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Stem cell factor induces phosphatidylinositekihase—dependent Lyn/Tec/Dok-1
complex formation in hematopoietic cells

Thamar B. van Dijk, Emile van den Akker, Martine Parren-van Amelsvoort, Hiroyuki Mano, Bob Lowenberg, and Marieke von Lindern

Stem cell factor (SCF) has an important
role in the proliferation, differentiation,
survival, and migration of hematopoietic
cells. SCF exerts its effects by binding to
cKit, a receptor with intrinsic tyrosine
kinase activity. Activation of phosphatidyl-
inositol 3 ’-kinase (P13-K) by cKit was pre-
viously shown to contribute to many SCF-
induced cellular responses. Therefore,
PI3-K-dependent signaling pathways acti-
vated by SCF were investigated. The PI3-
K-dependent activation and phosphoryla-

tion of the tyrosine kinase Tec and the
adapter molecule p62Dok-1 are reported.
The study shows that Tec and Dok-1 form
a stable complex with Lyn and 2 unidenti-
fied phosphoproteins of 56 and 140 kd.
Both the Tec homology and the SH2 do-
main of Tec were identified as being re-
quired for the interaction with Dok-1,
whereas 2 domains in Dok-1 appeared to
mediate the association with Tec. In addi-
tion, Tec and Lyn were shown to phos-
phorylate Dok-1, whereas phosphory-

lated Dok-1 was demonstrated to bind to
the SH2 domains of several signaling
molecules activated by SCF, including
Abl, CrkL, SHIP, and PLC -1, but not
those of Vav and Shc. These findings
suggest that p62Dok-1 may function as
an important scaffold molecule in cKit-
mediated signaling. (Blood. 2000;96:
3406-3413)

© 2000 by The American Society of Hematology

Introduction

Stem cell factor (SCF; also called steel factor, mast cell growtind subsequent transient tyrosine phosphorylation of the reééptor.
factor, or Kit ligand) is an important growth factor for multiple cellAs a result, proteins of the p21Ras-MAPK pathway, the phosphati-
types, including hematopoietic progenitor cells. SCF exerts itlylinositol 3-kinase (PI3-K), the tyrosine kinases Src/Fyn/Lyn and
effects by binding to the product of thit proto-oncogenécKit  Tec, phospholipase¥z1 (PLCy-1), Vav, Cbl, and p62Dok-1 are
is a receptor with intrinsic tyrosine kinase activity, structurallyecruited to the cKit-signaling complex and are subsequently
related to FIt3 and the receptors for colony-stimulating factor-1 ardtivated or phosphorylaté®?? However, the mechanism by
platelet-derived growth factérLoss-of-function mutations in the which these molecules are recruited and activated has remained
loci for murine cKit, White SpottingW), or SCF,Steef*® lead to largely unresolved. Although human and murine cKit contain 20
macrocytic anemia and to mast cell deficiency, as well as to a seriesacellular tyrosine residues, only a few were described as
of nonhematological defectd:® Conversely, mutations that renderdocking sites for signaling molecules when phosphorylated. Ty-
cKit constitutively active have been found in mastocytoma anwsines 703 and 936 in human cKit bind the adapter molecules
myeloproliferative diseas&'® Grb2 and Grb7, whereas Src kinases bind to tyrosines 567 and 569
Within the hematopoietic compartment, SCF can support tlrethe membrane proximal region, and p85 binds to tyrosine 719 in
survival and renewal of the earliest multilineage progenitors arie kinase-insert domain of murine cK#2324A concerted action
regulates proliferation and differentiation of mast cell precursorsf Src kinases and PI3-K appears to be required for the (indirect)
In combination with lineage-restricted cytokines, SCF delayactivation of the small G-protein Rac and the protein kinase JNK,
differentiation and enhances the expansion of already committetiich is an important step in mast cell proliferatin.
progenitors of all lineages.This phenomenon is particularly  In vitro studies have shown that activation of PI13-K contributes
apparentin erythropoiesis in which the cooperation of cKit with th® survival, mitogenesis, chemokinesis, and differentiation induced
erythropoietin receptor (EpoR) is crucial for the proliferation oby SCF6:24-26 Introduction of cKit mutants unable to activate
erythroblastd!121t has been shown that cKit and EpoR are cloself?13-K into cKit-deficient mast cells does not restore SCF-induced
associated in erythroid celti§,but the molecular basis for the cell adhesion and only partially restores SCF-induced prolifera-
synergy between cKit and EpoR or other cytokine receptors has tion.16 Furthermore, we recently observed that the PI3-K inhibitor
been resolved. LY294002 suppressed the biological effect of SCF on erythroid
The profound effects of SCF on proliferation and survival oprogenitors (manuscript in preparation). PI3-K yields PIP3 in the
different progenitor cell types has raised considerable interestin ttedl membrane, thereby creating binding sites for pleckstrin
identification of critical signal transduction pathways activated byomology (PH) domain containing signaling molecliesihe
cKit. SCF binding to cKit results in dimerization/oligomerizationtyrosine kinase Tec is one such PH domain that contains protein
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activated by cKit® Tec is also the founding member of a family ofpreviously*® Sixteen to 20 hours after transfection, medium was refreshed,
tyrosine kinases that includes Bruton tyrosine kinase (BTK), Bmand cells were harvested 24 hours later.

Itk/Tsk/Emt, and RIk/TxI829These kinases are characterized by a For viral transduction experiments, amphotropic Phoenix cells were
PH and a Tec homology (TH) domain in their amino-terminué:““ured in 6-we!l dishes and, 3 hours later, the cells were transfected with
followed by SH3, SH2, and kinase domafidn contrast to Src the use of calcium phosphate. After 48 hours, cells were treated with

i th d id of b ¢ ti istyl t.mitomycin C (10pg/mL) for 1 hour, washed 3 times, and washed 3 more
Inases, they are devoid ot a membrane-targeting mynstylaigR,eq 4 houyrs later. F36P cells g 10°/mL) were added and co-cultured for

site, and yet they are rapidly recruited to the plasma membrafig 1, 24 hours in RPMI/DMEM medium (50%/50%). F36P cells were
after stimulation of various cytokine receptors, the T- and B-Celbmoved carefully from the Phoenix cells and cultured in RPMI 1640
receptors, and CD28:35The interaction between PIP3 and the PHnedium. To select for stable transfected cells, puromycipgnL) was
domain of BTK is critical for this translocatio#f.In the plasma added 48 hours later.

membrane, Tec members are thought to be activated by Lyn or

other members of the Src famity:38 Other studies have shown Immunoprecipitations, Western blotting, and antibodies

that the TH domain of Tec is not only essential for the (in)direc'&fter serum starvation for 16 hours, F36P, Mo7e, and TF-1 cells(agf/
interaction with cKit but also for its association with Lyn ' ; '

mL) were stimulated with SCF (100 ng/mL; a generous gift of Amgen,
and Vav33:39 Thousand Oaks, CA), EPO (5 U/mL; a generous gift of Janssen-Cilag,
In this study, we show that Tec is activated by SCF in erythroifiiburg, The Netherlands), or GM-CSF (50 ng/mL), or left unstimulated for
and megakaryocytic cell lines and that, when activated, it formssaminutes (SCF) or 10 minutes (EPO and GM-CSF) at 37°C. Reactions
stable complex with various proteins, including the recently clonegere stopped by adding ice-cold phosphate-buffered saline (PBS). Cells
docking protein p62Dok-1. We found that both the activation of Tewere lysed in lysis buffer (1% NP-40, 20 mmol/L Tris-HCI, pH 8.0, 137
and the phosphorylation of Dok-1 require PI3-K activity. We shownmol/L NaCl, 10 mmol/L EDTA, and 10% glycerol), supplemented with
that the TH and SH2 domains of Tec mediate the interaction WiﬁPmp'ete] pr"tzase i”hibljtor m:]X [Rocgel' )Pefab_'oc"f [Merck, Pafmsmdt&
_ e _ ; ; rmany], and 1 mmol/L orthovanadate) on ice for 15 minutes an
Dok-1, whereas 2 separate domains in Dok-1 are involved in t?§ntrifuged at 4°C for 10 minutes at 15 000 rpm. Lysates ok1B¥ cells

interaction with Tec. We further show that Tec, and aiso Lyn, Cav(/]ere precleared with protein G beads (Sigma; St Louis, MO), incubated

phosphqrylate Dok-1. Dok-1 Contaln§ 15 tyrosll.ne residues, 5“99%% the appropriate antibody (1g) for 90 minutes at 4°C, and protein G
ing an important role for Dok-1 in recruiting SH2 domain-eags were added for an additional hour. Precipitates were washed 3 times
containing proteins to the cKit-signaling complex. In support ofith lysis buffer, subjected to SDS-polyacrylamide gel electrophoresis, and
this hypothesis, we provide evidence that phosphorylated Dokefectrotransferred to nitrocellulose membrane (Schleicher & Schuell;
binds the SH2 domains of multiple signaling molecules. Dassel, Germany). Membranes were blocked in 0.6% bovine serum
albumin (BSA), incubated with appropriate antibodies, and developed with
the use of enhanced chemoluminescence (ECL; NEN, Boston, MA).
The following antibodies were used in this study: anti-Tec (06-561;

Materials and methods Upstate Biotechnology, Lake Placid, NY), anti-TecSH3anti-Dok-1
(M19; Santa Cruz, Santa Cruz, CA), antiphosphotyrosine (PY99; Santa
Cells, plasmids, and oligonucleotides Cruz), anti-HA (F-7; Santa Cruz), anti-Lyn (Transduction Laboratories,

. . | exington, KY), antiphospho-PKB (Ser473; New England BioLabs, Bev-
The human erythroleukemia cell lines F36P and TF-1 as well as tlgﬁy’ MA), anti-PKB (New England BioLabs), antiphospho-ERK1,2 (Thr202/

megakaryocytic cell line Mo7e were maintained in RPMI 1640 mediutipy 54, £10; New England BioLabs), and anti-ERK1,2 (K-23; Santa Cruz).
(Life Technologies, Breda, The Netherlands) supplemented with 10% fetal

calf serum (FCS; Life Technologies) and recombinant human granulocyg
macrophage colony-stimulating factor (GM-CSF; 5 ng/mL; Immunex;
Seattle, WA). COS, 293, and amphotropic Phoenix cells were cultured fior SH2 domain-inducing studies, SCF-stimulated Mo7e cells were lysed
Dulbecco modified Eagle medium (DMEM; Life Technologies) supplein immunoprecipitation buffer. Cleared lysates were incubated for 90
mented with 10% FCS. minutes with beads coupled to 1@ of GST-SH2 fusion protein or to GST
The complete complementary DNAs (cDNAs) of murine Tec, humaalone. Beads were washed 3 times with lysis buffer and resuspended in
cKit, and human Dok-1 (a kind gift of N. Carpino, St Jude Children'sample buffer. Proteins were separated by SDS-PAGE and blotted with
Hospital, Memphis, TN) were cloned in the expression vector pSGdntiphosphotyrosine antibody. The GST fusions with SH2 domains of the
(Stratagene, La Jolla, CA) and the retroviral vector pB&Hée expression following proteins were used in this study: cAbl, CrkL, Fgr, Fps, GAP (both
vectors encoding Tec mutants anxp85 have been described previ-N- and C-terminal SH2 domains [NC]), Grb14, Hck, Lyn, p85 subunit of
ously#42Constructs DokY1 and DokAY5 were generated by polymeraseP|3-K (SH2 N+C), PLCy-1 (SH2 N+C), Shc, SHIP, Src, Syk (SH2-NC),
chain reaction (PCR) with the use of the oligonucleotides Dok-F (5vav, and Yes.
CGGAATTCCCGGGGGCCATGGACGGA-3, Dok-AY1 (5'-AAAACT-
GCAGGTTAACGGCTCTACAAGGAGTTCTCCAGC-3, and DokAY5
(5'-AAAACTGCAGGTTAACCAGCCTACAGGGCTGGGGGACTG-3
and the Expand High Fidelity PCR System (Roche; Basel, SwitzerlamﬁesunS
Fragments were cloned in thEcoRI/Pst sites of a modified pSG5. Teci . di hroid cell d |
Constructs tagged with the hemagglutinin (HA) epitope, HA-Dok, HAJ ¢ IS activated in erythroid cells and complexes
DokAYS5, and HA-DokAY1, respectively, were generated by subcloning!ith various proteins after SCF addition
PCR products into pMT2SM-HA vector. THest fragment of pMT2HA-
Dok was subcloned into pBABE to generate pBHA-Dok.

iutathione S-transferase (GST)-pull down experiments

Tec has previously been shown to be activated by SCF in the
human megakaryocytic cell line Mo?&To investigate whether
Tec is specifically activated on cKit activation and to identify
Transient transfection and viral transduction associating proteins, Tec was immunoprecipitated from the human
For transfection experiments, COS cells were cultured in 6-well dish&8Ythroid progenitor cell line F36P and was stimulated with SCF,
(Costar; Corning, NY), and 293 cells were cultured in 2Raiishes EPO, or GM-CSF, from Mo7e cells stimulated with SCF or
(Becton Dickinson, Franklin Lakes, NJ). After 24 hours, the cells wereM-CSF, and from human erythroleukemic TF-1 cells stimulated
transfected with 6 to 12.g of supercoiled plasmid DNA as describedwith SCF. Subsequently, Tec and coprecipitating proteins were
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Figure 1. Tec is activated in erythroid cells and complexes with various
proteins following SCF addition. (A, B) Tec was immunoprecipitated from F36P,
Mo7e, and TF-1 cells incubated with SCF (S; 5 minutes), EPO, or GM-CSF (E, GM,;
10 minutes) at 37°C. The immunoprecipitates (15 X 109 cells each) were analyzed by
Western blotting with antiphosphotyrosine (PY99; top panels) and anti-Tec (middle
panels). Tec precipitates from F36P cells were also analyzed with anti-Lyn (middle
panel). As a control, whole cell lysates were analyzed with antiphosphotyrosine
(lower panels). Tec is specifically phosphorylated by SCF and complexes with cKit
and proteins of 56, 62, and 140 kd, following SCF addition (indicated by arrows).
Co-precipitating p62 in SCF-stimulated TF-1 cells is marked with an asterisk.
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precipitated from SCF-stimulated F36P cells, blotted, and incu-
bated with PY99. Figure 2A shows that p62 exactly comigrates
with the slower migrating species of Dok-1. Strikingly, proteins of
140 and 56 kd coprecipitate with Dok-1, similar to what is observed
when Tec is immunoprecipitated. These results suggest that
(partially) identical complexes are precipitated with anti-Tec and
anti-Dok sera. Reprobing of the blot with anti-Tec serum showed
that Tec was present in the Tec immunoprecipitations (Figure 2A,
lower panel). However, Tec was never detected in Dok-1 precipita-
tions, possibly due to sterical hindrance of the antibody. Therefore,
we assume that the coprecipitating p56 and p140 associate with
Dok-1 rather than with Tec.

The anti-Dok-1 antibody could not be used in Western blot
analysis but worked well in immunoprecipitations. To demonstrate
that p62 is indeed Dok-1, lysates of SCF-stimulated F36P cells
were first cleared with anti-Dok-1, followed by a Tec precipitation,
and vice versa. If Tec and Dok-1 associate, the signal of p62/Dok-1
should be decreased in Tec- and Dok-1-precleared precipitates. In
fact, significantly less p62 coprecipitates with Tec in lysates
precleared from Dok-1 (Figure 2B, lanes 4 and 5), whereas there is
almost no p62Dok remaining in a Dok-1 precipitate after the lysate
was precleared with anti-Tec (Figure 2B, lanes 7 and 8). Together,
these data are consistent with the notion that the Tec-interacting
protein of 62 kd is identical to Dok-1.

Tec and Dok phosphorylation depends on PI3-K activity

Like Tec, Dok-1 also contains a PH domain at its N-terminus,

immunoblotted with antiphosphotyrosine antibody (PY99). Asuggesting that recruitment of both proteins to the cKit-signaling
shown in Figure 1A, phosphorylation of Tec in F36P cells is only

detected after SCF stimulation but not after incubation of the cells A

with EPO or GM-CSF, even though these cytokines induced - 4+ - <+ SCF

tyrosine phosphorylation of multiple proteins (Figure 1A, lower
panel). An in vitro kinase assay confirmed that the tyrosine p140»

phosphorylation of Tec correlated with enhanced kinase activity of PY99 blot

Tec (not shown). Interestingly, a prominent phosphorylated protein
of 62 kd as well as proteins of 145 to 150, 140, and 56 kd were

precipitated with Tec after SCF induction. The proteins of 145 to gg% 1 T —— e & Dok-1

150 kd were identified as cKit by Western blot analysis (not i SRR |

shown). Because p56Lyn is known to associate with 3feme ——— Tec blot

tested whether the coprecipitating phosphoprotein of 56 kd was

Lyn. Although the lower panel indeed shows that SCF treatment TecIP Dok IP

results in enhanced Tec-Lyn association, Lyn had a slightly faster

mobility than p56. Therefore, the identities of p56 and p140

remain unknown. B - =-oaDok - -aTec preclear
Tec is also selectively phosphorylated by SCF in Mo7e cells - 4+ - 4+ 4 - + + SCF

(Figure 1B). In these cells, a similar pattern of coprecipitating
proteins is observed, indicating that the same signaling complex is |.- —_— — — ‘1Dok-1
formed after cKit activation in F36P and Mo7e cells. Although less

clear, cKit and p62 (marked with an asterisk) were also detected in .2 3 4 3 B 1 8 sk
the Tec precipitates of SCF-stimulated TF-1 cells. The signal in = == n e o

these cells is less intensive, most likely due to the lower level of
activated cKit when compared with F36P and Mo7e, as is apparent WCL Tec IP Dok IP Tec blot
from the whole cell lysate controls.

Figure 2. The p62 coprecipitating with Tec is p62Dok-1. (A) Tec and Dok-1 were
immunoprecipitated from whole cell lysates of nonstimulated and SCF-incubated
F36P cells and analyzed by Western blotting with antiphosphotyrosine (PY99; top
panel) and anti-Tec (lower panel). Two species of Dok-1 are phosphorylated by SCF

. . P s{indicated by arrows), of which the upper one comigrates with Tec-associated p62.
The most promment tyrosme phosphorylated proteln inTec preci lr1oteins of 56 and 140 kd are observed in both Tec and Dok-1 precipitates of

tates is a protein of 62 kd. Recently, Dok-1, a docking protein of 6 r.treated cells (indicated by arrows). (B) Lysates of SCF-stimulated F36P cells
kd, was cloned from chronic myelogenous leukemia progenit@ere precleared with anti-Dok-1, followed by Tec immunoprecipitation, or vice versa.

cells and from v-Abl-transformed B ceR&44In these cells, Dok-1 The lysates were analyzed by Western blotting with antiphosphotyrosine (top panel)
' ! and anti-Tec (lower panel). Pretreatment of the lysates reduces the amount of

IS COhStItUtIVFﬂy_ p_hosphorylated' To examine whether Te%hosphorylated p62/Dok-1, indicating that p62 is identical to the slower migrating
associated p62 is identical to Dok-1, both Tec and Dok-1 wesgecies of Dok-1.

The p62 coprecipitating with Tec is p62Dok-1
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A - - 20100 WM (nmol/L) ERK1_/2 phosphqrylgtion is not affected_ by LY, it appears that
- + + + SCF SCF-induced activation of the Ras-MAP kinase pathway is indepen-
Tec IP Tec dent of Dc_)l_<-1 phosphorylatlon_. o _ _
PY99 blot g Dok In addition to pharmacological inhibitors, a dominant negative
PI3-K construct Ap85) was used to determine the role of PI3-K in
122 :JFI'ct IE] the phosphorylation of Tec and Dok-1. Tec, Dok-1, 85 were
transiently coexpressed in various combinations in 293 cells.
- - 157525 LY (umollL) Figure 3C shoyvs that _both Tec and Dok-1 are heavily phpsphory-
B - 4+ + + + SCF lated on tyrosine residues when coexpressed. Interestingly, the
phosphorylation of both Tec and coprecipitated Dok-1 is reduced
TecIP _g-‘ Bf)f( when Ap85 is also transfected (lanes 1 and 2). Furthermore,
PY99 blot e ~ : ps6 immunoprecipitation of Dok-1 shows that the phosphorylation of
TecIP [y Dok can also be blocked by cotransfectiom\pi85 (lanes 4 and 5).
Tec blot This finding indicates that PI3-K activity is required for the
Dok IP hosphorylation of Tec and Dok-1 in 2 Ils.
ki -_____‘ phosphorylation of Tec and Do 93 cells
Dok-1 is a substrate of Tec and Lyn in 293 cells
p-PKB | = — |
total PKB | seme——v—— To study the interaction of Tec and Dok-1, transient transfection
experiments were performed in 293 cells as well as in COS cells.
p-ERK -.-[ As shown in Figure 4A, immunoprecipitation of Tec from trans-
total ERK Iml fecte(_:i cells results_ in the detection of a single phosphorylated
protein, corresponding to Tec (lane 2). When Dok-1 is coexpressed
(lane 3), a 62 kd phosphoprotein is coprecipitated, indicating that
+ + + + + Dok Tec and Dok-1 can form a complex in an overexpression system.
(o] + + - + + Tec However, relatively little phosphorylated Dok-1 is precipitated
-+ - - + ApBS with Tec in this system when compared with F36P and Mo7e cells.
|= H -_,] B%i Notably, coexpression of Dok-1 reproducibly enhanced the phos-
Ted P DokIP photyrosine content of Tec (compare lanes 2 and 3), suggesting that
PY99 biot PY99 blot
[ ] A B
TecIP - - - 4+ + 0 - - -+ Ly
Tec blot - - + - + Dok 4+ o+ + +  Tec
Figure 3. Tec and Dok phosphorylation depends on PI3-K activity. F36P cells il e e Tee + + + ¢ ook
were incubated with different concentrations of the PI13-K inhibitors wortmannin (WM; TecIP o — Tec L:J
20 minutes; A) or LY294002 (LY; 60 minutes; B) at 37°C, after which the cells were PY89 blot - ! | Dok

incubated with SCF for 5 minutes. (A) Tec immunoprecipitates were analyzed by

1 2 3 4

TeclIP aHA ouDok oTec aTec |p
Western blotting with antiphosphotyrosine (top panel) and anti-Tec (lower panel). WM Tec blot | T e |
clearly inhibits Tec and Dok-1 phosphorylation. (B) Lysates were incubated with 1 2 3 4 5 HE biot
anti-Tec and anti-Dok-1. Tec immunoprecipitates were analyzed by Western blotting
with antiphosphotyrosine and anti-Tec; Dok precipitates were analyzed with antiphos- - - - + + Lyn
photyrosine. LY clearly inhibits Tec and Dok-1 phosphorylation. Whole cell lysates c _ + SCF D = w e 2E Tec
(1 X 10° cells) were also analyzed with antiphospho-PKB and antiphospho-ERK as -+ + + + Dok-1
control for the specificity of LY. LY inhibits PKB phosphorylation but not ERK PY39 blm'E]‘gg‘,;Dak
phosphorylation. (C) The 293 cells were transfected with expression vectors cos m :;‘:i :
encoding Tec, Dok-1, or Ap85, or with empty vector (—). Tec and Dok-1 immunopre- HA blot El
cipitates were analyzed by Western blotting with antiphosphotyrosine (top panels) Ly
and anti-Tec (lower left panel). Tyrosine phosphorylation of Tec and Dok-1 can be Tec blot E] 0
blocked by coexpression of dominant negative PI13-K (Ap85). 293 o e e | Dok-1

Tec IP o o o it

complex could depend on PI3-K activation. To inhibit PI3-K 12 3 4 5

activity, both the fungal metabolite wortmannin (WM) and the
synthetic inhibitor LY294002 (LY) were employed. Pretreatment dfigure 4. Dok-1 s a substrate of Tec and Lyn in 293 cells.

the cells with 20 nmol/L WM (20 minutes) or 3smol/L LY (60

minutes) was sufficient to almost completely block the SC

Dok-1 IP, PY9% blot

(A) The 293 cells were
transfected with expression vectors encoding Tec, Lyn, or Dok-1, or with empty vector

I__(—). Tec immunoprecipitates were analyzed by Western blotting with antiphosphoty-
5

Osine (top panel) and anti-Tec (lower panel). Dok-1 coprecipitates with Tec,

induced phosphorylation of Tec and the coprecipitating Dok-bpecially in the presence of Lyn. (B) The 293 cells were cotransfected with
(Figure 3A-B). As controls, phosphorylation of the classical p|3_|_bA—tagged Dok-1 and Tec, together with (+) or without (—) Lyn. Lysates were

. . bated with anti-HA, anti-Dok-1, or anti-Tec, after which the precipitates were
target, protein kinase B (PKB)' and ERK were assessed. At i:&:lyzed with anti-HA. Lyn stabilizes the interaction between Tec and HA-Dok-1. (C)

pwmol/L LY, phosphorylation of PKB was completely blocked as36p cells were stably transfected with HA-Dok-1. Tec was precipitated from lysates
determined with specific antibodies against phospho-PKB (Ser4'pgponstimulated (=) or SCF-treated (+) cells, after which the precipitates were

: _ . alyzed with antiphosphotyrosine (upper panel), anti-HA (middle panel), and
Flgure SB) and phospho PKB (Thr308’ not ShOWﬂ). In Contra%ti-Tec (lower panel). More HA-tagged Dok-1 is precipitated after SCF stimulation,

this concentration of LY had no effect on the SCF-inducegicating that the association of Tec and Dok-L is stabilized within the cKit-signaling
activation of ERK1/2 (lower panel). These results demonstrate tkmnplex. (D) COS cells (upper panel) and 293 cells (lower panel) were transfected
specificity of the P13-K inhibitors and suggest that P13-K activatioW“h empty vector (—) or a Dok-1 expression plasmid (+), or cotransfected with Tec
h Kk oh h lati likel and/or Lyn. Dok-1 immunoprecipitates were analyzed by Western blotting with

as to prec_ede Tec/Do ) p O_Sp ory ation, most i e y to recrl%ﬂ'.ntiphos.pho’(yrosine (top panel). In COS cells, both Tec and Lyn can phosphorylate
these proteins to the signaling complex. In addition, becausex-1, whereas in 293 cells Dok-1 is a better substrate for Tec than for Lyn.
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Dok-1 enhances the auto- or cross-phosphorylation of Tec, oA B gf 4
recruits an endogenous kinase that can phosphorylate Tec. Tl & s e @

tyrosine kinase Lyn has been shown to phosphorylateéTaad it TecIP E NEZATIC L fcwr + o+
N—ZATIE T FC 91 +++  +es

was detected in a complex of Tec and Dok-1 in F36P cells (FigureH4 et

1A). Therefore, Lyn was coexpressed with Tec and Dok-1 in 29%tec P EI“IQGh NI —FC a4
cells. Lyn increased Tec phosphorylation (Figure 4A, compare Tt NEZZA—C T FCasws +  +
lanes 2 and 4) and enhanced the intensity of Dok-1 detected hTecip E M

C asHz -

antiphosphotyrosine antibodies in a Tec immunoprecipitation (com "Y* Pt N ko
pare lanes 3 and 5). The latter may be due to Lyn-induced increasec D Ma A WA A HA | HA
Dok-1 phosphorylation and/or increased stability of the Tec/Dok-1 )
(?omplex. To examine an effe.ct of Lyn on the Tec/Dok-1 intergo- CiAT Pl - dvi L T
tion, Tec was coexpressed with a Dok-1 tagged at the N-terminuHa-Dok  Cx ’ ] e :

. . . . Y YYY ¥ ¥YYY YYYYYYY e
with the HA epitope, which allowed detection of total Dok-1 on HA  PH PTB
Western blots. More HA-Dok was coprecipitated with Tec when " Q575" 2%

H 7 . HA  PH

Lyn was _c_otransfected (Flgurt_a 4B, Ia_nes 3 and 4), suggesting thiy, oo Cy—— - =
Lyn stabilizes the Tec/Dok-1 interaction. To analyze whether the avi ¥ HA IP TecIP

association of Tec and Dok-1 is similarly enhanced through HA biet HABL

SCF-signaling, Tec was immunoprecipitated from F36P celfigure 5. Domains involved in Tec/Dok association. (A) The 293 cells were
stably transfected with HA-Dok. Activation of cKit indeed in- cotransfected with HA-Dok-1 and different Tec mutants. Tec immunoprecipitates
. . A were analyzed by Western blotting with anti-HA (top panel), anti-Tec (middle panel),
creased the association of Dok-1 and Tec (Figure 4C). These dai@antiphosphotyrosine (lower panel). The TH and SH2 domains of Tec are crucial
suggest that Lyn plays an important role in SCF-induced Tec/Dokist the direct interaction with HA-Dok-1. (B) Schematic representation of the Tec
i H i utants used and their Dok-1 interaction and phosphorylation properties. (C)
complex formatlon’_ WhICh_ could be due to phosphqryla_tlon d;:hematic representation of full-length HA-Dok-1, HA-DokAY5, and HA-DokAY1.
Dok-1 that allows interaction of the Tec SH2 domain with theyrosine residues (Y), the PH and PTB domains and total number of amino acids are
phoshotyrosines of Dok-1. indicated. (D) The 293 cells were cotransfected with Tec and different HA-Dok-1
To examine whether Lyn is able to phosphorylate Dok_ieletion constructs. Lysates were incubated with anti-HA for expression control and
. . . ith anti-Tec. Precipitates were analyzed with anti-HA. Although the HA-Dok deletion
dlrectly, Lyn and Tec were coexpressed with Dok-1in COS and 2@ structs are equally expressed (left panel), only full-length HA-Dok and a reduced
cells. In COS cells, both Tec and Lyn induced massive DoK-zkount of HA-DokAY5 are detected in Tec precipitates (right panel), indicating that 2
phosphorylation, whereas they had an additive effect when cotrafgnains in Dok-1 are involved in the binding to Tec.
fected (Figure 4D, upper panel). Under these conditions, both Tec

and Lyn coprecipitated with Dok-1 (indicated with arrows). In 293

cells, the SV40-driven promoter on the pSG5 plasmid is less acti\)—éf' 'd(_)main, theref‘?re’ T@:TI—! could not_ be detected (Figur_e 5A).
resulting in a more modest expression of Tec and Lyn. In theSaaining the blot with an antibody against the SH3 domain of Tec
cells, Dok-1 is a better substrate for Tec than for Lyn (Figure 4[§howed that TekTH was expressed comparable to wt Tec (not

lower panel, lanes 3 and 4). Moreover, Lyn had no additive effegnown). These d:ta show that 2_independ_er?t d?(mains of Tec, the
on Tec-mediated Dok phosphorylation (lane 5). Thus, although Lyl domain and the SH2 domain, interact with Dok-1. _
Dok-1 is a docking protein that contains a PH domain, a

can phosphorylate Dok-1, its tyrosine phosphorylation appears to . o . . )
depend mainly on Tec activity. phosphotyrosine-binding (PTB) domain, 15 tyrosine residues, and

In conclusion, activation of cKit stabilizes the interaction10 proline (PXXP) motifs. The phosphorylated tyrosines can act as

between Tec and Dok-1, possibly by Lyn-mediated Dok-1 phosphéﬁz-bindipg sites, whereas the PXX_P motifs mediate binding_ to
ylation. Subsequently, Tec phosphorylates Dok-1 to yield high H3 domains. To roughly map the region(s) of Dok-1 that associate
tyrosine-phosphorylated Dok-1. ith Tec, 2 progressive deletion constructs were created (Figure

5C). In HA-DokAY5, 193 amino acids were deleted at the
Domains involved in Tec/Dok association C-terminus, which removes 10 tyrosine residues and 5 PXXP

motifs. HA-DokAY1 consists of only the PH domain, 1 tyrosine,
Given the interaction observed between Tec and Dok-1, we ngd 2 PXXP motifs. The HA-Dok constructs were cotransfected
examined which domains were involved. Wild-type (wt) Tec andith Tec in 293 cells. Lysates were incubated with anti-HA
Tec deletion constructs (see Figure 5B for a schematic represenfatibody as control (Figure 5D, left panel) and with anti-Tec to
tion) were coexpressed with HA-Dok-1 in 293 cells. Subsequentlyetect the Tec/Dok interaction (right panel). The interaction of Tec
Tec precipitates were blotted and probed with anti-HA- angith full-length Dok-1 is easily detected, whereas no HA-DK.
antiphosphotyrosine antibodies. Wt Tec, &3, and TedKD 5 gpserved in Tec precipitates. HA-DBK5 also associates with
bind equal amounts of HA-Dok-1 (Figure 5A, upper panel). Ifec, although at a low level, suggesting that 2 domains in Dok-1

contrast, Te&PH is much more powerful in HA-Dok-1 binding, cooperate in binding to Tec. Alternatively, multiple phosphoty-
whereas no HA-Dok-1 is precipitated with TeEH and TedSH2.  yggines of Dok-1 are able to bind the SH2 domain of Tec.

Similar results are obtained when the blot is probed with PY99, ie,
an equal Dok-1 phosphorylation by wt Tec and A8&13, en-
hanced phosphorylation with T&PH, and no phosphorylation
with TecATH, TecAASH2. The only difference concerned Té<D
(no kinase activity), which failed in Dok-1 phosphorylation eveWe demonstrated that SCF induces the complex formation of
though it precipitated HA-Dok-1, showing that indeed Tec kinag@ok-1 with Tec and Lyn and that Dok-1 is subsequently phosphor-
activity is responsible for the phosphorylation of HA-Dok-1. The/lated on tyrosine residues. Phosphorylated tyrosines act as
detection of high levels of phosphorylated Dok-1 by AB# is binding sites for SH2-containing proteins. To determine which
most likely due to enhanced Dok-1 binding (upper panel). Expresignaling intermediates could bind to phosphorylated Dok-1, GST
sion of Tec constructs was controlled with an antibody against tfigsion proteins that contained the SH2 domains from a range of

SH2 domains of distinct signaling molecules bind
to phosphorylated Dok-1
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signaling molecules were incubated with lysate from SCF-
stimulated Mo7e cells. The SH2 domains of the Src family
members Src, Fgr, Hck, and Yes; the tyrosine kinase cAbl; the
adapter CrkL; rasGAP (SH2NC); the p85 subunit of PI3-K (SH2
N+C); PLCy (SH2 N+C); and SHIP bind efficiently to phospho-
Dok-1 (Figure 6). However, the SH2 domains of Fps, Grb14, Shc,
Syk (SH2 N+C), and Vav show little or no association with Dok-1, -

illustrating a high level of substrate specificity. Precipitates that

contain Dok-1 also include proteins of 145 to 150, 140, and 56 kd, @

although with different ratios. It cannot be excluded that some of gk )

the GST-SH2 fusion proteins directly bind to cKit and thereby Ly f;i‘;“rf;[gsg”
indirectly precipitate Dok-1. However, these results strongly sug- down modulation?
gest that Dok-1 can recruit a variety of Signa”ng proteins angigure 7. Model for Tec/Dok-1 phosphorylation in SCF-induced signaling.
therefore, that Dok-1 may play an important role in SCFDiscussion” section for details.

mediated signaling.

See

Tec and Dok-1 are partially associated in nonstimulated serum-

starved F36P and Mo7e cells (Figure 1), indicating that the
Discussion interaction is relatively stable in vivo. In cotransfection studies,

however, the Tec/Dok-1 association is rather weak, although Dok-1
Various studies have shown that SCF-mediated proliferatioig,heavily phosphorylated by Tec when coexpressed (Figure 4A and
survival, adhesion, migration, and differentiation depend on PI3-4D, respectively). With the use of an HA-tagged Dok-1 construct, it
activity.16:2426p|3-K yields PIP3 in the cell membrane, which carwas shown that cKit stimulation stabilizes the association between
subsequently recruit PH domain-containing signaling molecilesTec and Dok (Figure 4C). This implies that additional proteins are
One such protein activated by SCF is the tyrosine kinase Tec. \Wecessary to allow the formation of a stable complex. Our results
found that activation of cKit induces both Tec activation and thsuggest that Lyn is such a protein (Figure 4B). Furthermore, Lyn
formation of a complex of Tec with cKit, Lyn, p62Dok-1, and 2also phosphorylates Dok-1 (Figure 4D), whereas the SH2 domain
unidentified proteins of 56 and 140 kd, respectively. By usingf Tec is crucial for its association with Dok-1 (Figure 5A). One
pharmacological inhibitors and overexpressiomrApi85, a domi- possible mechanism to explain these results is that Lyn phosphory-
nant negative PI3-K construct, we determined that both compléates a subset of tyrosines in Dok-1, including the one(s) that
formation and phosphorylation require PI3-K activity. TAp85 mediate(s) the interaction with Tec. In turn, Tec may phosphorylate
transfection was done in a transient assay, because we failecht@ther subset of tyrosines of Dok-1. To further clarify the role of
generate cell lines that stably expresa@85 or cKitY721F, a cKit Tec in the phosphorylation of Dok-1 in vivo, we tried to stably
mutant unable to activate PI13-K. We propose a model for Dok-1 transfect F36P cells with a Tec construct that lacked its kinase
SCF signaling as shown in Figure 7. This model involves th@omain. However, in all clones obtained the expression level of this
activation of PI-3K and Src family members (eg, Lyn) followingmutant was too low to act as a dominant negative. It can, therefore,
cKit stimulation. The PH domain-containing proteins Tec andot be excluded that Src family members fully account for the
Dok-1 are recruited to the plasma membrane where they colocalgigosphorylation of Dok-1 in vivo. During our studies, Tec was
with activated Lyn. Lyn associates with Tec and promotes its kinagfentified as a possible kinase for CD28-mediated Dok-1 phosphor-
activity. Subsequently, Tec and/or Lyn phosphorylate Dok-yjation, whereas a Dok-related protein (Dok-R or p56Dok-2) has
creating binding sites for SH2-containing proteins. It is possibleeen reported as a direct target of 1311°These data are consistent
that such Dok-1-interacting proteins are phosphorylated by Tedth the conclusion that Dok-1 and Dok-related proteins are
and/or Lyn as well. substrates for both the Tec and Src families of tyrosine kinases.

Dok-1 was first identified as a tyrosine-phosphorylated protein
of 62 kd associated with p120-RasGAP in fibroblasts transfected

T - I, :% 50 ol ;s ,,% with v-Src#6 In BCR-Abl-transformed cells, Dok-1 also binds to
D 2S2LEO02TE RES5b063 58 RasGAP in a tyrosine phosphorylation-dependent manner. How-
g B & B - ever, RasGAP was not detected in Tec and Dok-1 precipitates,
77- although RasGAP was detectable in RasGAP precipitates and in

e—. || ——— w——| : pEgDok-1 whole cell lysate controls (data not shown). In contrast, we detected
gg: PYag a tyrosine-phosphorylated protein of 140 kd in Tec or Dok-1
S05- B = Piot precipitates of SCF-stimulated cells. Interestingly, a protein of
130- ¢ » about the same size was shown to bind to Dok-R in epidermal
77-p i growth factor—stimulated celf$ A protein that is activated by SCF
23k _— c .'."."' a > - —— and has a molecular weight of 150 kd is the inositol phosphatase
32. - - L ® = e | g SHIP-1. Therefore, we are currently investigating the role of this

_ ] - _ protein in the Dok-1 complex. In addition, the identity of p56
Figure 6. SH2 domains of distinct signaling molecules bind to phosphorylated remains to be defined. Both p56Lyn and p52Shc are known to bind
Dok-1. GST-fusion proteins containing the SH2 domains of several signaling X .
molecules were incubated with lysates of SCF-induced Mo7e cells. As areference for {0 T€C but have another electrophoretic mobility than Dok-bound
p62Dok-1, a Tec immunoprecipitate was included. The precipitates were analyzedby ~ p56 (data not shown).

Western.blot ar?alysis with an antiphosphotyrosine antibody (upper panels)'. The bIoFs Still little is known about the physiological role of Dok-1.
were stained with Ponceau S as a control for the amount of added GST-fusion protein Dok-1 is di | . d with v-Abl d itutivel h h
(lower panels). Phosphorylated Dok-1 binds to the SH2 domains of various signaling ok-1lis direct y assoclated with v- and constitutive y phospnhor-

intermediates. ylated in chronic myelogenous leukemia céfl4’ Furthermore, the
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extent of tyrosine phosphorylation of Dok-1 has been shown teceptor substrates 1 to 4 and GAB, all of which serve as docking
correlate with the transforming capacities of a number of differentolecule! By recruiting subsets of signaling molecules into an
oncogenes, including v-Src, v-Fps, v-Fms, and v-RiBecause of activated receptor complex, docking molecules play a key role in
the frequently noted correlation between constitutive tyrosirtee coordination of the cellular response. OtR&tshave shown
phosphorylation of Dok-1 and cellular transformation, it has beghat p120RasGAP and Nck directly bind to Dok-1, whereas our
suggested that Dok-1 plays an important role in mitogenic signaksults indicate that Tec as well as at least 2 unidentified proteins
ing. This idea is in agreement with the observations that Dok-1 associate to Dok-1. We further showed that many SH2 domains of
phosphorylated in response to SCF and that SCF primarily senm@steins functioning in different signaling routes form a complex
as a potent proliferation factor in hematopoietic progenitor cellaith Dok-1. These include the SH2 domains of Abl, CrkL, Rl-C,
The results of other studies have suggested that Dok-1 may aidIP as well as the p85 subunit of PI13-K, all proteins known to be
play a role in cellular migration responses. Recently, Noguchi attivated by SCF819.21.52 Because CrkL is a direct target of
al*® showed that overexpression of wt Dok-1 enhanced insuliBCR-Abl53it is possible that Dok-1 plays a role in the recruitment
induced migration, but this was not observed with DokY361F, af kinases (Tec, Lyn, Abl) and their substrates. With the notion that
Dok-1 mutant unable to bind Nck. Nck is an adapter molecule thtte pleiotropic effects of SCF largely depend on PI3-K, as is the
links receptors to p21lcdc42/Rac-activated kinase and the Wiskgihosphorylation of Dok-1, we postulate that Dok-1 (and its
Aldrich syndrome protein-interacting protein complex, all of whictphosphorylation control) is an important regulator of SCF-induced
contribute to changes in the actin cytoskeletd#.Furthermore, signal transduction.
Rac has been shown to be activated by cKit via a Src- and
PI13-K-dependent mechanism and plays an important role in
SCF-induced proliferation of bone marrow-derived mast éé”S-Acknowledgments
One may speculate that the Tec/Dok-1 complex recruits and
activates the components that regulate the (de)polymerization\wé would like to thank Nick Carpino, Paul Coffer, and Rolf de
actin filaments, thereby regulating cell migration. Groot for the kind gift of materials and plasmids, and Ivo Touw and
Dok-1 contains a PTB domain, 15 tyrosine residues, and Xdister Ward for critically reading the manuscript and for useful

PXXP motifs and has an overall structure related to the insuligiscussions.
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