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Figure 4 Proposed stepwise nature of leukemogenesis. (a) Sequencing electrophoretograms for the regions surrounding codon 61
of NRAS or codon 835 of FLT3 in genomic DNA from the CD34* and CD4* fractions of patient IDs JM17 and JMO8, respectively.
Heterozygous nucleotide changes that give rise to NRAS(Q61H) or FLT3(D835Y) were detected in both fractions of the
corresponding patients. (b) The amount of CD4 mRNA in the CD4+ (control) and CD34+ (Jeukemia) fractions of leukemia patients
(with a substantial amount of control GAPDH mRNA) was quantitated by reverse transcription and real-time PCR analysis and
expressed as the control/leukemia ratio. {¢) Hematopoietic stem cells (HSCs) give rise to a wide range of mature blood cells. Even after
the first hit (mutation) of the genome, HSCs retain their full differentiation capacity, and therefore produce differentiated cells
harboring this first hit. After the second hit, the affected cell fraction undergoes full transformation to leukemia. (d) Sequencing
electrophoretograms for the genome of CD34* and CD4* fractions from patient ID JMO03 showing a heterozygous mutation for

KIT(N822K) before chemotherapy but not after.

between steps (Figure 4c). If a first hit occurs in the
genome of hematopoietic stem (or progenitor) cells and
if such a somatic change does not result directly in the
generation of full-blown leukemia, the preleukemic
clones may give rise to terminally differentiated blood
cells (including CD4* cells). After a certain period, a
second (or possibly a third) hit occurs in the immature
cells and triggers the rapid growth of leukemic clones
without differentiation. In such a scenario, terminally
differentiated ‘normal’ cells may still harbor the first hit
in their genome.

Support for this latter possibility was provided by
patient ID JMO03, who had AML (M2 subtype) with a
t(8;21) chromosome anomaly. Before chemotherapy, the
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genomic DNA of both CD34+ and CD4* fractions
from this patient harbored a heterozygous mutation of
KIT that results in the production of a constitutively
activated mutant protein, KIT(IN822K) (Shimada et al.,
2006) (Figure 4d). The same change was also detected in
cDNA prepared from the CD34* fraction (data not
shown). Leukemic blasts in this patient were sensitive to
standard chemotherapeutic regimens, and the patient
underwent complete remission. Examination of CD34+
and CD4* fractions obtained during the remission
period revealed that the N822K codon change was no
longer detectable not only in the CD34* fraction but
also in the CD4* fraction (Figure 4d). These data thus
support the scenario shown in Figure 4c: The N822K
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change represents the first hit and was present in
differentiated blood cells, and the corresponding pre-
leukemic clones were simultaneously eradicated together
with the leukemic clones by chemotherapy.

On the other hand, as shown in Supplementary Tables
S1 and S2, a heterozygous mutation for NRAS(G12S)
was found only in the CD34™* fraction, but not in the
CD4* fraction of the patient ID JM16. Conventional
chemotherapy for this patient eradicated the leukemic
blasts carrying the mutation (Supplementary Figure S7),
also confirming that a successful treatment results in the
disappearance of cells with a (possible) ‘second hit’.

Our hypothesis of the stepwise leukemogenesis is also
consistent with the previous detection of the RUNXI-
CBFA2TI oncogene in differentiated blood cells
(Kwong et al., 1996; Miyamoto ef al., 1996, 2000).

Discussion

Our large-scale genomic resequencing of human leuke-
mia specimens with DNA microarrays has identified
recurrent nucleotide changes responsible for the genera-
tion of JAK3 and DNMT3A mutants. Whereas JAK3
mutants were unexpectedly found in adult AML, their
transforming ability, and possibly their contribution to
leukemogenesis, varied substantially. However, our
bone marrow transplantation experiments showed that
at least one of these JAK3 mutants (M511I) directly
participates in the development of leukemia. Identifica-
tion of the MS511I mutation of JAK3 in the leukemic
fraction but not in the control fraction of patient ID
JMO7 suggests that this mutation may be the second hit
triggering AML. Given that the blasts of this patient
had a normal karyotype, it is likely that the first hit is
present in the genome of both fractions. Karyotyping of
other patients with J4K3 mutations showed a total of
three cases with a normal karyotype, one case with
t(8;21), and one case with a numerical anomaly of
several chromosomes (Supplementary Table S3), sug-
gesting that J4K3 mutations may be preferentially
associated with leukemia with a normal karyotype.

Although JAK3(MS5111) was identified in AML, our
bone marrow transplantation experiments with hemato-
poietic stem cells expressing this mutant yielded T-cell
acute lymphoblastic leukemia. In contrast to human
leukemia, in which JAK3 changes may constitute a
second hit (probably in progenitor cells), JAK3(M5111)
may have been expressed in all hematopoietic cells of the
recipient mice. JAK3(MS511I) thus likely triggered
leukemia within a T-cell fraction the intracellular
context of which is optimized for JAK3 signaling.

It has been frequently observed that transgenic mouse
or bone marrow transplantation experiments for leuke-
mic oncogenes do not accurately recapitulate the
original leukemia subtypes (Wong and Witte, 2001).
Transgenic mice expressing p2105°%4BL for instance,
usually develop T-cell lymphoma or acute lymphoblastic
leukemia, not chronic myeloid leukemia. Further-
more, bone marrow transplantation with hematopoietic
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progenitor cells expressing p2105°®*BH often leads to
development of lymphoma, AML, acute lymphoblastic
leukemia or macrophage tumors. Generation of malig-
nancy in such systems may, thus, be elaborately
influenced by mouse strains, promoter fragments for
artificial expression and/or cell types to be used for gene
transduction.

Our detection of recurrent DNMT3A hypomorphic
mutations in leukemia clones may indicate the presence
of an abnormal methylation profile in the genome of
such blasts. However, given the limited amount of the
specimens available, we were able to investigate micro-
satellite stability only at certain loci (Koinuma et al.,
2005), revealing no apparent microsatellite instability
(data not shown). We also generated BA/F3 cells
expressing wild-type or R882H forms of DNMT3A to
compare the methylation status of some CpG islands in
the genome; again, we detected no discernable differ-
ences between the two cell preparations (data not
shown). However, given that BA/F3 cells contained
two copies of wild-type Dnmit3a in addition to multiple
copies of mutant DNM T34, whereas the leukemic blasts
likely harbor one copy each of the wild-type and mutant
DNMT3A alleles, the clinical relevance of the R882
mutant requires further examination under the latter
condition. Cell proliferation/differentiation is indeed
influenced substantially by the copy number of DNMT3
genes (Okano ef al., 1999; Ehrlich, 2003).

Our observations indicate the importance of prepar-
ing paired normal fractions in large-scale resequencing
projects, but they also reveal a difficulty in the
preparation of bona fide ‘normal’ fractions in the case
of leukemic disorders. Our data thus indicate that
nonleukemic blood cells may harbor early genomic hits,
rendering them inappropriate as controls. Furthermore,
a substantial proportion of fingernail DNA was recently
shown to be derived from donor cells among recipients
of allogeneic stem cell transplants (Imanishi et al., 2007),
indicating that nonblood cells may contain DNA
derived from transplanted cells. Therefore, it is possible
that buccal, fingernail or even hair cells may not be
suitable as normal cell controls. In contrast to solid
tumors, for which blood cells are appropriate as paired
normal fractions, leukemic disorders require that cau-
tion be taken to discriminate somatic nucleotide changes
from germline polymorphisms.

Materials and methods

Wafer sequencing

CD34* and CD4+ fractions were isolated from leukemic
individuals using CD34microbeads and CD4microbeads,
respectively, and a MidiMACS separator (Miltenyi Biotec,
Gladbach, Germany). All clinical specimens were obtained
with written informed consent, and the study was approved by
the ethics committees of both the Jichi Medical University and
the Nagasaki University. DNA sequencing wafers were
designed and processed at Perlegen Sciences. Genes to be
interrogated on the wafers were selected from the Entrez Gene
database (http://www.ncbi.nlm.nih.gov/sites/entrez?db = gene)
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by searching with various keywords characteristic to each
subcategory (such as DNA repair, regulation of chromatin
structure, etc.), followed by manual inspection. The final gene
list for the wafers is shown in Supplementary Table S6.
Construction of the wafers, quality control analysis and data
processing are described in Supplementary Text.

JAK3 analysis

Complementary DNAs for JAK3 mutants were generated
using a QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA, USA) and ligated into the pMX retroviral vector
(Onishi et al., 1996). Ecotropic recombinant retroviruses
encoding each mutant were produced in BOSC23 cells
transfected with the corresponding pMX-based plasmid and
were used to infect BA/F3 or 32D cells as described previously
(Choi et al., 2007). Both types of cell were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum
(both from Life Technologies, Carlsbad, CA, USA) and mouse
IL-3 (Sigma, St Loius, MO, USA) at 10 Units/m]; differentia-
tion of 32D cells was induced by culture in the presence
of serum and mouse granulocyte colony-stimulating factor
(Sigma) at 0.5ng/ml. A concentrated preparation of a
retrovirus with a VSV-G envelope and encoding both
JAK3(M5111) and enhanced green fluorescent protein was
used to infect CD34~ c-Kit* Sca-1* Lineage-marker~
(CD34-KSL) hematopoietic stem cells isolated from the bone
marrow of C57BL/6 mice, and the infected cells were
transplanted into lethally irradiated mice congenic for the
Ly5 locus (Iwama et al., 2004). CD4, JAK2 and JAK3 mRNAs
were quantitated by reverse transcription and real-time PCR
analysis using an ABI7900HT system (Life Technologies) and
with the primers §¥-CTGGAATCCAACATCAAGGTTCTG-3
and 5-AATTGTAGAGGAGGCGAACAGGAG-3 for CD4,
5-CTCCAGAATCACTGACAGAGAGCA-3' and 5-CCAC
TCGAAGAGCTAGATCCCTAA-3 for JAK2 and 5'-GAGC
TCTTCACCTACTGCGACAAA-3' and 5-AGCTATGAAA
AGGACAGGGAGTGG-3 for JAK3; the cDNA for
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was
also amplified with the primers 5-GTCAGTGGTGGACC
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Zhang MJ, Franklin S, Li Y, Wang S, Ru X, Mitchell-Jordan
SA, Mano H, Stefani E, Ping P, Vondriska TM. Stress signaling by
Tec tyrosine kinase in the ischemic myocardium. Am J Physiol Heart
Circ Physiol 299: H713-H722, 2010. First published June 11, 2010;
doi:10.1152/ajpheart.00273.2010—Nonreceptor tyrosine kinases have an
increasingly appreciated role in cardiac injury and protection. To
investigate novel tasks for members of the Tec family of nonreceptor
tyrosine kinases in cardiac phenotype, we examined the behavior of
the Tec isoform in myocardial ischemic injury. Ischemia-reperfusion,
but not cardiac protective agents, induced altered intracellular local-
ization of Tec, highlighting distinct actions of this protein compared
with other isoforms, such as Bmx, in the same model. Tec is abun-
dantly expressed in cardiac myocytes and assumes a diffuse intracel-
lular localization under basal conditions but is recruited to striated
structures upon various stimuli, including ATP. To characterize Tec
signaling targets in vivo, we performed an exhaustive proteomic
analysis of Tec-binding partners. These experiments expand the role

of the Tec family in the heart, identifying the Tec isoform as an

ischemic injury-induced isoform, and map the subproteome of its
interactors in isolated cells.

ischemia; tyrosine kinase; proteomics

NONRECEPTOR TYROSINE KINASES are key regulatory molecules in
the heart. Src, the prototypical nonreceptor tyrosine kinase,
participates in numerous signaling events in the heart: it is a
critical component of cardiac protection against ischemia (9,
27) as well as physiological responses to ANG II receptor
stimulation in the cardiovascular system (7). Focal adhesion
kinase (FAK) has an established role in cardiac hypertrophy
(5), in response to angiogenic stimuli (22), or in the setting of
ischemic injury (8). Likewise, the roles of protein tyrosine
kinase PYK2 in hypertrophy (11) and JAK in ischemic injury
and cardiac protection have been previously described (31).
In contrast, the actions of the Tec family of nonreceptor
kinases in the heart are less well characterized. Tec family
members are known to govern lymphocyte proliferation and
the responses of these cells to various forms of receptor
stimulation. The Tec isoform, in particular, couples T cell
receptor (TCR) activation to Ca®* release and the mobilization
of stress kinases (19). Recent studies have implicated another
isoform of the Tec family, Bmx, in angiogenesis and stress
response. Specifically, genetic loss-of-function studies have
shown that Bmx participates in wound healing (18), promotes
angiogenesis and prevents cell death in ischemic skeletal mus-
cle (10), and is a necessary component of compensatory
cardiac hypertrophy at the cell and organ level after transverse
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aortic banding (14). While these observations support a stress-
activated role for the Bmx isoform, a role unique to the Tec
isoform in the heart has not been characterized.

In T cells, Tec is activated by TCR/CD3 or CD28 ligation
and interacts with the CD28 receptor via its SH3 domain (24).
While its expression in primary T cells is lower than that of
IL-2-inducible T cell kinase (Itk), Tec protein levels are sig-
nificantly elevated upon T cell activation, and this change is
sufficient to induce phospholipase C-y phosphorylation and
nuclear factor of activated T cells (26). Some investigations
from noncardiac systems have revealed physical interactions
between Tec and other signaling molecules. Tec interacts with
c-Kit under the influence of stem cell factor in MO7E cells (24)
and other nonreceptor tyrosine kinases such as Lyn, which
phosphorylates Tec in vitro (13). JAK1/2, which coprecipitates
with and phosphorylates Tec in 293T cotransfected cells (21),
has been shown to regulate Tec in heterologous and cell-free
systems. The SHIP family of inositol phosphatases can inhibit
Tec kinase activity and prevent Tec membrane localization in
Jurkat cells (25). Yet, to our knowledge, no unbiased analysis
of Tec signaling partners has been carried out in any system.

In support of a role outside of the immune system, an
examination of Tec tissue distribution via the Human Protein
Adtlas (3) revealed a broad tissue distribution, including expres-
sion in heart muscle and cardiac myocytes, in contrast to other
Tec family members, which exhibited more restricted tissue
distribution. The ramifications of Tec signaling in the intact
heart, however, are unknown. To investigate the role of Tec in
cardiac signaling and to evaluate whether, like Bmx, it is a
stress-activated kinase in this setting, we undertook an exten-
sive characterization of its intracellular actions and signaling
partners. Our data reveal the subproteome of Tec interactors
and demonstrate the activation of Tec after cardiac stress,
setting the groundwork for further investigations of the signal-
ing actions of this family of kinases in the cardiovascular
system.

METHODS

Cloning and transfection. Mouse TeclV ¢DNA (94% amino acid
homology) (13) was subcloned into pcDNA3 with and without the
COOH-terminal FLAG tag (DYKDDDDK). Nontagged Tec was used
as a negative control for all subsequent steps. Transfections of human
embryonic kidney (HEK)-293 cells were performed with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s protocol
in 100-mm dishes. Cells were harvested 48 h after transfection and
lysed with immunoprecipitation buffer containing (in mM) 150 NaCl,
20 Tris-HCI1 (pH 7.4), 1 EDTA, 1 EGTA, 2.5 sodium pyrophosphate,
1 B-glycerophosphate, 1 NazVO., 1 PMSF, and 1 NaF with protease
inhibitor cocktail (Roche) and 1% Triton X-100 alone or with 0.6%
CHAPS.
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Purification of Tec-associated proteins. Transfected cell lysates
were sonicated three times for 10 s and centrifuged at 16,000 g for 10
min. The supernatant was precleared with protein A/G beads (Santa
Cruz Biotechnology) and nonimmune mouse IgG (Santa Cruz Bio-
technology) for 1 h at 4°C. Two different methods were used to purify
Tec complexes, with both methods using nontagged Tec as the
negative control. For immunoprecipitation, precleared lysates were
incubated with protein A/G beads and anti-FLAG-M2 antibody
(Sigma) overnight at 4°C. After three washes with immunoprecipita-
tion buffer, beads were resuspended in Laemmli buffer and boiled.
For FLAG affinity pulldown, precleared lysates were passed 20 times
over a 200-pl column containing anti-FLAG-M2 affinity gel (Sigma).
After a wash with 10 column volumes, Tec complexes were eluted
with 1 ml of 100 pg/ml 3XFLAG peptide (Sigma). The eluate was
concentrated to 30 pl with a 3-kDa MWCO Centricon column
(Sigma). Samples were run on 7% Tris-glycine gels and stained with
Coomassie blue R250.

In-gel trypsin digestion. Purifications of FLAG-tagged Tec and
nontagged Tec were run in adjacent lanes, and, after Coomassie blue
staining, each lane was sectioned into ~15 bands. Gel bands were
washed with 50 mM NH,HCO5-50% acetonitrile twice and once with
acetonitrile. Gel bands were dried in a speedvac and incubated
sequentially with 10 mM Tris(2-carboxy-ethyl)phosphine hydrochlo-
ride-10 mM DTT at 56°C and 100 mM iodoacetamide at room
temperature. Afterward, gel bands were incubated with 20 ng/pl
trypsin for 18 h. Digestion was halted with 5% trifluoroacetic acid.
Gel bands were vortexed and sonicated to extract digested peptides.
The final solution was dried and resuspended in mass spectrometry
(MS) buffer A (2% acetonitrile and 0.1% formic acid).

MS analysis and protein identification. Digested peptides were
separated by reverse-phase nanoflow liquid chromatography (LC) on
an Eksigent HPLC and introduced by electrospray into a Thermo
Fisher LTQ-Orbitrap mass spectrometer operating in data-dependent
mode. Spectra were then searched with the SEQUEST algorithm
against the IPI Human version 3.51 database, and proteins with the
following criteria underwent further analysis (as discussed in RE-
suLts): ACN > 0.1 and Xcorr versus charge state >2 (+1), >3(+2),
>4(+3), and >5(+4). No proteins were accepted on the basis of less
than two peptides, and all spectra used for identification were manu-
ally inspected.

Fresh Isolation 24 hour Culture

Tec Cav-3

Tec SIGNALING IN THE HEART

Bioinformatic analysis of Tec-associated proteins. The molecular
weight, isoelectric point, and grand average of hydropathy of Tec-
interacting subsets were calculated based on the Swiss-Prot ProtParam
tool and in-house software. Disorder prediction was performed using
DISOPRED2 software (29). The reported values for each protein are
the percentage of the molecule that is disordered.

Myocardial ischemia-reperfusion surgery and infarct size analysis.
All experiments involving animals were conducted following proto-
cols approved by the University of California-Los Angeles Institu-
tional Animal Care and Use Committee. Adult (8—12 wk old) male
Balb/c mice were used for all experiments. Anesthesia was induced by
an intraperitoneal injection of pentobarbital (50 mg/kg body wt), and
mice were intubated and mechanically ventilated with 95% 02-5%
CO,, for the duration of the surgical procedure. The animal’s temper-
ature was continuously measured rectally and maintained at 36.5-
37.5°C. After a left thoracotomy between ribs three and four, the
pericardium was opened, and a silk 8-0 suture was passed under the
left anterior descending coronary artery (LAD) 1-3 mm from the tip
of the left atrium. Ischemia was induced by ligation of this suture over
a 2-mm section of polyethylene-10 tubing, which was placed between
the suture and the artery. After 30 min of coronary artery occlusion,
the suture was removed to allow reperfusion, and the chest wall was closed.
After 24 h of coronary artery reperfusion, the animal was anesthetized
with a lethal dose of pentobarbital, and the heart was stopped by an
injection of a bolus of saturated KCl solution. The infarcted region
was determined by retrograde perfusion through the aorta of a 1%
solution of 2,3,5-triphenyltetrazolium chloride in phosphate buffer
(pH 7.4, 37°C), and the risk region was delineated by 1% solution of
blue dye perfusion after reocclusion of the LAD. The heart was then
frozen and sectioned, and individual sections were photographed.
Infarct size was measured by manual tracing using the ImageJ pro-
gram and expressed as a percentage of the area at risk. All surgeries
and image analyses were conducted by different individuals in a
blinded fashion.

Administration of diethylenetriamine/nitric oxide. Mice were given
the known cardiac protective agent diethylenetriamine (DETA)/nitric
oxide (NO) as four consecutive intravenous boluses (0.1 mg/kg each),
each separated by 25 min, or PBS (vehicle) (23, 28). Ischemic injury
was induced 24 h later, as described above (see Fig. 24).

Overlay

Fig. 1. Altered intracellular localization of Tec tyrosine kinase in adult cardiac myocytes. A: adult mouse myocytes were isolated by retrograde perfusion with
collagenase and examined immediately (fresh isolation) or after 24 h in culture. Cells were fixed, and Tec was visualized by immunodecoration, demonstrating
a striated localization pattern that returned to a dispersed, cytoplasmic arrangement after culture. B: colabeling with caveolin (Cav)-3 demonstrated the
localization of Tec to T-tubules, a pattern that reverted to the diffuse cytoplasmic distribution after culture. Bar = 10 M.
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Myocyte isolation, culture, and stimulation. Adult cardiac myo-
cytes were isolated using a protocol by O’Connell and colleagues (16)
with minor modifications. Balb/c mice, injected 20 min before with
0.5 ml heparin, were killed, and their hearts were immediately excised
and retrograde perfused with Tyrode solution followed by collagenase
and type XI protease. The ventricular portion was taken and minced
to separate cells. Additional filtering was done by gravity and a brief
centrifugation, followed by calcium reintroduction and plating onto
laminin-coated coverslips. For the overnight culture, cells were grown
in DMEM (with Hanks balanced salts, 10% FBS, and 100 U/ml
penicillin-streptomycin; 2% CO»). Hypoxia was induced by placing
the culture dishes in an air-tight chamber flushed for 5 min with 95%

=
o
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(% of Control)
& 8

n
o
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o
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E

Control Sham
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Fig. 2. Model of cardiac injury and protection. A:
adult Balb/c mice were subjected to 30 min of
left anterior descending coronary artery occlu-
sion in the presence or absence of the cardiopro-
tective reagent diethylenetriamine (DETA)/nitric
oxide (NO). After 24 h of reperfusion, infarct
size was measured by postmortem tetrazolium
chloride staining in one cohort of mice, whereas
hearts from the other cohort were excised for
biochemical analysis. To investigate temporal
changes in protein abundance after myocardial
ischemia, tissue samples were also harvested
after 30 min and 4 h of reperfusion in separate
groups. B: infarct size analyses in control and
preconditioned mice. Acute myocardial ischemia
and reperfusion [occlusion (O) and reperfusion

30mn0O  DETANO +

24 hrR 30 min O (R)} produced left ventricular infarction, which
24 hrR was significantly reduced by pretreatment with

the NO donor DETA/NO. n = 12 mice/group.
*P = 0.013.

N2-5% CO,. Room air was reintroduced to induce reoxygenation. For
purinergic stimulation, ATP was dissolved directly in PBS, and
adenosine was first dissolved in DMSO and then in PBS.

Sucrose gradient ultracentrifugation of mouse hearts. Mouse
hearts were homogenized with a dounce homogenizer in ice-cold
immunoprecipation buffer containing 1% Triton X-100 (or with the
addition of 0.6% CHAPS and 0.1% deoxycholate; 2 ml buffer/heart).
Homogenates were mixed at 1:1.25 with 80% sucrose and laid at the
bottom of ultracentrifuge tubes. Equal volumes of 35% sucrose and
then 5% sucrose were overlaid. The resulting discontinuous gradient
was centrifuged at 240,000 g for 18 h at 4°C, after which samples
were immediately separated into eight fractions. Proteins were then

IR30 IR4 IR24 DETA/NO

Sucrose Gradient Fractions
2

35 8 8

X-100

CHAPS, DCA

Fig. 3. Tec translocates to Triton X-100 (TX-100)-insoluble fractions after ischemia and reperfusion. A: Tec abundance was measured by Western blot analysis
in ischemic and nonischemic regions of the same heart after solublization in Triton-X100 lysis buffer, which leaves lipid rafts insoluble. A significant decrease
in Tec levels was detected after 30 min of ischemia and 30 min of reperfusion (IR 30 group) in the ischemic zone, whereas Tec was unchanged after 4 h of
reperfusion (IR 4 group) and showed a smaller decrease after 24 h of reperfusion (IR 24 group). CON, control; Sham, mice subjected to sham operation; DTNO,
DETA/NO treatment. n = 3 mice/group. B: quantified results from A. Importantly, these changes were only witnessed in the ischemic region of the heart (solid
bars), not in the nonischemic region (open bars). No differences in basal Tec expression were detected between the base and apex of the heart (data not shown).
DETA/NO treatment alone had no effect on Tec levels. *P < 0.05 vs. control. C: use of zwitterionic (CHAPS) and ionic [deoxycholate (DCA)] detergents and
ultracentrifugation demonstrated the raft association of Tec. Fractions I-8 were collected from the sucrose gradient representing the lowest to highest density.
Note that in the absence of CHAPS and DCA, Tec was distributed across low-density fractions (fop blot), indicative of insolubility, whereas additional detergents

effectively extracted Tec from these low-density fractions (bottom blot).

AJP-Heart Circ Physiol « VOL 299 » SEPTEMBER 2010 - www.ajpheart.org

— 5256 —

1102 ‘g Atenigad uo Bio'ABojoisAyd-lieaydfe wo.ly pepeojumog




H716

chloroform-methanol precipitated and resuspended in Laemmli buffer
for subsequent analyses.

Immunoblot analysis and densitometry. After SDS-PAGE separa-
tion, protein samples were transferred onto nitrocellulose mem-
branes. Polyclonal anti-Tec (sc-1109) was purchased from Santa
Cruz Biotechnology, and GAPDH was purchased from Abcam
(loading control). Detection was performed with horseradish per-
oxidase-conjugated secondary antibodies along with the ECL de-
tection system (GE Healthcare). Films underwent densitometric
analysis with Imagel.

Immunofluorescence-based confocal microscopy for in situ analy-
sis of Tec localization. Isolated cardiomyocytes were plated on lami-
nin-coated coverslips, cultured and stimulated as described above,
fixed with paraformaldehyde, blocked in 5% milk and 1% serum, and
incubated with anti-Tec or anti-caveolin-3 (Santa Cruz Biotechnol-
ogy) overnight. Secondary antibody was added for 1 h, and, after a
wash, coverslips were mounted on slides. Labeling was visualized
with an Olympus Fluoview 1X70 confocal microscope.

RESULTS

Tec exists in two distinct subcellular locations in cardiontyocytes.
Previous investigations have demonstrated the expression of

A B

Normoxia

Hypoxia

Hypoxia
+ Reoxygenation §

PBS

20uM ATP
5 min

2mM ATP &
5 min ¢
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Tec in the rat heart, but the subcellular localization of this
isoform in the mouse heart was unclear. We observed, by
Western blot analysis, abundant expression of a single species
of Tec protein in whole heart lysates as well as in isolated adult
mouse cardiac myocytes. Tec expression was not significantly
different in the atria or ventricles or in the base or apex of the
heart (data not shown), as will become germane below in the
analysis of the injured myocardium. To evaluate Tec subcel-
lular localization in cardiac cells, we used antibody labeling
and confocal microscopy. After calcium reintroduction, myo-
cytes were either immediately fixed with paraformaldehyde or
cultured for 24 h and then fixed. Interestingly, freshly isolated
cardiac cells exhibited a striated Tec expression pattern (Fig. 14; con-
firmed by caveolin-3 colocalization in Fig. 1B) that returned,
after 24 h of culture, to a diffuse cytoplasmic localization (Fig.
1A4). Based on these observations, we reasoned that the tran-
sient striated localization may be the result of the stress of
isolation and that the cytoplasmic pattern is the endogenous
basal state of Tec localization (in agreement with this conclu-
sion, the analysis of Tec localization in cardiac tissue sections
revealed a diffuse, nonstriated, cytoplasmic distribution; see

PBS

+100 uM TA

Fig. 4. Tec exhibits a striated localization pattern after adenine nucleotide stimulation. Adult mouse myocytes were isolated and cultured for 24 h, after which
they were subjected to hypoxia alone (95% N2-5% COx for 1.5 h), hypoxia plus 1.5 h of reoxygenation, or ATP/adenosine stimulation. Tec localization was then
evaluated by immunolabeling and confocal microscopy. A: hypoxia alone or with reoxygenation produced no discernable alterations in Tec localization. B: ATP
stimulation induced Tec translocation to structures resembling T-tubular striation (left; adenosine treatment produced similar effects, not shown). PBS vehicle
was used as a control. Inhibition of Tec with terreic acid (TA) blocked this translocation (right panels). Bar = 5 pm. Please see Supplemental Fig. 5 for

lower-magnification images.
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Supplemental Fig. 1).! To further test this possibility, we
examined Tec expression in a model of ischemia-reperfusion
injury in the mouse as well as in isolated myocytes after
culture.

Ischemic injury, but not the cardiac protective agent DETA/
NO, induces the translocation of Tec. To explore the role of
Tec in normal and diseased hearts, we used an established
model of regional myocardial ischemia and pharmacological
cardiac protection. Thirty-minute ligation of the LAD followed
by 24-h reperfusion produced myocardial infarction in Balb/c
mice (31.68 = 6.2% region at risk; Fig. 2B). Pretreatment with
four intravenous boluses of DETA/NO (Fig. 2A) recapitulated
the well-documented cardiac protective effect of this NO donor
(infarct size was 15.1 = 2.9% region at risk; Fig. 2B), as
previously demonstrated with other mouse strains (28) and
originally described in rabbits (23). Region at risk measure-
ments were not significantly different between the two groups
(data not shown).

To evaluate Tec abundance, we repeated the ischemic injury
experiments in another cohort of mice and divided the hearts
postmortem into nonischemic and ischemic regions based on
the location of the LAD ligature. As such, the apex region was
considered ischemic and the base nonischemic. After 30 min of
ischemia and 24 h of reperfusion (the time of infarct size
analysis), there was a modest (19.2%) but significant decrease
in Tec abundance (blots in Fig. 3A and quantification in Fig.
3B). However, we observed a much greater decrease (43.9%)
in Tec abundance after only 30 min of reperfusion, whereas
there was no difference from control after 4 h of reperfusion or

! Supplemental Material for this article is available online at the American
Journal of Physiology-Heart and Circulatory Physiology website.
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after treatment with DETA/NO. Strikingly, these changes took
place only in the ischemic region (open bars) and not in the
nonischemic region (solid bars) of the heart (Fig. 3B).

To our knowledge, there is no evidence of a tyrosine kinase
undergoing such rapid degradation, and, in support of this,
cardiac injury did not produce any lower-molecular-weight
species of Tec protein as detected by Western blot analyis. Our
initial experiments (Fig. 3, A and B) were performed in Triton
X-100, in which lipid rafts are insoluble. To test whether Tec
may be localizing to these rafts, which have been shown to be
important compartments for cardiovascular signaling (17),
hearts were homogenized in Triton X-100 lysis buffer with or
without the addition of 0.6% CHAPS and 0.1% deoxycholate.
Lysates were mixed with 80% sucrose, on top of which equal
volumes of 35% and 5% sucrose were successively layered.
After ultracentrifugation (18 h at 240,000 g), each tube was
divided into eight fractions, where the first fraction was the
lowest density and the eighth fraction was the highest density.
Immunoblot analysis with anti-Tec demonstrated two popula-
tions of Tec: one associated with lighter membrane-enriched
fractions and the other associated with denser protein-rich
fractions (Fig. 3C, fop). The addition of CHAPS and deoxy-
cholate, detergents known to solubilize membrane proteins,
resulted in the loss of the membrane-associated Tec population
(Fig. 3C, bottom).

Purinergic stimulation, but not hypoxia, induces transloca-
tion of Tec in cardiac cells. Having established the activation
of Tec in the ischemic myocardium, we sought to further
explore the triggers for its translocation at the cellular level.
Because a major injurious component of ischemia is hypoxia,
we first examined the effect of this stress on Tec localization.
Myocytes were isolated as described above, cultured for 24 h,

A B \
Transfect Tec Extract peptides,
NT FLAG LN 0 run LC/MS/MS
190 | \L (Orbi trap)
70
120
50 \1/
85
\1’ Acquire
40 %0 Spectra

20

Column r 1P

Isolate Tec-associated
proteins (IP, chrom)

\ y

Separate Tec-associated SEQUEST-based
proteins or control pull- database searching,
down by SDS-PAGE & ZE s, protein identification

In-gel trypsin digestion

y \

Manual annotation

Fig. 5. Proteomic dissection of Tec tyrosine kinase signaling. A: Tec-associated proteins were purified by FLAG tag-based chromatography (leff) or
immunoprecipitation (IP; right). Cells transfected with nontagged Tec (NT) were used as a negative control. Proteins were separated by SDS-PAGE, and gels
were stained with SYPRO. B: workflow for proteomic analyses. Human embryonic kidney-293 cells were transfected with pcDNA3 containing the
Tec-COOH-FLAG insert (or pcDNA3 with untagged Tec as a control). Forty-eight hours later, cells were lysed and subjected to either FLAG IP using
anti-FLAG-M2 antibody or column purification with FLAG affinity beads. Tec-associated proteins were separated by SDS-PAGE and stained with Coomassie
blue. Protein bands were excised, digested with trypsin, and analyzed with liquid chromotography (LC)/mass spectrometry (MS)/MS on an Orbi-trap. Protein
identification was carried out by database searching using the Sequest algorithm. Results from both purification processes were merged and then filtered.
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and placed in a hypoxic chamber flushed with 95% N»-5% CO,
for 1.5 h with or without 1.5 h of reoxygenation (room air).
Hypoxia alone or with reoxygenation had no effect on Tec
localization (Fig. 44), although this same stimulus induced the
nuclear localization of hypoxia-inducible factor (HIF)-1a in
neonatal rat ventricular myocytes (Supplemental Fig. 2) and
cell death, demonstrating that the hypoxic stimulus was suffi-
cient to cause injury. Treatment with H,O», to reproduce the
ROS present during ischemia, also had no effect on Tec
localization in the time courses we examined (Supplemental
Fig. 3). However, purinergic stimulation by ATP (Fig. 4B) or
adenosine (Supplemental Fig. 3) induced Tec translocation to
striated structures resembling T-tubules. This translocation was
inhibited by terreic acid, a Tec family PH domain inhibitor,
implicating this domain of Tec in the interaction and support-
ing the role of lipid membranes in the altered association.
Unbiased mapping of Tec-interacting proteins by affinity
isolation and LC/MS/MS. To better understand the in vivo
signaling roles of the Tec family of tyrosine kinases, we used
proteomic MS to examine proteins associated with the Tec
isoform. Because it is abundantly expressed in the heart, we
first sought to capture endogenous Tec interactors via immu-
noprecipitation from mouse hearts using an anti-Tec antibody.
After MS analyses, this approach revealed many proteins
specific to the Tec pulldown compared with the IgG control;
however, the target itself (Tec) was not recovered at levels
detectable by MS. We obtained similar results after immuno-
precipitations for endogenous Tec from isolated mouse cardiac
myocytes and fibroblasts. From a standpoint of protein inter-
action stoichiometry, we reasoned that while some of these
interactors may be real, the isolation-detection approach was
inappropriately selecting for abundant proteins. To overcome
this limitation, we shifted our analyses to a HEK-293 cell-
based system using a pcDNA3 vector containing Tec with and
without a COOH-terminal FLLAG tag. This approach afforded
two methods of purification (Fig. 5): 1) immunoprecipitation
with anti-FLAG-M2-bound protein A/G beads and elution by
boiling and 2) column purification with FLAG affinity beads
and competitive elution by 3X FLAG peptide. As a negative
control, both types of FLAG purification were carried out on
cells transfected with untagged Tec. Both methods of FLAG
purification were performed in triplicate, and protein bands
were examined along the continuum of the gel from experi-
mental and control lanes. Importantly, this method allowed for
MS identification of the target protein (Tec) at stoichiometric
levels similar to the novel interactors we report below. Thus,
while this method for protein identification was quite stringent
and may have missed transient interactions, we feel that the
rigor of this approach enhanced the validity of the results.

H719

Tec interactors were filtered based on peptide count and
analyzed with bioinformatics. Protein bands from Tec isola-
tions (or untagged controls) were digested with trypsin and
peptides analyzed by LC/MS/MS. Peptide spectra were
searched against the human IPI database using the SEQUEST
algorithm. To decipher distinct tiers of proteins interacting
with Tec, we examined those detected with greater than or
equal to five peptides or with greater than or equal to two
peptides as indicators of the relative abundance of the protein
in the Tec complexes (see the Supplemental Table for exten-
sive experimental parameters on Tec-interacting proteins, in-
cluding domain and functional annotation). In each case, we
required that the protein was identified with the given number
of peptides in more than one biological replicate (all identifi-
cations come from at least 2 technical and 2 biological repli-
cates) and that the protein was not detected in the parallel
negative control run. These experiments are the first to exam-
ine the signaling network of a member of the Tec family of
tyrosine kinase using a nonbiased proteomic approach and
provide the foundation for further studies of newly identified
members of this network.

DISCUSSION

Since its discovery more than a decade ago, Tec tyrosine
kinase has been the focus of extensive investigations in the
immune system. Tec participates in proliferative signaling and
differentiation in lymphocytes, whereas other members of the
Tec family have been attributed specific signaling tasks in
intracellular processes as varied as calcium signaling and
apoptosis (19). Outside of the lymphocyte, however, the ac-
tions of Tec are less clear.

Several lines of evidence have pointed to a conserved role of
nonreceptor tyrosine kinase signaling in cardiac growth and
protection. However, the actions of the Tec family, in partic-
ular, have remained unexplored. One key study (4) has shown
that Tec is activated in rat neonatal cardiomyocytes, whereas
Bmx has been shown to participate in NO-induced cardiac
protection (32) and pressure-overload-induced cardiac hyper-
trophy (14). We therefore hypothesized that Tec may be a
stress-activated tyrosine kinase in the heart and have conducted
extensive characterization of this isoform in the heart and
isolated myocytes.

Role of Tec in myocardial ischemia. Tec protein is abun-
dantly expressed in both the mouse heart and myocytes, in
contrast to other members of the family, such as Bmx. To
investigate whether the Tec isoform is involved in cardiac
stress in vivo, we examined Tec abundance after ischemia-
reperfusion in the mouse. Again, in contrast with Bmx (32),

Fig. 6. Subsets of interactors within the Tec signaling network. MS data were acquired on proteins associating with Tec (Fig. 5) and, after an analysis with distinct
protein identification criteria, revealed two subsets of Tec interactors. Subset A was defined as interactors with I) identification by =5 peptides in =2 purification
runs and 2) never being identified (with 5 peptides) in a control run. Subset B was defined as interactors with 7) identification by =2 peptides in =2 purification
runs and 2) never being identified (with 2 peptides) in a control run. A: physicochemical analysis of each tier of Tec interactor compared with the entire tandem
MS-detectable proteome (as calculated from human IPI database version 3.51). Two other published experimental subproteomes with relevance to Tec signaling,
Src (2) and CDC37 (20), are shown for comparison. MW, molecular weight; pl, isoelectric point; GRAVY, grand average of hydropathy. B: percentages of
disordered regions in individual proteins from the various proteomes in our study as predicted by the DISOPRED2 algorithm. C: based on the UniProt annotations
of subset A and B proteins, subcellular localization and protein function were visually represented. In the Venn diagram, percentages correspond to the portion
of interactors with annotated localization in the three cellular compartments enriched in this data set. In the word cloud, proteins are grouped with relevance to
cellular processes, and the font size corresponds directly to the number of proteins with the given annotation.
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Tec was unaltered by NO donors. However, ischemia induced
a transient decrease in Tec abundance, and our data suggest
that this results from an altered association of the protein with
lipid membranes. Willey and others (30) have described a
similar membrane translocation by Bmx in the pressure-over-
loaded feline myocardium. In support of this observation,
confocal microscopy clearly revealed two distinct populations
of Tec, in the myocyte—diffuse cytoplasmic and striated
T-tubular—and showed that after the stress of myocyte isola-
tion, Tec transiently relocates to the latter. It is interesting to
speculate that this change at the cellular level recapitulates that
changes in Tec abundance seen in the mouse heart, but addi-
tional studies with in vivo tracking of Tec over time will be
necessary to test this hypothesis. Thus, Tec is clearly involved
in the temporal response of the heart to ischemia-reperfusion.
Because Tec is also expressed and active in inflammatory cells,
an alternative explanation for the increase in Tec abundance
that effectively returns the relative levels close to the uninjured
baseline is an increased contribution of Tec protein to the
myocardial lysate from inflammatory cells that have infiltrated
the injured myocardium during reperfusion. Testing this inter-
esting possibility will require future in vivo fate mapping
studies that allow us to distinguish different cell types and to
correlate Tec abundance in these cells.

Tec is not activated in myocytes stimulated by hypoxia or
ROS. Having demonstrated the involvement of Tec in ische-
mia-reperfusion injury to the heart, we next sought to further
explore the activation at the cellular level. Hypoxia and ROS
are two injurious components of ischemic stress commonly
used in isolated cells to simulate ischemia. To our surprise,
neither hypoxia nor H>O, in any of the treatment combinations
we administered were sufficient to induce alterations in Tec
intracellular localization detectable by microscopy. It remains
an open question, however, as to how these stresses alter Tec
enzymatic activity and association with intracellular signaling
partners. It is interesting to note one Tec interactor we discov-
ered is HIF-1a, a critical participant in hypoxic stress. While
there have been no previous reports of this interaction, phos-
phatidylinositol 3-kinase has been shown to independently
signal to Tec and lead to HIF-1a protein accumulation (15).

Tec is involved in purinergic stimulation. Adenosine and
other purine nucleotides are released during ischemia-reperfu-
sion (6). Bony et al. (4) made the observation that transfected
Tec-green fluorescent protein displayed T-tubule localization
in ATP-treated neonatal rat ventricular myocytes. The actions
of endogenous Tec in the setting of adult cardiac myocytes,
however, remains unknown. We observe T-tubular localization
of endogenous Tec after ATP, similar to the observations of
Bony et al., and documented, for the first time, the transloca-
tion of endogenous Tec in adult cardiac cells.

Tec is inhibited by terreic acid. Terreic acid was originally
characterized as a direct Btk PH domain inhibitor (12). Al-
though Itk inhibition has been concurrently reported at a higher
inhibitor concentration, to our knowledge, the present study is
the first to demonstrate that terreic acid inhibits Tec membrane
translocation in isolated cells. Because the Tec and Btk PH
domains are nearly identical, it is likely that this domain is
necessary for Tec membrane localization. However, protein
structure data on the Tec family remain sparse, and further

Tec SIGNALING IN THE HEART

research in this area is required to fully understand the mech-
anism of terreic acid inhibition of the Tec family kinase PH
domain.

Defining the intracellular signaling actions of Tec. The
FLAG-based affinity isolation approach presented here is re-
producible, specific, and does not disrupt interactors that may
be affected by antibody binding, as in the case with immuno-
precipitation. The drawbacks of this approach include the use
of a heterologous system, and so the observations we made in
the present study for Tec interactors must be confirmed in
distinct cell types of interest in the future. Another concern is
that some interactors may have escaped our rigorous identifi-
cation criteria either because they are present at substoichio-
metric levels (such as the known interactor Src, which was
only identified with lower threshold search criteria) and/or
have a transient association with Tec. The higher threshold list
reported in the present study was arrived at by an unbiased
analysis of the data from multiple independent biological and
technical replicates, decreasing the likelihood of false positive
identifications (see the Supplemental Table for detailed domain
and functional annotation of Tec interactors). Additionally,
while several of the Tec-interacting proteins in subsets A and B
are shared, such as ArfGAP with coiled-coil, ankyrin repeat
and PH domains (ACAP)-2 (a PH domain containing GTPase)
and tropomodulin (an actin regulatory protein), most of these
proteins are distinct between the two subsets. We interpret this
observation as a result of the distinct identification criteria
selecting for proteins with different types of association with
Tec. Subset A is more stringent from the standpoint of requir-
ing a greater level of total peptides to be included for positive
identification (higher inclusion threshold) and thus would se-
lect based on the total abundance of the protein. In contrast,
subset B is more stringent from the standpoint of requiring
fewer peptides in a control run to eliminate the protein (lower
exclusion threshold in negative controls) and thus would be
expected to select for proteins with a greater specificity in their
interaction with Tec (although perhaps with lower abundance).
Future in vitro protein interactions studies will be required to
test this conjecture, but these distinct levels of interactions are

Fig. 7. Proposed mechanism of Tec signaling in the myocardium. A previous
study (1) and our data suggest that stress-induced Tec activation is concomitant
with a loss of regulation by phosphatases, followed by membrane localization.
We propose that this translocation brings Tec into apposition with signaling
partners, some of which have been identified in the present study.
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presented here to give the most information about Tec inter-
actors along with the appropriate level of experimental confi-
dence.

HIF-1c, identified as a Tec interactor in this study, is an
important mediator of adenosine nucleoside-induced neuropro-
tection in hypoxia-stimulated PC12 cells (34). Since Tec is
activated by adenosine nucleotide stimulation in cardiomyo-
cytes, it may participate in HIF-1e signaling during cardiac
protection. Another interactor, CDC37, is an emerging heat
shock protein 90 cochaperone whose client proteins are pre-
dominantly kinases (20). Also among the interactors we found
was Rho kinase 1 (ROCK1), an immediate downstream kinase
effector of RhoA GTPase. A recent knockout study (33) has
indicated a critical role for ROCKI1 in reactive fibrosis during
pressure-overload hypertrophy. The specifics of how Tec may
contribute to this process are unclear, but this observation is
consistent with Tec’s proliferative role in cell signaling and its
abundant expression in fibroblasts. Finally, we found many
structural proteins, such as ankyrin, spectrin, and clathrin, and
many muscle contraction-associated proteins.

To mine for bioinformatic insights into the Tec subpro-
teome, we examined how the physical-chemical properties of
Tec interactors compare with the entire tandem MS-detectable
proteome (i.e., the IPI database). The distributions of Tec
interactors were not dramatically different from the IPI data-
base for the metrics of molecular weight, isoelectric focusing
point, and hydropathy score; however, Tec interactors differed
significantly from the IPI database proteome in the area of
protein disorder (Fig. 6), in which the Tec subproteome was
populated by a significant number of proteins with extensive
regions of disorder. Some investigators (29) have postulated
that protein disorder is correlated with multifunctionality for
protein interaction surfaces—the exact type used in signal trans-
duction. It is worthwhile to note that Src (a homologous
tyrosine kinase from a different family) and CDC27 (a Tec
interactor identified in this study) subproteomes also had sim-
ilar bias toward disorder.

We recognize that some of the most interesting aspects of
the subproteome of Tec-associated signaling proteins remain
unknown, including how it changes with stimulation and sub-
cellular location. Indeed, these end points are the focus of
ongoing work. However, the present study presents the first
nonbiased analysis of Tec interactors in any cell type and sets
the groundwork for the future investigation of cell- and stim-
ulus-specific changes. Furthermore, we presented a rigorous
and detailed methodological description of how protein inter-

~actions were determined (and false positives ruled out), which
will inform future investigations of Tec and other signaling
proteins via proteomics.

Summary and outlook. This study demonstrates the activa-
tion of endogenous Tec tyrosine kinase in mouse cardiac cells,
illustrating similarities and differences with other Tec family
members (Bmx in particular) as well as other nonreceptor
tyrosine kinases from other protein families in myocardial
jschemia and protection. This investigation provides the first
global map of Tec-interacting proteins in any cell type. A
model that emerges from this and other work is one in which
a negative regulatory process (such as a tyrosine phosphatase)
physically interacts with Tec kinase in an autoregulatory mech-
anism (Fig. 7) (25). Release from this cycle by stress stimuli

H721

allows Tec to associate with lipid membranes and regulate
target proteins. Future studies will be necessary to test this
model in detail in cardiac myocytes as well as to reveal the
nuances of how Tec signals to different in vivo cellular targets.
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The Tec protein tyrosine kinase (PTK) belongs to a group of structurally related nonreceptor PTKs that
also includes Btk, Itk, Rlk, and Bmx. Previous studies have suggested that these kinases play impor-
tant roles in hematopoiesis and in the lymphocyte signaling pathway. Despite evidence suggesting the
involvement of Tec in the T-lymphocyte activation pathway via T-cell receptor (TCR) and CD28, Tec’s
role in T-lymphocytes remains unclear because of the lack of apparent defects in T-lymphocyte function
in Tec-deficient mice. In this study, we investigated the role of Tec in human T-lymphocyte using the
Jurkat T-lymphoid cell line stably transfected with a cDNA encoding Tec. We found that the expression of
wild-type Tec inhibited the expression of CD25 induced by TCR cross-linking. Second, we observed that
LFM-A13, a selective inhibitor of Tec family PTK, rescued the suppression of TCR-induced CD25 expres-
sion observed in wild-type Tec-expressing Jurkat cells. In addition, expression of kinase-deleted Tec did
not alter the expression level of CD25 after TCR ligation. We conclude that Tec PTK mediates signals that
negatively regulate CD25 expression induced by TCR cross-linking. This, in turn, implies that this PTK

plays a role in the attenuation of IL-2 activity in human T-lymphocytes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The activation and development of lymphocytes are regulated
by the engagement of cell surface immune cell antigen receptors.
Following receptor engagement, these receptors transmit signals
by the activation of cytoplasmic protein tyrosine kinases (PTKs),
such as Src, Syk, and Tec families [ 1,2]. The Tec family PTKs are non-
receptor PTKs including Tec, Btk, Itk (Emt/Tsk), Rlk (Txk), and Bmx
(Etk). They are typically characterized by a pleckstrin-homology
domain, a Tec-homology domain, Src homology domains (SH2 and
SH3), and a kinase domain [3,4]. The biological importance of the
Tec PTK subfamily was first confirmed in B-lymphocytes by the
finding that Btk is essential for B-cell development [5,6] and that
mutations in Btk cause X-linked agammaglobulinemia (XLA) in
humans and B-cell defects in xid mice [7-10]. For T-cells, mice
lacking Itk exhibited decreased numbers of mature thymocytes
and reduced proliferative responses to both allogeneic major histo-
compatibility complex stimulation and T-cell receptor (TCR) cross-
linking [11]. In addition, TCR-induced phosphorylation and activa-

* Corresponding author. Tel.: +81 87 891 2145; fax: +81 87 891 2147.
E-mail address: hdobashi@med kagawa-u.acjp (H. Dobashi).

0165-2478/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/1.im1et.2009.10.009

tion of PLC~y are reduced in T-cells lacking Itk [12]. According to
early observations, it has been speculated that the functions of Btk
and Itk are essentially related to B- and T-lymphoid development
and activation, respectively, while Tec participates mainly in signal-
ing pathways regulating myeloid cell growth and differentiation.

In our previous studies, we revealed Tec’s contribution to anti-
gen receptor signaling in B-lymphoid cells. Ligation of the B-cell
receptor (BCR), CD19, and CD38 caused tyrosine phosphorylation
of Tec and increased Tec PTK activity [13]. Tec’s important role in
B-cells was further confirmed by the generation of Tec/Btk double-
deficient mice exhibiting an early block in B-cell development and
a severe reduction in peripheral B-cell numbers [14]. In T-cells,
TCR stimulation induces the activation of Itk {15], Rk [ 16}, and Tec
[17]. In addition, the ligation of T-cell costimulatory receptor CD28
also activates Itk [18]} and Tec [17]. In primary splenocytes from
5C.C7 TCR-transgenic mice, depletion of Tec using an antisense
oligonucleotide treatment reduces IL-2 production in response to
TCR ligation [19]. Studies using the Tec-transfected Jurkat human
T-lymphoid cell line proposed the unique roles of Tec in T~cell acti-
vation {17,20]. However, purified T-cells from Tec-deficient mice
were reported to have no apparent defects in TCR or CD28 signal-
ing [14]. Thus, it is still an open question whether or not Tec is
essential in the signaling pathway of T-lymphoid cells.
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In the present study we investigated Tec’s role in human T-
lymphoid cells using a Jurkat cell line stably transfected with a
cDNA encoding Tec. We found that the expression of wild-type
Tec inhibited the expression of CD25 induced by TCR cross-linking.
Second, we observed that LFM-A13, a selective inhibitor of Tec
family PTK, rescued the suppression of TCR-induced CD25 expres-~
sion observed in wild-type Tec-expressing Jurkat cells. In addition,
expression of kinase-deleted Tec did not alter the CD25 expression
level after TCR ligation. We conclude that Tec PTK activity medi-
ates signals that negatively regulate CD25 expression induced by
TCR cross-linking in human T-lymphocytes.

2. Materials and methods
2.1. Reagents and cells

The rabbit polyclonal anti-Tec antibodies were previously
described [13]. A monoclonal antibody to phosphotyrosine (PY99)
and goat antisera to Tec were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Monoclonal anti-CD3 antibody (OKT3) was
obtained from Janssen Pharmaceutical (Tokyo, Japan). Monoclonal
anti-CD28 antibody was from Immunotech (Marseille, France). PE-
conjugated anti-CD25 antibody and FITC-conjugated anti-CD69
antibody were from Dako (Glostrup, Denmark). LFM-A13 (a-cyano-
b-hydroxy-b-methyl-N-(2,5-dibromophenyl) propenamide) was
from Calbiochem (San Diego, CA). LFM-A13 was dissolved in
dimethyl sulfoxide (DMSO) and aliquots were stored at —30°C.
The final concentration of DMSO was less than 0.5% for all experi-
ments. DMSO at this concentration had no discernible effect on cell
growth or surface marker expression profiles, including CD3 and
CD25 expression (datanotshown). All other agents were purchased
from commercial sources.

The Jurkat human T-lymphoid cell line was a generous gift from
Dr. D. Campana (St. Jude Children’s Research Hospital, Memphis,
TN). Jurkat cells were maintained in RPMI-1640 (Sigma, St. Louis,
MO) with 10% fetal calf serum, L-glutamine, and antibiotics.

2.2, Immunoprecipitation, electrophoresis, and Western blotting

The cells were lysed in lysis buffer (50mM Tris~HCl [pH
7.5, 150mM NaCl, 1% [vfv] Triton X-100, 1mM NazVOy,
1mM phenylmethyl-sulfonyl fluoride, 5 pug/ml aprotinin, 1 mM
EDTA-2ZNa). Immunoprecipitation and Western blotting analysis
were performed as described previously [13]. The experiments
were repeated independently at least three times.

2.3. DNA constructs and electroporation conditions

The construction of pSR expression vector containing cDNA of
wild-type Tec (TecWT) and kinase-deleted Tec (TecKD) has been
described elsewhere [21]. Jurkat cells (5 x 10%/experiment) were
subjected to electroporation with 30 g of pSR or pSR containing
TecWT or TecKD, as described previously {22]. Transfected cells
were selected after 2 weeks’ culture in the presence of 5 pg/ml of
blasticidin S hydrochloride (Funakoshi, Tokyo, Japan). Blasticidin-
resistant clones were expanded and screened for Tec expression
by means of immunoprecipitation and Western blotting. Individ-
ual clones were cultured and were analyzed as a mixture of clones
to avoid clonal variations.

2.4. Stimulation of T cells

Anti-CD3 antibody (2 pg/ml) was incubated in 24-well flat-
bottom plates at 4°C for 16h for immobilization to the bottoms
of the plates. The plates were washed twice to remove excess anti-
bodies. Cells were incubated in each well of anti-CD3-coated plates

at 37°C in 5% CO, with 90% humidity for indicated periods. At the
termination of the cultures, the cells were harvested, suspended
in PBS, and subjected to further analysis. The experiments were
repeated independently at least three times.

2.5. Flow cytometric analysis

The surface phenotypes of the cells were examined by flow
cytometry as described previously [23]. Briefly, collected cells were
incubated with a specific fluorescent-conjugated monoclonal anti-
body or control mouse IgG on ice for 30 min. After two washes with
PBS, cells were analyzed with an EPICS XL flow cytometry system
equipped with EXPO32 ADC software (Beckman Coulter, Miami,
FL). The experiments were repeated independently three times.

2.6. Quantification of IL-2

To measure IL-2 production, Jurkat cells were cultured in
24-well plates at 1x 108 cells/ml, 1 ml/well and stimulated with
2 pg/ml anti-CD3 plus 2 pg/ml anti-CD28 monoclonal antibodies,
or 50 ng/ml PMA and 1 uM ionomycin for the positive control cul-
tures. After 24 h culture, IL-2 secreted in the culture supernatant
was measured using Quantiflow Human IL-2 Immunoassay kits
(BioE, St. Paul, MN) according to the manufacturer’s instructions.
The experiments were repeated independently at least three times.

2.7. RT-PCR analysis
RT-PCR analysis was performed as described previ-

ously [24]. For amplification of the cDNA products, the
following oligodeoxynucleotide primers were used: CD25

primers, 5-GGGATACAGGGCTCTACACAG-3’ (sense) and
5-ACCTGGAAACTGACTGGTCTC-3' (antisense); B-actin
primers, 5-ATCATGTTTGAGACCTTCAA-3' (sense) and 5'-

GATGTCCACGTCACACTTCA-3' (antisense). The PCR product was
resolved by agarose gel electrophoresis and analyzed by means
of densitometric analysis, and the fold increase in the CD25 cDNA
level was normalized to the B-actin product. The experiments
were repeated independently at least three times.

2.8. Statistical analysis

Data were analyzed by Student’s t-test; P<0.05 was considered
to indicate a statistically significant difference.

3. Results
3.1. Ectopic expression and activation of Tec in Jurkat cells

As we reported previously, Jurkat cells lack endogenous Tec
expression [13,25], making this cell line a useful model for studying
the role of Tec in human T-cell biology. To investigate the role of
Tec in human T-lymphoid cells, we introduced Tec cDNA to Jurkat
cells. Clonal Jurkat cells expressing Tec protein (Jurkat-TecWT cells)
were obtained after transfection and a subsequent series of limiting
dilution procedures (Fig. 1a). In contrast, proteins in the anti-Tec
immunoprecipitates from mock-transfected Jurkat cells (Jurkat-
Mock cells) did not react with anti-Tec antibody (Fig. 1a). Ligation
of TCR or CD28 is known to induce tyrosine phosphorylation of
intracellular proteins in T-lymphoid cells, including Jurkat cell lines
[1]. To determine whether or not the signaling pathways trig-
gered by TCR or CD28 ligation were affected by the presence of
Tec, intracellular protein tyrosine phosphorylation was analyzed by
Western blotting using anti-phosphotyrosine antibody. As shown
inFig. 1b, in Jurkat-TecWT cells the ligation of CD3 or CD28 induced
tyrosine phosphorylation with molecular weights and intensities
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Fig. 1. Ectopically expressed Tec is activated following cell surface receptor cross-linking in Jurkat cells. (a) Cell lysates of Jurkat-Mock cells and Jurkat-TecWT cells were
subjected to immunoprecipitation with anti-Tec antibody. Proteins were separated by SDS-PAGE and transferred to a PVDF membrane. The membrane was probed with
anti-Tec polyclonal antibody. The positions of Tec and molecular mass markers (in kDa) are indicated. The intense band of approximately 50 kDa corresponds to the Ig heavy
chain of the antibody used for immunoprecipitation. (b) Jurkat-Mock cells and Jurkat-TecWT cells were stimulated with control IgG, anti-CD28, or anti-CD3 for 5 min. Total cell
lysates (TCLs) and proteins immunoprecipitated with anti-Tec (Tec IP) from these lysates were separated by SDS-PAGE and transferred to a PVDF membrane. The membrane
was probed with anti-phosphotyrosine antibody (anti-pTyr; upper panel), then stripped and reprobed with anti-Tec polyclonal antibody (lower panel). The positions of Tec

and molecular mass markers (in kDa) are indicated.

similar to those seen in Jurkat-Mock cells. Thus, the ectopic expres-
sion of Tec did not affect the overall profile and magnitude of the
tyrosine-phosphorylated proteins, at least to an extent detectable
by Western blotting. To determine whether or not TCR signaling
" activated transfected Tec in Jurkat cells, we examined Tec tyro-
sine phosphorylation after cross-linking the TCR with an anti-CD3
antibody. In contrast to the lack of a significant effect of Tec expres-
sion on the overall pattern of tyrosine phosphorylation, exposure
to anti-CD3 antibody markedly increased tyrosine phosphoryla-
tion of Tec in Jurkat-TecWT cells (Fig. 1b). Stimulation of cells with
anti-CD28 also triggered the tyrosine phosphorylation of Tec. Thus,
activation of transfected Tec by ligation of T-cell-specific surface
molecules was confirmed in Jurkat-TecWT cells. No tyrosine phos-
phorylation signal was detected in anti-Tec immunoprecipitates
obtained from Jurkat-Mock cells (Fig. 1b).

We next examined the effect of Tec expression on Jurkat cell
surface marker expression. The cell surface antigenic phenotype of
Jurkat-TecWT cells was investigated by flow cytometry and com-
pared with that of Jurkat-Mock cells. No apparent differences were
observed in the expression of T-lymphoid cell markers and the acti-
vation markers examined, such as, CD1, CD2, CD3, CD4, CD8, CD25,
CD28, and CD69, indicating that Tec expression had a minimal effect
on the basal expression of representative T-cell surface proteins
(data not shown).

3.2. Effect of Tec on IL-2 production

Because Tec overexpression in Jurkat cells has been reported
to enhance IL-2 production and can induce TCR-mediated phos-
pholipase Cy (PLC~y) phosphorylation and NFAT (nuclear factor
of activated T-cells) activation [17,19,20,26,27], we attempted to
replicate those findings with Jurkat cells stably transfected with
Tec. Unexpectedly, exposure of Jurkat-TecWT cells to anti-CD3 plus
anti-CD28 resulted in low levels of IL-2 production in both Jurkat-
Mock cells and Jurkat-TecWT cells, without significant differences

between the two cell types. In one experiment, after 24 h of incuba-
tion, 36 pg/ml IL-2 with anti-CD3 plus anti-CD28 stimulation versus
845 pg/ml IL-2 in control cultures with 50 ng/ml of PMA and 1 uM
ionomycin were detected in the supernatant of the Jurkat-Mock cell
culture, while 10 pg/ml IL-2 versus 850 pg/ml IL-2 was detected in
the Jurkat-TecWT cell culture. Low IL-2 secretion in response to TCR
stimulation was reproduced in both cell lines in repeated exper-
iments. The addition of IL-2 at concentrations below 100 pg/ml
had no influence on CD25 expression in either Jurkat-Mock cells
or Jurkat-TecWT cells (data not shown).

3.3. Tec downregulates CD25 expression

CD25 is an essential component of high-affinity 1L-2 recep-
tors {28,29]. Although several investigators have proposed the
possibility that Tec is involved in the IL-2-producing machinery
[4,17,19,20,26,27,31,32,35], little is known about the relationship
between Tec family PTK and CD25 expression, except the downreg-
ulation of CD25 observed in stimulated T-cells from Itk-deficient
mice [12]. We evaluated the effect of Tec expression in Jurkat cells
on CD25 expression. The membrane expression of CD25 increases
after T-lymphocyte activation [28,29]. To examine whether or
not Tec expression modifies TCR-mediated signaling, we exam-
ined changes in CD25 surface expression on Jurkat-derived clones
activated for 24h with TCR cross-linking using flow cytometry.
As shown in Fig. 2a , enhanced CD25 expression was observed
in Jurkat-Mock cells after the 24h incubation with plate-bound
anti-CD3. In contrast, the expression of CD25 after TCR cross-
linking was markedly suppressed in Jurkat-TecWT cells (Fig. 2a).
The percentage of CD25-expressing cells after TCR cross-linking
was 39.5% in Jurkat-Mock cells and 9.9% in Jurkat-TecWT cells.
These findings suggest that activation of Tec kinase results in the
downregulation of CD25 expression induced by TCR cross-linking.
CD69 (an activation-inducer molecule) is also known to be upreg-
ulated upon T-cell activation [1,12]. Next, we examined the effect
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Fig. 2. Expression of Tec inhibits upregulation of CD25 but not that of CD69 induced by TCR cross-linking. (a) Jurkat-Mock cells and Jurkat-TecWT cells after TCR
cross-linking were incubated with anti-CD25 (upper panels) and anti-CD69 (lower panels) antibodies. Flow cytometric histograms show the intensity of staining with
the indicated antibody (solid line) compared with that of an isotype-matched nonreactive control antibody (broken line). (b) Jurkat-Mock cells and Jurkat-TecWT cells cultured
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Fig. 3. Tec selective inhibitor LFM-A13 increases the CD25 expression on Jurkat-
TecWT cells after TCR cross-linking. Jurkat-TecWT cells were treated with the
indicated concentrations of LFM-A13 or DMSO (vehicle) for 1 h. The cells were then
stimulated with TCR cross-linking for 24 h. CD25 expression was evaluated by means
of flow cytometric analysis. Bars (mean & SD of quadruplicate tests) represent the
percentage of cells expressing CD25. *P<0.05.

of Tec expression on the induction of CD69 caused by TCR cross-
linking. Although CD25 expression was markedly suppressed after
TCR stimulation in Jurkat-TecWT cells, no apparent difference was
observed on the CD69 expression between Jurkat-Mock cells and
Jurkat-TecWT cells (Fig. 2a). Thus, Tec expression inhibited CD25
expression after TCR cross-linking, without affecting CD69 induc-
tion. The defect in the signal seems to be adjacent to TCR, as Tec
expression does not affect the CD25 expression level in Jurkat cells
after PMA plus ionomycin activation, which bypasses the early
stage signals induced by TCR cross-linking (Fig. 2b).

CD25 gene expression is tightly regulated at the transcriptional
level [28,29]. Therefore, we next investigated the expression of
CD25 mRNA in Jurkat-derived clones. Using RT-PCR, we exam-
ined the effect of TCR cross-linking on CD25 mRNA expression
in Jurkat clones. As shown in Fig. 2c, CD25 mRNA expression in
Jurkat-Mock cells was increased after 24 h stimulation with TCR
cross-linking. In contrast, the increase in CD25 mRNA expres-
sion in Jurkat-TecWT cells after TCR cross-linking was markedly
suppressed. The densitometric analysis of the relative intensities
(means +S.E.) of three independent experiments showed signifi-
cant inhibition of the CD25 mRNA expression in Jurkat-TecWT cells
after TCR cross-linking (P<0.05) (data not shown). These results
imply the importance of Tec PTK on the downregulation of CD25
expression after TCR cross-linking.

To further elucidate the contribution of Tec PTK activity on the
results obtained by comparing Jurkat clones with or without Tec,
we took advantage of LFM-A13, a compound that preferentially
inhibits the enzymatic activity of Tec family PTKs both in vitro
and in vivo [30] in order to investigate Tec’s role in the regula-
tion of CD25 expression. We examined LFM-A13’s effect on CD25
surface expression in Jurkat-TecWT cells after TCR cross-linking.
LFM-A13 dose-dependently increased CD25 expression in Jurkat-
TecWT cells after TCR cross-linking (Fig. 3). After 24 h of culture,
17.6£2.8% of cells incubated with 100 pM LFM-A13 expressed
CD25, versus 12.9 +2.1% of cells in control cultures. CD3 surface
expression was not altered when measured after 1 or 24 h incuba-

tion of Jurkat-TecWT cells with LFM-A13 (data not shown). Thus,
LFM-A13’s effect was not due to the modulation of cell-surface CD3
expression. In jurkat-Mock cells, CD25 surface expression induced
by TCR cross-linking was not affected by the presence of LFM-A13
(data not shown).

To corroborate the results obtained using LFM-A13, we estab-
lished stable transfectants of Jurkat cells expressing a kinase
domain-deleted Tec (Jurkat-TecKD) (Fig. 4a). Although rapid and
transient tyrosine phosphorylation of Tec was observed after
ligation of TCR in Jurkat-TecWT cells, no detectable tyrosine
phosphorylation was observed in TecKD protein obtained from
Jurkat-TecKD cells throughout the time course examined (Fig. 4b).
In Jurkat-TecKD cells, CD25 expression after TCR cross-linking was
comparable to that of Jurkat-Mock cells (Fig. 4cand d). These results
indicate that Tec PTK activity contributes to the downregulation of
CD25 observed in TCR-stimulated Jurkat-TecWT cells.

4. Discussion

Studies of Tec family PTKs have begun to reveal the crucial
roles of these kinases in transducing stimuli triggered by immune
cell antigen receptors, such as TCR and BCR, regulating lymphoid
cell development and activation [31,32]. Targeted disruption of
Tec family PTK genes has revealed the unique roles of individ-
ual PTKs in lymphocyte signal transduction. In T-cells, Itk and Rlk
play important roles in the TCR-mediated signaling pathway, which
leads to the phosphorylation and activation of PLC-~y, an essential
step in lymphoid cell activation {4,33-35]. Despite evidence sug-
gesting Tec's involvement in TCR and CD28 signaling, Tec's role in
T-lymphocyte remains unclear because of the lack of an overt defect
in T-lymphocyte function in Tec-deficient mice {14]. Recent find-
ings indicating that Itk and Rlk have nonessential roles in pre-TCR
signaling in the thymus [36] may suggest that Tec has a compen-
satory effect on the lack of these kinases in T-cell development. In

" the present study, we attempted to address Tec’s role in human

T-lymphocyte function using Jurkat cells stably transfected with
Tec-based constructs. We have demonstrated that Tec PTK activa-
tion results in the suppression of TCR-induced CD25 expression,
implying that this PTK transmits signals attenuating IL-2 activity in
human T-lymphocytes.

IL-2 transmits its effects via a high-affinity IL-2 receptor, which
is composed of three transmembrane proteins (¢, 3, 'yc subunits)
[28,29]. The binding of CD25 (& subunit) to the low-affinity IL-2R
(B, yc subunits) increases affinity to IL-2, enhancing the cellular
responses to the low concentration of IL-2. A very small popula-
tion of circulating mononuclear cells expresses CD25 in normal
human peripheral blood. After antigen-induced activation, CD25
was strongly expressed in human T-lymphocytes [28,29]. CD25
expression is induced not only by antigen-induced activation, but
also by various mitogenic stimulations including cytokines such as
IL-1, IL-2, IL-7, IL-12, IL-15, IL-16, TNF-o, TGF-$3, and IFN-« [28,29].
There have been extensive studies of how CD25 expression is reg-
ulated in response to these stimuli. CD25 expression is believed to
be controlled mostly at the stage of transcription regulation. There-
fore, the promoter lesions of CD25 have been analyzed in detail,
and multiple molecules regulating its transcriptional level have
been identified [28,29]. In contrast, relatively little effort has been
made to identify the PTK that plays a key role in (D25 expression
after T-cell activation. Although a higher degree of CD25 upreg-

with 50 ng/ml of PMA and 1 pM ionomycin were incubated with anti-CD25 antibody. Flow cytometric histograms show the intensity of staining with anti-CD25 antibody
(solid line) compared with that of an isotype-matched nonreactive control antibody (broken line). (c) Total RNA was isolated from Jurkat-Mock cells and Jurkat-TecWT cells
with or without TCR cross-linking using anti-CD3 antibody. The expression of CD25 mRNA in the cells was analyzed by means of RT-PCR using specific primers as described
in Section 2. The expression of B-actin was used as a control. The intensity of the CD25 mRNA band was measured by scanning densitometry and normalized to $-actin. The
fold change in CD25 mRNA after TCR cross-linking is shown in comparison with the level in the unstimulated cells as the average of three independent experiments.
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Fig. 4. Expression of Tec that lacks a kinase domain does not alter CD25 expression induced by TCR cross-linking. (a) Cell lysates of Jurkat-Mock cells, Jurkat-TecWT cells,
and Jurkat-TecKD cells were subjected to immunoprecipitation with anti-Tec antibody and analyzed by Western blotting using anti-Tec antibody. The positions of TecWT
and TecKD and molecular mass markers (in kDa) are indicated. The intense band of approximately 50 kDa corresponds to the Ig heavy chain of the antibody used for
immunoprecipitation. (b) Jurkat-TecWT cells and Jurkat-TecKD cells were incubated with anti~CD3 antibody for the times indicated. Cell lysates were prepared and subjected
to immunoprecipitation with anti-Tec antibody. The membrane was probed with anti-phosphotyrosine antibody (anti-pTyr; upper panel), then stripped and reprobed with
anti-Tec polyclonal antibody (lower panel). The positions of TecWT and TecKD are indicated. (c) Jurkat-TecKD cells after TCR cross-linking were incubated with anti-CD25
antibody (solid line) or nonreactive control antibody (broken line), both conjugated to PE, and the fluorescence intensity was analyzed by flow cytometry. (d) Total RNA
was isolated from Jurkat-TecKD cells with or without TCR cross-linking. The expression of CD25 mRNA in the cells was analyzed by means of RT-PCR using specific primers
as described in Section 2. The expression of $8-actin was used as a control. The intensity of the CD25 mRNA band was measured by scanning densitometry and normalized
to B-actin. The fold change in CD25 mRNA after TCR cross-linking is shown in comparison with the level in the unstimulated cells as the average of three independent

experiments.

ulation on wild-type T-cells compared with Itk-deficient T-cells
was observed after TCR cross-linking, this difference is attributed
to the IL-2-induced increase in CD25 expression, which is absent
in Itk-deficient T-cells [12]. In our Jurkat system, the effect of Tec
expression on IL-2 production was too small to alter CD25 expres-
sion level. The inefficient expression of CD25 in Jurkat-TecWT cells
upon TCR stimulation seems to be dependent on the Tec PTK activ-
ity. Thus, the induction and activation of Tec in TCR-stimulated
T-cells may impair the regulation of CD25 expression, resulting
in the attenuation of IL-2-induced biological effects accomplished
by autocrine and paracrine mechanisms. Prolonged upregulation
of Tec relative to that of Itk in primary T-cells following anti-CD3

plus anti-CD28 stimulation [20] may imply that Tec has a negative
regulatory role in the latter phase of the TCR-mediated signaling
pathway. In human CD4+ T-cells, the Tec expression 24 h after TCR
cross-linking was not altered (Susaki and Kitanaka, unpublished
observation). Due to the difficulty of maintaining cell viability after
sustained cell culture, we failed to examine the Tec expression level
within the long time course in TCR-stimulated human CD4+ T-cells.

Previous studies using Jurkat cells have revealed that Tec over-
expression enhances IL-2 promoter activity [17,19,26,27]. In our
study, IL-2 production did not differ significantly between Jurkat-
TecWT cells and Jurkat-Mock cells after anti-CD3 plus anti-CD28
stimulation. There is an apparent discrepancy between our find-
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