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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†
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Vav, a hematopoiesis-specific signaling protein, plays an important role in T-cell development and activation. Vav upregulates the expression of the interleukin-2 (IL-2) gene, primarily via activation of the distal
NFAT site in the IL-2 gene promoter (NFAT–IL-2). However, since this site cooperatively binds NFAT and
AP-1, the relative contribution of Vav to NFAT versus AP-1 activation has not been determined. Here, we
studied the respective roles of the AP-1 and NFAT pathways in the T-cell receptor (TCR)-mediated, Vavdependent activation of NFAT–IL-2. Although Vav stimulated the transcriptional activity of an NFAT–IL-2
reporter gene, it failed to stimulate the transcriptional or DNA-binding activities of an AP-1-independent
NFAT site derived from the human gamma interferon gene promoter. Vav also did not stimulate detectable
Ca2ⴙ mobilization and nuclear translocation of NFATc or NFATp. On the other hand, Vav induced the
activation of Rac1 or Cdc42 and c-Jun N-terminal kinase (JNK), enhanced the transcriptional and DNAbinding activities of AP-1, and induced increased phosphorylation of c-Jun. Dominant-negative Vav and/or
Rac1 mutants blocked the TCR-mediated stimulation of these events, demonstrating the physiological relevance of these effects. Vav also associated with Rac1 or Cdc42 in T cells, and anti-CD3 antibody stimulation
enhanced this association. These findings indicate that a Rac1-dependent JNK/c-Jun/AP-1 pathway, rather
than the Ca2ⴙ/NFAT pathway, plays the predominant role in NFAT–IL-2 activation by Vav.
activation. The ability of Vav to activate c-Jun N-terminal
kinase (JNK) in various cells (10, 42, 59) suggests that Vav may
also enhance AP-1 activation, since JNK is one of the upstream
kinases involved in AP-1 activation via the phosphorylation of
c-Jun (13, 22, 55). Consistent with this notion, we recently
found that transient overexpression of Vav greatly increases
AP-1 activity in T cells (61), although another recent study
reported that Vav does not play a role in AP-1 activation (15).
Here, we further analyzed the mechanism of Vav-mediated
NFAT–IL-2 activation, with particular emphasis on the contribution of AP-1 and its potential importance as a Vav target in
T cells. We also assessed the effects of Vav on the nuclear
translocation and DNA-binding activities of NFAT proteins.
Our findings indicate that Vav-induced activation of c-Jun/
AP-1, which depends on an intact Rac or JNK pathway, plays
a major role in NFAT–IL-2 activation and, furthermore, that
Vav may have a relatively minor role in direct NFAT activation.

The proto-oncogene product Vav, which is expressed specifically in hematopoietic and trophoblast cells, plays crucial
roles in the development and activation of T cells triggered
through the antigen-specific T-cell receptor (TCR) (7, 48). Vav
enhances basal and TCR-activated transcription of the interleukin-2 (IL-2) gene, and this enhancement is largely mediated
by activation of the distal NFAT element in the IL-2 gene
promoter (NFAT–IL-2) (12, 24, 63). As in the case of other
NFAT-binding sites (44), this element represents a binding site
for a cooperative complex of the transcription factors NFAT
and AP-1 (25, 40). This fact confounds an accurate assessment
of the relative importance of NFAT versus AP-1 in NFAT–
IL-2 activation, as measured by standard reporter assays. Consistent with the ability of Vav to upregulate the activity of
NFAT, several studies demonstrated reduced Ca2⫹ mobilization in T cells from Vav-deficient mice (9, 16, 17, 23, 60).
However, this issue remains controversial in view of apparently
contradictory findings that documented intact nuclear translocation and DNA-binding activities of NFAT (23) in Vav-deficient splenic T cells. Similarly, overexpressed Vav did not increase Ca2⫹ mobilization in transfected T cells (63).
Little is known regarding the potential role of Vav in AP-1

MATERIALS AND METHODS
Antibodies and reagents. Mouse monoclonal antibodies (MAbs) against Vav
or Rac1 and a rabbit anti-phospho-c-Jun (Ser-73) antibody were obtained from
Upstate Biotechnology (Lake Placid, N.Y.). Polyclonal rabbit anti-c-Jun (H-79)
or anti-c-Fos (K-25), goat anti-Cdc42 (P1), or anti-NFATx (C-20) antibodies as
well as mouse anti-NFATc (7A6), anti-NFATp (4G6-G5), or anti-JNK1 (F-3)
MAbs were obtained from Santa Cruz Biotechnology (Santa Cruz, Calif.). AntiCD3 (OKT3) and anti-c-Myc (9E10) MAbs were purified from culture supernatants of the corresponding hybridomas by protein G-Sepharose chromatography.
The antihemagglutinin (anti-HA; clone 12CA5) MAb was obtained from Boehringer Mannheim Biochemicals (Indianapolis, Ind.). Horseradish peroxidase-conjugated F(ab⬘)2 fragments of donkey anti-rabbit immunoglobulin G (IgG) or
sheep anti-mouse IgG were obtained from Amersham (Piscataway, N.J.). All
other reagents were obtained from Sigma (St. Louis, Mo.).
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temperature. Then, 3.5 pmol of annealed oligonucleotide was incubated in a
10-l reaction mixture containing 70 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 5
mM DTT, 10 Ci of [␥-32P]ATP (3,000 Ci/mmol), and 10 U of T4 polynucleotide
kinase for 30 min at 37°C. The reaction was stopped by the addition of 1 l of 0.5
mM EDTA and 89 l of TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA).
Gel shift analysis was performed using a gel shift assay system (Promega) according to the manufacturer’s protocol with slight modifications. 32P-end-labeled
oligonucleotides (35 fmol) were incubated in a 10-l reaction mixture containing
10 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 0.5 mM DTT, 4% glycerol, 50 mM
NaCl, 1 mM MgCl2, 0.5 g of poly(dI-dC) 䡠 poly(dI-dC), and 4 g of nuclear
extract for 30 min at room temperature. After incubation, bromophenol blue and
xylene cyanol were added to 0.02%, and the resulting complexes were resolved
on an 8% polyacrylamide gel (acrylamide-bisacrylamide, 37.5:1 [wt/wt]) by electrophoresis at 100 V in 0.5⫻ TBE buffer (1⫻ TBE buffer is 89 mM Tris-HCl [pH
8.0], 89 mM boric acid, and 2 mM EDTA) at room temperature. The gel was
subsequently dried and exposed to RX film at ⫺70°C.
Determination of the [Ca2ⴙ]i. The intracellular free Ca2⫹ concentration
([Ca2⫹]i) was measured as described previously (19). Briefly, cells were incubated in assay buffer (Hanks’ balanced salt solution containing 10 mM HEPES
and 1 mM CaCl2) containing 5 M indo-1-acetoxy-methyl ester (Tef Labs,
Austin, Tex.) for 45 min at room temperature. The cells were washed twice,
resuspended in assay buffer (3 ⫻ 106/ml), and placed in fluorometer cuvettes.
Ca2⫹ mobilization was measured at 37°C by use of a luminescence spectrometer
(SLM-AMINCO Bowman Series 2; Spectronic Instruments, Rochester, N.Y.)
with stirring at an excitation wavelength of 350 nm and an emission wavelength
of 405 nm. The standard deviation for triplicates was ⬍10%. In each experiment,
the percentage of cells expressing transfected plasmids was determined by FACS
analysis of a parallel cell sample transfected with GFP. Since there was no
detectable difference in the Ca2⫹ response between empty vector-transfected or
pseudotransfected (electroporated only) cells on the one hand and nontransfected (nonelectroporated) cells on the other (data not shown), the elevation of
[Ca2⫹]i in cells expressing the transfected Rac or Vav proteins was calculated by
taking into account the transfection efficiency and the data obtained with empty
vector-transfected cells.
Rac1 or Cdc42 activity. After stimulation for various times, cell lysates were
prepared by the addition of 2⫻ NP-40 lysis buffer B (2% NP-40, 40 mM Tris-HCl
[pH 7.5], 300 mM NaCl, 10 mM EDTA, 10 mM sodium or thophosphate, 4 mM
Na3VO4, 20 g each of aprotinin and leupeptin per ml). Cells were lysed for 10
min at 4°C, and insoluble material was removed by centrifugation at 15,000 rpm
(4°C, 10 min). Lysates were mixed with 2 g of a glutathione S-transferase (GST)
fusion protein (GST-PBD) expressing the Rac1- or 8 Cdc42-binding domain of
mouse p21-activated kinase 3 (Pak3) (2) for 1 h, followed by the addition of 40
l of glutathione-coupled Sepharose 4B beads (Pharmacia Biotech Inc., Piscataway, N.J.) for an additional 1 h at 4°C. The beads were washed four times with
NP-40 lysis buffer B, boiled in 20 l of 2⫻ Laemmli buffer, subjected to sodium
dodecyl sulfate (SDS)–12% polyacrylamide gel electrophoresis (PAGE) analysis,
and electrotransferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, Mass.). Membranes were immunoblotted with anti-Rac1 or antiCdc42 primary antibodies (1 g/ml), followed by horseradish peroxidase-conjugated secondary antibodies. The membranes were washed and visualized with an
enhanced chemiluminescence detection system (Amersham).
JNK kinase assay. JNK1 was immunoprecipitated from cell lysates using an
anti-HA MAb. Samples were washed twice with lysis buffer B, washed twice with
JNK kinase buffer (25 mM HEPES [pH 7.5], 25 mM MgCl2, 25 mM ␤-glycerophosphate, 1 mM DTT, 0.1 mM Na3VO4), and resuspended in 20 l of the same
kinase buffer plus 10 Ci of [␥-32P]ATP, 20 M cold ATP, and 2 g of GST–
c-Jun as a substrate. Samples were incubated for 20 min at 30°C with gentle
shaking. The reactions were stopped by the addition of 5 l of 5⫻ Laemmli
buffer, and the samples were separated by SDS-PAGE, transferred to PVDF
membranes, and exposed to RX film. The membranes were immunoblotted with
an anti-c-Jun antibody as a loading control.
Immunoprecipitation and immunoblotting. Cells were lysed in NP-40 lysis
buffer B for 10 min at 4°C, and insoluble material was removed by centrifugation
at 16,500 ⫻ g (4°C, 10 min). Lysates were mixed with optimal concentrations of
various antibodies for 2 h, followed by the addition of 40 l of protein GSepharose beads for an additional 1 h at 4°C. The beads were washed four times
with NP-40 lysis buffer B, boiled in 20 l of 2⫻ Laemmli buffer, subjected to
SDS–10 to 12% PAGE, and electrotransferred to PVDF membranes. Membranes were immunoblotted with various primary antibodies (1 g/ml) and
processed as described above. When necessary, membranes were stripped by
incubation in 62.5 mM Tris-HCl (pH 6.7)–100 mM 2-mercaptoethanol–2% SDS
for 1 h at 70°C with constant agitation, washed, and then reprobed with other
antibodies.
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Plasmids. The cDNA encoding c-Myc epitope-tagged Vav in the pEF mammalian expression vector has been described elsewhere (12). This cDNA was
used as a template for oligonucleotide-based site-directed mutagenesis to generate the following mutants: (i) L213A, with a point mutation (Leu-213 to Ala)
in the Dbl homology (DH) domain, and (ii) 6A-DH, containing the substitution
of a six-amino-acid sequence, LLLQEL (residues 338 to 343), in the DH domain
with alanine residues. HA-JNK1 and dominant-negative Rac1 (N17Rac1) were
cloned in pcDNA3 and pEF, respectively. The NFAT–IL-2 luciferase reporter,
obtained from G. Crabtree (Stanford University), has been described elsewhere
(32). Three tandem repeats of the AP-1 site in the human metallothionein IIA
gene (28, 31, 45) or two tandem repeats of the distal NFAT site in the human
gamma interferon (IFN-␥) gene (NFAT-IFN) (57) were cloned in the pGL3Basic vector (Promega, Madison, Wis.). As a control for transfection efficiencies,
a ␤-galactosidase (␤-Gal) expression plasmid in the pEF vector was used. The
correct sequences of all constructs were verified by sequencing.
Cell cultures, transfection, and stimulation. Simian virus 40 T antigen-transfected human leukemic Jurkat T (Jurkat-TAg) cells were grown in RPMI 1640
medium (Life Technologies, Inc., Gaithersburg, Md.) supplemented with 10%
fetal bovine serum (Harlan, Indianapolis, Ind.), 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, nonessential amino acid solution, and 100 U
each of penicillin G and streptomycin per ml. Cells in logarithmic growth phase
were transfected with various amounts of plasmid DNAs by electroporation as
described previously (12, 32). In each experiment, cells in different groups were
transfected with the same total amount of plasmid DNA by supplementing
expression vector DNA with the proper amount of the corresponding empty
vector. On average, ⬃35% of the cells expressed the transfected plasmids, as
determined by fluorescence-activated cell sorter (FACS) analysis of green fluorescent protein (GFP)-cotransfected cells (data not shown). After 24 h, cells
were resuspended (2 ⫻ 107 to 4 ⫻ 107/ml) in RPMI 1640 medium, equilibrated
at 37°C for 5 min, and either left unstimulated or stimulated with OKT3 (0.03 to
0.3 g/ml), which had been cross-linked using a secondary anti-mouse IgG
antibody (Organon Teknika Corp., Durham, N.C.). The cross-linking secondary
antibody (1 g/ml) was added 1 min after the addition of OKT3. The secondary
antibody alone did not have any effect on the cells (data not shown).
Reporter assays. After 8 h of stimulation, cells were harvested, washed twice
with phosphate-buffered saline (pH 7.2), and lysed. Luciferase or ␤-Gal activities
in cell extracts were determined as described previously (32, 61). Luciferase
activity was determined in triplicate by luminometry, and ␤-Gal activity was
measured by spectrophotometry (400 nm). Luciferase activity was expressed as
arbitrary units normalized to ␤-Gal activity in the same cells. The standard
deviation for triplicates was ⬍10%, and each experiment was repeated at least
four times.
Preparation of cell extracts. Crude nuclear and cytoplasmic extracts were
prepared as described previously (51) with some modifications. Stimulated and
unstimulated cells were washed in ice-cold phosphate-buffered saline and resuspended at 5 ⫻ 107 cells/ml in ice-cold lysis buffer A (10 mM HEPES-KOH [pH
7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol [DTT], 0.5
mM phenylmethylsulfonyl fluoride [PMSF]). After 15 min on ice, a 1/16 volume
of 10% NP-40 was added, and the mixture was vigorously vortexed and then
centrifuged (10,000 ⫻ g) for 30 s at 4°C. The supernatant (cytoplasmic fraction)
was retained on ice, and the nuclear pellet was washed with the same buffer
containing 0.625% NP-40. The pellet (nuclear fraction) was incubated with 3
volumes of ice-cold extraction buffer (10 mM HEPES-KOH [pH 7.9], 400 mM
NaCl, 10 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF) at 5 ⫻ 106
nuclei/ml for 15 min and then centrifuged (16,500 ⫻ g) for 15 min at 4°C. The
nuclear and cytoplasmic supernatants were kept frozen at ⫺70°C. Protein concentrations in cytoplasmic and nuclear extracts were determined using a protein
assay dye reagent (Bio-Rad, Hercules, Calif.) according to the manufacturer’s
instructions. In some experiments, the nuclear extracts were dialyzed against 500
volumes of 10 mM HEPES-KOH (pH 7.9)–50 mM NaCl–50% glycerol (vol/
vol)–1 mM DTT–1 mM MgCl2 for 24 h at 4°C. Cross-contamination between
nuclear and cytoplasmic extracts averaged ⬍10%, as determined by immunoblot
detection of nuclear (Oct-1) and cytoplasmic (␤-Gal) proteins (data not shown).
EMSA. The electrophoretic mobility shift assay (EMSA) was performed as
described previously (39) using oligonucleotides corresponding to NFAT–IL-2
(5⬘-GGAGGAAAAACTGTTTCATACAGAAGGCGT-3⬘) (53), AP-1 (5⬘-GA
GCCGCAAGTGACTCAGCGCGGG-3⬘) (28, 31, 45), or NFAT-IFN (5⬘-GGT
ACAAAAAAATTTCCAGTCCTTGAATG-3⬘) (57). A consensus AP-2 oligonucleotide (5⬘-GATCGAACTGACCGCCCGCGGCCCGT-3⬘) (Promega) was
used as a specificity control for competition assays. Pairs of synthetic highpressure liquid chromatography-purified oligonucleotides containing complementary sequences were annealed by boiling equimolar concentrations of each
strand for 10 min and allowing the mixture to slowly cool in a water bath to room
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RESULTS

intermediate in the pathway leading from Vav to NFAT–IL-2
or AP-1 activation, we examined the effect of a dominantnegative Rac1 mutant, N17Rac1. The Vav- and/or anti-CD3
antibody-mediated increase in the DNA-binding and transcriptional activities of both NFAT–IL-2 and AP-1 was blocked by
coexpressed N17Rac1, even though Vav was properly overexpressed (Fig. 1A, C, and D). This result suggests that Vav
activates NFAT–IL-2 and AP-1 through a Rac1-dependent
pathway. Figure 1A shows that N17Rac1 was readily expressed
in the transfected cells.
To further determine whether the GEF activity of Vav is
important for transcriptional activation, we tested the effect of
a Vav plasmid in which Leu-213 has been mutated to alanine
(L213A). This mutation was found to abolish the GEF activity
of Vav (11). In addition, this mutant behaves in a dominantnegative fashion by inhibiting the phosphatidylinositol 3⬘-kinase-mediated cytoskeletal reorganization (34) and the TCRplus-CD28-induced activation of NFAT and JNK (M. Villalba,
unpublished observations). In agreement with these findings,
the Vav-L213A mutant failed to stimulate the DNA-binding
and transcriptional activities of NFAT–IL-2 and AP-1, even
though it was overexpressed at levels similar to wild-type Vav
(Fig. 1A, C, and D). Another, DH domain Vav mutant, Vav6A-DH, which is expected to lack GEF activity based on the
effect of an analogous mutation in Dbl (21), also suppressed
the anti-CD3 antibody-induced activation of NFAT–IL-2 and
AP-1 reporters in a dose-dependent manner, even though it
was properly overexpressed (Fig. 1E and F). These findings are
consistent with the requirement for Rac and indicate that the
GEF activity of Vav is essential for NFAT–IL-2 and AP-1
activation.
Vav does not induce detectable Ca2ⴙ mobilization or NFAT
nuclear translocation and DNA binding. In addition to AP-1,
the activation of NFAT–IL-2 also requires the binding of
NFAT proteins themselves and is mediated by the nuclear
translocation of these proteins (44). Nuclear NFAT translocation is regulated by the phosphatase calcineurin, which is activated by the elevation of [Ca2⫹]i (3, 6, 33, 44, 49, 54). Therefore, we evaluated the effect of Vav or Rac on Ca2⫹
mobilization in T cells. Transfection of a parallel cell sample
with GFP in each experiment revealed a transfection efficiency
of 35% ⫾ 3.5% by FACS analysis (data not shown). The peak
[Ca2⫹]i in the cell population expressing the transfected proteins was calculated based on this information (Fig. 2B). Stimulation with soluble anti-CD3 antibody did not result in detectable Ca2⫹ mobilization (Fig. 2A). However, the addition of

FIG. 1. The Vav/Rac pathway plays a role in NFAT–IL-2 and AP-1 activation. (A) Jurkat-TAg cells were transfected with empty pEF vector
(10 g) or wild-type Vav, Vav-L213A, or Vav plus N17Rac1 (5 g each). After 24 h, cells (107/ml) either were left unstimulated or were stimulated
with cross-linked OKT3 (0.3 g/ml). Nuclear extracts were analyzed by an EMSA using NFAT–IL-2 and AP-1 oligonucleotide probes. The
membranes were subjected to autoradiography (top two panels), and total cellular extracts from the same cells were immunoblotted with anti-Vav
or anti-c-Myc antibodies (bottom two panels). The results shown are representative of four separate experiments. Arrowheads indicate specific
NFAT and AP-1 complexes. (B) A similar EMSA was performed using a nuclear extract from OKT3-stimulated, Vav-transfected cells in the
absence (⫺) or presence of the indicated unlabeled competing oligonucleotides, antibodies, or control IgG. A similar inhibition pattern was
observed with an extract from unstimulated, Vav-transfected cells (data not shown). (C to F) Cells were cotransfected with NFAT–IL-2–Luc (C
and E) or AP-1–Luc (D and F) reporter plasmids plus the indicated combinations of Vav, Vav-L213A, Vav-6A-DH, and/or N17Rac1. After 24 h,
the cells either were left unstimulated or were stimulated with the indicated concentrations of cross-linked OKT3. Luciferase and ␤-Gal activities
in cell extracts were determined 8 h later. AU, arbitrary units. The standard deviation for triplicates was ⬍10%, and each experiment was repeated
four times, with similar results. Samples of the same lysates were analyzed for the expression of Vav and N17Rac1 by immunoblotting with anti-Vav
and anti-c-Myc antibodies, respectively (insets). The positions of molecular weight standards (in thousands) are shown.
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Vav activates NFAT–IL-2 and AP-1. Earlier studies did not
make it clear whether the upregulation of NFAT–IL-2 by Vav
results from an increase in transcription factor complex binding to the cognate DNA sequence. Therefore, we first examined the effect of transient Vav overexpression on the DNAbinding and transcriptional activities of both NFAT–IL-2 and
AP-1. As shown in Fig. 1A, EMSA analysis revealed that the
stimulation of Jurkat T cells with an anti-CD3 antibody increased both NFAT–IL-2 and AP-1 DNA-binding activities in
nuclear extracts of empty vector-transfected T cells. Both binding activities were further upregulated by transient overexpression of Vav. The transfected Vav protein was properly expressed in the cells (Fig. 1A).
To gain insight into the composition of the DNA-binding
complex, an EMSA was performed in the presence of competing oligonucleotides or antibodies specific for NFAT or AP-1
proteins (Fig. 1B). NFAT–IL-2 binding was specifically reduced by cold NFAT–IL-2 or AP-1 oligonucleotides as well as
by anti-c-Jun, anti-c-Fos, anti-NFATc, anti-NFATp, or antiNFATx antibodies, indicating that the relevant binding complex consists of NFAT and AP-1 family proteins (Fig. 1B). On
the other hand, AP-1 binding was reduced by cold AP-1 and
NFAT–IL-2 oligonucleotides as well as by anti-c-Jun and antic-Fos antibodies but not by anti-NFAT antibodies, indicating
that the AP-1-binding complex does not include any of the
NFAT family proteins examined (Fig. 1B). A control IgG did
not inhibit protein binding to either the NFAT–IL-2 or the
AP-1 probe.
These results correlated with the transcriptional activities of
NFAT–IL-2 and AP-1. Thus, luciferase reporter assays indicated that CD3 triggering stimulated in a dose-dependent
manner the transcriptional activities of both NFAT–IL-2 (Fig.
1C) and AP-1 (Fig. 1D) in empty vector-transfected cells. Furthermore, these transcriptional activities were significantly upregulated by overexpression of wild-type Vav. The Vav-induced stimulation of AP-1 transcriptional and DNA-binding
activities under both basal and stimulated conditions was confirmed by using additional AP-1 sites derived from the collagenase or mouse IL-4 gene promoters, as well as a consensus
AP-1 oligonucleotide (data not shown).
Vav-mediated NFAT–IL-2 and AP-1 activation depends on
guanine nucleotide exchange factor (GEF) activity and on Rac.
The DH domain of Vav mediates guanine nucleotide exchange
activity for the Rho-Rac-Cdc42 family of GTPases, particularly
for Rac (11, 20). To investigate the role of Rac as a potential
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a secondary cross-linking antibody dramatically elevated
[Ca2⫹]i in empty vector-transfected cells. Overexpression of
Vav did not have a detectable effect on TCR-stimulated Ca2⫹
mobilization, even though Vav was clearly overexpressed (Fig.
2A, inset) at a level similar to that observed in other experiments (e.g., Fig. 1). The Vav-L213A mutant, which inhibited
the anti-CD3 antibody-induced activation of NFAT–IL-2 and
AP-1, and the dominant-negative N17Rac1 mutant, which reversed the stimulatory effect of Vav on the same reporters, had
minimal, if any, effects on Ca2⫹ mobilization (Fig. 2A and B).
In order to determine whether Vav has a direct influence on
the dynamics of NFAT, the nuclear translocation of NFAT

proteins was analyzed in parallel by immunoblotting of cytoplasmic and nuclear extracts. In resting cells, the majority of
NFATc existed in the cytoplasm (Fig. 2C). Upon TCR stimulation, the amount of NFATc in the cytoplasm was decreased
and, conversely, that in the nucleus was increased. The levels of
expression of both pools of NFATc in resting or TCR-stimulated cells were not affected by overexpression of Vav, even
though Vav was properly overexpressed. A similar result was
obtained for another NFAT family protein, NFATp, with the
exception that a significant fraction of this protein was localized in the nucleus in resting cells (Fig. 2C). This result is
consistent with the report that the DNA-binding activity of
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FIG. 2. Vav fails to induce detectable Ca2⫹ mobilization or NFAT nuclear translocation. (A) Cells were transfected with empty vector, Vav,
Vav-L213A, or N17Rac1. After 24 h, cells either were left unstimulated or were stimulated with cross-linked OKT3. [Ca2⫹]i was determined by
monitoring indo-1 fluorescence. The results are representative of three experiments. Samples of the same lysates were analyzed for the expression
of Vav or Rac1 by immunoblotting (insets). The positions of molecular weight standards (in thousands) are shown. (B) In a parallel experiment,
the percentage of cells expressing the transfected plasmids was determined by FACS analysis of GFP-transfected cells. Based on this information,
the anti-CD3 antibody-stimulated peak [Ca2⫹]i in the transfected cell fraction was calculated. Error bars indicate standard deviations. (C) Cells
were transfected with empty vector or with Vav plasmid DNA. After 24 h, the cells either were left unstimulated or were stimulated by cross-linked
OKT3. Cytosolic and nuclear extracts were immunoblotted with anti-NFATc (top panel), anti-NFATp (second panel from top) or anti-JNK (third
panel from top) antibodies, as indicated. Total cellular extracts from the same groups were immunoblotted with an anti-Vav antibody (bottom
panel). The results shown are representative of four separate experiments. Brackets indicate NFATc and NFATp proteins. The positions of
molecular weight standards (in thousands) are shown.
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NFATp is constitutively expressed in the nucleus of unstimulated T cells (26, 35, 46), while the nuclear distribution of
NFATc is very low in resting cells (3, 23). The functionality of
the transfected Vav protein was confirmed by the finding that
under the same conditions, Vav overexpression induced the
nuclear translocation of JNK (Fig. 2C). Since phosphorylation
and subsequent activation of JNK result in its nuclear translocation (27, 37), this result suggests that the Vav-mediated
activation of JNK also induces its nuclear translocation. These
results suggest that enhanced nuclear translocation of NFAT
family proteins is not the primary mechanism underlying the
activation of NFAT–IL-2 by Vav.
To directly evaluate the effect of Vav on NFAT binding to its
cognate DNA sequence in the absence of a potential contribution by AP-1, an EMSA was performed using the distal
NFAT site in the human IFN-␥ gene promoter (NFAT-IFN),

which does not include an AP-1-binding site (57). CD3 stimulation enhanced NFAT-IFN DNA binding in a dose-dependent manner (Fig. 3A). However, Vav, despite being properly
overexpressed (Fig. 3A), did not further upregulate NFATIFN-binding activity in either the absence or the presence of
coexpressed dominant-negative Rac1. Protein binding to the
NFAT-IFN site was reduced by the addition of cold oligonucleotides specific for NFAT-IFN or NFAT–IL-2 and by an
anti-NFATc antibody. In contrast, AP-1- or AP-2-specific oligonucleotides and anti-c-Fos, anti-c-Jun, anti-NFATp, or antiNFATx antibodies had no effect (Fig. 3B). These results confirm the report (57) that the NFAT-IFN-binding complex does
not include AP-1 and consists predominantly of NFATc. The
effect of Vav on NFAT-IFN DNA binding correlated with the
transcriptional activity of an NFAT-IFN reporter. Thus, the
transcriptional activity of this reporter was enhanced in a dose-
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FIG. 3. Effects of Vav on DNA-binding and transcriptional activities of NFAT-IFN. (A) Cells were transfected with empty pEF vector, Vav,
or Vav plus N17Rac1. After 24 h, cells either were left unstimulated or were stimulated with cross-linked OKT3. Nuclear extracts were prepared
and analyzed by an EMSA using a 32P-labeled NFAT-IFN probe (top panel). Total cellular extracts from the same groups were immunoblotted
with anti-Vav (middle panel) or anti–c-Myc (bottom panel) antibodies. The results are representative of three separate experiments. The
arrowhead indicates the specific NFAT-IFN complex. (B) A similar EMSA was conducted using a nuclear extract from OKT3-stimulated,
Vav-transfected cells in the absence (⫺) or presence of the indicated unlabeled competing oligonucleotides, antibodies, or control IgG. A similar
inhibition pattern was observed with an extract from unstimulated, Vav-transfected cells (data not shown). (C) Cells were cotransfected with an
NFAT-IFN–Luc reporter plasmid plus empty vector, Vav, or Vav plus N17Rac1. Stimulation and reporter activity determinations were done as
described in the legend to Fig. 1. AU, arbitrary units. The data shown are representative of four experiments. Samples of the same lysates were
analyzed for the expression of Vav or Rac1 by immunoblotting with anti-Vav or anti-c-Myc MAbs (insets). The positions of molecular weight
standards (in thousands) are shown.
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FIG. 4. Interaction between Vav and Rho family GTPases. JurkatTAg cells were transfected with the indicated plasmids (5 g each).
After 24 h, the cells either were left unstimulated or were stimulated
with cross-linked OKT3. (A) The active, GTP-loaded forms of Rac1 or
Cdc42 in cell lysates were captured by incubation with a GST-PBD
fusion protein, followed by immobilization on glutathione-coupled
Sepharose 4B beads. Washed precipitates were analyzed by immunoblotting with the indicated antibodies (top two panels). Total cellular
extracts from the same groups were immunoblotted with anti-Vav,
anti-Rac1, or anti-Cdc42 antibodies (bottom three panels). The results
shown are representative of five separate experiments. (B) Cell lysates
were immunoprecipitated (IP) with anti-Rac1 or anti-Cdc42 antibodies or with control IgG and immunoblotted with an anti-Vav MAb.
Total cellular extracts were immunoblotted as described for panel A.
The results shown are representative of three separate experiments.
The positions of molecular weight standards (in thousands) are shown.

consistent with a recent report that JNK activation in mouse
immature (double-positive) thymocytes does not require CD28
costimulatory signals (47), as well as with our finding that CD3
cross-linking was also required for effective Ca2⫹ mobilization
in Jurkat cells (Fig. 2). Overexpression of wild-type Vav induced significant JNK activation in resting or anti-CD3 antibody-stimulated cells, and these effects were reversed by the
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dependent manner by anti-CD3 antibody stimulation (Fig.
3C). However, Vav overexpression, with or without N17Rac1,
did not affect the transcriptional activity of this reporter. These
findings further support the notion that the activation of
NFAT–IL-2 by Vav does not result from increased binding of
NFAT family proteins.
Vav activates and associates with Rac1 or Cdc42 in T cells.
The next series of experiments was designed to elucidate the
regulatory mechanisms through which Vav activates AP-1. Vav
displays GEF activity for Rho family GTPases (11, 20). However, it is not clear whether Vav physiologically interacts with
and activates Rho family GTPases in T cells or whether Vav
couples TCR signals to Rac activation. Therefore, we determined whether Vav could modulate the activity of Rac1 or
Cdc42 in T cells using a pull-down assay based on the selective
binding of the activated (GTP-bound) forms of these GTPases
to the Rac- or Cdc42-binding domain of mouse Pak3. In agreement with a recent report (50), TCR stimulation activated
Rac1 and Cdc42 in empty vector-transfected control cells (Fig.
4A). Overexpression of Vav significantly increased the basal
activity of Rac1 or Cdc42 in unstimulated cells and further
enhanced the TCR-stimulated activity of these GTPases. The
upregulation of Rac1 or Cdc42 activity was dose dependent in
terms of the amount of Vav protein expressed (data not
shown). The GEF activity-deficient Vav mutant Vav-L213A
failed to stimulate Rac1 or Cdc42 activity, even though it was
properly overexpressed (Fig. 4A).
Since Vav can associate with recombinant Rho family
GTPases in vitro (20), we assessed whether an association
between Vav and Rac1 or Cdc42 can also be detected in intact
T cells. Rac1 and Cdc42 were immunoprecipitated from resting or TCR-stimulated T cells, and the immunoprecipitates
were probed with an anti-Vav antibody. Endogenous Vav was
coimmunoprecipitated to a small extent with Rac1 and Cdc42
from unstimulated cells, but TCR stimulation enhanced these
associations (Fig. 4B). As expected, these associations were
further increased by transient Vav overexpression in the same
cells. Leu-213, which is required for the GEF activity of Vav
(11), was not essential for the association between Vav and
Rho family GTPases. Thus, the mutated Vav-L213A protein
associated with Rac1 or Cdc42 to a similar degree as the
wild-type protein (Fig. 4B). Very little, if any, Vav was immunoprecipitated by a control IgG (Fig. 4B).
Vav promotes JNK activation and c-Jun phosphorylation.
The GTP-bound forms of Rho family GTPases, Rac1 and
Cdc42, bind to and activate members of the Pak family (1, 18),
consequently leading to JNK activation (8, 38, 41). Activated
JNK then phosphorylates c-Jun on two activating serine residues (Ser-63 and Ser-73) within its N-terminal activation domain, resulting in increased transcriptional activity of AP-1
(13, 22, 55). However, the effect of Vav on JNK activation and,
in particular, on the resulting phosphorylation of c-Jun in T
cells has not been studied in detail. One study indicated that
JNK activation in Jurkat T cells required TCR plus CD28
costimulation, an effect that was mimicked by a combination of
phorbol ester and Ca2⫹ ionophore (55). In the course of our
studies, we found that, in contrast to stimulation with a soluble
anti-CD3 antibody (reference 55 and data not shown), stimulation of Jurkat cells with a cross-linked anti-CD3 antibody was
sufficient to induce JNK activation (Fig. 5A). This finding is
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dominant-negative N17Rac1 mutant. In contrast, the GEFdeficient Vav-L213A mutant did not stimulate JNK activity
and, moreover, it inhibited anti-CD3 antibody-stimulated JNK
activity. The upregulation of JNK activity was proportional to
the amount of Vav protein expressed (data not shown).
Next, we determined the effect of Vav on the phosphorylation of c-Jun in intact T cells. Anti-CD3 antibody stimulation
increased the level of phosphorylated c-Jun in empty vectortransfected cells, and transient overexpression of wild-type Vav

further enhanced this phosphorylation as well as the level of
phosphorylated c-Jun in unstimulated cells (Fig. 5B). VavL213A suppressed TCR-induced c-Jun phosphorylation, and
N17Rac1 inhibited the effect of Vav, indicating that Vav stimulates c-Jun phosphorylation via a Rac1-dependent pathway.
This activation of the JNK/c-Jun cascade correlated with the
transcriptional activation of NFAT–IL-2 and AP-1. Luciferase
reporter assays indicated that, under similar conditions, JNK1
overexpression upregulated the activities of these two tran-
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FIG. 5. Effect of Vav on JNK activation and c-Jun phosphorylation. (A) Cells were cotransfected with an HA-tagged JNK1 plasmid plus the
indicated combinations of Vav, Vav-L213A, and/or N17Rac1 (5 g each). After 24 h, the cells either were left unstimulated or were stimulated
with cross-linked OKT3. JNK1 was immunoprecipitated (IP) from cell lysates with an anti-HA MAb and subjected to an in vitro kinase assay using
GST–c-Jun as a substrate. The SDS-PAGE-separated kinase reaction was visualized by autoradiography (top panel), followed by immunoblotting
with an anti-c-Jun antibody (second panel from top). Total cellular extracts were immunoblotted with anti-HA, anti-Vav, or anti-c-Myc antibodies
(bottom three panels). The results shown are representative of four separate experiments. (B) Cells were transfected and stimulated as described
for panel A. Nuclear extracts were prepared, resolved by SDS-PAGE, and immunoblotted with anti-phospho-c-Jun or anti-c-Jun antibodies (top
two panels). Total cellular extracts from the same groups were immunoblotted with anti-Vav or anti-c-Myc antibodies (bottom two panels). (C and
D) Cells were cotransfected with NFAT–IL-2–Luc or AP-1–Luc reporter plasmids plus empty pcDNA3 or an HA-tagged JNK1 plasmid. Reporter
activity in unstimulated or OKT3-stimulated cells was determined as described in the legend to Fig. 1. AU, arbitrary units. Samples of the same
lysates were immunoblotted with an anti-HA MAb to detect JNK expression (insets). The results are representative of three separate experiments.
The positions of molecular weight standards (in thousands) are shown.
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scription factors in both unstimulated and anti-CD3 antibodyactivated cells (Fig. 5C and D).
DISCUSSION

Our findings are consistent with other reports showing that T
cells from Vav-deficient mice display intact nuclear NFAT
translocation (23) and, furthermore, that transient Vav overexpression does not stimulate an increase in [Ca2⫹]i in transfected Jurkat cells (63). Nevertheless, other studies demonstrated defective Ca2⫹ mobilization (9, 16, 17, 23, 60) and
NFATc upregulation (16) in the same T cells. However, this
defect was not absolute, and TCR stimulation could still induce substantial Ca2⫹ mobilization in the cells which apparently was sufficient for NFAT activation (23). In addition,
vaccinia virus-driven Vav overexpression was recently found to
increase the TCR-stimulated Ca2⫹ response (4). Overall, these
findings suggest that, although Vav has the potential to regulate Ca2⫹ pathways in T cells, it is not absolutely essential, and
that other TCR-associated Ca2⫹ signaling pathways, which are
independent of Vav, exist in T cells.
Our findings implicate a role for Rac1 and JNK in the
TCR-induced pathway leading from Vav to AP-1 activation
and, furthermore, suggest that Vav- or Rac1-dependent phosphorylation of c-Jun, most likely mediated by JNK (13, 22, 55),
accounts, at least in part, for this activation. However, the
physiological role of a Vav/Rac pathway in JNK–AP-1 activation and the function of activated JNK in the induction of the
IL-2 gene are not completely understood. First, T cells of
Vav-deficient mice displayed intact JNK and AP-1 activation in
the presence of defective proliferation (16, 23). T cells from
Vav-deficient mice were also found by other groups to display
diminished IL-2 production (9, 58). These reports are in apparent contradiction to our findings that overexpression of
dominant-negative Vav mutants suppresses JNK and AP-1 activation induced by a cross-linked anti-CD3 antibody (Fig. 5)
or by a combination of soluble anti-CD3 and anti-CD28 antibodies (61). These discrepancies suggest that a compensatory
mechanism(s) leading to JNK/AP-1 activation (e.g., Vav2 upregulation) might be upregulated in the chronic absence of
Vav, consistent with the results of a very recent study (29).
Under those conditions, inhibition of NFAT induction (16) but
not its nuclear translocation might contribute to the disruption
of T-cell activation and IL-2 production. Second, JNK activation is not required for IL-2 production by TCR- or CD28stimulated primary T cells (14), suggesting that JNK is not a
major target of Vav in such cells. Nevertheless, Vav could play
a physiological role in JNK activation in memory or effector T
cells. Last, JNK could, under certain conditions, even play a
negative regulatory role in T-cell activation, as indicated by the
finding that JNK phosphorylates and inhibits the nuclear translocation of NFATc and causes the nuclear exclusion of NFAT4
(NFATx) (5, 43).
Two different mutations that abolish the GEF activity of Vav
ablated its biological activity in the functional assays that we
conducted, i.e., reporter gene stimulation, JNK activation, and
c-Jun phosphorylation. Furthermore, the mutants inhibited anti-CD3 antibody-stimulated activation events in a dose-dependent manner, consistent with their dominant-negative phenotype. These findings indicate that the catalytic activity of Vav is
required for these functions and are in general agreement with
the results of other studies in which similar mutations also
abolished the cellular activity of Vav (34). However, in contrast
to our present findings, a recent study concluded that the GEF
activity of Vav was not required for NFAT activation (30). The
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The essential role of Vav in T-cell development, activation,
and IL-2 production is well established through the analysis of
T cells from Vav-deficient mice (9, 16, 17, 23, 58, 60, 64). The
majority of studies that have analyzed the role of Vav in transcriptional activation of the IL-2 gene have focused on the
distal NFAT site in the corresponding gene promoter as a
potential target (12, 16, 23, 24, 63). However, since activation
of this site requires cooperative binding of a complex of the
transcription factors NFAT and AP-1 (25, 40, 44), it is difficult,
if not impossible, to analyze the relative contribution of NFAT
versus AP-1 to the Vav-mediated activation of this site. Two
earlier studies reported apparently conflicting results, i.e., that
Vav can activate AP-1 in Jurkat T cells (61) or that Vav has no
apparent role in AP-1 activation (15).
Here, we analyzed the role of Vav in AP-1 versus NFAT
activation in more detail by relying not only on reporter gene
activation assays but also on assessment of DNA binding, nuclear NFAT translocation, and c-Jun phosphorylation. In addition, we analyzed the effects of Vav on an NFAT site that
does not bind AP-1, i.e., the distal NFAT site in the human
IFN-␥ gene promoter (57). Our findings demonstrate that
AP-1 is an important target of Vav in the TCR signaling pathway leading to IL-2 gene induction and that AP-1 activation is
mediated by a Rac1/JNK pathway leading to c-Jun phosphorylation. Furthermore, direct NFAT activation by Vav may play
a relatively minor role in IL-2 gene induction. The data supporting these conclusions can be summarized as follows. First,
transient Vav overexpression enhanced the transcriptional and
DNA-binding activities of several AP-1 sites and also induced
the increased phosphorylation of c-Jun. TCR-mediated stimulation of all these events was blocked by dominant-negative
Vav and/or Rac1 mutants, demonstrating the physiological relevance of these events. Second, although Vav, in agreement
with earlier studies (12, 24, 63), stimulated the transcriptional
activity of an NFAT–IL-2 reporter gene, it failed to stimulate
the transcriptional or DNA-binding activities of an AP-1-independent NFAT site derived from the human IFN-␥ gene promoter (57). In accordance with this finding and an earlier
report (23), Vav also did not stimulate detectable nuclear
translocation of NFATc or NFATp.
It is not clear why Vav failed to stimulate AP-1 activity in an
earlier study (15). We and Fang and Koretzky (15) both used
an AP-1 site derived from the metallothionein-IIA gene (28,
31, 45). However, whereas our reporter plasmid contained
three tandem repeats of this site derived from the human gene,
the one used by Fang and Koretzky (15) contained five tandem
repeats based on the corresponding sheep promoter sequence.
Furthermore, in the latter case, the tandem AP-1 repeats were
placed upstream of a minimal IL-2 promoter (15). These differences in the reporter gene used, as well as a potentially low
level of expression of Vav, which was not documented in the
earlier study (15), could explain the apparent conflict in the
findings.
The role of Vav in regulating TCR-driven Ca2⫹ and NFAT
responses is not well understood and has been controversial.
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unstimulated cells only at an early time following transfection
(30).
The NF-B cascade may represent a major target of the Vav
or Rac pathway, at least in primary T cells. This notion is
supported by the findings that both Vav-deficient (9) and
PKC-deficient (56) T cells display a defect in NF-B activation and that PKC mediates the transcriptional effects of Vav
(61). In this regard, combined Vav- or Rac1-mediated activation of AP-1 and NF-B may be important for activation of the
CD28 response element in the IL-2 gene promoter, which is
known to bind a complex of these two transcription factors (36,
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required in order to elucidate additional details of the pathway
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