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Abstract

 

The importance of the hematopoietic protooncogene Vav1 in immune cell function is widely
recognized, although its regulatory mechanisms are not completely understood. Here, we ex-
amined whether Vav1 has a nuclear function, as past studies have reported its nuclear localiza-
tion. Our findings provide a definitive demonstration of Vav1 nuclear localization in a receptor
stimulation–dependent manner and reveal a critical role for the COOH-terminal Src homol-
ogy 3 (SH3) domain and a nuclear localization sequence within the pleckstrin homology do-
main. Analysis of DNA-bound transcription factor complexes revealed nuclear Vav1 as an inte-
gral component of transcriptionally active nuclear factor of activated T cells (NFAT)- and
nuclear factor (NF)

 

�

 

B-like complexes, and the COOH-terminal SH3 domain as being critical
in their formation. Thus, we describe a novel nuclear role for Vav1 as a component and facili-
tator of NFAT and NF

 

�

 

B-like transcriptional activity.

Key words: Vav • nuclear translocation • nuclear factor of activated T cells • calcium influx • 
protein subdomains

 

Introduction

 

Engagement of immune receptors initiates a wide variety
of biochemical responses that lead to the activation of T,
B, and mast cells. Activation of tyrosine kinases is the
event most proximal to receptor engagement and results in
the subsequent assembly of signaling modules comprised
of multiple tyrosine phosphorylated proteins including ki-
nases, phosphatases, adaptors, and other effector proteins
like the 95-kD protooncogene Vav1 (1–7). Vav 1 is ex-
pressed exclusively in hematopoietic cells whereas Vav2
and Vav3 are ubiquitous homologues that are coupled to
several growth factor receptors (8, 9). Vav 1 is a structur-
ally complex protein containing a Calponin homology do-

 

main (CH),

 

*

 

 an acidic region, a Dbl homology domain

 

(DH), a pleckstrin homology domain (PH), a cysteine-rich
domain, and three Src homology domains (SH3-SH2-SH3)
(10). Via its DH domain Vav1 has been shown to catalyze
the GDP-GTP exchange of Rho family GTPases with
some preference for the Rac GTPase (11). Interestingly,
Vav1 also contains two putative nuclear targeting se-
quences (NLS) whose presence is suggestive of Vav1 nu-
clear localization but whose function has not formally
been demonstrated.

In recent years gene targeting deletion experiments re-
vealed the importance of Vav1 in T lymphocyte develop-
ment and function. A profound defect in positive and nega-
tive selection of T cells has been described (12–14) that
results in low numbers of mature T cells in the periphery.
The cells that manage to escape the thymus are impaired in
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antigen-induced calcium signals and proliferation. These cells
also show decreased activation of nuclear factor of activated
T cells (NFAT)- and NF

 

�

 

B-transcription factors and re-
duced expression of activation markers in response to TCR
stimulation. Moreover, the cells failed to form actin-depen-
dent patches and caps that are the hallmark of the immune
synapse (15–18). Many of these defects may be explained by
the role of Vav1 in the activation of Rho family GTPases,
which function to reorganize the actin cytoskeleton, and by
its regulation of phospholipase C (PLC)

 

�

 

-dependent calcium
responses as seen in Vav 1

 

�

 

/

 

�

 

 mast cells (19).
Whereas it is clear that Vav1 localizes to the plasma

membrane in activated T (4), B (7), and mast cells (20),
early studies suggested a possible nuclear localization for
Vav both in rat basophilic leukemia (RBL) cells and in T
lymphoid cells upon prolonged Fc

 

�

 

RI engagement or pro-
lactin stimulation, respectively (21, 22). Subcellular frac-
tionation, immunofluorescence, and electron microscopic
studies also indicated the partial nuclear localization of Vav
in T cell lymphomas (Jurkat), granulocytes (HL60), and
megakaryoblastic cells (UT7) even in the absence of any
stimulus (23–25). Several studies have also shown an inter-
action of Vav with nuclear proteins. These include Ku-70,
a component of the DNA-dependent protein kinase com-
plex (23), the ribonucleoprotein hnRNPC, involved in
RNA maturation and nucleocytoplasmic transport (25),
and ENX-1, the human homologue of a member of the
polycomb group of proteins involved in transcriptional
regulation of Drosophila homeobox genes (26, 27). While
the SH2 domain of Vav was demonstrated to be essential in
receptor proximal events by mediating its plasma mem-
brane localization and interaction with a linker for activa-
tion of T cells (LAT)-organized signaling module both a
leucine stretch within the NH

 

2

 

-terminal CH domain (re-
sponsible for the interaction with Enx1) and the COOH-
terminal SH3 (hnRNP and Ku70 interacting region) have
been demonstrated to be domains that interact with nuclear
proteins. Altogether, these results suggested a molecular
function for Vav1 in the nucleus.

In this study we undertake the challenge of elucidating a
nuclear role for Vav1. First, we demonstrate unequivocally
that Vav1 translocates to the nucleus upon prolonged stim-
ulation of the Fc

 

�

 

RI and that its movement to the nucleus
is dependent on one of the two previously identified puta-
tive NLS. Furthermore, we find that Vav1 nuclear target-
ing is also under the control of the COOH-terminal SH3
(C-SH3) domain, which serves to sequester its presence in
the cytoplasm. Most importantly, however, is the finding
that Vav1 is a nuclear partner of the transcription factor
NFAT (28) and a nuclear factor (NF)

 

�

 

B-like factor (29).
For NFAT, Vav1 serves to facilitate its movement to the
nucleus and forms part of a transcriptionally active complex
that binds the NFAT binding site of the IL-2 promoter.

 

Materials and Methods

 

Antibodies and Reagents.

 

Supernatants from the hybridoma
Hi-DNP-

 

�

 

-26.82 were used as a source of anti-DNP specific

IgE for sensitization experiments (1/200). Antibodies to NFATp
and Vav1 were purchased from Upstate Biotechnology. Anti-
body to Vav 1 was also provided by Dr. X. Bustello (University
of Salamanca, Salamanca, Spain). The monoclonal anti-CD3
(UCHT1), anti-Myc tag (9E10), and anti-CD28 were provided
by Dr. G. Bismuth (ICGM, Paris, France), Dr. S. Fischer
(ICGM), and Dr. D. Olive (U119 Inserm, Marseille, France), re-
spectively. Monoclonal antibodies to NFATc and poly (ADP-ri-
bose) polymerase (PARP) and polyclonal antibody to c-jun NH

 

2

 

terminal kinase (JNK) were purchased from Santa Cruz Biotech-
nology, Inc. Antibodies to glutathione 

 

S

 

-transferase (GST) and
c-Jun (c-Jun was a gift of V. Tybulewicz, National Institute of
Medical Research, Mill Hill, UK) were provided by Dr. P.
Mayeux (ICGM).

 

Cell Culture and Stimulation.

 

Bone marrow–derived mast cells
(BMMCs) from Vav-null and from wild-type (wt) litter mates
were generated from femur bone marrow by incubation in IL3
for 4 wk as described previously (30). Mast cell differentiation and
phenotype were confirmed by toluidine blue staining. Purity was
usually more than 95%. Based on our previous experiments,
monitoring exocytosis at the single cell level by annexin V bind-
ing, more than 80% of the cells degranulated after IgE cross-link-
ing (31). RBL-2H3 cells were maintained as reported (29). For
stimulation, cells were sensitized for 1 h in culture medium (2 

 

�

 

10

 

6 

 

cells/ml) with DNP-specific IgE. After 1 h, the cells were
washed and challenged with DNP-human serum albumin (HSA)
(100 ng/2 

 

�

 

 10

 

6

 

cells/ml) for the indicated period of time at
37

 

�

 

C. Jurkat cells were maintained as described previously (32).
Stimulation was performed with a combination of anti-CD3
mAb (10 

 

	

 

g/ml) and anti-CD28 (10 

 

	

 

g/ml).

 

DNA Constructs.

 

pEF-Myc-tagged Vav1 was provided by
Dr. A. Altman (La Jolla Institute for Allergy and Immunology,
San Diego, CA). pEF-Myc–tagged Vav1 deleted of the CSH3
domain (delCSH3), of the NSH3 domain (delNSH3), of the first
consensus NLS sequence (delNLS1), or the second NLS se-
quence (delNLS2) were obtained by recombinant DNA technol-
ogy by replacing the wt fragments with an appropriate mutated
fragment generated by PCR as follows: for delCSH3: the wt
fragment between Bsu36I at 1,988 bp and BstXI at 2,508 bp in
the ORF was replaced by a fragment that deleted amino acids
787 to 846. For delNSH3: the fragment between AflIII at 1,406
bp and Bsu36I at 1,988 bp of the ORF was replaced by the cor-
responding fragment deleted of amino acids 605–662. For
delNLS1 and delNLS2: the fragment between AflIII-Bsu36I was
replaced by the corresponding fragment deleted of amino acids
487–494 and 576–589, respectively. pEFdelNLS1CSH3 and
pEFdelNLS2CSH3 were constructed by the additional replace-
ment of the Bsu36I-BstXI fragment in delNLS1and delNLS2 by
the corresponding fragment isolated from delCSH3.

 

Immunofluorescence Staining and Confocal Analysis.

 

RBL cells
and BMMC-derived mast cells were processed for confocal imag-
ing as described previously (32). Antibodies to –Vav and myc
were used at a 1/500 dilution followed by incubation with don-
key anti–mouse F(ab)

 




 

2

 

 coupled to FITC (Jackson Immuno-
Research Laboratories; 1/100 dilution). The coverslips were
mounted in Mowiol with Dabco antifading and the nucleus was
labeled with DAPI. Immunofluorescence was analyzed by confo-
cal laser-scanning microscopy with high numerical aperture lens
(63 

 

�

 

 1, 3NA; Bio-Rad Laboratories) at 522/535 wavelength.
Images were single optical sections obtained as TIFF files.

 

Subcellular Fractionation and Nuclear Extracts.

 

All procedures
were performed at 4

 

�

 

C. For nucleus and cytoplasmic fraction-
ation procedures, cells were lysed (5 

 

�

 

 10

 

7

 

 cells/ml) in buffer A
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(10 mM Hepes, pH 7.6, 15 mM KCl, 2 mM MgCl2, 1 mM
DTT, 0.1 mM EDTA, 0.05% NP40, and protease inhibitors).
Nuclei were pelleted by low speed centrifugation (1,000 

 

g

 

 for 10
min at 4

 

�

 

C) and resuspended in buffer C (50 mM Hepes, pH 7.8,
50 mM KCl, 1 mM DTT, 0.1 mMEDTA, and 10% glycerol and
protease inhibitors). The nuclei were lysed (5 

 

�

 

 10

 

7 

 

nuclei/ml)
by addition of 10% (vol/vol) of 3 M ammonium sulfate, pH 7.9
followed by rotation at 4

 

�

 

C for 30 min. The nuclear debris was
pelleted at 100,000 

 

g

 

 for 15 min. Soluble proteins in the nuclear
supernatant were precipitated by addition of an equal volume of
ammonium sulfate 3 M, pH 7.9, pelleted by centrifugation at
50,000 

 

g

 

 for 10 min and resuspended in 100 

 

	

 

l of buffer C.
The cytoplasmic fraction was recovered after pelleting of the

nuclei. The latter was stabilized by addition of 10% (vol/vol)

 

glycerol and 10% (vol/vol) of buffer B (0.3 M Hepes, pH 7.8, 1.4 M
KCl, 30 mM MgCl

 

2

 

). Soluble proteins were recovered by cen-
trifugation at 200,000 

 

g

 

 for 15 min. The recovered proteins were
precipitated by adding an equal volume of 3 M ammonium sul-
fate, pH 7.9, and pelleted at 100,000 

 

g

 

 for 10 min. The precipi-
tated cytoplasmic proteins were resuspended in 100 

 

	

 

l of buffer
C. Quantitation of protein concentrations in the extracts was de-
termined by the BCA protein assay (Pierce Chemical Co.). To
extract both soluble and DNA embedded nuclear proteins for the
electrophoretic mobility shift assays, nuclear extracts were pre-
pared according to the method of Dignam et al. (salt extraction
with 370 mM NaCl) as described previously (29, 33).

 

Immunoblotting, Gel Retardation Assays, and Cross-linking Experi-
ments.

 

Immunoprecipitations and immunoblotting were per-
formed by previously described procedures (32) and immuno-
blotted proteins were revealed by enhanced chemiluminescence
(Amersham Pharmacia Biotech). For electrophoretic mobility gel
shift assays the following oligonucleotides (5

 




 

 to 3

 




 

, the consen-
sus-binding site is underlined) were used as probes: distal NFAT
site of human IL2 promoter: GGAGGAAAAACTGTTTCATA-
CAGAAGGCGT; AP1 binding site: GCGCTTGATGACT-
CAGCCGGAA; Oct1 binding site: GCGATTTGCATTTC-
TATGAAAACCGG (provided by Dr. I. Dusanter, U363
Inserm, Paris, France). NF

 

�

 

B-like from TNF

 

�

 

 promoter:
CCCTGGTCCTGGGAATTTCCCACTCTGG.

Double-stranded oligonucleotides were end-labeled with
(

 

�

 

32

 

P)-ATP and T4 polynucleotide kinase. Binding reactions
were performed in a 20 

 

	

 

l volume containing 10 

 

	

 

g of the nu-
clear extract and 2 

 

	

 

g of poly(dI-dC) in binding buffer (10 mM
Tris, pH 7.5, 80 mM NaCl, 1 mM EDTA, 5% glycerol, and 1
mM DTT). The cold competitor oligonucleotides or Abs for su-
pershift were preincubated for 15 min at 4

 

�

 

C. Approximately 2
ng of the labeled probes were added to the sample and allowed to
bind for 45 min at 4

 

�

 

C. The resulting DNA–protein complexes
were separated by electrophoresis on a 4% non-denaturing gel in
0.5

 

�

 

 Tris/borate buffer for 3 h at 200 V and 4

 

�

 

C. For Western
blot analysis of the protein bound to DNA, following UV cross-
linking, the binding reaction was scaled up to 40 

 

	

 

g of nuclear
extract and 8 ng of labeled probe in a total volume of 40 

 

	

 

l. The
wet gel was UV irradiated on a transilluminator (306 nm) for 20
min and incubated at room temperature for 3 h. After localizing
the DNA–protein complexes, they were excised from the gel,
equilibrated in SDS sample buffer, resolved on a 10% SDS-
PAGE, and transferred to nitrocellulose membranes followed by
immunoblotting with a mAb to Vav1 (UBI).

 

Reporter Assays.

 

The NFAT-luciferase reporter construct
(provided by Dr. O. Acuto, Institut Pasteur, Paris, France) was
derived from the pUBT-luc plasmid and contained the luciferase
gene under control of the human IL-2 promoter NFAT-binding

site (28, 34). Transfections and determination of luciferase activ-
ity were performed as described previously (31).

 

JNK Assays.

 

For JNK assay, JNK1 immunoprecipitated with
goat polyclonal anti-serum to JNK1 (Santa Cruz Biotechnology,
Inc.) was used to phosphorylate the GST-c-Jun 5–89 fusion pro-
tein (c-jun GST, UBI) for 10 min at room temperature. Proteins
were resolved by SDS-PAGE, transferred to nitrocellulose mem-
branes, and phosphorylation was detected by autoradiography.
To control for JNK1 levels the membrane was subsequently im-
munoblotted with anti-JNK1.

 

Reverse Transcription PCR.

 

RBL cells were transfected with
expression vectors encoding Vav1 or deleted Vav1 constructs.
After IgE cross-linking, RNA was extracted and reverse tran-
scribed. PCR was performed using specific primers for rat IL-2
and a house keeping gene GAPDH as described previously (19).
As a positive control rat IL-2 was transcribed in vitro and 1 

 

	

 

l of
a 1:100 dilution of the resulting mRNA was subjected to amplifi-
cation by PCR.

 

Gene Transfer and Calcium Measurements.

 

For virus-mediated
gene transfer experiments into BMMC, the pSFV1 expression
system, Vav1-green fluorescent protein (GFP) constructs, and in-
fection procedure were as described previously (35). All proce-
dures were performed 4 h after the initial infection. Intracellular
calcium levels were measured as described (30). Briefly, cells were
loaded with 16 

 

	

 

M Fura Red (Molecular Probes) in RPMI/2%
FCS media for 45 min at 37

 

�

 

C. The cells were then incubated
with IgE (1 

 

	

 

g/10

 

6

 

 cells) on ice for 1 h and brought to room
temperature for 20 min. The cells were resuspended in Tyrodes/
BSA, and changes in dye fluorescence with time determined by
flow cytometry after stimulation with 30 ng/ml of Ag, with sub-
sequent stimulation by 1 

 

	

 

M thapsigargin. The changes in fluo-
rescence of Fura Red with time, after Ag stimulation, was mea-
sured only for transfected cells (based on a histogram gate
compared with noninfected cells) expressing GFP. The percent-

 

age of GFP

 

�

 

 cells varied from 9 to 24%.

 

Results

 

Prolonged Stimulation of Fc

 

�

 

RI Results in Nuclear Transloca-
tion of Vav1.

 

We wished to confirm and extend the prior
observations of the nuclear localization of Vav1. For these
studies we used the RBL-2H3 mast cell line, which con-
tains a larger cytoplasmic compartment than T cells. Us-
ing confocal imaging, we found that Vav1 exhibited a cy-
toplasmic localization with a distinct exclusion from the

 

nucleus (Fig. 1 A, NS) consistent with our prior obser-
vations (20). After challenge of IgE-sensitized cells with
antigen for a brief period of time (5–15 min, data not
shown), no nuclear localization could be visualized
whereas longer stimulation periods (30 min or more) led
to the movement of Vav1 to the nucleus (Fig. 1 A, S30
and S60). Quantitation of the relative amount of fluores-
cence in the nucleus of RBL cells (determined by DAPI
staining) during stimulation showed that nuclear localiza-
tion started to increase significantly after 30 min of con-
tinuous stimulation. The relative amount of the fluores-
cent signal present in the nucleus increased by over sixfold
in 1 h (stimulated versus unstimulated cells). A similar

 

translocation of Vav1, after prolonged Fc

 

�

 

RI stimulation,
was also observed in primary bone marrow derived mast
cells (BMMC, Fig. 1 B) indicating that this response was
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also seen in normal mast cells. No staining was detected
when anti-Vav antibody was either depleted with an ex-
cess of Vav before incubation with the cells or incubated
with vav

 

�

 

/

 

�

 

 BMMCs (Fig. 1 B; control and data not

shown). Additionally, we also observed some nuclear
translocation of Vav1 in Jurkat T cells although a low
level of nuclear fluorescence was also detectable in un-
stimulated cells (data not shown). Thus, these results dem-

Figure 1. Vav1 is translocated to the nucleus af-
ter prolonged Fc�RI stimulation. DNP-specific
IgE-sensitized RBL cells (A) or BMMCs purified as
described in Materials and Methods (B) were main-
tained in complete medium and were then either
left unstimulated (NS) or stimulated for 30 (S30) or
60 min (S60) with DNP-HSA. The localization of
Vav1 was determined by single section confocal
imaging using an antibody to Vav1 (UBI; 1/500 di-
lution) and a FITC-labeled secondary antibody (�
Vav). Nuclei were stained in parallel with DAPI
(DAPI) and merged images are on the right panel.
Insets show higher magnification of one stimulated
cell with anti-Vav Ab (green) and the correspond-
ing merged image with DAPI, respectively. On the
control confocal image anti-Vav antibody was de-
pleted on GST-Vav before incubation with the
cells (B, control).



 

1119

 

Houlard et al.

 

onstrate that Vav1 is capable of translocating to the nu-
cleus upon prolonged cell stimulation.

 

The COOH-terminal SH3 Domain of Vav1 Mediates Its
Cytoplasmic Retention.

 

Upon stimulation of antigen recep-
tors, Vav1 localizes to lipid rafts where it interacts with
other tyrosine phosphorylated partners preferentially via its
SH2 domain (6, 20). In contrast, most of the putative nu-
clear partners of Vav1 interact with its COOH-terminal
SH3 domain, an exception is Enx1 which interacts with
the CH domain. Our initial experiments using a Vav1 con-
struct in which the adaptor region (SH3-SH2-SH3) was
deleted, showed a constitutive nuclear localization for Vav1
(data not shown), thus providing a clue for regulatory con-
trol in the COOH terminus of Vav1. This was not due to
the SH2 domain as Vav1 with mutation or deletion of this
domain localized to the cytoplasm (20). Thus, to further
delineate the importance of each SH3 domain to the nu-
clear localization of Vav1 we constructed Vav1 genetic
mutants where either the NH

 

2

 

- or COOH-terminal SH3
domain was deleted (delNSH3 and delCSH3, respectively,
Fig. 2 A). The mutant constructs were transfected into
RBL-2H3 cells and their subcellular distribution was visu-
alized by confocal imaging (Fig. 2 B). The delNSH3 mu-
tant showed cytoplasmic localization in resting cells and a
partial nuclear translocation upon Fc

 

�

 

RI stimulation similar
to the actions of transfected wt or endogenous Vav1 (Fig. 2
C, Wt-Vav, and Fig. 1 A). Some cytoplasmic accumulation
was also seen in cells expressing the highest levels of exoge-
nous proteins (Figs. 2 B, delNSH3 [S], and 2 C, Wt-Vav
[S]). In contrast, the delCSH3 mutant exhibited a strong
nuclear localization both in unstimulated and stimulated
cells (Fig. 2 B). Immunochemical analysis revealed almost
equivalent expression levels of the mutant and wt proteins
in total extracts and confirmed the increase of delCSH3
Vav1 in nuclear fractions of unstimulated cells compared
with untransfected or wt transfected RBL cells (data not
shown). Because delCSH3 was constitutively localized to
the nucleus, this enabled us to explore the function of the
putative nuclear localization signal sequences (delNLS1 and
delNLS2, respectively) in causing the nuclear localization
of this protein. The first NLS is located within the PH do-
main of Vav1 and is closely related to the SV40 consensus
sequence (Fig. 2 A, NLS1: KXRXXKKK; reference 36).
The second NLS is located between the cysteine rich and
the N-SH3 domains and is composed of a bipartite
sequence (NLS2: KKXKXXRRXXXKKR, resembling
those found in transcription factors [37, 38]). Fig. 2 C
shows that deletion of NLS1 was sufficient to restore a
constitutive cytoplasmic localization to the double mutant
protein (delNLS1delCSH3) whereas deletion of the second
NLS (delNLS2delCSH3) caused this protein to remain in
the nucleus. Similarly, a NLS1 deleted mutant of wt-Vav
was restricted to the cytoplasm upon prolonged Fc

 

�

 

RI
stimulation (Fig. 2 C, delNLS1). In contrast, a NLS2 de-
leted mutant behaved like wt-Vav1 and was able to translo-
cate to the nucleus after Fc

 

�

 

RI stimulation (data not
shown). These results were confirmed by immunochemical
analysis of the nuclear and cytoplasmic fractions of stably

 

transfected delNLS1 and delCSH3 RBL cells. Indeed,
while delCSH3 was predominantly nuclear, delNLS1 was
exclusively cytoplasmic, regardless of whether cells were
stimulated or not (Fig. 2 D).

 

Functional Properties of Vav1 Mutants with Nuclear and Cy-
toplasmic Localization.

 

We previously demonstrated that
the absence of Vav1 in mast cells had significant conse-
quences in the activation of c-Jun NH

 

2

 

-terminal kinase
(JNK1), PLC

 

�

 

, and subsequent calcium responses upon
stimulation of the Fc

 

�

 

RI (19). The calcium regulating ef-
fects of Vav1 were demonstrated to be dependent on the
guanine nucleotide exchange activity of its DH domain.
Therefore, the calcium response of either a cytoplasmic
(delNLS1) or nuclear (delCSH3) localized mutant form of
Vav1 was tested in order to determine their ability to po-
tentiate the calcium influx. To test the effect of these mu-
tants on early activation signals we used BMMC derived
from 

 

vav1-null

 

 mice. Calcium levels were determined in
Fura-Red loaded cells that were reconstituted with wt or
mutant Vav1, gated for transfected GFP expression, and ac-
tivated by Fc

 

�

 

RI stimulation. As shown in Fig. 3 A, we
confirmed our previous results showing a substantial de-
crease in the Ag-dependent calcium response of Vav1-null
BMMCs compared with cells derived from 

 

vav1

 

�

 

/

 

�

 

 mice
(Fig. 3 A, Wt and KO; reference 19). Transfection of
vav1

 

�

 

/

 

�

 

 BMMCs with wt Vav–GFP resulted in a calcium
response that was enhanced, albeit slightly delayed, when
compared with endogenous Vav (KO [Vav-GFP], Wt
[GFP]). In contrast, the delNLS1-Vav mutant (delNLS1)
did not restore any Ag-dependent calcium response, show-
ing levels similar to that observed for 

 

vav

 

�

 

/

 

�

 

 BMMCs
whereas the delCSH3 mutant partially restored the Fc�RI-
induced calcium response up to the level of vav�/� BMMCs,
albeit with a significantly delayed response to Ag (delCSH3).
Consistent with our prior results (19), the thapsigargin-
induced calcium response, which is independent of Fc�RI
engagement, was confirmed to be dependent on Vav1 com-
petence. Both the delNLS1 and delCSH3 mutants showed
reconstitution of the thapsigargin-induced calcium response
to the extent of vav�/� derived cells but significantly di-
minished compared with vav�/� and wt-Vav transfected
vav�/� cells. This result is consistent with an important role
for a fully functional Vav1 in the regulation of calcium
stores.

Vav1 mutants were also tested for their capacity to acti-
vate JNK; another well-documented pathway regulated by
Vav1. For these experiments we used RBL cells, as the effi-
ciency for transfection of vav1�/� BMMCs did not permit
biochemical analysis of JNK activation. The RBL cells were
stably transfected with wt-Vav or mutated Vav and JNK ac-
tivity was measured in an in-gel kinase assay by phosphory-
lation of GST-c-jun. In agreement with previous observa-
tions (11, 39) we observed a substantial induction of JNK
activity in wt Vav1 transfected compared with mock-trans-
fected cells, after antigenic stimulation (Fig. 3 B, WtVav1
versus control GFP). Similarly, although expression levels of
the delNLS1 Vav1 mutant were lower compared with wt
Vav1, it also enhanced to a similar extent JNK activity.
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Conversely, the delCSH3 Vav1 mutant only mildly en-
hanced JNK activation above the control GFP transfectant.
However, this enhancement was significantly less (around
twofold less) than the JNK activation induced by delNLS1
mutant Vav1, although the levels of mutant protein were
higher and JNK1 protein levels were equivalent.

As Vav1 was demonstrated to be important for the acti-
vation of the NFAT transcription factor and IL-2 gene
transcription, we also examined the effect of Vav1 localiza-
tion on NFAT activity. For this purpose, wt Vav,
delCSH3Vav, and delNLS1Vav, were transfected into Jur-
kat T cells together with a luciferase reporter construct un-

Figure 2. Nuclear localization of Vav1 is dependent on a functional nuclear local-
ization signal (NLS1) and is regulated by its COOH-terminal SH3 domain (CSH3).
(A) Mutant forms of Vav1 used in this study. The two putative nuclear localization
sequences of Vav1 are indicated above the schematic representation of Vav1 subdo-
mains (see Materials and Methods). The sequence within the frames of NLS1 and
NLS2 represents the deleted sequences of delNLS1 and delNLS2 mutants. Regions
of deletions for all other mutants are indicated by amino acid sequence listed as num-
bers above the site of deletion. (B) Confocal image analysis of NH2-terminal or
COOH-terminal SH3 deleted Vav1: RBL cells were transfected with either myc-
tagged Vav1 deleted of the N- (delNSH3) or COOH-terminal (delCSH3) Src ho-
mology 3 domain. Cells were either not stimulated (NS) or stimulated for 60 min (S)
and processed for confocal image analysis and staining with mAb to myc (1/500). (C)

Confocal image analysis of full-length wt-Vav-Myc tagged (Wt-Vav) or the NLS1 (delNLS1), NLS1 and CSH3 (delNLS1CSH3), or NLS2 and CSH3
(delNLS2CSH3) deleted Vav1-myc tagged mutants. Unstimulated (NS) or 60 min stimulated (S) RBL cells transfected with the corresponding constructs
were processed for confocal analysis using a mAb to myc. (D) Immunoblot analysis of Vav1 present in nuclear and cytoplasmic fractions. RBL cells stably
transfected with either myc-delNLS1 or myc-delCSH3 constructs were either left unstimulated (NS) or were stimulated (S). Nuclear (Nu) and cytoplas-
mic (Cy) fractions were prepared and aliquots (10 	g) were examined by immunoblotting using mAb to myc.
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der control of three repeats of the human IL2 distal pro-
moter NFAT/AP1 binding sites. As shown in Fig. 3 C,
CSH3-deleted Vav1 was very poor in potentiating the
NFAT/AP1-dependent transcriptional activity both in un-
stimulated or CD3 plus CD28 stimulated cells compared
with wt Vav1. In contrast, deletion of the NLS1 sequence
of Vav1 gave similar reporter activity compared with wt-
Vav1 transfected cells. We further corroborated this defect
on reporter activity by directly analyzing the steady-state
levels of IL-2 mRNA in RBL cells transfected with either
wt-Vav, delCSH3 or delNLS1 mutants, or mock DNA.
While the transcription of a housekeeping gene (GAPDH)
was not affected by the different transfectants, overexpres-
sion of wt-Vav1 led to a large increase in IL-2 mRNA ex-
pression upon IgE cross-linking (Fig. 3 D). In contrast,
delCSH3 transfectant exhibited levels of IL2 mRNA even
lower than untransfected or mock-transfected cells. How-
ever, delNLS1 mutant showed some increase of this
mRNA upon Fc�RI stimulation. These results show that
transfection of the nucleus-localized delCSH3 Vav1 caused
a delay in the calcium response, failed to elicit substantial

JNK activation, and did not cause the production of IL2
mRNA upon Fc�RI stimulation. Expression of the cyto-
sol-localized delNLS1 Vav1 failed to mobilize calcium be-
yond the low levels seen in Vav1-deficient mast cells, al-
though JNK activation appeared equal to that seen by
expression of wt-Vav1. Thus, these findings suggest that
low levels of calcium but full JNK activation are sufficient
to potentiate the NFAT/AP1 DNA reporter activity and
cause some activation of IL2 transcription.

Vav Is Part of Transcriptionally Active Complexes. Be-
cause of our earlier observations of Vav1 localization to the
nucleus and the ability of the cytosolic delNLS1 Vav1 to
drive NFAT/AP1 dependent reporter activity we further
explored whether Vav1 was directly involved in NFAT-
dependent transcriptional activation. We first measured the
induction of nuclear NFAT/AP1 DNA binding activity
upon Fc�RI stimulation of RBL cells. The initial kinetic ex-
periments measured the appearance of an NFAT complex in
nuclear extracts that bound the distal site of the human IL-2
promoter. While we observed a slight induction of NFAT
binding activity at 5 min after stimulation, the activity fur-

Figure 3. The differential lo-
calization of Vav1 (delCSH3
versus delNLS1) promotes or in-
hibits functional responses. (A)
Intracellular calcium measure-
ments. Vav �/� (Wt) and �/�
(KO) BMMCs were transfected
with GFP alone (GFP), wt Vav-
GFP (Vav-GFP), delCSH3 Vav-
GFP (delCSH3), and delNLS1
Vav-GFP (delNLS1). Intracellu-
lar calcium levels of IgE and Fura
Red AM loaded cells were mea-
sured by flow cytometry before
and after stimulation at the indi-
cated time (arrows) with 30 ng
DNP-BSA (Ag) followed by 1
	M thapsigargin (Thpsg). Data
were collected after gating of
transfected GFP-positive cells.
One representative calcium ex-
periment is shown. (B) Activa-
tion of JNK activities. RBL cells
were transfected with the indi-
cated constructs. Cells were left
unstimulated (�) or were anti-
gen stimulated (�). JNK1 kinase
activity was measured by an in
vitro kinase assay. The top panel
shows an autoradiography of
(�32P) incorporated into c-Jun-
GST after its phosphorylation by
JNK1 immunoprecipitates from
cell lysates. Bottom panels show

the amount of JNK1, exogenous, and endogenous Vav1 found in the transfectants. The fold induction of JNK activity is relative to control GFP (-Ag)
arbitrarily set to 1.0 and is the mean of three individual experiments with standard deviations ranging from 4.3 to 9.9%. (C) Transcriptional activation of
NFAT by Vav1 deletion mutants. Jurkat T cells were cotransfected with the IL-2 promoter-luciferase plasmid and expression plasmids encoding either
wt Vav (wtVav), delCSH3, or delNLS1 Vav mutants. After 24 h, cells were either left unstimulated (NS) or were stimulated for 60 min with CD3 and
CD28 (S). Luciferase activity was determined in cell extracts (top panel). Results are representative of three individual experiments and error bars repre-
sent standard deviation. Samples of the same lysates were also analyzed for the expression of myc-tagged Vav1 constructs by immunoblotting with mAb
to myc (bottom panel). One single representative experiment is shown. (D) Effect of Vav1 deletion mutants on IL-2 steady-state mRNA level. RBL cells
were untransfected (RBL) or transfected with the indicated constructs. Cells were left unstimulated (NS) or were antigen stimulated for 1 h (S). Cytokine
(IL-2) or housekeeping gene (GAPDH) mRNA levels were determined by RT-PCR as described in Materials and Methods. IL-2 control represents the
PCR amplification of in vitro transcribed IL-2 mRNA as a control for IL-2 primers and PCR conditions. One representative of four experiments is shown.
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ther increased reaching a maximum at 1 h (Fig. 4 A). Com-
plex formation was blocked both by NFAT or AP1 unla-
beled competitor oligonucleotides. Interestingly, the kinetics
of NFAT/AP1 DNA binding activity was found to be strik-
ingly similar to the movement of Vav1 to the nucleus.
Hence, we further analyzed the composition of the protein–
DNA complex by electrophoretic mobility supershift assays.
Surprisingly, in addition to the supershift of the NFAT/AP1
binding complex by incubation with anti-NFATp or anti-
c-Jun antiserum, we found that the complex with lower
mobility could be supershifted, or was partly disrupted, by
incubation with two different antibodies to Vav1. An irrele-
vant antibody to GST did not cause this shift (Fig. 4 B, top
left). The presence of Vav in this complex was subsequently
confirmed by UV cross-linking of the lower mobility com-
plex, which was then excised resolved by SDS-PAGE, and
probed by immunoblot with an antibody to Vav1. A specific
band corresponding to p95 Vav was isolated from an excised
region containing the complex induced by Fc�RI stimula-
tion (Fig. 4 B, *lane 2), but not from an excised region cor-
responding to the same molecular mass but derived from
unstimulated cells (Fig. 4 B, *lane 1, bottom left). Further-

more, in RBL cells stably transfected with wt Vav1 we
found enhanced formation of the lower mobility NFAT/
AP1 complex (Fig. 4 B, top right). The protein–DNA com-
plex was again supershifted upon incubation with antibodies
to NFATp or Vav but not with antibodies to NFATc or the
irrelevant protein GST. Analysis by Western blotting of the
band of lower mobility also revealed higher quantities of p95
Vav (Fig. 4 B, bottom right, *lane 4).

The NFAT distal site present in the IL-2 promoter has
been shown to cooperatively bind NFAT and AP1 tran-
scription factors (34; Fig. 4 A). The possibility that Vav1
could also participate independently in AP1-DNA binding
was explored by testing an NFAT-independent AP1 site
derived from the human metallothionein IIA promoter. As
shown in Fig. 4 C, nuclear extracts from unstimulated cells
showed a faint but specific protein–DNA complex in a gel
shift assay. The amount of the low mobility complex was
enhanced after Fc�RI stimulation and was supershifted
upon incubation with antibody to c-Jun. However, incuba-
tion with antibodies to Vav1 (Fig. 4 C) or NFAT (data not
shown) did not cause a supershift. We further analyzed the
protein-DNA complex (Fig. 4 C, *lanes 1 and 2) for Vav1

Figure 4. Vav1 is a specific
component of NFAT and
NF�B-like DNA binding com-
plexes. (A) Kinetics of NFAT
nuclear binding activity present
in nuclear extracts after stimula-
tion of RBL for the indicated
times as revealed by EMSA. The
distal NFAT site of human IL-2
promoter was used as a probe.
The presence of the NFAT-
DNA complex is indicated by an
asterisk. In competition experi-
ments the unlabeled oligonucle-
otides (IL-2 NFAT or AP1 sites,
excess of 20-fold) were incu-
bated 15 min with the nuclear
extract before addition of the
probe. (B–E) Supershift analysis
of various nuclear transcriptional
complexes in unstimulated (NS)
and in stimulated (S) RBL cells
or transfectants (wt-Vav) is
shown. The following different
oligonucleotides were used as
probes: human NFAT (B), AP1
(C), NF�B-like (D), and Oct 1
(E). The specific DNA–protein
complexes generated are indi-
cated by an asterisk. For super-
shift analysis extracts were incu-
bated with the following
antibodies: anti-NFATp (UBI)
or NFATc (Santa Cruz Biotech-
nology, Inc.), anti-Vav (a and b:
mAb UBI and pAb provided by
Dr. X. Bustello, respectively),
anti c-Jun and irrelevant anti-

GST or anti-myc for 15 min before addition of the labeled oligonucleotides. Nuclear extracts were also preincubated with an excess (20�) of unlabeled
competitor oligonucleotide as indicated. In preparative experiments specific complexes (*) were cut out from wet gels using samples corresponding to the
indicated lanes after UV irradiation. Samples were resolved by SDS-PAGE and analyzed by immunoblotting with mAb to Vav1 (bottom of B, C, and D).
Total extracts of RBL were loaded in parallel as controls for immunoblotting (Ext).
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content by UV cross-linking and Western blotting; no band
corresponding to the 95 kD Vav1 was detected (Fig. 4 C,
bottom). The results demonstrate that Vav1 cooperatively
participates in a NFAT/AP1 transcriptionally active com-
plex that specifically binds to the distal region of IL-2 pro-
moter, but not to an NFAT-independent AP1 complex.
The participation of Vav1 in a transcriptionally active com-
plex raised the possibility that it may also participate in other
complexes, like NF�B, where Vav1 activity has been dem-
onstrated to play a role (18). We showed previously that an
NF�B-like factor binding to an NF�B site present in the 3

region of the TNF-� gene is important for transcriptional
induction of cytokines in mast cells (29). Furthermore, we
also demonstrated that Vav1-deficiency has a partial effect
on the Fc�RI-induced TNF-� mRNA levels (19). Thus, it
seemed possible that Vav1 might also form part of a NF�B-
like complex in mast cells. As shown in Fig. 4 D, a NF�B-
like DNA binding activity, which was weakly detected in
unstimulated cells, was strongly induced upon Fc�RI stimu-
lation (Fig. 4 D, *). The resulting protein-DNA complex
was supershifted by incubation with two different antibod-
ies to Vav but not with an anti-Myc Ab (Fig. 4 D, top).
The presence of Vav1 in the bands with lower mobility was
also analyzed. The UV cross-linked proteins in the excised
gel bands were resolved by SDS-PAGE and subsequently
immunoblotted with an antibody to Vav1 revealing the
presence of p95 Vav in these complexes with a detectable
increase during stimulation (Fig. 4 D, lanes 1 and 2, bot-
tom). Finally, we also examined the possible contribution of
Vav1 to another protein–DNA complex corresponding to
the Oct1 site of the IL-2 promoter (40). In unstimulated
cells a rather strong DNA binding protein complex was ob-
served. Increased DNA binding was induced by Fc�RI
stimulation. However, incubation with an antibody to
Vav1 failed to supershift this complex (Fig. 4 E). Thus,
while Vav1 can participate cooperatively or independently
in two transcriptionally active complexes (NFAT/AP1 and
NF�B-like), its participation is complex specific, as it does

not participate in other transcriptional complexes (AP1 and
Oct1) that also bind the IL-2 promoter.

Nuclear delCSH3 Vav1 Hinders the Formation of Both
NFAT and AP1-DNA Binding Complexes. To under-
stand the failure of delCSH3 Vav1 to potentiate NFAT/
AP1 reporter activity and increase IL-2 mRNA levels, we
analyzed its effect on NFAT/AP1 and AP1 DNA binding
activities in stable delCSH3 transfectants. These results
were compared with cells that had been stably transfected
with either wtVav or delNLS1 Vav1. As shown in Fig. 5 A,
upon Fc�RI stimulation, untransfected cells exhibited a
NFAT/AP1-DNA binding activity detected in a gel shift
assay using an NFAT/AP1 oligonucleotide probe. This
complex was enhanced in the cells overexpressing wt-Vav1
(compare wt-Vav and RBL). Similarly, untransfected and
stimulated RBL cells exhibited an enhanced NFAT-inde-
pendent AP1 DNA binding activity (Fig. 5 A, RBL, AP1).
Again, overexpression of wt-Vav1 resulted in a strong en-
hancement of the AP1 binding complex that was readily
seen in unstimulated cells and further increased with Fc�RI
stimulation (AP1, wt-Vav). Immunoblot analysis with an
antibody to NFATp, confirmed the substantial increase of
NFAT in the nucleus of wt-Vav1 cells compared with un-
transfected cells after stimulation (Fig. 5 A, bottom). In
striking contrast, in the cells that had been stably transfected
with the constitutively nuclear-localized delCSH3 Vav1
mutant we did not detect a functional NFAT/AP1 DNA
binding activity in three separate stably transfected clones
even after prolonged exposures (Fig. 5 A, delCSH3 and
data not shown). Furthermore, while a weak AP1 DNA
binding activity was detected in unstimulated cells, the
binding was not increased upon stimulation. Thus,
delCSH3 Vav1 was ineffective in potentiating both
NFAT/AP1 and AP1 DNA binding activities and in in-
creasing IL-2 mRNA (Fig. 3 D).

In contrast, in nuclear extracts of cells transfected with
delNLS1 we could identify an AP1 DNA binding activity,
comparable to wt-Vav transfected cells, that was enhanced

Figure 5. Differential effect of
Vav1 constructs expression on
nuclear transcriptional com-
plexes in RBL cells. (A and B)
Nuclear extracts from RBL cells
untransfected or transfected with
wt-Vav myc-tagged (wt-Vav),
delCSH3-Vav or delNLS1-Vav,
and either unstimulated (NS) or
60 min stimulated (S) were in-
cubated with the indicated dou-
ble stranded (�32P)-labeled oli-
gonucleotides. Autoradiography
with delCSH3 extracts were
subjected to longer exposures to
maximize the detected signals.
Nuclear extracts were also pre-
incubated with unlabeled com-
petitor oligonucleotide for spec-

ificity control as indicated. (A, bottom panel) Quantified nuclear extracts (10 	g) of the cells were analyzed by immunoblotting with mAb to NFATp
(UBI) or as a loading control with mAb to PARP (Santa Cruz Biotechnology, Inc.).
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upon stimulation. However, the NFAT/AP1 DNA binding
activity observed, although slightly enhanced upon stimula-
tion, remained very weak and became apparent only after
prolonged exposure (Fig. 5 A, delNLS1). This is consistent
with the inability of delNLS1 Vav1 to effectively translocate
to the nucleus and to promote IL-2 mRNA accumulation
to the level of wt Vav1 (see Fig. 5 A, RBL, and Fig. 3 D).
Immunoblot analysis of the nuclear extracts of delCSH3 or
delNLS1 cells revealed a slight increase in the quantity of
NFAT present in the nucleus upon stimulation to the same
extent as untransfected RBL cells (Fig. 5 A, bottom). Thus,
this increase in all three nuclear extracts is likely attributed
to the presence and activation of endogenous Vav1. Finally,
the appearance of an Oct1 nuclear complex was not affected
by any of the Vav1 constructs as its DNA-binding activity
was present in unstimulated cells and was similarly further
enhanced by Fc�RI stimulation (Fig. 5 B).

As the delCSH3 Vav1 mutant does not seem to affect the
nuclear translocation of NFAT mediated by endogenous
Vav1, we analyzed whether its inhibitory effects on NFAT
and AP1 DNA binding activities were related to the quan-
tity of the mutant protein present in the nucleus. We used
two additional delCSH3 stable clones expressing lower levels
of the nuclear myc-tagged delCSH3 as monitored by immu-
noblotting of nuclear extracts with anti-Myc antibody (Fig.
6 B, clones 1 and 2). Nuclear extracts from these transfec-
tants demonstrated an inhibitory effect on both NFAT/AP1
and AP1 DNA binding activities compared with endoge-
nous Vav 1 in untransfected RBL cells. The inhibitory effect
was proportional to the amount of delCSH3 Vav present in
the nucleus, leading to complete inhibition of complex for-
mation in the highest expressing clone (clone 3; Fig. 6 A).

Together with the data from the previous section these
results indicate that delCSH3 Vav1 is unable to promote
the formation of an NFAT/AP1-dependent transcription-
ally active complex. They also demonstrate that this nuclear
mutant hinders the DNA binding mediated by endogenous
Vav1 and has a more general inhibitory effect as exempli-
fied by inhibition of AP1 DNA binding.

Discussion
Vav 1 contains multiple protein structural interaction

motifs that have allowed the isolation of several binding
partners in vitro and in vivo, indicating a role for Vav1 as
an adaptor in a wide variety of signaling pathways. Among
the structural domains found on Vav1, the COOH-termi-
nal SH3 domain has been most exclusively associated with
nuclear proteins. However, the functional relevance of
these interactions is unknown (23–25).

In this report we demonstrate that the COOH-terminal,
but not the NH2-terminal, SH3 domain of Vav1 is directly
responsible for the cytoplasmic retention of the proto-onco-
gene. Although the mechanism remains unknown, one
possibility may be that the COOH-terminal SH3 mediates
specific interaction with cytoskeletal proteins that sequester
it in the cytoplasm (27, 41). Furthermore, SH3-dependent
interaction with other cytoplasmic proteins could also pre-

vent its movement to the nucleus as described for NF�B/
I�B complexes interacting with RasGAP SH3-binding
proteins (42). Alternatively, the C-SH3 domain or the
COOH-terminal portion of Vav may also be responsible for
intramolecular bridging that could mask the NLS within the
PH domain. This mechanism of intramolecular masking of
an NLS was previously described in the nuclear transport of
B-Myb (43). Our data support the unmasking of the NLS
upon Fc�RI stimulation, as the deletion of the functional
NLS1 sequence restored retention of the delCSH3 mutant
and Vav1 in the cytoplasm. Although deficient in nuclear
transport, the delNLS1 Vav1 mutant was still capable to ac-
tivate JNK, an event that requires both the tyrosine phos-
phorylation of Vav1 and the conformational activation of
the DH domain (44–46). Genetic studies have indicated a
major role for Vav1 both in early signaling events such as in
calcium mobilization and cytoskeletal rearrangement but
also in more delayed responses, such as the production of

Figure 6. A concentration-dependent negative regulatory effect of nu-
clear delCSH3 Vav1 on transcription complex formation. Nuclear ex-
tracts from untransfected RBL cells (RBL) and three independent clones
of stably transfected RBL cells (del CSH3, cl1, cl2, and cl3), expressing
varying concentrations of delCSH3, were analyzed for their effect on for-
mation of transcription complexes. (A) Nuclear extracts from unstimu-
lated (�) or 60 min stimulated (�) cells were incubated with the indi-
cated double-stranded (�32P)-labeled oligonucleotides (AP1 or human
NFAT) and analyzed by EMSA. (B) Nuclear extracts (10 	g) of the
delCSH3 clones were analyzed by immunoblotting with mAb to Myc to
titrate for the relative amounts of the Myc-delCSH3 Vav 1 proteins.
Control of the loading was performed by subsequent immunoblotting
with mAb to PARP (Santa Cruz Biotechnology, Inc.).
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cytokines, including IL-2, IL-3, IFN-�, and TNF-�. Ex-
perimental evidences have focused on the role of Vav1 as a
guanine nucleotide exchange factor (GEF) for Rac and the
consequences of Rac activation on cytokine production.
More recently, however, several reports described a guanine
nucleotide exchange factor-independent function of Vav1,
most notably in potentiating NFAT transcriptional activity
and facilitating PLC� phosphorylation (19, 47). Our find-
ings provide strong evidence for GEF-independent regula-
tion of NFAT as Vav1 is demonstrated to become an active
participant in the NFAT/AP1 transcriptional complex that
binds to the distal promoter of IL-2. Indeed, supershift anal-
ysis of the activated complex, using two different antibod-
ies, established the presence of Vav1. Interestingly, a third
antibody directed to the C-SH3 domain of Vav1 was un-
able to supershift the complex indicating that this domain
may be inaccessible because of the conditions used in the
gel shift assays or because it may be bound to another pro-
tein (unpublished data). The specific presence of Vav1
within the complex was also confirmed by direct immu-
nochemical analysis. The importance of Vav1 in the forma-
tion of NFAT/AP1 complex is also reinforced by our data
that shows a substantial enhancement of both the DNA-
bound complex and all identified components, including
Vav1, in cells overexpressing wt Vav (see Figs. 4 B and 5
A). On the other hand, we did not observe its presence in a
protein–DNA complex containing only the AP1 transcrip-
tion factor-binding site, despite a strong induction of AP1
binding activity upon Fc�RI stimulation. Vav1 was also ab-
sent in the NFAT-independent Oct1 transcriptional com-
plex activated upon Fc�RI stimulation but was present in
another inducible NF�B-like transcriptional complex that
has been shown to play a role in the transcription of TNF�
in RBL mast cells (29). These results clearly favor the spe-
cific interaction of Vav1 with NFAT and NF�B complexes
and are in agreement with the impaired NFAT and NF�B
activation previously observed in vav1�/� animals (18).
Thus, beyond the ability of Vav to lead to NFAT and
NF�B activation we found that Vav1 becomes a potentiat-
ing partner of the transcriptionally active complex.

To further explore the mechanisms involved we ex-
ploited the findings that deletion of specific motifs or
domains of Vav1 would result in opposite cellular com-
partmentation under nonactivation conditions. The cyto-
plasmic delNLS1 Vav1 mutant that was still fully effective
in activating JNK showed a strong NFAT-independent
AP1–DNA binding activity and a weak AP1-binding to
the NFAT/AP1 probe. However, this mutant was in-
effective at potentiating calcium influx, and, accordingly,
NFAT nuclear translocation and DNA binding were not
enhanced over endogenous levels. This suggests that in-
creased JNK activation alone was not sufficient to enhance
NFAT binding. Despite the absence of significant NFAT/
AP1 mobilization the delNLS1 Vav1 strongly induced a
NFAT/AP1 reporter activity after transient transfection
into Jurkat cells and led to some increase of the levels of
IL2 mRNA in RBL cells. This result is most easily ex-
plained by the binding of AP1 to the three NFAT/AP1

tandem repeats present in the reporter plasmid. This is in
agreement with a recent study that has revealed an AP1-
dependent induction of this IL-2 reporter construct (48).
Our competition experiments using the AP1 recognition
motif also confirmed the ability of AP1 to bind to the IL-2
distal promoter in the absence of NFAT and to promote
some transcriptional activation of the IL-2 gene (Figs. 4 A
and 3 D). Collectively, the results with the delNLS1 Vav1
mutant provide further evidence for a model whereby
Vav1 has GEF-dependent and -independent activities that
must function synergistically to promote maximal NFAT/
AP1 binding activity at the IL-2 distal promoter and drive
full gene transcription (47). The inability of the delNLS1
mutant to potentiate calcium influx might further reflect
some alteration within the PH domain that inhibits Vav1-
mediated activation of PLC� and PI3K, the latter activity
being necessary for thapsigargin-induced depletion of ER
stores (19, 49, 50). This hypothesis is further reinforced by
a subcellular localization of the delNLS1 mutant that is
more diffuse in the cytoplasm and does not rapidly localize
to the plasma membrane at early time of stimulation as
compared with wt-Vav (Fig. 2 C, and data not shown).

The constitutive and primarily nuclear localization of the
delCSH3 Vav1 mutant allowed us to assess the effects of its
presence in the nucleus. Clearly, this mutant, in contrast to
wt-Vav1, was unable to induce luciferase activity with an
IL-2 promoter construct and to promote the transcription
of this cytokine gene. However, the novel finding was that
this mutant, in a dose dependent manner, was ineffective in
inducing detectable levels of both NFAT/AP1 and AP1-
DNA complexes by endogenous Vav (see Figs. 5 A and 6
A). As delCSH3 also inhibited induction of AP1 com-
plexes, where Vav is not a participant, this suggests a more
general inhibitory effect for this mutant. This hypothesis is
in agreement with our finding that the inducible NF�B-
like DNA complex, in which Vav1 is a component, is also
abrogated in delCSH3 transfected cells (unpublished data).
Because del-CSH3 Vav1 does not induce further NFAT
translocation but does not abrogate NFAT translocation
due to endogenous Vav, it does not appear that the
delCSH3 mutation affects transport of transcription factors
into the nucleus. However, the absence of the C-SH3 do-
main is the characteristic in common to the inhibitory effect
on NFAT, NF�B, and AP-1 DNA binding activity. One
possibility, in agreement with our results of a delCSH3-
mediated dose-dependent inhibitory effect is that increasing
concentrations of delCSH3 largely accumulated in the nu-
cleus, can compete for the binding of endogenous Vav1 to
these transcriptional complexes thereby sequestering them
as a complex unable to bind to its DNA. Our current hy-
pothesis is that Vav plays the role of an adaptor protein in
the nucleus as it does in the cytoplasm and that this role is
important for the DNA binding activity of transcriptional
complexes. It is already known that the C-SH3 domain as-
sociates with Ku70, a component of the DNA-dependent
protein kinase complex, and Ku70 interactions with ho-
meobox transcription factors (known as important effectors
in the hematopoietic system) have been described (23, 51).
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Thus, it is possible that Vav1 plays a more general role in
the nucleus by facilitating the phosphorylation and/or as-
sembly of transcription factor–containing DNA binding
complexes. Interestingly, the full transcriptional activity of
NFAT seems to require phosphorylation of the NH2-ter-
minal transactivation domain by an inducible kinase (52). It
is also of interest to note that Vav1 associates with ENX-1
(26), a putative regulator of homeobox gene expression.

In conclusion, this study provides direct evidence for the
presence of Vav1 as a component of an active transcrip-
tional complex. It demonstrates the participation of Vav1
in an NFAT and NF�B-like transcriptional complex but
not as a member of AP-1 or Oct DNA binding complexes.
Furthermore, we found that the presence of Vav1 in the
nucleus is promoted by the prolonged stimulation of recep-
tors and depends on a functional NLS found within the PH
domain of Vav1 as well as on derepression of the C-SH3
domain-mediated cytoplasmic localization. This provides
the first evidence of a nuclear role for Vav1 and further
demonstrates that its role in regulation of IL-2 gene tran-
scription transcends the regulation of calcium responses and
JNK stimulation that activate NFAT.

We thank Dr. Salah Mecheri (Pasteur Institute) for assistance in ob-
taining bone marrow derived mast cells and I. Bouchaert for tech-
nical expertise in confocal microscopy. We thank Dr. S. Fischer for
critical and thoughtful discussions.

This work was supported by Institut National de la Sante et de la
Recherche Medicale and the Association pour la Recherche contre
le Cancer. M. Houlard and A. Germani are the recipients of a Min-
istere de la Recherche et de la Technologie and a European Com-
munity fellowship respectively. The work of the Molecular Inflam-
mation Section was supported by the National Institute of Arthritis
and Musculoskeletal and Skin Diseases Intramural Research Pro-
gram of the National Institutes of Health and a grant from the
United States-Israeli Binational Science Foundation. 

Submitted: 8 October 2001
Revised: 6 February 2002
Accepted: 19 March 2002

References
1. Katzav, S., D. Martin-Zanca, and M. Barbacid. 1989. vav, a

novel human oncogene derived from a locus ubiquitously
expressed in hematopoietic cells. EMBO J. 8:2283–2290.

2. Coppola, J., S. Bryant, T. Koda, D. Conway, and M. Barba-
cid. 1991. Mechanism of activation of the vav protoonco-
gene. Cell Growth Differ. 2:95–105.

3. Field, K.A., D. Holowka, and B. Baird. 1995. Fc epsilon RI-
mediated recruitment of p53/56lyn to detergent-resistant
membrane domains accompanies cellular signaling. Proc. Natl.
Acad. Sci. USA. 92:9201–9205.

4. Montixi, C., C. Langlet, A.M. Bernard, J. Thimonier, C.
Dubois, M.A. Wurbel, J.P. Chauvin, M. Pierres, and H.T.
He. 1998. Engagement of T cell receptor triggers its recruit-
ment to low-density detergent-insoluble membrane domains.
EMBO J. 17:5334–5348.

5. Xavier, R., T. Brennan, Q. Li, C. McCormack, and B. Seed.
1998. Membrane compartmentation is required for efficient
T cell activation. Immunity. 8:723–732.

6. Bustelo, X.R. 2000. Regulatory and signaling properties of
the Vav family. Mol. Cell. Biol. 20:1461–1477.

7. Guo, B., R.M. Kato, M. Garcia-Lloret, M.I. Wahl, and D.J.
Rawlings. 2000. Engagement of the human pre-B cell recep-
tor generates a lipid raft- dependent calcium signaling com-
plex. Immunity. 13:243–253.

8. Schuebel, K.E., X.R. Bustelo, D.A. Nielsen, B.J. Song, M.
Barbacid, D. Goldman, and I.J. Lee. 1996. Isolation and
characterization of murine vav2, a member of the vav family
of proto-oncogenes. Oncogene. 13:363–371.

9. Movilla, N., and X.R. Bustelo. 1999. Biological and regula-
tory properties of Vav-3, a new member of the Vav family of
oncoproteins. Mol. Cell. Biol. 19:7870–7885.

10. Romero, F., and S. Fischer. 1996. Structure and function of
vav. Cell. Signal. 8:545–553.

11. Crespo, P., K.E. Schuebel, A.A. Ostrom, J.S. Gutkind, and
X.R. Bustelo. 1997. Phosphotyrosine-dependent activation
of Rac-1 GDP/GTP exchange by the vav proto-oncogene
product. Nature. 385:169–172.

12. Fischer, K.D., A. Zmuldzinas, S. Gardner, M. Barbacid, A.
Bernstein, and C. Guidos. 1995. Defective T-cell receptor
signalling and positive selection of Vav-deficient CD4�

CD8� thymocytes. Nature. 374:474–477.
13. Turner, M., P.J. Mee, P.S. Costello, O. Williams, A.A.

Price, L.P. Duddy, M.T. Furlong, R.L. Geahlen, and V.L.
Tybulewicz. 1995. Perinatal lethality and blocked B-cell de-
velopment in mice lacking the tyrosine kinase Syk. Nature.
378:298–302.

14. Zhang, R., F.W. Alt, L. Davidson, S.H. Orkin, and W. Swat.
1995. Defective signalling through the T- and B-cell antigen
receptors in lymphoid cells lacking the vav proto-oncogene.
Nature. 374:470–473.

15. Fischer, K.D., Y.Y. Kong, H. Nishina, K. Tedford, L.E.
Marengere, I. Kozieradzki, T. Sasaki, M. Starr, G. Chan, S.
Gardener, et al. 1998. Vav is a regulator of cytoskeletal reorgani-
zation mediated by the T-cell receptor. Curr. Biol. 8:554–562.

16. Holsinger, L.J., I.A. Graef, W. Swat, T. Chi, D.M. Bautista,
L. Davidson, R.S. Lewis, F.W. Alt, and G.R. Crabtree.
1998. Defects in actin-cap formation in Vav-deficient mice
implicate an actin requirement for lymphocyte signal trans-
duction. Curr. Biol. 8:563–572.

17. Monks, C.R., B.A. Freiberg, H. Kupfer, N. Sciaky, and A.
Kupfer. 1998. Three-dimensional segregation of supramolec-
ular activation clusters in T cells. Nature. 395:82–86.

18. Costello, P.S., A.E. Walters, P.J. Mee, M. Turner, L.F. Rey-
nolds, A. Prisco, N. Sarner, R. Zamoyska, and V.L. Ty-
bulewicz. 1999. The Rho-family GTP exchange factor Vav
is a critical transducer of T cell receptor signals to the cal-
cium, ERK, and NF-kappaB pathways. Proc. Natl. Acad. Sci.
USA. 96:3035–3040.

19. Manetz, T.S., C. Gonzalez-Espinosa, R. Arudchandran, S.
Xirasagar, V. Tybulewicz, and J. Rivera. 2001. Vav1 regu-
lates phospholipase c gamma activation and calcium responses
in mast cells. Mol. Cell. Biol. 21:3763–3774.

20. Arudchandran, R., M.J. Brown, M.J. Peirce, J.S. Song, J.
Zhang, R.P. Siraganian, U. Blank, and J. Rivera. 2000. The
Src homology 2 domain of Vav is required for its compart-
mentation to the plasma membrane and activation of c-Jun
NH(2)-terminal kinase 1. J. Exp. Med. 191:47–60.

21. Margolis, B., P. Hu, S. Katzav, W. Li, J.M. Oliver, A. Ull-
rich, A. Weiss, and J. Schlessinger. 1992. Tyrosine phosphor-
ylation of vav proto-oncogene product containing SH2 do-
main and transcription factor motifs. Nature. 356:71–74.



1127 Houlard et al.

22. Clevenger, C.V., W. Ngo, D.L. Sokol, S.M. Luger, and
A.M. Gewirtz. 1995. Vav is necessary for prolactin-stimu-
lated proliferation and is translocated into the nucleus of a
T-cell line. J. Biol. Chem. 270:13246–13253.

23. Romero, F., C. Dargemont, F. Pozo, W.H. Reeves, J. Camo-
nis, S. Gisselbrecht, and S. Fischer. 1996. p95vav associates
with the nuclear protein Ku-70. Mol. Cell. Biol. 16:37–44.

24. Bertagnolo, V., M. Marchisio, S. Volinia, E. Caramelli, and
S. Capitani. 1998. Nuclear association of tyrosine-phosphor-
ylated Vav to phospholipase C-gamma1 and phosphoinosi-
tide 3-kinase during granulocytic differentiation of HL-60
cells. FEBS Lett. 441:480–484.

25. Romero, F., A. Germani, E. Puvion, J. Camonis, N. Varin-
Blank, S. Gisselbrecht, and S. Fischer. 1998. Vav binding to
heterogeneous nuclear ribonucleoprotein (hnRNP) C. Evi-
dence for Vav-hnRNP interactions in an RNA-dependent
manner. J. Biol. Chem. 273:5923–5931.

26. Hobert, O., B. Jallal, and A. Ullrich. 1996. Interaction of Vav
with ENX-1, a putative transcriptional regulator of ho-
meobox gene expression. Mol. Cell. Biol. 16:3066–3073.

27. Hobert, O., J.W. Schilling, M.C. Beckerle, A. Ullrich, and
B. Jallal. 1996. SH3 domain-dependent interaction of the
proto-oncogene product Vav with the focal contact protein
zyxin. Oncogene. 12:1577–1581.

28. Emmel, E.A., C.L. Verweij, D.B. Durand, K.M. Higgins, E.
Lacy, and G.R. Crabtree. 1989. Cyclosporin A specifically
inhibits function of nuclear proteins involved in T cell activa-
tion. Science. 246:1617–1620.

29. Pelletier, C., N. Varin-Blank, J. Rivera, B. Iannascoli, F. Mar-
chand, B. David, A. Weyer, and U. Blank. 1998. Fc epsilonRI-
mediated induction of TNF-alpha gene expression in the
RBL-2H3 mast cell line: regulation by a novel NF-kappaB-like
nuclear binding complex. J. Immunol. 161:4768–4776.

30. Saitoh, S., R. Arudchandran, T.S. Manetz, W. Zhang, C.L.
Sommers, P.E. Love, J. Rivera, and L.E. Samelson. 2000.
LAT is essential for Fc(epsilon)RI-mediated mast cell activa-
tion. Immunity. 12:525–535.

31. Martin, S., I. Pombo, P. Poncet, B. David, M. Arock, and U.
Blank. 2000. Immunologic stimulation of mast cells leads to
the reversible exposure of phosphatidyl serine in the absence
of apoptosis. Int. Arch. Allergy Immunol. 123:249–258.

32. Germani, A., F. Romero, M. Houlard, J. Camonis, S. Gissel-
brecht, S. Fischer, and N. Varin-Blank. 1999. hSiah2 is a new
Vav binding protein which inhibits Vav-mediated signaling
pathways. Mol. Cell. Biol. 19:3798–3807.

33. Dignam, J.D., R.M. Lebovitz, and R.G. Roeder. 1983. Ac-
curate transcription initiation by RNA polymerase II in a sol-
uble extract from isolated mammalian nuclei. Nucleic Acids
Res. 11:1475–1489.

34. de Martin, R., J. Strasswimmer, and L. Philipson. 1993. A
new luciferase promoter insertion vector for the analysis of
weak transcriptional activities. Gene. 124:137–138.

35. Arudchandran, R., M.J. Brown, J.S. Song, S.A. Wank, H.
Haleem-Smith, and J. Rivera. 1999. Polyethylene glycol-
mediated infection of non-permissive mammalian cells with
semliki forest virus: application to signal transduction studies.
J. Immunol. Methods. 222:197–208.

36. Kalderon, D., W.D. Richardson, A.F. Markham, and A.E.
Smith. 1984. Sequence requirements for nuclear location of
simian virus 40 large-T antigen. Nature. 311:33–38.

37. Dingwall, C., and R.A. Laskey. 1998. Nuclear import: a tale
of two sites. Curr. Biol. 8:R922–R924.

38. Nakielny, S., and G. Dreyfuss. 1999. Transport of proteins
and RNAs in and out of the nucleus. Cell. 99:677–690.

39. Song, J.S., H. Haleem-Smith, R. Arudchandran, J. Gomez,
P.M. Scott, J.F. Mill, T.H. Tan, and J. Rivera. 1999. Tyro-
sine phosphorylation of Vav stimulates IL-6 production in
mast cells by a Rac/c-Jun N-terminal kinase-dependent
pathway. J. Immunol. 163:802–810.

40. Bert, A.G., J. Burrows, A. Hawwari, M.A. Vadas, and P.N.
Cockerill. 2000. Reconstitution of T cell-specific transcrip-
tion directed by composite NFAT/Oct elements. J. Immunol.
165:5646–5655.

41. Nix, D.A., and M.C. Beckerle. 1997. Nuclear-cytoplasmic
shuttling of the focal contact protein, zyxin: a potential
mechanism for communication between sites of cell adhesion
and the nucleus. J. Cell Biol. 138:1139–1147.

42. Prigent, M., I. Barlat, H. Langen, and C. Dargemont. 2000.
IkappaBalpha and IkappaBalpha /NF-kappa B complexes are
retained in the cytoplasm through interaction with a novel
partner, RasGAP SH3-binding protein 2. J. Biol. Chem. 275:
36441–36449.

43. Humbert-Lan, G., and T. Pieler. 1999. Regulation of DNA
binding activity and nuclear transport of B-Myb in Xenopus
oocytes. J. Biol. Chem. 274:10293–10300.

44. Gulbins, E., K.M. Coggeshall, G. Baier, S. Katzav, P. Burn,
and A. Altman. 1993. Tyrosine kinase-stimulated guanine
nucleotide exchange activity of Vav in T cell activation. Sci-
ence. 260:822–825.

45. Aghazadeh, B., W.E. Lowry, X.Y. Huang, and M.K. Rosen.
2000. Structural basis for relief of autoinhibition of the Dbl
homology domain of proto-oncogene Vav by tyrosine phos-
phorylation. Cell. 10:625–633.

46. Lopez-Lago, M., H. Lee, C. Cruz, N. Movilla, and X.R.
Bustelo. 2000. Tyrosine phosphorylation mediates both acti-
vation and downmodulation of the biological activity of Vav.
Mol. Cell. Biol. 20:1678–1691.

47. Kuhne, M.R., G. Ku, and A. Weiss. 2000. A guanine nucle-
otide exchange factor-independent function of Vav1 in tran-
scriptional activation. J. Biol. Chem. 275:2185–2190.

48. Kaminuma, O., M. Deckert, C. Elly, Y.C. Liu, and A. Alt-
man. 2001. Vav-Rac1-mediated activation of the c-Jun
N-terminal kinase/c-Jun/AP-1 pathway plays a major role in
stimulation of the distal NFAT site in the interleukin-2 gene
promoter. Mol. Cell. Biol. 21:3126–3136.

49. Cissel, D.S., P.F. Fraundorfer, and M.A. Beaven. 1998.
Thapsigargin-induced secretion is dependent on activation of
a cholera toxin-sensitive and phosphatidylinositol-3-kinase-
regulated phospholipase D in a mast cell line. J. Pharmacol.
Exp. Ther. 285:110–118.

50. Huber, M., M.R. Hughes, and G. Krystal. 2000. Thapsigar-
gin-induced degranulation of mast cells is dependent on tran-
sient activation of phosphatidylinositol-3 kinase. J. Immunol.
165:124–133.

51. Schild-Poulter, C., L. Pope, W. Giffin, J.C. Kochan, J.K.
Ngsee, M. Traykova-Andonova, and R.J. Hache. 2001. The
binding of Ku antigen to homeodomain proteins promotes
their phosphorylation by DNA-dependent protein kinase. J.
Biol. Chem. 276:16848–16856.

52. Okamura, H., J. Aramburu, C. Garcia-Rodriguez, J.P. Viola,
A. Raghavan, M. Tahiliani, X. Zhang, J. Qin, P.G. Hogan,
and A. Rao. 2000. Concerted dephosphorylation of the tran-
scription factor NFAT1 induces a conformational switch that
regulates transcriptional activity. Mol. Cell. 6:539–550.


