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The Ras pathway is critical for the development and function of T lymphocytes. The stimulation of this
GTPase in T cells occurs primarily through the Vav1- and phospholipase C-�1-dependent activation of
RasGRP1, a diacylglycerol-responsive Ras GDP/GTP exchange factor. Here, we show that a second exchange
factor, RasGRF2, also participates in T-cell signaling. RasGRF2 is expressed in T cells, translocates to immune
synapses, activates Ras, and stimulates the transcriptional factor NF-AT (nuclear factor of activated T cells)
through Ras- and phospholipase C-�1-dependent routes. T-cell receptor-, Vav1-, and Ca2�-elicited pathways
synergize with RasGRF2 for NF-AT stimulation. The analysis of RasGRF2-deficient mice indicates that this
protein is required for the induction of bona fide NF-AT targets such as the cytokines tumor necrosis factor
alpha and interleukin 2, while it plays minor roles in Ras activation itself. The comparison of lymphocytes from
Vav1�/�, Rasgrf2�/�, and Vav1�/�; Rasgrf2�/� mice demonstrates that the RasGRF2 pathway cooperates with
the Vav1/RasGRP1 route in the blasting transformation and proliferation of mature T cells. These results
identify RasGRF2 as an additional component of the signaling machinery involved in T-cell receptor- and
NF-AT-mediated immune responses.

T-cell receptor (TCR) engagement triggers a complex series
of intracellular signaling steps that are essential for proper
T-cell development and function (35). This cascade of signal-
ing events is initiated by the antigen-dependent activation of
protein tyrosine kinases that, upon phosphorylation of down-
stream elements such as Vav1, phospholipase C-�1 (PLC-�1),
and phosphatidylinositol 3-kinase promote the activation of
multiple biological responses (35). Current evidence indicates
that one of the critical downstream routes targeted by both the
pre-TCR and the mature TCR is the Ras pathway. Thus, it has
been shown that Ras GTPases and specific Ras-dependent
effectors such as c-Raf1, MEK, ERK1, and ERK2 are impor-
tant for the passage of immature T cells through the � check-
point, the allelic exclusion of tcr� genes, the positive selection
step, and the final thymocyte commitment towards the mature
CD4� lineage (1, 29). The Ras pathway also plays roles in
mature lymphocytes, being important for bypassing the anergy
state (28, 57), for promoting the induction of the CD69 marker
(19), and for activating the nuclear factor of activated T cells
(NF-AT) (55), a transcriptional factor crucial for T-cell prolif-
eration (38).

In order to fulfill these functions, the three members of the
Ras family (H-Ras, K-Ras, and N-Ras) fluctuate rapidly and
transiently between an inactive, GDP-bound state and an ac-
tive, GTP-bound conformation (15). Under conditions of cell
stimulation, the transition from the GDP- to the GTP-bound
state is mediated by enzymes referred to as guanosine nucle-
otide exchange factors (GEFs), GDP-releasing proteins

(GRPs), or GDP-releasing factors (GRFs) (42). The reverse
transition is modulated by GTPase-activating proteins (GAPs),
a group of enzymes promoting hydrolysis of the bound GTP
molecules at the end of the stimulation cycle (46). After an
initial point of controversy that postulated that the activation
of Ras in T cells was due to a diacylglycerol (DAG)- and
protein kinase C (PKC)-dependent inhibition of a GAP activ-
ity (32), more-recent results have shown that the surge in the
levels of GTP-Ras originated upon pre-TCR and TCR engage-
ment relies primarily on the activation of Ras GEFs (32).
However, unlike other cell types that use primarily the Sos
GEF family (42), the main exchange factor involved in the
TCR-mediated activation of Ras is RasGRP1 (23), a DAG-
dependent exchange factor (24, 51). The activation of RasGRP1
requires a complex array of signaling events, including the
TCR-dependent tyrosine phosphorylation of the Rho/Rac
GEF Vav1, the subsequent increase in DAG levels by the
Vav1-dependent stimulation of PLC-�1, and the final activa-
tion of RasGRP1 by DAG molecules (11, 43, 61). The Vav1/
PLC-�1 pathway enhances RasGRP1 activity further by favor-
ing the F-actin-dependent translocation of RasGRP1 to the
plasma membrane and by promoting an additional DAG/PKC-
dependent phosphorylation step (11, 44). In addition, to pro-
mote the canonical GDP/GTP exchange on Ras GTPases, Ras
GRP1 also seems to contribute to the concentration of the
stimulation of the Ras pathway in specific subcellular compart-
ments. For example, it has been shown that, depending on the
extracellular stimuli, RasGRP1 can activate Ras proteins in the
plasma membrane (20, 40) and/or the Golgi apparatus (6, 10,
20, 41). Although this regulatory aspect is still controversial in
lymphocytes (4, 11, 61), recent results performed with primary
thymocytes have shown that the specific activation of Ras in
the Golgi apparatus and plasma membrane is important for the
positive and negative selection steps, respectively (20). Despite
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the marginal role of Sos1 during TCR signaling, recent results
have shown that its activity may be useful to amplify the initial
pool of activated Ras induced by RasGRP1 (45). However, it
cannot be ruled out at this moment that Sos1 or Sos2 may play
important roles in the signaling pathways of other T-cell re-
ceptors such as integrins or cytokine receptors.

The RasGRF family represents an additional group of Ras
GEFs (42). The two known members of this family, RasGRF1
and RasGRF2 (25, 39, 48), harbor a complex array of struc-
tural domains (see Fig. 5A), including two pleckstrin homology
(PH) regions, a coiled-coil motif, a Ca2�/calmodulin binding
ilimaquinone (IQ) domain, a Dbl homology (DH) region act-
ing both as a homodimerization region and as a catalyzer of
the GDP/GTP exchange on the GTPase Rac1 (2, 26), a Ras
exchange motif, and the prototypical Cdc25 Ras exchange do-
main common to all Ras GEFs (42). To date, the character-
ization of these GEFs has been mostly focused on neuronal
processes due to their prevalent expression in brain. Consistent
with this role, signaling experiments and the analysis of
Rasgrf1�/� and Rasgrf2�/� mice have indicated that these
GEFs play important roles in the signaling of glutamate recep-
tors and in long-term memory potentiation (8, 36, 50). Despite
this evidence, the detection of rat rasgrf2 transcripts outside the
brain and the serious defects observed in the pancreatic � cells
of Rasgrf1�/� mice suggest that these proteins may have roles
outside the nervous system (25, 30). In this work, we examined
this possibility in the case of TCR-triggered signaling events.

MATERIALS AND METHODS

Animals. Rasgrf2�/� mice were described previously (27). Vav1�/� mice were
generously provided by V. Tybulewicz (NIMR, London, United Kingdom) (52).
Vav1�/�; Rasgrf2�/� mice were generated by crossing the above mouse strains.
All mice used in this work were homogenized in the B10.BR genetic background.
Unless otherwise indicated, six- to eight-week-old animals were used in all the
experiments.

Antibodies. Antibodies to small epitope tags (hemagglutinin [HA] and FLAG)
and green fluorescent protein (GFP) were obtained from Covance. The antibod-
ies to RasGRF family members and to phosphotyrosine residues were obtained
from Santa Cruz Biotechnology. A pan-specific anti-Ras antibody was purchased
from Upstate Biotechnology. Anti-tubulin antibodies were from Oncogene. The
rabbit antibodies to the phosphorylated Y174 residue of Vav1 and the Vav1 DH
(catalog no. 301-5) have been generated in our laboratory and described previ-
ously (37). The rabbit antibodies to either total extracellular signal-related kinase
(ERK) or the phosphorylated Thr202 and Tyr204 residues of ERK1/ERK2 were
obtained from Cell Signaling. The rabbit antibodies specific to either total
PLC-�1 or the phosphorylated Y783 residue of PLC-�1 were both obtained from
BD Transduction Laboratories. Horseradish peroxidase-conjugated secondary
antibodies to rabbit and mouse immunoglobulin G (IgG) were obtained from GE
Healthcare. The Alexa 594-labeled secondary antibodies to either rabbit or
mouse IgG were from Invitrogen.

Plasmids. Plasmids encoding wild-type human Vav1 (pJC11), human
H-Ras(S17N) (pXRB20), and the rat RasGRF1 Cdc25 region (pXRB28) have
been previously described by us (9). The mammalian expression vector pMEX
has been referenced before (9). pCEV-RasGRF1 (rat RasGRF1) and pcDNA3-
FLAG-RasGRF2 (mouse RasGRF2) were kindly provided by L. Feig (Tufts
University School of Medicine, Boston, MA) and M. Moran (University of
Toronto, Ontario, Canada), respectively. The plasmid encoding the HA-tagged
isoform 1 of Sos1 (pCEFL-KZ-HA-hSos1 Isof1) was obtained from J. M. Rojas
(Instituto Carlos III, Madrid, Spain) and described previously (11). pCXN2-
FLAG-RasGRP1, pCEV-RasGRF1�PH1, pCEV-RasGRF1-�DH, pCEV-
RasGRF1�PH2, pCEFL-HA-H-Ras, pCEFL-HA-K-Ras, pCEFL-HA-N-Ras,
pCEFL-HA-ERK1, pCEFL-FLAG, and pGEX-RafRBD (encoding the gluta-
thione S-transferase [GST] protein fused to the Ras binding domain of c-Raf1)
were obtained from P. Crespo (CSIC-University of Cantabria, Santander, Spain).
The pEGFP-CD3� plasmid was provided by B. Alarcón (Centro de Biologı́a
Molecular, CSIC, Madrid, Spain). pCIneo-PLC-�1 (a mammalian expression

vector encoding an HA-tagged version of bovine PLC-�1) was obtained from E.
Bonvini (NIH, Bethesda, MD). The pNF-ATluc reporter plasmid was obtained
from G. Crabtree (Stanford University Medical School, Stanford, CA). pRL-
SV40 was from Promega. Expression vectors encoding H-Ras(C181S, C184S)
and M1-H-Ras(C181S, C184S) have been described previously (11). Plasmids
encoding the red fluorescence protein (RFP) (pDsRed-C1) and the enhanced
GFP (EGFP) (pEGFP-C1) were obtained from Clontech. For the generation of
the EGFP-RasGRF2-encoding vector (pSRM4), the full-length mouse rasgrf2
cDNA was excised from pcDNA3-FLAG-RasGRF2 by KpnI/ApaI digestion and
ligated into the KpnI/ApaI-linearized pEGFP-C1 plasmid (BD Biosciences/
Clontech Laboratories). To create the mammalian expression vector encoding
the RasGRF2(L263Q) point mutant (pSRM6), we used a QuikChange site-
directed mutagenesis kit (Stratagene) with the pcDNA3-FLAG-RasGRF2 plas-
mid as template and the 5�-GCTGAGTACGTCCAGCAGCAACACATCCTT
GTCAACAAC-3� (forward) and 5�-GTTGTTGACAAGGATGTGTTGCTGC
TGGACGTA-3� (reverse) primers. To generate the mammalian expression
vector encoding a RasGRF1 protein with a frame-shift mutation on its IQ
domain (pSRM12), we mutated the original pCEV-RasGRF1 to introduce and
remove single nucleotides at the beginning and at the end of the IQ domain,
respectively. To this end, we used a QuikChange kit in two sequential mutagen-
esis steps: in the first round, we used the 5�-GAGGATGAGGACAGTACATC
AAGAAAATTA-3� (forward) and 5�-TAATTTTCTTGATGTACTGTCCTCA
TCCTC-3� (reverse) primers. This single point mutant was used as template in
the second PCR round utilizing the 5�-GGAAGAACATCATCCCAGGACTA
CATCCGG-3� (forward) and 5�-CCGGATGTAGTCCTGGGATGATGTTCT
TCC-3� (reverse) primers. To generate the PLC-�1(Y783F) point mutant
(pSRM15), we used a QuikChange kit with the primers 5�-CAACCCTGGCTT
CTTTGTGGAGGCGAACCC-3� (forward) and 5�-GGGTTCGCCTCCACAA
AGAAGCCAGGGTTG-3� (reverse). For the generation of the vector express-
ing the FLAG-RasGRF1�Cdc25 protein (pSRM8), a PCR-generated rasgrf1
cDNA fragment amplified from pCEV-RasGRF1 was digested using BamHI and
BglII and ligated into the BamHI/BglII-linearized pCEV-RasGRF1 (pSRM2).
After this cloning step, a BamHI/XbaI fragment containing the rasgrf1�cdc25
cDNA was excised from pSRM2 and ligated into the BglII/XbaI-linearized
pCEFL-FLAG vector to generate the final pSRM8 vector. For the generation of
the expression plasmid encoding the EGFP-RasGRF1 protein (pSRM30), the
full-length rasgrf1 cDNA was excised from pSRM2 by digestion with BamHI and
NotI and ligated into the BamHI/NotI-linearized pEGFP-C1. For the generation
of the vector expressing FLAG-RasGRF2�IQ (pSRM34), a PCR fragment was
amplified by PCR from pcDNA3-FLAG-RasGRF2, digested with BamHI and
XhoI, and ligated into BamHI/XhoI-linearized pcDNA3-FLAG-RasGRF2. The
rasgrf2�IQ cDNA was excised from this plasmid by digestion with KpnI and ApaI
and ligated into the KpnI/ApaI-linearized pEGFP-C1 to generate the mamma-
lian expression vector encoding the EGFP-tagged version of RasGRF2�IQ
(pSRM36). For the generation of the FLAG-RasGRF2�Cdc25-encoding vector
(pSRM33), a PCR fragment was amplified from pcDNA3-FLAG-RasGRF2,
digested with EcoRI and XhoI, and ligated into the EcoRI/XhoI-linearized
pcDNA3-FLAG-RasGRF2 plasmid to generate the pSRM32 vector. Then, the
rasgrf2�cdc25 cDNA was excised from pSRM32 with KpnI and ApaI and ligated
into the KpnI/ApaI-linearized pEGFP-C1 vector. To generate the EGFP-Vav2-
encoding vector (pAA7), the full-length mouse vav2 cDNA was amplified by
PCR from pXRB138 (47), digested with EcoRI, and ligated into EcoRI-linear-
ized pEGFP-C1. All constructs generated were subjected to automatic sequenc-
ing to rule out the presence of extra mutations. All PCR and sequencing primers
are available upon request.

Purification of splenic T cells. To isolate total RNA from CD4� or CD8� T
cells, splenocytes were obtained by tissue disruption, treated with 0.17 M NH4Cl
to eliminate erythrocytes, washed twice in phosphate-buffered saline solution
(PBS), and stained with fluorescein isothiocyanate (FITC)-labeled anti-CD4
(BD Biosciences) and allophycocyanin (APC)-labeled anti-CD8 (BD Bio-
sciences) for 30 min. After extensive washes in PBS, cellular suspensions were
sorted in FACSArea apparatus (BD Biosciences). A minimum of 5 � 105 CD4�

or CD8� cells was isolated. Cells negative for CD4 and CD8 expression were also
separated and referred to as “non-T cells.” For detecting the phosphorylation
levels of ERK in vivo, splenocytes were obtained by mechanical disruption as
above and then T cells were purified via a high-affinity negative selection method
using T-cell enrichment columns (R&D Systems). T-cell-enriched fractions were
washed, resuspended in RPMI without serum, and stimulated by incubation with
the indicated amounts of an Armenian hamster anti-CD3 antibody (BD Bio-
sciences) for 10 min on ice followed by cross-linking with 50 	g of a goat antibody
to Armenian hamster IgGs (Jackson Immunoresearch) at 37°C for 3 min. Flow
cytometry analysis indicated the percentage of T cells in these fractions was
always higher than 90%.
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Isolation of RNAs. Total RNAs from cell populations were isolated using an
RNeasy Mini kit (QIAGEN) as indicated by the manufacturer. Total RNAs from
mouse tissues and human Jurkat cells were obtained using the Trizol reagent
(Invitrogen) according to the manufacturer’s recommendations. In all cases, the
integrity and concentration of the RNAs obtained were evaluated using an
Agilent 2100 bioanalyzer.

RT-PCR. In these experiments, the reverse transcription (RT) step was per-
formed using a SuperScript first-strand synthesis system for RT-PCR (Invitro-
gen). Primers for the amplification of the mouse rasgrf2 cDNA were 5�-GTGA
GGGCCAGAAAGCTGTCTTTGACGTCT-3� (forward) and 5�-TCGGCTAC
CTGTCCTCCAGGCCTGCCGATT-3� (reverse). Primers for the amplification
of the mouse rasgrf1 cDNA were 5�-CAGAAAGCCATCCCGCTTAAC-3� (for-
ward) and 5�-GTCCTTGATCAGGTTTGCAATC-3� (reverse). Primers for the
amplification of the human rasgrf2 cDNA were 5�-AGGCCCTATGGGAACTG
TCTC-3� (forward) and 5�-CTGCTGCTCTCTCCCTGGAG-3� (reverse). Prim-
ers for the amplification of the human rasgrf1 cDNA were 5�-CTGCCTCCAC
AACTACAATGC-3� (forward) and 5�-GAAACTGGCGAATGTCTCGGA-3�
(reverse). The amplification of the actin cDNA fragments was used as an internal
control of the RT-PCR using oligonucleotide primers 5�-GTGACGAGGCCCA
GAGCAAGAG-3� (forward) and 5�-AGGGGCCGGACTCATCGTACTC-3�
(reverse). As an additional positive control, we amplified the rat rasgrf1 and
mouse rasgrf2 cDNA by PCR using as templates the mammalian expression
vectors pCEV-RasGRF1 and pcDNA3-FLAG-RasGRF2, respectively. The rat
cDNA sequences are highly similar to their mouse counterparts and, therefore,
can be amplified using the primers designed for the mouse rasgrf family cDNAs.
As negative control, we used samples in which the RT step was bypassed.

Cell culture and DNA transfections. The T-cell Jurkat and lymphoblastoid
B-cell Raji cell lines were both cultured at 37°C in a humidified 5% CO2

atmosphere in RPMI 1640 supplemented with 10% fetal calf serum plus 100
units/ml of penicillin and streptomycin. For DNA transfections, 2 � 107 expo-
nentially growing Jurkat cells were collected, resuspended in 200 	l of RPMI
1640, and electroporated with the indicated plasmids using a Gene Pulser II
apparatus (250 V, 950 	F; Bio-Rad). 293T cells were cultured in Dulbecco’s
minimal essential medium supplemented with 10% calf serum and transfected
using the calcium phosphate precipitation method (53). When needed, transfec-
tions were supplemented with an empty vector (pMEX) to normalize the total
amount of DNA introduced in the cells. All tissue culture reagents were from
Gibco/Invitrogen. LAT- and PLC-�1-deficient Jurkat cells have been described
previously (34, 59).

Immunoblotting. Equal amounts of tissue or cell lysates were diluted 1:1 with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer and boiled for 10 min. Lysates were then separated electrophoretically and
transferred onto nitrocellulose filters (Schleicher and Schuell). Membranes were
incubated with the appropriate antibodies, and immunoreactive bands were
visualized using a standard chemiluminescence detection system (Pierce).

Ras activation assays. Twenty-four hours after electroporation, Jurkat cells
were stimulated with either anti-CD3 antibodies (0.5 	g/ml; Dako) or ionomycin
(0.25 	g/ml; Sigma/Aldrich) for 5 min and lysed, and the levels of GTP-bound
Ras were determined using pulldowns with a bacterially expressed GST-RBD
fusion protein as previously described (61).

Conjugate formation and time-lapse fluorescence microscopy. Jurkat cells
were transiently transfected by electroporation with the appropriate expression
vectors 16 h before being used. Raji cells were loaded at 37 °C for 20 min with
the fluorescent cell tracker 7-amino-4-chloromethylcoumarin (CMAC) (10 	M;
Molecular Probes/Invitrogen) in serum-free media, washed, resuspended in
RPMI 1640 supplemented with 10% fetal calf serum, and preloaded with staph-
ylococcal enterotoxin E (1 	g/ml; Toxin Technology) for 2 h at 37°C. To allow
the formation of T-cell/B-cell conjugates, the transfected Jurkat cells (2 � 106

cells) were mixed with an equal number of those Raji cells in a final volume of
40 	l and conjugates were formed by cell sedimentation during 30 min at 37°C.
Then, conjugates were resuspended and allowed to settle for 15 min at room
temperature onto poly-L-lysine-coated coverslips (EMD Biosciences/Calbio-
chem). Attached cells were fixed for 15 min in 4% formaldehyde in PBS and then
permeabilized for 10 min in 1% Triton X-100 in PBS. Cells were stained with the
indicated antibodies followed by Alexa 594-labeled anti-rabbit or anti-mouse IgG
antibodies (Molecular Probes/Invitrogen). For time-lapse microscopy, glass-bot-
tom culture plates (Mat-Tek) were coated with fibronectin (20 	g/ml) for 20 h at
4°C and then saturated with Hanks’ balanced salt solution (HBSS) (Gibco/
Invitrogen) containing 1% bovine serum albumin for 30 min at 37°C. Plates were
washed with HBSS and placed onto the microscope stage. Transiently trans-
fected Jurkat cells (15 � 104) resuspended in HBSS were allowed to attach in
those fibronectin-coated plates for 30 min at 37°C. Then, CMAC-labeled Raji
cells (1 � 105) loaded with staphylococcal enterotoxin E were added onto the

plate-attached Jurkat cells and conjugate formation was monitored by collecting
pictures of cultures every minute using an inverted Axiovert 2000 microscope.
Images were processed with the MetaMorph software (version 6.1; Molecular
Devices) to generate the final movies.

NF-AT luciferase assays. Exponentially growing Jurkat cells were electropo-
rated with 10 	g of a firefly luciferase reporter plasmid containing NF-AT sites
(pNF-AT-luc), 5 ng of a plasmid (pRL-SV40) encoding the Renilla luciferase,
and the appropriate combination of expression plasmids (10 	g each). The total
amount of transfected DNA was kept constant in all transfections by supple-
menting them with an empty pMEX vector. Forty-eight hours after transfection,
cells were either left resting or stimulated with anti-CD3 antibodies (0.5 	g/ml)
or ionomycin (1 	g/ml) for 8 h. When appropriate, cells were preincubated
before stimulation with 1,2-bis(o-aminophenoxy)ethane-N,N,N�,N�-tetraacetic
acid (BAPTA) (50 	M; EMD Biosciences/Calbiochem) for 1 h. Cells were then
harvested and luciferase activities determined using a dual luciferase reporter
system (Promega), according to the supplier’s instructions. The values of firefly
luciferase activity obtained in the different samples were always normalized
taking into account the activity of the Renilla luciferase obtained in each sample.
To confirm comparable expression of proteins in all samples, aliquots of lysates
were subjected to SDS-PAGE and immunoblotted with the indicated antibodies.
Each experiment shown has been repeated in at least three independent trans-
fections.

Immunoprecipitations. In the case of lymphocytes, Jurkat cells were electro-
porated with 10 	g of each mammalian expression vector. After 36 h, cells were
lysed in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 1 mM NaF (Sigma/Aldrich), 100 	M Na2VO4 (Sigma/Al-
drich), and the Complete protease inhibitor cocktail (Roche Applied Science)
and the cleared cell extracts were immunoprecipitated depending on the exper-
iment with either anti-HA (to detect the phosphorylation levels of PLC-�1) or
anti-FLAG (to detect RasGRF2/PLC-�1 association) antibodies for 2 h at 4°C.
Immunoprecipitates were then collected using Gammabind Sepharose beads
(GE Healthcare), washed thrice, and boiled in 1� SDS-PAGE sample buffer.
Eluted proteins were separated electrophoretically and analyzed by immunoblot
analysis with the indicated antibodies. 293T cells were transfected using 7 	g of
either pcDNA3-FLAG-RasGRF2 or pCXN2-FLAG-RasGRP1 alone or in com-
bination with 7 	g of pCIneo-PLC-�1 (see above). After 36 h, cells were lysed
and processed for immunoprecipitation as indicated above.

Flow cytometry analysis. Single-cell suspensions were prepared by homogeni-
zation of the indicated tissues with the aid of 50-	m filters (Falcon). After
erythrocyte lysis by hypotonic shock in 0.17 M NH4Cl, thymic and spleen lym-
phocyte populations were stained with antibodies to surface markers using ap-
propriate combinations of FITC-labeled anti-CD4 and anti-CD44 antibodies,
peridinin chlorophyll protein-labeled anti-CD4, anti-CD25, and anti-CD69 an-
tibodies, and APC-labeled anti-CD4, anti-CD8, and anti-B220 antibodies (BD
Biosciences). The expression of interleukin 2 (IL-2) and tumor necrosis factor
alpha (TNF-
) was measured intracellularly. To this end, splenocytes were
treated with brefeldin A (10 	g/ml; Sigma/Aldrich) to block the secretory ma-
chinery and stimulated with either anti-CD3 (2 	g/ml; BD Biosciences) or anti-
CD3 (1 	g/ml) plus anti-CD28 (0.5 	g/ml; BD Biosciences) for 6 h. Cells were
then collected, washed, stained with FITC-labeled anti-CD4 and APC-labeled
anti-CD8 antibodies, fixed in 4% formaldehyde in 1.4� PBS, permeabilized with
0.5% saponin, and stained with phycoerythrin-labeled anti-IL-2 and anti-TNF-

antibodies (BD Biosciences). Flow cytometry analyses were conducted using a
FACSCalibur system (BD Biosciences) and analyzed using the Cell Quest (BD
Biosciences), Paint-a-Gate, and WinMDI 2.8 software packages.

CFSE staining. Splenocytes were washed twice in PBS, resuspended at 20 �106

cells/ml, and diluted with an equal volume of CFSE (2 	M; Invitrogen/Molecular
Probes) in PBS. After 5 min under rotation, the cell labeling was stopped by the
addition of fetal calf serum to the cell suspensions and subsequent washes in
PBS. CFSE-labeled splenocytes were stimulated with either anti-CD3 (1 	g/ml)
or a combination of anti-CD3 (0.5 	g/ml) plus anti-CD28 (0.2 	g/ml) antibodies.
At the indicated times, cells were harvested, stained with either peridinin chlo-
rophyll protein-labeled anti-CD4 or APC-labeled anti-CD8 antibodies, and an-
alyzed by flow cytometry.

RESULTS

RasGRF2 is expressed in T lymphocytes. Previous studies
have shown that, unlike the rasgrf1 locus, the rasgrf2 gene is
expressed in different rat tissues such as brain, kidney, liver,
lung, pancreas, and spleen (25). To investigate whether rasgrf2
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was also present in the lymphoid compartment, we first ana-
lyzed the expression of the two rasgrf family members in cDNA
samples obtained from different tissues and cells using RT-
PCR assays. These analyses indicated that rasgrf2 was indeed
expressed in the thymus, the Jurkat T-cell line, and, previously
described in rat tissues (25), in the spleen (Fig. 1A). rasgrf2
transcripts were also detected in splenic CD4� and CD8� T

cells as well as in other hematopoietic populations composed
mostly of splenic B220� B cells (Fig. 1B). In contrast, the
rasgrf1 mRNA was only found in brain-derived cDNAs (Fig.
1A). To further verify the expression of the rasgrf2 gene in
lymphoid organs at the protein level, we subjected tissue extracts
obtained from either Rasgrf2�/� or Rasgrf2�/� mice to immu-
noblot analysis using a pan-specific antibody to RasGRF family

FIG. 1. RasGRF2 is expressed and active in T-cell populations. (A and B) RT-PCR analysis to detect the indicated genes in tissues (A), Jurkat
cells (A), and sorted splenic lymphocytes (B). As a positive control, we included amplifications using template vectors containing mouse rasgrf2
(top in panels A and B) and rat rasgrf1 (middle in panel A) cDNAs. No RT, PCR analysis with RT conducted in the absence of the first step of
cDNA synthesis. (C) Immunoblot analysis of the expression of RasGRF proteins in the mouse tissues of the indicated genotypes. (D to F) Jurkat
cells expressing the indicated proteins (top) were either left unstimulated (�) or stimulated (�) with anti-CD3 (D and F) or ionomycin (E). After
lysis, cellular extracts were subjected to GST-RBD pulldown experiments to reveal the populations of GTP-bound HA-H-Ras (D and E),
HA-N-Ras (F), and HA-K-Ras (F) present in each sample (upper panels). In parallel, aliquots of the same total cellular lysates were immuno-
blotted with the indicated antibodies (right) to determine the expression levels of Ras (middle panels) and RasGRF proteins (lower panels).
(G) Jurkat cells expressing the indicated combinations of proteins (top) were subjected to pulldown experiments as indicated above to reveal the
level of GTP loading of H-Ras(C181S, C184S) (upper panel on the left) and M1-H-Ras(C181S, C184S) (upper panel on the right) induced by
RasGRF2. Aliquots of the same total cellular lysates were immunoblotted with the indicated antibodies to determine the expression levels of Ras
(middle panels) and RasGRF proteins (bottom panels). WB, Western blot.
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members. As shown in Fig. 1C, the 135-kDa RasGRF2 protein
was detected in both the brain and thymus of wild-type ani-
mals. As expected, this protein was missing in the tissue lysates
obtained from Rasgrf2�/� mice (Fig. 1C). In contrast, the 140-
kDa RasGRF1 protein was only detected in brain samples
regardless of the mouse genotype tested in the experiments
(Fig. 1C). These results raised the possibility that RasGRF2
could have specific functional roles in T lymphocytes.

Participation of RasGRF2 in T-cell signaling events. We
investigated next the possible implication of RasGRF2 in sig-
naling events triggered by the TCR. Since T cells express high
levels of other Ras-specific GEFs such as Sos1 and RasGRP1
that could obscure the visualization of RasGRF-specific re-
sponses, we resorted to overexpression experiments in Jurkat
cells to investigate the connection of RasGRF2 with upstream
TCR signals and, subsequently, its possible implication in
downstream biological responses. RasGRF1 was also included
in these experiments in order to obtain information about the
regulatory and signaling specificities of the two RasGRF family
members. Given that RasGRFs contain a Ca2�/calmodulin-
binding IQ motif (42), we decided to analyze the ability of
these two exchange factors to promote activation of H-Ras
protein in the context of both TCR cross-linking and induction
of intracellular Ca2� fluxes. To this end, Jurkat cells expressing
the indicated combinations of ectopic proteins were left un-
stimulated or, alternatively, stimulated with anti-CD3 antibod-
ies or ionomycin, a Ca2� ionophore. The levels of GTP-bound
H-Ras were then determined in cell lysates by pulldown anal-
yses. Consistent with previous results in nonhematopoietic
cells (21), these experiments indicated that RasGRF2 dis-
played a constitutive GDP/GTP exchange activity that pro-
moted high levels of GTP-bound H-Ras even in the absence of
cell stimulation (Fig. 1D and E). Such behavior was not con-
served in the case of RasGRF1, since this protein promoted
maximal levels of H-Ras activation only in stimulated cells
(Fig. 1D and E). Previous studies have shown both inducible
and constitutive activity of RasGRF1 towards Ras in non-
hematopoietic cells (2, 13, 60). Constitutive activation of two
additional Ras family members, the GTPases K-Ras and N-
Ras, was also observed upon overexpression of RasGRF2 in
Jurkat cells (Fig. 1F).

Unlike K-Ras, H-Ras and N-Ras can become activated not
only at the plasma membrane but also in endomembrane struc-
tures such as the endoplasmic reticulum and the Golgi appa-
ratus (3, 6, 7, 10, 14, 41). To verify whether RasGRF2 could
activate Ras proteins outside the plasma membrane, we per-
formed additional pulldown experiments with two H-Ras mu-
tant proteins, H-Ras(C181S, C184S) and M1-H-Ras(C181S,
C184S). H-Ras(C181S, C184S) is a palmitoylation-deficient
protein that localizes in both the endoplasmic reticulum and
the Golgi apparatus. M1-H-Ras(C181S, C184S) is fused to the
cytoplasmic tail of the first transmembrane domain of the avian
bronchitis virus M protein and, as a consequence, is localized
exclusively in the endoplasmic reticulum (10, 14). As shown in
Fig. 1G, these two mutant H-Ras proteins were also activated
by RasGRF2, suggesting that this GEF can stimulate Ras pro-
teins in the plasma membrane and endomembrane regions.
This result is in full agreement with previous results by us and
Crespo’s group using nonhematopoietic cells (3, 10).

Next, we analyzed whether RasGRF2 could translocate to

the immune synapse (54). To approach this issue, we used both
time-lapse and standard confocal microscopy to track down the
subcellular localization of EGFP-tagged RasGRF2 during the
formation of the immune synapse between Jurkat cells and
superantigen-loaded Raji cells. In nonengaged Jurkat cells, the
EGFP-RasGRF2 fusion protein was evenly distributed in the
cytosol (Fig. 2A). However, this protein translocated to the
immune synapse right after the initial contact of the Jurkat
with the superantigen-loaded B cell (Fig. 2A). Similar results
were obtained with EGFP-RasGRF1 (S. Ruiz and X. R. Bus-
telo, unpublished data). To verify that this translocation was a
specific event, we incorporated two controls in these experi-
ments. First, we demonstrated that a nonchimeric EGFP could
not translocate to the immune synapse under the same exper-
imental conditions used for the EGFP-RasGRF2 fusion pro-
tein (Fig. 2B). Secondly, by coexpressing a nonchimeric RFP
with the EGFP-RasGRF2, we could demonstrate that the
translocation step was an exclusive property of the EGFP-
RasGRF2 protein (Fig. 2B). Interestingly, the distribution of
EGFP-
RasGRF2 and EGFP-RasGRF1 proteins at the immune
synapse was more disperse than that observed with the TCR-
and plasma membrane-associated CD3� protein (Ruiz and
Bustelo, unpublished). EGFP-RasGRFs also showed in gen-
eral a more-dispersed distribution in the synapse than those
displayed by other well-known components of the immune
synapse, such as phosphorylated Vav1 (Fig. 2B). The trans-
location of EGFP-RasGRF2 to the immune synapse also
occurred in the case of RasGRF2 mutant proteins lacking
either the IQ or the Cdc25 domains (Ruiz and Bustelo,
unpublished), indicating that the tethering of this exchange
factor to the plasma membrane was independent of the
possible interaction of Ca2� with the IQ region or of the
accumulation of GDP-bound Ras GTPases at the immune
synapse. This is in contrast to the behavior of RasGRF2 in
nonhematopoietic cells, where a Ca2�-dependent mecha-
nism of membrane translocation has been reported (25).

To complete the initial characterization of the implication of
RasGRF2 in TCR signals, we analyzed the influence of
RasGRF family proteins on the activation of NF-AT, a TCR-
activated transcriptional factor crucial for both T-cell activa-
tion and differentiation (38). As a positive control we used
Vav1, a signal transduction molecule that potently activates the
NF-AT pathway (56). These experiments indicated that
RasGRF proteins and Vav1 induced high levels of NF-AT
activity already in nonstimulated cells (Fig. 3A). Such activa-
tion was further enhanced upon stimulation of Jurkat cells with
either anti-CD3 antibodies or ionomycin (Fig. 3A). Whereas
the levels of NF-AT activation obtained by anti-CD3 antibod-
ies were similar in the case of RasGRF family proteins and
Vav1, we observed that RasGRF1 and RasGRF2 differed sig-
nificantly in the level of stimulation achieved with ionomycin.
Thus, whereas RasGRF2 and Vav1 showed an enhancement of
NF-AT activity levels upon the ionomycin treatment similar to
that observed with the CD3 cross-linking, RasGRF1 re-
sponded more potently to the ionomycin stimulation (Fig. 3A).
This differential behavior cannot be attributed solely to differ-
ent levels of activation of Ras, because RasGRF1 and RasGRF2
activate H-Ras to similar levels upon activation of Jurkat
cells with any of those two stimuli (Fig. 1D and E). To rule out
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that the activation of NF-AT was a nonspecific consequence of
the overexpression of either Ras or Rac1 exchange factors,
we compared the activation of NF-AT induced by Vav1 and
RasGRF2 with that obtained upon transfection of other Ras-
specific (RasGRP1), Rho/Rac-specific (Vav2), and bifunc-
tional (Sos1) exchange factors. These experiments indicated
that RasGRP1, Sos1, and as previously described (5, 22), Vav2
could not activate NF-AT (Fig. 3B). Taken together, these
results indicate that RasGRF2 can activate constitutively the

Ras pathway in T cells and that it participates in the signal
transduction pathway that mediates the activation of NF-AT.
More importantly, the activation of NF-AT is an intrinsic prop-
erty of RasGRF2 that is not shared by other Ras superfamily
GEFs. As in the case of Vav1, RasGRF proteins cooperate
with TCR- and Ca2�-dependent routes to induce maximal
levels of NF-AT activity.

RasGRF proteins synergize with the Vav1 pathway in
NF-AT activation. It is known that the stimulation of NF-AT

FIG. 2. Translocation of RasGRF proteins to the immune synapse. (A) Jurkat cells transiently expressing EGFP-RasGRF2 were subjected to
conjugate formation with CMAC-labeled Raji B cells and analyzed by time-lapse fluorescence microscopy. Time after conjugation is shown in the
upper left corner of each panel. (B) Jurkat cells expressing RFP with either EGFP (two upper rows) or EGFP-RasGRF2 (two lower rows) were
left unconjugated (left column) or incubated with CMAC-labeled, superantigen-loaded Raji cells to allow the formation of T-cell/B-cell conjugates
(the rest of the columns). Conjugates were then plated onto coverslips, fixed, stained with antibodies to Vav1 phosphorylated on tyrosine 174, and
analyzed by confocal fluorescence microscopy. Images show in green, red, and purple the localization of EGFP (first and second columns from the
left), the nonchimeric RFP (third panel from the left), and phospho-Vav1 (p-Vav1, fourth panel from the left), respectively. B cells are shown in
blue (column on the right). Scale bar, 10 	m.
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requires a complex concatenation of signaling events engaged
by the parallel stimulation of Ras and calcineurin, a Ca2�-
dependent phosphatase (55). Because of this, optimal activa-
tion of NF-AT can be obtained by combining the expression of
an oncogenic Ras version with either constitutively active cal-
cineurin mutants or with stimulation of cells with Ca2� iono-
phores. Alternatively, it can be induced by the expression of
molecules that, like Vav1, promote the simultaneous activation
of Ras and Ca2� (56). To get further insight into the mecha-
nism by which RasGRF proteins promote NF-AT activity, we
first evaluated the effect of the Vav1 and the Ras pathways on
the RasGRF-triggered NF-AT activity by using luciferase re-
porter experiments. As shown in Fig. 4A, both the basal and
the anti-CD3-mediated stimulation of NF-AT increased upon
the coexpression of RasGRF proteins with Vav1. In agreement
with the known inhibition of Vav1-dependent stimulation of
NF-AT by dominant-negative Ras (S17N mutant) (56), the
synergistic response obtained by the coexpression of Vav1 and
RasGRF2 was totally abolished by Ras(S17N) (Fig. 4A). This
dominant-negative mutant also inhibited the NF-AT stimula-
tion induced by RasGRF proteins alone (Ruiz and Bustelo,
unpublished), indicating that this signaling response requires
the Ras pathway. However, pulldown experiments indicated
that the coexpression of Vav1 induced only minor changes in
the GDP/GTP exchange activity of RasGRF proteins in vivo
(Fig. 4B), suggesting that the enhanced NF-AT response found

in cells coexpressing Vav1 and RasGRF2 probably entailed the
engagement of additional signaling pathways. This lack of
synergism between Vav1 and RasGRF2 in Ras activation is in
contrast to the cooperative response found between Vav1 and
RasGRP1 in the same experimental system (61). Vav1 alone
did not trigger detectable GDP/GTP exchange on ectopically
expressed H-Ras proteins (Fig. 4B) because, in order to do so,
it requires RasGRP1 coexpression (61). These results indicate
that RasGRF proteins act in parallel to Vav1 or, alternatively,
utilize some of the downstream elements used by Vav1 to
promote NF-AT stimulation. In addition, they suggest that the
synergistic effect of Vav1 and RasGRF2 in NF-AT activity
requires both the Ras pathway and additional signal transduc-
tion routes.

RasGRF proteins require Ras-dependent and -independent
functions to promote NF-AT activation. We next used a col-
lection of RasGRF1 and RasGRF2 mutants already available
in our laboratory to investigate the role of its structural do-
mains in the regulation of NF-AT activity (Fig. 5A). Using
GST-RBD pulldown experiments, we observed that the only
RasGRF1 domain required for the activation of H-Ras was the
catalytic Cdc25 region (Fig. 5B). Accordingly, the single ex-
pression of this domain in Jurkat cells promoted levels of GTP
loading of H-Ras similar to those observed with the wild-type
full-length protein (Fig. 5B, protein 7). Conversely, the dele-
tion of the Cdc25 GEF domain renders RasGRF1 proteins

FIG. 3. RasGRF proteins stimulate NF-AT. Jurkat cells electroporated with the pNF-ATluc reporter plasmid and expressing the indicated
proteins were stimulated as indicated. After stimulation, NF-AT activities were determined using a luciferase assay. Results are expressed as
change relative to the NF-AT activity present in nonstimulated cells that had been transfected with an empty vector (pMEX). A representative
experiment performed in triplicate is shown in each panel. The expression of proteins used in this experiment was determined by Western blot.
Similar results were obtained in three independent experiments. NSB, nonspecific band recognized by the anti-GFP antibodies in Jurkat cells; WB,
Western blot.
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totally incapable of activating H-Ras under the same condi-
tions (Fig. 5B, protein 6). The rest of the RasGRF1 mutants
used could promote more GTP loading of H-Ras with the
wild-type RasGRF1 protein (Fig. 5B). The RasGRF2 mutant
lacking the IQ region also induced normal levels of GDP/GTP
exchange in the cotransfected H-Ras protein (Fig. 5B). How-
ever, when those mutants were tested in NF-AT assays, we
observed that only the RasGRF1 PH1 domain was dispensable
for the engagement of this signaling pathway (Fig. 5C). In
contrast, mutations affecting the rest of the domains signifi-
cantly reduced (in the case of the L263Q and PH2 mutants, see
the scheme in Fig. 5A) or totally eliminated (the rest of mu-
tants) the induction of NF-AT by RasGRF1 (Fig. 5C). Inter-
estingly, the RasGRF1 mutant lacking the Ras GEF domain
(�Cdc25 protein; Fig. 5A) was inactive and, at the same time,

appeared to act as a dominant-negative mutant since its ex-
pression totally blocked the low levels of NF-AT activity de-
tected in the mock-transfected Jurkat cells (Fig. 5C, compare
bars labeled as “pMEX” and “6”). In the case of RasGRF2, an
analogous mutant was previously described as a dominant-
negative mutant in nonhematopoietic cells (21). The elimina-
tion of the IQ domain in RasGRF2 also abrogated the stimu-
lation of NF-AT by this protein in nonstimulated, anti-CD3-
stimulated, and ionomycin-treated cells (Fig. 5D). Since all
these RasGRF mutants can activate Ras (Fig. 5B), these re-
sults indicate that additional routes to the Ras pathway have to
be assembled by RasGRF proteins in order to promote the
stimulation of the transcriptional factor NF-AT. Similar results
were obtained when the NF-AT activity was measured in cells
coexpressing Vav1 with RasGRF1 mutants (Ruiz and Bustelo,
unpublished). Under these conditions, the RasGRF1�Cdc25
mutant protein also blocked the NF-AT stimulation induced by
Vav1 (Ruiz and Bustelo, unpublished), suggesting that this Ras-
GRF1 mutant protein works as a dominant-negative protein
during T-cell signaling. However, the overexpression of a
truncated, dominant-negative Vav1 protein containing only
the SH3-SH2-SH3 region also promoted the inhibition of
RasGRF2-dependent responses (Ruiz and Bustelo, unpub-
lished), indicating that Vav1 and RasGRF2 work in indepen-
dent parallel routes that are required for NF-AT activation or,
alternatively, that they share a common signaling element that
is sequestered by the overexpressed dominant-negative mu-
tants. All together, these observations further suggest that
RasGRF proteins, in addition to promoting the stimulation of
the Ras/ERK pathway, probably contribute to NF-AT activa-
tion through the engagement of parallel signal transduction
pathways.

Ca2� and PLC-�1 activity are both required for effective
NF-AT stimulation by RasGRF and Vav1 proteins. To identify
the pathways that in addition to Ras contribute to the activa-
tion of NF-AT by RasGRF proteins, we determined whether
the RasGRF-mediated signals could depend on the generation
of Ca2� fluxes. To this end, we evaluated the effect of the
pretreatment of Jurkat cells with BAPTA, a Ca2�-specific
chelator, in the Vav1- and RasGRF-dependent activation of
NF-AT. This drug inhibited the stimulation of NF-AT in the
mock-, Vav1-, and RasGRF2-transfected cells (Ruiz and Bus-
telo, unpublished), indicating that Ca2� does play roles in the
signaling pathway of those molecules. Since Ca2� fluxing is
initially triggered by inositol triphosphate, a second messenger
generated by PLC-�1 (18), we also tested the effect of overex-
pressing a PLC-�1 dominant-negative protein (Y783F mutant)
on the Vav1- and RasGRF-dependent stimulation of NF-AT.
As shown in Fig. 6A, the PLC-�1(Y783F) mutant protein, but
not its wild-type counterpart, impaired both the basal and the
anti-CD3-stimulated NF-AT activity induced by Vav1 and the
two RasGRF proteins. In addition, it also inhibited the syner-
gistic response observed upon the cotransfection of RasGRF
family members with Vav1 (Fig. 6A). Consistent with these
results, we observed that the stimulation of NF-AT by both
Vav1 and RasGRF proteins did not occur in mutant Jurkat cell
lines deficient for PLC-�1 activity, such as those lacking ex-
pression of either the LAT adaptor or PLC-�1 itself (Ruiz and
Bustelo, unpublished). Taken together, these results indicate
that the NF-AT activation in Vav1-, RasGRF1-, RasGRF2-,

FIG. 4. RasGRF proteins synergize with Vav1 in a Ras-dependent
manner for NF-AT activation. (A) Jurkat cells expressing the indicated
proteins and the pNF-ATluc reporter plasmid were stimulated with
anti-CD3 antibodies as indicated and subjected to NF-AT assays (up-
per panel). Aliquots of total cellular lysates were subjected to immu-
noblot analysis with the indicated antibodies (right) to monitor the
level of expression of the proteins used in this experiment (lower
panel). (B) Jurkat cells expressing HA-H-Ras, either alone or in com-
bination with the indicated molecules, were subjected to GST-RBD
pulldown experiments as indicated in the legend to Fig. 1. WB, West-
ern blot.
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and Vav1/RasGRF-expressing cells depends on both Ras and
the generation of PLC-�1-dependent Ca2� fluxes.

Given the similarities observed between the behavior of
Vav1 and RasGRF proteins in triggering the NF-AT response,
we decided to investigate whether RasGRF proteins could
influence, like Vav1 (11, 43, 61), the phosphorylation status of
PLC-�1. We observed that RasGRF2 and, to a lower extent,
RasGRF1 could induce the phosphorylation of PLC-�1 in non-
stimulated cells (Fig. 6B). The levels of PLC-�1 phosphoryla-
tion induced by RasGRF2 were similar to those obtained by
overexpressing Vav1, although approximately two- to threefold
lower than those induced by direct TCR stimulation (Fig. 6B).
Reblotting of the filter with antibodies to the HA epitope

confirmed the presence of equal levels of immunoprecipitated
PLC-�1 in all samples analyzed (Fig. 6B).

To verify whether these two proteins could interact physi-
cally in vivo, we next performed coimmunoprecipitation exper-
iments with FLAG-tagged RasGRF2 and HA-tagged PLC-�1.
These assays were conducted in 293T cells because their high
transfection efficiencies traditionally allow the detection of low
stoichiometry interactions. As shown in Fig. 6C, we could de-
tect PLC-�1 in the anti-FLAG immunoprecipitates, but only
when the FLAG-RasGRF2 protein was present in the 293T
lysates. In the reverse coimmunoprecipitation protocol, we
also detected RasGRF2 in HA-PLC-�1 immunoprecipitates
(Fig. 6C). In similar experiments, we also observed the recip-

FIG. 5. Structural determinants involved in the activation of NF-AT by RasGRF proteins. (A) Schematic representation of the mutant
RasGRF1 proteins used in these experiments. The RasGRF2 �IQ protein (not depicted here) lacked only the entire IQ region, as indicated in
Materials and Methods. (B) Activation of HA-H-Ras by RasGRF1 (top panels) and RasGRF2 (bottom panels) mutants. Jurkat cells expressing
the HA-H-Ras in the presence of the indicated proteins (top) were subjected to GST-RBD pulldown experiments as indicated in Materials and
Methods. The expression of the proteins used in the experiment was assessed in aliquots from the same lysates by immunoblot analysis with the
indicated antibodies (right). (C and D) Activation of NF-AT by RasGRF1 (C and D) and RasGRF2 (D) proteins determined in the stimulation
conditions indicated (upper panels). Aliquots of the total cellular lysates were processed in parallel to determine the level of expression of the
transfected proteins (C and D, lower panels). In the histogram of panel D, RasGRF1 and RasGRF2 have been abbreviated as GRF1 and GRF2,
respectively. WT, wild type; WB, Western blot; CC, coiled-coil motif; FS, frameshift; *, point mutation.
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rocal association of HA-PLC-�1 and RasGRF1 (Ruiz and Bus-
telo, unpublished). In contrast, we could not detect any asso-
ciation between HA-PLC-�1 and a FLAG-tagged version of
RasGRP1 under identical experimental conditions (Fig. 6D),
indicating that the coimmunoprecipitation of PLC-�1 with
RasGRF2 is a specific event. The significance of these results

was further strengthened by the observation that FLAG-
tagged RasGRF2 could associate with the endogenous PLC-�1
when transfected in Jurkat cells (Fig. 6E). The poor sensitivity
of the anti-RasGRF antibodies precluded the analysis of the
interaction of the endogenous RasGRF2 and PLC-�1 proteins
(Ruiz and Bustelo, unpublished). Taken together, these results

FIG. 6. Relationship of the RasGRF2 pathway with the PLC-�1 route. (A) Activation levels of NF-AT in Jurkat cells expressing the indicated
combinations of Vav1 and RasGRF proteins in the presence of either the wild-type or the dominant-negative (Y783F mutant) versions of PLC-�1
(upper panel). The expression level of each protein under these conditions was determined in aliquots of the same cell lysates (bottom panels) using
Western blot analysis with the indicated antibodies (right). (B) Total cellular lysates from nonstimulated (�) and anti-CD3-stimulated (�) Jurkat
cells expressing the indicated proteins were immunoprecipitated with anti-HA antibodies. The phosphorylation levels of PLC-�1 were then
determined with an antibody to the phosphorylated Y783 residue of this phospholipase (top panel). Filters were then reblotted with anti-HA
antibodies to reveal the amount of total PLC-�1 immunoprecipitated under each condition (lower panel). (C and D) 293T cells not expressing (�)
or expressing (�) FLAG-tagged RasGRF2 (C), FLAG-tagged RasGRP1 (D), and/or HA-tagged PLC-�1 (C and D) proteins were subjected to
coimmunoprecipitation experiments using either anti-HA or anti-FLAG antibodies (C and D). The presence of the immunoprecipitated and
coimmunoprecipitated proteins was then determined by immunoblot analysis (C and D, upper panels). The appropriate expression of FLAG-
RasGRF2 (C, bottom panel), FLAG-RasGRP1 (D, bottom panel), and HA-PLC-�1 (C and D, bottom panels) was also confirmed using a Western
blot with a pool of anti-HA plus anti-RasGRF antibodies (C) or two separate immunoblots with anti-HA and anti-FLAG antibodies (D).
(E) Jurkat cells not expressing (�) or expressing (�) ectopic FLAG-tagged RasGRF2 were subjected to coimmunoprecipitation experiments using
anti-FLAG antibodies and, as a negative control, anti-EGFP antibodies. As a positive control, the endogenous PLC-�1 was immunoprecipitated
with anti-PLC-�1 antibodies (upper panel). Immunoprecipitates were then subjected to Western blot analysis with anti-PLC-�1 antibodies (upper
panel). After this step, the filter was stripped and reblotted with anti-FLAG antibodies (bottom panel). IP, immunoprecipitation; WB, Western
blot.
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indicate that RasGRF2 is directly connected to the PLC-�1
pathway and that, at least in T cells, such a connection results
in increased phosphorylation levels of this phospholipase.

RasGRF2 contributes to TCR-dependent responses of ma-
ture T cells. In order to evaluate the physiological relevance of
those observations in vivo, we decided to investigate whether
the inactivation of the rasgrf2 locus could induce dysfunctions
in the development and/or effector functions of T lymphocytes.
Since we were concerned about the functional redundancy of
the Vav1/RasGRP1- and RasGRF2-mediated routes, we de-
cided to include in these experiments the Vav1�/� mice and a
double-knockout animal containing null alleles for both vav1
and rasgrf2 genes. The analysis of these mice found no dys-
functions in the ontogeny of T cells, indicating that RasGRF2
is not essential for the pre-TCR selection checkpoint or the

positive selection of TCR-bearing thymocytes (Ruiz and Bus-
telo, unpublished). To verify whether this GEF has roles in
TCR-dependent responses of mature T cells, we next used
carboxyfluorescein diacetate succinimidyl ester (CSFE)-label-
ing experiments to compare the cell division cycles of wild-type
T lymphocytes with those of RasGRF2-, Vav1-, and RasGRF2/
Vav1-deficient T cells. As expected (49, 58), splenic Vav1�/� T
cells showed a serious proliferation deficit even after 72 h of
stimulation with saturating concentrations of anti-CD3 anti-
bodies and, to a lower extent, upon the simultaneous engage-
ment of CD3 and CD28 receptors (Fig. 7; Table 1). Rasgrf2�/�

T cells displayed no significant changes in their proliferation
potential (Fig. 7; Table 1). However, we observed that the
combined inactivation of rasgrf2 and vav1 genes further aggra-
vated the defective proliferation rates induced by the single

FIG. 7. Cell division rates of splenic T lymphocytes from wild-type, Vav1�/�, Rasgrf2�/�, and Vav1�/�; Rasgrf2�/� mice. CSFE-loaded splenic
cells derived from the indicated mice (right) were stimulated with anti-CD3 or anti-CD3 plus anti-CD28 antibodies (top). After the indicated
periods of time, cells were collected and CSFE fluorescence measured in the CD4� and CD8� T-cell populations by flow cytometry. Representative
graphs of a single experiment are shown. A minimum of 10,000 live cells was scored to generate each graph. The CSFE intensity profiles obtained
at 24, 48, and 72 h poststimulation are shown in black, red, and blue, respectively. Similar results were obtained in four additional independent
experiments (see Table 1).

TABLE 1. Proliferation of splenic T cells from mice of the indicated genotypes

Mouse genotype

% of undivided cells stimulated with indicated antibodies for the indicated times (h)a

CD4� CD8�

Anti-CD3 Anti-CD3 � Anti-CD28 Anti-CD3 Anti-CD3 � Anti-CD28

48 72 48 72 48 72 48 72

Vav1�/�; Rasgrf2�/� 8.04 � 3.30 4.33 � 1.01 1.73 � 0.42 1.12 � 0.20 10.10 � 1.44 2.97 � 1.57 2.63 � 0.05 0.46 � 0.06
Vav1�/�; Rasgrf2�/� 8.41 � 1.35 4.35 � 1.52 4.49 � 0.98 2.42 � 0.46 7.27 � 1.60 3.70 � 0.14 2.38 � 1.57 1.33 � 0.48
Vav1�/�; Rasgrf2�/� 75.45 � 5.26 63.15 � 6.42 44.13 � 1.4 17.98 � 3.87 80.82 � 2.14 68.98 � 3.89 37.34 � 0.02 9.92 � 2.62
Vav1�/�; Rasgrf2�/� 95.42 � 2.37 88.73 � 7.03 48.36 � 5.36 20.25 � 4.87 92.77 � 1.89 89.98 � 8.47 54.03 � 6.60 15.84 � 3.92

a Percentages shown are from five experiments. See Materials and Methods for further technical details.
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vav1 inactivation in anti-CD3-stimulated CD4� and CD8� T
cells. In the case of helper T cells, this proliferative blockage
could be restored to the levels observed in Vav1�/� deficient T
cells upon stimulation with anti-CD3 plus anti-CD28 antibod-
ies (Fig. 7; Table 1). In the case of the Vav1�/�; Rasgrf2�/�

cytotoxic T cells, such restoration was only partial (Fig. 7;
Table 1).

As an alternative method to measure T-cell proliferation,
we examined the production of large (blasting) cells in cul-
tures of stimulated splenocytes. Wild-type and Rasgrf2�/�

CD4� T cells underwent normal levels of blast formation
upon both anti-CD3 and anti-CD3 plus anti-CD28 treat-
ment (Fig. 8). Vav1�/� CD4� T cells showed a reduction in
the blast population (�41.3 and 10.7% in anti-CD3- and
anti-CD3/anti-CD28-stimulated cells, respectively; Fig. 8).
This defect was further accentuated (�62.5%) in anti-CD3-
stimulated Vav1�/�; Rasgrf2�/� CD4� lymphocytes (Fig. 8).
The costimulation with anti-CD28 antibodies rescued that
defect, increasing the blast percentage of Vav1�/�; Ras-
grf2�/� cells to levels similar to those found in Vav1�/� T
cells (Fig. 8). Similar results were observed in CD8� T cells
(Fig. 8).

To correlate the above defects with intracellular responses,
we then examined by flow cytometry the expression of mole-
cules that are induced in T cells through the Ras pathway alone
(CD69) (19), the calcineurin route alone (TNF-
) (33), or the

simultaneous triggering of Ras and calcineurin pathways (IL-2)
(55). The single rasgrf2 gene deficiency affected only marginally
the surface marker CD69 induced upon TCR cross-linking
(Fig. 9A). No statistically significant defects in the expression
of this marker were observed in Rasgrf2�/� CD4� T cells when
stimulated with anti-CD3 plus anti-CD28 antibodies (Fig. 9A).
Similar results were obtained even when T cells were stimu-
lated with suboptimal concentrations of anti-CD3 antibodies
(Ruiz and Bustelo, unpublished), indicating that the RasGRF2
deficiency does not affect significantly the Ras pathway. In
agreement with these results, we could not observe any signif-
icant defects in the activation of ERKs in either TCR-stimu-
lated splenic or thymic T cells derived from Rasgrf2�/� mice
(Fig. 9B). However, and as expected (16, 31), the Vav1 defi-
ciency did induce a severe defect in ERK activation in these
two cell populations (Fig. 9B). In contrast to the above results,
we observed that Rasgrf2�/� cells did show an �50% reduction
in the expression levels of both IL-2 and TNF-
 upon stimu-
lation with anti-CD3 either alone (in the case of TNF-
) or in
combination with anti-CD28 antibodies (in the case of both
IL-2 and TNF-
) (Fig. 9A). This lower efficiency in IL-2 syn-
thesis does not appear to be dramatic from a functional point
of view, because Rasgrf2�/� T cells show normal proliferation
rates in culture (see above) (Fig. 7). The impairment in IL-2
and TNF-
 production in Rasgrf2�/� cells was nevertheless
smaller that that observed in Vav1-deficient CD4� T cells (Fig.

FIG. 8. Blast formation in wild-type, Vav1�/�, Rasgrf2�/�, and Vav1�/�; Rasgrf2�/� mice. Splenic cells derived from the indicated knockout
mice (right) were stimulated as shown (top). After 24 h, cells were collected and blasts formed in the CD4� and CD8� T-cell populations were
analyzed by flow cytometry. Forward-scatter dot blots in CD4�- and CD8�-gated cells in a representative experiment are shown (n 
 5). In the
y and x axes, the SSC and FCS values range from 0 to 1,024, respectively. Numbers represent the means and standard deviations of the percentages
(%) of blasting cells in the indicated experimental conditions analyzed. The vertical gray lines indicate the FCS point from where gated cells have
been considered as blasts. Note that the reduction in the blasting population in anti-CD3/anti-CD28-stimulated Vav1�/�; Rasgrf2�/� CD8� cells
(right bottom panel) is not statistically significant. SSC, side scatter; FCS, forward scatter.
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9A), which do experience lower proliferation levels (see above)
(Fig. 7). The Vav1�/�; Rasgrf2�/� double mutation did not
worsen the already strong defect in CD69, IL-2, and TNF-

production observed upon the single deletion of the vav1
proto-oncogene (Fig. 9A). Combined with the proliferative
assays, these results confirm that RasGRF2 plays an important,
although ancillary, role in the main Vav1/RasGRP1 route dur-
ing TCR-dependent responses.

DISCUSSION

The crucial role played by the Ras pathway in the life of T
cells has fueled the interest in the identification of the GDP/
GTP exchange factors involved in the activation of Ras family
GTPases in both immature and differentiated T cells. These
studies have revealed that RasGRP1 and, to a lower extent,
Sos proteins play specific roles in this functional context (23,

FIG. 9. Effect of the inactivation of rasgrf2 gene on short-term and long-term signaling responses. (A) Splenic cells obtained from animals of
the indicated genotypes were stimulated with either anti-CD3 or anti-CD3 plus anti-CD28 antibodies for 6 h. After this period, cells were collected,
stained with anti-CD4 antibodies, and monitored by flow cytometry to quantify the percentages of CD4� T cells positive for CD69 (top panel),
IL-2 (middle panel), and TNF-
 (bottom panel). A minimum of 10,000 live cells was scored in each condition. Graphs represent the means and
standard deviations obtained in five independent experiments. (B) Splenic and thymic T cells were obtained from mice of the indicated genotypes
(top), incubated with the indicated amounts of anti-CD3 antibodies (top), and cross-linked with secondary antibodies as indicated in Materials and
Methods. After 3 min, cells were lysed and clarified extracts subjected to immunoblot analysis using antibodies to either phosphorylated (first and
third panels from top) or total ERK (second and fourth panels from top). WB, Western blot.
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45). In this report, we show that RasGRF2, a Ras regulator
belonging to an independent GEF family (42), also participates
in the T-cell signaling machinery. Consistent with this role, we
have shown that this protein is expressed in both immature and
mature T cells and that, when overexpressed in Jurkat cells, it
translocates to the immune synapse, induces Ras activation,
and promotes the stimulation of NF-AT activity. While the
levels of Ras activation induced by RasGRF2 remain constant
independently of the type of stimulation induced in the Jurkat
cell, RasGRF2 does synergize with the TCR, Ca2�, and Vav1
pathways in order to induce robust NF-AT activation levels. To
confirm that the implication of RasGRF2 in TCR signaling
also occurred in vivo, we analyzed the influence of RasGRF2
in the development and signaling of T cells using Rasgrf2�/�

mice. To bypass the problem of the prevalent role of RasGRP1
in T-cell signaling events (23), we decided to combine the use
of Rasgrf2�/� mice with animals lacking expression of both
RasGRF2 and RasGRP1. Given that Rasgrp1�/� animals pro-
duce highly reduced numbers of peripheral T cells that pre-
clude the analysis of the T-cell compartment in Rasgrf2�/�;
Rasgrp1�/� mice (23), we decided to use an alternative double-
knockout mouse strain containing null alleles for both the vav1
and rasgrf2 genes. Vav1�/� animals can be considered as hav-
ing a hypomorphic mutation of RasGRP1 because, due to the
residual presence of Vav2 and Vav3 in T lymphocytes, they
display low but significant levels of RasGRP1 activation upon
pre-TCR and TCR engagement (31). Therefore, these animals
allow the study of the contribution of RasGRF2 under subop-
timal conditions of RasGRP1 activity. These analyses indicated
that RasGRF2 per se does not have any major role in IL-7-
receptor-dependent stages of thymocyte development, in the �
checkpoint, in positive selection, or in lineage commitment
(data not shown). In the case of mature T cells, we observed
that the absence of this RasGEF affects predominantly the
expression NF-AT-dependent cytokines such as IL-2 and
TNF-
. This defect was however significantly milder than that
found in Vav1�/� cells and, in fact, it did not induce any detect-
able defects in the blasting and proliferation of Rasgrf2�/� cells.
Interestingly, the lack of RasGRF2 induced no major changes in
either proximal elements of the Ras pathway (i.e., ERK acti-
vation) or direct Ras-dependent biological responses such as
the expression of the CD69 marker, suggesting that the im-
paired NF-AT responses found in these cells are not probably
due to inefficient output signal from the PLC-�1/calcineurin
branch rather than from diminished activation of the Ras path-
way. While the concurrent inactivation of the rasgrf2 and vav1
loci did not aggravate the defects observed in the � checkpoint
and positive selection of Vav1�/� cells, we observed that the
RasGRF2 deficiency accentuated both the blasting and prolif-
erative defects found in anti-CD3-stimulated CD4� and CD8�

splenic T lymphocytes. This defect was rescued totally or par-
tially when CD4� and CD8� cells were costimulated with the
CD28 receptor, respectively. Taken together, these results in-
dicate that RasGRF2 plays an important, although ancillary,
role in the RasGRP1 route during the TCR-dependent re-
sponses of mature T cells.

What is the function of RasGRF2 in this cellular setting? In
addition to promoting Ras activation in mature T lymphocytes,
our signaling experiments suggest that RasGRF2 is primarily
involved in Vav1-like functions such as the activation of the

calcineurin phosphatase. Thus, we have shown that RasGRF2,
like Vav1 (61), can promote tyrosine phosphorylation of PLC-
�1, an enzyme critical for both the DAG/RasGRP1-dependent
stimulation of Ras and the Ca2�/calmodulin-dependent acti-
vation of calcineurin (18). Consistent with this view, we have
observed that RasGRF2 mimics the function of Vav1 in this
response. For example, both RasGRF2 and Vav1 synergize
with TCR- and Ca2�-dependent signals to generate maximal
NF-AT activation levels. Likewise, the NF-AT activity induced
by Vav1 and RasGRF2 in nonstimulated Jurkat cells is inhib-
ited by a dominant-negative mutant version of PLC-�1. The
basal NF-AT activities of Vav1 and RasGRF2 also show sim-
ilar dependencies on LAT and PLC-�1, as inferred from
NF-AT assays conducted in Jurkat cell clones deficient for
those proteins (Ruiz and Bustelo, unpublished). Our observa-
tions indicating that the NF-AT-dependent responses (il2 and
tnf
 gene expression) are more affected than the Ras-depen-
dent pathways (i.e., cd69 gene expression) in Rasgrf2�/� T cells
suggest that, in fact, the induction of properly balanced levels
of NF-AT activation is probably the main role of this GEF in
stimulated T cells.

The mechanism by which RasGRF2 promotes PLC-�1 and
NF-AT activation remains unknown. This protein shares some
structural domains with Vav1, such as the DH-PH cassette
involved in Rac1 activation in both proteins (17, 26). However,
this structural similarity cannot solely explain the common
effector functions, because we and others have shown that
other highly related GEFs such as Vav2, Sos1, and RasGRP1
do not promote NF-AT activity in the same cellular and sig-
naling settings (this work; see also references 5 and 22). Given
that NF-AT activation requires the involvement of multiple
structural domains of RasGRF proteins (this work) and Vav1
(62), it is anticipated that RasGRF action in this route will
probably entail the assembly of multiple signal transduction
molecules and/or regulatory events that cooperate in the gen-
eration of optimal NF-AT-mediated signaling outputs by T
cells. In any case, it is likely that the Vav1 and RasGRF2
pathways overlap in that response, given our observation that
the dominant-negative mutants of these two proteins inhibit
the activation of NF-AT triggered by the activation of both
Vav1 and RasGRF2. Moreover, the activation of NF-AT and
Ras by RasGRF proteins probably represents two intertwined
but mechanistically independent steps, because we have iden-
tified RasGRF mutants that, despite their ability to promote
normal levels of Ras activation, cannot trigger proper NF-AT
responses. Further work in this area with Vav1 and RasGRF2
will be needed to identify the signaling elements that mediate
this important intracellular pathway.

Taken together, these results are consistent with a new
model for the activation of NF-AT in T cells that integrates the
participation of the exchange factors Vav1, RasGRP1, Sos1,
and RasGRF2 (Fig. 10). In this model, Vav1 and RasGRP1
define the prevalent pathway involved in both Ras and NF-AT
activation, whereas RasGRF2 and Sos1 play subsidiary roles.
This model presents multiple sites of positive feedbacks ema-
nating from PLC-�1 that could contribute to the amplification
of the downstream NF-AT signal. Thus, the DAG generated by
the Vav1- and RasGRF2-mediated activation of PLC-�1 can
favor Ras activation via the direct activation of RasGRP1 by
DAG and, indirectly, through the phosphorylation of that ex-
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change factor by PKC (43, 44, 61). In addition, it has been
previously shown that Ca2� synergizes with the RasGRF-me-
diated activation of Ras to promote optimal levels of ERK
stimulation in nonhematopoietic cells (2, 21). This synergistic
action appears to be established at the level of c-Raf1 (2). It is
also possible that Ca2� could also affect directly RasGRP1 and
RasGRF2 because both proteins contain Ca2�-binding do-

mains (42). However, the action of Ca2� on these GEFs is
probably not exerted from an upstream position, as evidenced
by the lack of activation of Ras GTPases in calcium ionophore-
treated T cells. The multiple, positive effects of Ca2� on the
Ras pathway probably bypass, in the early stimulation times, its
subsequent inhibitory actions on the same route that are ex-
erted through CAPRI, a Ca2�-regulated RasGAP, and the 

isoform of DAG-kinase, a Ca2�-dependent enzyme that hy-
drolyzes DAG to yield phosphatidic acid (18). Despite the fact
that RasGRF1 is not expressed in lymphocytes, we have ob-
served that it induces reproducibly stronger signals in T cells
than RasGRF2. It will be interesting to verify therefore
whether some of the signaling connections reported here could
be extrapolated to other cell systems where RasGRF1 plays
essential roles (i.e., neurons and pancreatic � cells).
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