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ITK-SYK, a novel fusion tyrosine kinase (FTK) resulting from
a recurrent t(5;9)(q33;q22), was recently identified in a poorly
understood subset of peripheral T-cell lymphomas. However,
the biochemical and functional properties of ITK-SYK are
unknown. Here we demonstrate that ITK-SYK is a catalytically
active tyrosine kinase that is sensitive to an established inhibitor
of SYK. The expression of ITK-SYK, but not SYK, transformed
NIH3T3 cells, inducing loss of contact inhibition and forma-
tion of anchorage-independent colonies in soft agar, in a
kinase activity-dependent manner. ITK-SYK is unusual among
FTKs in having an N-terminal phosphatidylinositol 3,4,5-
trisphosphate-binding pleckstrin homology (PH) domain.
Introduction of a well characterized loss-of-function mutation
(R29C) into the PH domain of ITK-SYK inhibited its phospho-
rylation, markedly reduced its catalytic activity, and abrogated
its ability to activate the ERK signaling pathway and to trans-
form NIH3T3 cells. Although ITK-SYK was membrane-associ-
ated, ITK-SYK-R29C was not. However, each of these properties
could be recovered by retargeting ITK-SYK-R29C back to the
plasma membrane by the addition of an N-terminal myristyla-
tion sequence. Consistent with a model in which ITK-SYK
requires PH domain-mediated binding to phosphatidylinositol
3,4,5-trisphosphate generated by phosphatidylinositol 3-kinase
(PI3K), ITK-SYK activity was reduced by pharmacological
inhibition of PI3K and increased by co-expression with a consti-
tutively active form of PI3K. Together, these findings identify ITK-
SYK as an active, transforming FTK dependent upon PH domain-
mediated membrane localization, identify a novel mechanism for
activation of an oncogenic FTK, and suggest ITK-SYK as a rational
therapeutic target for t(5;9)(q33;q22)-positive lymphomas.

The generation of constitutively active fusion tyrosine
kinases (FTKs)? by chromosomal translocation is a recurrent
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mechanism of oncogenesis in hematological neoplasms (1, 2).
In each case, FTKs comprise the C-terminal region of a tyrosine
kinase, invariably including its catalytic domain, coupled to the
N-terminal domains of a distinct “partner” protein. Well char-
acterized examples include those involving the nonreceptor
tyrosine kinase ABL and various N-terminal partners (most
often BCR-ABL) in both chronic and acute leukemias (3) and
those involving the receptor tyrosine kinase ALK and one of
several N-terminal partners (most frequently NPM-ALK) in
ALK-positive anaplastic large cell lymphoma (4). Understand-
ing how such active FTKs are generated by chimerization of
tyrosine kinases has shed considerable light on the molecular
basis of these malignancies, and, as illustrated by the remarka-
ble clinical activity of the ABL inhibitor imatinib, FTKs repre-
sent attractive targets for pharmacological intervention (3).

Peripheral T-cell lymphomas (PTCL) are clinically aggres-
sive, often fatal, tumors arising from mature T-cells, for which
current treatment strategies are inadequate (5, 6). This is the
result, at least in part, of a very limited understanding of their
genetic and biochemical pathogenesis and a consequent pau-
city of rational therapeutic targets. Recently, Streubel et al. (7,
8) described a novel, recurrent t(5;9)(q33;q22) in a subset of
PTCL derived from follicular helper T-cells and showed this to
involve ITK and SYK, genes encoding two nonreceptor tyrosine
kinases. In this study, all PTCL carrying an /TK-SYK transloca-
tion contained identical /TK-SYK transcripts in which the 5’
coding sequence of /ITK was joined to the 3’ coding sequence
of SYK, predicting a chimeric protein in which the N-termi-
nal pleckstrin homology (PH) and TEC homology domains
of ITK (amino acids 1-165) are fused to much of interdo-
main B and the complete C-terminal kinase domain of SYK
(amino acids 306 —635) (see Fig. 1). Immunohistochemical
staining for SYK was consistent with expression of this
fusion protein in such cases; however, whether ITK-SYK is
capable of cellular transformation, whether it is an active
tyrosine kinase, and the biochemical mechanisms of such
activity have not been established.

ITK and SYK both play key roles in lymphocyte antigen
receptor signaling. ITK, a TEC family kinase, regulates several

tidylinositol 3-kinase; PTCL, peripheral T-cell lymphoma(s); BCR, B-cell
receptor; DMEM, Dulbecco’s modified Eagle’s medium; MAP, mitogen-ac-
tivated protein; HA, hemagglutinin; ERK, extracellular signal-regulated
kinase; PV, pervanadate; NBCS, newborn calf serum.
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aspects of T-cell development, differentiation, and effector
function (9, 10). Upon T-cell receptor ligation, ITK is recruited
to and activated at the immunological synapse. This requires
binding of its PH domain to membrane-associated phospha-
tidylinositol 3,4,5-trisphosphate (PIP;) generated by phospha-
tidylinositol 3-kinase (PI3K) (11-13), association with the SLP-
76/LAT-nucleated adaptor complex (14), and phosphorylation
by SRC family kinases such as LCK (15). ITK subsequently plays
important roles in calcium signaling and actin reorganization,
the former through phosphorylation and activation of phos-
pholipase Cvy (9, 16). In lymphocytes, SYK is expressed at low
levels in T-cells but at high levels in developing and mature
B-cells, in which it is required for pre-BCR and BCR signaling
(17, 18). Upon receptor ligation, SYK is activated by binding of
its tandem N-terminal SH2 domains to diphosphorylated
immunoreceptor tyrosine-based activation motifs, by subse-
quent phosphorylation (predominantly autophosphorylation)
of tyrosine residues within the activation loop of the kinase
domain, and by phosphorylation of additional tyrosine residues
by SRC family kinases (19-21). SYK then binds and phospho-
rylates adaptor proteins and enzymes such as BLNK, VAV,
phospholipase Cvy, and BTK to activate diverse downstream
signaling pathways (22-25).

The discovery of an FTK involving SYK is not without prec-
edent, because a TEL-SYK chimera resulting from a t(9;
12)(q22;p12) in a patient with myelodysplastic syndrome/acute
myeloid leukemia has been described (26). This FTK contains
part of the C-terminal SH2 domain and the complete kinase
domain of SYK fused to the N terminus of TEL/ETV®, an ets
family transcription factor that is the N-terminal fusion partner
in various FTKs found in several types of hematopoietic neo-
plasm (27). TEL-SYK is a constitutively active tyrosine kinase
that induces cytokine independence when expressed in BaF3
cells and primary pre-B cells in vitro, the latter able to induce
leukemia when subsequently injected into mice (26, 28).

Like other FTKs containing TEL, the tyrosine phosphoryla-
tion and transforming ability of TEL-SYK requires homo-
dimerization mediated by the conserved N-terminal helix-
loop-helix pointed domain of TEL (26). Indeed, the majority of
oncogenic FTKs are activated by a common mechanism involv-
ing oligomerization via motifs in the N-terminal fusion partner
and consequent autophosphorylation and constitutive activity,
predominantly within the cytoplasm (1-3). Notably, however,
ITK-SYK does not contain a recognized dimerization motif and
instead is unusual among FTKs in containing a PH domain,
presenting the possibility of a novel mechanism of FTK activa-
tion. In this study we have investigated the catalytic and trans-
forming properties of ITK-SYK and examined the hypothesis
that the PH domain might be an important determinant of the
activation and downstream functions of this structurally
unique FTK.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Reagents—]Jurkat E6.1 T-cells and
HEK-293T cells were grown in RPMI 1640, 10% fetal bovine
serum. NIH3T3 cells were grown in DMEM, 10% NBCS. Anti-
phospho-SYK (Tyr®?°/Tyr>?¢) rabbit polyclonal, anti-phospho-
p44/42 MAP kinase (Thr*?/Tyr***) rabbit polyclonal, anti-
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FIGURE 1. Domain structure of SYK, ITK, ITK-SYK, and mutants used in the
present study. Amino acid numbers refer to the human proteins. SYK Lys*
(ITK-SYK Lys®®?) is an essential conserved residue within the ATP-binding site
of the tyrosine kinase (TK) domain. The mutation of this residue in SYK or
equivalent residues in other tyrosine kinases eliminates catalytic activity. SYK
Tyr*3/Tyr>2® (ITK-SYK Tyr®83/Tyr32®) are conserved residues within the activa-
tion loop that are sites of autophosphorylation required for maximal activity.
ITK Arg® is a conserved residue within the lipid-binding pocket of the PH
domain of TEC family kinases, the mutation of which prevents binding to PIP
and subsequent membrane localization. myr represents the 12 N-terminal
amino acids of LCK that contain the consensus sequence for both myristyla-
tion and palmitylation and are sufficient to localize several cytosolic proteins
to the plasma membrane. SH2/3, SRC homology 2/3; ID A, interdomain A;
ID B, interdomain B; BH, BTK homology; PRR, proline-rich region.

p44/42 MAP kinase rabbit polyclonal, anti-phospho-AKT
(Thr3°®) 244F9 rabbit monoclonal, and anti-AKT rabbit poly-
clonal antibodies were from Cell Signaling Technology/NEB
(Hitchin, UK). Anti-SYK mouse monoclonal antibody 4D10
was from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-HA
mouse monoclonal antibody HA-7 was from Sigma-Aldrich
(Gillingham, UK). Horseradish peroxidase-labeled rabbit
anti-mouse and swine anti-rabbit monoclonal antibodies for
Western blotting were from Dako (Ely, UK). Alexa Fluor 488-
conjugated goat anti-mouse antibody for immunofluorescent
staining was from Invitrogen. Sodium pervanadate was gener-
ated by adding 50 pl of 10 mm sodium orthovanadate to 450 ul
of 10 mm H,0,. The PI3K inhibitor LY294002 and the SYK
inhibitor Piceatannol (both from Calbiochem/Merck) were dis-
solved in Me,SO/phosphate-buffered saline as directed.
Plasmid Constructs—The ITK-SYK plasmid constructs used
in this study are depicted in Fig. 1. The full ITK-SYK cDNA
sequence was cloned into pIRESpuro2 (Clontech Laboratories/
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Takara Bio Europe, Saint-Germain-en-Laye, France) by reverse
transcription-PCR of RNA from a PTCL carrying a t(5;9)(q33;
q22)/ITK-SYK (the index case of Streubel et al. (7)) to create
pIRESpuro2-ITK-SYK. pIRESpuro2-HA-ITK-SYK was gener-
ated by subcloning ITK-SYK into a pIRESpuro2 derivative con-
taining an N-terminal HA tag (kindly provided by Dr. Alex
Appert, University of Cambridge, Cambridge, UK). pIRES-
puro2-HA-ITK-SYK-K262R and pIRESpuro2-HA-ITK-SYK-
R29C were generated using the QuikChange II site-directed
mutagenesis kit (Stratagene, La Jolla, CA). pIRESpuro2-Myr-
HA-ITK-SYK-R29C was generated by adding sequence encod-
ing the first 12 amino acids (myristylation/palmitylation
sequence, MGCVCSSNPEDDWMENIDVC) of chicken LCK
tothe 5" end of HA-ITK-SYK-R29C by PCR. pMSCVpuro-HA-
ITK-SYK, pMSCV-puro-HA-ITK-SYK-R29C, and pMSCV-
puro-Myr-HA-ITK-SYK-R29C were generated by subcloning
the respective inserts into pMSCVpuro (Clontech). Full-length
human SYK ¢cDNA (IMAGE clone 3542895) was obtained from
Geneservice (Cambridge, UK) and subcloned into pMSCV-
puro. pSG5-p110a-CAAX (29) was generated by Dr. Stefan
Wennstrom and used with the kind permission of Dr. Julian
Downward (CRUK-LRI, London, UK).

Transient Transfections and Stable Cell Lines—293T cells
were transiently transfected with pIRESpuro2-derived or
pMSCVpuro-derived plasmids using Lipofectamine 2000
(Invitrogen). Oligoclonal NIH3T3 cell lines stably expressing
HA-ITK-SYK, HA-ITK-SYK-R29C, Myr-HA-ITK-SYK-R29C,
or SYK (or carrying empty pMSCVpuro) were generated by
retroviral transduction using the Phoenix ecotropic helper-free
producer line followed by selection in puromycin. Jurkat E6.1
cells stably expressing ITK-SYK were generated by electropo-
ration with pIRESpuro2-ITK-SYK using a Bio-Rad GenePulser
IT at 250 V, 950 microfarads, followed by puromycin selection
and cloning by limiting dilution.

Immunoprecipitation, Western Blotting, and in Vitro Kinase
Assay—Cell lysates were prepared using Triton X-100 lysis
buffer (1% Triton X-100, 50 mm Tris, pH 7.4, 300 mm NaCl, 2
mM EDTA, 1 pug/ml each of aprotinin, leupeptin, and pepstatin,
1 mm phenylmethylsulfonyl fluoride, 2 mm NaVO,, 20 mm
NaFl). For immunoprecipitation, Triton X-100 lysates were
incubated at 4 °C with antibody preadsorbed onto protein
G-Sepharose beads (Amersham Biosciences). Western blotting
of immunoprecipitated proteins or cell lysates resolved by SDS-
PAGE and transferred to Immobilon P polyvinylidene difluo-
ride membrane (Millipore, Billerica, MA) was performed using
antibodies diluted in Tris-buffered saline, 0.1% Tween 20, 5%
powdered nonfat milk and ECL (Amersham Biosciences). For
in vitro kinase assays, post-immunoprecipitation Sepharose
beads were used in a protein-tyrosine kinase assay kit (Sigma-
Aldrich) in which phosphorylation of plate-bound poly-Glu-
Tyr substrate was detected by horseradish peroxidase-conju-
gated anti-phosphotyrosine monoclonal antibody PT-66 using
a PerkinElmer Victor plate reader at 490 nm.

Immunofluorescent  Staining and Confocal Microscopy—
Transfected 293T cells, grown on poly-L-lysine-coated cover-
slips (BD Laboratories) were fixed with 4% paraformaldehyde,
permeabilized with 0.25% Triton X-100, blocked with bovine
serum albumin, sequentially incubated with anti-HA primary
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and goat anti-mouse Alexa Fluor 488 secondary antibodies,
washed, and mounted with 4',6-diamidino-2-phenylindole 1
mounting medium (Abbott, Maidenhead, UK). The cells were
visualized using a Leica TCS SP laser scanning confocal
microscope.

Focus Formation and Soft Agar Colony Formation Assays—
For focus formation assays, stably transfected NIH3T3 cell lines
were plated at 80% density and cultured for 2 weeks with fresh
medium every 2—3 days. Subsequently, the cells were fixed in
1% glutaraldehyde and stained with 0.5% Crystal Violet, 25%
methanol. For soft agar colony formation assays, stably trans-
fected NIH3T3 cell lines were seeded at 50,000 cells/well in 2 ml
of DMEM, 10% NBCS, 0.35% agarose over a base of 2 ml of
DMEM, 10% NBCS, 0.6% agarose in 6-well plates. 2 ml of
DMEM, 10% NBCS was added on top of the agar, and the cells
were cultured for 3 weeks, with replacement of covering
medium every 2-3 days.

RESULTS

ITK-SYK Is an Active Tyrosine Kinase—Phosphorylation of
paired, conserved tyrosine residues (Tyr®>®/Tyr>>°) in the acti-
vation loop of the kinase domain of SYK occurs predominantly
by autophosphorylation, is required for maximal catalytic activ-
ity and for downstream signaling activity, and is considered a
good marker of active SYK (19, 21, 30-32). Therefore, to begin
to determine whether ITK-SYK is a functional tyrosine kinase,
we examined the phosphorylation of these residues (corre-
sponding to Tyr*®*/Tyr*®¢ of ITK-SYK) using a phosphospe-
cific antibody. ITK-SYK was transiently transfected into 293T
cells (Fig. 2a) and stably expressed in the Jurkat T-cell line (Fig.
2b) with similar results. ITK-SYK immunoprecipitated from
either cell line was constitutively phosphorylated on Tyr**®/
Tyr®®® in the absence of an exogenous stimulus, suggesting that
it is present in an active state in these cells. Treatment of cells
with the broad tyrosine phosphatase inhibitor pervanadate,
known to activate many cellular tyrosine kinases, resulted in
increased phosphorylation at these residues. Overexpression of
SYKin 293T cells resulted in a basal level of phosphorylation at
Tyr®>*/Tyr>*®, which could be enhanced by pervanadate treat-
ment (Fig. 2¢).

To further examine whether the catalytic activity of ITK-
SYK itself could mediate phosphorylation of Tyr***/Tyr%¢,
cells were transfected with either ITK-SYK or a “kinase dead”
mutant (ITK-SYK-K262R; Fig. 1) in which an essential, con-
served lysine residue in the ATP-binding pocket of the SYK
kinase domain was mutated to arginine (Fig. 2d) (31, 33). Unlike
ITK-SYK, in the absence of pervanadate treatment ITK-SYK-
K262R was not phosphorylated on Tyr®*®/Tyr>*¢, suggesting
that these residues represent target sites of autocatalytic activ-
ity in ITK-SYK as in SYK. Nevertheless, in the presence of per-
vanadate, ITK-SYK-K262R was phosphorylated at Tyr**®/
Tyr?®, suggesting that these residues could be phosphorylated
by other tyrosine kinases under these conditions.

To confirm that ITK-SYK is an active tyrosine kinase, its
catalytic activity was examined using an in vitro kinase assay. As
expected, ITK-SYK immunoprecipitated from pervanadate-
treated cells (Fig. 2e) or from untreated cells (see Fig. 4c)
showed readily detectable phosphorylation of an exogenous
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FIGURE 2. ITK-SYK is an active tyrosine kinase. g, ITK-SYK is phosphorylated on Tyr*®°/Tyr?®¢ in 293T cells.
293T cells, untransfected or transiently expressing ITK-SYK, were treated with pervanadate (PV) or left
untreated as indicated and anti-SYK immunoprecipitates (IP) were probed sequentially for phospho-SYK
(Tyr>2*/Tyr>?¢) and SYK. b, ITK-SYK is phosphorylated on Tyr*3>/Tyr*8¢ in Jurkat T-cells. Jurkat T-cells, untrans-
fected or stably expressing ITK-SYK, were treated with PV or left untreated as indicated, and anti-SYK immu-
noprecipitates were probed sequentially for phospho-SYK (Tyr>2*/Tyr>?°) and SYK. ¢, overexpressed SYK is
phosphorylated on Tyr*2*/Tyr>2¢ in 293T cells. 293T cells, untransfected or transiently expressing ITK-SYK or
SYK, were treated with pervanadate or left untreated as indicated, and anti-SYK immunoprecipitates were
probed sequentially for phospho-SYK (Tyr®%*/Tyr®2) and SYK. d, Kinase dead ITK-SYK is phosphorylated on
Tyr*®/Tyr**¢in the presence but not absence of PV. 293T cells, untransfected or transiently expressing HA-ITK-
SYK or HA-ITK-SYK-K262R, were treated for 15 min with PV or left untreated as indicated, and anti-SYK immu-
noprecipitates were probed sequentially for phospho-SYK (Tyr®2*/Tyr®2) and SYK. e, ITK-SYK shows catalytic
activity in vitro. 293T cells, untransfected or transiently expressing HA-ITK-SYK or HA-ITK-SYK-K262R, were
treated for 15 min with PV, and anti-HA immunoprecipitates were subjected to in vitro kinase assay. The results
are the means of duplicate wells from a representative experiment, and the error bars represent standard
deviations. A portion of the input was probed with anti-SYK (the lanes shown were nonadjacent lanes in a
single blot). f, ITK-SYK is inhibited by the SYK inhibitor Piceatannol. 293T cells, untransfected or expressing
ITK-SYK, were treated for 30 min with Piceatannol or equivalent volumes of diluent control as indicated, and
anti-SYKimmunoprecipitates were probed sequentially for phospho-SYK (Tyr>2>/Tyr>?¢) and SYK. WB, Western
blotting.

substrate, whereas ITK-SYK-K262R consistently showed no
significant activity above control immunoprecipitates. In keep-

ing with the catalytic activity of ITK-SYK, treatment of ITK- transformation.
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SYK-transfected cells with the well
characterized, selective SYK inhibi-
tor Piceatannol inhibited the auto-
phosphorylation of Tyr***/Tyr**¢ in
a concentration-dependent manner
(Fig. 2f). Piceatannol reduced the
phosphorylation of Tyr?**/Tyr>®® at
a concentration of 10 um, the
approximate IC;, for inhibition of
SYK, with maximal inhibition at
30-50 um (34, 35).

ITK-SYK Induces Cellular Trans-
Sformation in Vitro in a Kinase
Activity-dependent ~ Manner—Al-
though the recurrent detection of
the ITK-SYK translocation in a sub-
set of PTCL suggests a role for ITK-
SYK in oncogenesis, whether ITK-
SYK does indeed have transforming
ability is unknown. To address this
and to determine the role of the
kinase activity of ITK-SYK in any
transforming activity, we stably
expressed ITK-SYK, ITK-SYK-
K262R, or SYK in NIH3T3 cells and
subjected these cell lines to standard
in vitro transformation assays.
Although cells carrying only empty
vector grew to confluence and
thereafter showed contact inhibi-
tion of growth, cells expressing ITK-
SYK grew beyond confluence, with-
out contact inhibition, forming
numerous multilayered foci (Fig. 3a,
top panels). The morphology of the
transformed cells within these foci
also became altered, the cells adopt-
ing a more rounded appearance
(Fig. 3a, bottom panels). We also
asked whether ITK-SYK could induce
anchorage-independent growth in
soft agar. Consistent with a trans-
formed phenotype, cells expressing
ITK-SYK were able to form large,
anchorage-independent, multicellu-
lar colonies, whereas empty vector-
transfected cells could not (Fig. 3b).
Importantly, NIH3T3 cells express-
ing either SYK or ITK-SYK-K262R
grew in a similar manner to empty
vector-transfected cells, were unable
to form foci in the focus formation
assay (Fig. 34), and did not form colo-
nies in soft agar (Fig. 3b). These
results show that ITK-SYK, but not

SYK, has transforming activity in this in vitro system and indi-
cate a requirement for catalytic activity in ITK-SYK-mediated
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FIGURE 3. Cellular transformation by ITK-SYK requires catalytic activity. a, focus formation assays. NIH3T3 cells stably transfected with HA-ITK-SYK grew
beyond confluence and formed multilayered foci with altered cellular morphology, whereas cells transfected with empty vector, HA-ITK-SYK-K262R, or SYK did
not. Upper panel, low power images of Crystal Violet stained cells; lower panel, high power images of cellular morphology and foci. The images are represent-
ative of several independent experiments. b, soft agar colony formation assays, NIH3T3 cells stably transfected with HA-ITK-SYK formed anchorage-indepen-
dent colonies, whereas cells transfected with empty vector, HA-ITK-SYK-K262R or SYK did not. Left panels, low power images of representative wells. Right
panels, quantification of macroscopically visible colonies. The results are the means of triplicate wells, and the error bars represent standard deviations. Whole
cell lysates (WCL) of cell lines were probed with anti-SYK. The images and data are representative of several independent experiments. WB, Western blotting.

PH Domain-mediated Membrane Localization Is Required tutive kinase activity (1-3). However, as noted above, ITK-SYK
for ITK-SYK Activation—In the majority of FTKs the N-termi-  does not contain a recognized dimerization motif but does har-
nal fusion partner functions mainly to induce homo-oligomer-  bor an N-terminal PH domain that, in ITK and other TEC fam-
ization, enabling autophosphorylation and subsequent consti- ily kinases, mediates the binding to membrane-associated PIP,
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required for kinase activation (11-13). To investigate whether a
competent PH domain is required for the function of ITK-SYK,
we introduced a point mutation, R29C, into the lipid-binding
pocket of the PH domain (Fig. 1). This mutation abrogates both
the binding of TEC family kinases to PIP, and their associated
membrane localization (36 —38). As shown in Fig. 4a, whereas
ITK-SYK was phosphorylated on Tyr®®*/Tyr*®*¢ in untreated
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cells, ITK-SYK-R29C, like the “kinase-dead” ITK-SYK-K262R,
was not. Furthermore, the R29C mutation markedly reduced
the phosphorylation of Tyr**°/Tyr**¢ in cells treated with per-
vanadate, exerting a much greater effect than the K262R muta-
tion under these conditions. Together, these results suggest
that both the constitutive autophosphorylation of ITK-SYK

and its maximal transphosphorylation at Tyr***/Tyr**¢ by
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other kinases require a PH domain able to bind PIP,. To con-
firm the requirement for a functionally intact PH domain in the
activation of ITK-SYK, we compared ITK-SYK, ITK-SYK-
R29C, and ITK-SYK-K262R in the in vitro kinase assay in both
the presence (Fig. 4b) and absence (Fig. 4c) of pervanadate.
Consistent with such a role, although ITK-SYK-R29C showed
some enzymatic activity compared with untransfected cells or
to ITK-SYK-K262R in the presence of pervanadate, there was a
marked reduction in activity compared with ITK-SYK.

Because cellular PIP; levels are controlled principally by
PI3K and the activation of TEC family kinases requires PI3K
activity (11, 38), we tested whether PI3K activity was required
for the phosphorylation of ITK-SYK Tyr***/Tyr>®*. Cells trans-
fected with ITK-SYK were treated with the PI3K inhibitor
LY294002 prior to immunoprecipitation of ITK-SYK and
assessment of Tyr***/Tyr*®*® phosphorylation (Fig. 4d). Treat-
ment with LY294002 reduced the basal phosphorylation of the
PI3K effector AKT, confirming effective inhibition of PI3K
activity in these experiments. In the same experiments,
LY294002 treatment produced a clear dose-dependent reduc-
tion in autophosphorylation of ITK-SYK Tyr**®/Tyr?®°, Effec-
tive inhibition of ITK-SYK phosphorylation was also obtained
using another PI3K inhibitor, wortmannin (data not shown).
Treatment of the cells with pervanadate counteracted the
inhibitory effects of LY294002 on ITK-SYK phosphorylation to
a degree dependent on the relative lengths of exposure to per-
vanadate and LY294002 (data not shown). In complementary
experiments, we assessed the effect of increasing cellular PI3K
activity on the phosphorylation of ITK-SYK Tyr**®/Tyr>%¢
using a well characterized constitutively active form of PI3K,
p110a-CAAX, composed of the catalytic p110« subunit fused
to the membrane-targeting farnesylation/palmitylation signal
of H-Ras (29). Co-expression of ITK-SYK with p110a-CAAX
resulted in much higher levels of phosphorylation on Tyr***/
Tyr®®® than co-expression of ITK-SYK with an equal amount of
control empty vector (Fig. 4e). Together, these data indicate
that ITK-SYK is activated by a mechanism involving binding of
its PH domain to PIP, generated by PI3K.

Activation of ITK and other TEC family kinases involves
PIP,-mediated localization to the plasma membrane. We
therefore began to assess the role of membrane localization in
the activation of ITK-SYK by examining the subcellular local-
ization of ITK-SYK and ITK-SYK-R29C by confocal micros-
copy. As shown in Fig. 54, ITK-SYK was present predominantly
at the plasma membrane, with staining also seen in the cyto-
plasm. By contrast, ITK-SYK-R29C was found in a purely cyto-

plasmic distribution, without evident membrane localization,
indicating that ITK-SYK s targeted to the plasma membrane by
binding to membrane-associated PIP,. The membrane local-
ization of ITK-SYK but not its R29C mutant thus correlated
with their phosphorylation and catalytic activity, suggesting
that such localization might be necessary for the function of
ITK-SYK. We therefore investigated whether retargeting ITK-
SYK back to the plasma membrane, by adding an N-terminal
myristylation/palmitylation sequence to create Myr-ITK-SYK-
R29C (Fig. 1) (39, 40), could recover the loss of function caused
by the R29C mutation. Confocal microscopy confirmed that
Myr-ITK-SYK-R29C was almost exclusively associated with
the membrane with little cytoplasmic staining (Fig. 54). Analy-
sis of ITK-SYK and its mutants immunoprecipitated from
transfected cells showed that the addition of the myristylation
sequence to ITK-SYK-R29C restored the phosphorylation of
Tyr®*°/Tyr®®® in unstimulated cells to the level seen on ITK-
SYK itself (Fig. 5b). Similarly, the addition of the myristylation
sequence to ITK-SYK-R29C recovered the phosphorylation of
Tyr®®>/Tyr®*® in cells stimulated with pervanadate. In keeping
with the recovery of Tyr***/Tyr**® phosphorylation, the addi-
tion of the myristylation sequence was also able to rescue the
ability of ITK-SYK-R29C to phosphorylate an exogenous sub-
strate in vitro in the presence or absence of pervanadate (Fig. 5,
c and d). Taking into account the tendency of Myr-ITK-SYK-
R29C to be expressed at lower levels than ITK-SYK, this con-
struct may in fact exhibit equivalent or higher activity com-
pared with ITK-SYK itself. Together, these results suggest that
membrane localization, rather than PIP, binding per se, is an
important determinant of the activation of ITK-SYK.

PH Domain-mediated Membrane Localization Is Required
for ITK-SYK-mediated Downstream Signaling and Cellular
Transformation—Because the above data demonstrate that PH
domain-mediated membrane association is important for the
phosphorylation and catalytic activity of ITK-SYK, we next
examined its requirement in coupling to downstream signaling
pathways. Transfection of ITK-SYK into 293T cells resulted in
a substantial increase in the phosphorylation of p42/p44 ERK at
activation loop residues associated with kinase activation (Fig.
6). This was dependent upon the catalytic activity of ITK-SYK
because no increase in ERK phosphorylation was induced by
the ITK-SYK-K262R mutant. Moreover, the ability of ITK-SYK
to activate the ERK signaling pathway required PH domain-
mediated membrane association as ITK-SYK-R29C was unable
to induce phosphorylation of ERK, whereas the addition of the
myristylation sequence completely recovered this phosphoryl-

FIGURE 4. ITK-SYK activation requires a functional PH domain and active PI3K. g, PH domain mutation inhibits phosphorylation of ITK-SYK Tyr38%/Tyr86,
293T cells, untransfected or transiently expressing HA-ITK-SYK or its mutants, were treated for 15 min with PV or left untreated as indicated, and anti-SYK
immunoprecipitates (IP) were probed sequentially for phospho-SYK (Tyr>2*/Tyr>26) and SYK. b, PH domain mutation inhibits catalytic activity of ITK-SYK. 293T
cells, untransfected or transiently expressing HA-ITK-SYK or its mutants, were treated for 15 min with PV, and anti-HA immunoprecipitates were subjected to
in vitro kinase assay. The results are the means of duplicate wells from a representative experiment, and the error bars represent standard deviations. A portion
of the input was probed with anti-SYK. ¢, PH domain mutation inhibits catalytic activity of ITK-SYK. 293T cells, untransfected or transiently expressing
HA-ITK-SYK or its mutants, were left untreated, and anti-SYKimmunoprecipitates were subjected to in vitro kinase assay. The results are the means of duplicate
wells from a representative experiment, and the error bars represent standard deviations. A portion of the input was probed with anti-SYK (the lanes shown
were nonadjacent lanes in a single blot). d, PI3K inhibition reduces phosphorylation of ITK-SYK Tyr*8>/Tyr?86, 293T cells, untransfected or transiently expressing
ITK-SYK, were treated for 30 min with LY294002 or equivalent volumes of diluent control as indicated, and anti-SYK immunoprecipitates were probed
sequentially for phospho-SYK (Tyr®2°/Tyr®2) and SYK. A portion of the same lysate was run separately and probed for phospho-AKT and AKT. e, Constitutively
active PI3K increases phosphorylation of ITK-SYK Tyr®8>/Tyr8, 293T cells were left untransfected or transiently transfected with ITK-SYK and p110a-CAAX or
ITK-SYK and an equal amount of empty control vector. Anti-SYK immunoprecipitates were probed sequentially for phospho-SYK (Tyr°2>/Tyr>2¢) and SYK. WB,
Western blotting; WCL, whole cells lysate.
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FIGURE 5. Membrane relocalization of ITK-SYK substitutes for PH domain function. g, PH domain mutation
prevents, and myristylation recovers, membrane association of ITK-SYK. 293T cells, transiently expressing
HA-ITK-SYK or its mutants, were stained for HA and with 4’,6-diamidino-2-phenylindole and visualized by laser
scanning confocal microscopy. Untransfected cells present demonstrate the specificity of staining for HA.
b, membrane retargeting recovers phosphorylation of ITK-SYK-R29C. 293T cells, untransfected or transiently
expressing HA-ITK-SYK or its mutants, were treated for 15 min with PV or left untreated as indicated, and
anti-SYK immunoprecipitates (IP) were probed sequentially for phospho-SYK (Tyr®2*/Tyr>2¢) and SYK. ¢, mem-
brane retargeting recovers the catalytic activity of ITK-SYK-R29C. 293T cells, untransfected or transiently
expressing HA-ITK-SYK or its mutants, were treated for 15 min with PV, and anti-SYKimmunoprecipitates were
subjected to in vitro kinase assay. The results are the means of duplicate wells from a representative experi-
ment, and the error bars represent standard deviations. A portion of the input was probed with anti-SYK.
d, membrane retargeting recovers the catalytic activity of ITK-SYK-R29C. 293T cells, untransfected or tran-
siently expressing HA-ITK-SYK or its mutants, were left untreated and anti-SYK immunoprecipitates were sub-
jected to in vitro kinase assay. The results are the means of duplicate wells from a representative experiment,
and the error bars represent standard deviations. A portion of the input was probed with anti-SYK. WB, Western
blotting.

NIH3T3 cells were stably trans-
fected with ITK-SYK, ITK-SYK-
R29C, or Myr-ITK-SYK-R29C and
subjected to focus formation (Fig.
7a) and soft agar colony formation
assays (Fig. 7b). Although cells
expressing ITK-SYK grew as multi-
layered foci with altered cellular mor-
phology in tissue culture and formed
anchorage-independent colonies in
soft agar (as described above; Fig. 3),
those expressing ITK-SYK-R29C
did not, instead growing in a similar
manner to empty vector-trans-
fected cells. However, in keeping
with our data on ITK-SYK activa-
tion and signaling, retargeting this
mutant back to the plasma mem-
brane efficiently recovered the abil-
ity of transfected cells to grow as
multilayered foci and to form colo-
nies in soft agar. In fact, the expres-
sion of Myr-ITK-SYK-R29C re-
sulted in an increased number of
colonies compared with ITK-SYK,
presumably as a result of a greater
proportion of the total ITK-SYK
pool being membrane-associated.
Taken with the biochemical data,
these results demonstrate that the
transforming activity of ITK-SYK
depends upon PH domain-medi-
ated membrane localization and
activation of the FTK.

DISCUSSION

The identification of the t(5;
9)(q33;q22)/ITK-SYK (7) was an
important step in understanding
the pathogenesis of a subset of
PTCL, but the mechanisms by
which this translocation contrib-
utes to lymphoma development are
unknown. We have now begun to
address this issue by showing that
ITK-SYK s an active tyrosine kinase
with in vitro transforming proper-
ties and that ITK-SYK requires PH
domain-mediated membrane asso-
ciation for activation, downstream
signaling, and transformation.

Our observations permit consid-

ation. In the present system, therefore, the ability of ITK-SYK
to regulate downstream signaling cascades requires catalytic
activity dependent upon PH domain-mediated membrane
localization.

Finally, we assessed the requirement for a functional PH
domain in ITK-SYK-mediated cellular transformation.

26878 JOURNAL OF BIOLOGICAL CHEMISTRY

eration of some potential mechanisms by which t(5;9)(q33;
q22)/ITK-SYK might, a priori, function at a molecular level.
First, evidence is accumulating of an oncogenic role for SYK
itself in lymphomagenesis. For example, the overexpression of
SYK by gene amplification has been implicated in the patho-
genesis of mantle cell lymphoma (41), and SYK is overexpressed
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FIGURE 6. Requirement for kinase activity and PH domain function in
downstream signaling by ITK-SYK. Whole cell lysates of 293T cells, untrans-
fected or transiently expressing HA-ITK-SYK or its mutants were probed
sequentially for phospho-ERK (Thr?°%/Tyr?°*) and ERK. A portion of the same
lysate was run separately and probed with anti-SYK. WB, Western blotting;
WCL, whole cells lysate.

by an unknown mechanism in at least some PTCL lacking an
ITK-SYK translocation (42). However, the demonstration that
the t(5;9)(q33;q22) generates a transforming fusion tyrosine
kinase requiring the function of domains derived from both
fusion partners indicates that this translocation is not simply a
mechanism for the increased expression of the SYK kinase
domain. The ability of ITK-SYK, but not SYK, to transform
NIH3TS3 cells in vitro adds further support to this interpreta-
tion. Second, although in almost all known FTKs the N-termi-
nal fusion partners make a functional contribution to the kinase
activity of the intact protein, there is at least one exception. In
FIP1L1-platelet-derived growth factor receptor «, fusion to
FIP1L1 appears to be only a mechanism to disrupt the auto-
inhibitory juxtamembrane domain of platelet-derived growth
factor receptor «, FIP1L1 itself being dispensable for transfor-
mation (43). Current evidence suggests that the kinase activity
of SYK is regulated by its N-terminal region, the interdomain A
of which is believed to complex with both interdomain B and
the distal surface of the kinase domain to form an auto-inhibi-
tory closed structure similar to that identified by structural
studies of the SYK-homologue, ZAP-70 (44— 46). The N termi-
nus of ITK replaces that of SYK to generate ITK-SYK, and this
inhibitory conformation of SYK is thus disrupted. However,
our finding that ITK-SYK-R29C lacks signaling and transform-
ing activity indicates that this disruption alone is insufficient to
account for the properties of ITK-SYK.

Although the numerous FTKs identified are varied in their
domain structure, ITK-SYK is unusual in containing an N-ter-
minal PH domain. This raised the possibility that whereas most
FTKs are activated in the cytoplasm, ITK-SYK might be acti-
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vated by a mechanism requiring association with the plasma
membrane. Indeed, in the system studied, we found that a sub-
stantial portion of the cellular pool of ITK-SYK was constitu-
tively membrane-associated and showed that the R29C muta-
tion, known to block the ability of TEC family PH domains to
bind PIP; and associate with the cell membrane (11-13), simul-
taneously abrogated the membrane association, signaling func-
tions, and transforming activity of ITK-SYK. The demonstra-
tion that retargeting ITK-SYK-R29C back to the plasma
membrane recovered and perhaps even enhanced these prop-
erties indicates that membrane localization is indeed key to the
activation and function of ITK-SYK. In fact, although the
requirement for membrane localization is unusual among
FTKs, the necessity for some FTKs to localize to specific sub-
cellular compartments is becoming increasingly recognized.
For example, the ability of the N-terminal fusion partners to
direct NUP214-ABL1 and FOP-FGFR1 to the nuclear pore
complex and the centrosome, respectively, is thought to be crit-
ical for the activity of these FTKs (47, 48).

ITK-SYK is constitutively active in the cell types studied, in
as much as its autophosphorylation, phosphorylation of an
exogenous substrate, and activation of downstream signaling
did not require an exogenous stimulus. Nevertheless, these
functions required a PH domain able to bind PIP,, and the
autophosphorylation of Tyr**®/Tyr**¢ could be blocked or
enhanced by respectively decreasing or increasing cellular PI3K
activity, indicating regulation by upstream PI3K, which shows
basal activity in both Jurkat and 293T cells (49). In this respect,
the regulation of ITK-SYK shares similarities with the activa-
tion of ITK, which is also dependent upon PI3K for PH domain-
mediated membrane association (11-13). Notably, however,
studies have shown that the constitutive membrane association
of ITK in Jurkat cells is insufficient for its activation (12, 49),
suggesting that the basal activity of ITK-SYK in the cells studied
here might reflect either differences in the regulation of the
kinase domains of ITK and SYK or emergent properties arising
from chimerization. In this regard it is interesting that the con-
stitutive localization of SYK to the membrane, by fusion to a
transmembrane domain or a myristylation sequence, results in
phosphorylation and catalytic activation (50, 51). Our data raise
the interesting possibility that during lymphomagenesis ITK-
SYK might be activated via a PI3K-dependent mechanism. It
will be important to examine whether the t(5;9)(q33;q22) might
occur in PTCL together with genetic abnormalities or surface
receptor signaling pathways that activate PI3K signaling.

Although the N-terminal portions of most FTKs contain
established homo-oligomerization domains essential for con-
stitutive kinase activity, such a recognized domain is not pres-
ent in ITK-SYK. ITK itself dimerizes through complex inter-
molecular interactions requiring the SH2 and SH3 domains,
but these domains are not retained in the ITK-SYK chimera
(52). Nevertheless, the finding that, in unstimulated cells, phos-
phorylation of Tyr*®*/Tyr**® is prevented by both the R29C and
K262R mutations suggests that this is an autophosphorylation
event that occurs at the plasma membrane. Because this auto-
phosphorylation is likely to occur in trans, our data raise the
possibility that the PH domain-mediated membrane associa-
tion of ITK-SYK may serve to bring ITK-SYK molecules into
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tion of downstream signaling
pathways, such as the ERK pathway
demonstrated herein. A final mech-
anism, in which PH domain-medi-
ated membrane localization might
contribute to the activation of ITK-
SYK by inducing an activating con-
formational change, is suggested by
experimentally derived models of
other PH domain-containing tyro-
sine kinases. For example, binding
of AKT to PIP, is thought to induce
a conformational change rendering
the kinase susceptible to activating
transphosphorylation by PDK1,
whereas binding of BTK to PIP,
has been shown to allosterically
enhance its autophosphorylation
activity (54, 55). Further experi-
ments to understand the ways in
which membrane localization is
required for the function of ITK-
SYK are in progress.

In addition to elucidating an
important aspect of the regulation
of ITK-SYK, the present data are
also significant for the demonstra-
tion that ITK-SYK is a biologically
active tyrosine kinase with trans-
forming properties. Expression of
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FIGURE 7. PH domain mutation inhibits, and membrane retargeting recovers, the transforming activity
of ITK-SYK. g, focus formation assays. NIH3T3 cells stably transfected with HA-ITK-SYK or Myr-HA-ITK-SYK-
R29C grew beyond confluence and formed multilayered foci, whereas cells transfected with empty vector or
HA-ITK-SYK-R29C did not. Low power images of Crystal Violet stained cells. The images are representative of
several independent experiments. b, soft agar colony formation assays. NIH3T3 cells stably transfected with
HA-ITK-SYK or Myr-HA-ITK-SYK-R29C formed anchorage-independent colonies, whereas cells transfected with
empty vector or HA-ITK-SYK-R29C did not. Left-hand panels, low power images of representative wells. Right-
hand panels, quantification of macroscopically visible colonies. The results are the means of triplicate wells, and
the error bars represent standard deviations. Whole cell lysates of cell lines were probed with anti-SYK. The
images and data are representative of several independent experiments. WB, Western blotting; WCL, whole

cells lysate.

close proximity for cross-phosphorylation. Support for this
hypothesis was recently provided by the finding that like ITK-SYK,
ITK is constitutively membrane-associated when expressed in
293T cells and that in these cells ITK forms PH domain-de-
pendent clusters, with an intermolecular distance of 80 A or less
in the region of activated PI3K (53).

Membrane association may also promote the activity of ITK-
SYK in other ways. In the present experiments, treatment of
cells with pervanadate increased the phosphorylation of both
catalytically active and inactive ITK-SYK on Tyr***/Tyr*®¢,
suggesting that under these conditions ITK-SYK may be
transphosphorylated by other tyrosine kinases. That this phos-
phorylation was markedly reduced by the R29C mutation and
recovered by myristylation suggests that membrane association
might serve to promote the phosphorylation of ITK-SYK by
other kinases. In addition, membrane localization may also pro-
mote the association of ITK-SYK with other, as yet unidenti-
fied, signaling enzymes and adaptors, coupling it to the activa-
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WCL WB: Syk ITK-SYK in NIH3T3 cells resulted

in altered morphology, loss of con-
tact inhibition, and loss of anchor-
age dependence, well established
characteristics of transformed cells,
in a kinase activity-dependent man-
ner. Similar phenotypes are pro-
duced in NIH3T3 cells by other
FTKs identified in lymphoid leuke-
mias and lymphomas including
BCR-ABL, NPM-ALK, and TEL-FGFR3, an FTK identified in a
patient with PTCL which progressed to acute myeloid leukemia
(56-58). Together with the recurrent finding of t(5;9)(q33;
q22)/ITK-SYK in primary PTCL samples, our data provide
strong support for ITK-SYK as a rational therapeutic target
in these lymphomas. We have shown that ITK-SYK can be
inhibited by a selective inhibitor of the catalytic activity of
SYK, and, because other SYK inhibitors are in development
or are in early clinical trials for B-cell lymphomas, such com-
pounds may be useful against t(5;9)(q33;q22)/ITK-SYK-pos-
itive PTCL. Importantly, the transforming activity of ITK-
SYK was prevented by functional inactivation of the PH
domain and rescued by constitutive membrane retargeting
similarly to ITK-SYK signaling, indicating that transforma-
tion by ITK-SYK requires its activation at the plasma mem-
brane. Our data thus suggest that the development of inhib-
itors able to block the PH domain-mediated association of
ITK-SYK with the cell membrane represents an additional
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therapeutic approach for the treatment of these aggressive
lymphomas.
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