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Thymocyte development is shaped by signals from the T-cell antigen receptor. The strength of receptor
signaling determines developmental progression as well as deletion of self-reactive T cells. Receptor
stimulation of the extracellular signal-regulated kinase (ERK) pathway plays an important regulatory role
during thymocyte development. However, it is unclear how differences in receptor signaling are translated
into distinctive activation of the ERK pathway. We have investigated the potential role of the Lck tyrosine
kinase in regulating intracellular signaling during thymocyte development. While Lck is known to be
critical for initial T-cell receptor signaling events, it may have an independent role in regulating intra-
cellular signaling through the function of its SH3 domain. To determine whether such a regulatory
mechanism functions during thymocyte development, we generated mice in which the normal lck allele is
replaced with an lck SH3 domain mutant. Analysis of these mice revealed that both early thymocyte
development and maturation of CD4� and CD8� lineages is impaired. Investigation of thymocyte re-
sponses to antigen receptor stimulation showed a significant reduction in proliferation and ERK pathway
activation, although initial signaling events were intact. These findings indicate that Lck SH3 domain
function may provide a means to independently couple receptor signaling to regulation of the ERK
pathway during thymocyte development.

Signals from the T-cell antigen receptor (TCR) and pre-
TCR play a critical role in the development of T cells in the
thymus (30, 53, 55). The initial expansion and differentiation of
pre-T cells into immature, CD4� CD8� thymocytes is depen-
dent upon signals from the pre-TCR. This checkpoint limits
development to those cells that have generated a functional
TCR � subunit following gene rearrangement. Subsequent dif-
ferentiation of CD4� CD8� thymocytes to either the CD4� or
CD8� lineage, or their deletion due to self-reactivity, is also
dependent on signals from the TCR. At this stage, successful
development requires expression of an antigen receptor capa-
ble of delivering survival and differentiation signals but not
able to recognize self-antigens. The developmental fate of thy-
mocytes is therefore determined by the strength and duration
of antigen receptor signaling.

Two different types of models have been proposed to explain
how TCR signals can determine the outcome of thymocyte
development. Recent studies suggest that the strength of TCR
signaling determines the kinetics of activation of intracellular
signaling pathways (32, 54). Strong but transient activation of
the extracellular signal-regulated kinase (ERK) pathway ac-
companies negative selection of auto-reactive thymocytes,
while more moderate but extended ERK activation accompa-
nies positive selection. Alternatively, there is evidence indicat-
ing that the activation of distinct intracellular signaling path-
ways is linked to the strength of TCR signaling. Activation of
Jun N-terminal protein kinase and p38 kinase pathways in
thymocytes has been associated with negative selection (19, 39,

49), while activation of the ERK pathway is required for pos-
itive selection (3, 18). However, it is unclear how the strength
of the TCR signal is translated into the selective activation of
specific intracellular signaling pathways.

Src family kinases play a key role in TCR signaling and
T-cell development (35). In particular, the Lck kinase is re-
quired for signaling through both the pre-TCR and TCR (21,
29, 52), and mice lacking Lck show substantial defects in thy-
mocyte development (33). Further studies have shown that
modulation of Lck activity can influence the outcome of de-
velopment. Activated forms of Lck can substantially inhibit the
normal maturation of early thymocytes (1) and, when ex-
pressed in immature CD4� CD8� thymocytes, can bias differ-
entiation toward the CD4� lineage (22). Modulation of Lck
expression levels has also been shown to bias the lineage com-
mitment of immature thymocytes (28). These manipulations of
Lck activity presumably act as a surrogate for variations in
TCR signal strength provided to developing thymocytes. How-
ever, it is not known if differences in Lck activity are reflected
in the kinetics of intracellular signaling or if Lck has the ca-
pacity to regulate specific intracellular signaling pathways to
control thymocyte development.

Biochemical studies have indicated that Lck plays a key role
in initiating TCR signals through receptor phosphorylation
and activation of the ZAP-70 tyrosine kinase (9, 26, 48, 52).
Additional studies indicate that Lck has the potential to di-
rectly target intracellular signaling pathways (13, 20, 23, 38).
Previous work has shown that the SH3 domain of Lck is re-
quired for efficient signaling downstream of the receptor but is
not required for initiation of receptor signaling (11, 36). If the
Lck SH3 domain regulates specific intracellular signaling path-
ways, it may provide a mechanism to control thymocyte differ-
entiation following receptor engagement.
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MATERIALS AND METHODS

Generation of lckW97A mice. The targeting construct was composed of
genomic lck sequences derived from the 129 line of mice which extended from 3
kb upstream of the gene into exon 8. A neomycin resistance cassette flanked by
lox sites was inserted in intron 3, and the W97A substitution was generated by
PCR-mediated mutagenesis of exon 3. The structure of the construct was con-
firmed by complete sequencing of the Lck coding region. Correctly targeted
neomycin-resistant embryonic stem (ES) cell clones were identified by Southern
blotting using a probe derived from a region 3� to the targeting sequence. Two
independently derived clones were used for blastocyst injections. Chimeric ani-
mals were crossed with C57BL6 mice generating two independent lckW97A-neo
lines. Mating to Tek-Cre mice (Jackson Laboratories) resulted in removal of the
neomycin resistance cassette. The resulting mice were backcrossed with C57BL6
animals. Animals carrying the lckW97A allele were identified by PCR amplifica-
tion of genomic DNA. Confirmation of the identity of the lckW97A allele and the
absence of other mutations in the Lck locus were determined by sequencing of
reverse transcription (RT)-PCR products from the entire Lck coding region
generated from thymocyte RNA.

lckW97A mice were crossed with lines carrying TCR transgenes on the
C57BL6 background, including H-Y TCR (Taconic Laboratories) and OT-I and
OT-II TCR transgenes (Jackson Laboratories). For each cross, mice from the F1

generation were interbred to generate homozygous lckW97A and lck� mice for
comparison.

Flow cytometry. Flow cytometric analysis was carried out using fluorochrome-
conjugated or biotin-conjugated antibodies recognizing CD4, CD8, TCR�, TCR
V�2, H-Y TCR, CD25, CD44, CD5, CD24, CD69, CD90.2, and B220. Biotin-
ylated antibodies were recognized by secondary staining with strepavidin-PECy7.
All antibodies were from BD Pharmingen, except anti-H-Y TCR, which was
from E-bioscience.

In vivo thymocyte deletion. Mice were given intraperitoneal injections of 0 to
50 �g of anti-CD3 antibody (2C11) diluted in phosphate-buffered saline (PBS).
After 60 h, animals were sacrificed, the thymus was removed, and a single-cell
suspension was prepared using nylon mesh. Cells were counted and analyzed by
staining with anti-CD4 and anti-CD8 antibodies.

In vitro cell stimulations. Single-cell suspensions of thymocytes were stimu-
lated with bound anti-CD3 antibody (2C11) in 96-well plates. Indicated amounts
of 2C11 were incubated in wells for 4 h at 37°C and then washed twice with PBS.
Thymocytes were plated at 2 � 106 cells/ml in Dulbecco’s modified Eagle’s
medium (DMEM) complete media (DMEM supplemented with 10% fetal bo-
vine serum, L-glutamine, nonessential amino acids, penicillin, streptomycin, and
2-mercaptoethanol) and incubated for 15 h for induction of CD69 expression.
For proliferation assays, cells were incubated for 48 h, and then bromodeoxyuri-
dine (BrdU) was added at 20 �M for an additional 24 h. Thymocytes were also
incubated with 50 ng/ml phorbol myristate acetate (PMA) and 1 �M ionomycin
as a positive control. Cells were stained with anti-Thy1.2 and anti-CD69 or fixed
and permeabilized using Cytofix/Cytoperm (BD), treated with DNase I (50
Kunitz units/ml), and stained with anti-BrdU antibody (BD Pharmingen). CD69
expression or BrdU incorporation was determined by flow cytometry, with gating
on Thy1.2� cells. To estimate levels of apoptosis, thymocytes stimulated with
plate-bound anti-CD3 were fixed in ethanol, treated with RNase, and stained
with 10 �g/ml 7-amino-actinomycin D. Flow cytometry was used to determine
numbers of cells with subdiploid levels of DNA.

Biochemical analysis. To assess the intracellular signaling events in response
to TCR stimulation, single-cell suspensions at 50 � 106 cells/ml in HEPES-
buffered saline (25 mM HEPES, 125 mM NaCl, 5 mM KCl, 1 mM Na2HPO4, 1
mM CaCl2, 0.5 mM MgCl2, pH 7.4) were warmed at 37°C and then incubated
with 3 �g/ml 2C11 anti-CD3 antibody for 0 to 30 min. Following stimulation, cells
were quickly pelleted and lysed in 0.5% Triton X-100 lysis buffer with phos-
phatase and protease inhibitors. Insoluble material was removed by centrifuga-
tion, and supernatants were denatured by the addition of sodium dodecyl sulfate
(SDS) sample buffer and heating at 100°C. For immunoprecipitations, cells were
stimulated at 25 � 107 to 30 � 107 cells/ml, lysates were incubated with anti-
bodies against ZAP-70, and immune complexes were collected on protein A-
Sepharose beads. Anti-CD3 immunoprecipitations were performed with anti-
body directly coupled to protein A-Sepharose beads. After washing with lysis
buffer, complexes were solubilized by heating in SDS sample buffer. Lysates and
immunoprecipitates were analyzed by immunoblotting following SDS-polyacryl-
amide gel electrophoresis and transfer to polyvinylidene difluoride membranes.
The following antibodies were used: antiphosphotyrosine, linker for activation of
T cells (LAT), phospholipase C �1 (PLC-�1; Upstate), ZAP-70 (eBioscience),
Lck (Santa Cruz), phospho-LAT (human Y132), phospho-PLC-�1 (human
Y783) (Biosource), ERK, and phospho-ERK (Cell Signaling).

Egr-1 RT-PCR. For induction of Egr-1 transcripts, 107 thymocytes were incu-
bated in complete DMEM at 5 � 106 cells/ml either unstimulated or stimulated
with 3 �g/ml soluble anti-CD3 for 60 min, plate-bound anti-CD3 (adsorbed at 10
�g/ml) for 60 min, or 20 ng/ml PMA for 45 min. Total RNA was extracted from
thymocytes using Trizol reagent, and cDNA was prepared using SuperScript III
(Invitrogen) and oligo(dT)20 primer. cDNAs were amplified with 1 �M final
concentrations of the following primers: Egr-1, 5�-AATCCTCAAGGGGAGCC

FIG. 1. Characterization of lckW97A knock-in mice. (A) Structure
of targeting vector. Diagram shows genomic lck sequences used in
targeting the W97A substitution mutation to the lck locus. Southern
blotting identified correctly targeted ES cell clones. The neomycin
resistance cassette was removed by mating mice with the lckW97A-neo
allele with a Cre-expressing line. (B) Comparison of cell yields from
lckW97A mice (open bars) and lck� littermate controls (filled bars).
T-cell numbers recovered from spleen and lymph nodes are based on
cell counts and relative representation of TCR� cells as determined by
staining with fluorochrome-conjugated antibodies and flow cytometry.
Numbers of thymocytes in CD4/CD8 subsets were calculated based on
the relative distribution of thymocytes between the subsets, as deter-
mined by flow cytometry. Data show mean total thymocyte numbers
and standard deviations based on analysis of at least 14 lck� and
lckW97A mice, and mean CD4/CD8 subset numbers based on analysis
of at least 6 mice of each genotype. (C) Representative flow cytometry
data analyzing CD4 and CD8 expression on thymocytes from lck� and
lckW97A mice.
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GAGCGAACA and 5�-GAGTAGATGGGACTGCTGCTGTCGTTGGA, 355-bp
product (43); �-actin, 5�-AAGGTGTGATGGTGGGAATGG and 5�-GGCGT
GAGGGAGAGCATAG, 401-bp product (41). Cycle conditions were as follows:
Egr-1, 94°C for 30 s, 58°C for 40 s, and 72°C for 1 min; �-actin, 94°C for 15 s, 56°C
for 15 s, and 72°C for 30 s. Samples were removed at 20, 23, 26, and 29 cycles to
assess linearity of product formation. lck� and lckW97A cDNA samples ampli-
fied for the same number of cycles, within the linear range, were then analyzed
on 2% agarose–ethidium bromide gels.

RESULTS

Defective thymocyte development in lckW97A mice. To in-
vestigate the role of the Lck SH3 domain in thymocyte devel-
opment, we have generated lines of mice in which the lck gene
has been replaced with a mutant allele containing a defective
SH3 domain. A genomic targeting plasmid was constructed in
which exon 3 of the murine lck gene was mutated so that an
alanine codon would replace the normal tryptophan codon at
position 97 (Fig. 1A). Mutation of this tryptophan has been
shown previously to disrupt SH3 domain function of Src ki-
nases, including Lck (11, 17). Correctly targeted ES cell lines
were used to generate chimeric animals and establish lines of
lckW97A knock-in mice. Mating of these animals with a Cre-
expressing line removed the neomycin resistance cassette
linked to the lckW97A mutation, leaving a single lox site in
intronic sequences. Initial analysis of two lines of lckW97A
mice derived from independent embryonic stem cell clones
revealed the same phenotype, and subsequent analysis was

continued with a single line. Sequencing of RT-PCR products
from the entire Lck transcript confirmed that only the W97A
mutation had been introduced by the targeting procedure.

Since a role for Lck in T-cell development and function has
been identified previously (28, 33, 52), we analyzed thymus and
peripheral lymphoid organs for evidence of T-cell deficiency in
mice carrying the lckW97A allele. Assessment of cell numbers,
and lineage analysis by flow cytometry, indicated that the mu-
tant animals were lymphopenic. The lymph nodes and spleen
had reduced numbers of T lymphocytes (Fig. 1B) compared to
wild-type littermates. This reduction in T lymphocyte cellular-
ity was at least in part due to altered T-cell development, since
thymocyte numbers were reduced in mutant animals to half
that of wild-type controls. Assessment of T-cell development
using the CD4 and CD8 lineage markers confirmed that the
lckW97A allele did not support normal T-cell development
(Fig. 1B and C). Flow cytometry showed that the numbers of
mature CD8� and CD4� thymocytes in mutant animals were
reduced two- to threefold. In contrast, the numbers of CD4�

CD8� thymocytes appeared to be unaffected by the lckW97A
allele, resulting in a greater representation of this population
in thymuses of mutant animals. These initial findings suggested
that Lck SH3 domain function is important for both early
thymocyte development and differentiation into CD4 and CD8
lineages that accompanies the positive selection step of thymo-
cyte development.

FIG. 2. Effect of lckW97A allele on positive selection in TCR transgenic mice. lckW97A mice were crossed with mice expressing the OT-II, H-Y,
and OT-I TCR transgenes, and thymocytes from lck� and lckW97A littermates were analyzed by flow cytometry. Data are representative of 3 to
5 different experiments with each line. (A) Expression of CD4 and CD8 on thymocytes from OT-II transgenic mice. (B) Expression of CD4 and
CD8 on H-Y receptor expressing thymocytes from female mice. Data are gated on thymocytes staining with the H-Y clonotype-specific antibody
T3.70. (C) Expression of CD4 and CD8 on thymocytes from OT-I transgenic mice. Data are gated on thymocytes staining with high levels of
antibody specific for receptors containing V�2, a component of the OT-I TCR.

7894 RUDD ET AL. MOL. CELL. BIOL.



Lck SH3 domain function is required for normal positive
selection. To investigate the apparent defect in positive selec-
tion in lckW97A animals, we crossed them with lines expressing
TCR transgenes that direct thymocyte development toward
either CD4� or CD8� lineages. Analysis of thymocyte devel-
opment in lckW97A animals expressing either the OT-II (6),
H-Y (51), or OT-I (24) transgenes indicated that positive se-
lection of both CD4 and CD8 lineage T cells was substantially
compromised (Fig. 2). Staining thymocytes for CD4 and CD8
expression showed almost a complete block in positive selec-
tion in lckW97A mice carrying the OT-II or H-Y transgenes.
lckW97A OT-I mice also exhibited diminished positive selec-
tion, but CD8� thymocytes expressing high levels of the trans-
genic V�2 receptor subunit were present (Fig. 2C). However,
these thymocytes were not fully mature, since they expressed
relatively high levels of CD24 (data not shown). A develop-
mental defect was further indicated by the reduction in num-
bers of CD8� peripheral T cells in lckW97A OT-I mice to half
of that seen in lck� OT-I animals. These findings indicate that
Lck SH3 domain function is important in normal positive se-
lection leading to both CD4� and CD8� lineages, although
this requirement may be partially overcome if an appropriate
TCR specificity is expressed.

In addition to positive selection, thymocyte development is
also shaped by negative selection, resulting in the deletion of
auto-reactive thymocytes. Negative selection accompanies a
strong TCR signal in CD4� CD8� thymocytes that could be
altered in lckW97A mice. To examine effects on negative se-
lection, we assessed thymocyte development in male mice ex-
pressing the H-Y TCR transgene, which is specific for the male
H-Y antigen. Deletion of auto-reactive thymocytes in male
lck� animals was apparent from the substantial reduction in
numbers of thymocytes (Fig. 3A). A similar reduction in thy-
mocyte numbers was observed in male lckW97A animals, indi-
cating that the mechanism of negative selection was not de-
pendent on Lck SH3 domain function. However, analysis of
CD4 and CD8 expression indicated that in contrast to lck�

H-Y animals, thymocytes from lckW97A H-Y animals were
primarily CD4� CD8� (Fig. 3B). Despite this, no development
of mature CD4� or CD8� thymocytes was observed in
lckW97A H-Y animals, and there was no evidence for the
development of autoimmune disease. To further investigate
possible differences in thymocyte-negative selection in lck�

and lckW97A animals, we assessed the ability of anti-TCR
antibody injection to induce thymocyte deletion (Fig. 3C). Our
results indicate that lck� and lckW97A thymocytes have a sim-
ilar susceptibility to anti-receptor-mediated deletion. These
findings indicate that, while positive selection may be impaired
in Lck SH3 domain mutant animals, negative selection appears
to be intact.

Defective early thymocyte development in lckW97A mice.
The initial analysis of lckW97A mice indicated that, in addition
to defects in the development of mature thymocytes, there
might be alterations in the progression of early thymocyte
development. Signals from the pre-TCR drive the expansion
and differentiation of CD4� CD8� thymocytes into CD4�

CD8� thymocytes. The reduction in overall thymocyte num-
bers in lckW97A mice, without a reduction in CD4� CD8�

thymocyte numbers, may be due to defects in this TCR �
selection process. In this case, the development of CD4�

CD8� thymocytes would be blocked at the DN3 stage where
pre-TCR signals are required to drive further differentiation.
We analyzed early thymocyte development using expression of
CD44 and CD25. This analysis showed that, compared to lck�

animals, there was a relative accumulation of the CD25�

CD44� thymocytes (CD4� CD8�, DN3 stage) in lckW97A
mice (Fig. 4A and B). Quantitative analysis showed a DN3/
DN4 ratio of more than 10 for lckW97A thymocytes, compared
to a ratio of approximately 2 for lck� thymocytes. Progression
from the DN3 to the DN4 stage of thymocyte development is
also accompanied by elevation in CD5 expression (5). Analysis
of CD4� CD8� thymocytes from lckW97A mice showed re-
duced numbers of cells expressing high levels of CD5 com-
pared to CD4� CD8� thymocytes from lck� mice (Fig. 4C).
These results demonstrate a role for Lck SH3 domain function
in the � selection step of thymocyte development.

FIG. 3. Effect of lckW97A allele on negative selection. lckW97A
mice were crossed with mice expressing the H-Y TCR transgene and
thymocytes from lck� and lckW97A littermates were analyzed by flow
cytometry. (A) Numbers of thymocytes from female and male lck�

(filled bars) and lckW97A (open bars) H-Y TCR mice. The graph
shows mean total thymocyte numbers and standard deviations based
on analysis of 4 pairs of lck� and lckW97A mice. (B) Expression of
CD4 and CD8 on thymocytes from male lck� and lckW97A H-Y TCR
transgenic mice. (C) Effect of anti-CD3 injection on thymocyte num-
bers in lck� and lckW97A mice. The graph shows data from lck� (filled
squares) and lckW97A (open circles) animals from three experiments
comparing the fraction of thymocytes present 60 h after injection with
5, 15, or 50 �g of anti-CD3 to PBS-injected controls.
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Role of Lck SH3 domain function in TCR signaling. The
observed defects in both positive selection and early thymocyte
development in lckW97A mice are consistent with deficient
antigen receptor signaling. To determine if Lck SH3 domain
function was required for early signaling events following TCR
engagement, we assessed the induction of tyrosine phosphory-
lation following receptor stimulation. Immunoblotting lysates
with antiphosphotyrosine antibody showed that stimulation
with anti-CD3 antibody induced similar levels of tyrosine phos-
phorylation in lck� and lckW97A thymocytes, though some
differences in individual substrates were apparent (Fig. 5). The
induction of tyrosine phosphorylation suggested that there was
no substantial defect in the initiation of TCR signaling in
lckW97A thymocytes. Consistent with this, blotting anti-CD3
and ZAP-70 immunoprecipitates from lck� and lckW97A
thymocytes with antiphosphotyrosine antibody showed sim-
ilar levels of ZAP-70 tyrosine phosphorylation following
receptor engagement and only a modest reduction in TCR
phosphorylation. There was a reproducible increase in the
basal level of ZAP-70 tyrosine phosphorylation, but no ef-
fect on the basal level of TCR phosphorylation was ob-
served. These results indicate that LckW97A is able to me-
diate the initial TCR signaling events.

Although the initiation of TCR signaling appears to be in-
tact in lckW97A thymocytes, it is possible that intracellular
signaling pathways downstream of the receptor are not prop-

erly activated. To assess this possibility, we blotted lysates
prepared from TCR-stimulated thymocytes with antibodies
recognizing the phosphorylated forms of LAT, PLC-�1, and
ERK (Fig. 6A, B). Our results showed that LAT phosphory-
lation at position Y136 was reduced in lckW97A thymocytes
compared to lck� controls. Consistent with this, tyrosine phos-
phorylation of PLC-�1, which is recruited to LAT through the
Y136 site, also showed a minor reduction in lckW97A thymo-
cytes. These results indicate that activation of PLC-�1 and the
phosphatidylinositol pathway may be modestly impaired in
lckW97A thymocytes. Analysis of ERK activation suggested a
more substantial defect in intracellular signaling (Fig. 6B and
C). Anti-phospho-ERK blots showed that both the extent and
duration of ERK activation following TCR stimulation was
significantly reduced in lckW97A thymocytes. In addition, ac-
tivation of the MEK kinase, upstream of ERK, was also de-
fective (data not shown). To further assess ERK activity in
lckW97A thymocytes, we examined the induction of the EGR
1 transcription factor which is a target of ERK pathway sig-
naling (43) and implicated in positive selection (7). RT-PCR

FIG. 4. Analysis of early thymocyte development in lck� and
lckW97A mice. (A) Thymocytes were stained with antibodies against
CD4, CD8, CD25, and CD44 and analyzed by flow cytometry. Dot
plots show CD25 and CD44 staining of CD4� CD8� thymocytes.
(B) Representation of DN3 (CD25� CD44lo), DN4 (CD25� CD44�),
and DN1 (CD25� CD44�) thymocytes in the CD4� CD8� population.
Data are based on a quantitative analysis of 4 different pairs of lck�

and lckW97A mice. (C) Thymocytes were stained with antibodies
against CD4, CD8, and CD5. Histograms show CD5 expression in
CD4� CD8� population from lck� (solid line) and lckW97A (dotted
line) thymocytes. Data are representative of results from four separate
pairs of animals.

FIG. 5. Induction of early TCR signaling events in lck� and
lckW97A thymocytes. Single-cell suspensions of thymocytes were stim-
ulated (stim.) with 3 �g/ml anti-CD3 for 3 min. (A) Lysates were
analyzed by immunoblotting with antiphosphotyrosine antibody. (B
and C) Immunoprecipitates were blotted with antiphosphotyrosine
antibody, anti-ZAP-70, or anti-CD3, as indicated. Results are repre-
sentative of at least three experiments.
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analysis showed that the induction of EGR1 transcripts was
reduced in mutant thymocytes following stimulation with sol-
uble anti-CD3 antibody, confirming a defect in ERK pathway
activation (Fig. 6C). These results suggest that normal Lck
SH3 domain function is required to fully activate intracellular
signaling pathways independent of initial signaling events at
the TCR.

Response of lckW97A thymocytes is defective. If the observed
defects in intracellular signaling were significant, then we
would expect that functional responses to TCR stimulation
would also be compromised. To investigate this, we analyzed
the ability of lckW97A thymocytes to proliferate and induce
expression of CD69 following receptor engagement. In vitro
assays indicated a substantial defect in the response of thymo-
cytes from lckW97A mice (Fig. 7). Titration of antireceptor
antibody revealed as much as a fivefold reduction in the pro-
liferation response of lckW97A thymocytes compared to lck�,
although thymocytes from both types of mice were able to

respond similarly to phorbol ester and calcium ionophore. In
addition, induction of the CD69 activation antigen in response
to TCR stimulation was reduced in lckW97A thymocytes com-
pared to lck� thymocytes, though the response to PMA was
unaffected (Fig. 7B). These results indicate that the response
of thymocytes to TCR engagement is dependent upon the
function of the Lck SH3 domain.

DISCUSSION

Thymocyte proliferation and differentiation depend upon
signals generated by the antigen receptor. Src family ki-
nases, in particular Lck, are known to be essential for initi-
ating antigen receptor signals (26, 27, 48, 52), and it is
known that Lck activity can influence cell fate decisions
during thymocyte development (22, 28). However, it is not
clear whether Src kinases act only to initiate receptor sig-
naling or whether they also play an independent role in

FIG. 6. Induction of intracellular signaling in lck� and lckW97A thymocytes. Single-cell suspensions of thymocytes were stimulated (stim.) with
3 �g/ml anti-CD3 for 3, 10, and 30 min. (A) Lysates were analyzed by immunoblotting for the presence of phospho-PLC-�1 and phospho-LAT
(Y136). Lysates were also blotted for PLC-�1 and LAT as indicated. (B) Lysates were blotted with anti-phospho-ERK, anti-Lck, and anti-ERK
as shown. (C) Quantitative analysis of phospho-ERK induction in lck� and lckW97A lysates. Data from 5 separate experiments were analyzed by
densitometry, and the pixel values were normalized to the level of phospho-ERK in lysates from unstimulated lck� thymocytes. (D) Induction of
Egr-1 transcripts in lck� and lckW97A thymocytes. cDNA was synthesized from RNA prepared from unstimulated thymocytes (lanes 2 and 6) or
thymocytes stimulated for 60 min with either soluble anti-CD3 (lanes 3 and 7) or bound anti-CD3 (lanes 4 and 8) or stimulated with PMA (lanes
5 and 9) for 45 min. Egr-1 and �-actin cDNAs were amplified for 20 to 29 cycles, and products from the linear range are shown.
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regulating intracellular signaling pathways. Our data indi-
cate that normal thymocyte development requires the func-
tion of the Lck SH3 domain, and this requirement reflects a
specific role for SH3 domain function in activation of the
mitogen-activated protein kinase pathway.

To investigate the potential of the Lck SH3 domain to reg-
ulate receptor signaling during thymocyte development, we
have generated mice in which the normal Lck allele has been
replaced with an lckW97A allele. Previous work has established
that this conserved tryptophan is required for SH3 domain
binding of proline-rich substrates (17). Mice homozygous for
the lckW97A allele exhibit significant defects in thymocyte de-
velopment. Production of CD4� CD8� thymocytes is reduced
twofold, and analysis of early stage thymocyte populations in-
dicates a block in progression through the � selection step,

since there is a relative accumulation of CD25� CD44� (DN3)
thymocytes. In addition, the expression of CD5 is reduced on
early thymocytes from lckW97A mice. These observations are
consistent with a requirement for Lck SH3 domain function in
pre-TCR signals that lead to the expansion and differentiation
of early stage thymocytes. Previous studies on pre-TCR func-
tion have indicated an important role for a proline-rich se-
quence in the cytoplasmic domain of pre-T� (2). It is possible
that this sequence may mediate an interaction between Lck
and the pre-TCR through binding of the Lck SH3 domain.

In addition to defects in early thymocyte development,
lckW97A mice are also defective in the positive selection step
of thymocyte development. Production of mature CD4� and
CD8� thymocytes was reduced two- to threefold compared to
lck� mice. Analysis of H-Y, OT-I, and OT-II TCR transgenic
lines expressing the lckW97A allele confirmed that develop-
ment of both CD4 and CD8 lineages was regulated by Lck SH3
domain function. Development of mature CD4� OT-II thymo-
cytes and CD8� H-Y thymocytes was almost completely de-
fective in lckW97A mice. Development of CD8� OT-I thymo-
cytes was also impaired, though the severity of the defect was
less pronounced. This difference likely reflects differences in
the strength of the selecting signal for individual TCRs, rather
than a lineage bias, given the substantial defect in development
of the CD8� lineage in H-Y TCR� thymocytes. The Lck SH3
domain function may be essential for maturation of thymocytes
that receive a weak or moderate selecting signal but be dis-
pensable for thymocytes receiving a strong selection signal.

If Lck SH3 domain function contributes to the overall
strength of TCR signaling, then deletion of thymocytes that
express auto-reactive receptors might be defective in lckW97A
mice. Conversion of thymocyte negative selection to positive
selection has been observed in circumstances where signaling
downstream of the TCR is altered. Thymocytes in male H-Y
TCR� mice with the LAT Y136F allele (45) or rlk�/� itk�/�

deficiency (42) can undergo maturation rather than deletion.
However, in lckW97A mice, negative selection appears to be
substantially normal, since auto-reactive H-Y TCR� thymo-
cytes were reduced to similar levels in male lck� and lckW97A
mice, and anti-CD3 was similarly effective at inducing thymo-
cyte deletion. Thymocytes in male lckW97A H-Y TCR� mice
did express both CD4 and CD8, in contrast to lck� animals, but
this was not accompanied by proliferation or differentiation to
the mature single-positive stage. A similar phenotype has been
observed in male RasGRP�/� animals expressing the H-Y
TCR transgene (37).

Lck has been implicated in the initial phosphorylation of
antigen receptor ITAM motifs and the activation of the
ZAP-70 kinase following engagement of the receptor (9, 26,
48, 52). While Lck SH2 domain function is required for the
initiation of receptor signaling (15, 47), there is no obvious role
for the SH3 domain (11, 36). However, our analysis indicates
that lckW97A thymocytes are defective in their functional re-
sponse to TCR engagement, as indicated by a substantial re-
duction in proliferation and CD69 induction compared to lck�

thymocytes. This defective response appears to be a result of
reduced activity of intracellular signaling pathways. We ob-
served a modest reduction in inducible LAT and PLC phos-
phorylation and a more dramatic reduction in the extent and
duration of ERK activation in lckW97A thymocytes. This find-

FIG. 7. Analysis of response of lck� and lckW97A thymocytes to
TCR stimulation. (A) In vitro proliferation. Thymocytes from lck� and
lckW97A mice were stimulated in vitro with plate-bound anti-CD3
antibody for 72 h. BrdU was included in culture for the final 24 h. The
indicated amounts of anti-CD3 antibody were incubated in 96-well
plates or PMA plus ionomycin was included in cell cultures as a
positive control. Incorporation was determined by intracellular stain-
ing with anti-BrdU, and data were collected for Thy1.2� cells by flow
cytometry. The graph shows the mean percentage of BrdU� cells (�
standard deviation) from four separate experiments. Differences in
proliferation are not the result of increased apoptosis of lckW97A
thymocytes, as the number of subdiploid cells was similar in lck� and
lckW97A cultures. (B) Induction of CD69 expression. Thymocytes
from lck� and lckW97A mice were stimulated in vitro with PMA or
plate-bound anti-CD3 antibody for 15 h. CD69 expression on Thy1.2�

cells was determined by flow cytometry. Data show the average per-
centage of CD69� cells (� standard deviation) from three experi-
ments.
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ing is consistent with our studies of LckW97A function in the
JCaM1 cell line that demonstrated a significant defect in acti-
vation of the ERK pathway following TCR stimulation (11).

Substantial evidence has accumulated which indicates a key
role for ERK signaling in thymocyte development (3, 54).
Manipulation of the Ras/ERK pathway in thymocytes in vitro
and in vivo suggests that it regulates early thymocyte matura-
tion (10, 50) as well as positive selection of CD4� CD8�

thymocytes (4, 8, 32, 44). However, most evidence indicates
that thymocyte negative selection is not effected by ERK ac-
tivity. Recent studies on mice with thymocytes deficient in both
ERK1 and ERK2 (18) support these conclusions and present a
phenotype similar to that observed in lckW97A mice. In con-
trast to the selective role of the ERK pathway, defects in the
phosphatidylinositol pathway appear to alter both positive and
negative selection steps in thymocyte development. Mice with
the LATY136F allele (45) or rlk�/� itk�/� deficiency (42) are
defective in activation of phospholipase C �1 and exhibit de-
fects in negative selection as well as positive selection. The
phenotype of thymocyte development in lckW97A mice sug-
gests that the Lck SH3 domain function contributes to thymo-
cyte development primarily through regulation of the ERK
pathway. However, modest effects were observed on the phos-
phorylation of LAT and PLC-�1 which could contribute to the
observed developmental defects.

The requirement for Lck SH3 domain function in activation
of the ERK pathway may reflect a direct role for Lck in acti-
vation of Ras or its downstream target, c-Raf. The activation of
ERK signaling in immature CD4� CD8� thymocytes is depen-
dent on the ability of RasGRP to activate Ras. Stimulation of
thymocytes from mice that lack RasGRP fails to activate ERK
(14), and these mice exhibit a block in positive selection (14,
37). Lck SH3 domain function may be required for optimal
RasGRP activity. However, RasGRP is recruited to mem-
branes by increased levels of diacylglycerol produced through
the activation of PLC-�1, which is only modestly effected in
lckW97A thymocytes. Additionally, RasGRP function does not
appear to be necessary for normal early thymocyte develop-
ment (14, 37), unlike Lck SH3 domain function. Alternatively,
Lck SH3 domain function may be required for activation of the
Raf kinase following Ras activation. While a direct association
between Lck and Raf has not been established, Raf is regu-
lated by tyrosine phosphorylation and Src can enhance Raf
activation (31). Further work will be required to determine
what mechanism links SH3 domain function of Lck to activa-
tion of the Ras/mitogen-activated protein kinase pathway.

In addition to mediating intermolecular interactions, the
SH3 domain of Src kinases also mediates an intramolecular
interaction which reduces catalytic activity in the basal state
(16, 25). Mutation of the tryptophan at position 97 in Lck
relieves this autoinhibitory interaction, resulting in an approx-
imately twofold increase in catalytic activity (12). Consistent
with this, a modest effect on the basal level of ZAP-70 tyrosine
phosphorylation was observed in lckW97A thymocytes. How-
ever, Lck activity is not likely to be the only factor controlling
substrate phosphorylation, as indicated by the normal level of
basal TCR phosphorylation. It may be possible, as proposed by
Stefanova et al. (46), that low basal signaling in lckW97A thy-
mocytes might promote association of the SHP-1 phosphatase
with Lck and reduce TCR signaling. However, increased Lck

catalytic activity does not appear to be responsible for the
thymic development phenotype in lckW97A mice, since het-
erozygous lck�/lckW97A mice, which would reveal dominant
effects of the lckW97A allele, do not exhibit obvious differences
from homozygous lck� mice.

The present results indicate the importance of Lck SH3
domain function for thymocyte development and the acti-
vation of intracellular signaling pathways following antigen
receptor engagement. Lck SH3 domain function may also be
required for the activity of other cell surface receptors and
the regulation of additional intracellular pathways. Analysis
of CD28 and CD2 costimulatory function has indicated that
the SH3 domain may recruit Lck to these receptors (25).
Other work has shown that Lck SH3 domain function may
be important in the activation of integrin binding and actin
cytoskeletal reorganization (34). Additionally, Lck SH3 do-
main function has been implicated in membrane targeting of
the Dlgh-1 scaffolding protein, which is proposed to coor-
dinate immune synapse formation (40).

These findings demonstrate a critical role for Lck SH3 do-
main function in thymocyte development. Our results are con-
sistent with a requirement for Lck SH3 domain function in
activation of intracellular signaling pathways during pre-TCR
signaling and TCR signaling leading to positive selection. Fur-
ther studies will be required to determine the specific mecha-
nism by which Lck SH3 domain regulates intracellular path-
ways as well as studies to address the potential role of the Lck
SH3 domain in signaling by other cell surface receptors.
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