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Abstract

The first step in T cell receptor for antigen (TCR) signaling is the activation of the receptor-
bound Src kinases, Lck and Fyn. The exact mechanism of this process is unknown. Here, we
report that the novel Src homology (SH) 3/SH2 ligand—Uncoordinated 119 (Unc119) associates
with CD3 and CD4, and activates Lck and Fyn. Unc119 overexpression increases Lck/Fyn
activity in T cells. In Unc119-deficient T cells, Lck/Fyn activity is dramatically reduced with
concomitant decrease in interleukin 2 production and cellular proliferation. Reconstitution of
cells with Unc119 reverses the signaling and functional outcome. Thus, Unc119 is a receptor-
associated activator of Src-type kinases. It provides a novel mechanism of signal generation in

the TCR complex.
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Introduction

The binding of an antigen to the TCR triggers a cascade of
signaling pathways that leads to activation of T cells. The
molecules that play a crucial role in initiating the signaling
cascade are the Src family tyrosine kinases, Lck and Fyn
(1-4). The fundamental role of Lck and Fyn for develop-
ment and function of T cells was established in knockout
models (1, 2, 3). Despite the growing knowledge about the
importance of these kinases for T cell signaling, what trig-
gers their activation is not fully known.

Src kinases are composed of five structural components
as follows: a unique region, Src homology (SH) 2 and SH3
domains, a linker region, and the kinase domain. Two
intramolecular interactions keep the enzyme in a closed,
“off” conformation: (a) binding of the SH3 domain to the
linker region and (b) binding of the SH2 domain to the
phosphorylated COOH-terminal tyrosine residue (Y% for
Lck; references 5, 6). Dephosphorylation by CD45 phos-
phatase releases the COOH-terminal tyrosine from SH2,
which is an important step for kinase activation (9). However,
this dephosphorylation alone is not sufficient to activate
Lck and Fyn (8, 9). The crystal structure predicts that dis-
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ruption of the intramolecular SH3-linker interaction is
essential for activation and autophosphorylation of the
kinase. This disruption is likely to occur through binding
to a higher aftinity SH3 ligand (10).

Recently, we cloned and characterized a new SH3 ligand
Uncoordinated 119 (Unc119; reference 11). Unc119 was
identified as an IL-5 receptor o subunit interactive protein
in the yeast two-hybrid screening of a hematopoietic cell
c¢DNA library. Unc119 is expressed in myeloid and lym-
phoid cells. Unc119 was independently cloned by two other
groups and was also given the name human retinal gene 4
(HR G4; references 12, 13). The exact function of Unc119
is unknown. In Caenorhabditis elegans, Unc119 was found to
be involved in feeding, chemosensation, and locomotion of
the worm (13). In transgenic mouse, expression of the
mutated HRG4 under rhodopsin promoter caused retinal
degeneration (14). The analysis of the Unc119 sequence
revealed the presence of SH3- and SH2-binding sites.
Unc119 bound and, more importantly, activated Lyn and
Hck kinases through its SH3- and SH2-binding motif (11).
Here, we demonstrate that Unc119 is crucial for signal
generation by the TCR and is essential for T cell function.

Abbreviations used in this paper: GFP, green fluorescent protein; GST, glu-
tathione S-transferase; HR G4, human retinal gene 4; SH, Src homology;
Unc119, Uncoordinated 119.
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Materials and Methods

Antibodies.  The mouse monoclonal anti-CD2, CD3, CD4,
CD28, isotype controls, fluorescently labeled secondary antibod-
ies, and anti—human IL-2 ELISA kit were obtained from BD Bio-
sciences; mouse monoclonal antiphosphotyrosine (4G10) and
anti-CD45 were obtained from Upstate Biotechnology; goat
polyclonal anti—glutathione S-transferase (GST) was obtained
from Amersham Biosciences; and mouse monoclonal anti-FLAG
M2 was obtained from Sigma-Aldrich. The generation of rabbit
polyclonal anti-Unc119 was described previously (11). All other
antibodies were purchased from Santa Cruz Biotechnology, Inc.

Cells and Stimulation.  Mononuclear cells were isolated from
peripheral blood of healthy donors by Ficoll-Hypaque (Sigma-
Aldrich) separation. For T cell isolation, adherent cells and B cells
were removed by successive incubations of mononuclear cells on
uncoated and anti-CD19—coated plastic plates, respectively. If
needed, T cells were stimulated with soluble anti-CD3 at 1 pg/
ml for 3 min and lysed.

Immunoprecipitation, GST Pulldown, and Western Blotting. ~ These
experiments were performed as described previously (11). For co-
precipitation with CD3, we substituted 1% NP-40 with 1% Brij
35 in the lysis buffer, which improved the results.

Immune Complex Kinase Assay.  The immunoprecipitated ki-
nases were assayed in the kinase buffer (100 mM Hepes, pH 7.4,
50 mM NaCl, 10 mM MgCl,, 100 uM Na;VO,, 500 uM DTT,
25 mM B-glycophosphate) containing additionally 5 wCi [*?P]y-
ATP (Amersham Biosciences) and 2.5 wM ATP at 30°C for 5-10
min. The reactions were done in the presence or absence of the
Src substrate enolase (Sigma-Aldrich) at 5 wM, recombinant
Unc119, an SH3 peptide from CD2 (15), SH3 peptide (11), and
SH3 mutant peptide (11) from Unc119. Samples were run on
polyacrylamide gels, transterred, and autoradiographed.

Plasmids and Cloning.  For production of Jurkat transfectants,
we used retroviral vectors pMSCVneo, pLEGFP-N1 (both ob-
tained from CLONTECH Laboratories, Inc.), and green fluores-
cent protein (GFP)-RV (a gift from K. Murphy, Washington
University, St. Louis, MO). The following inserts were ligated
into pMSCVneo: complete Unc119 ¢DNA, recovered from
pB42AD-Unc119, as described previously (11) and PCR-ampli-
fied 268-1108 bp fragment of Uncl19/HRG4 cDNA (Gen-
Bank/EMBL/DDB]J accession no. U40998) inserted in the re-
versed orientation (antisense). Inverted Unc119 DNA was also
inserted into bicistronic retroviral vector GFP-RYV for the pro-
duction of Uncl19-deficient T cells. The open reading frame
analysis showed that inverted fragments do not encode any
protein or peptide. To create GFP-Unc119 fusion protein con-
struct, 52-776 bp (U40998) Unc119 PCR fragment was ligated
into pLEGFP-N1. GFP was fused to the COOH terminus of
Unc119. The orientation of inserts was verified by PCR, and
constructs were sequenced. Generation of the GST-Unc119 con-
struct and production of recombinant GST-Unc119 and Unc119
were described previously (11).

Generation of Unc119 SH3 Motif Mutant. ~ As a template for
mutagenesis (QuikChange; Stratagene) we used the Unc119-GFP-
RV construct containing the complete coding sequence of Unc119
(U40998, 50-1036 bp). The first round of mutagenesis involved
the inframe addition of FLAG (5'-gattacaaggatgacgacgataag-3’) to
the 3’ terminus of the Unc119 sequence. SH3 motif modification
was performed on Unc119-FLAG-GFP-RV plasmid. The NH,-
terminal SH3 motif PQPP (residues 29-32, 5’-ccacagccgeet-3')
was mutated to AQPA (5'-gcacagccggea-3'). The wild-type
Unc119-FLAG construct and the SH3 motif mutant plasmid were
sequenced and used for the production of the retrovirus.

Generation of the Retrovirus and T Cell Infection.  We used pre-
viously described protocol with some modifications (16). For Jur-
kat cell infection, the 293 cells were transiently transfected with
retroviral constructs as aforementioned, VSV-G (envelope) vec-
tor, and gag-pol (gifts from R. Davey, University of Texas Medi-
cal Branch, Galveston, TX). The supernatants were collected
48 h after transfection (viral titer = 108-10° CFU/ml) and steril-
ized with 0.45-pum filters. Cells were suspended in viral superna-
tants mixed 1:1 with growth media (RPMI 1640 + 10% FCS) at
the final concentration of 8 wg/ml polybrene and centrifuged in
plates at 1200 g for 90 min at 32°C (CLONTECH Laboratories,
Inc. protocol). After 2 mg/ml G418 selection (4 wk), individual
clones were isolated by the limiting dilution. Before infection,
human primary T cells were stimulated with anti-CD3 and anti-
CD28 antibodies (plate-bound) and 100 U/ml IL-2 (PeproTech)
for 48 h. The infection was performed as aforementioned, but
Phoenix Ampho packaging cell line (American Type Culture
Collection on behalf of G. Nolan, Stanford University, Palo Alto,
CA) was used, and viral media were supplemented with 100
U/ml of IL-2. GFP™ cells were sorted by flow cytometry 8 d af-
ter infection and analyzed 2-5 d after sorting.

Protein Transduction by Chariot.  Cells were incubated with
Uncl119 or human serum albumin (Sigma-Aldrich) in the pres-
ence of the protein-transducing reagent Chariot (Active Motif) as
described previously (11).

Fluorescent Microscopy.  In translocation experiments, GFP
or GFP-Unc119-expressing Jurkat cells, prepared as aforemen-
tioned, were mixed with anti-CD3, anti-CD28, or isotype-con-
trol antibody-coated protein A/G agarose beads and incubated at
37°C for 1-5 min. The bead—cell conjugates were fixed in 1%
paraformaldehyde and examined under the microscope. Capping
experiments were performed as described previously (17). For
each antibody (bead or capping test), three independent experi-
ments were performed, and 50-70 cells (or bead—cell conjugates)
were examined per experiment. More than 85% of cells demon-
strated interaction with bead or capping and >75% of bead-
bound or capped cells showed GFP/GFP-IRIP localization simi-
lar to that shown in Fig. 2 (B and C), respectively.

Proliferation Assay. T cells were cultured for 72 h on anti-
CD3—coated 96-well plates or left unstimulated. [*’H] Thymidine
(Amersham Biosciences) was added at 1 wCi/well 12 h before the
conclusion of the culture. Cells were harvested and *H radiation
was measured by liquid scintillation.

Cytokine ELISA. T cells were cultured for 36 h on anti-
CD3—coated plates or left unstimulated. IL-2 was measured in su-
pernatants by ELISA.

Apoptosis Assay. T cells were cultured for 72 h on anti-CD3—
coated plates or left unstimulated. Annexin V/propidium iodide
staining of the cells was performed according to the manufacturer’s
protocol (BD Biosciences) and analyzed by flow cytometry.

Surface Antigen Staining. T cells were blocked with 30% hu-
man serum (AB*, Rh") in RPMI 1640 for 30 min, followed by
1 h incubation with anti-CD3 or isotype control at 1 pg/10° cells
on ice, and next with FITC-conjugated secondary antibody.
Stained cells were analyzed by flow cytometry.

Data Presentation and Analyses.  Each experiment has been re-
peated 3—10 times, and a representative blot, image, or graph is
shown in the figures.

Online Supplemental Material. — In Fig. S1, we present data re-
garding Unc119 expression in multiple antisense Unc119-over-
expressing clones, Lck activation in Unc119-deficient Jurkat
clones, and downstream signaling (LAT and ERK activation) in
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Uncl19-deficient T cells. The description of generation of clones
overexpressing sense and antisense cDNA for Unc119 has been
aforementioned. The activation of Lck, LAT, and ERK in these
clones was studied according to the aforementioned method. On-
line supplemental material is available at http://www.jem.org/
cgi/content/tull/jem.20030589/DC1.

Results

Unc119 Is Present in T Cells.  We have shown previ-
ously that Unc119 activates Lyn kinase in eosinophils (11).
To elucidate its function in other hematopoietic cells, we
investigated the presence of Unc119 in human blood T
cells and Jurkat T cells through Western blotting (Fig. 1 A).
Sequence analysis predicts that Unc119 has a mass of ~37—
39 kD. We observed the appearance of three bands (one
prominent and two faint, in this molecular weight range).
The prominent middle band migrated in the gel in the
same position as the recombinant Unc119. Furthermore,
the anti-Unc119—depleted serum failed to detect the mid-
dle band and rUnc119 on the blot, whereas other bands
were still present, suggesting that the middle band was in-
deed Unc119. Our results suggest that Unc119 is present in
T cells.

Unc119 Interacts with TCR.  We investigated the as-
sociation of TCR with Unc119 in primary T cells by
coprecipitation and GST-Unc119 pulldown experiments.
Unc119 interacted with CD3{ and CD4 molecules under
basal conditions and was additionally recruited to the re-
ceptors after anti-CD3 stimulation (Fig. 1, B and C, left).
In parallel experiments, Unc119 failed to coprecipitate
with CD2 (Fig. 1 B, right, pellet) or CD28 (Fig. 1 C, right,
pellet). However, the antibodies detected target molecules
in the supernatant fraction. We studied the association of
Unc119 with another CD3 subunit. In pulldown experi-
ments, GST-Unc119 interacted with CD3e and CD4 (Fig.
1 D, left). Binding of Unc119 to CD3e and CD4 was
equally high in stimulated and nonstimulated cells, proba-
bly because of the use of excess GST-Unc119. Parallel
pulldown experiments demonstrated lack of association of
Unc119 with CD2, CD28, and CD45 (Fig. 1 D, right).

Unc119 Localizes to the CD3/CD4 Complex. To ex-
amine its cellular distribution, we expressed Unc119 as the
GFP fusion protein in Jurkat cells. GFP alone was distrib-
uted homogenously in all cellular compartments, including
the nucleus (Fig. 2 A, image 1). In contrast, GFP-Unc119
was primarily cytoplasmic and was excluded from the nu-
cleus (Fig. 2 A, image 2). To examine the localization of
Unc119 upon TCR stimulation, we performed two types
of experiment: (a) stimulation with anti-CD3—coated beads
and (b) capping with a soluble anti-CD4 antibody. Upon
TCR engagement, GFP-Unc119 translocated to the con-
tact zone with anti-CD3—coated beads (Fig. 2 B, image 1).
It also cocapped with anti-CD4 (Fig. 2 C, images 1-3).
GFP-Unc119 localization did not change upon anti-CD28
stimulation or interaction of the cell with an isotype-
matched control antibody (Fig. 2, B, images 2 and 3, and
C, images 4—6). Similarly, GFP alone did not change upon
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Figure 1. Uncl119 interacts with the TCR complex. (A) Uncl119 is
expressed in human primary T cells and the Jurkat T cell line. Cell lysates
were Western blotted with anti-Unc119 (left) or anti-Unc119 antibody—
depleted (right) serum. Recombinant Unc119 (tUnc119) was electro-
phoresed to mark its position. NS, nonspecific band. (B) Unc119 specifi-
cally coprecipitates with CD3 in T cells. Human primary T cells were
incubated with (+) or without (—) anti-CD3 and lysed. As a control, the
anti-CD3 antibody was added to unstimulated sample after lysis. Lysates
were immunoprecipitated (IP) with anti-Unc119 and Western blotted
with antibodies against indicated molecules. The membranes were reprobed
with anti-Unc119 to demonstrate equal protein loading (bottom). (Pellet)
Immunoprecipitated proteins. (Supernatant) Cell lysate after removal of
immunoprecipitated proteins. (C) Unc119 coprecipitates with CD4 in T
cells. T cells, prepared as in B, were immunoprecipitated (IP) with indi-
cated antibodies. Pellets and/or supernatants (B) were Western blotted
with anti-Unc119. The membrane (left) was reprobed with anti-CD4.
(D) GST-Unc119 interacts with CD3 and CD4. T cells, prepared as in B,
were subjected to GST or GST-Unc119 pulldown. Pellets and/or super-
natants (B) were Western blotted with antibodies against indicated mole-
cules. Membranes from all experiments were reprobed with an anti-GST
antibody. A representative blot is shown (bottom left).

anti-CD3 stimulation or CD4 ligation (Fig. 2, B, image 4,
and C, images 7-9). The colocalization experiments pro-
vided the morphological confirmation of the results from
coprecipitation and GST pulldown experiments.

Unc119 Specifically Interacts with Lck and Fyn.  CD3 and
CD4 are known to interact with Fyn and Lck tyrosine
kinases, respectively. We examined the association of
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Unc119 with Lck and Fyn. Coprecipitation (Fig. 3, A and
B, left) and GST-Unc119 pulldown (Fig. 3 C, left) experi-
ments with primary T cells showed the recruitment of
Unc119 to Lck and Fyn upon anti-CD3 stimulation. We
observed a low level of interaction between GST-Unc119
and the kinases in pulldown experiments with the unstimu-
lated cell lysate. We believe that it is due to the excess of
the recombinant protein used. Like other members of the
Src-type kinases, Lck and Fyn have SH2 and SH3 domains
in their sequence. We have shown previously that Unc119
interacts with the SH2 and SH3 domains of Lyn and Fyn
(11). To determine specificity of this interaction, we exam-
ined the association of Uncl119 with other SH2- and/or
SH3-containing kinases as follows: p85 of phosphatidyl
inositol-3 kinase (Fig. 3 A, right) and ZAP70 and Itk (Fig.
3 B, right) in coprecipitation experiments. ZAP70 as well
as Abl, FAK, p85 subunit of phosphatidyl inositol-3 kinase,
and the serine threonine kinases Raf-1, ERK2, and p38
MAPK were studied in GST-Unc119 pulldown experi-
ments (Fig. 3 C, right). Unc119 and GST-Unc119 did not
precipitate the foregoing kinases (pellet). However, our an-

GFP

_ anti-CD3

Figure 2. Unc119 translocates to the TCR com-
plex upon anti-CD3 stimulation. (A) Expression of
GFP-Unc119 fusion protein. Jurkat cells were stably
transfected with pLEGFP-N1 containing cDNA
for GFP alone (1) or GFP-Unc119 fusion protein
(2) and examined by fluorescence microscopy.
(B) Unc119 translocates to CD3 upon stimulation.
GFP-Uncl19 (1, 2, and 3) or GFP (4) Jurkat cells
were incubated with anti-CD3 (1 and 4) or anti-
CD28 (2) or isotype-control antibody (3)—coated
protein A/G agarose beads, fixed, and analyzed by
fluorescence and light (inset) microscopy. (C) Unc119
translocates to CD4 upon stimulation. Receptors of
GFP-IRIP (1-6) or GFP (7-9) Jurkat cells were
capped with anti-CD4 (1-3, 7-9), anti-CD28 (4-6),
or isotype controls (not depicted) and examined by
fluorescence or light (inset) microscopy. (left) GFP/
GFP-IRIP fluorescence. (middle) Rhodamine
(CD4 or CD28) fluorescence. (right) Color overlay.

overlay
tibodies detected the kinases in the supernatant fraction.
Previously, we reported that Unc119 did not interact with
the SH2/SH3 adaptor proteins Grb2 and Shc (11). The re-
sults suggest that the interaction of Unc119 is relatively
specific for the SH3/SH2 domains of Src family kinases.
Recruitment of Unc119 to Lck Is Concomitant with Elevated
Kinase Activity.  Next, we asked if the association of
Unc119 with Lck is correlated with an increase in the ki-
nase activity and induction of downstream signaling events.
Toward this goal, we stimulated peripheral blood T cells
for increasing periods of time with anti-CD3 antibody.
The lysates of these cells were used for Lck/Unc119 copre-
cipitation experiment, Lck kinase assay, and for the mea-
surement of CD3{ phosphorylation. Fig. 4 A shows that
Unc119 associated with Lck from 30 s to 5 min of stimula-
tion with the highest binding at the 2-min time point (Fig.
4 A, ). Interestingly, Lck activity slightly increased at 30 s
as compared with nonstimulated kinase, reached maximum
at 2 min, dramatically decreased at 10 min, and went back
to basal level after the latter time point (Fig. 4 A, III).
Therefore, the binding of Unc119 to Lck correlated well
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Figure 3. Unc119 specifically interacts with Lck and Fyn. (A) Unc119
specifically interacts with Lck in T cells. T cells were prepared as in Fig. 1 B,
immunoprecipitated (IP) with indicated antibodies. Pellets and/or super-
natants (see Fig. 1 B) were Western blotted with anti-Unc119 antibody
and reprobed with anti-Lck. NS, nonspecific band. (B) Unc119 interacts
with Fyn in T cells. T cells were prepared as in Fig. 1 B and immunopre-
cipitated (IP) with anti-Unc119. Pellets and/or supernatants (Fig. 1 B)
were Western blotted with antibodies against indicated proteins and re-
probed with anti-Unc119 (bottom). (C) GST-Unc119 interacts with Lck
and Fyn. Cells lysates, prepared as aforementioned, were precipitated
with GST or GST-Unc119. Pellets and/or supernatants were Western
blotted with antibodies against indicated proteins.

with the augmented kinase activity. Conversely, the disso-
ciation of Unc119 from Lck correlated with the decrease in
the kinase activity. We also examined the kinetics of CD3(
phosphorylation in these cells. CD3{ was phosphorylated
to some extent at 30 s and maximally at 2 min, and became
undetectable at 60 min (Fig. 4 A, V). Overall, the associa-
tion of Unc119 with Lck was always concomitant with en-
hanced signaling through TCR. Both the Lck activity and
CD3{ phosphorylation reached the peak at the time when
the Unc119-Lck interaction was maximum.

Exogenous Unc119 Activates Lck and Fyn.  The results of
the aforementioned experiment point to the possible in-
volvement of Unc119 in T cell Src kinase activation.
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Indeed, in an immune complex kinase assay, purified re-
combinant Unc119 stimulated Fyn and Lck autophosphor-
ylation (Fig. 4, B and C). As a positive control, we used a
previously described CD2-derived SH3 motif peptide that
activated Fyn in vitro (15). In accordance with the forego-
ing publication, this peptide activated Lck (Fig. 4 D) and
Fyn (not depicted), but required a relatively high concen-
tration of 300 wM. In contrast, Unc119 activated the ki-
nases at a concentration as low as 3 nM. We reported pre-
viously that Unc119 did not activate the nonSrc tyrosine
kinase Itk and the serine-threonine kinase p38 MAP kinase
(11). The results suggest that a physical interaction is essen-
tial for Unc119 activation of kinases.

Lck/Fyn Activation in Uncl19-overexpressing Cells.  To
test its effect on Lck and Fyn function in vivo, we stably
overexpressed Unc119 in Jurkat cells using the retroviral
vector pMSCV (Fig. 4 E). We have generated six stable
Uncl119-overexpressing Jurkat clones. These clones were
examined for Unc119-Lck interaction and the activation
of Lck and Fyn. A representative coprecipitation experi-
ment and kinase assay with one select clone are shown in
Fig. 4 F and G, respectively. As expected, Unc119 did not
interact with Lck in unstimulated empty vector clone, and
there was very little Lck activation. Stimulation with anti-
CD3 resulted in the recruitment of Unc119 to Lck and sig-
nificant increase in both kinase autophosphorylation and
substrate (enolase) phosphorylation. In contrast, Unc119-
overexpressing Jurkat clone demonstrated the binding of
Unc119 to Lck already in the resting state, which was asso-
ciated with increased kinase activity (Fig. 4 G). The copre-
cipitation experiment is in the agreement with GST-
Unc119 pulldown data, showing that if Unc119 is present
in excess, it associates with the kinase even in the rest-
ing cells. Stimulation of Unc119-overexpressing clone
with anti-CD3 antibody caused additional recruitment of
Unc119 to Lck. The recruitment was higher than in the
empty vector cells. The increased binding of Unc119 to
Lck in stimulated Unc119-overexpressing clone resulted in
enhanced kinase activity. The activation of Fyn kinase in
these cells followed Lck activity pattern (Fig. 4 G). Al-
though overexpression is a nonphysiologic experimental
system, the results of these experiments provide a proof of
concept for Unc119 activation of Lck and Fyn in vivo.

Development of Unc119-deficient T Cells.  To develop
Unc119-deficient T cells, we stably transtected human pri-
mary T cells and Jurkat cells with the bicistronic GFP-RV
and pMSCYV retroviral constructs, respectively, containing
the Unc119 antisense cDNA. The antisense construct was
created by ligating the Unc119 ¢cDNA into vectors in re-
verse orientation. After transfection, GFP* primary T cells
were sorted by flow cytometry. Transfected Jurkat cells
were selected on G418 and cloned. We have isolated five
Unc119-deficient clones. The expression of Uncl19 in
sorted T cells (Fig. 5 A, left) and Jurkat clones (Fig. 5 A,
right, and Fig. S1 A, available at http://www.jem.org/
cgi/content/full/jem.20030589/DC1) was substantially re-
duced. Reprobing the membrane with antitubulin ruled
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out the possibility of unequal protein loading (Fig. 5 A and
Fig. S1 A, bottom). Unc119-deficient primary T cells and
Jurkat clones demonstrated a dramatic reduction in anti-
CD3-stimulated Fyn and/or Lck activation (Fig. 5 B, top,
and Fig. S1 B, top, respectively). Because the introduction
of the antisense vector did not alter total or surface (only
slight elevation) CD3 (Fig. 5 A, bottom left and flow cy-
tometry graph), CD4 (not depicted), and Lck and Fyn ex-
pression (Fig. 5 B, bottom), the inability of the anti-CD3
antibody to stimulate these kinases is likely due to the de-
crease in Unc119 concentration. The results strongly sug-
gest that Unc119 is physiologically relevant for Lck and
Fyn activation in T cells.

Unc119 Deficiency Blocks TCR Signaling Pathways. — Next,
we studied the eftect of Unc119 deficiency on downstream
signaling pathways. Jurkat cells (Fig. 6) and primary T cells
(Fig. S1) demonstrated similar results. Unc119-deficient
cells exhibited a substantial reduction in overall protein ty-
rosine phosphorylation (Fig. 6 A). The reduction correlated
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(bottom). IgH, immunoglobulin heavy chain.

with the pronounced decline in the activation of key Lck/
Fyn substrates as follows: tyrosine kinases ZAP-70 (Fig. 6 B,
left) and Itk (Fig. 6 B, right). LAT is one of the most impor-
tant signaling proteins phosphorylated by ZAP-70 upon
TCR stimulation. Unc119-deficient cells showed a marked
reduction in LAT phosphorylation (Fig. 6 C and Fig. S1 C).
The foregoing signaling pathways contribute to MAP ki-
nase activation. The activation of ERK kinases in antisense
cells was also strikingly diminished (Fig. 6 D and Fig. S1 D).
The results suggest that in the absence of Unc119, the TCR
is unable to stimulate the most immediate (Lck/Fyn) as well
as downstream signaling pathways. Because we have
shown that Unc119 does not activate and/or interact with
ZAP-70, Itk, nor MAP kinases (Fig. 3, B and C, and refer-
ence 11), we speculate that the observed global decrease in
signaling activation is likely secondary to the lack of activa-
tion of Lck and Fyn.

Unc119 Is Essential for T Cell Function. ~Next, we ex-
amined the phenotypic outcome of Unc119 deficiency in

Unc119 Is Essential for T Cell Signaling
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T cells. Lck and Fyn regulate IL-2 production, T cell pro-
liferation, and survival (1-3, 18). For this reason, we exam-
ined the effect of Unc119 deficiency on the foregoing T
cell functions. Unc119-deficient primary T cells and Jurkat
clones produced negligible amounts of IL-2 after anti-CD3
or Concanavalin A stimulation (Fig. 6 E, left). This block-
ade of IL-2 production was significantly reversed upon
stimulation with ionomycin and phorbol ester, which acti-
vate signaling molecules downstream of the Src kinases
(Fig. 6 E, right). The decrease in IL-2 production and its
incomplete reversal after ionomycin/PMA treatment can
be partially attributed to an increase in basal apoptosis of
Jurkat cells (see Fig. 7 C). In contrast to Jurkat cells,
Unc119-deficient primary T cells did not show elevated
apoptosis (unpublished data). We observed a fourfold re-
duction in [*H]thymidine incorporation in antisense pri-
mary T cells, as compared with empty vector cells (Fig.
6 F). Overall, the phenotype of Uncl19-deficient cells
largely resembled the phenotype of T cell clones trans-
fected with Lck antisense cDNA (18).

Unc119 Reconstitution Rescues the Phenotype of Deficient
Cells.  To determine whether the observed biochemical
and phenotypic changes in the antisense clones are solely
due to the lack of Unc119, we reconstituted Jurkat cells
with Uncl119 using the protein-transducing compound
Chariot. We have reported previously successful internal-
ization of proteins using Chariot (11). Fig. 7 A shows the
level of Unc119 in the reconstituted cell population. We
examined Src kinase activation in these cells. Internaliza-
tion of the control protein (human serum albumin) did not
influence Lck activity. In contrast, Unc119-transduced cells
were fully able to activate Lck upon TCR stimulation (Fig.
7 B, top). Furthermore, the basal Lck activity in Unc119-
reconstituted cells was comparable to that in stimulated
control cells. These results are in agreement with Unc119
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10° 10t blotting (left and middle). NS, nonspecific

band. CD3 surface expression on Unc119-
deficient cells was measured by flow cy-
tometry (right graph, dashed line, isotype
control; thin line, empty vector; and thick
line, antisense vector). (B) Lck and Fyn
activity in Unc119-deficient cells. GFP*
Unc119-deficient primary T cells were
immunoprecipitated with rabbit anti-Lck
and anti-Fyn, analyzed for kinase activity as
in Fig. 4 A, and autoradiographed. Mem-
branes were Western blotted with mono-
clonal anti-Lck or anti-Fyn antibodies
(bottom).

overexpression experiments, in which elevation of the basal
kinase activity was also detected (see Fig. 4 G). We ob-
served that antisense Jurkat cells had increased basal apopto-
sis (Fig. 7 C, middle vs. left panel). This increased apoptosis
was completely reversed after Unc119 reconstitution (Fig.
7 C, right). To further study the phenotype of Unc119-
reconstituted cells, we infected antisense cells with the
Unc119 ¢cDNA-containing vector pMSCV. The expres-
sion level of Unc119 in infected cells is shown in Fig. 7 A.
Unc119-reconstituted cells demonstrated significant eleva-
tion in IL-2 production (22-fold; Fig. 7 D) in comparison
to empty vector—transduced antisense cells. Unc119 recon-
stitution alone was sufficient to restore the foregoing defi-
ciency. Stimulation of the reconstituted cells with the anti-
CD3 antibody did not have any further eftect. The reversal
of function reached only 40% of IL-2 production of the
control cell line (empty vector clone superinfected with the
empty vector in the reconstitution phase). The reconstitu-
tion experiment for phenotype studies was performed with
a mixed cell population. The efficiency of infection in
these experiments was ~30% (as measured by parallel in-
fections with viruses containing cDNA for GFP), which is
likely due to the slow cell proliferation rate of Unc119-
deficient cells. It is known that the infection efficiency of
retroviral viral vectors is highly dependent upon the rate of
cell proliferation. Given this low infection efficiency, we
believe that Unc119 reconstitution substantially reversed
the phenotypic changes of antisense cells.

SH3 Motif Peptide from Unc119 Activates Lck In Vitro.
Previously, we reported activation of Lyn kinase by a SH3
motif peptide and to a lesser extent SH2 and phospho-SH2
peptides from Unc119 (11). We believe that Unc119 acti-
vation of Src kinases is mainly mediated through its interac-
tion with the SH3 domain. In this paper, we examined the
activation of Lck by the SH3 motif peptide from Unc119



Downstream signaling in Unc119-deficient cells
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(Fig. 8 A, left). To study the importance of motif-related
conserved residues, we designed another peptide in which
critical proline and arginine residues of the motif peptide
were substituted with alanine (Fig. 8 A, right). The SH3
peptide, but not mutated peptide, activated Lck at a con-
centration as low as 0.01 WM. We obtained similar results
for Fyn kinase (unpublished data).

Mutations in the SH3 Motif Sequence Abrogate Physical Inter-
action with and Activation of Lck.  To determine the im-
portance of the SH3 motif sequence, we have created a
construct wherein the proline residues in the canonical
PXXP motif was substituted with alanine. We also added
a FLAG tag at the COOH terminus to be able to distin-
guish from the native Unc119. The construct was ligated
into the GFP-RV vector. The mutant and wild-type
Unc119-containing virus was used to infect Jurkat T cells.
Cells expressing GFP were sorted and used for subsequent
studies. Fig. 8 B shows expression of the FLAG-tagged
mutant and wild-type Unc119 in Jurkat cells. Coprecipi-
tation studies demonstrated that the mutant Unc119 was
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clones were cultured without (—) or with
anti-CD3 (CD3) or Concanavalin A (left,
ConA) or Phorbol myristate acetate + Ion-
omycin (right, PMA + Io) for 36 h. The
IL-2 concentration (ELISA) in the supernatant
was adjusted to the number of live cells
(Trypan blue) at the conclusion of the culture.
E, empty vector. A, antisense vector. (F) Pro-
liferation of Unc119-deficient cells. GFP™*
primary T cells were cultured for 72 h on
anti-CD3 coated plates (+) or left unstimu-
lated (—). [*H]Thymidine incorporation
was measured. E, empty vector. A, anti-
sense vector.
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EE AT cells
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CD3

unable to interact with Lck either under basal or stim-
ulated (anti-CD3) conditions (Fig. 8 C). In contrast,
FLAG-tagged wild-type Unc119 bound Lck modestly
under basal conditions and more profoundly after anti-
CD3 stimulation. Finally, we examined the effect of mu-
tation of the SH3 motif on Lck activation (Fig. 8 D).
Immunoprecipitated Lck from mutant Uncl19-overex-
pressing cells showed lack of activation (autophosphoryla-
tion and substrate phosphorylation) regardless of cell stim-
ulation status. Lck from cells overexpressing the empty
construct showed activation mainly after anti-CD3 stim-
ulation. In contrast, Lck from cells overexpressing the
wild-type Uncl19 demonstrated activation under basal
conditions, which was further increased upon stimulation.
We speculate that the lack of Lck activity in mutant-over-
expressing T cells is due to the displacement of native,
cell-derived Unc119 from its cellular partners by the mu-
tated protein. Our results suggest that the interaction
through the SH3 domain plays a crucial role in activation
of Lck by Unc119.

Unc119 Is Essential for T Cell Signaling



Signaling and phenotype in Unc119-reconstituted cells
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Figure 7. Reconstitution of Unc119-
deficient Jurkat cells with Unc119. (A)
Unc119 level in reconstituted cells. Unc119-
deficient Jurkat clones were incubated with
purified recombinant Unc119 (U) or human
serum albumin (A) in the presence of the
protein-transducing reagent Chariot (left
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the panels shows reconstitution by retroviral
infection. Antisense clone was infected with
the empty virus (pMSCV) or Unc119 virus
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clone was infected with empty virus. Recon-
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The Unc119 SH3 Mutant Is Unable to Rescue Lck Activity
in Unc119-deficient Cells.  To further investigate the role
of SH3 motif mutation, we reconstituted Unc119-defi-
cient Jurkat cells with the mutant virus. As a control, the
Unc119-deficient clone was infected with the empty
vector (GFP-RV) or Uncl119-FLAG-GFP-RV vector.
Simultaneously, the previously generated empty vector
clone was retransfected with the empty vector virus. In-
fected cells were sorted and analyzed for FLAG fusion
protein expression and Lck activity. Reconstituted cells
demonstrated expression of FLAG fusion proteins (Fig. 8
B, right). The kinase assay showed lack of Lck activation
in antisense cells transfected with the empty vector (Fig. 8
E). The introduction of the SH3 mutant did not cause any
elevation of kinase activity in resting as well as stimulated
cells. In contrast, introduction of the Uncl119-FLAG-
GFP-RYV vector protein was concomitant with the in-
creased kinase activation in resting cells, which was further
augmented after CD3 stimulation. These results further

377 Gorska et al.

document the importance of the Unc119 SH3 motif in
Lck kinase activation.

Discussion

This manuscript addresses a fundamental problem of T
cell biology: the signal generation in the TCR complex.
How ligand binding to the TCR complex leads to the acti-
vation of Lck and Fyn is not fully known. Crystallographic
analyses predict that an SH3 ligand—motif interaction is
critical for Src kinase activation (5, 6). This prediction was
confirmed elegantly by Moerafi et al. (10), who showed
that the HIV protein Nef and its SH3 motif peptide di-
rectly activated Hck, a Src family kinase. In this work, we
demonstrate that the novel TCR-associated SH3 ligand
Unc119 activates Lck and Fyn. Unc119 is essential for ini-
tiation of TCR signaling and T cell function.

We provided biochemical (coprecipitation, GST pull-
down, and mutational studies) and morphological evidence
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tor the association of Unc119 with the CD3 complex. The
essential role of Unc119 for activation of Lck and Fyn was
demonstrated in vitro in a reductionist model and in vivo
in overexpression, depletion, and reconstitution models. In
Unc119-deficient cells, activation of ZAP70, Itk, LAT, and
MAP kinases was greatly reduced. Biochemical changes in
Unc119-deficient cells resemble the signaling pattern in T
cells, which do not express Lck (4).

We have preliminary biochemical understanding of the
mechanism of activation Src kinases by Unc119. Previ-
ously, we reported the interaction between the SH2 and
SH3 domains of Src kinases (Lyn and Fyn) and Unc119
(11). Recombinant Unc119 interacted in a reductionist
model with recombinant SH2 and SH3 domains of the Src
kinases, but not with that from Grb2 and Shc, indicating a
direct and specific physical interaction. Conversely, the
SH3, SH2, and phosphorylated SH2 motif peptides from
Unc119 pulled down Lyn from the cell lysate. The SH3
peptide and to a lower extent the SH2 peptides activated
Lyn (11). The foregoing experiments established the bio-
chemical basis for SH3-mediated activation of Src kinases
by Unc119. In the present paper, we confirmed Lck activa-

radiographed (top), and Western blotted

empty clone with anti-Lck antibody (bottom).

tion by the motif peptide but not the mutated peptide.
More importantly, we showed that overexpression of an
Unc119 construct with substitution of the conserved pro-
line residues completely abrogated its interaction with and
activation of Lck. Uncl19 has two SH3 motifs and the
NH,-terminal motif was mutated in our studies. We do
not know the importance of the other motif for Lck activa-
tion in vivo. Nonetheless, our results suggest that the NH,-
terminal SH3 motif is essential for Lck activation.

Unc119 is essential for T cell function. Proliferation and
IL-2 production was decreased in Uncl119-deficient T
cells. Additionally, Unc119-deficient Jurkat cells showed
increased apoptosis. Jurkat is a tumor cell line, so it is not
surprising that it behaves differently than nontransformed
primary cells in some aspects. The phenotype of Unc119-
deficient cells largely mimics the phenotype of Lck-defi-
cient T cells. Lck antisense cDNA-transfected T cells
demonstrate cell cycle arrest and hypersensitivity to apop-
tosis (18). The absence of Lck is associated with the pro-
found reduction of T cell number in mice (1). Unc119
seems to regulate survival of nonhematopoietic cells as
well. Organ-specific overexpression of a mutant Unc119
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causes retinal degeneration (14). Interestingly, Lck is also
expressed in retina and Lck-deficient mice show retinal
dysplasia (19).

Recently, CD2 and CD28 were shown to activate Lck
through their SH3-binding motifs (15). Unc119 is more
potent than the CD2 peptide and activates the kinase at 4-5
orders of magnitude lower concentrations. More impor-
tantly, CD2 and CD28 are not directly involved in signal
generation by TCR. CD4 was found to be essential for re-
cruitment of Lck to the immunological synapse and its sub-
sequent activation (17). However, the molecular mecha-
nism by which CD4 activates Lck remains unclear. Unlike
CD28 and CD2, CD4 does not have any classic consensus
SH3-binding motifs (20). We believe that the recruitment
of CD4 allows a direct interaction of Lck with Unc119,
which leads to its activation.

Unc119 is the first receptor-associated activator of Lck
and Fyn. It is essential for initiation of TCR signaling and
T cell function. An understanding of Unc119 regulation of
TCR signaling may help develop novel immunomodula-
tors. Because Src-type kinases are associated with many cel-
lular functions, including carcinogenesis, Unc119 may have
a broader biological relevance.
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