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Stromal cell-derived factorelstimulates tyrosine phosphorylation of multiple
focal adhesion proteins and induces migration of hematopoietic progenitor cells:
roles of phosphoinositide-3 kinase and protein kinase C

Jian-Feng Wang, In-Woo Park, and Jerome E. Groopman

The stromal cell-derived factor-1 (SDF-1)
is an alpha chemokine that binds to the
CXCR4 receptor. Knock-out studies in
mice demonstrate that this ligand-recep-
tor pair is essential in hematopoiesis.
One function of SDF-1 appears to be the
regulation of migration of hematopoietic
progenitor cells. We previously character-
ized signal transduction pathways in-
duced by SDF-1 e in human hematopoi-

etal protein paxillin. To better understand
the functional role of signaling molecules
connecting the CXCR4 receptor to the
process of hematopoietic migration, we
studied SDF-1 a—mediated pathways in a
model hematopoietic progenitor cell line
(CTS), as well as in primary human bone
marrow CD34 * cells. We observed that
several other focal adhesion compo-
nents, including focal adhesion kinase

kinase (PI-3K) appeared to be required for
SDF-1la—mediated phosphorylation of fo-
cal adhesion proteins and the migration

of both CTS and primary marrow CD34 +

cells, whereas the mitogen-activated pro-
tein kinases ERK-1 and -2 were not.
These studies further delineate the mo-
lecular pathways mediating hematopoi-
etic progenitor migration and response to
an essential chemokine, SDF-1 «. (Blood.

etic progenitors and found tyrosine
phosphorylation of focal adhesion com-
ponents, including the related adhesion
focal tyrosine kinase (RAFTK), the adap-
tor molecule p130 Cas, and the cytoskel-

(FAK) and the adaptor molecules Crk and
Crk-L, are phosphorylated on SDF-1 «
stimulation. Using a series of specific
small molecule inhibitors, both protein
kinase C (PKC) and phosphoinositide-3
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Introduction

Stromal cell-derived factor-1 (SDF-1) was initially characterized ds blocked by pertussis toxfi%18.19These results indicate that the
a pre-B-cell stimulatory factor and cloned from mouse bon€XCRA4 receptor transmits signals through the-@rotein.
marrow stromal cell§* SDF-1 is a CXC chemokine, secreted Various cytokines that induce migration modulate the formation
constitutively from several cell typésThere are 2 isoforms of and function of focal adhesio#&These adhesions are cytoskeletal
SDF-1,a andp, which are generated by differential splicing from astructures that form adherent contacts with the extracellular matrix.
single gené. SDF-1 has been characterized as a highly efficieformation of such focal adhesions and reorganization of the actin
chemotactic factor for T cells, monocytespre-B cells? dendritic  cytoskeleton have been shown to be associated with the phosphor-
cell® and hematopoietic progenitor cels!2 and binds to the ylation of focal adhesion componeris2 For example, the tyro-
CXCR4 receptor. Like othex chemokine receptors, CXCR4 is asine phosphorylation of focal adhesion kinase (FAX3!and of
7-transmembrane surface structure linked to G profelf&'The the adaptor proteins p130 C&S8 Crk,25>27 and paxillir?®2° are
chemotactic effect of SDF-1 on hematopoietic progenitor cells hesectly associated with cell migration induced by cytokines or
been shown to be mediated by the CXCR4 receptor. Targeteltemokines.
disruption of either the SDF-1 or CXCR4 gene is lethal in mice and To characterize the signal transduction pathways associated
is accompanied by many severe defects, including the absenceviih SDF-1-induced migration in hematopoietic progenitor cells,
both lymphoid and myeloid hematopoiesis in the fetal bonwe first studied primitive bone marrow CD34ells and then a
marrow!>16 More recently, it was found that SDF-1 and thehuman hematopoietic progenitor cell line, CTS, which has been
CXCR4 receptor play a critical role in the engraftment of hematdeund to express a robust level of the CXCR4 recet@TS has
poietic stem cells to bone marrdW.These results indicate thatbeen characterized as a multipotential progenitor cell line that can
SDF-1/CXCR4 can regulate hematopoiesis by modulation dffferentiate into either myeloid or lymphoid lineag€sWe
migration and homing of hematopoietic stem and progenitor cellgreviously showed that SDFelstimulates migration and induces
Despite the increasingly prominent role of SDF-1/CXCR4 iralcium flux and the tyrosine phosphorylation of related adhesion
the regulation of hematopoietic progenitor cells, there is scafucal tyrosine kinase (RAFTK), paxillin, and p130 Cas in CTS
information on the signal transduction pathways induced kgells1®Here, we extend our previous study and report that SBF-1
SDF-1/CXCR4. SDF-1, binding to CXCR4, mobilizes calcium anéhduces the tyrosine phosphorylation of multiple adhesion proteins.
reorganizes the actin structure. The chemotactic activity of SDFh1 addition to RAFTK, paxillin, and p130 Cas, we observed that
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FAK, Crk, and Crk-L are also phosphorylated on SDFstimula-  hour at 4°C. After the removal of protein A-Sepharose by brief centrifuga-
tion. With respect to the functional roles of signaling moleculegon, the solution was incubated with different primary antibodies as
both phosphoinositide-3 kinase (PI-3) and protein kinase C (PKtailed below for each experiment for 4 hours or overnight at 4°C.
but not p44/42 ERK, appeared to be required for the SBF-1 Immunoprt_aapltatlons of the aontlquy—antlgen complexes were performoed
induced tyrosine phosphorylation of focal adhesion proteins, aH& 'nCUb?t'on for 2 hou.r.s at4°C with 75. UL of protein A-Sepharose .(10/°

. . suspension). Nonspecific bound proteins were removed by washing the
for the mlgratlon of CTS cells and of human bone marrow CD34Sepharose beads 2 times with HNTG buffer (50 mmol/L HEPES, pH 7.0,
progenitor cells. 150 mmoliL NaCl, 10% glycerol, 0.1% Triton-X 100, 1 mmol/L PMSF, 10
pg/mL aprotinin, leupeptin, and pepstatin, 10 mmol/L sodium orthovana-
date) and 1 time with phosphate-buffered saline (PBS). Bound proteins

Materials and methods were solubilized in 40 pL of X Laemmli sample buffer and further
analyzed by immunoblotting. Samples were separated on 8% to 12%
Reagents and antibodies SDS-PAGE and then transferred to nitrocellulose membranes. The mem-

Lm0 . ; . :
Recombinant SDFd was purchased from R&D Systems (Minneapolisg L?%izwefr:rbg)cﬁgsr\;\mgt5 r/ggr?wnf?;r;mtrgltﬁ:zln(;r'}c)j por?bjocicwg\/grrr:riner\]rty
MN). Rabbit anti-RAFTK antibody (R-4250) was generated as describ(?d y P ght.

previously3L%2 Anti-FAK polyclonal antibody was generated from New mmunoreactive bands were visualized using horseradish peroxidase (HRP)-

Zealand white rabbits immunized with a bacterially expressed GST—fusiSRnJugated secondary anandy and the enhanped chemllumlnescerlt (ECL)
. . . . sgstem (Amersham Pharmacia). Immunoreactive bands were quantitated by

protein containing the C-terminal (750-end aa residues) of FAK cDNA, anscannin the blot under a Model GS-700 Imaging Densitometer (Bio-Rad)

was tested to react specifically with FAK. Rabbit anti-PyC-and 9 ging )

anti-Crk-L polyclonal antibodies were obtained from Santa Cruz Biotec.(zontrOI lanes were assigned a value of 1, and the quantitations of the

nology, Inc (Santa Cruz, CA). The mouse antiphosphotyrosine monocloﬁnﬁmunoreactive bands were expressed as multiples of the control, based on
9. ' ’ phosp tﬁle densitometry values. Each experiment was repeated at least 3 times and

antbody (mAb) 4G10 was a generous gift from Dr Brian DrUKeEhe presented blots are representative of these experiments
(University of Oregon, Portland, OR), and rabbit anti-PI-3 kinase poly- '
clonal antibodies were purchased from Upstate Biotechnology, Inc (Lake L . -
Placid, NY). Anti-Crk, anti-p130 Cas, anti-paxillin, and anti-phosphotyro'l-&Ssays of phosphoinositide-3 kinase activity

sine mAb (PY20) were purchased from Transduction Laboratories (LexingDF-In—stimulated or —unstimulated cells were lysed in ice-cold lysis
ton, KY). Normal rabbit serum and purified normal rabbit IgG or mouseuffer containing 137 mmol/L NaCl, 20 mmol/L Tris-HCI (pH 7.4), 1
IgG were purchased from Organon Teknika Corp (Westchester, PAymol/L MgCl,, 1 mmol/L sodium orthovanadate, 10% glycerol, 1%
Wortmannin, a PI-3 kinase inhibitor; GF109203X, a PKC inhibitor; antNP-40, and 1 mmol/L PMSF. Immunoprecipitation was performed using
PD98059, a MEK kinase inhibitor, were obtained from Calbiochem (Lantiphosphotyrosine mAb (PY20) (for phosphotyrosine-associated PI-3—
Jolla, CA). Electrophoresis reagents and nitrocellulose membrane wefgase activity). Inmunoprecipitates were washed 3 times with lysis buffer,
obtained from Bio-Rad Laboratories (Hercules, CA). Protein A-Sepharogaimes with buffer containing 0.1 mol/L Tris-HCI (pH 7.4), 5 mmol/L LiCl,
CL-4B and Glutathione Sepharose 4B were obtained from Amershafd 0.1 mmol/L sodium orthovanadate, 2 times with TNE buffer containing
Pharmacia (Piscataway, NJ). The protease inhibitors leupeptin, aprotinid,mmol/L Tris-HCI (pH 7.4), 150 mmol/L NaCl, 5 mmol/L EDTA, and 0.1
and alpha 1 antitrypsin and all other reagents were obtained from Sigmanol/L sodium orthovanadate. Samples were resuspended in 20 uL TNE

Chemical Co (St Louis, MO). buffer, 20 pL phosphoinositol (10 pg; Avanti Polar Lipids, Alabaster, AL),
and 10 pL ATP mix (1 mmol/L HEPES, 10 umol/LATP, 1 pmol/L MgdlO
Cells and cell culture pmol/Ly32P-ATP), then incubated at 37°C for 10 minutes. The reaction was

. . ) . . ., stopped by adding 40 pL of 3 mol/L HCl and 160 pL chloroform:methanol
The CTS cell line was a gift from Dr Takeyuki Sato (Chiba University, 1:1 vol/vol). Lipids were separated on oxalate-impregnated silica thin-

Chiba, Japan). The CTS hematopoietic cell line was established fro Ser chromatoaranh (TLC) plates with a solvent system of chloroform:
patient with acute myeloblastic leukemia (AML) and was grown at 37°C in Y graphy P Y :

5% CG in RPMI-1640 medium containing 10% FCS, 50 pg/mL penicillinVTee:gzr:gaw;rfzgi?.zszgj?; ;igg;lge re(lzi;o)ao(osg'?’s'g'&?)' TLC plates
and 50 pg/mL streptomycin, as described previogfsly. ) grap ’

. . . Preparation of human bone marrow cells
Ligand stimulation of cells

Light-density bone marrow mononuclear cells were obtained from normal

CTS. cells were starved in sergm—free RPMI-1640 mgdlum for' 5 hour onsenting donors and depleted of adherent cells as previously des€ribed.
During the last hour of starvation, 0.1 nmol/L of sodium vanadate was

added. After starvation, cells were washed twice with serum-free RP
1640 medium and then resuspended at<1B0°/mL. Cells were then
stimulated in vitro with 20 nmol/L SDF+l for different time periods at Nonadherent light-density bone marrow cells were resuspended in ice-cold
37°C. After stimulation, cell lysates were prepared by lysis in lysis buffé?BS with 1% FCS and 0.5% BSA (isolation medium). CD3%lls were

(50 mmol/L HEPES, pH 7.0, 150 mmol/L NaCl, 10% glycerol, 1% Triton-Xselected by the Dynal CD34 Progenitor Cell Selection System (Dynal-
100, 1.5 mmol/L MgCJ, 1 mmol/L EGTA, 10 mmol/L sodium pyrophos- bead§ M-450 CD34 and DETACHaBEAD CD34, Dynal Inc, Lake
phate, 100 mmol/L NaF, 10 mmol/L dithiothreitol, 1 mmol/L PMSF, 10Success, NY) according to the manufacturer’s instructions. The beads
pg/mL of aprotinin, leupeptin and pepstatin, 10 mmol/L sodium orthovanéinding on the cells were detached and the cells were washed with and
date). Total cell lysates (TCL) were clarified by centrifugation at 100000resuspended in a medium for the migration assays (see below). The purity
for 10 minutes. Protein concentrations were determined by protein assdyhe CD34' cells selected by this method was found to be more than 95%.
(Bio-Rad Laboratories). To assess the effects of the PI-3 kinase inhibitor

wortmannin, the PKC inhibitor GF109203X, or the MEK inhibitor PD98053Chemotaxis assays

for ERK1/2, cells were preincubated with each of these compounds for 45 . L . )
minutes before SDFed stimulation as described above. Chemotaxis assays were performed in triplicate using 5-um pore filters
(Transwell, 24-well cell clusters; Costar, Boston, MA) as described

previously*! Briefly, the filters were rinsed with migration medium
(RPMI-1640 with 0.5% BSA for the CTS cells; compleiemedium with
For the immunoprecipitation studies, identical amounts of protein fro®5% BSA for the CD34 bone marrow cells) and the supernatant was
each sample were clarified by incubation with protein A-Sepharose foraspirated immediately before loading the cells. Either 20° CTS cells or

Nkl,"ell separation or isolation by immunomagnetic beads

Immunoprecipitation and Western blot analysis
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15X 10° CD34" cells suspended in 100 pL migration medium were A

loaded into each Transwell filter. Filters were then carefully transferred tc SDF-1a

another well containing 650 pL migration medium with 20 nmol/L SQ¥F-1

(R&D Systems). The plates were incubated at 37°C in 5% @0 3.5 Time (min) O 1 25 5 10

hours. Next, the upper chambers were carefully removed and the cells in tr kd
bottom chambers were collected. The cells were washed and resuspendec P85 —» W S e SR e 7o

proper volume and quantitated for viable cells using the trypan blue
exclusion method. To assess the effects of wortmannin, GF109203X, ¢ .
PD98059, the cells were pre-incubated with various concentrations of thes Fold increase (1.0 38 22 29 15)
inhibitors for 45 minutes, and then the chemotaxic assays were performe: IP: anti-PY

as described above. WB: anti-p85

B

Statistical analysis

The results are expressed as the meaBD of data obtained from 3 or more PIP —»
experiments performed in duplicate or triplicate. Statistical significance
was determined using the Studergst.
B .

Results Origin —5 I8

Stromal cell-derived factor-1 ~ a stimulation induces activation of PI-3 kinase assay

phosphoinositide-3 kinase and the tyrosine phosphorylation of Figure 1. SDF-1 « stimulation results in increased tyrosine phosphorylation and
PLC-v in CTS cells activation of PI-3 kinase in CTS cells. (A) Total cell lysates, prepared from

SDF-la-stimulated CTS cells for the indicated times, were immunoprecipitated with

Cytokine or chemokine-induced cell migration is a complei"“'PY antibody (PY20). The immune complexes were subjected to immunoblot
analysis with anti-p85 antibody. The changes in the immunoblotted bands of p85 are

process, mediated by multiple Signaling mechanisms. _PI'3 kinaﬁﬁi’ca’(ed (by fold increase) based on the densitometry values. (B) Total cell lysates
PKC, or MAPK pathways have been reported to be involved iere immunoprecipitated with anti-PY antibody (PY20). PI-3 kinase activity was
cytokine or chemokine-induced migration in various cell tyﬁe’g measured by a PI-3 kinase assay as described in “Materials and methods.”
We assessed whether these signaling pathways were involved in
SDF-Ja—induced migration in hematopoietic progenitor cells.  Stromal cell-derived factor-1  « stimulates tyrosine

Using CXCR4 receptor-transfected L1.2 mouse pre-B cells, vphosphorylation of focal adhesion kinase and its association
previously showed that SDFel stimulation via the CXCR4 with p130 Cas and paxillin

receptor selectively activated p44/42 ERK kinase, but not p38 £6 determine whether FAK is tyrosine-phosphorylated after SBF-1
JNK kinase® In CTS cells, we previously observed a similar,

S 18 ) stimulation, CTS cells were serum-starved and stimulated with
activation of p44/42 ERK by, SDFel .I-.Iere, we examined the SDF-la for the indicated times (Figure 3). Cell lysates were
effects of SDF-& on PI-3 kinase activity and on the tyrosing,,\noprecipitated with a specific anti-FAK antibody, and the
phosphorylat_lon Of_PLGf'n CTS cel_ls. . immunoprecipitates were then analyzed by Western blotting with
. SDF-I stimulation of CTS cells induced tyrosine phosphorylay i py “antibody. As shown in Figure 3, SDEeIstimulation

tion of the p85 PI-3 kinase subunit as detected by immunoblottingy ,ced a rapid and transient tyrosine phosphorylation of FAK. The

of anti-phosphotyrosine (PY) immunoprecipitates with anti-p8g,ayimum tyrosine phosphorylation of FAK was detected as early
anti-body (Figure 1A). To determine whether SD&-dtimulated

PI-3 kinase activity, cell lysates from SDFlstimulated or

unstimulated CTS cells were immunoprecipitated with anti-PY SDF-la

antibody. The tyrosine phosphorylation-associated PI-3 kinase ) )

activity was measured by an in vitro PI-3 kinase assay. As shown in Time (min) O 1 25 5 10

Figure 1B, PI-3 kinase activity was enhanced by Sh#sfimula- kd

tion in a time course that paralleled p85 tyrosine phosphorylation. ~ PLC-y — % - ' -120
PLC-y has been shown to play an important role in G-protein .

coupled receptor signaling and is an upstream mediator for PKC Fold mcrease( 1.0 40 1.7 14 1'4)

activation?®4l We thus investigated if PLG- was tyrosine- IP: anti-PLC-y

phosphorylated after SDFedstimulation of CTS cells. Cell lysates WB: anti-PY

from SDF-1x stimulated or unstimulated CTS cells were immuno-

precipitated with anti-PLGy antibody and subjected to serial
immunoblotting with anti-PY antibody and anti-PL-Cantibody. PLC-y —p F F P “ H
We observed that PL§-was significantly tyrosine-phosphorylated -120

on SDF-hv stimulation (Figure 2, upper panel). The tyrosine IP: antlfPLC'V

phosphorylation of PLG+ was rapid and transient, reached a WB: antl-PLC-y

maximum at 1 minute, and returned to a basal level at 5 t0 Hyure 2. SDF-1« stimulation induces tyrosine phosphorylation of PLC-  y in

minutes after stimulation. Equal amounts of Ply@¢ere presentin CTS cells. CTS cells were serum-starved and stimulated with SDF-1a for the

each lane (Figure 2 lower pane|) The tyrosine phosphorylation ia;ficated times. Total cell lysates were immunoprecipitated with anti-PLC-y antibody,
. ' R and subjected to serial immunoblotting with anti-PY antibody (4G10) (upper panel)

PLC-y in response to SDFelstimulation suggested that the PKC,

’ . - ; and anti-PLC-y antibody (lower panel). The increase in tyrosine phosphorylation of
pathway may be involved in CXCR4 receptor signaling. PLC-y s indicated (by fold increase) based on the densitometry values.
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SDF-1a
Time (min) 0 1 25 5 kd
FAK—» -— -120
Fold increase (1.0 126 7.6 22)
IP: anti-FAK
WB: anti-PY

FAK—» B0 0 B 1
IP: anti-FAK
WB: anti-FAK

Figure 3. SDF-1 a treatment induced the tyrosine phosphorylation of FAK in
CTS cells. Total cell lysates from CTS cells unstimulated or stimulated with SDF-1a
for the indicated times were immunoprecipitated with anti-FAK antibody. The immune
complexes were subjected to immunoblotting analysis with anti-PY antibody (4G10)
(upper panel) and anti-FAK antibody (lower panel). The increase in tyrosine
phosphorylation of FAK is indicated (by fold increase) based on the densitom-
etry values.
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with anti-PY antibody. As shown in Figure 5E and F, SDk-1
stimulation resulted in the tyrosine phosphorylation of both Crk
(Figure 5E) and Crk-L (Figure 5F). Moreover, we observed that
several proteins which coimmunoprecipitated with Crk or Crk-L
were also tyrosine phosphorylated. We verified that similar amounts
of Crk (Figure 5E, lower panel) or Crk-L (Figure 5F, lower panel)
were recovered from the lysates of cells untreated or treated
with SDF-lo.

Both Crk and Crk-L have been reported to associate with p130
Cas?>#546 Thus, we investigated if the tyrosine-phosphorylated
proteins that coimmunoprecipitated with Crk or Crk-L included
p130 Cas. Cell lysates from unstimulated or SR¥4timulated
CTS cells were immunoprecipitated with anti-Crk (Figure 6A) or
anti-Crk-L (Figure 6B), and then immunoblotted with p130 Cas.
We observed a constitutive association between p130 Cas and
Crk-L but not between p130 Cas and Crk in the unstimulated CTS
cells. However, SDFd stimulation enhanced the association of
both Crk and Crk-L with p130 Cas (Figure 6A and B, upper
panels). We verified that similar amounts of Crk (Figure 6A, lower

as 1 minute after the addition of 20 nmol/L of SDF-1. Thereatfter,
tyrosine phosphorylation of FAK declined gradually to almost A

baseline levels after 5 minutes (Figure 3, upper panel). We verified SDF-1a

that similar amounts of FAK were recovered from the lysates of E—

cells untreated or treated with SDle-1or various times (Figure 3, TCL - + kd

lower panel). p130 Cas — P s 2120
Tyrosine-phosphorylated FAK can form a complex with other .

focal adhesion proteins. The adaptor protein, p130 Cas, has been Fold crease (1.0 1.7)

shown to associate with FAK and mediate cell migrafi®ithe IP: anti-FAK

cytoskeletal protein, paxillin, is also a substrate of F&KOur WB: anti—pl30 Cas

previous study showed that, in CTS cells, both p130 Cas and
paxillin were tyrosine phosphorylated on SD&-&timulationl8

Therefore, we now investigated if FAK associated with either p130 FAK—» q 120
Cas or paxillin. Serum-starved CTS cells were stimulated with IP: anti-FAK
SDF-1x for various times. Cell lysates from unstimulated or WB: anti-FAK

SDF-In stimulated CTS cells were immunoprecipitated with
anti-FAK polyclonal antibody. The immunoprecipitates were re-
solved on SDS-PAGE gels, followed by immunoblotting with
anti-p130 Cas (Figure 4A, upper panel) or anti-paxillin antibody B

(Figure 4B, upper panel). SDFxlstimulation enhanced the SDF-la
association of FAK both with p130 Cas (Figure 4A, upper panel) . .
and with paxillin (Figure 4B, upper panel). Similar amounts of Time (min) O 1 25 5 kd

FAK were recovered from the lysates of cells untreated or treated
with SDF-1u (Figure 4A and B, lower panels). Paxillin —» ‘ -~

These results indicate that SDk-Itimulation induces the _
tyrosine phosphorylation of FAK and its association with p130 Cas ~ Fold increase (1.0 2.4 1.1 0.9)
and paxillin in hematopoietic progenitor cells. IP: anti-FAK

Stromal cell-derived factor-1 ~ « induces the tyrosine WB: anti-paxillin
phosphorylation of Crk and Crk-L and enhances their

association with p130 Cas FAK —> " ‘ - - -120

Crk and Crk-L are structurally similar, but encoded by separate . .
genes'? Both Crk and Crk-L are composed of 1 SH2 and 2 SH3 IP: .antl-.FAK
domains. Crk and Crk-L share overall 60% amino acid similarity WB: ant1-FAK

and their SH2 and SH3 domains are highly consefégtk and

Crk-L have been shown to function as adaptor proteins, Iinkirfg

Figure 4. SDF-1 « stimulation enhanced the association of FAK with p130 Cas or
illin. CTS cells unstimulated or stimulated with SDF-1 for 1 minute were lysed in a
s buffer and immunoprecipitated with anti-FAK antibody. (A) The immune

different proteins in signalingf: Thus, we sought to determine complexes were resolved on 8% SDS-PAGE and immunoblotted with anti-p130 Cas
whether the adaptor protein Crk or Crk-L is tyrosine phosphoryupper panel), anti-FAK (lower panel). (B) The immunocomplexes were resolved on

lated in CTS cells on SDFel stimulation. Cell lysates from

unstimulated or SDF<lstimulated CTS cells were immunoprecipi-

8% SDS-PAGE and immunoblotted with anti-paxillin antibody (upper panel) or
anti-FAK antibody (lower panel). TCL represents total cell lysates. The changes in the
association of FAK with p130 Cas (A) or with paxillin (B) are indicated (by fold

tated with anti-Crk or anti-Crk-L, followed by immunoblotting increase) based on the densitometry values.
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wortmannin or GF109203X but not PD98059. These results
indicate that the tyrosine phosphorylation of these focal adhesion
molecules was dependent on the activation of PI-3 kinase or PKC
but not on that of MEK/p44/42 ERK. When the protein loading
controls in each immunoblot were examined by reprobing with the
same antibody used for the immunoprecipitation, we observed that
the SDF-h—treated sample showed an apparent decrease in p130
Cas protein level, along with an increase in the tyrosine phosphory-
lation of this protein (Figure 5C, lower panel). However, similar
amounts of protein were recovered in each lane of the other
immunoblots (Figure 5A, B, D, E, and F, lower panels).

Inhibition of phosphoinositide-3 kinase or protein kinase C,
but not MEK, inhibits stromal cell-derived factor-d—induced
migration of CTS cells or primary bone marrow CD34progeni-
tor cells. Activation of PI-3 kinase, PKC, and p44/42 ERK after
SDF-1x treatment indicated that CXCR4 signaling involves mul-
tiple pathways. To determine the functional role of PI-3 kinase,

A
SDF-la

IsG—»
- [
Crk—» _16
Fold increase(1.0 3.6 0.6 0.6 06 09 03 32) Crk-L—»
1P anti-Crk Fold inorcase(1.0 32 1.2 10 08 07 06 29)
WB: anti-PY IP: anti-Crk-L
WB: anti-PY
e ——
P ik L - - -
WB: ant-Crk IP: anti-Crk-L
WB: anti-Crk-L

Figure 5. Effects of wortmannin, GF109203X, or PD98059 on the SDF-1
induced tyrosine phosphorylation of various adhesion proteins in CTS cells.
Serum-starved CTS cells were incubated without or with 100 nmol/L wortmannin, 3
umol/L GF109203X, or 20 pmol/L PD98059 (PD) for 45 minutes, then stimulated with
SDF-1a (20 nmol/L) or left untreated for 1 minute at 37°C. Total cell lysates were
immunoprecipitated with antibodies for FAK (A), RAFTK (B), p130 Cas (C), paxillin
(D), Crk (E), or Crk-L (F), respectively. The immunoprecipitates were subjected to
immunoblot analysis with anti-PY antibody (4G10) (upper panels), followed by
reprobing with the same antibody used for each of the specific immunoprecipitations
(lower panels). Lanes 1 to 8 represent the control, untreated cells with SDF-1a
stimulation (SDF-1a), wortmannin-treated cells without (Wort.) or with SDF-1a
(Wort.+SDF-1a) stimulation, GF109203X-treated cells without (GF) or with
SDF-1la (GF+SDF-1a) stimulation, PD98059-treated cells without (PD) or with
SDF-1a (PD+SDF-1) stimulation, respectively. The increase in tyrosine phosphory-
lation of each adhesion protein is indicated (by fold increase) based on the
densitometry values.

o—

panel) or Crk-L (Figure 6B, lower panel) were recovered from the

lysates of the untreated or SDF-1 treated cells.

Time (min) TCL - + d
p130 Cas—» w =« 120
(1.0 11.4)

IP: ant1-Crk
WB: anti-p130 Cas

Crc— r NS

IP: anti-Crk
WB: anti-Crk

Fold increase

B SDF-la

TCL - + kd

These results indicate that both Crk and Crk-L are involved in

CXCR4 receptor signaling in hematopoietic progenitor cells.
SDF-1x stimulated the tyrosine phosphorylation of both Crk and

Crk-L and induced their association with p130 Cas.

Effects of signaling inhibitors on stromal cell-derived
factor-1 e—induced tyrosine phosphorylation of various
adhesion proteins in CTS cells

pl130 Cas—» = — — ~120

Fold increase (1.0 1.7)
IP: anti-Crk-L

WB: anti-p130 Cas

To assess the functional roles of PI-3 kinase, PKC, and p44/42

ERK, before stimulation with SDFel, CTS cells were pretreated

Cik-L —» -

with 100 nmol/L wortmannin, a PI-3 kinase inhibitor; 3 pmol/L

GF109203X, a PKC inhibitor; or 20 umol/L PD98059, a MEK
kinase inhibitor, respectively. Changes in the tyrosine phosphoryla-

IP: anti-Crk-L
WB: ant1-Crk-L

tion of focal adhesion proteins on inhibitor treatment were investi-

gated by immunoprecipitation with specific antibodies for the

ézégure 6. Association of p130 Cas with Crk or Crk-L on stimulation with SDF-1 a

IN CTS cells. Total cell lysates from unstimulated or SDF-1a—stimulated CTS cells

proteins and by immunoblotting with anti-PY antibody. As ShoWRere immunoprecipitated with anti-Crk antibody (A) or anti-Crk-L antibody (B). The
in Figure 5, the SDF-d—-induced tyrosine phosphorylation of FAK immune complexes were resolved on 10% SDS-PAGE and immunoblotted with
(A upper pane|) RAFTK (B upper pane|) p130 Cas (C uppépti-plso Cas antibody (A and B, upper panels). The immunoblots were stripped and

panel), paxillin (D, upper panel), Crk (E, upper panel), or Crk-L (Ifr

eblotted with anti-Crk (A, lower panel) or anti-Crk-L antibody (B, lower panel). TCL
epresents total cell lysates. The changes in the association of Crk (A) or Crk-L (B)

upper panel) was significantly reduced by pretreatment withinh p130 are indicated (by fold increase) based on the densitometry values.

20z dunr zo uo 3sanb Aq Jpd'5052/810¥991/5052/8/56/4Pd-al01E/pO0|qABU"SUOHEDIIgNdYSE//:dRY WOy papeojumog



2510 WANGetal
A 60
50
£ 40
=
&
o= 30
&
3 204
®
10
0 —t
125 25 50 100 200 500 ‘Wortmannin (nM)
+ + + + + + + SDF-1¢t (20 nM)
B 60

% Cell Migration
8
1

GF109203X (uM)
SDF-10; (20 nM)

50

40+

30

20

% Cell Migration

PDY8059 (M)

25 5 10 20 40
SDE-1a (20 nM)

+ + + + + +
Figure 7. Wortmannin or GF109203X but not PD98059 inhibits SDF-1  a—
induced migration of CTS cells.  CTS cells were treated with either carrier (DMSO)
alone, various concentrations of wortmannin (A), GF109203X (B), or PD98059 (C) for
45 minutes. The cell migration in response to SDF-1a (20 nmol/L) was measured in a
chemotactic assay as described in “Materials and methods.” Cell migration is shown
as the percentage of cell input. The data shown represent the mean *= SD of 3
separate experiments.

PKC or ERK in SDF-k—induced migration of hematopoietic &
progenitor cells, CTS cells were pretreated with different concentra®
tions of wortmannin (Figure 7A), GF109203X (Figure 7B), or
PD98059 (Figure 7C). Cell migration in response to SFaias
examined by a Transwell migration assay as described in “Materi-
als and methods.” We observed that treatment with wortmannir 0
(Figure 7A) or GF109203X (Figure 7B) significantly inhibited
SDF-la—induced migration in a dose-dependent manner. Howevel
treatment with PD98059 over a concentration range of 1 to 4(
umol/L did not alter cell migration (Figure 7C). Because the
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observed in CTS cells, treatment with wortmannin or GF109203X,
but not PD98059, inhibited the SDFetinduced migration of
CD34" progenitor cells in response to SDk-1

Discussion

The molecular mechanisms that regulate hematopoietic progenitor
cell migration are not well characterized. On the basis of studies in
mice null for either the CXCR4 receptor or its cognate ligand
SDF-1, it appears that this chemokine is a major and essential
physiological regulator of effective hematopoiesis, because such
mice have an absence of both lymphoid and myeloid hematopoi-
esis!®>16 Moreover, in vitro studies with human progenitors have
demonstrated a potent chemotactic effect of SBEA . With this
background, we sought to characterize the signaling pathways triggered
after CXCRA4 activation by SDFed, first in a model hematopoietic
cell line, CTS, and then using primary bone marrow CDg4lls.

Our studies focused on components of the focal adhesion
complex. Focal adhesions are important structures that mediate cell
adhesion and migration. They consist of a constellation of signaling
molecules and cytoskeletal proteins and are believed to be essential
in migration20-49:500ur previous studies demonstrated that SBF-1
induced calcium flux in CTS cells, followed by the tyrosine
phosphorylation of RAFTK, paxillin, and p130 Ct<Calcium flux
is the signature initial change in G-protein coupled receptors.
RAFTK and the related FAK are well-recognized platform kinases
that have multiple binding motifs for a number of different
signaling molecules and act as putative bridges to transmit signals
to the cytoskeletof!52RAFTK and FAK are highly homologous,
sharing an overall 45% amino acid sequence identity, with 60%
identity in the catalytic domain. Several tyrosine residues appear to

specificity of wortmannin, at low doses, was recently questidhed,

we also tested the ability of LY294002a competitive inhibitor of
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Treatment

PI1-3 kinase, to confirm this observed effect. Similar to the resultgure 8. Effects of the PI-3 kinase inhibitor, wortmannin, PKC inhibitor,
with Wortmannin, LY 294002 treatment inhibited cell migration in &F109203X or MEK kinase inhibitor, PD98059 on SDF-1  a—induced migration of
C

dose-dependent manner (data not shown).

D34* marrow cells. CD34" cells were treated with either carrier alone or various
concentrations (shown in nanomolars) of wortmannin (Wort.), GF109203X (GF, uM},

We next examined the effects of wortmannin, GF109203X, @F ppogoss (PD, uM) for 45 minutes. The cell migration in response to SDF-La (20

PD98059 on the migration of primary bone marrow CD34lls in

nmol/L) or medium alone (random) was measured in a chemotactic assay as

response to SDFel CD34+ ceIIs, isolated from normal human described in “Materials and methods.” Cell migration was shown as the percentage of

cell input. The data shown represent the mean = SD of 3 separate experiments. * and

bone marrow, we_re pretreated with ea_Ch |f1h|b|t0r and_teSted INs@pow statistical significance compared with control (cells pretreated with carrier,
Transwell migration assay. As shown in Figure 8, similar to thatmso) and are assessed as P < .05 and P < .01, respectively.
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be conserved between RAFTK and FAK, including an Src familwhich upstream signaling components may be critical for these ob-
tyrosine kinase SH2-binding site. Both RAFTK and FAK contaiserved changes and the related cell migration induced by SDF-1
proline-rich motifs capable of SH3 domain interactff Given Accumulating data have implicated that multiple signaling
the high degree of structural and amino acid sequence similaritgechanisms exist to regulate cell migration. MAP kinase (p44/42
RAFTK and FAK may have some similar or even exchangeabeRK)*% PI-3 kinase}*36 and PKC" signaling pathways have
functions. Recently, it has been shown that RAFTK can phosphof§een shown to regulate the cell migration induced by chemokines
late FAK and functions as an agonist-dependent regulator @f cytokines. Consistent with our previous observation in CXCR4-
FAK.54 FAK appears to play a more important role than RAFTK ifransfected L1.2 cel®; we found that SDF-d activated PI-3
regulating cell migratiofi® Our studies demonstrated that botrkinase in CTS cells (Figure 1). Additionally, we observed that
FAK and RAFTK were phosphorylated on SDE-treatment of SDF-lo significantly induced the tyrosine phosphorylation of
CTS cells, and this phosphorylation was followed by their associf-C-Y (Figure 2). Phosphorylated PL¢hydrolyzes phosphatidy!-
tion with 2 other important focal adhesion molecules, p130 Cas alftpsitol diphosphate to the second-messenger moleculeani®
paxilin (Dutt et at® and our unpublished data). These result®AG, Which in turn activate PKC2*1Our previous study demon-
indicated that both RAFTK and FAK are involved in cxcrastrated that SDF«l also stimulated p44/42 ERK activity in CTS
signaling induced by SDFelin hematopoietic progenitor cells. cells’®To mvegngate the func_tlonal roles of PI-3 klne_tse, PKC, and
With the use of CXCR4-transfected L1.2 cells, our previoug44/42 ERK in the SDFd-induced phosphorylation of focal

study demonstrated that SDE-&timulation induced the tyrosine phos-adhes'On components and cell migration, we used a series of

. . - . - compounds that have been used as specific inhibitors for PI-3
phorylation of Crk and its association with paxillin and RAFFK. . ;
In the current study, we observed that not only Crk but also Crk- Inase (wortmannin or LY294002), for PKC (GF109203X), or for

was tyrosine phosphorylated in CTS cells on SpEstimulation. RK (PD98059, MEK inhibitor). Our results demonstrated that

Crk-L has a high homology to Crk and contains a similar domaljpnr:]ibition of PI-3 kinase or PKC significantly decreased the tyrosine
] osphorylation of various focal adhesion proteins in response to
structure, SH2-SH3-SHS3:44 Like Crk, Crk-L has been shown to phosphorylat varilous Slon protens 1 spons

A . . ) - - . SDF-Jx stimulation, including FAK, RAFTK, p130 Cas, paxillin, Crk,
be involved in focal adhesion formation by interacting with several  ~. | |nhibition of PI-3 kinase or PKC also decreased cell

focal adhesion proteins, including p130 Cas, paxillin, Abl, ,an,pnigration in response to SDReLboth in CTS and primary bone
Ber-Abl.# Crk-L is most abundantly expressed in hematopoietig oo cD34 cells. These results suggest that PI-3 kinase and
cells?*and regulates integrin-mediated cell adhesf@ifAlthough  pk ¢ are both required for the SDReZinduced cell migration.

Crk-L has similar. in vitro binding characteristics with Cid4 Although activation of the p44/42 ERK signaling pathway has
there are a few differences to be note& One example of these peen shown to promote cell motility either by regulating gene

associates with p130 Cas in Ber-Abl transformed leukemia &IISWaS not the case in SDFetinduced cell migration_ Our studies

Consistent with this observation, we demonstrated that there Wagsing the MEK inhibitor PD98059 demonstrated that inhibition of
constitutive association of Crk-L, but not Crk, with p130 Cas ipMEK kinase upstream of p44/42 ERK did not inhibit SD&-1
CTS cells. However, SDFel stimulation significantly enhanced induced migration in CTS cells or CD340ne marrow progeni-
the association of both Crk and Crk-L with p130 Cas. Our resulisrs. Furthermore, treatment with PD98059 could not interfere with
indicated that both Crk and Crk-L, through their interaction withhe SDF-h—induced tyrosine phosphorylation of various focal ad-
p130 Cas, were involved in CXCR4 signaling. hesion proteins (Figure 5). These results imply that the ERK sig-
p130 Cas was initially identified as a prominent tyrosinenaling pathway is not involved in the focal adhesion formation and
phosphorylated substrate of the oncoproteins v-src and $crkmigration induced by SDFelin hematopoietic progenitor cells.
p130 Cas contains an SH3 domain and numerous potential SH2In summary, our experiments, first done in the CTS cell line and
domain docking sites, and also serves as a docking protein for then confirmed in primary bone marrow CD3dells, indicate that
recruitment of proteins involved in protein-tyrosine kinaseboth PI-3 kinase and PKC are functionally important in inducing
mediated signaling pathways. p130 Cas localizes to focal adhesi&@idF-le—mediated progenitor cell migration, whereas p44/42 ERK
and interacts with other focal adhesion componéhtshas been is not. The CXCR4 receptor has also been characterized as the
shown that the association of p130 Cas with PAKr Crk?s is primary coreceptor for certain strains of HIV, and binds the
critical for cell migration. This study, combined with our previougnvelope glycoproteins gp120/160 with high affinity. Furthermore,
studiest®36 demonstrate that SDFel stimulates the tyrosine such binding results in the activation of certain downstream
phosphorylation of p130 Cas and enhances its association wignaling molecules, including RAFTK/Pyk25°With better char-
focal adhesion proteins, including RAFTK, FAK, Crk, and Crk-L acterization of these signal transduction pathways triggered by
These results indicate that p130 Cas may play an important role3fF-1 in hematopoietic progenitor cells, we now can study in the
CXCR4 signaling and cell migration. The apparent decrease in th@ntext of HIV infection whether such pathways are conserved or
protein levels of p130 Cas after SDi-ktimulation (Figure 5C, wheth_er dysregulated hemato_po!e5|s might occur because of aber-
lower panel) could be due to p130 Cas redistribution to actin-ri¢@Nt Signaling on gp120/160 binding to CXCR4.
cytoskeletal complexes in the Triton-insoluble fractions on its
phosphorylation, as reported previou&l§263 However, further
study is needed to elucidate the functional significance of p130 C'g‘gknOWIGdgments
redistribution in CXCR4 signaling on SDFeJstimulation. We thank our colleague William C. Hatch for his technical
Our data indicate that multiple adhesion proteins participated &ssistance. We are grateful to Janet Delahanty for editing this
SDF-In induced signaling in hematopoietic progenitor cells. Thenanuscript and for preparation of the figures, as well as Daniel
changes in phosphorylation and interaction of these structuklley for his assistance with the figures. Finally, we appreciate
components may be important for the cell adhesion and migratidelroy Heath for facilitating our receipt of the needed reagents for
mediated by SDFlin hematopoietic cells. Thus, we sought to definéhe experiments.
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