the actin cytoskeleton[END_REF][START_REF] Machesky | Rho: a connection between membrane receptor signalling and the cytoskeleton[END_REF][START_REF] Allen | Rho, Rac and Cdc42 regulate actin organization and cell adhesion in macrophages[END_REF] , we can conclude that Rac1 and Cdc42Hs delineate at least two independent pathways that cooperate in cell transformation (Figure 1). Cdc42Hs controls the anchorage-dependent cell growth, while Rac1 controls cell contact inhibition. RhoG appears to be involved in some of the same pathways as Rac1, probably acting upstream of Rac. However, RhoG is also involved in different pathways, as it cooperates independently with Rac1 and Cdc42Hs in focus formation.

The observation that Rho-dependent pathways leading to cell transformation follow a scheme that does not superimpose with the regulatory cascade described for the control of actin cytoskeleton (see page 7). This suggests that the expression of V12-Cdc42Hs only partially activates the endogenous Rac1 protein, e.g. by acting only on Rac1 localised in specific sub-cellular domains or by increasing at a lower extent the amount of GTP-bound Rac1.

Crosstalk between Ras and Rho-dependent pathways in cell transformation

Cooperation between Ras and Rho pathways

Several lines of evidence led to the hypothesis that Rho proteins are activated in Ras-controlled pathways leading to cell transformation. i) Microinjection of constitutively active or wild-type Ras proteins has long been known to elicit extensive membrane ruffles and phase-fluid pinocytosis in resting cells [START_REF] Bar-Sagi | Induction of membrane ruffling and fluid-phase pinocytosis in quiescent fibroblasts by ras proteins[END_REF] . This feature has been shown to require an active endogenous Rac1 protein [START_REF] Ridley | The small GTPbinding protein rac regulates growth factor-induced membrane ruffling[END_REF] . ii) In cells stimulated by growth factors, the Rho-GAP p190 protein [START_REF] Settleman | Molecular cloning of cDNAs encoding the GAP-associated protein p190: implications for a signaling pathway from ras to the nucleus[END_REF] is rapidly tyrosine-phosphorylated and clusters with the Ras-GAPp120/p62 Dok complex [START_REF] Pronk | Complex formation between the p21ras GTPase-activating protein and phosphoproteins p62 and p190 is independent of p21ras signalling[END_REF] . iii) More recently, a direct functional connection between Ras signalling and Rho protein activity was reported in the yeast S. pombe, in which signals that control normal morphology and mating are conveyed from Ras1 to Cdc42Sp [START_REF] Chang | Cooperative interaction of S. pombe proteins required for mating and morphogenesis[END_REF] .

The direct implication of Rho-dependent pathways in Ras mediated transformation was further investigated by coexpressing oncogenic Ras proteins with dominant inhibitory and activated versions of Rho proteins. Ras-induced focus formation was found to be inhibited upon expression of all tested dominant negative mutants of Rho family members, i.e. Rac1, RhoA, RhoB, Cdc42 and RhoG [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF][START_REF] Prendergast | Critical role of Rho in cell transformation by oncogenic Ras[END_REF][START_REF] Qiu | An essential role for Rac in Ras transformation[END_REF][START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF][START_REF] Qiu | A role for Rho in Ras transformation[END_REF][START_REF] Khosravi-Far | Activation of Rac1, RhoA, and mitogen-activated protein kinases is required for Ras transformation[END_REF] . More accurate analyses revealed differences in the effects of these inhibitory protein on Ras-induced transformatiob [START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF] . N17-Cdc42 was shown to revert the transformed morphology of Rasexpressing cells whereas N17-Rac1 did not. Conversely, expression of N17-Rac1 strongly inhibited low-serum growth of Ras-transformed cells, whereas N17-Cdc42Hs had a limited effect. Both proteins strongly inhibited cell growth in soft agar.

The overall inhibitory effect of N17 variants was not due to a toxic effect, as their expression at similar levels induced minimal changes in NIH3T3 cells: N17-Rac1 and N17-RhoG expression led to a reduction in cell saturation density but did not modify cell growth in 10% foetal calf serum [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF][START_REF] Qiu | An essential role for Rac in Ras transformation[END_REF] , while no changes in morphology or cell growth were reported in N17-Cdc42Hs-expressing cells [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF][START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF] . Expression of N19-RhoA did not reduce cell cloning efficiency, although it led to a reduction in stress fibre formation [START_REF] Qiu | A role for Rho in Ras transformation[END_REF] . In addition to inhibitory mutants, overexpression of p190-RhoGAP [which has marked preferential activity for Rho(A,B,C) in vitro [Ridley, 1993 #108]] was recently shown to suppress Ha-Ras mediated cell transformation [START_REF] Wang | The GTPase and Rho GAP domains of p190, a tumor suppressor protein that binds the Mr 120,000 Ras GAP, independently function as anti-Ras tumor suppressors[END_REF] . This demonstrates that the amount of intracellular GTP-bound Rho is critical for Ras transformation. Thus, although the possibility remains that some mutants inhibit non specifically distinct Rho proteins, these data suggest that multiple pathways controlled by Rho proteins are necessary for full Ras-dependent transformation.

The implication of Rho-dependent pathways in cell transformation was further strengthened by the phenotypic changes observed in cells coexpressing activated Ras and Rho proteins. L63-RhoA or I115-Rac1 expression led to a twofold increase in the number of L61-Ras-induced foci [START_REF] Khosravi-Far | Activation of Rac1, RhoA, and mitogen-activated protein kinases is required for Ras transformation[END_REF] . Similarly, a 3-fold to 4-fold increase in activated Ras focus forming activity was observed upon coexpression with V12-Rac1, and to a lower extent, with V12-RhoG and V12-Cdc42Hs [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF] . In addition, the morphology of the resulting foci was dramatically altered. Whereas cells expressing L61-Ras were highly refractile and spindle-shaped, coexpression with L63-RhoA or I115-Rac1 produced foci with rounded refractile and poorly adherent cells.

Thus, these data are consistent with the hypothesis that distinct Rho-dependent pathways are important in Ras-mediated transformation. Even though Rho GTPases do not induce focus formation on their own, they synergize with Ras, suggesting that Rho proteins modulate the susceptibility of NIH3T3 cells to Ras-mediated transformation (Figure 2).

Cooperation between Raf and Rho pathways

Ras-dependent signal transduction has been extensively studied over the past ten years. Upon activation by ligand-stimulated tyrosine kinase receptors, activated Ras complexes with several effector proteins [START_REF] Marshall | Ras effectors[END_REF] , including Raf-1, phosphatidyl-inositol-3-OH kinase (PI3K) and MEK kinase 1. Once phosphorylated at the plasma membrane, the activated Raf-1 kinase phosphorylates the MAPK kinases MEK1 and MEK2, which in turn activate p42 and p44 MAPK (extracellular signal-regulated kinases, ERKs) [START_REF] Marais | Control of the ERK MAP kinase cascade by Ras and Raf[END_REF] .

Phosphorylated ERKs then translocate into the nucleus, where they activate nuclear transcription factors, eventually leading to gene activation and mitogenesis. As Rho proteins involved in Ras-mediated transformation might affect several pathways downstream of Ras, it was crucial to determine the relationships between Rho-dependent pathways and the Raf-1/ERK pathway. Such an analysis was worked out by coexpressing dominant negative or constitutively active versions of Rho(A, B), RhoG, Rac1 and Cdc42Hs proteins with activated forms of Raf-1. Coexpression of the dominant negative N19-RhoB in Rat1 fibroblasts did not reduce foci formation elicited by the v-Raf oncogene [START_REF] Prendergast | Critical role of Rho in cell transformation by oncogenic Ras[END_REF] . In NIH3T3 cells, the focus forming activity of Raf-CAAX, which constitutively activates the MAP-kinase pathway [START_REF] Leevers | Requirement for Ras in Raf activation is overcome by targeting Raf to the plasma membrane[END_REF] , was not reduced upon expression of N17-Rac1 [START_REF] Qiu | An essential role for Rac in Ras transformation[END_REF][START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF] . Identical results were obtained upon coexpression of N17-Rac1, N17-RhoG and N17-Cdc42Hs proteins with the v-Raf oncogene [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF] . These results therefore suggest that Rho-dependent pathways involved in Ras transformation are distinct from the Raf-1/ERK pathway. This was further confirmed by assaying for cooperation of both types of pathways in transformation. Expression of each activated Rho GTPase led to a 2-5 fold increase in v-Raf or Raf-CAAX focus forming activity [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF][START_REF] Prendergast | Critical role of Rho in cell transformation by oncogenic Ras[END_REF][START_REF] Qiu | An essential role for Rac in Ras transformation[END_REF][START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF][START_REF] Qiu | A role for Rho in Ras transformation[END_REF][START_REF] Khosravi-Far | Activation of Rac1, RhoA, and mitogen-activated protein kinases is required for Ras transformation[END_REF] . However, conflictual results were obtained with RhoA and Cdc42Hs, where dominant negative proteins inhibited Raf-CAAXinduced focus formation [START_REF] Qiu | Cdc42 regulates anchorageindependent growth and is necessary for Ras transformation[END_REF][START_REF] Qiu | A role for Rho in Ras transformation[END_REF] . Although not investigated, a reason for this discrepancy might lie in different behaviour between v-Raf and Raf-CAAX.

The distinct nature of Rho-dependent and ERK pathways was strengthened by the observation that individual activated Rho GTPases failed to activate ERK [START_REF] Hill | The rho family GTPases RhoA, rac1, and CDC42Hs regulate transcriptional activation by SRF[END_REF][START_REF] Coso | The small GTP-Binding proteins rac1 and cdc42 regulate the activity of the JNK/SAPK signaling pathway[END_REF][START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF][START_REF] Khosravi-Far | Activation of Rac1, RhoA, and mitogen-activated protein kinases is required for Ras transformation[END_REF] .

Furthermore, ERK activation could not be detected upon coexpression of V12-Rac1, V12-RhoG and V12-Cdc42Hs, whereas their associated expression elicited strong focus formation, up to 20% of that achieved with V12-Ras [START_REF] Roux | The small GTPases Cdc42Hs, Rac1 and RhoG delineate Raf-independent pathways that cooperate to transform NIH3T3 cells[END_REF] . These data are consistent with studies using two activated Ras variants mutated in their effector sites (V12-G37-Ras and V12-C40-Ras, [START_REF] Khosravi-Far | Oncogenic Ras activation of Raf/mitogen-activated protein kinase-independent pathways is sufficient to cause tumorigenic transformation[END_REF] ). Both variants are defective in Raf-1 binding and subsequent ERK activation, but still trigger cellular transformation morphologically indistinguishable from that induced by constitutively activated Rho proteins. In addition, they both activate JNK, as do Rho family members, and their coexpression results in a synergistic cooperation of their transforming activities.

In conclusion, the recent literature indicates that Ras transformation is mediated by at least two distinct Raf/ERK-independent pathways, which might be controlled by Rho proteins (Figure 2). It now remains to determine which pathways might be involved in cell transformation. As previously mentioned, Rho proteins have been implicated in the control of numerous processes, and in particular, in the activation of MAP kinases distinct from ERK and in the reorganization of the actin cytoskeleton. The relevance of these biological processes in cell transformation is discussed in the next section.

Signalling pathways downstream of Rho proteins involved in cell transformation

Rho-dependent activation of the JNK/SAPK pathway

In addition to ERK, two novel classes of mammalian enzymes closely related to MAPK cascades have been identified. One class includes RK/p38 kinase [START_REF] Han | A MAP kinase targeted by endotoxin and hyperosmolarity in mammalian cells[END_REF] , which shares similarity with the yeast S. cerevisiae HOG1 kinase, involved in protection from hyperosmotic solutions (reviewed in [START_REF] Herskowitz | MAP kinase pathway in yeast: fore mating and more[END_REF] ; [START_REF] Cano | Parallel signal processing among mammalian MAPKs[END_REF][START_REF] Kyriakis | Protein kinase cascades activated by stress and inflammatory cytokines[END_REF] . The second class is made up of a family of closely related kinases activated by cellular stress, either named stress-activated protein kinases (SAPKs) [START_REF] Kyriakis | The stress-activated protein kinase subfamily of c-Jun kinases[END_REF] or c-jun N-terminal kinases (JNKs) [START_REF] Derijard | JNK1: a protein kinase stimulated by UV light and Ha-Ras that binds and phosphorylates the c-Jun activation domain[END_REF] . The JNK/SAPK pathway is activated by a wide range of stimuli, such as protein synthesis inhibitors, inflammatory cytokines, changes in osmolarity, ultraviolet irradiation or heat shock. Once activated, JNK/SAPK proteins phosphorylate the transactivating domain of c-Jun, thereby modulating AP-1 activity and gene expression. JNK/SAPK proteins are also activated in growth-stimulated cells in a Ras-dependent but Raf-1-independent manner 100 . Additionally, recent reports showed that JNK/SAPK was associated with cell transformation [101][102][103][104] . Characterization of the kinases acting upstream of JNK/SAPK led to the identification of MEKK1 and PAK, homologues of the yeast STE11 and STE20 proteins, respectively [105][106][107][108][109] . The PAK family (p21-activated kinases) consists in three conserved members that were first isolated by their ability to be autophosphorylated and actived upon binding to GTP-bound Rac1 and Cdc42Hs (reviewed in 110 ). A direct implication of PAK1 in JNK/SAPK activation was observed using a constitutively activated PAK1 mutated protein in COS-7 cells 111 . These results led to the hypothesis that the JNK/SAPK pathway in mammals followed a cascade, in which Ras activates Rac1/Cdc42Hs, which in turn activates PAK, which phosphorylates MEKK1, eventually leading to the activation of JNK/SAPK. Accordingly, such a scheme suggested that the transforming potential of Rac1 and Cdc42Hs might be mediated by the JNK/SAPK pathway. However, recent results do not support this scheme.

First, whereas PAK1 interacts with components essential for Ras transformation, inhibition of PAK1 can be uncoupled from JNK but not ERK signalling. Two PAK1 mutants, R299-PAK which is catalytically inactive and L83L86R299-PAK, which is inactive and also unable to bind Rac1 or Cdc42Hs were constructed to assess the effect of PAK1 on transformation 112 . Expression of R299-PAK inhibited Ras-mediated transformation in Rat-1 cells but not in NIH3T3 cells. It had no effect on Raf transforming activity but inhibited Ras-and Rac-dependent JNK activation. Expression of L83L86R299-PAK also inhibited Ras-dependent transformation but not JNK activation. Surprisingly, both mutants inhibited Ras-mediated ERK activation, suggesting that PAK might mediate signals from Ras to Raf.

Second, cooperation of Rac with Raf-CAAX in transformation, Rac/PAK interaction and JNK activation are all independent events 113,114 . Rac proteins mutated in their effector regions were assessed for their abilities to modulate JNK activation and transformation [START_REF] Khosravi-Far | Oncogenic Ras activation of Raf/mitogen-activated protein kinase-independent pathways is sufficient to cause tumorigenic transformation[END_REF] . One mutant (V12H40-Rac1) was found to be defective in binding to PAK-3 and in JNK activation, but could still mediate transformation and bind POR1 (a Rac-binding protein involved in membrane ruffling 115 ). Conversely, a second mutant (V12L37-Rac1), which bound PAK-3 but not POR1, could activate JNK but was defective in transformation. A third Rac effector mutant (L6143D-Rac1) was unable to cooperate with Raf-CAAX or interact with PAK but could still activate the JNK pathway.

In conclusion, although the direct implication of PAK in JNK activation remains controversial, it appears that Rac-and Cdc42Hs-dependent activation of JNK does not require PAK. Instead, recent reports indicate that other kinases such as MLK (Mixed Lineage Kinase) and MEKK might be implicated [116][117][118][119] . Nevertheless, PAK activity is required for Ras-but not Raf-dependent transformation. Demonstration of cooperation in cell transformation between activated PAK or JNK with Ras would unambiguously settle this point. However, it appears now that JNK and PAK activations are distinct from the Rac-controlled pathway acting in synergy with Raf in cell transformation (Figure 3).

Whether JNK and PAK pathways are used by other Rho GTPases to cooperate with Raf remains to be investigated.

The cytoskeleton and Rho proteins

As mentioned earlier, oncogenic transformation is associated with changes in morphological characteristics of the cell, i.e. decreased anchorage dependent cell growth, invasiveness and reduction in cell contact inhibition, which appear controlled by Rho members. Various Rac1 and Cdc42Hs proteins mutated in their effector domains such as C40-Rac1 and C40-Cdc42Hs no longer interact with PAK and cannot activate the JNK pathway, but still induce cytoskeletal changes and G1 cell cycle progression 120 .

Conversely, 37A-Rac1 can bind PAK and activates the JNK pathway, but no longer interacts with POR1, and does not induced lamellipodia formation, G1 cell cycle progression and cell transformation in association with Raf-CAAX 113,120 . In all instances, the formation of filopodia and lamellipodia induced by Cdc42Hs and Rac1 was associated with their ability to cooperate with Raf in cell transformation. However, whether both events are functionally linked remains to be determined.

Recent published work suggest that the relationships between morphological characteristics and transformation are more complex than initially suspected. Tiam1, a dbl-like protein, was isolated as a result of its role in invasion and metastasis in Tlymphoma [START_REF] Habets | Identification of an invasion-inducing gene, Tiam-1, that encodes a protein with homology to GDP-GTP exchangers for Rho-like proteins[END_REF] . Tiam1 expression was shown to induce Rac1-dependent extensive membrane ruffling in NIH3T3 cells, and to promote invasion in BW5147 T-lymphoma cells, like activated V12-Rac1 78 . However, cells expressing Tiam1 variant C-682, which lacks all N-terminal sequences upstream of the dbl-like domain, are still highly tumourigenic in nude mice, even though they do not show morphological transformation and membrane ruffling. Expression of Tiam1 variant N-385, which contains the first 385 amino acids but lacks the GEF domain, does not exhibit a tumourigenic effect in nude mice or invasion in NIH3T3 cells, but still induces invasion when expressed in Tlymphoma cells. Thus, although Tiam1 activates Rac1 both in vitro and in vivo, its ability to elicit cell invasion does not require Rac1-dependent ruffling, and in specific cells, is even independent of Rac1 activation.

A second example of uncoupling between cytoskeletal rearrangements and cell transformation was established from experiments with Cdc42Hs 80 . Low levels of N17-Cdc42Hs expression were shown to be sufficient to inhibit Ras and Raf-CAAX transformation, but did not reduce the formation of filopodia. Similar observations have been reported for Rac1, where L61V31 and V12L37 variants partially or completely inhibited lamellipodium formation, respectively, but only mildly suppressed Raf-CAAXinduced cell transformation 114 . Thus, the pathways leading to lamellipodia and filopodia formation appear distinct from the one leading to serum-and anchorage-independent cell growth involved in Ras-and Raf-mediated transformation.

A third indirect set of experiments dealing with PAK activity suggests that morphological changes might be dispensable for cooperation of Rho proteins in transformation. Indeed, as previously mentioned, PAK activation is thought to be required for Ras but not Raf-CAAX transformation 112 . A GST-PAK fusion, constitutively active in vitro 121 , rapidly elicited filopodia and lamellipodia formation 122 , similar to the effects observed upon introduction of V12-Cdc42Hs and V12-Rac1. This was confirmed by transfecting HeLa cells and fibroblasts with plasmids encoding constitutively active PAK, mutated at its autophosphorylation sites 123 . Such expression caused loss of stress fibres and focal adhesions. These effects were also similar to those observed upon expression of V12-Cdc42Hs or V12-Rac1. Therefore both reports indicate that PAK activity might be necessary for Cdc42Hs-and Rac1-dependent actin reorganization. If so, the observation that PAK activity is dispensable for Raf-CAAX focus forming activity suggests that morphological modifications delineate a pathway distinct from the one involved in transformation (Figure 3).

In conclusion, although overall changes in cellular morphology are undoubtedly crucial for the process of cell transformation, there is still a lack of evidence that Rho proteins use pathways leading to cytoskeletal reorganization to cooperate in cell transformation.

Rho proteins and apoptosis

Programmed cell death (also apoptosis) is a conserved active cellular mechanism involved in the control of many normal physiological processes, such as development and differentiation, or in pathological aspects such as tumourigenesis 124,125 .

Apoptosis is characterized by cell membrane blebbing, phosphatidylserine externalization, cytoskeletal disruption, and nuclear chromatin condensation (reviewed in 126 ). At later stages, the cytoplasm and nucleus become compartmentalised and form apoptotic In conclusion, Rho overexpression appears sufficient to render cells prone to initiate the apoptotic process. In contrast, Ras overexpression is not sufficient, although its activity is required for the apoptotic signal (Figure 4). According to this scheme, one could speculate that the apparent low focus forming activity of Rho proteins might be explained by a high apoptotic index of Rho expressing cells. A cooperation with Ras or Raf-CAAX and Rho proteins in cell transformation might therefore be explained by a change in internal signals redirecting apoptotic signals towards proliferation.

Concluding remarks

The Rho family of GTPases participate in the control of many basic physiological aspects of the cell, e.g. cell growth, differentiation, motility or apoptosis. The characterization of biological activities of the Rho proteins was mainly investigated by expressing mutated proteins. However, the use of such mutants suffers several limitations: i) Inasmuch as some regulatory proteins are able to control the activity of distinct GTPases, expression of N17-mutated proteins might inhibit more than one specific GTPase. ii) taking into account the similarity in the effector domain of several GTPases, one could expect illegitimate activation of additional pathways upon overexpression of a given protein: Expression of activated RK/p38, but not p46-JNK, p44-ERK or p70-S6K, also blocked NIH3T3 cells in G 1 /S [START_REF] Molnar | Cdc42Hs, but not Rac1, inhibits serum-stimulated cell cycle progression at G1/S through a mechanism requiring p38/RK[END_REF] . In the same cell line, Cdc42Hs elicits RK/p38 activation and G 1 /S arrest in NIH3T3 cells, whereas Rac expression does not cause cell cycle arrest, although activating RK/p38 in situ. This suggests that the pattern of kinase activation in vivo might differ from what observed from kinase assays. iii) specific mutations in the effector domain were reported to differentially decrease in vitro or in levuro the affinity for particular target proteins. However, the effective loss of a specific binding within the cell (i.e. the absence of any activation) remains to be settled. iv) Expression of active and inhibitory mutated proteins sometimes produce identical phenotypic effects. Wild-type, N17-or V12-Cdc42Hs were reported to inhibit G 1 /S progression to the same extent [START_REF] Molnar | Cdc42Hs, but not Rac1, inhibits serum-stimulated cell cycle progression at G1/S through a mechanism requiring p38/RK[END_REF] , and expression of N19-RhoA was shown to promote stress fibres formation [START_REF] Qiu | A role for Rho in Ras transformation[END_REF] .

Despite these limitations, it emerges from this survey that Rho proteins control multiple pathways that cooperate in cell transformation. Two pathways are now firmly established : one is controlled by RhoG and Rac, and modulates cell contact inhibition, while the other is governed by Cdc42Hs and RhoA, and affects anchorage-independent cell growth. The precise molecular mechanisms underlying these biological features is still debated. The implication of other pathways is also suspected, although they remained to be characterized. Additionally, only a limited number of Rho family members have been so far studied in detail, which leaves open a wide range of unknown pathways that might also influence physiological parameters critical for cell transformation. Finally, recent data support a crucial function of Rho proteins in the signalling of the apoptotic signal, whose perturbation constitutes an alternative for a cell to escape growth control.

In all instances, activities of Rho proteins appear tightly linked each to one another, according to a complex network of regulatory crosstalk. Deciphering of such network, and of relationships bridging Ras and Rho proteins will prove valuable for a better understanding of tumourigenesis.

  bodies, which are submitted to phagocytosis by neighbouring cells. The resulting action of two types of signals is required for a cell to commit to apoptosis: i) a number of external signals have been characterized, such as binding of specific ligands to receptors of the nerve growth factor family, ionising radiation, ceramides, cell-to-cell and cell-to-extracellular matrix contacts or serum starvation 127 ; ii) internal signals are also critical, including cell lineage, cell cycle stage, proto-oncogene expression, and metabolic state. Both types of signals also participate in other processes, such as cell proliferation and transformation. Ras proteins were recently shown to inhibit apoptosis by selective activation of survival pathways. In fibroblasts, Ras expression suppresses c-myc-induced apoptosis through the activation of PI3K and the serine/threonine kinase PKB/Akt 128 . Expression of Ras in epithelial cells, which normally undergo apoptosis upon detachment from the extracellular matrix, inhibits programmed cell death through activation of PI3K 129 . Interestingly, opposing effects have been described in other cell systems. For example, Ras inhibition blocks Fas-or ceramide-induced apoptosis in Jurkat T-cells 130 , and p120GAP gene inactivation in mice induces a dramatic apoptosis of neurons in the developing brain 131 . Thus, opposed signals such as cell proliferation, differentiation and apoptosis can be conveyed through the activation of the same molecular switch, i.e. the Ras protein. This is illustrated by the activation of Ras in both IL-2 dependent proliferation and apoptosis of T cells 132 . Taking into account the regulatory crosstalk between Ras and Rho pathways, it was of importance to address the role of Rho GTPases in the process of programmed cell death. It was first observed that overexpression of Rho proteins enhances apoptosis in serum deprived murine NIH3T3 fibroblasts 5 . Such apoptotic activation is related to the production of ceramides 133 , which are sphingolipid breakdown products that function as inhibitors of cell growth 134, 135 and inducers of apoptosis 136, 137 . Serum-starved but not serum-fed RhoA-overexpressing NIH3T3 cells show an increase in the intracellular level of ceramide, while no change could be detected in control cells or Ras expressing cells. In all situations, activation of ceramide production is associated with apoptosis. Addition of permeable ceramide has no apoptotic effect on control NIH3T3 cells, whereas it is sufficient to induce apoptosis in RhoA-expressing NIH3T3 cells even in the presence of 10% serum. This led to the conclusion that Rho proteins control two complementary signals involved in apoptosis 138 : one pathway leads to the production of ceramide, and is involved in the progression towards apoptosis and a second pathway, possibly tye JNK/SAPK cascade, which makes the cell competent to interprete the ceramidedependent apoptotic signal 139 . Recent reports strengthen this hypothesis. First, in T lymphoma cells, apoptosis requires the activation of Ras, Rac and RhoA proteins 140, 141 . This points to the paradoxical role of the Ras/Rho pathway, which may control cell proliferation or programmed cell death, depending on internal or external co-signals. Then, activation of Jurkat cells via the Fas receptor or synthetic ceramides leads to a Ras-and Rac-dependent stimulation of JNK and RK/p38 142 . The functional link between this pathway and apoptosis was established using transdominant inhibitory Ras, Rac and JNK, and a specific pharmacological blocker of RK/p38 kinase. Activation of JNK and RK/p38 was followed by phosphorylation of the transcriptional factor GADD153. Although the effect of such phosphorylation upon Fas receptor triggering is unknown, GADD153 [also termed CHOP or growth arrest and DNA damage-inducible gene 153] might inhibit C/EBP binding to DNA or redirect GADD153-C/EBP heterodimers to other DNA target sequences thereby modifying gene expression 143, 144 . The implication of the Rho family in apoptosis has been recently extended to others members such as RhoA, whose activity is required for thrombin-induced apoptosis of cultured neurons and astrocytes 145 , and Rac2, whose constitutive activation enhances apoptosis in the thymus of transgenic mice 146 .
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Figure1: Model for cooperativity of Rho GTPases in focus formation.

Cdc42Hs and RhoA promote anchorage-independent growth, while RhoG and Rac reduce cell contact inhibition. The simultaneous activation of both pathways leads to a high focus forming activity. RhoG is thought to act mainly upstream of Rac, although additional cooperative effects are suspected. Selective activation of effectors was performed using specific Rac and Cdc42Hs variant proteins. Activation of PAK is required for Ras but not Raf transformation. JNK pathway is activated independently by PAK, Rac and Cdc42Hs, and is not involved in cooperation with Raf. Similarly, the formation of lamellipodia and filopodia elicited by Rac and Cdc42Hs respectively is independent from the cooperation process. 
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