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The Tec protein tyrosine kinase is the founding member of a family that includes Btk, Itk, Bmx, and Txk. Btk
is essential for B-cell receptor signaling, because mutations in Btk are responsible for X-linked agammaglob-
ulinemia (XLA) in humans and X-linked immunodeficiency (xid) in mice, whereas Itk is involved in T-cell
receptor signaling. Tec is expressed in both T and B cells, but its role in antigen receptor signaling is not clear.
In this study, we show that Tec protein is expressed at substantially lower levels in primary T and B cells
relative to Itk and Btk, respectively. However, Tec is up-regulated upon T-cell activation and in Th1l and Th2
cells. In functional experiments that mimic Tec up-regulation, we find that Tec overexpression in lymphocyte
cell lines is sufficient to induce phospholipase Cy (PLC-y) phosphorylation and NFAT (nuclear factor of
activated T cells) activation. In contrast, overexpression of Btk, Itk, or Bmx does not induce NFAT activation.
Tec-induced NFAT activation requires PLC-y, but not the adapters LAT, SLP-76, and BLNK, which are
required for Btk and Itk to couple to PLC-y. Finally, we show that the unique effector function for Tec
correlates with a unique subcellular localization. We hypothesize that Tec functions in activated and effector

T lymphocytes to induce the expression of genes regulated by NFAT transcription factors.

Signal transduction through antigen receptors is central to
the development and function of T and B lymphocytes. The
T-cell receptor (TCR) and B-cell receptor (BCR) signal by
recruiting non-receptor protein tyrosine kinases (PTKs) of the
Src, Syk, and Tec families. These PTKs phosphorylate adapter
proteins, such as LAT, SLP-76, and BLNK, which recruit
downstream effectors, including phospholipase Cy (PLC-y).
Subsequent PLC-y activation induces calcium mobilization
and mitogen-activated protein kinase (MAPK) activation, re-
sulting in the activation of nuclear factor of activated T cells
(NFAT) and other transcription factors (reviewed in refer-
ences 13 and 18).

The Tec family of PTKs is composed of Tec, Btk, Itk, Bmx,
and Txk. These PTKs are characterized by an NH,-terminal
pleckstrin homology (PH) domain (absent in Txk), a proline-
rich region, Src-homology 3 (SH3) and SH2 domains, and a
COOH-terminal PTK domain (reviewed in references 17 and
26). An essential role for Tec family PTKs in antigen receptor
signaling became clear when mutations in Btk were found to be
responsible for the human disease X-linked agammaglobuline-
mia (XLA) and for the X-linked immunodeficient (xid) mouse.
BCR signaling is severely impaired in XLA patients, resulting
in a failure of B-cell development and an absence of mature B
cells. The xid mouse and the Btk knockout mouse have phe-
notypes that are similar to that of XLA, but are less severe
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(reviewed in reference 19). Studies using Btk-deficient cell
lines have shown that Btk activation is necessary and sufficient
for the phosphorylation and activation of PLC-y2 (8, 25, 28).
Btk is coupled to PLC-y2 by the BLNK adapter protein (13).
In T cells, which do not express Btk, Itk is required for optimal
TCR-induced PLC-yl activation. The adapters LAT and
SLP-76 couple Itk to PLC-y1 (17, 26).

Tec is expressed in both T and B cells (12), but its role in
lymphocytes is not clear. In primary T cells, reduction of Tec
expression by using an antisense strategy causes reduced inter-
leukin-2 (IL-2) production in response to TCR stimulation
(33). Overexpression of Tec in the Jurkat T-cell line synergizes
with phorbol myristate acetate (PMA) to induce NFAT acti-
vation, whereas Itk overexpression has no effect (34). These
data suggest that Tec is important for optimal TCR signaling
and suggest a functional difference between Tec and Itk. How-
ever, the Tec knockout mouse was reported to have no obvious
defect in lymphocyte function (6), although this may be due to
compensation by Itk and Btk. Consistent with this theory, the
Tec/Btk double-knockout mouse has a more severe BCR sig-
naling defect than the Btk knockout mouse and lacks mature B
cells (6). In addition, Btk-deficient cell lines can be functionally
reconstituted with Tec (8, 27). Interpretation of these knock-
out results is complicated by an absence of data concerning the
relative expression levels of Tec, Itk, and Btk in primary T, B,
and effector cells.

In this study, we have addressed the role of Tec in T and B
cells by comparing its expression level, signaling function, and
subcellular localization to other Tec family PTKs. We find that
the expression level of Tec in primary T and B cells is low,
compared to those of Itk and Btk, but that Tec is up-regulated
following T-cell activation and in T helper 1 (Thl) and Th2
cells. In experiments that mimic Tec up-regulation, we show
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that overexpression of Tec, but not Btk, Itk, or Bmx, can
induce NFAT activation in lymphocyte cell lines. Consistent
with this unique function, we observe a unique punctate pat-
tern of Tec localization at the cell membrane and immunolog-
ical synapse. The atypical expression pattern, signaling func-
tion, and localization of Tec, compared to other Tec family
PTKs, suggest a unique role for Tec that may be particularly
important in effector T cells.

MATERIALS AND METHODS

Cells. The Jurkat T-cell line was cultured in RPMI supplemented with 5%
fetal bovine serum, penicillin, streptomycin, and glutamine. Jurkat signaling
mutant derivatives JCaM1 and JCaM1/Lck (23), P116 and P116/ZAP-70 (C39)
(30), JCaM2 and JCaM2/LAT (LAT#3) (7), J14 and J14/SLP-76 (J14-76) (31)
were described previously. The DT40 chicken B-cell line was cultured in RPMI
supplemented with 10% fetal bovine serum, 1% chicken serum (Sigma, St. Louis,
Mo.), penicillin, streptomycin, glutamine, and 50 pM mercaptoethanol. DT40
cell lines rendered deficient for lyn/syk (25), btk (25), grb2/grap (15), bink (9) and
pley2 (24) were described previously and were kindly provided by T. Kurosaki
(Kansai Medical University, Moriguchi, Japan). The human kidney cell line 293T
was cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, penicillin, streptomycin, glutamine, and 50 uM
mercaptoethanol. The D10 T-cell clone was a gift from M. Krummel (University
of California, San Francisco, Calif.). D10 cells were maintained in RPMI 1640
supplemented with 10% fetal bovine serum, nonessential amino acids, penicillin,
streptomycin, glutamine, 50 pM mercaptoethanol, and 50-U/ml recombinant
human IL-2 (R&D Systems, Minneapolis, Minn.). D10 cells were restimulated
every 3 to 4 weeks with irradiated, erythrocyte-depleted splenocytes from
B10.BR mice and chicken conalbumin (Sigma). The CH27 mouse B-cell line was
maintained in RPMI supplemented with 5% fetal bovine serum, penicillin, strep-
tomycin, and glutamine.

Plasmids. Tec family constructs (mouse Tec, Itk, and Btk and human Bmx),
hemagglutinin (HA) tagged at the NH, terminus, have been described previously
(27). For this study, HA-tagged Tec family kinases were subcloned into the
pCDEF3 expression vector, which contains the EF-1a promoter. Myr-tagged Tec
was generated by PCR, replacing the HA tag with the 17 NH,-terminal amino
acids of chicken Src. Tec family constructs, green fluorescent protein (GFP)
tagged at the COOH terminus, were generated by PCR and cloning into the
pEGFP-C1 vector (BD Biosciences, San Diego, Calif.). HA-PLC-y1 ¢cDNA was
a gift from Q. Ji (First Military Medical University, Guangzhon, China). HA-
PLC-y1 was subcloned into the pEFBOS expression vector, which contains the
EF-la promoter, by D. Yablonski (Technion-Israel Institute of Technology,
Haifa, Israel). The following inactivating point mutations were generated by a
two-step PCR method (28): Tec R29C (PH domain), Tec P158,161,168,169,170,
171A (proline-rich region), Tec W215,216L (SH3 domain), Tec R272A (SH2
domain), and Tec K397E (kinase domain). The NFAT luciferase reporter con-
tains three copies of the distal NFAT site from the IL-2 promoter (21). The AP-1
luciferase reporter contains four copies of the AP-1 site from the metallothionein
promoter (21). The NF-«B luciferase reporter contains three copies of the kB
site of the immunoglobulin (Ig) k-chain promoter (1). The RE-AP luciferase
reporter contains four copies of the RE-AP site from the IL-2 promoter (22).
The pEF6-lacZ expression construct was obtained from Invitrogen (Carlsbad,
Calif.).

Antibodies. The polyclonal antisera for Btk and Itk were described previously
(27). The anti-Tec rabbit antiserum, antiphosphotyrosine monoclonal antibody
(MADb) 4G10, and anti-PLC-y1 MAb were obtained from Upstate Biotechnology
(Charlottsville, Va.). The anti-pY783 rabbit heteroserum was purchased from
BioSource, Inc. (Camarillo, Calif.). The anti-actin MAb was obtained from
Chemicon (Temecula, Calif.). The anti-HA tag MAb was 16B12 (Covance Re-
search Products, Berkeley, Calif.), and the anti-myc tag MAb was 9B11 (Cell
Signaling Technology, Beverley, Mass.). The anti-TCRB MAb C305, for Jurkat
cell stimulations, was described previously (29).

Biochemical analyses. Inmunoprecipitations and Western blotting were per-
formed as previously described (10). Western blots were visualized with Western
Lightning chemiluminescence reagents (Perkin-Elmer, Boston, Mass.) on a
Kodak Image Station (Kodak, Rochester, N.Y.). Quantitation of bands utilized
Kodak 1D image analysis software, version 3.5.

Lymphocyte purification. Lymph nodes and spleens from 5- to 6-week-old
C57BL/6 mice (Jackson Laboratories, Bar Harbor, Maine) were dispersed
through a 70-wm-pore-diameter nylon filter to create single-cell suspensions. B
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and T cells were purified by negative selection with MACS Microbeads and LS
columns (Miltenyi Biotec, Auburn, Calif.). CD43 and CD11b Microbeads were
used for B-cell purification, and major histocompatibility complex (MHC) class
II DX5 and CD11b Microbeads were used for T-cell purification. B and T cells
were isolated to 90 to 95% purity as measured by CD19 and CD3 fluorescence-
activated cell sorter (FACS) analyses. For T-cell activation, 24-well plates were
first coated with 10-pg/ml rabbit anti-hamster IgG (Sigma) followed by 1-p.g/ml
anti-mouse CD3g MAb 145-2C11 (BD Biosciences). T cells were then added at
10° cells per ml in RPMI supplemented with 10% fetal bovine serum, nonessen-
tial amino acids, penicillin, streptomycin, glutamine, 50 wM mercaptoethanol,
and 1-pg/ml anti-mouse CD28 MAD 37.51 (BD Biosciences). Cells were har-
vested after 1, 2, and 3 days for Western blotting.

Th1/Th2 generation. Single-cell suspensions were prepared as described
above. CD4™ T cells were partially purified by negative selection with the MACS
CD4™" T-cell isolation kit and LS columns (Miltenyi Biotec). Cells were then
labeled with phycoerythrin (PE)-conjugated anti-CD4, allophycocyanin-conju-
gated anti-CD62L, and fluorescein isothiocyanate (FITC)-conjugated anti-CD8
and anti-CD19 (BD Biosciences). Naive CD4" CD62L" cells were sorted to
>98% purity with a Mo-Flo Multi-Laser flow cytometer from Cytomation (Fort
Collins, Colo.) and stimulated on plate-bound anti-CD3 and soluble anti-CD28
antibodies as described above. For Thl generation, medium was supplemented
with 5-ng/ml recombinant murine IL-12 (R&D Systems), 20-p.g/ml neutralizing
anti-IL-4 MAb 11B11 (a gift from R. Locksley, University of California, San
Francisco) and 50-U/ml recombinant human IL-2 (R&D Systems). For Th2
generation, medium was supplemented with 50-ng/ml recombinant murine IL-4
(R&D Systems), 10-pg/ml neutralizing anti-IL-12 MAb (BD Biosciences), 50-
pg/ml neutralizing anti-IFN-y MAb XMG1.2 (a gift from R. Locksley, University
of California, San Francisco), and 50-U/ml recombinant human IL-2 (R&D
Systems). After 3 days on plate-bound anti-CD3 and soluble anti-CD28, Th1 and
Th2 cells were replated in fresh medium without stimulating antibodies, but
supplemented with the cytokines and neutralizing antibodies described above.
Th1 and Th2 cells were harvested on day 6 for Western blotting. A fraction of the
cells were restimulated with plate-bound anti-CD3 and soluble anti-CD28 to
confirm Thl and Th2 effector function by subsequent IFN-y and IL-4 enzyme-
linked immunosorbent assays (ELISAs). Th1 supernatants contained IFN-y but
no IL-4, and Th2 supernatants contained IL-4 and some IFN-vy, suggesting that
the Th2 cells were not pure and contained some Thl cells (data not shown).

Transfections. Jurkat, D10, and DT40 cells were transfected in a volume of 0.4
ml of RPMI (without serum) by electroporation with a Gene Pulser Electropo-
rator (Bio-Rad, Hercules, Calif.) set at 250 V, 960 pF (Jurkat and D10) or 350
V, 500 wF (DT40). 293T cells were transfected by the calcium phosphate method
with the CalPhos mammalian transfection kit (BD Biosciences).

Luciferase assays. Jurkat and DT40 cells were transfected as described above
with the expression construct of interest, in addition to 20 pg of the luciferase
reporter construct and 2 pg of pEF6-lacZ to control for transfection efficiency.
Sixteen hours after transfection, live cells were counted by Trypan blue exclusion,
and samples were divided for luciferase assay, B-galactosidase assay, and West-
ern blotting. Luciferase assays were performed in triplicate with 10° live cells in
a total volume of 100 pl. Samples were stimulated for 6 h with a 1:100 dilution
of C305 MAD (anti-TCR) concentrated tissue culture supernatant plus 2-p.g/ml
anti-CD28 MADb (Caltag, Burlingame, Calif.) for NF-kB and RE-AP assays, or
with 50-ng/ml PMA plus 1 uM ionomycin (Calbiochem, San Diego, Calif.). The
assay was harvested by adding 11 pl of lysis buffer containing 10% Triton X-100,
200 mM NaPO, (pH 7.8), and 4 mM dithiothreitol (DTT). One hundred micro-
liters of this lysate was added to 100 I of assay buffer containing 200 mM NaPO,
(pH 7.8), 20 mM MgCl,, and 10 mM ATP. Following the addition of 50 .l of 20
mM luciferin, luciferase activity was measured with a microplate luminometer
(Berthold Technologies, Oak Ridge, Tenn.). B-Galactosidase assays were per-
formed with 10° cells using the Galacto-Light chemiluminescent reporter assay,
according to the manufacturer’s instructions (Tropix, Bedford, Mass.). B-Galac-
tosidase activity was measured in triplicate using a microplate luminometer
(Berthold Technologies). All luciferase assay data were normalized to B-galac-
tosidase values. Expression of each construct was confirmed by Western blotting.

Microscopy. For conjugate formation, D10 cells, transfected with GFP-tagged
Tec family PTKs, were mixed with equal numbers of CH27 cells, preloaded for
3 to 4 h with the cognate chicken conalbumin peptide at 8 wM. Cells were
centrifuged at 1,200 X g for 1 min, and conjugates were allowed to form for 20
min at 37°C. The medium was aspirated, and the cells were gently resuspended
in phosphate-buffered saline (PBS)-1% bovine serum albumin (BSA) by pipet-
ting up and down three times with a 1-ml micropipette. Approximately 10° cells
were applied to glass slides, coated with poly-L-lysine, and allowed to settle for 10
min. Cells were fixed with 4% paraformaldehyde for 20 min, washed with PBS,
permeabilized with 0.1% Triton X-100 for 4 min, and blocked for 30 min with
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PBS-1% BSA-4% normal goat serum. Cells were stained for 30 min with
4-pg/ml protein kinase C (PKC-6) rabbit antiserum (Santa Cruz Biotechnology,
Santa Cruz, Calif.), washed three times for 5 min each with PBS-0.2% BSA,
stained for 30 min with goat anti-rabbit-Cy3 (Jackson Immunoresearch Labora-
tories, West Grove, Pa.), diluted 1:100, and washed as described above. Jurkat
cells transfected with GFP-tagged or HA-tagged Tec family PTKs were similarly
applied to slides, fixed, and permeabilized. HA staining was done with Alexa
488-conjugated 16B12 MAb (Covance Research Products), diluted 1:500. Chol-
era toxin staining was done on nonpermeabilized cells by using 2-pg/ml biotin-
ylated cholera toxin (Sigma) followed by 1-pg/ml Alexa 647-conjugated strepta-
vidin (Molecular Probes, Eugene, Oreg.). Antiphosphotyrosine staining was
done with 1-wg/ml antiphosphotyrosine MAb 4G10 (Upstate Biotechnology)
followed by goat anti-mouse-Cy5 (Jackson Immunoresearch Laboratories) di-
luted 1:100. Nuclei were stained with Hoechst 33342 (Molecular Probes). The
slides were mounted with coverslips by using polyvinyl mounting medium (Sig-
ma). Slides were examined with an Intelligent Imaging Innovations Marianas
system (Denver, Colo.), consisting of a Zeiss Axiovert microscope fitted with a
Zeiss Plan-Apochromat, X63/1.4 NA oil objective and a Cooke Sensicam cooled
charge-coupled device (CCD) camera. Approximately 20 fluorescence and dif-
ferential interference contrast (DIC) images were collected per stack (z axis), at
intervals of 0.5 wm, and calibrated to fall within the linear range of the camera.
Data stacks of fluorescence images were subjected to constrained iterative de-
convolution with Slidebook software, version 4.0.

RESULTS

Tec is expressed at low levels, relative to Itk and Btk, in
primary mouse T and B cells. Itk and Btk are essential for
optimal antigen receptor signaling in T and B cells, respec-
tively. This has been clearly demonstrated in studies of gene-
targeted mice and Btk-deficient XLA patients (16, 19). Tec is
expressed in both T and B cells (12), but its function is not
clear. Moreover, the expression level of Tec, compared to
those of Itk and Btk, has not been determined. To address this
fundamental issue, we have used identically tagged forms of
Tec, Itk, and Btk, together with specific antisera for each, to
quantify their relative expression levels in primary mouse T
and B cells.

T and B cells were purified from mixed spleen and lymph
nodes from 5- to 6-week-old C57BL/6 mice. Purity of T and B
cells was between 90 and 95%, as assessed by FACS analyses
for CD3 and CD19 (data not shown). T- and B-cell lysates
were Western blotted for actin (Fig. 1A), and the bands were
quantitated with a Kodak Image Station. Actin levels were
assumed to equate to whole-protein levels in the samples.
HA-tagged forms of mouse Tec, Itk, and Btk were transiently
transfected into 293T cells and immunoprecipitated with
anti-HA MADb, and their relative expression levels were
quantitated after anti-HA Western blotting (Fig. 1B). The
HA-tagged forms of Tec, Itk, and Btk (Fig. 1B) were then
compared to the T- and B-cell lysates (Fig. 1A) by Western
blotting for Tec (Fig. 1C), Itk (Fig. 1D), and Btk (Fig. 1E). As
expected, Tec was expressed in T and B cells (Fig. 1C), Itk was
expressed in T cells only (Fig. 1D), and Btk was expressed in B
cells only (Fig. 1E). The Tec antiserum identified multiple
bands in whole-cell lysates; therefore, the identity of the spe-
cific Tec band was confirmed by immunoprecipitation and blot-
ting with a second Tec antiserum (27; data not shown). The
faint band detected in B-cell lysate by the Itk antiserum was
probably nonspecific, because it was not detected by blotting
with a second Itk MAD, 2F12 (a gift from L. Berg, University
of Massachusetts Medical School, Worcester, Mass.) (data not
shown). Bands were quantitated, and the relative levels of Tec,
Itk, and Btk were calculated by correcting for antiactin (Fig.
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FIG. 1. Tec expression is relatively low in primary mouse T and B
cells, relative to Itk and Btk. (A) B and T lymphocytes were isolated to
90 to 95% purity by MACS from mixed spleen and lymph nodes from
5- to 6-week-old C57BL/6 mice. Cells were lysed, and approximately 5
% 10° cell equivalents were Western blotted for actin as a control for
protein loading. (B) HA-tagged forms of Btk, Itk, and Tec were trans-
fected into 293T cells, immunoprecipitated with anti-HA MAD, and
Western blotted for HA. (C) Protein samples from panels A and B
were Western blotted with Btk antiserum. (D) Protein samples from
panels A and B were Western blotted with Itk antiserum. The faint
band detected in B-cell lysates is probably nonspecific, since it was not
detected by the anti-Itk MAb 2F12 (data not shown). (E) Protein
samples from panels A and B were Western blotted with Tec anti-
serum. (F) Bands were quantitated, and the relative levels of Btk, Itk,
and Tec in B and T cells were calculated with the HA-tagged proteins
as a common reference. The data represent means and standard de-
viations from three or four independent experiments. Measurement of
Btk levels in B cells was included in each experiment; therefore, this
value was fixed arbitrarily.

1A) and anti-HA (Fig. 1B) values. As shown in Fig. 1F, the
expression level of Tec was approximately fivefold greater in B
cells than in T cells. In addition, Tec expression levels were
approximately 17- and 15-fold lower than Itk and Btk expres-
sion levels in T and B cells, respectively.

Tec is up-regulated upon T-cell activation and in effector
cells. The relatively low levels of Tec in freshly isolated mouse
T and B cells suggest that Tec may not play an important role
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FIG. 2. Tec and Itk are up-regulated in activated T cells and in Th1
and Th2 effector cells. For T-cell activation, C5S7BL/6 mouse T cells
were isolated as described in the legend to Fig. 1A and stimulated with
plate-bound anti-CD3 MAb and soluble anti-CD28 MADb. Cells were
harvested at the indicated time points, and lysates were Western blot-
ted for Tec, Itk, and actin. For generation of Th1 and Th2 cells, T cells
were sorted for CD4" CD62" naive cells to over 98% purity. T cells
were stimulated with plate-bound anti-CD3 MAb and soluble anti-
CD28 and differentiated under Th1 or Th2 polarizing conditions for 6
days, and then cells were lysed and Western blotted for Tec, Itk, and
actin. Quantitation of Tec and Itk bands is shown after correcting for
actin. The data are representative of three experiments.

e e— o — e

in naive lymphocytes. Therefore, we measured Tec expression
upon activation of primary T and B cells from C57BL/6 mice.
No up-regulation of Tec or Btk was detected in B cells stim-
ulated for 1 or 2 days with anti-IgM plus anti-CD40 antibodies,
lipopolysaccharide (LPS), or PMA plus ionomycin (data not
shown). In contrast, Tec and Itk were up-regulated in T cells
stimulated with plate-bound anti-CD3 plus anti-CD28 antibod-
ies, as measured by Western blotting of whole-cell lysates (Fig.
2). Up-regulation of Itk was transient, peaking at 2.8-fold on
day 1 after stimulation. Up-regulation of Tec was delayed until
day 2, but was sustained to at least day 3 (3.5-fold) after
stimulation. Actin blotting was used to control for loading (Fig.
2). To determine whether Tec was also up-regulated in effector
Th1 or Th2 subsets, T cells were polarized for 6 days with IL-12
plus anti-IL-4 or IL-4 plus anti-IL-12 and anti-IFN-v, respec-
tively. Tec was up-regulated in Thl and Th2 cells and was
substantially higher in Th2 cells (up to approximately 5-fold),
whereas Itk was only up-regulated in Th2 cells to 1.6-fold (Fig.
2B). These data suggest that Tec may play a role in activated
T cells and in effector Th1l and Th2 cells.

Transient transfection of Tec, but not Itk, Btk, or Bmx, can
induce NFAT activation in Jurkat T cells. To investigate the
potential function of Tec in T cells, up-regulation of Tec was
mimicked by transient transfection into the Jurkat T-cell line.
Previous Jurkat studies have shown that overexpression of Tec,
but not Itk, can synergize with PMA to induce activation of
NFAT, IL-2, and IL-4 reporter constructs (33-36). In this
study, we attempted to repeat these findings and to determine
whether this property of Tec is unique among Tec family
PTKs. A luciferase reporter construct, under the control of
NFAT sites from the IL-2 promoter, was cotransfected to
measure signaling responses in transfected cells. A B-galacto-
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sidase construct was cotransfected as a control, and all data
were normalized to B-galactosidase readings. Transfection of
HA-tagged Tec, in the absence of any stimulation, was suffi-
cient to induce constitutive NFAT activation in a dose-depen-
dent manner (Fig. 3A, upper panel). In contrast, transfection
of HA-tagged forms of the other PH domain-containing Tec
family kinases, namely Bmx, Btk, and Itk, did not induce
NFAT activation (Fig. 3A, upper panel). Western blotting of
whole-cell lysates with an anti-HA MAD confirmed expression
of each construct, and Tec expression was actually lower than
expression of Bmx, Btk, and Itk (Fig. 3A, lower panel). No
synergy or additive effect was observed for Tec in combination
with anti-TCR stimulation (Fig. 3A). Indeed, TCR levels were
substantially down-regulated in Tec-expressing cells (data not
shown), probably because of downstream PKC activation,
which can induce TCR down-regulation (5). Control stimula-
tion with PMA-ionomycin, which bypasses receptor-proximal
signaling by activating RasGRP/PKC and inducing calcium
mobilization, respectively, was robust for each transfection
(Fig. 3A). However, signaling by PMA-ionomycin was some-
what impaired in Tec-expressing cells (Fig. 3A), probably be-
cause chronic signaling by Tec induces negative feedback path-
ways. The engineering of Tec kinases with NH,-terminal HA
tags did not appear to affect function, since tagged and non-
tagged Tec induced similar levels of NFAT activation (data not
shown).

To determine whether constitutive Tec signaling is specific
to NFAT, Jurkat T cells were cotransfected with Tec and
luciferase reporter constructs for AP-1, NF-kB, and RE-AP,
which, in common with NFAT, are important sites within the
IL-2 promoter. As before, Tec induced activation of NFAT
(Fig. 3B, upper panel). However, activation of AP-1, NF-«B,
and RE-AP was relatively weak (Fig. 3B, upper panel). These
data are consistent with those from a previous study that used
Tec in combination with PMA (35). Control stimulations with
anti-TCR (for AP-1), anti-TCR plus anti-CD28 (for NF-kB
and RE-AP), and with PMA and ionomycin were sufficient to
induce activation of each reporter (Fig. 4, middle panels). The
reduced AP-1, NF-kB, and RE-AP responses to TCR stimu-
lation in the presence of Tec are likely due to TCR down-
regulation in Tec-expressing cells (data not shown). The sim-
ilarly reduced PMA-ionomycin responses in the presence of
Tec are possibly due to negative feedback pathways induced by
chronic Tec signaling. These results suggest that up-regulation
of Tec, but not other Tec family members, may induce the
expression of genes that are controlled by NFAT sites.

Tec-induced NFAT activation requires intact PH and SH2
domains. Previous studies have shown that Tec signaling re-
quires an intact PH domain for PIP3 membrane targeting (33)
and an intact kinase domain (34-36). To further investigate the
mechanism for Tec-induced NFAT activation in our system,
inactivating point mutations were made in each domain of Tec.
As shown in Fig. 4 (upper panel), NFAT activation required
intact PH and SH2 domains of Tec. The inactivity of the SH2
mutant was not due to its relatively low expression level, since
it remained inactive at higher expression levels (up to 20 g of
DNA,; data not shown). This is consistent with the data of Yang
et al. (33) and with the PH and SH2 domain requirements for
Btk function in BCR signaling (25). NFAT activation did not
require the two proline-containing motifs or SH3 domain of



VoL. 24, 2004
A 60 -
40
Unstimulated
20+
0-
2
=
8
8
L
2 Anti-TCR
E
H
K
&
1500
L PMA
+
ionomycin
500
0
$ W0 WY w
= E £xXxorw o
c m —
gm® EEF
Gt HA blot

EXPRESSION AND FUNCTION OF Tec IN LYMPHOCYTES 2459

B
60 -
40+ Unstimulated
20-
0-
=
E
° 60 -
L]
3
o Anti-TCR
E 40- s
E anti-CD28
2
K
&
PMA
+
ionomycin
0-
HA-Tec: =+ =+ -+ -+
Report 5 4 ? %
eporter: ; 1
s < & 4
L= — ] HA blot

FIG. 3. Overexpression of Tec, but not Bmx, Btk, or Itk, is sufficient to activate an NFAT reporter in Jurkat T cells. (A) Jurkat T cells were
transfected with an NFAT-luciferase reporter construct, a (3-galactosidase construct driven by the EF-1a promoter to control for transfection
efficiency, and HA-tagged forms of Bmx, Btk, Itk, or Tec, with the quantities transfected indicated in micrograms. Sixteen hours posttransfection,
cells were either left unstimulated or were stimulated with anti-TCR MAb C305 or PMA plus ionomycin. Six hours later, cells were lysed and
assayed for luciferase and B-galactosidase, and expression of the Tec family constructs was confirmed by anti-HA Western blotting. Luciferase data
were normalized for B-galactosidase values. Note the change of scale on the y axis of the PMA-ionomycin graph. The data are representative of
at least three experiments. (B) Jurkat T cells were transfected with NFAT, AP-1, NF-«kB, or RE-AP luciferase reporter constructs, in the presence
or absence of 5 pg of HA-Tec. Luciferase assays were performed and are presented as described for panel A. Anti-CD28 MAD stimulation was

included with anti-TCR stimulation for NF-kB and RE-AP assays.

Tec (Fig. 4, upper panel). Indeed, the SH3 point mutant ap-
peared to be hyperactive, since NFAT activation was similar to
that of wild-type Tec, but its expression level was lower. This
hyperactive phenotype of the SH3 mutant was more striking
when wild-type Tec levels were reduced such that the protein
levels were equal (data not shown) and is consistent with the
proposed negative regulatory role of the Itk SH3 domain (17).
The kinase-inactive form of Tec induced NFAT activation at a
level that was approximately 25% of wild-type Tec (Fig. 4,
upper panel). This effect of kinase-inactive Tec was not re-
stricted to Jurkat T cells, because we had similar results in
HUT78 T cells, DT40 B cells, and RBL-2H3 mast cells (data
not shown). The mechanism remains unclear, but a partial
function for kinase-inactive Btk has also been reported (28).
These data suggest that Tec family PTKs have a kinase-inde-
pendent adapter function. In response to control anti-TCR, or
PMA-ionomycin stimulations, similar levels of NFAT activa-
tion were observed under all transfection conditions (Fig. 4,
lower panels). Taken together, these results suggest that the

constitutive signaling mechanism for Tec is similar to that of
Btk in BCR signaling.

Lck and PLC-vy are required for Tec-induced NFAT activa-
tion, but the LAT, SLP-76, and BLNK adapters are not. Stud-
ies using mutant Jurkat T cells and gene-targeted DT40 B cells
have shown that Itk and Btk require Src family kinases for their
activation and LAT/SLP-76/BLNK adapters to couple to their
substrate PLC-y (13, 17, 26). To determine whether Tec signals to
NFAT by the same mechanism, we transfected Tec into Jurkat
and DT40 signaling mutants and measured NFAT induction (Fig.
5 and 6). In Jurkat cells (Fig. 5, upper panels), Tec-induced
NFAT required Lck (JCaM1, Fig. 5A), but not ZAP-70 (P116,
Fig. 5B), LAT (JCaM2, Fig. 5C), or SLP-76 (J14, Fig. 5D). TCR-
induced NFAT did require each of these signaling proteins (Fig.
5, middle panels), and control PMA-ionomycin stimulation was
similar in all transfections (Fig. 5, lower panels). Mutant Jurkat
lines stably reconstituted with Lck, ZAP-70, LAT, and SLP-76,
respectively, were used as controls, and the expression of Tec was
confirmed by Western blotting.
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FIG. 4. Tec-induced NFAT activation requires intact PH and SH2
domains. Jurkat T cells were transfected with an NFAT-luciferase
reporter construct and 5 g of wild-type HA-Tec or constructs with
inactivating point mutations of the PH domain, the proline-rich region,
or the SH3, SH2, or kinase domain. Luciferase assays were performed
and are presented as described in the legend to Fig. 3A.

In the wild-type DT40 chicken B-cell line, Tec-induced
NFAT activation (Fig. 6, upper panel) was comparable to that
induced by anti-BCR stimulation (Fig. 6, middle panel) or
PMA plus ionomycin (Fig. 6, lower panel). Transfection of Tec
into DT40 mutant lines showed that Tec-induced NFAT did
not require the PTK Lyn, Syk, or Btk or the adapter Grb2,
Grap, or BLNK, but did require PLC-v2 (Fig. 6, upper panel).
Anti-BCR-induced NFAT was impaired in each of these lines,
except for the Grb2 Grap doubly-deficient line (Fig. 6, middle
panel). PMA-ionomycin control stimulation induced NFAT in
all DT40 lines (Fig. 6, lower panel), although the level of
induction varied between cell lines (from approximately 70-
fold in the Grb2™ Grap™ and PLC-y2™ cells, to approximately
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700-fold in BLNK™ cells). Tec expression was confirmed by
Western blotting.

The requirement for Lck in Tec-induced NFAT activation is
consistent with the role of Lck in activating Tec family PTKs
upon TCR signaling. The requirement for PLC-y2 in Tec-
induced NFAT activation is consistent with the idea that
PLC-y is the major downstream substrate of Tec family PTKs.
To address these issues, Tec was transfected into relevant
Jurkat and DT40 lines, and its activation status was assessed by
Tec immunoprecipitation followed by phosphotyrosine blot-
ting (Fig. 7A), which correlates with Tec kinase activity (34). In
parental Jurkat and DT40 lines, Tec was found to be tyrosine
phosphorylated, suggesting that Tec is constitutively active.
Tec phosphorylation was impaired in JCaM1 cells, which lack
Lck, but was restored in JCaM1 cells that stably express Lck
(Fig. 7A), suggesting that Lck is upstream of Tec and may
provide a tonic signal to allow Tec to be active. Tec phosphor-
ylation was not impaired in DT40 cells that lack Lyn and Syk,
consistent with normal NFAT induction by Tec in these cells
and suggesting that another PTK in DT40 is able to activate
Tec. Phosphorylation by a non-Lyn PTK may actually be facil-
itated in Lyn-deficient cells, because Lyn is known to have an
important negative regulatory role in BCR signaling by phos-
phorylating immunoreceptor tyrosine-based inhibition motifs
(ITIMs), which recruit SHP and SHIP family phosphatases
(reviewed in reference 14). Tec phosphorylation was also not
impaired in PLC-y2-deficient DT40 cells (Fig. 7A), consistent
with the idea that PLC-y2 is a downstream target of Tec.

If PLC-y is indeed a target for Tec, PLC-y1 would be pre-
dicted to be tyrosine phosphorylated in Tec-expressing cells.
To test this prediction, Tec was transfected into Jurkat cells
in the presence or absence of HA-tagged PLC-yl (Fig. 7B).
Immunoprecipitation of HA-PLC-y1 followed by antiphos-
photyrosine blotting showed that Tec could induce PLC-y1
phosphorylation that was more robust than with anti-TCR
stimulation (Fig. 7B, upper panel). Phosphotyrosine blotting of
whole-cell lysates identified a major phosphoprotein of 145
kDa that was weakly induced by TCR stimulation but strongly
induced by Tec (Fig. 7B, third panel) and is likely to be HA-
PLC-vy1. Moreover, expression of Tec led to phosphorylation
of a key tyrosine, Y783, which is known to be associated with
PLC-y1 activation (Fig. 7C), suggesting that Tec expression
leads to PLC-y1 activation. The level of Tec-induced pY783
was even greater than that induced by TCR stimulation.

Taken together, these data suggest a mechanism for Tec-
induced NFAT. Lck appears to play an upstream role in pro-
viding a tonic stimulus for Tec activation, whereas PLC-y is
likely to be the downstream target for Tec. Interestingly, Tec
may couple to PLC-y by a novel mechanism, since the LAT/
SLP-76/BLNK adapters were dispensable for Tec-induced
NFAT activation.

Tec, Itk, and Btk exhibit different subcellular localization
patterns when transiently expressed in the Jurkat T-cell line.
Previous studies have demonstrated that GFP-tagged forms of
Tec (33) and Itk (3, 4) can colocalize with the TCR upon TCR
cross-linking in Jurkat cells. To determine whether the unique
Tec functional effect that we have observed in unstimulated
Jurkat cells correlates with a unique subcellular localization,
we compared the localizations of GFP-tagged Tec, Itk, and
Btk.
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FIG. 5. Tec-induced NFAT activation requires Lck, but not ZAP-70, LAT, or SLP-76. (A) The Lck-deficient Jurkat T-cell line JCaM1 and
JCaM1 stably reconstituted with Lck were transfected with an NFAT-luciferase reporter construct in the presence or absence of 5 pg of HA-Tec.

Luciferase assays were performed and are presented as described in the

legend to Fig. 3A. (B) The ZAP-70-deficient Jurkat T-cell line P116 and

P116 stably reconstituted with ZAP-70 were treated as described for panel A. (C) The LAT-deficient Jurkat T-cell line JCaM2 and JCaM2 stably

reconstituted with LAT were treated as described for panel A. (D) The
SLP-76 were treated as described for panel A.

Tec, Itk, and Btk constructs, GFP tagged at the COOH
terminus, were generated and first tested functionally in the
Btk-deficient DT40 cell line. The GFP constructs behaved in a
similar manner to NH,-terminally HA-tagged constructs in
transient NFAT assays. Tec constructs induced constitutive
NFAT activation, whereas Itk and Btk reconstituted BCR-
induced NFAT activation (data not shown). Therefore GFP
tagging does not appear to impair the function of these Tec
family PTKs.

To compare subcellular localizations of Tec, Itk, and Btk in
Jurkat cells, the cells were transiently transfected with GFP-
tagged constructs, and the cells were imaged by fluorescence
microscopy using deconvolution software. Tec and Itk were
localized primarily to the cell membrane, whereas Btk was
localized to the membrane and cytoplasm (Fig. 8A, mid-plane
images). In contrast to Itk, Tec appeared to be clustered and
exhibited a punctate localization pattern at the cell surface.
Tec clusters were most noticeable when the z-stacks for each
image were merged to generate a two-dimensional projection
image (Fig. 8A). The unique Tec expression pattern was not a
consequence of a different level of expression, since the ob-
served patterns for each construct were consistent across a
broad range of GFP intensities (data not shown).

Tec clustering was also observed with an HA-tagged form of
Tec, imaged by anti-HA immunoflorescence (Fig. 8B), suggest-

SLP-76-deficient Jurkat T-cell line J14 and J14 stably reconstituted with

ing that the localization pattern was not an artifact of GFP
tagging. Tec clustering was not a downstream consequence of
chronic signaling in Tec-expressing cells, since Tec with a mu-
tated SH2 domain does not signal (Fig. 4) and yet retained
punctate localization (Fig. 8B). An intact PH domain was re-
quired for punctate localization (Fig. 8B), but was not suffi-
cient, since a GFP-tagged Tec PH domain construct did not
exhibit punctate localization (Fig. 8B). In addition, the punc-
tate pattern did not represent clustered glycosphingolipid-en-
riched microdomains (GEMs), since no substantial colocaliza-
tion was observed with cholera toxin (Fig. 8C). We also
observed no concentration of endogenous PLC-y1 at the Tec
clusters (data not shown), although we cannot rule out the
possibility that a small percentage of PLC-y1 is localized. How-
ever, Tec did colocalize with antiphosphotyrosine antibody
(Fig. 8D). Therefore, Tec patches may represent active signal-
ing complexes.

Tec, Itk, and Btk, when transiently transfected into D10 T
cells, can localize to the immunological synapse following
stimulation with APCs plus peptide. To determine whether
punctate Tec localization could be observed in a more physi-
ological system, GFP-tagged Tec family PTKs were transfected
into the D10 T-cell clone. In resting cells, Tec, Itk, and Btk
were cytoplasmic (data not shown), consistent with low PIP3
levels at the cell membrane. Following stimulation with anti-
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FIG. 6. Tec-induced NFAT activation requires PLC-y2, but not
Lyn, Syk, Btk, Grb2, Grap, or BLNK. NFAT-luciferase assays were
performed as described in the legend to Fig. 5A, using the parental
DT40 B-cell line (WT) or lines rendered deficient by homologous re-
combination for Lyn and Syk, Btk, Grb2 and Grap, BLNK, or PLC-y2.

gen-presenting cells (APCs) plus cognate peptide, Tec, Itk, and
Btk relocalized to the cell membrane and to the T-cell-APC
interface (Fig. 9). Tec and Itk localized relatively efficiently to
the immunological synapse, as detected by PKC-6 costaining,
but Btk was more diffusely localized around the entire cell
membrane. Consistent with the Jurkat cell localization data,
Tec showed a punctate localization pattern at the T-cell-APC
interface (Fig. 9). These data suggest a role for Tec in T-cell
signaling in response to APC-peptide stimulation. Further-
more, the unique subcellular localization of Tec may be related
to its unique signaling function.

DISCUSSION

Gene-targeting experiments have shown that Itk and Btk
perform essential roles in activating PLC-y following TCR and
BCR signaling, respectively (13, 17, 26). The role of Tec in
lymphocytes is not clear, although there is some evidence to
suggest a function in antigen receptor signaling (6, 8, 27, 33,
34). However, interpretation of existing data is difficult, be-
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cause the expression level of Tec in lymphocytes, relative to
those of Itk and Btk, is not known. In this study, we have
quantitated Tec, Itk, and Btk expression levels in primary
mouse T and B cells, using specific antisera combined with
HA-tagged constructs as a reference. We have not analyzed
the atypical Tec family PTK Rlk (mouse Txk) in this study due
to the lack of a good RIlk antibody, although clearly Rk is
important for normal TCR-induced PLC-y1 activation (20),
and it would be useful to determine its relative expression level
in T cells. We find that Tec is expressed at approximately 17-
to 15-fold-lower levels than Itk and Btk in T and B cells,
respectively. In B cells, Tec expression is approximately five-
fold higher than in T cells, but Tec is up-regulated in activated
T cells and in Th1/Th2 effector cells. These data allow a re-
evaluation of the phenotypes of Tec family knockout mice. In
particular, Itk Rlk~/~ mice were defective in TCR signaling
but made functional Th2 responses to a schistosome parasite
(20). It is possible that low levels of Tec in naive T cells can
partially compensate for the absence of Itk and Rlk. Upon
T-cell activation and differentiation, Tec is up-regulated and
may now more efficiently compensate, allowing Th2 effector
function. In Btk Tec™~ mice, BCR signaling is defective in
the absence of any Tec family PTKs, resulting in a complete
failure to develop B cells (6). In Btk ™/~ mice, B cells do
develop but are 50% reduced in number and show defective
BCR signaling. These data are consistent with weak compen-
sation by the relatively low level of Tec in B cells. Finally, the
Tec™’~ mice were reported to have no obvious phenotype and
no antigen receptor signaling defect (6). This is not surprising
given that Tec is expressed at low levels and that Itk and Btk
may compensate for the loss of Tec. However, since Tec is
up-regulated upon T-cell activation, a phenotype might be
revealed upon examination of Th1/Th2 effector responses.
Functional experiments reported by other groups have
shown that Tec overexpression in cell lines can activate NFAT,
IL-2, IL-4, and c-fos reporter constructs (32-36). In this study,
we have extended these findings to show that Tec is unique,
within the PH domain-containing members of the Tec family,
in its capacity to induce constitutive NFAT activation when
overexpressed in lymphocyte lines. It is not clear why Tec has
this unique function. We have generated a number of Tec/Itk
chimeric proteins to address this question, although they have
not provided a definitive answer. For example, Tec retained its
capacity to induce NFAT activation when regions of Tec were
substituted for with the corresponding regions of Itk. These
included the PH domain, the proline/SH3 region, the SH2
domain, and the SH2/kinase region (M. G. Tomlinson and A.
Weiss, unpublished data). Thus, the ability of Tec to induce
NFAT activation is unlikely to be the result of any single
domain that enables Tec to be uniquely localized or enables a
unique effector function. An intrinsically more active kinase
domain is also not likely, because Tec has in vitro kinase
activity that is comparable to that of other family members
(data not shown). It is possible that the unique Tec function is
related to its relatively low expression level. If we assume that
Tec-specific negative regulators are expressed at correspond-
ingly low levels, whereas Itk and Btk negative regulators are
expressed at relatively high levels, it may be easier to overcome
negative regulation by overexpression of Tec than for other
family members. Candidate Tec-specific negative regulators are
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FIG. 7. Lck is required for Tec tyrosine phosphorylation, and PLC-y1 is tyrosine phosphorylated upon Tec overexpression. (A) Tec was
transfected into Jurkat, JCaM1, Lck-reconstituted JCaM1, DT40, Lyn™ Syk™ DT40, and PLC-y2™~ DT40 cells. Sixteen hours later, cells were lysed,
and Tec was immunoprecipitated (i.p.) with Tec antiserum. Samples were Western blotted with antiphosphotyrosine MAb 4G10 or with Tec
antiserum. (B) Jurkat cells were transfected with HA-PLC-y1 in the presence or absence of Tec. Sixteen hours later, cells were harvested and
stimulated with anti-TCR MADb C305 where indicated. PLC-yl was immunoprecipitated with anti-HA MAb and Western blotted with antiphos-
photyrosine MAb 4G10 or with anti-PLC-y1 MAb. Control Western blotting of whole-cell lysates (wcl) was done with 4G10 or Tec antiserum.
(C) Jurkat cells were transfected with HA-PLC-y1 in the presence or absence of HA-Tec. Sixteen hours later, cells were harvested and stimulated
with anti-TCR MADb C305 where indicated. PLC-y1 and Tec were immunoprecipitated with anti-HA MADb and Western blotted with rabbit anti-pY

783 PLC-y1 or anti-HA MAD.

the lipid phosphatases SHIP1 and SHIP2. These phosphatases
are potent inhibitors of Tec-induced NFAT, but another lipid
phosphatase, PTEN, has only a weak inhibitory effect (Tom-
linson and Weiss, unpublished). Moreover, the SH3 domain of
Tec, but not Itk, can interact with SHIP family phosphatases
(Tomlinson and Weiss, unpublished). It is currently unclear
whether Tec can interact with SHIP phosphatases in vivo.
We have studied the mechanism by which Tec induces
NFAT activation by using mutant Jurkat and DT40 cell lines.
Consistent with the proposed role of Itk, Btk, and Rlk (Txk) in
activating PLC-y, Tec induction of NFAT activation required
PLC-v2 in DT40 cells, and Tec was sufficient to induce PLC-y1
phosphorylation in Jurkat cells. Based on previous studies of
Itk and Btk, Tec would be predicted to also require LAT/
SLP-76 and BLNK adapters to couple to PLC-y (13, 17, 26).
Surprisingly these adapters were not required for Tec-induced

NFAT activation. Since we could not detect a direct interac-
tion between Tec and PLC-y1 in Jurkat cells (data not shown),
we hypothesize that Tec utilizes a novel adapter to couple to
PLC-v. The SH2 domain of Tec is the most likely candidate for
adapter binding, because the SH2 domains of Itk and Btk
couple to SLP-76 and BLNK, respectively, and because the
SH2 domain is required for Tec-induced NFAT activation.
Interestingly we have found that the SH2 domains of Tec and
Itk, expressed as glutathione S-transferase fusion proteins,
have overlapping, but also distinct, binding partners. In partic-
ular, the Tec SH2 domain does not efficiently interact with
SLP-76 and LAT, whereas, as reported by other groups, the Itk
SH2 domain does (Tomlinson and Weiss, unpublished).
Therefore, we favor a model in which Tec induces NFAT
activation by activating PLC-y, through SH2 domain coupling
to an unidentified adapter.
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FIG. 8. Tec, but not Itk or Btk, is localized in clusters at the cell membrane in Jurkat cells. (A) Jurkat cells were transfected with GFP-tagged
Tec, Itk, or Btk. Twenty hours posttransfection, cells were fixed on glass slides and imaged by florescence microscopy with deconvolution software.
Representative cells are presented with GFP in green and nuclear staining in blue. The mid-plane image represents a single, central z-section. The
two-dimensional (2D) projection represents the sum total of approximately 20 z-stacks collapsed to form one image. (B) Jurkat cells were
transfected with GFP-tagged Tec PH domain or HA-tagged Tec wild type, PH, or SH2 point mutants. For detection of HA-tagged Tec, cells were
fixed and permeabilized and then stained with Alexa 488-conjugated anti-HA MAD (shown in green). Nuclear staining is shown in blue. Images
were collected as described for panel A. (C) Jurkat cells were transfected with GFP-tagged Tec. For detection of GEMs, cells were fixed and
stained with biotinylated cholera toxin followed by Alexa 647-conjugated streptavidin (shown in red). Images were collected as described for panel
A. (D) Jurkat cells were transfected with GFP-tagged Tec. For detection of phosphotyrosine, cells were fixed and permeabilized and then were
stained with antiphosphotyrosine MAb 4G10 followed by Cy5-conjugated antimouse antibody (shown in red). Images were collected as described
for panel A. The DIC image is shown to indicate the absence of a phosphotyrosine signal in nontransfected cells.

The mechanism by which Tec activates NFAT is not entirely
dependent on kinase activity. We found that a kinase-inactive
form of Tec consistently induced NFAT activation to a level of
approximately 25% that of kinase-active Tec. This effect of
kinase-inactive Tec was not restricted to Jurkat cells, since it
was also observed in the HUT78 T-cell line, the DT40 B-cell
line, and the RBL-2H3 mast cell line (Tomlinson and Weiss,
unpublished). The mechanism of action of kinase-inactive Tec
is not clear, but is suggestive of an adapter function. A poten-
tial adapter function has been proposed for Btk, since kinase-
inactive Btk can partially rescue BCR signaling in Btk-deficient
DT40 cells (28). Characterization of the signaling capabilities
of kinase-inactive forms of Tec family PTKSs is of major im-

portance. Tec PTKs are attractive drug discovery candidates
for the inhibition of activation of T, B, and mast cells (11).
However, any small molecule inhibitor that inhibits kinase
activity may be only partially effective if the kinase retains an
adapter function.

The unique signaling function of Tec, among Tec family
PTKs, suggested that Tec might also localize to a unique sub-
cellular compartment. Using fluorescence microscopy and
GFP-tagged forms of Tec, Itk, and Btk, we indeed observed a
unique localization pattern for Tec that was punctate at the cell
membrane. This was observed both in Jurkat cells, which are
known to have elevated PIP3 levels, and at the immunological
synapse of a T-cell clone interacting with APC/peptide. The
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FIG. 9. Tec, but not Itk or Btk, is localized in clusters at the immunological synapse of the D10 T-cell clone. The D10 T-cell clone was
transfected with GFP-tagged Tec, Itk, or Btk. Twenty hours posttransfection, conjugates were formed between D10 cells and CH27 APCs plus
cognate peptide, and the cells were fixed on glass slides and permeabilized. To confirm the formation of productive conjugates, cells were stained
with PKC-6 rabbit antiserum, followed by Cy5-conjugated anti-rabbit antibody, and imaged by florescence microscopy with deconvolution software.

Representative conjugates are presented as mid-plane images with GFP in green and PKC-6 in red.

punctate Tec pattern resembles the small, TCR-enriched clus-
ters, which induced calcium fluxes, observed by Bunnell et al.
(2) after allowing Jurkat cells to settle onto stimulatory cover-
slips. Similar to our observations, these clusters are enriched in
phosphotyrosine but lack GEMs. The Tec clusters required an
intact PH domain, but the PH domain alone was not sufficient.
Tec clustering was not a consequence of chronic signaling,
because the signaling-deficient Tec SH2 mutant formed clus-
ters. We hypothesize that Tec localizes to the membrane in a
PIP3-dependent manner, where it recruits other signaling pro-
teins, which may include Lck and PLC-v, into clusters that are
sufficient to induce NFAT activation.

In summary, we have identified some features of Tec that
are unique among Tec family PTKs. We have shown that
Tec has a unique subcellular localization and can constitu-
tively activate the NFAT transcription factor in a LAT/SLP-
76/BLNK-independent manner. These findings are surpris-
ing, because previous studies have suggested that Tec family
PTKs are functionally redundant. We propose that Tec
function may be important in activated T cells and in Th1/
Th2 effector populations, where its expression is up-regu-
lated. In particular, Tec could play an amplification role by
increasing the sensitivity of memory or effector cells to sub-
sequent stimulation.
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