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Grb2 is an adaptor molecule that mediates Ras-MAPK activation
induced by various receptors. Here we show that conditional
ablation of Grb2 in thymocytes severely impairs both thymic
positive and negative selections. Strikingly, the mutation attenu-
ates T-cell antigen receptor (TCR) proximal signaling, including
tyrosine phosphorylation of multiple signaling proteins and Ca2+

influx. The defective TCR signaling can be attributed to a marked
impairment in Lck activation. Ectopic expression of a mutant Grb2
composed of the central SH2 and the C-terminal SH3 domains in
Grb2−/− thymocytes fully restores thymocyte development. Thus,
Grb2 plays a pivotal role in both thymic positive and negative
selection. It amplifies TCR signaling at the top end of the tyrosine
phosphorylation cascade via a scaffolding function.
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T lymphopoiesis is a sequential developmental process regu-
lated by multiple environmental signals. The final outcome is

the generation of different lineages of T cells with a diverse an-
tigen receptor repertoire (1–4). Diversification of the T-cell an-
tigen receptor (TCR) is initially generated through successive
rearrangements of the V-(D)-J genes in CD4 and CD8 double-
negative (DN) T precursors. Successful rearrangement of the
TCR β gene allows DN T cells to express pre-TCR and to develop
into CD4 and CD8 double-positive (DP) cells, at which stage the
TCR repertoire is further shaped by thymic selection. Cells
expressing a TCR with too strong or too weak an affinity/avidity
for MHC-peptide complexes will die via apoptosis, the processes
termed negative selection or neglect. In contrast, cells bearing
a TCR with moderate avidity toward MHC-peptide complexes
will survive the selection (positive selection) and become mature
CD4+ or CD8+ single positive (SP) thymocytes (5–8).
The importance of TCR signaling in thymic positive and neg-

ative selection has been demonstrated in a variety of experimental
models. However, it remains to be determined precisely how TCR
signaling is initiated and propagated intracellularly during thymic
selection. The first step in initiating the TCR signaling cascade is
thought to be the phosphorylation of tyrosine residues in immu-
noreceptor tyrosine-based activationmotifs (ITAMs) of the CD3ζ
chain by the Src family tyrosine kinase Lck (9–11). Phosphory-
lated ITAMs of the CD3ζ chain then recruit tyrosine kinase
Zap70 to the TCR complexes, where it can be activated by
autophosphorylation. Upon activation, Zap70 phosphorylates the
membrane anchor protein linker for activation of T cells (LAT),
which in turn assembles signaling complexes containing multi-
signaling molecules, including Grb2, SLP-76, Vav, Gads, PLCγ-1,
and Itk. The coordination between these signaling components in
the complexes determines multiple downstream cellular respon-
ses, including Ca2+ mobilization, cytoskeleton reorganization,
and activation of nuclear transcription factors, which eventually
define various T-cell development programs (9, 12–14).

Grb2 is a positive regulator of Ras signaling downstream of
many growth factor receptors, and plays an important function in
embryogenesis and malignant transformation (15, 16). It con-
tains one central SH2 domain flanked by two SH3 domains. The
latter can associate with Sos, a GDP/GTP exchange factor (GEF)
for Ras. Grb2 is constitutively expressed in T cells and associates
with LAT or the CD3 complex via Shc upon TCR stimulation
(9). These observations suggest that Grb2 plays an important role
in TCR signaling. A recent experiment has shown that haploid
germline deficiency of Grb2 impairs thymic negative selection but
not positive selection (17). The haploidmutation ofGrb2 does not
affect the activation of MAPK Erk1/2 upon TCR stimulation, but
instead weakens TCR-induced p38 activation. These results are
consistent with a recent finding that TCR induces Ras-Erk1/2
activation mainly through Ras-GRP but not Grb2 (18). To in-
vestigate the precise function of Grb2 in T-cell biology, we have
generated T-cell–specific Grb2 deficient mice and analyzed TCR
signaling and T-cell development and function in these mice. Our
results demonstrate that Grb2 is not only required for thymic
negative selection but is also critical for thymic positive selection.
Furthermore, we report that Grb2 functions at the top end of the
TCR-induced tyrosine kinase cascade, filling a unique role that
amplifies Lck signaling during thymocyte development.

Results
Impaired Thymocyte Development in Grb2−/−(T) Mice. We generated
grb2 gene floxed (Grb2f) mice by gene targeting (Fig. S1A). Grb2f/f

mice were born at a Mendelian ratio and appeared to be normal
and fertile. To inactivate Grb2 specifically in T-lineage cells, we
bredGrb2f/f mice toLck-cre transgenic (Tg)mice that express a cre
transgene starting fromDN3 thymocytes (19).Deletion of the grb2
gene and ablation of Grb2 protein in total thymocytes or purified
thymocyte subsets were confirmed by Southern blot and Western
blot analysis, respectively (Fig. S1 B and C). The remaining trace
amount ofGrb2 in themutant thymocytes detected by theWestern
blot could be due to a few leaking cells without the deletion or
a long half-life of Grb2 protein (Fig. S1C). For simplicity, we
hereafter refer to the Grb2f/f Lck-cre Tg mutation and mice as the
Grb2−/−(T) mutation and mice, respectively.
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To determine whether the ablation of Grb2 influences the de-
velopment of T cells, we examined the cellularity of T-lineage cells
in the thymus, spleen, and lymph nodes of Grb2−/−(T) mice by
flow cytometry. The total number of thymocytes in Grb2−/−(T)
mice was slightly reduced as compared with wild-type (WT) lit-
termates, suggesting that the Grb2−/−(T) mutation altered thy-
mocyte development (Fig. 1A and Table S1). The mutation had
amoderate impact on the development ofDP thymocytes, because
the total numbers ofDPT cells were 30% less in themutant than in
control mice (Fig. 1A and Table S1). However, the mutant mice
possessed markedly reduced numbers of CD4+ (P < 0.01) and
moderately reduced numbers of CD8+ SP T cells (P < 0.01) as
compared with WT mice (Fig. 1A and Table S1). The Grb2−/−(T)
CD4+, but not CD8+ SP T cells, failed to up-regulate the cell
surface CD3 and to down-modulateHSA (Fig. 1B), suggesting that
the mutation blocked the maturation of thymocytes from the DP
to the SP stage. The defective development of CD4+ and CD8+ T
cells was also reflected in peripheral mature T cells, as the total
numbers of mutant CD4+ and CD8+ T cells were dramatically
reduced in both the spleen (CD4+ T cells, P < 0.01, and CD8+ T
cells, P < 0.01) and lymph nodes (CD4+ and CD8+ T cells, P <
0.01) (Fig. 1C and Table S1). These peripheral CD4+ and CD8+ T
cells were Grb2−/−(T) T cells as evidenced by a Western blot

analysis (Fig. S2). These results indicate that Grb2 plays an im-
portant role in the development andmaturation of both CD4+ and
CD8+ T cells.

Impairment of Thymic Positive Selection in Grb2−/−(T) Mice. Matu-
ration of DP thymocytes into CD4+ and CD8+ SP T cells involves
both thymic positive and negative selection. To test whether the
Grb2−/−(T)mutation affects thymic positive selection ofCD4+ and
CD8+T cells, we crossedGrb2−/−(T)micewithDO11.10 TCRand
H-Y TCR Tg mice, respectively (20). DO11.10 TCR Tg mice ex-
press a transgenic TCR that specifically recognizes a chicken
ovalbumin (OVA) peptide presented by the MHC-II, I-Ad mole-
cules. During development, WT thymocytes expressing the
DO11.10-transgenic TCR are positively selected in the presence
of I-Ad. H-Y TCR Tg mice express a TCR specific to the male
antigenH-Y in the context ofH-2b (21). Positive selection ofCD8+

thymocytes can be tested in female H-Y TCR Tg mice because
female mice do not express the H-Y antigen. The Grb2−/−(T)
mutationdidnot haveanapparent effecton thedevelopmentofDP
thymocytes in either DO11.10 or female H-Y TCR Tg mice (Fig.
2A). However, whereas∼20% of total thymocytes inWTDO11.10
TCR Tgmice were CD4+ SP cells, these CD4+ cells were virtually
absent (less than 3%) in Grb2−/−(T) thymi, indicating that positive
selection of CD4+-lineage T cells was severely impaired in the
absence of Grb2. The Grb2−/−(T) mutation also affected the pos-
itive selection of CD8+ SP T cells, as evidenced by a marked re-
ductionofCD8+SP thymocytes in femaleGrb2−/−(T)H-YTgmice

Fig. 1. Impaired thymocyte development in Grb2−/−(T) mice. (A) Cellularity
andCD4andCD8expressionofGrb2−/−(T) thymocytes. Total thymocytes stained
with anti-CD4 and anti-CD8 (Lower), or gated DN (CD4− CD8− B220− Gr1−

CD11b−) thymocytes stainedwithanti-CD44 andanti-CD25 (Upper). Samples are
from 8-week-old WT and Grb2−/−(T) mice. Total numbers of T cells and thymo-
cyte subsets are given in Table S1. Results representmore than seven Grb2−/−(T)
mice and WT mice (P < 0.01). (B) Cell surface expression of CD3 and HSA on
thymocyte subsets. Shown are histograms of CD3 or HSA expression on gated
DP, CD4+ andCD8+ SP cells. (C)Anti-CD4 andanti-CD8 stainingof T cells fromthe
spleen and lymph nodes (LN) of WT and Grb2−/−(T) mice. Results are represen-
tative of more than seven Grb2−/−(T) mice andWT controls (P < 0.01; Table S1).

Fig. 2. Impaired thymic positive and negative selection in Grb2−/−(T) mice.
(A) Impaired thymic positive selection. Thymocytes were from Grb2−/−(T)
DO11.10 Tg mice or female Grb2−/−(T) H-Y Tg mice stained with anti-CD4
and anti-CD8. Results are representative of more than three independent
experiments. (B) Impaired thymic negative selection. Shown are thymocytes
from Grb2−/−(T) H-Y Tg male mice. (C) SEB-mediated deletion of thymocytes.
On 48 h post-SEB treatment, thymocytes fromWT or Grb2−/−(T) mice injected
intraperitoneally with SEB were analyzed for Vβ6, Vβ8, CD4, and CD8 ex-
pression. Total numbers of Vβ6+ or Vβ8+ thymocytes of indicated genotypes
are shown as bars. Data represent more than five mice in each group.
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as compared with WT controls (4% vs. 20%). From these results,
we conclude that Grb2-mediated signaling is essential for the
positive selection of both CD4+ and CD8+-lineage T cells.

Attenuation of Thymic Negative Selection by the Grb2−/−(T) Mutation.
To test whether the Grb2−/−(T) mutation altered thymic negative
selection, we examined CD8+ T cell development in male H-Y
TCR Tg mice (21). In WT male H-Y TCR Tg mice, thymocytes
expressing a H-Y TCR were negatively selected, leading to de-
pletion of both DP and CD8+ SP thymocytes (Fig. 2B). How-
ever, in male Grb2−/−(T) H-Y Tg mice the depletion of both DP
and CD8+ SP thymocytes was significantly attenuated compared
with WT controls (30% vs. 7% for DP cells and 24% vs. 9% for
CD8+ SP cells, respectively) (Fig. 2B). The majority of CD8+ SP
thymocytes in the mutant mice were the H-Y idiotype positive
(T3.70+) cells, indicating that these cells were H-Y antigen-
specific T cells that survived the negative selection.
Negative selection of thymocytes can also be tested using

superantigen SEB-mediated depletion of TCR Vβ8+ thymocytes,
as TCR Vβ8 specifically interacts with SEB (22, 23). We found
that SEB treatment significantly reduced the number of Vβ8+ SP
thymocytes (P < 0.005) in WT mice; however, SEB treatment
failed to cause any measurable change of Vβ8+ thymocytes in
Grb2−/−(T) mice (Fig. 2C). The total numbers of Vβ6+ thymo-
cytes, which did not bind to SEB, were not affected in WT or
Grb2−/−(T) mice, indicating that the depletion of Vβ8+ thymo-
cytes in SEB treated mice is not a result of a systemic activation of
mature T cells. Thus, we conclude that thymic negative selection
is not enhanced but instead attenuated in Grb2−/−(T) mice.

Alteration of Multiple TCR-Signaling Pathways in Grb2−/−(T)
Thymocytes. Upon TCR triggering, Grb2 forms a complex with
Sos, a Ras GEF, and is recruited to the LAT/TCR complex (9).
This has been previously interpreted as evidence that Grb2
mediates TCR-induced activation of the Ras-Erk kinase pathway
in T cells. Although recent data show that Ras-GRP is a major
player in TCR-induced Ras-Erk kinase activation, involvement
of Grb2 in this regulation has not yet been completely excluded.
Hence, we examined whether the activation of Erk1/2 was al-
tered in Grb2−/−(T) DP thymocytes. To avoid the potential bias
caused by the presence of different numbers of CD4+ SP thy-
mocytes in WT and Grb2−/−(T) thymi (Fig. 2B), we used purified
(more than 95%) DP thymocytes for the assay. We found that
the activation of Erk1/2 in the mutant thymocytes was not sig-
nificantly different from that in WT cells when cells were stimu-
lated with anti-CD3 or anti-CD3 plus anti-CD4 (Fig. 3A).
Consistent with this result, the level of TCR-induced Ras activa-
tion, as measured by a Ras pull-down assay using a recombinant
Ras-binding domain (RBD) of Raf as bait, was also comparable
in WT and Grb2−/−(T) thymocytes after various periods of TCR
stimulation (Fig. 3B and Fig. S3). These results indicate that
Grb2 is dispensable in TCR-induced Ras-Erk kinase activation in
thymocytes.
Interestingly, our results showed that the Grb2−/−(T) mutation

markedly attenuated TCR-induced p38 activation (P < 0.01) and
significantly weakened JNK activation in thymocytes (P < 0.01)
(Fig. 3A), suggesting that the TCR signaling pathway leading to
p38 and JNK activation was impaired. To determine the point at
which the TCR signaling cascade was affected by the Grb2−/−(T)
mutation, we examined various TCR-proximal signaling events
after TCR crosslinking. Surprisingly, we found that the Grb2−/−

Fig. 3. TCR signaling in Grb2−/−(T) thymocytes. (A) Western blot analysis ofMAPK activation in Grb2−/−(T) thymocytes. DP thymocytes were stimulatedwith anti-CD3ε
aloneor anti-CD3ε andanti-CD4or anti-CD8 for2min.Activitiesof Erk1/2, p38, and JNK1/2weredetectedbyantibodies against theactive formsof Erk1/2 (p-Erk1/2), p38
(p-p38), and JNK1/2 (p-JNK1/2), respectively. Protein loadingswerequantifiedbyanti-Erk1/2, anti-p38, andanti-JNK1/2.MAPKactivitieswerequantifiedbydensitometry
of each band, normalized toprotein loading, and shownas bars. Results represent three independent experiments (*P< 0.01). (B) Active formRas pull-downassay. Cells
were stimulated with anti-CD3ε and anti-CD4 for 2 min (short period of stimulation depicted in Fig. S3). Ras protein was quantified using an anti-Ras. (C) Tyrosine
phosphorylationof totalproteinsand individualTCR-proximal signalingcomponents. Thymocytes fromGrb2−/−(T)andWTmicewere stimulatedwithanti-CD3εalone,or
anti-CD3ε togetherwith anti-CD4or anti-CD8. The levels of tyrosine phosphorylationwere determinedusing an anti-phosphotyrosine antibody (4G10). The amounts of
signals on the blots were quantified using a densitometer. Activities of LAT or PLCγ-1 were quantified and shown as bars. Results represent three independent
experiments (*P < 0.05). (D) Calciummobilization in Grb2−/−(T) thymocytes. Gray and black lines represent Ca2+ mobilization in WT and Grb2−/−(T) T cells, respectively.
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(T) mutation resulted in much weaker tyrosine phosphorylation
of multiple proteins such as TCRζ chain, LAT, and PLCγ-1 after
TCR stimulation (P < 0.05) (Fig. 3C). Consistent with the lower
PLCγ-1 phosphorylation, Ca2+ mobilization was also attenuated
in the mutant thymocytes (Fig. 3D). Based on these results, we
conclude that Grb2 positively controls multiple TCR signaling
pathways in thymocytes. Because tyrosine phosphorylation of
the TCRζ chain and LAT was markedly attenuated in Grb2−/−(T)
thymocytes, we predict that Grb2 exerts a positive regulatory
function at the proximal end of the TCR-induced tyrosine phos-
phorylation cascade.

Attenuation of Lck Activation in Grb2−/−(T) Thymocytes. Tyrosine
phosphorylation of the TCRζ chain by Lck is one of the earliest
events in TCR signaling (9). We therefore tested the hypothesis
that the Grb2−/−(T) mutation attenuates the function of tyrosine
kinases such as Lck and Zap70. We found that the Grb2−/−(T)
thymocytes (P < 0.05) exhibited a significantly lower level of
Zap70 activity (Zap70 (pY319) and autophosphorylation than
did WT thymocytes after anti-CD3 and anti-CD4 stimulation
(Fig. 4 A and B). Activation of Lck was also markedly diminished
in the mutant cells (P < 0.05) as compared with WT cells under
the same stimulation conditions. Taken together, our data
demonstrate that ablation of Grb2 in thymocytes results in the
loss of proper Lck activation amplified by TCR and CD4 cos-
timulation. Because Lck activation is the first event that occurs in
the TCR signaling cascade, we propose that the attenuated Lck
activation is responsible for the impairment of the multiple TCR
downstream signaling pathways in Grb2−/−(T) thymocytes.

Dependence of Thymocyte Development on the C-Terminal SH3
Domain of Grb2. Grb2 is a scaffold protein that functions by me-
diating protein–protein interactions. However, our coimmuno-
precipitation assay could not prove any meaningful association
between Grb2 and Lck, suggesting that Grb2 interacts with other
molecule(s) that regulate thymocyte development and Lck ac-
tivity. To determine which domain of Grb2 is critical for thymo-
cyte development, we generated GFP-based bicistronic retroviral
vectors expressing a WT Grb2 or one of the Grb2 mutants that
deleted either the C-terminal [Grb2-ΔSH3(C)] or the N-terminal
SH3 domain [Grb2-ΔSH3(N)] (Fig. 5 A and B). We introduced
these Grb2 mutants into Grb2−/−(T) bone marrow (BM) stem
cells by retrovirus-mediated gene transduction, transplanted the
retrovirus infected BM stem cells into lethally irradiated Rag2−/−

recipient mice to generate BM chimeras, and then analyzed T-cell

development in the BM chimeric mice by flow cytometry. As
expected, we found that expression of a WT Grb2 in Grb2−/−(T)
thymocytes fully restored thedevelopment of donor-derivedCD4+

T cells (Fig. 5B). In contrast, whereas expression of the Grb2-
ΔSH3(N) mutant rescued the development of CD4+ T cells as
efficiently as did theWTGrb2, expression ofGrb2-ΔSH3(C) failed
to correct the defective development of Grb2−/−(T) thymocytes
(Fig. 5C). Thus, these results demonstrate that development of
CD4+ T cells depends on the SH2 and the C-terminal, but not
the N-terminal, SH3 domain of Grb2.

Discussion
The role of Grb2 in T-cell development was first described in
heterozygous Grb2-deficient mice, in which the haploid germline
deficiency of Grb2 weakened the negative, but not positive, se-
lection of thymocytes (17). This observation has been taken as
evidence that Grb2 differentially regulates thymic positive and
negative selection. In the present study, we have characterized the
function of Grb2 in TCR signaling and thymocyte development
using T-cell–specific Grb2−/−(T) mice. Although we could not
conclude whether Grb2 plays any role in the development of DN
thymocytes, because of a partial deletion of the grb2 gene in our
system at this stage of thymocyte development (Fig. S4), our data
reveal that theGrb2−/−(T)mutation imposes amoderate effect on
the development of DP thymocytes. In contrast to the previous
finding, we demonstrate that ablation of Grb2 in thymocytes
results in a severe impairment of both thymic positive and negative
selection. As a consequence, peripheral CD4+ and CD8+ T cells
are dramatically reduced in Grb2−/−(T) mice. Given that both
thymic positive and negative selection are impaired in Grb2−/−(T)
mice, we conclude that Grb2 plays a key role in the control of both
thymic positive and negative selection.
Previous studies using in vitro cell lines and germlineGrb2−/−mice

revealed an important role of Grb2 in growth factor receptor–medi-
ated activation of Ras-Erk kinase (15, 16). The contribution of Grb2
to receptor signaling can be attributed to the direct association of
Grb2with Sos and to the recruitment of Sos to the activated receptors
by Grb2, where Sos could activate Ras through its GDP-GTP ex-
change activity. In T cells, Grb2 also associates with Sos and is re-
cruited tocellmembranes via thephosphotyrosine residuesofLATor
theTCRcomplex uponTCR stimulation (9, 12). These findings have
led to an assumption that Grb2may be responsible for TCR-induced
Ras-Erk kinase activation in T cells (9). A recent study further shows
that Sos regulatesRas activation in an “onor off”manner possibly via
Grb2, whereas Ras-GRPmay gradually tune Ras activity in cultured
T cells, suggesting that Ras activation can be “digital or analog” (24).
However, our experiments demonstrate that the Grb2−/−(T) muta-
tion does not affect the activation of Ras-Erks, but does affect the
activation of JNKand p38 kinases in thymocytes. This result ismostly
inagreementwithpreviousfindingsonGrb2haploidgermlinemutant
T cells, except with no major change in TCR-induced Ras activity
(17). It is possible that Sos contributes toRas activation in thymocytes
through other adaptors thanGrb2. It has been shown that ablation of
Ras-GRP is sufficient to block Ras activation induced by PMA/
bryostatin 1 in thymocytes or TCR-induced proliferation of thymo-
cytes (18). These results also argue against a major role of Grb2 and
suggest that Ras-GRP is a major player in TCR-induced Ras-Erk
kinase activation in thymocytes. It is interesting to note that although
Ras activation is normal, several signaling events, including tyrosine
phosphorylation of Lck, Zap70, and PLCγ-1 that act at the upstream
of Ras-GRP, are attenuated in Grb2−/−(T) cells. It remains to be
determined whether these results imply that in our assay system the
attenuated Lck, Zap70, and PLCγ-1 signals are already above the
threshold required for Ras-GRP activation.
Our data show that theGrb2−/−(T)mutation attenuates tyrosine

phosphorylation of a broad spectrum of signaling components
downstream of the TCR. This finding indicates that Grb2 is
a positive regulator of multiple TCR proximal signaling pathways.

Fig. 4. Attenuation of TCR-induced Zap70 and Lck activation in Grb2−/−(T)
thymocytes. Purified DP thymocytes from WT and Grb2−/−(T) mice were in-
cubated at 37 °C for 4–6 h and then stimulated with anti-CD3ε alone or anti-
CD3ε plus anti-CD4 or anti-CD8. Lck and Zap70 activities in cell lysates were
determined by Western blot analysis using either anti-active form of Lck [Lck
(pY394)) or Zap70 (Zap70 (pY319)] (A), or by an in vitro autophosphorylation
assay (B). Shown are representative results of more than three independent
experiments. Amounts of signals were quantified by densitometry and
normalized to protein loading. (*P < 0.05).
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Because Lck activity is significantly attenuated in Grb2−/−(T) DP
thymocytes, we propose that Grb2 controls the earliest TCR sig-
naling event, in particular, the activation of tyrosine kinase Lck.
Our results show that Lck activity in Grb2−/−(T) thymocytes is
not completely eliminated when cells are stimulated with anti-
CD3 but, rather, significantly weakened when cells are triggered
by anti-CD3 and anti-CD4. This finding reveals that Grb2 is an
amplifier of Lck signaling upon TCR and CD4 costimulation
and acts at the top of the TCR-induced tyrosine phosphorylation
cascade. Recently, it has been observed that Grb2 may help
oligomerization of LAT into macromolecular cluster (25). In ad-
dition, it has been reported that Grb2 negatively regulates BCR-
induced Ca2+ signaling in chicken B cells, and this regulation is
dependent on the association between Grb2 and NTAL/LAB as
well as the recruitment of Grb2 to the lipid rafts (26). Thus, it is
conceivable that, by interacting with different signaling partners,
Grb2 may exert very different regulatory function in different
receptor signaling.
At present, it is not clear how Grb2 positively regulates Lck

signaling. Accumulating data indicate that Lck activity is nega-
tively regulated by tyrosine kinase Csk, which phosphorylates the
inhibitory tyrosine (Y505) on Lck (27). Membrane phosphatase
CD45 may reverse this inhibition by dephosphorylating the
phosphotyrosine Y505 of Lck. In resting T cells, Csk is localized in
membrane lipid rafts, where it associates with the adaptor PAG/
Cbp (28, 29). In contrast, CD45 is distributed outside the lipid
rafts. It is believed that Lck is shuttled between lipid rafts and
nonlipid rafts, with its active form located in the lipid rafts,
whereas the inactive version of Lck predominantly stays outside
these domains. Thus, the opposing function of CD45 and Csk,
together with the trafficking of Lck between lipid rafts and nonraft
membrane domains, provides an equilibrium pool of signal-
competent Lck, which would be available to phosphorylate the
TCR complex and Zap70 when the TCR is triggered. As Grb2 is
not directly associated with Lck, it is possible that Grb2 regulates
Lck activity by affecting the trafficking of Lck, CD45, and Csk in
different membrane locations. Consistent with this assumption,
our experiments show that Grb2 becomes associated with the
membrane rafts in activated T cells. It is therefore important to
determine whether the association of Csk, CD45, and Lck with
membrane rafts is altered in Grb2−/−(T) thymocytes. Alterna-
tively, Grb2 may interact with a novel regulator that positively
regulates Lck activity. Because the expression of a mutant Grb2
composed of the central SH2 domain and the C-terminal SH3

domain is sufficient to restore normal development of Grb2−/−(T)
thymocytes, this putative regulator could contain phosphotyrosine
residues and/or proline-rich motifs that interact respectively with
the SH2 and the C-terminal SH3 domains of Grb2. Identification
of the molecules that interact with the SH2 and the C-terminal
SH3 domains of Grb2 will help to clarify this issue.

Materials and Methods
Mice. grb2 Gene floxed mice were generated according to a previous protocol
(30). Briefly, we generated a gene targeting construct using a 9.7-kb BamHI-SalI
fragment of genomic DNA containing exons 3, 4, and 5 of grb2 gene (Fig. S1).
Homologous recombinants were identified by Southern blot hybridization (Fig.
S1). To generate grb2 floxed allele, one targeted ES cell clone was transiently
transfected with a Cre-expression vector to delete the neor-gene cassette
according to a published protocol (30). To produce Grb2−/− mice, we bred grb2
floxed mice to Lck-Cre Tg mice (19). Grb2−/−(T) mice used in this study were of
mixed 129 and C57BL/6 background. Rag2−/− and H-Y TCR Tg mice were from
Taconic, and DO11.10 TCR Tg mice were from Jackson Laboratory. All animals
werehoused in specificpathogen-freebarrier facilitiesat theNational Institutesof
Health or Columbia University in accordancewith institution-approved protocols.

In Vivo Treatment with Superantigen. Six-week-old mice were intraperitoneally
injected with PBS or 20 μg of Staphylococcal enterotoxin B (SEB; Sigma). Thy-
mocytes were analyzed by flow cytometry for cell surface makers including
CD4, CD8, Vβ6, and Vβ8 48 h after SEB treatment.

Flow Cytometry and Antibodies. All mice used for studies on thymocyte de-
velopment were 6–8 weeks old. For cell surface staining, 106 cells were
stained with fluorescent-coupled antibodies in 100 μL PBS buffer containing
1% BSA and 0.01% sodium azide for 20 min. The following antibodies were
used for staining: anti-CD3ε (145-2C11), anti-CD4 (RM4-5), anti-CD8α (53-
6.7), anti-CD24 (J1d), and anti-H-Y TCR idiotype (T3.70), anti-Vβ6 (RR4-7) and
anti-Vβ8 (F23.1) (BD Pharmingen). Anti-DO11.10 TCR idiotype (KJ1-26) was
from Caltac. Data were collected on either FACS Caliber or LSR II (BD Bio-
sciences) and analyzed using FlowJo software (Tree Star).

Western Blotting and Immunoprecipitation. DP thymocyteswere purifiedby an
enrichment protocol using magnetic cell sorting (MACS) (Miltenyi Biotec). To
activate TCR signaling, we incubated 107 thymocytes with biotinylated anti-
CD3ε (145-2C11) alone, or with anti-CD3ε + anti-CD4 (GK1.5) or anti-CD8 (53-
6.7) (each 5 μg/mL) on ice for 15 min. Cells were then resuspended in 500 μL
prewarmed (37 °C) PBS buffer containing streptavidin (10 μg/mL) for 2 min to
cross-link the TCR. After cross-linking, cell pellets were lysed in RIPA buffer.
Immunoprecipitation and Western blot hybridization were performed
according to a standard protocol (31). The following antibodies were used for
Western blot hybridization: anti-phosphotyrosine (4G10, Upstate biotech);
anti-phospho-Zap70 (pY319) (Santa Crutz Biotech); anti-phospho-Lck (pY394)
(a gift from Dr. A. Shaw); anti-phospho-Erk (E-4) and JNK (G-7) (Santa Crutz

Fig. 5. A critical role of the C-terminal SH3 domain of Grb2 for
thymocyte development. (A) GFP-based bicistronic retroviral
vectors expressing aWT ormutant form of Grb2. Grb2-ΔSH3(N),
mutant Grb2 lacking the N-terminal SH3; Grb2-ΔSH3(C), mutant
Grb2 lacking the C-terminal SH3 domain. (B) Western blot
showing the expression of WT and mutants Grb2 in 293T cells.
(C) Development of WT or mutant Grb2-expressing thymocytes
in BM chimeric mice. Grb2−/−(T) BM cells were infected with
GFP-based bicistronic retroviral vector expressing either aWT or
a mutant Grb2 and transplanted into irradiated Rag2−/− mice.
Development of Grb2 transgene-expressing thymocytes was
analyzed by flow cytometry. Shown are FACS analysis of gated
GFP− [Grb2−/−(T)] and GFP+ (Grb2 transgene-expressing) thy-
mocytes. Transgenes used for BM reconstitution are indicated
at the top of each plot. All experiments shown were performed
at least twice with comparable results.

10624 | www.pnas.org/cgi/doi/10.1073/pnas.0905039107 Jang et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0905039107/-/DCSupplemental/pnas.200905039SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0905039107/-/DCSupplemental/pnas.200905039SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0905039107/-/DCSupplemental/pnas.200905039SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.0905039107


Biotechnology); anti-phospho-p38 (Biosource); anti-Grb2 (C-23, C-7), anti-actin
(11C), anti-Erk1 (K-23), anti-Erk2 (C-14), anti-JNK1/2 (FL), anti-P38 (N-20), anti-
PLCγ−1 (53), anti-Lck (2102), and anti-Zap70 (LR) (Santa Crutz Biotechnology);
rabbit anti-LAT polyclonal antibody (gift from L. Samelson). Autophosphory-
lation assay for Lck and Zap70was conducted according to a previous protocol
(32). To measure MAPK activities, the densitometric readings of bands on
films were evaluated using an imaging densitometer (Bio-Rad).

Statistical Analysis. The significance between two series of data were de-
termined by a paired two-tailed Student’s t test. Values of P < 0.05 were
accepted as statistically significant.

Intracellular Ca2+ Influx and Ras Pull-Down Experiment. Thymocytes (107) were
loaded with Indo-I (10 μg/mL, Molecular Probes) at 37 °C for 30 min and then sur-
face-stained for CD4 and CD8 at room temperature for 15min. To determine Ca2+

influx, cells were resuspended in prewarmed (37 °C) HBSS buffer containing 1%
BSA, stimulated with biotinylated anti-CD3ε (10 μg/mL) followed by streptavidin
cross-linking, and analyzed on FACS Vantage. The active Ras pull-down assay was
carriedoutusingrecombinanthumanRasbindingdomain (RBD)ofRaf-1according
to the instructions of themanufacturer (Upstate Biotech). In brief, 107 thymocytes
were stimulated with anti-CD3ε (5 μg/mL) at 37 °C for 0.5, 1, or 2 min. The active
formofRas incell lysatewasprecipitatedbyaddingrecombinantRaf-1RBDprotein

and incubating at 4 °C for 45 min. Ras proteins precipitated by recombinant Raf-1
RBDwas quantified byWestern blot hybridization using anti-Ras (RAS10).

Retroviral Infection and Bone Marrow Chimeras. To generate WT and mutant
Grb2 expression vectors, we cloned cDNA encoding a WT Grb2, Grb2-ΔSH3
(N), or Grb2-ΔSH3(C) into a GFP-based bicistronic retroviral vector (MIGR1)
(33). To generate bone marrow (BM) chimera, we intraperitoneally injected
5′-fluorouracil (5 mg/mouse) into 8-week-old Grb2−/−(T) mice. Five days later,
BM cells were collected and cultured for 48 h in the presence of IL-3 (20 ng/mL),
IL-6 (50 ng/mL), and SCF (50 ng/mL) (R&D). Retrovirus was prepared accord-
ing to a published protocol (33). Cultured BM stem cells were infected with
virus by low-speed centrifugation. Two days after infection, 106 BM cells were
transferred i.v.into lethally irradiated (900 rads) Rag2−/− mice. One month
later, chimeric mice were examined for development of transgene-expressing
(GFP+) thymocytes by flow cytometry.
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