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A recently reported new member of the Vav family proteins, Vav3 has been identified as a Ros receptor
protein tyrosine kinase (RPTK) interacting protein by yeast two-hybrid screening. Northern analysis shows
that Vav3 has a broad tissue expression profile that is distinct from those of Vav and Vav2. Two species of Vav3
transcripts, 3.4 and 5.4 kb, were detected with a differential expression pattern in various tissues. Transient
expression of Vav in 293T and NIH 3T3 cells demonstrated that ligand stimulation of several RPTKs
(epidermal growth factor receptor [EGFR], Ros, insulin receptor [IR], and insulin-like growth factor I
receptor [IGFR]) led to tyrosine phosphorylation of Vav3 and its association with the receptors as well as their
downstream signaling molecules, including Shc, Grb2, phospholipase C (PLC-g), and phosphatidylinositol 3
kinase. In vitro binding assays using glutathione S-transferase-fusion polypeptides containing the GTPase-
binding domains of Rok-a, Pak, or Ack revealed that overexpression of Vav3 in NIH 3T3 cells resulted in the
activation of Rac-1 and Cdc42 whereas a deletion mutant lacking the N-terminal calponin homology and acidic
region domains activated RhoA and Rac-1 but lost the ability to activate Cdc42. Vav3 induced marked
membrane ruffles and microspikes in NIH 3T3 cells, while the N-terminal truncation mutants of Vav3
significantly enhanced membrane ruffle formation but had a reduced ability to induce microspikes. Activation
of IR further enhanced the ability of Vav3 to induce membrane ruffles, but IGFR activation specifically
promoted Vav3-mediated microspike formation. N-terminal truncation of Vav3 activated its transforming
potential, as measured by focus-formation assays. We conclude that Vav3 mediates RPTK signaling and
regulates GTPase activity, its native and mutant forms are able to modulate cell morphology, and it has the
potential to induce cell transformation.

The Vav gene was first identified in gene transfer experi-
ments in hematopoietic cells due to its oncogenic activation
(26). Its proto-oncogene product exhibits a characteristic ar-
rangement of structural domains, including an N-terminal cal-
ponin homology (CH) domain, an acidic region (AD), a Dbl
homology (DH) domain, a pleckstrin homology (PH) domain,
a zinc finger (ZF) domain, a proline-rich (PR) region, and two
SH3 domains flanking an SH2 domain in its carboxyl terminus
(6, 10, 11, 48). Since its discovery, three new Vav members, Cel
Vav (61) and two mammalian Vavs (Vav2 and Vav3), have
been identified (22, 38, 50, 55). Although all Vav family pro-
teins have similar structural features, they display different
tissue expression patterns. Vav is primarily expressed in hema-
topoietic lineages, while Vav2 is ubiquitously expressed (5, 6,
50). Vav3 has a broad but different expression profile com-
pared to that of Vav2 (38, 55).

The biochemical functions of the Vav proteins have been
extensively investigated. Among them, the most striking func-
tion of the Vav proteins is their guanine nucleotide exchange
activity toward small GTP-binding proteins. However, so far,
no consensus has been reached concerning the substrate spec-
ificities of distinct Vav family proteins (1, 12, 13, 20, 38, 40, 51,
54). Crespo, Bustelo, and their colleagues demonstrated by
using baculovirus-derived proteins from Sf9 cells in an in vitro

GDP-GTP exchange assay that Vav, once activated, acts as a
guanine nucleotide exchange factor (GEF) for Rac-1, Rac-2,
and RhoG, to a much lower extent for RhoA, but has no
activity for Cdc42 (13, 51). Using the same approach, Bustelo
and colleagues reported recently that activated Vav2 but Vav3
are able to catalytically promote guanine nucleotide exchange
of RhoA and RhoG, but are much less active toward the Rac
proteins. They concluded that both activated Vav2 and Vav3
appear to have no effect on Cdc42 activity (38, 51). In contrast,
using bacterially expressed Vav and Vav2 fragments in a sim-
ilar in vitro assay system, Han et al. reported conflicting ob-
servations (20). They observed that an N-terminal truncation
mutant of Vav was more active on Cdc42 than Rac-1 or RhoA,
and once it was tyrosine phosphorylated by Lck, it had com-
parable guanine nucleotide exchange activity for Cdc42, Rac-1,
and RhoA. In agreement with their in vitro assay, transient
transfections of the oncogenic Vav in rat embryo fibroblasts
were reported to result in the induction of filopodium forma-
tion (20), a morphological change that is mediated by activated
Cdc42 (19). Similarly, a bacterially expressed Vav2 fragment
containing the DH, PH, and CRD domains was shown to be
catalytically more active toward Rac-1 and Cdc42 than RhoA
(1), again in conflict with results reported by Movilla and
Bustelo (38). Moreover, Olson et al. have also reported Vav-
mediated activation of Cdc42 in vivo (40). Beside the fact that
different systems were used to synthesize and activate Vav
proteins, the reason for these conflicting results is not yet
apparent.

Regulation of the Vav proteins appears to involve phosphor-
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ylation and intramolecular interaction. So far, several mecha-
nisms have been observed to be involved in regulating the Vav
GEF activities (5). Under physiological conditions, tyrosine
phosphorylation of the Vav protein is believed to be critical for
activating its GEF activity (13, 20, 35, 51, 54). Phospholipid
binding and membrane translocation also have a regulatory
effect on the Vav GEF activity (18, 21). Artificial truncation of
the CH domain or both CH and AD domains has been shown
to lead to constitutive activation of the GEF activity of the Vav
protein irrespective of the tyrosine phosphorylation status (5,
25, 51). Interestingly, two other Vav mutants, Vav (D1–66) and
Vav (Y174F), display enhanced cell-transforming ability and
other Vav-mediated cell responses, yet still maintain the phos-
phorylation-dependent GEF activity (5, 25, 30).

Like other GEFs, Vav proteins harbor the potential to be
oncogenically activated. It has been shown by using a focus-
formation assay that both Vav and Vav2 could be oncogeni-
cally activated by N-terminal truncation (25, 51). However, the
oncogenic potential of Vav3 has not been demonstrated so far
(38, 55). There also seems to be some controversy over the
morphological appearance of foci induced by the different on-
cogenic Vavs. One group has reported that oncogenic Vav2
induces foci with distinct morphology compared to those of
oncogenic Vav, while another group reported that both Vav
and Vav2 induce foci with indistinguishable morphology (1,
50).

Consistent with the fact that Vav acts as a Rac GEF (13, 51),
several lines of evidence have indicated that Vav can induce
activation of Jun N-terminal kinase (JNK) (12, 13, 17, 35, 54),
PAK (4), and PIP5-K (42), which are downstream effectors of
the Rac protein (59). Stimulation of JNK and PIP5-K by Vav
was shown to be mediated by Rac-1 activation (12, 42). In
addition, Vav has been shown to activate NF-AT, serum re-
sponse factor, and NF-kB, leading to gene activation (5, 23, 36,
37, 53, 62). However, the downstream signaling pathways of
Vav2 and Vav3 have not been characterized.

All the mammalian Vav proteins have marked effects on cell
morphology when overexpressed in rodent fibroblasts. In
agreement with its ability to activate Rac and RhoG, Vav
induces cell spreading, membrane ruffles, and lamellipodia as
well as the formation of an actin ring in the cell periphery (51).
Vav2 and Vav3 were also shown to induce extensive membrane
ruffles and lamellipodia in NIH 3T3 cells (1, 38, 51).

Parallel with the studies of the GEF activity and downstream
signaling of Vav proteins, a great deal of effort has also been
devoted to explore the possible upstream regulators of the Vav
proteins in response to different environmental stimuli as well
as to identify new Vav-interacting partners. So far, most of the
studies have been focused on Vav. Collectively, numerous cel-
lular receptors when activated have been shown to be able to
mediate a rapid and transient phosphorylation of Vav on its
tyrosine residues. Additionally, Jak, Src, and Syk/ZAP70 family
cytoplasmic protein tyrosine kinases (PTKs) also appear to be
involved in Vav phosphorylation (5, 6, 7, 10, 48).

Aside from the receptor and cytoplasmic PTKs, Vav has also
been found to interact with an array of cytoskeletal proteins,
cytoplasmic signaling molecules, and nuclear proteins via its
SH2 and SH3 domains (10). However, some of these interac-
tions, for example, the association of Vav with insulin receptor
(IR), were observed only by in vitro binding experiments using
glutathione S-transferase (GST) fusion polypeptides (58).
Whether these interactions occur under physiological condi-
tions in intact cells remains to be demonstrated. Information
on the mechanism of Vav2- and Vav3-mediated signaling is
relatively limited. Recently, it was reported that tyrosine phos-
phorylation of Vav2 was increased upon activation of epider-

mal growth factor receptor (EGFR) and platelet-derived
growth factor receptor (43), and increased phosphorylation of
Vav3 was seen upon stimulation of EGFR and T-cell receptor
(38).

In view of the distinctive tissue expression patterns of Vav,
Vav2, and Vav3, it is likely that they play quite different phys-
iological functions. Recently, Vav knockout mouse models
have confirmed the important roles of Vav in early embryonic
development as well as in antigen receptor-mediated T- and
B-cell proliferation and differentiation (16, 56, 64). Informa-
tion on the phenotypes of Vav2 or Vav3 knockouts is not yet
available.

Our laboratory has been interested in characterizing the
biochemical and the biological properties of the oncogene Ros,
a receptor protein tyrosine kinase (RPTK). v-ros was discov-
ered as the transforming gene carried by an avian sarcoma
virus, UR2. The proto-oncogene c-ros codes for an RPTK
which has high homology with the Drosophila melanogaster
sevenless protein and the IR family of RPTKs in their PTK
domains (8). In this study, we report that human Vav3, a newly
identified Ros RPTK interacting partner, displays a broad tis-
sue expression pattern that is distinctive from those of Vav and
Vav2. Stimulation of several RPTKs, including EGFR, Ros,
IR, and insulin-like growth factor I receptor (IGFR) leads to
tyrosine phosphorylation of Vav3 as well as its interaction with
the receptors and their downstream signaling molecules. Using
an in vitro binding assay of the intracellularly activated
GTPases, we also demonstrated the distinct ability of native
versus mutant Vav3 in inducing specific small GTPase protein
activation. Different upstream RPTKs seem to have distinct
regulatory effects on Vav3-mediated activation of the Rho
subfamily GTPases, leading to differential morphological
changes. Finally, we show that Vav3 harbors transforming po-
tential.

MATERIALS AND METHODS

Plasmids and their construction. (i) GAL4 DNA-BD fusion plasmid. To gen-
erate the bait construct, pAS-ros, the cytoplasmic domain of human c-Ros was
amplified by PCR with primers 59-ACGACCATGGCGAGAAGATTAAAGAATC

AA-39 (sense) and 59-TCTTAGGATCCACGGTATTAATCAGACCCAT-39 (an-
tisense). The resulting fragment was digested with NcoI and BamHI and inserted
into the corresponding sites of pAS2-1 (Clontech). Amino acids (aa) 1884 to
2347 of c-Ros were fused to the GAL4 DNA binding domain (aa 1 to 147). In
general, the italicized sequences denote the added restriction sites and those in
bold denote the sense or antisense sequences of the templates to be amplified.

(ii) pcDNA-Rip (pcRV) and pHEF Vav3SH. A fragment harboring the last 287
aa of human Vav3 (SH3-SH2-SH3) was amplified as described above by using
primers 59-TTAACTAGCTAGCATGACTCTGCAGAGAAAGC-39 and 59-GA
GCCCAAGCTTCATCCTCTTCCACATATG-39. The PCR product was di-
gested with NheI and HindIII and cloned into the corresponding sites of
pcDNA3.1(2)/Myc-His to generate pcDNA-Rip. The 39 Vav3 fragment was
freed from pcDNA-Rip with NheI and PmeI, treated with Klenow I, and cloned
into the EcoRV site of mammalian expression vector pHEF neo, a human
elongation factor promoter-based plasmid containing a neo selection marker.
The plasmid thus generated was named pHEF Vav3SH, and it encodes the
SH3-SH2-SH3 domains of human Vav3.

(iii) pQE-Rip. The prokaryotic expression plasmid pQE-Rip was constructed
by PCR using primers 59-TTGTAGATGCATGCACTCTGCAGAGAAAGCTAA

GG-39 and 59-TTGCCCAAGCTTATTCATCCTCTTCCAC-39. The resulting
PCR fragment, containing the coding sequence for the last 287 aa of human
Vav3, was then digested with SphI and HindIII and ligated into pQE-30 (QIA-
GEN Inc.) at the corresponding sites. All in-frame fusions and sequences were
confirmed by DNA sequencing.

(iv) pBEF Vav3F, pHEF 5-10, and pHEF 6-10. Full-length Vav3 sequence was
freed from pBluescript II KS Vav3-His (55) by EcoRI and SalI digestion and
cloned into the corresponding sites of the mammalian expression vector pBEF
neo to generate pBEF-Vav3F. pBEF neo is similar to pHEF neo except that it
contains an internal ribosomal binding site between the Vav3 coding sequence
and the neo marker. The Vav3 fragment 5-10 (Vav3, bp 338 to 1301) was
amplified from pBluescript II KS Vav3-His with primer 5 (59-CGAGGTACCA
TGGCACGACTTTCTCGAACACCT-39) and primer 10 (59-CTCTTACATACGA

TCACTGCCAAA-39). The Vav3 fragment 6-10 (Vav3, bp 529 to 1301) was
generated by PCR with primer 6 (59-CGAGGTACCATGAAGGCAGAGGAAGC
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A-39) and primer 10. The PCR fragments were cloned into the PGEM-T vector
(Promega Corp.). The Vav3 5-10 and 6-10 fragments were subsequently freed
using the PGEM-T SacII site and Vav3 XbaI site at bp 1233 and inserted into the
corresponding sites of pBluescript II KS Vav3-His to replace the 59 sequence of
Vav3 from bp 1 to 1233. The resulting plasmids (named pBluescript II Vav3 5-10
and pBluescript II Vav3 6-10, respectively) were digested with KpnI and BamHI.
The freed fragments encoding aa 114 to 590 and aa 177 to 590 of Vav were
inserted into the corresponding sites of pHEF-Vav3SH, generating pHEF 5-10
encoding Vav3 aa 114 to 847 and pHEF 6-10 encoding Vav3 aa 177 to 847,
respectively (Fig. 1).

pCDNA3.1 ER2 (encoding an EGFR and Ros chimera) and pHEF IR and
pHEF IGFR (encoding the full-length cDNA of IR and IGFR, respectively)
were constructed in our laboratory.

The Escherichia coli expression vector pGEX-GST-Pak CRIB (Cdc42 and Rac
interactive binding) that contains the p21 (Cdc42/Rac1) binding domain (PBD)
of human Pak1 (aa 70 to 132) was a gift from Bruce Mayer (Howard Hughes
Medical Institute, Children’s Hospital). The E. coli expression vector pGEX-
2TH-GST-ACK42 containing the Cdc42 binding domain of human Ack-1 (aa
504 to 545) was a gift from Hiroshi Maruta (Ludwig Institute for Cancer Re-
search). pGEX-4T2-GST-Rok containing the Rho-binding domain of Rok-a (aa
809 to 1062) was generated by PCR from Rok-a cDNA, which was a gift from
Thomas Leung and Ed Manser of the Glaxo-IMCB Laboratory, Institute of
Molecular and Cellular Biology, Singapore, Singapore. A 59 primer (59-GGGG
GATCCAACACCCTAAAAATGTCA-39) containing a BamHI site at the 59 end
and a 39 primer (59-GGGCCGGAATTCCTTAAGCTCCATATGTAA-39) contain-
ing an EcoRI site were used to amplify the region between aa 809 and 1062 of the
Rok-a cDNA. The subsequent PCR fragment was cloned into a PGEM-T vector.
The insert was released using BamHI and EcoRI and inserted into the corre-
sponding sites in pGEX-4T2.

Yeast two-hybrid screening. A yeast two-hybrid system with both lacZ and
His3 selections (2, 15) was used. CG1945 and Y190 cells (Clontech) transformed
with the pAS-ros bait produced an expected 69-kDa fusion protein detected by
Western blotting with an antibody against the GAL4 DNA-binding domain
(Upstate Biotechnology Inc. [UBI]). CG1945 cells transformed with the bait
construct were then transformed with DNA from a human placenta cDNA
library (Clontech) by the lithium acetate method (24). To identify positive clones,
the colony-lift b-galactosidase filter assay was performed according to Clontech’s
manual.

Cells and DNA transfection. Human embryonic kidney (HEK) 293T, NIH
3T3, EB69 (a stable NIH 3T3 cell line overexpressing ER2, an EGFR-Ros
chimera), and 3T3 IR and 3T3 IGFR (IR- and IGFR-overexpressing NIH 3T3
cell lines, respectively) cells were maintained in Dulbecco modified Eagle me-
dium (DMEM) with 10% calf serum. Calcium phosphate and liposomal trans-
fection methods were used in coimmunoprecipitation and immunofluorescence
assays, respectively.

Antibodies. A polypeptide containing the SH3-SH2-SH3 domains of Vav3 and
an affinity tag consisting of six consecutive histidine residues (six-His tag) were
expressed in the K-12-derived E. coli strain M15[pREP4], transformed with
pQEVav3SH, and purified by using Ni-nitrilotriacetic acid resin. The purified
polypeptide was then used to generate rabbit polyclonal anti-Vav3 antibody.
Anti-Ros, anti-IR, anti-IGFR, and anti-IRS-1 antibodies were made in our
laboratory. Anti-EGFR antibody for immunoblot assays was a gift from P. Fedi
(DHRCC, Mount Sinai School of Medicine). Anti-EGFR antibody for immu-
noprecipitation was purchased from Santa Cruz Biotechnology. Anti-Shc, anti-
Grb2, anti-phosphotyrosine-RC20 conjugated to horseradish peroxidase (HRP),
goat anti-rabbit immunoglobulin G (IgG)-HRP, and goat anti-mouse IgG-HRP
antibodies were purchased from Transduction Laboratories. Anti-p85 phospha-
tidylinositol 3 (PI3) kinase polyclonal antibody was purchase from UBI. Anti-
hemagglutinin (HA) monoclonal antibody 12CA5 was obtained from the Mount
Sinai Hybridoma Core facility.

Northern blot analysis. Human Multiple Tissue Northern (MTN) Blots (sam-
ples 7759-1 and 7760-1) and Express Hyb Hybridization Solution were purchased

from Clontech Laboratories Inc. A 600-bp PstI fragment corresponding to the
N-SH3-SH2 domain of Vav3 was labeled with [a-32P]ATP with a specific activity
of 7 3 108 to 9 3 108 cpm/mg and was used as a probe, and a 2.0-kb human
b-actin cDNA (Clontech) was used as a probe for the loading control of mRNAs.
Prehybridization and hybridization were performed at 68°C for 1 h and washed
with 0.13 SSC–0.1% sodium dodecyl sulfate (SDS) at 50°C (13 SSC is 0.15 M
NaCl and 0.015 M sodium citrate). Autoradiography was performed for 1 h to 4
days using Kodak XAR5 X-ray film. After stripping with 0.5% SDS at 90 to
100°C for 10 min, the blots were reprobed at room temperature for 1 h with a
Vav3-specific oligonucleotide probe, corresponding to nucleotides 1722 to 1751
of Vav3 (59-CGCAGTCCATTGGTCCGTTTCTCTGGTAGT-39). The blots
were then washed with 23 SSC–0.05% SDS and 0.13 SSC–0.1% SDS at room
temperature for 40 min each, covered with plastic wrap, and exposed to X-ray
film at 270°C.

Protein analysis. Thirty-two hours after transfection, cells were serum starved
for 16 h and treated for 15 min with EGF (100 ng/ml), insulin (50 nM), or IGF-1
(100 ng/ml). Cells were lysed in Nonidet P-40 (NP-40) buffer (20 mM Tris-HCl
[pH 7.4] 150 mM NaCl, 5 mM EDTA, 1% NP-40, 10% glycerol, 1 mM sodium
vanadate, 1 mM phenylmethylsulfonyl fluoride, and 1% Trasylol), and equivalent
amounts of protein were incubated with respective primary antibodies overnight
at 4°C, followed by incubation with protein A-Sepharose for 1 h. The beads were
washed three times in the NP-40 buffer, resuspended in the appropriate volume
of Laemmli buffer, and subjected to SDS-polyacrylamide gel electrophoresis.
The proteins were electrotransferred to nitrocellulose membranes and blocked
in 5% milk or 1% bovine serum albumin in TBST buffer (Tris-buffered saline
[pH 7.5], 1% Tween 20) overnight. Blocked filters were probed with primary
antibodies in the same buffer, followed by secondary antibody conjugated to
HRP in blocking solution, and then filters were developed using enhanced
chemiluminescence (ECL) detection (Amersham Pharmacia Biotech).

Assay of activated RhoA, Rac-1, and Cdc42. The synthesis of the fusion
polypeptides GST–Rok-a (aa 809 to 1062), GST-Ack42 (aa 504 to 545), and
GST-Pak CRIB (aa 70 to 132) encoded in their respective plasmids was induced
in E. coli cells with 0.4 mM isopropyl-b-D-thiogalactopyranoside (IPTG) at 30°C
for 4 h, and proteins were affinity purified using a 50% slurry of glutathione-
Sepharose 4B (Amersham Pharmacia Biotech) according to the Batch Purifica-
tion method provided by the manufacturer. The glutathione-Sepharose beads
conjugated with GST-Pak, GST-Ack42, or GST–Rok-a were used as specific
probes for in vitro binding assays of activated Rac-1, Cdc42, and RhoA, respec-
tively.

NIH 3T3 cells or NIH 3T3 cells overexpressing IR or IGFR were transiently
transfected with phEF HA-tagged wild-type Rac, wild-type Rho, or wild-type
Cdc42 along with the control vector phEF, phEF Vav3F, or phEF 6-10. At 24 h
posttransfection, the cells were starved overnight in serum-free DMEM and then
were left untreated or stimulated with the appropriate ligand for 15 min. Cells
were lysed in 1% NP-40 extraction buffer containing 10 mM MgCl2. Samples of
500 mg of protein lysate from various transfected cells were mixed with 20 mg of
GST-Pak CRIB, GST–Rok-a, or GST-Ack42 beads and incubated at 4°C for 2 h.
The beads were washed three times in lysis buffer and analyzed by Western
blotting to detect the bound GTPases. HA-tagged Rac-1, RhoA, and Cdc42 were
detected with anti-HA monoclonal antibody 12CA5. The primary antibody was
detected with HRP-coupled anti-mouse IgG antibody using ECL.

Immunofluorescence staining. Parental NIH 3T3 cells were seeded 1 day
before transfection. Transient transfection was performed the next day at a 60 to
80% cell confluency using Lipofectamine Plus (Gibco BRL). Then, 24 h later,
cells were trypsinized, counted, and seeded onto coverslips placed in 35-mm-
diameter dishes at a density of 105 cells/dish and were allowed to grow for
another 24 h in DMEM with 10% calf serum. In some cases, cells were serum
starved for 12 to 16 h before being subjected to fixation and subsequent staining
to lower the background in control cells. Cells were washed twice with 13 Hanks
balanced salt solution (Gibco BRL) and fixed in 2% paraformaldehyde–0.1%
glutaraldehyde–0.05% Triton X-100 at room temperature for 20 min. After
rinsing with 13 Hanks solution three times, the coverslips were blocked with 1%
bovine serum albumin–1% phosphate-buffered saline for 30 min. Cells were
incubated with anti-Vav3 antibody for 2 h followed by three washes with 13

Hanks solution, followed by incubation with anti-rabbit secondary antibody cou-
pled to fluorescein isothiocyanate alone or along with rhodamine-labeled phal-
loidin for 1 h. Following three washes in 13 Hanks solution, the coverslips were
mounted on microscope slides by using the ProLong Antifade Kit (Molecular
Probes) and were examined under the fluorescence microscope.

Focus formation assay. Samples with 2 3 105 NIH 3T3 cells were seeded into
10-cm-diameter dishes in DMEM with 10% calf serum 24 h prior to transfection.
The cells were transfected using the calcium phosphate method. At 10 to 12 h
posttransfection, the cells were washed once with serum-free DMEM and then
maintained in DMEM with 5% calf serum. Ten to 14 days later, cells were fixed
in 70% ethanol at room temperature for 20 min, air dried for 30 min, and then
stained with Giemsa stain (Sigma Diagnostics) at 37°C for 45 to 60 min. After
washing two times with 13 phosphate-buffered saline, cells were air dried and
foci were enumerated.

FIG. 1. Schematic diagram of the Vav3 constructs used in biochemical and
biological assays.
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RESULTS

Identification of Vav3 as Ros-interacting protein. To iden-
tify potential novel molecules implicated in Ros-mediated sig-
naling pathways, we screened a human placenta cDNA library
using the cytoplasmic domain of human c-Ros as bait in a yeast
two-hybrid assay. Of the 5 3 106 transformants, 52 conferred
upon the CG1945/pAS-Ros cells the ability to grow on SD/
2Trp/2Leu/2His/13-AT plates and to produce b-galactosi-
dase. Of these, 32 colonies were determined as “true” positive
based on the criterion that they could not induce His or b-ga-
lactosidase production when mated to Y187 cells carrying
pAS2-1 or pLAM59. One of the positive cDNA isolates was
found to represent a novel sequence at the time of identifica-
tion and was later shown to encode the carboxyl SH3-SH2-SH3
domains of Vav3, a newly identified Vav homologue (data not
shown).

Tissue expression pattern of Vav3. Northern blot analysis
revealed two main species of human Vav3 mRNA transcripts,
5.4 and 3.4 kb, which are broadly distributed in most of the
hematopoietic and nonhematopoietic tissues except ovary and
skeletal muscle (Fig. 2). Placenta, kidney, pancreas, and colon
cells express the highest levels of the 3.4-kb transcript. The
larger Vav3 mRNA is present at an intermediate level in
spleen cells and peripheral blood lymphocytes (PBLs). The
probe generated using the C-terminal SH3 and SH2 domains
may potentially recognize the highly homologous domains of
the other Vav family members and therefore may complicate
the interpretation of our observed results. However, the spec-
ificity of the probe toward Vav3 but not Vav was demonstrated
by its inability to detect the Vav transcripts (2.9 kb) in Vav-rich
tissues (spleen, thymus, lung, and PBL). Additionally, the
5.4-kb Vav3 transcript was detected at a high level in spleen
cells but at a low level in placenta and liver cells, whereas Vav2
mRNA transcripts (5 kb) displayed comparable levels in these
tissues (50), leading us to believe that a possible cross-reaction
of our Vav3 probe with Vav2 transcripts is unlikely. Further-
more, the Vav3 mRNA expression pattern was confirmed by
using a Vav3-specific oligonucleotide probe to hybridize with
the same filters (data not shown).

The distribution pattern of the larger Vav3 transcript is
similar to that observed by Movilla and Bustelo (38). However,
in their study, they observed only the larger Vav3 transcript in
human tissues. One possible reason for their failure to detect
the smaller Vav3 transcript is that they used a probe that did
not include the SH3-SH2-SH3 domains of Vav3. Using that
probe, they did not detect Vav-1- or Vav-2-related transcripts
at the size of 3.1 kb either. The smaller Vav3 mRNA detected
here is most likely equivalent to the major variant transcript of
Vav3 (3.1 kb) that contains only the SH3-SH2-SH3 domains
that were reported previously (55). In that study, the variant
transcript of Vav3 was found, by reverse transcription-PCR, to
be preferentially expressed in placenta, kidney, pancreas, co-
lon, small intestine, and prostate cells (55), which is similar to
our present observation (Fig. 2).

Tyrosine phosphorylation of Vav3 and its interaction with
RPTKs and their signaling molecules. To investigate the bio-
chemical functions of Vav3, expression vectors containing the
SH3-SH2-SH3 region (Vav3SH) or full-length Vav3 (Vav3F)
were generated as stated in Materials and Methods. To con-
firm the interaction of Vav3 with Ros in mammalian cells,
293T cells were transiently transfected with ER2 (EGFR-Ros
chimera) and Vav3SH. Vav3SH was tyrosine phosphorylated
in ER2-transfected 293T cells, and the level of phosphorylation
was enhanced upon activation of Ros; however, its association
with Ros was constitutive (Fig. 3A). Coexpression of Vav3F
and ER2 in 293T cells resulted in a significantly higher level of
tyrosine phosphorylation of Vav3 than Vav3SH (data not
shown), suggesting that the majority of phosphotyrosine sites
of Vav3 may be distributed in its N-terminal and central re-
gions. The SH3-SH2-SH3 domains of Vav3 seem to be suffi-
cient in mediating the interaction of Vav3 and Ros, as evi-
denced by the reciprocal immunoprecipitation and Western
blotting (Fig. 3A). Furthermore, an ER2-overexpressing NIH
3T3 cell line (EB69) was used to investigate Vav3 phosphory-
lation and interaction with Ros. In this system, the tyrosine
phosphorylation of Vav3 was clearly ligand dependent, but the
association of Vav3 and Ros was still constitutive (Fig. 3B). In
contrast, upon activation of the endogenous EGFR in 293T
cells, Vav3 was rapidly tyrosine phosphorylated and associated
with EGFR in a ligand-dependent manner (Fig. 3C). Since IR
and IGFR have high homology with Ros in their PTK domains,
we tested whether Vav3 can also interact with these receptors.
Constructs encoding the full-length cDNA of IR or IGFR were
cotransfected with either Vav3F or Vav3SH. The full-length
Vav3 protein and its carboxyl SH3-SH2-SH3 fragment were
tyrosine phosphorylated in response to insulin stimulation, al-
though the former had a significantly higher phosphorylation
level (Fig. 4 and 5). Increased association between Vav3 and
IR was observed upon insulin stimulation (Fig. 4). Although no
significant tyrosine phosphorylation of Vav3SH was detected
(Fig. 5A), phosphorylation of Vav3F, Vav3 5-10, and Vav3
6-10 was significantly enhanced (Fig. 5B) in response to IGF-1
stimulation. Similarly, increased association of IGFR with
Vav3F, Vav3 5-10, and Vav3 6-10 was observed upon IGF-1
stimulation, indicating that the interaction does not require the
N-terminal domain. Upon IR or IGFR activation, two Vav3-
associated proteins (180 and 97 kDa) were found to be heavily
tyrosine phosphorylated (Fig. 4 and 5A). Reprobing the re-
spective filters with anti-IR or anti-IGFR antibody revealed
that the 97-kDa proteins were the b subunits of IR and IGFR,
respectively. The 180-kDa Vav3-associated protein was also
found in the anti-Vav3 phosphotyrosine blots upon Ros and
EGFR activation (Fig. 3 to 7). We repeatedly observed that the
180-kDa protein remains the most prominent Vav3-associated
tyrosine-phosphorylated protein upon activation of various

FIG. 2. Northern blot analysis of Vav3 transcripts. A PstI-PstI fragment of
Vav3 which included the N-terminal SH3 and SH2 domains was labeled with
[a-32P]ATP and used as the probe. Human Multiple Tissue Northern (MTN)
Blots (Clontech) (samples 7759-1 and 7760-1) were prehybridized and hybridized
in Express Hyb Hybridization Solution at 68°C as described in the manufactur-
er’s manual. Human b-actin cDNA (Clontech) was used as a control probe for
monitoring the quantities of mRNAs.
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RPTKs that we have examined so far. Although anti-Ros,
anti-EGFR, anti-IRS-1, and anti-p190 Rho-GAP antibodies
were used in an effort to characterize the protein, the identity
of the protein remains unknown.

We next examined the interaction of Vav3 with several
downstream signaling molecules implicated in Ros-, IR-, and
IGFR-mediated signaling pathways, including Shc, Grb2,
phospholipase C (PLC-g), and the regulatory subunit p85 of

FIG. 3. Vav3 is tyrosine phosphorylated by Ros and EGFR and interacts with these receptors. (A) Samples of 100 ng of ER2 and 10 mg of Vav3SH were
cotransfected into 293T cells as indicated. After serum starvation and treatment for 15 min with 100 ng of EGF/ml, cells were lysed and subjected to immunopre-
cipitations (IP) and Western blotting (IB). EB69 cells (B) and 293T cells (C) were transfected with either empty vector pHEF neo or Vav3F. Vav3 was immunopre-
cipitated with anti-Ros or anti-EGFR antibodies. The tyrosine phosphorylation of Vav3 was visualized by immunoprecipitation with anti-Vav3 antibody and Western
blotting with anti-phosphotyrosine antibody.

FIG. 4. Vav3 is tyrosine phosphorylated and associates with the IR upon its activation. 293T cells were transfected with 10 mg of Vav3SH (A) or 10 mg of Vav3F
(B) in the absence or presence of exogenously transfected IR (100 ng). A sample of 1 mg of total-cell lysate was used in the immunoprecipitations (IP) and Western
blottings (IB) as indicated.
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PI3 kinase. As shown in Fig. 6, Vav3 interacted with PLC-g
(Fig. 6A) and PI3 kinase p85 (Fig. 6B) upon EGF stimulation
in EB69 cells overexpressing the EGFR-Ros chimera. As ex-
pected, IRS-1 associated with p85 in response to activation of
the Ros chimera (Fig. 6C). The association of Vav3 with p85
was confirmed by coimmunoprecipitation with anti-p85 anti-
body (Fig. 6C). The association of Vav3 with the p85 subunit of
PI3 kinase in EB69 cells and parental NIH 3T3 cells upon
EGF, insulin, and IGF-1 stimulation was further confirmed by
in vitro PI3 kinase assays (data not shown). Vav3 associated
with Grb-2 in an insulin-dependent manner in 293T cells tran-
siently expressing Vav3F (Fig. 7). The interaction of Vav3 with
Grb-2 was, as expected, further enhanced in the presence of

exogenously introduced IR. Vav3 was found to interact with
Shc in an insulin-dependent manner as well (Fig. 7).

Overexpression of Vav3 and its mutants in NIH 3T3 cells
leads to activation of Rho family GTPases. Since Vav and
Vav2 have guanine nucleotide exchange activity towards Rho
family GTPases, we decided to characterize the possible effect
of Vav3 on Rho, Rac, and Cdc42 proteins. In view of the
conflicting results produced using bacterium- or baculovirus-
derived Vav proteins in the in vitro GTP-GDP exchange assays
(1, 12, 13, 20, 38, 51), we used the newly developed Rok, Pak,
and Ack in vitro binding assays described in Materials and
Methods to detect the levels of intracellular activated forms of
RhoA, Rac-1, and Cdc42. Rok-a, Pak, and Ack GST fusion

FIG. 5. Vav3 becomes tyrosine phosphorylated and interacts with the IGF-1 receptor upon IGF-1 stimulation. Samples of 100 ng of pHEF IGFR and 10 mg of
Vav3SH (A) or 10 mg of Vav3F, Vav3 5-10, or Vav3 6-10 (B) were used in cotransfections of 293T cells. Vav3 and IGFR were immunoprecipitated (IP) from 1 mg
of total-cell lysate and subjected to Western blotting (IB) as indicated.

FIG. 6. Vav3 associates with PLC-g and PI3 kinase p85 in ER2-expressing NIH 3T3 cells (EB69). EB69 cells were transfected with either Vav3F (10 mg) or pHEF
neo (10 mg) as a control. At 48 h posttransfection, cells were stimulated with EGF (100 ng/ml) for 15 min and lysed. A sample of 1 mg of total-cell lysate was used
in immunoprecipitations (IP) and Western blottings as indicated.
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proteins containing the respective Rho binding domain or
CRIB domain have previously been shown to specifically bind
to the active GTP-bound forms of RhoA, Rac-1, and Cdc42,
respectively (27, 32, 39, 49). NIH 3T3 cells were transiently
transfected with various Vav3 constructs along with HA-tagged
wild-type RhoA, Rac-1, or Cdc42. The ability of the wild-type
Vav3 or its mutant, Vav3 6-10, to promote Rho family GTPases
activation was determined by the amount of specific Rho GTPase
bound by GST-Rok, Pak, or Ack immobilized on glutathione
beads, respectively. Figure 8 shows that overexpression of the
wild-type Vav3 in NIH 3T3 cells led to a marked activation of
Rac-1 and Cdc42 (Fig. 8B and C), but no detectable activation
of RhoA (Fig. 8A). The CH-AD domain deletion mutant of

Vav3 (6-10), in contrast, was unable to activate Cdc42 (Fig.
8C), but promoted significant activation of RhoA and Rac-1
(Fig. 8A and B).

Since activation of IR or IGFR led to tyrosine phosphory-
lation of Vav3 (Fig. 4 and 5), we investigated whether these
RPTKs could promote Vav3-mediated Rho, Rac, and Cdc42
activation. For this purpose, HA-tagged wild-type GTPases
were cotransfected with Vav3F into 3T3-IR or 3T3-IGFR cells.
At 24 h posttransfection, the cells were starved for 16 to 20 h
and then stimulated with their respective ligands for 15 min.
Cell lysates were prepared and used for in vitro binding assays
as described above. As shown in Fig. 9, insulin could promote
activation of Rac-1 and Cdc42 in 3T3-IR cells, even in the

FIG. 7. Vav3 interacts with Shc and Grb-2 in IR-overexpressing 293T cells. Cotransfections were performed with 293T cells as indicated. A sample of 1 mg of lysate
with or without insulin stimulation was immunoprecipitated (IP) with anti-Grb2 or anti-Shc antibody, followed by Western blotting (IB) with anti-Vav3 antibody. The
tyrosine phosphorylation level of IR and Vav3 as well as the protein amounts of IR, Vav3, Shc, and Grb2 were determined by immunoprecipitation and Western blotting
with antibodies against phosphotyrosine and these proteins, respectively.

FIG. 8. Activation of GTPases by Vav3 and its mutant 6-10. Vav3F (1.5 mg) and pHEF 6-10 (1.5 mg) were cotransfected with HA-tagged wild-type RhoA (A), Rac-1
(B), or Cdc42 (C) (0.5 mg each) into NIH 3T3 cells. Then, 36 h later, cells were serum starved overnight and extracted in NP-40 lysis buffer. A sample of 500 mg of
total-cell lysate was used in Rok-, Pak-, and Ack-GST binding assays as described in Materials and Methods. The data from three independent experiments were
normalized for protein expression. The average fold activation (Fold Act) of the respective GTPase and the standard error (SE) were calculated and are presented along
with a representative blot. Ca, constitutively activated.
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absence of exogenous Vav3. Introduction of exogenous Vav3
enhanced Rac and Cdc42 activation in a ligand-dependent (for
Rac) or ligand-independent (for Cdc42) manner (Fig. 9B and
C). Vav3 had little effect on RhoA with or without insulin
stimulation (Fig. 9A). Vav3-enhanced activation of Rac-1 in
response to insulin was also observed in Cos-7 cells (data not
shown). In 3T3-IGFR cells, coexpression of Vav3 slightly en-
hanced Rac-1 and RhoA activation in a ligand-independent
manner and had a significant synergistic effect on IGF-1-in-
duced Cdc42 activation (Fig. 10B).

Our results suggest that IR activation enhanced the ability of
Vav3 to promote Rac-1, but not RhoA and Cdc42, activation
although Vav3 significantly increased the level of activated
Cdc42 without insulin stimulation, whereas IGFR promoted
Vav3-mediated Cdc42, but not RhoA and Rac-1, activation.
However, since NIH 3T3 cells express an undetectable level of
endogenous Vav3, the role of Vav3 in IR and IGFR signaling
in 3T3 cells remains unclear.

The effect of Vav3 and its mutants on the morphology of
NIH 3T3 cells. To determine if Vav3 activation of the Rho

family GTPases results in changes in cell morphology, we tran-
siently transfected wild-type Vav3 into NIH 3T3 cells and per-
formed immunofluorescence staining as described in Materials
and Methods. As shown in Fig. 11, Vav3 was exclusively dis-
tributed in the cytoplasm, particularly surrounding the perinu-
clear area. Subcellular fractionation revealed that the majority
of Vav3 protein was located in the cytosolic fraction (data not
shown). Parental NIH 3T3 cells and Vav3SH-transfected cells
predominantly displayed fibroblast-like morphology (Fig. 11,
top row). A high proportion of wild-type Vav3-overexpressing
cells appeared enlarged and frequently multinucleated, usually
accompanied by pronounced membrane ruffles and micro-
spikes (Fig. 11, second row). Costaining the cells with anti-
Vav3 antibody and rhodamine-conjugated phalloidin revealed
that Vav3F induced actin reorganization to form enriched cir-
cular actin bundles around the perimembrane area (data not
shown). Vav3-positive cells with altered cell shape exhibited
three typical cell characteristics: membrane ruffles, membrane
ruffles plus microspikes, or microspikes alone. The percentages
of Vav3-positive cells with these shapes were found to be 14,

FIG. 9. Insulin enhances Vav3-mediated Rac-1 activation. Empty vector or Vav3F was cotransfected with HA-tagged wild-type RhoA (A), Rac-1 (B), or Cdc42 (C)
into NIH 3T3 cells overexpressing IR. After cells were treated with 50 nM insulin for 15 min, they were extracted using NP-40 buffer and subjected to Rok-, Pak-, and
Ack-GST pull-down assays. The data from two independent experiments were normalized for protein expression. The average fold activation (Fold ACT) of the
respective GTPase was calculated and is presented along with a representative blot.

FIG. 10. IGF-1 enhances Vav3-mediated Cdc42 activation. Empty vector or Vav3F was cotransfected with HA-tagged wild-type RhoA (A), Rac-1 (B), or Cdc42
(C) into NIH 3T3 cells overexpressing IGFR. Cells were treated with 100 ng of IGF-1/ml for 15 min and extracted using NP-40 buffer followed by Rok-, Pak-, and
Ack-GST pull down assays. The data from two independent experiments were normalized for protein expression. The average fold activation (Fold Act) of the
respective GTPase was calculated and is presented along with a representative blot.
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10, and 5%, respectively, in the absence of serum. In contrast,
the N-terminal truncation mutants, 5-10 and 6-10, of Vav3
dramatically enhanced membrane ruffle formation (24 and
34%, respectively, in the absence of serum), but lost the ability
to induce microspikes (Fig. 11, third and fourth rows). Less
than 1% of the control and Vav3SH-transfected cells displayed
extensive membrane ruffles or microspikes. It is interesting
that unlike its homologues Vav and Vav2, Vav3 does not re-
quire oncogenic activation for the induction of morphological
changes, although the presumed activated forms of Vav3 ap-
pear to have increased ability to induce membrane ruffles.

To study the role of Vav3 in RPTK-mediated modulation of
cell morphology, Vav3F was transfected into ER2-, IR-, or
IGFR-overexpressing NIH 3T3 cells and the percentages of
Vav3-positive cells with different shapes with or without ligand
stimulation were calculated. In the IR- and Vav3-expressing
cells, insulin stimulation significantly enhanced the proportion
of cells displaying lamellipodia or membrane ruffles (from 22

to 50%), but had no apparent effect on the proportion of cells
displaying filopodia or microspike formation. By contrast, in
IGFR- and Vav3-overexpressing cells, IGF-1 specifically pro-
moted Vav3-mediated microspike formation (from 12 to 24%).
It is interesting that activation of IR and IGFR leads to distinct
Vav3-mediated morphological changes. Due to a high basal
level of ER2-expressing cells displaying membrane ruffling, the
experiments on the effect of Vav3 expression were not conclu-
sive.

Oncogenic activation of Vav3 by CH or CH-AD domain
truncation. It has previously been reported that the deletion of
the CH and AD domains of Vav and Vav2 can lead to their
constitutive activation. Expression of these truncated mutants
in NIH 3T3 cells induces focus formation (25, 50, 51). To
assess whether the same mutations can lead to oncogenic ac-
tivation of Vav3, we checked the transforming ability of wild-
type Vav3 and its CH and CH-AD domain deletion mutants in
NIH 3T3 cells. As shown in Fig. 12, Vav3SH had no detectable

FIG. 11. Effect of Vav3 and its mutants on the morphology of NIH 3T3 cells. NIH 3T3 cells transfected with 2 mg of pEGFP C1 (clontech) (A), Vav3SH (B and
C), Vav3F (D to F), pHEF5-10 (G to I), or pHEF6-10 (J to L) were fixed and visualized by staining with anti-Vav3 antibody and subsequently anti-rabbit secondary
antibody coupled to fluorescein isothiocyanate (FITC). The proportion of positive cells with distinct morphology in the absence of serum is under the corresponding
panels.
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focus-forming activity and wild-type Vav3 had only a weak
focus-inducing ability. Both N-terminal truncation mutants in-
duced very compact and elevated foci composed of small, fusi-
form refractile cells as opposed to the oncogenic Ras-induced
foci, which are composed of wide, spreading, rounded cells.
The focus-forming ability of the Vav3 mutants was investigated
in three independent stocks of NIH 3T3 cells obtained from
different sources with similar results. CH domain deletion un-
leashed the focus-forming ability of Vav3. This activity was
further enhanced by the CH and AD domain deletion as seen
with the 6-10 mutant. Therefore, like Vav and Vav2, N-termi-
nal deletion of the AD domain is required for full activation of
the transforming potential of Vav3. Vav3 6-10 induced close to
15 3 103 foci per mg compared to approximately 8 3 103 foci
per mg induced by oncogenic Ras. The ability of Vav3 and its
mutants to promote anchorage-independent growth was also
examined using the soft agar growth assay. No significant
Vav3-mediated colony-promoting ability was observed.

DISCUSSION

In this study, we identified Vav3 as a new Ros-associated
protein in a yeast two-hybrid screen and, subsequently, in
mammalian cells by coimmunoprecipitation assays. Our data
show that Vav3 has a tissue expression pattern overlapping
that of Ros (9). Following Ros activation, Vav3 becomes phos-
phorylated on its tyrosine residues. These observations suggest
that Vav3 is a signaling molecule downstream of Ros. In ad-
dition, our results indicate that Vav3 also plays a role in IR-,
IGFR-, and EGFR-mediated signaling pathways.

To further understand the biochemical and biological func-
tions of Vav3, a new Vav family member, we examined its
upstream regulators, associated partners, and downstream sig-
naling pathways. Our results demonstrated that Vav3 became
tyrosine phosphorylated and physically associated with EGFR,
IR, and IGFR in response to the stimulation of these RPTKs.
The carboxyl SH3-SH2-SH3 domains of Vav3 seem sufficient
for this interaction. This is consistent with the model that Vav
associates with autophosphorylated RPTKs through its SH2

domain by recognizing specific phosphotyrosine sequences in
RPTKs (5). However, the interaction of Vav3 and Ros was
ligand independent. There are two possibilities: (i) the basal
level of tyrosine phosphorylation of Ros in the untreated EB69
cells was already sufficient for Vav3 binding, and (ii) given the
fact that the SH3-SH2-SH3 domains of Vav3 are sufficient for
its association with Ros, it is possible that Vav3 can interact
with Ros via its SH3 rather than its SH2 domain. Whether
tyrosine phosphorylation of Ros is required for the interaction
remains to be investigated. In addition, Ros seems to be more
potent in inducing the tyrosine phosphorylation of Vav3 than
EGFR, IR, and IGFR.

In previous studies, Shc has been shown to couple to Vav
protein in vivo (38). Here we report increased Vav3 association
with Shc upon insulin stimulation in the presence of exogenous
IR in 293T cells (Fig. 7B). The Vav protein has been shown to
interact with Grb2 independent of ligand stimulation (27, 29,
46, 47, 52). It was further pointed out that this association was
mediated by the N-SH3 domain of Vav and the C-SH3 domain
of Grb2, therefore explaining their constitutive interaction (46,
63). However, in our study, Vav3 was associated with Grb2
upon insulin stimulation, and this interaction was further en-
hanced in the presence of exogenous IR. We do not know if
this distinct property of Vav3 is due to its intrinsic nature or
due to different cell systems used in our study versus those in
the studies of others. However, our result is in agreement with
the study of Ramos-Morales et al. (47), in which coimmuno-
precipitation assays showed ligand-inducible interaction be-
tween Vav and Grb2.

It has been shown that PLC-g and the p85 regulatory subunit
of PI3 kinase can bind to tyrosine-phosphorylated Vav in vitro
(47) and in vivo (3, 60). Consistently, our results demonstrate
that PLC-g interacted with Vav3 in a ligand-dependent man-
ner. The interaction of Vav3 with the p85 subunit of PI3 kinase
in cells was also ligand dependent, as verified by coimmuno-
precipitation assay (Fig. 6B) and Vav3-associated PI3 kinase
assay (data not shown).

A tyrosine-phosphorylated protein with a mass of 180 kDa

FIG. 12. N-terminal deletion mutants of Vav3-induced foci in NIH 3T3 cells. (A) The morphology of foci induced by Vav3F (III), pHEF 5-10 (IV), and pHEF 6-10
(V). NIH 3T3 cells transfected with empty vector (I), Vav3F (II), or RasV12 (VI) were included as controls and for comparison of transforming morphology. (B) The
number of foci induced by full-length Vav3 and its mutants, 5-10 and 6-10.
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was reproducibly observed among the Vav3-associated pro-
teins upon activation of various RPTKs. Its pronounced ty-
rosine phosphorylation level and frequent association with
Vav3 suggest that it may play an important role in Vav3-
mediated signaling function. In an attempt to identify this
protein, antibodies against EGFR, IGFR, p190 Rho GAP, and
IRS-1 were tested in the immunoblotting analysis. To this end,
we have excluded p180 from being an IRS-1, IR, or IGFR
precursor, but its identity remains unknown.

Several groups have shown that Vav and Vav2 function as
GEFs for different members of the Rho/Rac family GTPases.
Tyrosine phosphorylation was shown to regulate Vav GEF
activity (5). It is thought that Vav family proteins couple ty-
rosine kinase signaling in response to distinct environmental
stimuli of cells via their inducible GEF activity as well as
interaction with various signaling molecules, including PLC-g
and PI3 kinase. Recently, Movilla and Bustelo (38) reported
that (i) baculovirus-expressed Vav3 protein, after tyrosine
phosphorylation by Lck (Y505F) in vitro, could specifically
promote the GDP-GTP exchange on RhoA and RhoG and, to
a lesser extent, on Rac-1 but not on Cdc42 in an in vitro
GTP-GDP exchange assay; (ii) expression of Vav3(D1–144) or
Vav3(D1–184) in NIH 3T3 cells led to extensive lamellipodia,
membrane ruffling, and the formation of an actin ring in the
cell periphery, whereas wild-type Vav3 induced morphological
change only when coexpressed with activated Lck (Y505F);
and (iii) wild-type Vav3, Vav3(D1–144), or Vav3(D1–184), in
the presence or absence of activated Lck (Y505F), failed to
induce cellular transformation in NIH 3T3 cells.

However, in our study, using GST-Rok, -Pak, and -Ack
fusion polypeptides in the pull-down binding assays, we found
that overexpression of wild-type Vav3 in mammalian cells led
to activation of Rac-1 and Cdc42 but not RhoA, while an
N-terminal truncation mutant of Vav3 promoted RhoA and
Rac-1 activation but not Cdc42 activation in the same cell
background. These observations suggest that Vav3 possesses
GEF potential towards Cdc42, Rac-1, and RhoA. However,
the RhoA GEF activity can be manifested only after deleting
the N-terminal sequence that apparently negatively regulated
the RhoA GEF activity, possibly by interfering with the bind-
ing of RhoA. Furthermore, our data indicate that the N-ter-
minal sequence is required for Cdc42 GEF activity of Vav3.
Several factors might contribute to the discrepancy between
our observations and that of Movilla and Bustelo (38). First of
all, different assay systems have been used: we detected the
intracellular GTP-bound GTPases after expression of Vav3 by
binding assays, whereas they used baculovirus-produced Vav3
for the in vitro GTP-GDP exchange and binding assays. Sec-
ondly, different upstream regulators may influence Vav3 sub-
strate specificity. It is not clear whether Lck can represent the
physiological upstream effector of Vav3. Different PTKs may
recognize distinct tyrosine residues on Vav3. For example, our
data show that IR and IGFR appear to have differential reg-
ulatory effects on Vav3-mediated GTPase activation and mor-
phological change. It is possible that the Vav protein has the
potential to activate Rho, Rac, and Cdc42 GTPases. The spec-
ificity may depend on the different upstream activators, endog-
enous GTPases available in a distinct cell background, and
potential cofactors. Different upstream activators may modify
Vav proteins at different sites, inducing different conforma-
tional changes that favor the interaction of Vav proteins with
distinct GTPases. Similarly, different cells may have distinct
cofactors that are needed for Vav GEF activity toward a spe-
cific GTPase. In our case, overexpression of wild-type Vav3
might have resulted in its activation by undefined upstream
effectors distinct from Lck and Syk subfamily kinases and in-

volvement of a certain cofactor that modulates Vav3 GEF
activity for Cdc42 in particular. These effectors and cofactors
would be excluded in the in vitro GDP-GTP exchange assay.
Another explanation for the discrepancy of Vav3 and its GEF
activity towards Cdc42 is that Vav3 may activate Cdc42 indi-
rectly. For example, Vav3 can activate RhoG in vitro as shown
by Movilla and Bustelo (38). RhoG in turn has been shown to
activate both Rac and Cdc42. In our in vivo assay system we
were not able to distinguish direct and indirect activation.

Vav and Vav2 oncogenes have been reported by several
groups to induce differential morphological changes in NIH
3T3 cells. It was shown that Vav caused depolarization of
fibroblasts and triggered the bundling of actin stress fibers to
form parallel arrays (28), while Vav2 induced lamellipodia and
marked membrane ruffles (51). Neither Vav nor Vav2 has been
shown to induce filopodia or microspikes in NIH 3T3 cells.
Our results show that wild-type Vav3 could induce marked
morphology changes, such as membrane ruffles and micro-
spikes, even under serum starvation conditions without coex-
pression of any active kinase in NIH 3T3 cells. Expression of
full-length Vav3 in NIH 3T3 cells was able to induce micro-
spike formation. This correlates with the ability of full-length
Vav3 to promote the activation of Cdc42, as shown by the
GST-Ack in vitro binding assay. Truncation of the CH domain
of Vav3 resulted in a reduced ability to induce microspikes, but
dramatically enhanced membrane ruffle formation, which is
consistent with its reduced ability to induce Cdc42 activation in
the GST-Ack binding assay.

Coexpression of Vav3 with different upstream regulators,
such as IR and IGFR, promoted distinct Vav3-mediated mor-
phological changes. Insulin stimulation of IR and Vav3 coex-
pressing cells resulted in increased Vav3-dependent membrane
ruffling, whereas IGF-1 stimulation of IGFR and Vav3 coex-
pressing cells resulted in increased Vav3-dependent micro-
spike formation. In contrast, the pull-down assay analysis
showed only mild synergy of Vav3 with IGF-1 or insulin with
respect to Cdc42 and Rac activation, respectively. The lack of
synergistic effect in pull-down assays could reflect differential
sensitivity of these two types of assays or that other signaling
pathways activated by Vav3 but not analyzed in our study could
be responsible for the morphological changes.

Finally, we show that N-terminal deletion of Vav3 leads to
its oncogenic activation in focus formation. The mutants in-
duce foci in a dose-dependent manner, and deletion of the AD
domain was required for full activation of the transforming
ability of Vav3. The experiment was repeated with several NIH
3T3 cell lines derived in different laboratories, with similar
results.

Taken together, our study shows that Vav3, a new member
of the Vav family of proteins, has structural features and bio-
chemical properties similar to those of Vav and Vav2. These
properties include tyrosine phosphorylation in response to
RPTK activation and physical association with a variety of
signaling molecules, such as Shc, Grb-2, PLC-g, and PI3 kinase
p85. Overexpression of wild-type Vav3 leads to activation of
Rac-1 and Cdc42 and induces marked membrane ruffles and
microspikes in NIH 3T3 cells. In contrast, N-terminal trunca-
tion of Vav3 results in enhanced RhoA GEF activity, onco-
genic activation, and enhanced membrane ruffle formation.
Different RPTKs appear to have distinct regulatory roles in
Vav3-mediated GTPase activation and morphological change.
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