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A signaling pathway involving ZAP-70, LAT, and SLP76
has been regarded as essential for receptor-driven T cell
development and activation. Consistent with this model,
mice deficient in SLP76 have a complete block at the double
negative 3 stage of T cell development. Recently, however, it
has been reported that inactivation of Cbl, a ubiquitin-pro-
tein isopeptide ligase, partially rescues T cell development in
SLP76-deficient mice. To probe the influence of Cbl on
domain-specific SLP76 functions, we reconstituted SLP76�/�

Cbl�/� mice with Slp76 transgenes bearing mutations in each
of three functional domains of SLP76 as follows: Y3F, in
which the amino-terminal tyrosine residues of SLP76 were
mutated, eliminating sites of SLP76 interaction with Vav,
Nck, and Itk; �20, in which 20 amino acids in the proline-rich
region of SLP76 were deleted, removing a binding site for
Gads; and RK, in which arginine 448 of SLP76 was replaced by
lysine, abolishing function of the Src homology 2 domain.
Although each of these transgenes has been shown to par-
tially rescue T cell development in SLP76�/� mice, we report
here that Cbl inactivation completely reverses the severe dou-
ble negative 3 developmental block that occurs in SLP76-de-
ficient mice expressing the Y3F transgene (Y3F mice) and
partially rescues the defect in positive selection in T cell
receptor transgenic Y3F mice, but in contrast fails to rescue
thymic development of SLP76-deficient mice expressing the
�20 or RK transgene. Rescue in SLP76�/�Cbl�/�Y3F double-
positive thymocytes is associated with enhanced tyrosine
phosphorylation of signaling molecules, including Lck, Vav,
PLC-�1, and ERKs, but not Itk, in response to T cell receptor
stimulation. Thus, our data demonstrate that Cbl suppresses
activation of a bypass signaling pathway and thereby enforces
SLP76 dependence of early T cell development.

T cell development proceeds through multiple stages that
regulate the generation and selection of T cells whose T cell
receptors (TCR)2 have an appropriate range of affinity for pep-
tides presented by major histocompatibility complex (MHC)
molecules (1). Precursors give rise to immature CD4�CD8�

double negative (DN) cells that can be further divided into
DN1, DN2, DN3, and DN4 stages, distinguished by cell surface
phenotype as well as by critical events, including expansion of
DN3 cells that have successfully rearranged TCR� and have
expressed and signaled through the pre-TCR complex (2). DN3
cells differentiate to the DN4 and then CD4�CD8� double-
positive (DP) stage following pre-TCR signaling. DP thymo-
cytes rearrange TCR�, express a mature TCR�� receptor, and
develop into mature CD4�CD8� or CD4�CD8� single-posi-
tive (SP) cells through a process of positive and negative selec-
tion that is based on signaling through this mature TCR and
selection of a T cell repertoire that is tolerant to self but capable
of responding to foreign-peptide-MHC (pMHC) complexes (1,
3, 4). Finally, SP cells exit from the thymus as mature T cells
capable of recognizing and responding to foreign antigens.
The signals from pre-TCR and TCR, which determine the

fate of developing thymocytes, have been intensely studied.
Ligation of the TCR by pMHC complexes results in activation
of a signaling cascade initiated by phosphorylation and activa-
tion of TCR-�, Lck, and ZAP-70, which in turn phosphorylate
downstream targets, including LAT and SLP76. ZAP-70, LAT
and SLP76 proteins (3) have been shown to be essential for
thymocyte development by studies, including genetic manipu-
lation in mice (5–8). There are essentially no detectable DP or
SP thymocytes or peripheral T cells in LAT�/� or SLP76�/�

mice, in which thymocyte development is blocked at the DN3
stage (5, 7). ZAP70�/� thymocytes are blocked at the DP stage
of T cell development, and ZAP70�/� mice have very few SP
thymocytes or peripheral T cells (6). These studies suggest that
signal transduction required for early T cell development pro-
ceeds through a pathway that involves critical roles of multiple
molecules, including ZAP-70, LAT, and SLP76.
SLP76 consists of three functional domains as follows: an

amino-terminal domain containing targets for tyrosine phos-
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phorylation, a proline-rich region, and a carboxyl-terminal SH2
domain (9). The amino-terminal tyrosine residues (Tyr-112,
Tyr-128, and Tyr-145) are phosphorylated by tyrosine kinases
following TCR engagement, enabling SLP76 to interact with
Vav, a Rho guanine nucleotide exchange factor,Nck, an adaptor
protein, and Itk, a member of Tec family PTK. The proline-rich
region of SLP76 has the capacity to bindGads, a Grb2 homolog,
which results in the recruitment of SLP76 to cell surface mem-
brane lipid rafts through binding to LAT following TCR
engagement. The carboxyl-terminal SH2 domain of SLP76
interacts with ADAP (adhesion and degranulation-promoting
protein) (10) an adaptor protein, andHPK-1, a serine kinase (9).
Reconstitution of SLP76-deficient mice with transgenes con-
taining mutations in each of these domains has demonstrated
that each region is required for normal thymocyte development
(5, 8). Two groups have reconstituted SLP76-deficient mice
with T cell-specific expression of wild-type and mutant SLP76
transgenes, including amutant in which three tyrosine residues
(Tyr-112, Tyr-128, andTyr-145) in the amino-terminal domain
of SLP76 were substituted by phenylalanines (Y3F); amutant in
which 20 amino acids (amino acids 224–244) in the proline-
rich region of SLP76 were deleted (�20); and amutant in which
arginine 448 of SLP76 was replaced by lysine (RK) (11, 12). The
profound defects in T cell development and activation that are
observed in SLP76 knock-out mice are completely reversed by
reconstitution with a wild-type SLP76 transgene. In contrast,
however, reconstitution with SLP76 that has been mutated in
any of its three functional domains only partially rescues T cell
development in SLP76 knock-out mice.
c-Cbl (Cbl) is a ubiquitin ligase and adaptor protein (regula-

tor) with multiple domains that associate with multiple mole-
cules involved in signal transduction (13). Thymocytes from
Cbl knock-out mice have enhanced cell surface expression of
TCR and CD3 in comparison with control mice (14, 15). In
addition, it has been observed that phosphorylation of ZAP-70,
LAT, and SLP76 is increased in Cbl�/� mouse thymocytes (14,
15). Recently, we reported that inactivation of Cbl partially res-
cues T cell development in LAT and SLP76-deficientmice (16),
and Myers et al. (17) reported that inactivation of Cbl partially
rescues T cell development in ZAP-70-deficient mice. These
observations indicate that Cbl mediates requirements for LAT,
SLP76, and ZAP-70 by preventing signaling that is capable of
supporting T cell differentiation independent of LAT, SLP76,
or ZAP-70. However, the rescue of T cell development in these
model systems is strikingly incomplete, failing to substantially
reconstitute development through the pre-TCR-dependent
DN3-DN4 transition and thus failing to generate normal num-
bers of DP or functionally mature SP thymocytes. These find-
ings suggest that Cbl inactivation functions to enable pathways
that are capable of bypassing some but not all of the require-
ments for ZAP-70, LAT, and SLP76 during T cell development.
To define these signaling pathways, normally suppressed by
Cbl, that can support T cell development, we assessed the abil-
ity of Cbl inactivation to rescue T cell development in the pres-
ence of Y3F,�20, or RKSLP76mutant transgenes. In this study,
we report that Cbl inactivation completely reverses the DN3-
DN4 developmental defect and partially reverses alterations in
positive selection in thymocytes of SLP76 knock-out mice

reconstituted with the SLP76 mutant Y3F, which lacks amino-
terminal phosphotyrosine residues. In contrast, Cbl inactiva-
tion has no effect on the thymic developmental defects
observed in SLP76 knock-out mice reconstituted with Slp76
transgenes mutated in the proline-rich Gads-binding region
(�20) or the carboxyl-terminal SH2 domain (RK). Biochemical
studies revealed that rescue of development in SLP76�/�Y3F
thymocytes by inactivation of Cbl was marked by reversal of
defects in tyrosine phosphorylation of multiple molecules,
including Lck, Vav, PLC-�1, and ERKs in response to TCR
stimulation of DP thymocytes. Thus, Cbl normally enforces
SLP76 dependence of T cell development by inhibiting an alter-
native pathway that may be independent of SLP76 association
with Vav, Nck, and Itk (18).

MATERIALS AND METHODS

Mice—c-Cbl knock-out (Cbl�/�) (14), SLP76 knock-out
(SLP76�/�) (5), and SLP76 transgenic (Y3F, �20 and RK) mice
(12) were described previously. ANDTCR transgenicmice (19)
were bred to Cbl�/�, SLP76�/�, and Y3F transgenic mice on a
B6 background (H-2b). All animals were housed at BIOQUAL,
Inc. (Rockville, MD).
Antibodies—Anti-mouse CD3� (2C11), anti-CD28 (4F10),

anti-ZAP-70, anti-TCR-�, anti-CD4-PE, anti-CD8-FITC, anti-
TCR-V�3-biotin, anti-TCR-V�11-biotin, anti-CD25-biotin,
anti-leu4-biotin, anti-CD62L-biotin, anti-CD5-biotin, anti-
CD69-biotin, anti-HSA-biotin, and anti-TCR-� (H57)-biotin
monoclonal antibodies were purchased from Pharmingen.
Anti-phosphotyrosine (4G10), anti-PLC-�1, and anti-Itk
monoclonal antibodies were purchased from Upstate Biotech-
nology, Inc. (Lake Placid, NY). Anti-ERKs, anti-pY(416)Lck,
anti-Lck, and anti-phospho-ERKs polyclonal antibodies were
purchased from Cell Signaling (Beverly, MA). Anti-Vav1 poly-
clonal rabbit antibodywas purchased fromSanta Cruz Biotech-
nology (San Diego, CA).
Western Blot Analysis—Thymocytes were incubated with 5

�g/ml biotin-conjugated anti-CD3 for 30 min and then stimu-
lated with 20 �g/ml streptavidin for the indicated time. The
stimulated cells were lysed in buffer containing 50 �M Tris (pH
7.4), 150 �M NaCl, 1 mM Na2VO4, 1% Nonidet P-40, and pro-
tease inhibitor mixture. Protein lysates were used for biochem-
ical analysis.

RESULTS

To assess the function of Cbl in regulating T cell differen-
tiation, we determined the effect of Cbl inactivation in mice
expressing SLP76 mutants, each of which is associated with
defective T cell development. SLP76�/�Cbl�/� mice were
bred with each of three mutant SLP76 transgenic strains (12)
as follows: Y3F, in which three tyrosine residues in the ami-
no-terminal domain of SLP76 were replaced by phenylala-
nines; �20, in which 20 amino acids in the proline-rich
region of SLP76 were deleted; and RK, in which arginine 448
of SLP76 was replaced by lysine. The resulting mouse strains
were designated SLP76�/�Cbl�/�Y3F, SLP76�/�Cbl�/��20, and
SLP76�/�Cbl�/�RK.
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Cbl Inactivation Fails to Rescue the Defects in Thymic T Cell
Development in SLP76�/��20 and SLP76�/�RK Mice—Con-
sistent with previous reports, reconstitution of SLP76�/� mice
with the �20 transgene partially rescues the thymocyte devel-
opmental defect of SLP76�/� mice (5, 12). In contrast to the
absence of detectable DP and SP cells in SLP76�/� mice (Fig.
1A) (5), the DN3 (CD25�CD44�) block observed in SLP76�/�

mice is partially relieved in SLP76�/��20 mice, and DP and
SP thymocytes are generated in the presence of this transgene
(Fig. 1B). However, the total cellularity of thymocytes in
SLP76�/��20 mice is only 20% that of wild type (Fig. 1B).
Inactivation of Cbl had no significant effect on the defects in

thymocyte development observed in SLP76�/��20 mice. Both
SLP76�/��20 and SLP76�/�Cbl�/��20 mice had much
reduced total thymic cellularity, as well as reduced proportions
of SP cells compared with wild-type or Cbl�/� mice. DN devel-
opment in SLP76�/�Cbl�/��20 mice was partially blocked at
the DN3 (CD25�CD44�) stage, again similar to SLP76�/��20
mice with intact Cbl expression (Fig. 1B). These data indicate
that Cbl inactivation does not overcome or bypass the require-
ment for the proline-richGads-binding domain that ismutated
in SLP76�/��20 mice.

In SLP76�/� mice carrying the SLP76 RK transgene, overall
thymic cellularity is near-normal, as are proportions of DP and
SP cells; however, the DN development of thymocytes is still
partially blocked in SLP76�/�RKmice (Fig. 1C) (12). Again, Cbl
inactivation failed to alter the phenotype of SLP76�/�RKmice,
with SLP76�/�RK and SLP76�/�Cbl�/�RK thymuses having
similarly decreased CD4/CD8 ratios and partial blocks in DN3
to DN4 transition (Fig. 1C).
Cbl Inactivation Rescues Defects in Thymic T Cell Develop-

ment in SLP76�/�Y3F Mice—The amino-terminal tyrosine
residues of SLP76 are phosphorylated by tyrosine kinases fol-
lowing TCR engagement, which enables SLP76 to interact with
Vav, a Rho guanine nucleotide exchange factor,Nck, an adaptor
protein, and Itk, a member of Tec family protein-tyrosine
kinase, each through association with a distinct phosphoty-
rosine on SLP76 (9). The SLP76 mutant Y3F, in which three
tyrosine residues (Tyr-112, Tyr-128, and Tyr-145) in the ami-
no-terminal domain of SLP76 were substituted by phenylala-
nines, is thus unable to interact with Vav, Nck, and Itk (9).
Consistent with previously reported results (12), the Y3F trans-
gene only partially rescued thymocyte development of an
SLP76�/� mouse. SLP76�/�Y3F transgenics had significantly
decreased total thymic cellularity andnumbers ofDP cells com-
pared with wild-type or Cbl�/� mice (Fig. 2, A and B). The
percentage of CD4 cells was decreased relative to controls,
whereas the percentage of DN was dramatically increased in
SLP76�/�Y3F thymus compared with control mice (Fig. 2A).
The DN development of SLP76�/�Y3F was severely impaired
at theDN3 (CD25�CD44�) to DN4 (CD25�CD44�) transition
relative to wild-type or Cbl�/� mice (Fig. 2A). In contrast,
SLP76�/�Cbl�/�Y3Fmice had normal thymic cellularity, with
normal proportions and numbers of CD4� SP and DP cells, as
well as normalized proportions ofDN3 andDN4 subsets (Fig. 2,
A and C). Thus, Cbl inactivation completely rescues the defect
of DN development in SLP76�/�Y3F mice.

The effect of Cbl inactivation on thymic development was
further analyzed by characterizing the phenotype of cells that
develop through this pathway. TCR expression was up-regu-
lated in DP thymocytes of Cbl�/� mice relative to wild-type
controls, as described previously (12). Cell surface TCR�
expression on SLP76�/�Y3F DP cells was similarly elevated by
Cbl inactivation (Fig. 2D). Levels of cell surface TCR�
expressed on SLP76�/�Cbl�/�Y3F DP thymocytes are equiva-
lent to those on Cbl�/� DP cells, and significantly increased in
comparison with wild-type and SLP76�/�Y3F mice. In con-
trast, TCR� expression onCD4 single-positive cells was similar
for wild-type, Cbl�/�, SLP76�/�Y3F, and SLP76�/�Cbl�/�

Y3F mice. SLP76�/�Y3F had dramatically decreased expres-
sion of TCR� on CD8 single-positive cells, and this decrease
was completely normalized by Cbl inactivation (Fig. 2D). It is
possible that SLP76�/�Y3F CD8 cells expressing low density of
TCR represent, at least in part, an increased population of
immature SP cells and that this population is substantially
reduced by Cbl inactivation. Patterns of CD3 expression were
similar to those of TCR� on wild-type, Cbl�/�, SLP76�/�Y3F,
and SLP76�/�Cbl�/�Y3F thymocytes (data not shown).

The level of HSA expression has been shown to be a marker
for the maturational state of SP thymocytes, with less mature
cells expressing higher levels of HSA, and levels decreasing
progressively with maturation (20). SLP76�/�Y3F DP and
CD8� thymocytes had increased expression of HSA, whereas
SLP76�/�Cbl�/�Y3F DP and CD8� thymocytes had normal
expression of HSA, indicating that they had progressed to a
more mature state (Fig. 2D). CD5 is a negative regulator of
signal transduction, and its level of cell surface expression has
been shown to be proportional to the strength of TCR signaling
of DP thymocytes. CD69 is an early marker of TCR signaling
and in DP thymocytes is an indication that cells have been pos-
itively selected by recognition of a selecting ligand. Expression
of both CD5 and CD69 was decreased on SLP76�/�Y3F DP
thymocytes, indicating that these cells had received diminished
signaling through the TCR (Fig. 2D). Notably, expression of
both CD5 and CD69was increased in SLP76�/�Cbl�/�Y3FDP
cells to levels comparable with wild-type DP cells (Fig. 2D).
Expression of a TCR Transgene Rescues Defective DN3-DN4

Development in SLP76�/�Y3F Mice—As shown above, thymic
development in SLP76�/�Y3F mice is marked by a defect in
maturation at the DN3-DN4 transition or � checkpoint, a tran-
sition that is mediated by signaling through the pre-TCR. It has
been observed that expression of a transgenic �� TCR can
replace the pre-TCR in mediating DN3-DN4 differentiation.
To first determinewhetherDN3-DN4 differentiationmediated
by a transgenic TCR is also defective in the SLP76�/�Y3Fmice,
the AND transgenic TCR (19) was expressed in SLP76�/�Y3F
mice. Expression of the AND transgene in wild-type mice
results in positive selection that is highly skewed toward devel-
opment of CD4 SP cells, as reported previously for I-Ek-ex-
pressing mice (19), and is shown here to also be the case for
wild-type H-2b mice (Fig. 3A). Notably, total thymocyte num-
bers were increased in SLP76�/�Y3F.ANDmice (78 � 8 � 106
for 3 mice) in comparison with SLP76�/�Y3F mice (21 � 7 �
106 for 5 mice), whereas the percentage of DN was reduced in
SLP76�/�Y3F.AND mice in comparison with SLP76�/�Y3F

Regulation of T Cell Development and Activation by c-Cbl

FEBRUARY 13, 2009 • VOLUME 284 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4431



mice (representative data in Fig. 2A and Fig. 3A). Analysis of
DN development showed that the defect in DN3-DN4 transi-
tion observed in thymocytes of SLP76�/�Y3F mice (Fig. 2B)
was normalized in SLP76�/�

Y3F.AND mice (Fig. 3B). Thus,
mutation of amino-terminal tyro-
sines in the Y3F mutant results in
deficient DN3-DN4 transition
mediated by the pre-TCR, but it
does not compromise development
mediated by a transgenicmature��
TCR.
Cbl Inactivation Modulates Posi-

tive Selection of TCR Transgenic T
Cells in SLP76�/�Y3F Mice—Ex-
pression of TCR transgenes has
been a valuable approach to assess-
ing T cell repertoire selection. The
AND transgene is composed of
V�11 and V�3 chains and is specific
for cytochrome c (19). Although
expression of the AND transgene
substantially reversed the DN3-
DN4 block in thymic development
in SLP76�/�Y3F mice, as reflected
in increased numbers of DP and SP
cells, the repertoire selected in the
SLP76�/�Y3F.AND mice differed
substantially from that selected in
SLP76�/�.AND mice. Both CD4
and CD8 SP thymocytes were gen-
erated, but there was not a strong
preponderance of CD4 cells in
SLP76�/�Y3F.AND mice (Fig. 3A).
When TCR expression was ana-
lyzed, CD4 SP thymocytes ex-
pressed homogeneously high levels
of TCR V�11 (Fig. 3C) as well as
V�3 (data not shown) in both
SLP76�/�Cbl�/�AND and SLP76�/�

Cbl�/�AND mice, indicating that
selection was highly efficient for
cells expressing transgenic � and �
chains. However, the TCR reper-
toire in SLP76�/�Cbl�/�Y3F.AND
thymuses was markedly different.
V�11 expression in these mice was
bimodal, with the majority (84 �
14%, n � 3) of thymocytes express-
ing low levels of V�11 and a smaller
population expressing high levels of
V�11 comparable with those
expressed in SLP76 wild-type AND
transgenics (Fig. 3C). SLP76�/�

Cbl�/�Y3F.AND mice were ana-
lyzed to determine whether Cbl inac-
tivation would affect the altered TCR
selection observed in SLP76�/�

Y3F.AND mice. Inactivation of Cbl in SLP76�/�Cbl�/�

Y3F.AND mice resulted in a substantial increase in the total
number of CD4 SP cells (21 � 6.8 � 106, n � 3 versus 5.3 �
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2.3 � 106, n � 3) (Fig. 3A) and in the percentage of V�11-high
CD4 SP cells (53 � 9%, n � 3 versus 17 � 10%, n � 3) (Fig. 3C)
over levels observed in SLP76�/�Y3F.AND mice, although
these values did not reach the levels in SLP76�/�Cbl�/�AND
mice (65 � 7 � 106 CD4 SP cells, 100% V�11-high) (Fig. 3, A
and C). This difference in V�11 expression resulting from Cbl
inactivation was not the result of differences in overall expres-
sion of TCR�� as measured by C� staining (Fig. 3C), and thus
reflects a shift from selection of cells expressing low levels of
transgenic V�11 and high levels of endogenous nontransgenic
V� to predominant selection of cells expressing V�11-high
transgenic receptors (Fig. 3C). Thus, inactivation of Cbl both
enhanced overall CD4 SP selection and altered specific TCR
repertoire selection in the presence of the AND transgene in
SLP76�/�Y3F mice.
Phosphorylation ofMultiple Signaling Proteins in Response to

TCR Signals Is Increased byCbl Inactivation in SLP76�/�Cbl�/�

Y3F Thymocytes—The findings presented above indicate that
Cbl inactivation rescues the defects in early T cell development
observed in SLP76�/�Y3F mice. To understand the effect of
Cbl inactivation on TCR signaling, thymocytes from wild-type,
Cbl�/�, SLP76�/�Y3F, and SLP76�/�Cbl�/�Y3F mice were
subjected to biochemical analysis. Fig. 4A shows total protein
tyrosine phosphorylation of DP thymocytes from wild-type,
Cbl�/�, SLP76�/�Y3F, and SLP76�/�Cbl�/�Y3F mice in
response to TCR stimulation with anti-CD3 antibody. Hyper-
phosphorylation of multiple proteins was observed in stimu-
latedCbl�/� thymocytes relative towild-type controls, consist-
ent with previous reports (14, 15). Tyrosine phosphorylation in
SLP76�/�Y3F thymocytes was similar to that observed in wild-
type cells and was similarly enhanced by Cbl inactivation in
SLP76�/�Cbl�/�Y3F thymocytes (Fig. 4A).
We next evaluated the status of specific signaling proteins. It

has been reported that TCR-� chain is degraded by the Cbl-
SLAP complex and that levels of total TCR-� protein are there-
fore increased in Cbl-deficient thymocytes (17). The level of
expression of the TCR-� chain was analyzed in lysates of thy-
mocytes from WT, Cbl�/�, SLP76�/�Y3F, and SLP76�/�

Cbl�/�Y3F mice by immunoblotting with anti-TCR-� anti-
body. The level of total TCR-� protein in Cbl�/� or SLP76�/�

Cbl�/�Y3F thymocytes was greater than that in wild-type or
SLP76�/�Y3F thymocytes, consistent with the reported role of
Cbl in TCR-� degradation (Fig. 4B). It has been demonstrated
that phosphorylation of TCR-� inDP thymocytes occurs in vivo
as a result of TCR engagement (21). When the effect of Cbl
inactivation on this in vivo phosphorylationwas assessed, it was

found that TCR-� phosphorylation, in the absence of in vitro
stimulation, was substantially greater in Cbl�/� thymocytes
than inWTcells (Fig. 4B). TCR-� phosphorylation in SLP76�/�

Y3F thymocytes was not substantially different fromWT levels,
and notably, Cbl inactivation in SLP76�/�Cbl�/�Y3F thymo-
cytes resulted in increased TCR-� phosphorylation in SLP76�/�

Cbl�/�Y3F comparable with that found inCbl�/� cells. In vitro
stimulation with anti-CD3 did not enhance phosphorylation
substantially above the levels observed ex vivo. Thus, in addi-
tion to the effect of Cbl on total TCR-� protein levels, in vivo
phosphorylation of TCR-� is markedly enhanced by Cbl inacti-
vation, and this effect is intact in SLP76�/�Cbl�/�

Y3F thymocytes.
Phosphorylation and consequent activation of Lck have been

well characterized as critical proximal events in TCR-mediated
signaling. We assessed phosphorylation of Lck in the response
of DP thymocytes to anti-CD3 stimulation, using antibody spe-
cific for phosphorylation of Tyr-416 of Lck, a modification that
is specifically related to activation of Lck kinase activity (22, 23).
SLP76�/�Y3F thymocytes had levels of Lck Tyr-416 phospho-
rylation similar to those of wild-type cells upon CD3 stimula-
tion (Fig. 4B). Tyr-416 phosphorylation of Lck in response to
anti-CD3was substantially increased inCbl�/� thymocytes rel-
ative towild-type controls. Similarly,Tyr-416phosphorylationof
SLP76�/�Cbl�/�Y3F thymocytes in response to anti-CD3 was
dramatically increased in comparison with responses of wild type
or SLP76�/�Y3F (Fig. 4B). Thus, Lck phosphorylation and activa-
tion, an early step in TCR signaling and proximal to SLP76 in the
signaling cascade, is intact in SLP76�/�Y3F thymocytes, as is the
enhancement of this response by Cbl inactivation.
The amino-terminal tyrosine residues of SLP76 are phospho-

rylated by tyrosine kinases following TCR engagement, which
enables SLP76 to interact with Vav and Itk (9). The Y3F muta-
tion eliminates the capacity of SLP76 to interact with Vav and
Itk, whose activities or phosphorylation might therefore be
affected in SLP76�/�Y3F thymocytes. Protein lysates from
wild-type, SLP76�/�Y3F, and SLP76�/�Cbl�/�Y3F DP thy-
mocytes were immunoprecipitated with antibodies against
Vav1 and Itk, and the immunoprecipitated products were
immunoblotted with antibodies against phosphotyrosine,
Vav1, and Itk. In wild-type DP thymocytes, anti-CD3 stimula-
tion resulted in phosphorylation of both Vav1 and Itk (Fig. 4C).
In striking contrast, no phosphorylation of Vav1 or Itk was
detected in stimulated SLP76�/�Y3F DP thymocytes (Fig. 4C).
Thus, disruption of Vav- and Itk-binding sites on the SLP76
Y3F mutant molecule completely abrogates tyrosine phospho-

FIGURE 1. Cbl inactivation fails to rescue the defects of T cell development in SLP76�/��20 and SLP76�/�RK mice. A, thymocytes from SLP76�/�Cbl�/�

(wild type) and SLP76�/�Cbl�/� (SLP76�/�) mice were stained with antibodies specific for CD4 and CD8 (top row) or with antibodies specific for CD25 and CD44
after excluding CD4�/CD8�/NK1.1�/Mac-1�/Gr1�/CD3�/B220� thymocytes (bottom row). Genotypes of mice and total numbers of thymocytes for each
mouse are shown above the plots. Numbers in quadrants indicate the frequency of DN (CD4�CD8�), DP (CD4�CD8�), CD4(CD4�CD8�), CD8(CD4�CD8�),
DN1 (CD25�CD44�), DN2 (CD25�CD44�), DN3 (CD25�CD44�), and DN4 (CD25�CD44�) thymocytes. B, thymocytes from SLP76�/�Cbl�/� (wild-type),
SLP76�/�Cbl�/� (Cbl�/�), SLP76�/�Cbl�/��20 (SLP76�/��20) and SLP76�/�Cbl�/��20 mice were stained with CD4 and CD8 (top row); or with CD25 and
CD44 after excluding CD4�/CD8�/NK1.1�/Mac-1�/Gr1�/CD3�/B220� thymocytes (bottom row). Genotypes of mice used in the experiment and total thymo-
cytes of each mouse are shown above plots. Numbers in quadrants indicate the frequency of DN (CD4�CD8�), DP (CD4�CD8�), CD4 (CD4�CD8�), CD8
(CD4�CD8�), DN1 (CD25�CD44�), DN2 (CD25�CD44�), DN3 (CD25�CD44�), and DN4 (CD25�CD44�) thymocytes. Results shown are representative of three
independent experiments. C, thymocytes from SLP76�/�Cbl�/� (wild type), SLP76�/�Cbl�/� (Cbl�/�), SLP76�/�Cbl�/�RK (SLP76�/�RK), and SLP76�/�

Cbl�/�RK mice were stained with CD4 and CD8 (top row) or with CD25 and CD44 excluding CD4�/CD8�/NK1.1�/Mac-1�/Gr1�/CD3�/B220� thymocytes
(bottom row). Genotypes of mice used in the experiment and total thymocytes of each mouse are shown above the plots. Numbers in quadrants indicate the
frequency of DN (CD4�CD8�), DP (CD4�CD8�), CD4 (CD4�CD8�), CD8 (CD4�CD8�), DN1 (CD25�CD44�), DN2 (CD25�CD44�), DN3 (CD25�CD44�), and DN4
(CD25�CD44�) thymocytes. Results shown are representative of three or more independent experiments.
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rylation of Vav and Itk in response
to TCR cross-linking. Strikingly,
however, Vav1 tyrosine phospho-
rylation in response toTCR signaling
was completely restored in SLP76�/�

Cbl�/�Y3F DP thymocytes, in fact
to levels substantially greater than
those in wild-type mice in response
to TCR stimulation (Fig. 4C). In
contrast, no detectable phosphoryl-
ation of Itk occurred in SLP76�/�

Cbl�/�Y3F DP thymocytes (Fig.
4C), indicating that Cbl inactivation
rescued the defect in Vav signaling
but not the defect in Itk phosphoryl-
ation in SLP76�/�Y3F thymocytes.
To further study the Vav signaling
pathway in SLP76�/�Cbl�/�Y3F
thymocytes, we next analyzed phos-
phorylation of ERKs and PLC-�1,
proteins that are downstream in the
Vav signaling pathway (24). No
phosphorylation of ERKs or PLC-�1
was detected in SLP76�/�Y3F DP
thymocytes in response to TCR
stimulation, indicating that these
events are normally highly depend-
ent upon intact sites mutated in the
SLP76 Y3F transgene (Fig. 4D).
However, Cbl inactivation reversed
this defect, and SLP76�/�Cbl�/�Y3F
DP thymocytes generated substan-
tial tyrosine phosphorylation of
both PLC-�1 and ERKs in response
to TCR stimulation (Fig. 4D). Thus,
the Vav signaling rescued by Cbl
inactivation in SLP76�/�Y3F
thymocytes appears to be functional
as reflected in these downstream
events.

DISCUSSION

A widely accepted model for sig-
nal transduction during T cell
development, as well as for TCR-
mediated activation of mature T
cells, involves critical early roles for
Lck, ZAP-70, LAT, and SLP76,
which in turn transduce signals to
molecules, including PLC-�1, Vav,
Itk, Gads, Grb2, and ERKs (9). Thus,
deletion of ZAP-70, LAT, or SLP76
results in a profound arrest in T cell
development (5, 7, 8). However, it
has been demonstrated that inacti-
vation of Cbl, a ubiquitin ligase with
negative regulatory activity, can
partially rescue the defects in T cell
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development observed in ZAP-70-, LAT-, and SLP76-deficient
mice (16, 17), indicating the existence of signaling pathways,
normally inhibited by Cbl, that can function in thymic T cell
differentiation. To elucidate the role normally mediated by Cbl
in regulating such pathways, we have utilized a series of trans-
genes with mutations in specific domains of SLP76. Each of
these SLP76 mutants, Y3F, �20, and RK SLP76, partially res-
cues the defects in thymocyte development that occur in
SLP76�/� mice (12), but mice expressing these SLP76 mutants
have residual defects in thymic development. We have thus
been able to study the role of Cbl by analyzing the effects of
Cbl inactivation on the T cell developmental and signaling
defects that result from discrete molecular lesions in the
SLP76 pathway. We found that Cbl inactivation reverses the
defect in thymic development in amino-terminal tyrosine
mutant SLP76�/�Y3F mice but not the defects resulting
from SLP76�/��20 and SLP76�/�RK mice.

The SLP76�/��20 mutant lacks 20 amino acids in the pro-
line-rich region and has lost the capacity to bind Gads (9). Cbl
inactivation failed to rescue the defect in T cell development of
SLP76�/��20 mice (Fig. 1B), indicating that Cbl inactivation
does not enable an alternative pathway capable of bypassing the
requirement for Gads. Gads appears to function in binding to
both SLP76 and LAT and thus in targeting SLP76-containing
signaling complexes to LAT at the cell membrane and in prox-
imity to the TCR (25, 26). The failure of Cbl inactivation to
overcome the requirement for Gads binding to SLP76 suggests
that there may be a relatively stringent requirement for the
function of Gads in targeting SLP76-containing complexes to
the cell membrane. Similarly, the signaling pathway that is
defective in the RKmutant, which has lost the capacity to inter-
act with ADAP andHPK-1, was not rescued by Cbl inactivation
(Fig. 1C), indicating that nomechanismswere activated that are
capable of compensating for this SLP76 mutation.
The amino-terminal tyrosine residues (Tyr-112, Tyr-128,

and Tyr-145) of SLP76 are phosphorylated by ZAP-70 follow-
ing TCR engagement, enabling SLP76 to interact with mole-
cules, including Vav (at the Tyr-112 site), Nck (at the Tyr-128
site), and Itk (at the Tyr-145 site) (9). The interactions of SLP76
with these signaling molecules have been shown to be essential
events for thymic development. The SLP76 mutant Y3F, in
which three tyrosine residues (Tyr-112, Tyr-128, and Tyr-145)
were substituted by phenylalanines, was introduced as a trans-
gene into SLP76-deficient mice. Mutation of the three tyrosine
residues of SLP76 results in multiple defects of T cell develop-
ment, including decreased thymic size, a block in development
at the DN3 stage, reduced numbers of DP and SP thymocytes,
and reduced expression of TCR�, CD5, and CD69 on DP thy-

mocytes (12) (Fig. 2,A–D). It is notable that the defects in T cell
development in SLP76�/�Y3F mice are similar to those
observed in the Vav1 knock-out mouse (24). Our data showed
that the substantial defects in T cell development caused by the
mutation of Tyr-112, Tyr-128, and Tyr-145 residues of SLP76
could be effectively rescued by introducing the Cbl mutation
(Fig. 2, A–D). It is thus possible that rescue of defective T cell
development by Cbl inactivation in Y3F mutant mice is medi-
ated by rescue of the defect in Vav signaling in SLP76�/�Y3F
thymocytes. Indeed, Cbl inactivation completely rescued the pro-
found defect in Vav1 phosphorylation seen in SLP76�/�

Y3F thymocytes in response to TCR signaling (Fig. 4C). This
rescued Vav signaling by Cbl mutation might play a role in the
reversal of defects involving potential downstream molecules,
such as ERKs and PLC-�1, in response of SLP76�/�Y3F thymo-
cytes toTCR signaling (Fig. 4D).However, it is also possible that
ERK and PLC-�1 phosphorylation may be rescued by Vav-in-
dependent pathways that are also affected by Cbl, such as those
downstream of Lck. Phosphorylation of Lck is an early event in
TCR signaling and appears to be upstream of SLP76 in this
cascade. Consistent with this, there was no defect in Lck phos-
phorylation in SLP76�/�Y3F mutant thymocytes (Fig. 4B).
Inactivation of ubiquitin ligase Cbl, which results in increased
levels of TCR-� and increased phosphorylation (and presum-
ably increased phosphorylation-dependent activity) of Lck in
Cbl�/� mice, similarly increased these responses in cells
expressing the mutant SLP76�/�Y3F (Fig. 4B).
Our findings suggest that activation of Vav may be a critical

pathway in the mechanism by which Cbl inactivation permits
normalization of T cell development in the presence of the Y3F
mutation that, in Jurkat cells, has been shown to disrupt the
ability of SLP76 to interact with Vav (27). Consistent with the
functional importance of normalized Vav phosphorylation in
SLP76�/�Cbl�/�Y3F thymocytes is the accompanying restora-
tion of phosphorylation of putative downstream mediators,
including PLC-�1 and ERKs. The mechanism by which Vav is
phosphorylated in the presence of Y3Fmutant SLP76 is not yet
established, but intact proximal events involving TCR-� and
Lck may play a role. The interaction of Itk with SLP76 is also
abrogated by the Y3Fmutation in Jurkat cells. However, in con-
trast to the ability of Cbl inactivation to restore defective phos-
phorylation of Vav in response to TCR engagement, phospho-
rylation of Itk remained undetectable in SLP76�/�Cbl�/�Y3F
thymocytes. This finding may reflect a strict requirement for
the interaction of Itk with SLP76 for Itk activation (28). The Itk
knock-out mouse in fact expresses less severe reductions in
thymocyte numbers (60–70% of WT cellularity) and partial
defects in thymocyte selection that lead to increased numbers

FIGURE 2. Cbl inactivation rescues defects in T cell development in SLP76�/�Y3F mice. A, thymocytes from SLP76�/�Cbl�/� (wild type), SLP76�/�Cbl�/�

(Cbl�/�), SLP76�/�Cbl�/�Y3F (SLP76�/�Y3F), and SLP76�/�Cbl�/�Y3F mice were stained with CD4 and CD8 (top row) or with CD25 and CD44 excluding
CD4�/CD8�/NK1.1�/Mac-1�/Gr1�/CD3�/B220� thymocytes (bottom row). Genotypes of mice used in the experiment and total thymocytes of each mouse
are shown above the plots. Numbers in quadrants indicate the frequency of DN (CD4�CD8�), DP (CD4�CD8�), CD4 (CD4�CD8�), CD8 (CD4�CD8�), DN1
(CD25�CD44�), DN2 (CD25�CD44�), DN3 (CD25�CD44�), and DN4 (CD25�CD44�) thymocytes. Results shown are representative of four or more experi-
ments. B, bar graph representing the mean total cellularity of thymocytes in wild type (n � 5), Cbl�/�(n � 5), SLP76�/�Y3F (n � 4), and SLP76�/�Cbl�/�Y3F (n �
5) mice (upper panel), and the mean numbers of DN, DP, CD4�CD8� (CD4), and CD4�CD8� (CD8) thymocytes in wild-type (n � 5), Cbl�/�(n � 5), SLP76�/�Y3F
(n � 4), and SLP76�/�Cbl�/�Y3F (n � 5) mice (lower panel). C, bar graph representing the mean numbers of DN1, DN2, DN3, and DN4 thymocytes in wild-type
(n � 5), Cbl�/�(n � 5), SLP76�/�Y3F (n � 4), and SLP76�/�Cbl�/�Y3F (n � 5) mice. D, expression of cell surface molecules (H57, CD5, CD69, and HSA indicated
at the top of histograms) on DP, CD4, and CD8 cells of SLP76�/�Cbl�/� (wild type, red), SLP76�/�Cbl�/� (Cbl�/�, green), SLP76�/�Cbl�/�Y3F (SLP76�/�Y3F,
brown), and SLP76�/�Cbl�/�Y3F (blue) thymocytes were assessed by flow cytometry.
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of “innate-type” CD8� T lymphocytes (29). Preliminary studies
indicate that Cbl inactivation does not rescue these phenotypes
in Itk knock-out mice (supplemental Fig. 1). It therefore

appears that Cbl inactivation facili-
tates activation of Vav, but not Itk,
in the absence of interaction of
these molecules with SLP76. These
results may reflect activation of Vav
via multiple pathways in contrast to
a strict requirement for Itk interac-
tion with SLP76 for activation of
this kinase. A potential mechanism
for Vav activation in SLP76�/�

Cbl�/�Y3Fmice is suggested by the
reported ability of Lck to directly
phosphorylate and activate Vav
(30). Cbl binds directly to Lck and
negatively regulates Lck localization
to lipid rafts, as well as mediating
Lck ubiquitination and degradation
independent of ZAP-70 (31, 32).
Inactivation of Cbl in SLP76�/�

Cbl�/�Y3F mice resulted in ele-
vated Lck activation, which there-
fore might be sufficient to mediate
Vav activation directly, independ-
ent of ZAP-70 or Vav interaction
with SLP76.
In addition to the effects of Cbl

inactivation on early events in T cell
development, we also assessed the
effect of SLP76 mutation and Cbl
inactivation on selection of mature
SP cells, using the AND TCR trans-
genic model. Expression of the
MHC class II-restrictedAND trans-
gene was found to overcome the
defect in DN3-DN4 differentiation
in SLP76�/�Y3F mice, in contrast
to the failure of pre-TCR signaling
to induce DN3-DN4 differentiation
in these mice in the absence of a
TCR transgene. These results dem-
onstrate the difference, either quan-
titative or qualitative, in SLP76-de-
pendent signaling requirements
downstream of pre-TCR and trans-
genic TCR. Although the AND
transgene allowed differentiation of
DN4, DP, and SP cells in SLP76�/�

Y3F mice, positive selection was
notably different in these mice than
in those expressing AND and wild-
type SLP76. The strong skewing to
differentiation of CD4 SP thymo-
cytes that is observed in wild-type
AND transgenics was absent in
SLP76�/�Y3F.AND mice. In addi-

tion, the strong predominance of transgenic TCR V�11 and
V�3 observed in wild-type ANDmice was altered in SLP76�/�

Y3F.ANDmice, where the majority of CD4 SP cells selected in

FIGURE 3. TCR AND transgene rescues the defect in DN development in SLP76�/�Y3F mice, and Cbl
inactivation partially rescues positive selection in SLP76�/�Y3F.AND mice. Thymocytes from SLP76�/�

Cbl�/� (wild type), SLP76�/�Cbl�/� (Cbl�/�), SLP76�/�Cbl�/�AND, SLP76�/�Cbl�/�AND, SLP76�/�

Cbl�/�Y3F.AND, and SLP76�/�Cbl�/�Y3F.AND mice were stained with CD4 and CD8 (A) or with CD25 and
CD44 (B) after excluding CD4�/CD8�/NK1.1�/Mac-1�/Gr1�/CD3�/B220� thymocytes. Genotypes of mice
used in the experiment and total thymocytes of each mouse are shown above the plots. Numbers in quadrants
indicate the frequency of DN (CD4�CD8�), DP (CD4�CD8�), CD4 (CD4�CD8�), CD8 (CD4�CD8�), DN1
(CD25�CD44�), DN2 (CD25�CD44�), DN3 (CD25�CD44�), and DN4 (CD25�CD44�) thymocytes. C, thymo-
cytes were stained with anti-CD4, anti-CD8, and anti-V�11. Histograms represent expression of V�11 on gated
CD4 SP thymocytes. Results shown are representative of three independent experiments.
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these mice expressed low levels of transgenic V�11 and sub-
stantial levels of nontransgenic (non-V�11) TCR, indicating a
marked skewing in positive selection in the presence of mutant
SLP76. Cbl inactivation had substantial effects on both of these
aspects of positive selection, resulting in skewing to differenti-
ation of CD4 SP cells and to the predominant expression of
transgenic TCR V�11/V�3 receptors. Thus, in addition to its
effects on early pre-TCR-mediated T cell development, Cbl
expression substantially affects later stages of TCR-mediated
positive selection in the presence of mutated SLP76.
Because Cbl inactivation allows efficient generation of

mature SP thymocytes in SLP76�/�Cbl�/�Y3F mice, we were
able to examine the status of peripheral T cells in this setting.
The number and frequency of peripheral CD4 and CD8 T cells

in SLP76�/�Cbl�/�Y3F mice were comparable with those in
wild-type mice (data not shown). However, these peripheral T
cells were markedly unresponsive to TCR stimulation by anti-
CD3/anti-CD28. Under conditions equivalent to those that
generated robust tyrosine phosphorylation responses in
SLP76�/�Cbl�/�Y3F thymocytes, neither tyrosine phospho-
rylation nor proliferation was induced in peripheral T cells
(data not shown). Although the explanation for this discor-
dance has not been established, it may reflect the documented
differences in expression of Cbl and Cbl-b in the thymus and
periphery (33). These two related ubiquitin-protein isopeptide
ligases have multiple and significantly overlapping molecular
targets. In the thymus, Cbl is expressed at high levels and Cbl-b
at relatively low levels. Thus, inactivation ofCbl results in a high

FIGURE 4. Cbl inactivation reverses selective signaling defects in SLP76�/�Y3F thymocytes. DP thymocytes were sorted from SLP76�/�Cbl�/� (wild type),
SLP76�/�Cbl�/� (Cbl�/�), SLP76�/�Cbl�/�Y3F (SLP76�/�Y3F), and SLP76�/�Cbl�/�Y3F mice by flow cytometry and were unstimulated or stimulated with
anti-CD3 Abs for 5 min at 37 °C. Protein lysates were prepared from DP thymocytes. A, protein lysates were immunoblotted (IB) with anti-phosphotyrosine Ab
(4G10). B, protein lysates were immunoblotted (IB) with anti-TCR-�, anti-actin, anti-Lck, or anti-phospho(P)-lck antibody or were immunoprecipitated (IP) with
anti-TCR-� and immunoblotted with anti-phosphotyrosine Ab (4G10) and anti-TCR-�, (upper panels). C, protein lysates were immunoprecipitated with anti-
Vav1 and immunoblotted with anti-phosphotyrosine Ab (4G10) and anti-Vav1 (upper panels) or were immunoprecipitated with anti-ITK and immunoblotted
with 4G10 and anti-ITK (lower panels). D, protein lysates were immunoprecipitated with anti-PLC�1 and immunoblotted with anti-phosphotyrosine (4G10) or
anti-PLC�1 (upper panels), or lysates were immunoblotted with anti-phospho-ERKs or anti-ERK (lower panels). Lane C indicates control cells without stimulation;
lane S indicates cells were stimulated with 10 �g/ml of anti-mouse CD3 antibodies for 5 min.
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degree of overall depletion of Cbl family ubiquitin ligase activity
in the thymus, with consequent abrogation of normally Cbl-
mediated regulatory effects. In contrast, Cbl-b is expressed at
high levels in the periphery andCbl at low levels. Inactivation of
Cbl might therefore have limited impact in the periphery,
where intact Cbl-b could exert substantial regulatory effects.
Deficiency of both Cbl and Cbl-b results in embryonic lethality
(33), and complex strategies involving conditional inactivation
of Cbl family members would therefore be required to resolve
this possibility. However, Naramura et al. (14) suggested that
Cbl mutation, by altering thymic TCR signaling, resulted in
altered selection of thymocytes, giving rise to peripheral T cells
with an attenuated ability to respond to TCR stimulation.
Therefore, the abnormality observed in SLP76�/�Cbl�/�Y3F
peripheral T cells might be the result of altered selection in the
thymus for T cells with reduced capacity for signal
transduction.
The studies presented here demonstrate that Cbl normally

enforces the SLP76 dependence of early T cell development by
suppressing a signaling pathway that does not require SLP76
association with Vav, Nck, or Itk. This pathway has been shown
to involve tyrosine phosphorylation of signaling intermediates
commonly regarded as both upstream and downstream of
SLP76 in pre-TCR/TCR signal transduction. The molecular
complexes involved in signaling through the TCR are both
complex and highly dynamic (34). Cbl, a ubiquitin-protein
isopeptide ligase, interactswith numerous substrates, including
multiple knownmediators of T cell signaling (13). It is therefore
likely that the potent effects demonstrated here for Cbl modu-
lation of T cell development reflect the net effect of complex
Cbl-mediated alterations in molecular signaling networks.
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