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The Related Adhesion Focal Tyrosine Kinase (RAFTK) Is Tyrosine
Phosphorylated and Participates in Colony-Stimulating Factor-1/Macrophage
Colony-Stimulating Factor Signaling in Monocyte-Macrophages

By William C. Hatch, Ramesh K. Ganju, Dananagoud Hiregowdara, Shalom Avraham, and Jerome E. Groopman

RAFTK, a novel nonreceptor protein kinase, has been shown
to be involved in focal adhesion signal transduction path-
ways in neuronal PC12 cells, megakaryocytes, platelets, and
T cells. Because focal adhesions may modulate cytoskeletal
functions and thereby alter phagocytosis, cell migration, and
adhesion in monocyte-macrophages, we investigated the
role of RAFTK signaling in these cells. RAFTK was abun-
dantly expressed in THP1 monocytic cells as well as in
primary alveolar and peripheral blood-derived macrophages.
Colony-stimulating factor-1 (CSF-1)/macrophage colony-
stimulating factor (M-CSF) stimulation of THP1 cells in-
creased the tyrosine phosphorylation of RAFTK; similar
increases in phosphorylation were also detected after lipo-
polysaccharide stimulation. RAFTK was phosphorylated with

similar kinetics in THP1 cells and peripheral blood-derived
macrophages. Immunoprecipitation analysis showed associa-
tions between RAFTK and the signaling molecule phosphati-
dylinositol-3 (PI-3) kinase. PI-3 kinase enzyme activity also
coprecipitated with the RAFTK antibody, further confirming
this association. The CSF-1/M-CSF receptor c-fmsand RAFTK
appeared to associate in response to CSF-1/M-CSF treat-
ment of THP1 cells. Inhibition of RAFTK by a dominant-
negative kinase mutant reduced CSF-1/M-CSF-induced
MAPK activity. These data indicate that RAFTK participates
in signal transduction pathways mediated by CSF-1/M-CSF,
a cytokine that regulates monocyte-macrophage growth
and function.

© 1998 by The American Society of Hematology.

HE MACROPHAGE IS a cell that serves critical functions proteins?? Studies to date indicate that RAFTK may participate
in immune system defense, including the phagocytosis ofin several signaling pathways, including those involving cal-
microbial pathogens, the proteolytic processing and presentezcium ion channels in neuronal cells, integrin activation in
tion of foreign antigens, and the elaboration of a repertoire ofmegakaryocytes, the Ras/MAPK and JNK pathways in re-
cytokines!? The regulation of monocyte-macrophage (MM) sponse to UV irradiation, T-cell receptor (TCR) cross-linking, G
production, maturation, and survival is subserved primarilyprotein stimulation, and via the cytokine tumor necrosis fac-
through the growth factor colony-stimulating factor-1 (CSF-1)/ tor-o (TNF-).20.24-27
macrophage colony-stimulating factor (M-CSFLSF-1/M- Based on this background, we investigated whether RAFTK
CSF interacts with its cognate receptofms a member of the  \was expressed in the cells of MM lineage and whether it
protein tyrosine kinase family, and its activation leads to its participated in CSF-1/M-CSF-induced signaling. In parallel,
rapid autophosphorylation and dimerizatighOther down-  we studied the effects of treatment of MMs with the potent
stream molecules that appear to participatecifms signal  physiological activator of macrophages, bacterial lipopolysac-
transduction and are phosphorylated after CSF-1/M-CSF trealgharide (LPS). We observed that RAFTK was expressed in the
ment of MMs include Shc, Raf-1, c-cbl, phosphatidylinositol-3 THp1 monacytic cell line and in peripheral blood-derived MMs
(PI-3) kinase, and the protein tyrosine phosphatase*1C. as well as tissue-derived alveolar macrophages. Moreover,
Functional changes induced in MMs that may be importanting AFTK was phosphorylated upon the treatment of mono-
host defense include alterations in the expression of S“rfacﬁuclear phagocytes with CSF-1/M-CSF or LPS and associated
molecules that mediate adhesi@ri# Particular attention has with PI-3 kinase and the CSF-1/M-CSF receptofms These

been focused on the integrin family of surface receptors tha{)bservations provide new data on CSF-1/M-CSF signaling.
facilitates the formation of focal adhesion contacts upon

binding to certain extracellular ligands. Such focal adhesion
contacts represent the interaction sites of intracellular signaling
molecules and cytoskeletal protet¥sCSF-1/M-CSF, which
modulatesaVB5 integrin expression, enhanced the formation From the Divisions of Experimental Medicine and Hematology/
of focal contacts involving the cytoskeletal protein paxillin in ©ncology, Harvard Institutes of Medicine, Beth Israel Deaconess
human macrophages bound to vitroneé&#’ The mechanism Medical Center, Harvard Medical School, Boston, MA.
. . . . Submitted March 10, 1997; accepted December 26, 1997.

of this phenomenon is still obscure, because the focal adnesion .3 nyseript is dedicated to the memory of Dananagoud Hire-
kinase (FAK), which has been reported to serve as a C”t'cabowdara.
molecule in forming such focal contacts, was not detected in" sypported in part by National Institutes of Health Grants No. HL
human macrophagés:® 43510-07, HL 53745-02, HL 55187-01, and HL 51456-02. W.C.H. is

We have recently identified and characterized a novel signalsupported by a David Geffen Foundation fellowship.
ing molecule, the related adhesion focal tyrosine kinase Address reprint requests to Jerome E. Groopman, MD, Chief,
(RAFTK). RAFTK, also termed Pyk2, CAK, and CADTK, Division of Experimental Medicine, Harvard Institutes of Medicine,
appears to be a member of the FAK family based on its deducefeth Israel .Deaconess Medical Center, Harvard Medical School,
amino acid sequend&22RAFTK resembles FAK in that it has  Blackfan Circle, Boston, MA 02115.

L e . . . The publication costs of this article were defrayed i th e
similar consensus motifs in the central kinase catalytic domalrk publicaion COsts IS artieie wer rayed In part by pag

. . . . nﬁ_J;arge payment. This article must therefore be hereby mdikeder-
and also lacks a transmembrane region, myristylation sites, a ement”in accordance with 18 U.S.C. section 1734 solely to indicate

SH2 and SH3 domains. Both of these signaling molecules havegis fact.
a proline-rich region in the carboxy-terminal domain that may © 1998 by The American Society of Hematology.
function as binding domains for SH3-containing signaling 0006-4971/98/9110-0010$3.00/0
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MATERIALS AND METHODS ries). Cell lysates for the PI-3 kinase assays were performed using RIPA
lysis buffer as previously described, without sodium deoxycholate.
Immunoprecipitation and Western blot analysiszor the immunopre-
cipitation studies, identical amounts of protein from each sample were
e ) ) = clarified by incubation with protein sepharose-A CL-4B (Pharmacia
expansion |q culture. The cells were cultu'red in Dulbecco’s modified Biotech, Piscataway, NJ) for 1 hour at 4°C. After the removal of protein
Eagle's medlum (DMEM) supplemented with 10% fetal calf serum, 2 sepharose-A by brief centrifugation, the solution was incubated with
mmol/L glutamine, 100 umol/mL sodium pyruvate, 1 mmol/mL nones- giterent primary antibodies as detailed below for each experiment for 4
sential amino acids, 50 pg/mL penicillin, and 50 pg/mL streptomycin. pours or overnight at 4°C. Immunoprecipitations of the antibody-
Primary human peripheral blood MMs were obtained by the phle-gntigen complexes were performed by incubation for 3 hours at 4°C
botomy of normal volunteers, after obtaining their informed consent,ith 75 pL of protein sepharose-A (10% suspension). Nonspecific
and isolated by Ficoll Hypaque density centrifugation, as previouslypound proteins were removed by washing the sepharose beads three
described?® MMs were plated on 24-well tissue culture plates (Costar, times with the modified RIPA buffer and three times with phosphate-
Cambridge, MA) for 24 hours, shaken at 150 RPM for 15 minutes andpuffered saline (PBS). The bound proteins were solubilized in 30 pL of
washed three times with Hank’s balanced salt solution (HBSS) to2x Laemmli buffer and boiled for 5 minutes. Samples were then run on
remove the nonadherent cells. The adherent cells were cultured for an.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
additional 7 days before their use. MM cultures were determined toPAGE) and transferred to nitrocellulose membranes. The membranes
contain greater than 95% macrophages by nonspecific acetate esteragere blocked with 5% nonfat milk protein and probed with primary
staining (Sigma, St Louis, MO). All cells used in these studies wereantibody for 3 hours at room temperature or overnight at 4°C.
maintained in DMEM supplemented with 10% fetal bovine serum Immunoreactive bands were visualized using horseradish peroxidase-
(FBS), 100 umol/mL sodium pyruvate, 1 mmol/mL nonessential aminoconjugated secondary antibody and the enhanced chemiluminescent
acids, 50 pg/mL penicillin, and 50 pug/mL streptomycin at 37°C, 5% system (Amersham Corp, Arlington Heights, IL). Blots were stripped
CO, under humidified atmosphere. (2% SDS, 62.5 mmol/L Tris, and 100 mmolfi-mercaptoethanol) for
RAFTK transfectants. Dominant-negative RAFTK kinase mutants 30 minutes at 50°C and washed in Tris-buffered saline/0.5% Tween 20
were produced by electroporation of THP1 cells with 10 pg purified (TBS-T) for 60 minutes before blocking and reprobing with primary
plasmids, and cells were maintained in G418 selection mediungntibodies.
(DMEM, 10% FBS, 0.5 mg/mL G418). Controls consisted of a pcDNA [N vitro PI-3 kinase assay. Aliquots of cell lysates were normalized
vector without the RAFTK construct. The dominant-negative kinasefor protein concentration and then incubated overnight at 4°C with
mutant RAFTK™57 was generated by replacing Lys-(457) with Ala by antibodies against RAFTK, PI-3 kinase, or control normal rabbit serum.
site-directed mutagenesis. Immune comp_le_zxes_ were absorbed to sepharose—_A beads fqr 3 hou_rs at
Reagents and materialsLPS from Escherichia coliwas obtained 4 C:- Nonspecific binding was removed by washing three times with

from Sigma Chemical Co and recombinant human CSF-1/M-CSF wad’BS 1% NP-40 and three times with 0.5 mol/L LiCI/0.5 mol/L Tris,

kindly provided by Genetics Institute (Cambridge, MA). The monoclo- followed (?yd \_/va;glngl_ ';Er(:)effnm;}f) V\Il_'thhTE hbl_Jffer._t Slarlnoples. Awere;
nal antibodies against phosphotyrosine (4G10), the PI-3 kinase p8 suspenced in U | uffer, 20 uL phosphoinositol (10 ug; Avanti

. . . olar Lipids, Alabaster, AL), and 10 pL ATP mix (1 mmol/L HEPES, 10
regulatory subunit, and the polyclonal rabbit antisera to the human mol/L ATP, 1 umol/L. MgCh, 5 uCi~®2 P-ATP) and incubated at room
c-fmsreceptor were obtained from Upstate Biotechnology, Inc (LakeLl s gtz o KLY

Placid, NY) and Santa Cruz Biotechnology (Santa Cruz, CA). Speciﬁctemperature for 10 minutes. The reaction was stopped by adding 60 uL

Ivclonal antibodies to RAFTK ted by i izina N of 2 mol/L HCL and 160 pL chloroform:methanol (1:1 vol/vol). Lipids
polyclona an, oo |es' 0 j were ge”era ed by |mmur?|2|ng ew were separated on oxalate impregnated silica TLC plates using a solvent
Zealand White rabbits with a bacterially expressed fusion protein

system of chloroform:methanol:water:ammonium hydroxide (28%)

consisting of GST and the carboxy terminus (amino acids 681-1,009) O235:35:3.5:7). TLC plates were dried and subjected to autoradiography
human RAFTK cDNA subcloned into the pGEX-2T expression vector at—80°C

as describeé? High-titer RAFTK antiserum (R-4250) was used in the | mune complex kinase assay for MAPK activitpliquots of cell
subsequent experiments, because it was shown to be specific and ngkates normalized for protein concentration were incubated overnight
cross-reactive with FAK in prior experimenis?* at 4°C with antibodies against ERK1 and ERK2 (Santa Cruz Biotechnol-
Electrophoresis reagents and nitrocellulose membranes were obsgy). Inmune complexes were then absorbed to sepharose-A beads for
tained from Bio-Rad Laboratories (Hercules, CA). All other chemicals, 3 hours at 4°C. Nonspecific binding was removed by washing three
including the protease inhibitors pepstatin, antipain, chymostatintimes with RIPA buffer followed by washing three times with kinase
leupeptin, aprotinin, sodium vanadate, and sodium fluoride, werepuffer (50 mmol/L HEPES, pH 7.4, 5 mmol/L Mg&land 20 mmol/L
obtained from Sigma. Because bacterial endotoxin is a potent regulato&TP). The complex was incubated in 30 pL kinase buffer containing 7
of MM function,?® all media and reagents were shown to be free of ug myelin basic protein (MBP; Upstate Biotechnology) and 5 pCi
endotoxin contamination by the Limulus endotoxin assay (Sigma)y32P-ATP for 20 minutes at 30°C. The reaction was terminated by
before their use in cell cultures<(l ng/mL). adding 4x Laemmli sample buffer and boiling samples for 5 minutes.
Cell treatment and processingCells were initially starved in  Proteins were separated on 15% SDS-PAGE and detected by autoradiog-
serum-free DMEM for 16 hours and stimulated in HBSS at a density ofraphy.
5 X 10°%/mL for the indicated time periods at 37°C with either LPS (2
pg/mL) or CSF-1/M-CSF (1,000 U/mL). For each timepoint,’2A.0° RESULTS
cells were lysed in 1 mL of ice-cold modified RIPA buffer (50 mmol/L

Tris-HCI, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mmoI/LT furth h . he si i h inh MM
NacCl, 1 mmol/L phenylmethylsulfonyl fluoride, 10 pg/mL of pepstatin, o further characterize the signaling pathways in human S

antipain, chymostatin, leupeptin, aprotinin, 10 mmol/L sodium vana-that are involved in their growth, dlfferentlatlpn, anq function,
date, 10 mmol/L sodium fluoride, and 10 mmol/L sodium pyrophos- We used as a model the permanent monocytic cell line THP1 as
phate) for 30 minutes at 4°C. Detergent-insoluble material was removedvell as primary peripheral blood-derived MMs. Analysis by
by centrifugation at 18,0@pfor 10 minutes at 4°C. Protein concentra- immunoprecipitation showed an abundance of RAFTK protein
tions were determined by BioRad DC protein assay (Bio-Rad Laboratoin these cells (Fig 1A through C). There appeared to be low

Cells and cell culture. The permanent human monocytic cell line
THP1 was obtained from the American Type Culture Collection
(ATCC; Rockville, MD) and shown to be mycoplasma-free before

RAFTK is expressed and phosphorylated in human MMs.
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levels of constitutive phosphorylation of RAFTK under unstimu-
lated culture conditions. Depending on the resolution of the
gels, RAFTK was seen to migrate either as a single band or as a
doublet (Fig 1A through C).

We then addressed whether certain stimuli associated with
mononuclear phagocyte activation modulated RAFTK phosphor-
ylation. Our preliminary experiments determined that 1,000
U/mL CSF-1/M-CSF and 2 pg/mL LPS were optimal concentra-
tions for the stimulation of RAFTK in THP1 cells and primary
macrophage cultures (data not shown). As seen in Fig 1Aand B
(top panels), an increase in the tyrosine phosphorylation of
RAFTK was specifically observed in THP1 cells after their
treatment with either CSF-1/M-CSF or LPS. The membrane
was then stripped and reprobed with anti-RAFTK antibody to
confirm that equivalent amounts of RAFTK were loaded in each
lane (Fig 1A and B, bottom panels).

To determine the time course of the tyrosine phosphorylation
of RAFTK, THP1 cells or MMs were stimulated with CSF-1/M-
CSF or LPS and harvested at the times indicated in Fig 1. The
phosphotyrosine levels in the RAFTK immunoprecipitates of
the CSF-1/M-CSF—treated THP1 cells showed a strong peak at
2.5 minutes that appeared to decrease in intensity at later time
points (Fig 1A, top panel). The membrane was then stripped and
reprobed with anti-RAFTK antibody to confirm that equivalent
amounts of RAFTK were loaded in each lane (Fig 1A, bottom
panel). There did not appear to be any changes in the levels of
RAFTK protein to explain these fluctuations in the degree of
tyrosine phosphorylation. However, we routinely see a slight
difference in mobility between RAFTK detected in immunopre-
cipitates and that in total cell lysates that appears to migrate at a
slightly faster rate.

LPS treatment of THP1 cells resulted in a maximum tyrosine
phosphorylation of RAFTK within 2.5 minutes that then
decreased with increasing time of stimulation (Fig 1B, top
panel). The phosphotyrosine levels of RAFTK after LPS
stimulation appear to have similar kinetics to those we observed
after CSF-1/M-CSF stimulation.

CSF-1/M-CSF stimulation of primary MMs resulted in a
peak tyrosine phosphorylation of RAFTK by 1 minute, which
gradually decreased over time (Fig 1C, top panel). Anti-RAFTK
immunoblotting of RAFTK immunoprecipitates showed that
the approximately 120-kD phosphoprotein corresponded to the
RAFTK protein and remained constant between samples (Fig
1A through C, bottom panels).

RAFTK associates with the PI-3 kinaseBecause RAFTK,
like FAK, is believed to act as a platform kinase site for the
coalescence of signaling and adaptor molecules at sites of focal

Fig 1. Tyrosine phosphorylation of RAFTK in THP1 monocytic cells
and primary MMs. THP1 cells (20 x 106) were stimulated with either
(A) 1,000 U/mL CSF-1/M-CSF or (B) 2 pg/mL LPS for the indicated
time periods. (C) MMs (20 x 10%) were allowed to adhere and mature
in culture for 7 to 14 days before their stimulation with 1,000 U/mL
CSF-1/M-CSF. Cell lysates prepared in RIPA buffer were subjected to
immunoprecipitation with anti-RAFTK antibody or normal rabbit
serum as a control. Anti-RAFTK immunoprecipitates were resolved
by 7.5% SDS-PAGE, transferred to nitrocellulose membranes, and
immunoblotted with antiphosphotyrosine antibody (4G10) (top panel).
The same blot was subjected to serial immunoblotting with anti-
RAFTK antibody (bottom panel). TCL, total cell lysates; NRS, normal
rabbit serum control.
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adhesions, we examined RAFTK immunoblots for associating ~ IP: RAFTK NRS p85

coprecipitating proteins. Using immunoprecipitation analysis, I 1 ] ]
we observed a specific association of RAFTK with PI-3 kinase,
an important enzyme in the modulation of phosphoinositol
signaling®3! (Fig 2A and B). Time course studies after either

CSF-1/M-CSF or LPS treatment of THP1 cells demonstrated
that the PI-3 kinase-RAFTK association increased over time of

.‘o'<—PIP

stimulation and gradually decreased to background levels at . < Origin
longer stimulation times (data not shown). Similar findings
were observed after phorbol 12-myristate 13-acetate (PMAM-CSF -  + - + +

treatment (not shown). This association between RAFTK and
PI-3 kinase was confirmed by an in vitro kinase assay (Fig 3).
These studies demonstrated that PI-3 kinase activity increasedrig 3. pI-3 kinase activity associates with RAFTK in THPL cells.
and migrated with RAFTK immunoprecipitates after CSF-1/M- THP1 cells were stimulated with either 1,000 U/mL or 2 pg/mL LPS
CSF or LPS stimulation of THP1 cells (Fig 3)_ We did not detect for 2 minutes and lysed in RIPA buffer without sodium deoxycholate.

PI-3 kinase activity in the normal rabbit serum control immuno- LYSates were immunoprecipitated with either anti-RAFTK, normal
. rabbit serum control, or anti-PI-3 kinase p85 antibody. Immune
precipitates.

complexes were absorbed to sepharose-A beads for 3 hours, washed,
RAFTK associates with the-fms receptor upon mono- and subjected to PI-3 kinase assay. Lipids were extracted using
nuclear phagocyte cell activation with CSF-1/M-CSBe- methanol:chloroform (1:1) and spotted on oxalate-impregnated silica
cause CSF-1/M-CSF stimulation of THP1 cells and primarygel TLQ plates. Samples were subjected to ascen.ding chrom.atogra—
hy using a methanol:chloroform:water:ammonium hydroxide sol-

macrophages appear.ed to have rapid effects Onl RAFTK ph(_)é}ent system. TLC plates were dried and samples were visualized by
phorylation, we examined whether RAFTK may directly associ- autoradiography.

ate with thec-fmsreceptor. We observed a specific association

of RAFTK with the c-fmsreceptor upon CSF-1/M-CSF treat-  andc-fmsassociation appeared to increase with longer times of
ment of the cells (Fig 4A and B). Associations were detected inCSF-1/M-CSF stimulation, but did not respond to PMA stimula-
blotting experiments of the THP1 cell lysates that weretion (data not shown).

immunoprecipitated with RAFTK antisera followed loyfms Dominant-negative RAFTK kinase mutant reduces MAPK
immunoblotting. We identified immunoreactive bands at bothactivity. The RAFTK protein has been identified as an up-
135 and 150 kD that correspond to the mobility of t¥ms  stream mediator of the Ras pathway via Grb2-SOS interac-
receptor (Fig 4B). The reciprocal experimenicefmsimmuno-  tions2° THP1 cells expressing a dominant-negative kinase

precipitation followed by RAFTK immunoblotting identified a mutant, RAFTK™S57, were used to determine if RAFTK partici-
prominent 120-kD molecule (Fig 4A). Interestingly, the RAFTK

LPS - - + - -

20z aunr g0 uo 3senb Aq jpd'296€/20LL L1 L1296€/01/1L6/4pd-8]01E/POOG/JEU SUOKEDIIqNdYSE//:d)Y WOl papeojumoq

A M-CSF
A Stim. _ M-CSF (1,000 U/ml) Stim. (1,000 U/mD) o
Time (min) 8 0o 1 2. 5| Time(min) 0 "1 25 5 ' Z MW
A
. -118
B5Kd— amte - = a diD rarTk —o- [ SRR
IP: FMS
IP: RAFTK .
WB: P13 K WB: RAFTK
B
. M-CSF
B Stim. A LPS (2 ug/ml) Stim. (1,000 U/ml) o
. . [ o'
Time(min) & 0 ' 1 25 5! Time (min) 0 |1 25 5%
I FMS — & .
85 Kd—P e . - 118
ol A ' IP: RAFTK
IP: RAFTK WB: FMS
WBZ PI3 K Fig 4. Association of RAFTK with the c-fms receptor in THP1 cells.

Fig 2. Association of RAFTK with PI-3 kinase in THP1 cells. THP1
cells (20 x 10°) were stimulated with either (A) CSF-1/M-CSF (1,000
U/mL) or (B) LPS (2 mg/mL) for the indicated time periods. Cell lysates
prepared in RIPA buffer were subjected to immunoprecipitation with
anti-RAFTK antibody. Anti-RAFTK immunoprecipitates were resolved
by 7.5% SDS-PAGE, transferred to nitrocellulose membranes, and
immunoblotted with anti-PI-3 kinase antibody. TCL, total cell lysates.

THP1 cells (20 x 106) were stimulated with 1,000 U/mL CSF-1/M-CSF
for the indicated time periods. Cell lysates prepared in RIPA buffer
were subjected to immunoprecipitation with either the anti-c-fms
antibody (A) or anti-RAFTK antibody (B). Immune complexes were
absorbed onto sepharose-A beads, washed and resolved by 7.5%
SDS-PAGE, transferred to nitrocellulose membranes, and immunob-
lotted with either anti-RAFTK (A) or anti-c-fms antibody (B). NRS,
normal rabbit serum control.



CSF-1/M-CSF SIGNALING VIA RAFTK 3971

pates inc-fms signaling through the ERK1/ERK2 pathway. CSF-1/M-CSF receptoc-fms20:2426.27.31Grb2 is an adaptor
MAP kinase activity was strongly activated after CSF-1/M-CSF protein that has the capacity to link with a number of kinases
treatment of THP1 cells expressing the RAFFRA control and substrates and functions by facilitating signaling through
vector alone. However, MAP kinase activity in THP1 cells the creation of physical associations of such partners in
expressing the dominant-negative kinase mutant RAP¥K  enzymatic reaction® PI-3 kinase appears to modulate phosphoi-
was decreased when compared with the control THP1 cellfiositol metabolism in a variety of cell types, including mono-
expressing the RAFTKPNA vector (Fig 5). Although MAPK  nuclear phagocytes, and is an important component of the
activity was routinely reduced in RAFTKSZexpressing THP1  tyrosine kinase-regulated signaling pathways that lead to cell
cells, there were no detectable differences in cell viability proliferation3334CSF-1/M-CSF has been reported to induce the
between the RAFTR4T or RAFTKPPNA-expressing THP1  direct association of the p&-subunit of PI-3 kinase with the
cells to account for this finding. SH2 domain of Grb2 and Grb2-SOS complexes, thus support-
ing its role upstream of the Ras signaling pathway in mono-
cytes>!1In addition, PI-3 kinase activation and the production
Our studies indicate that human mononuclear phagocytes)f its metabolites have been suggested to be an upstream
including peripheral blood-derived MMs, express RAFTK, a activator of the calcium-independent form of PRQOur data
recently identified signaling molecule that is a member of thedemonstrate that PI-3 kinase associates with RAFTK and that
FAK family. RAFTK appeared to participate in certain previ- this association appears to increase after stimulation with either
ously described signaling pathways after the activation of thes& PS or CSF-1/M-CSF. We also found that PI-3 kinase enzy-
cells. Treatment with CSF-1/M-CSF showed an increasedmatic activity associates with RAFTK immunoprecipitated
phosphorylation of RAFTK in both the model THP1 monocytic from CSF-1/M-CSF or LPS stimulated THP1 cell lysates.
cell line as well as in primary blood-derived MMs. Parallel Previous reports have demonstrated that PDGF and cell adhe-
studies using the potent macrophage stimulators (LPS) and theion stimulate the association of PI-3 kinase, via its SH2
chemical activator PMA, an activator of protein kinase C domain, with FAK at Tyrosine 39% Future studies will focus
(PKC), also showed RAFTK phosphorylation in macrophageson determining which of the PI-3 kinase p85 SH2 or SH3
in atime and concentration dependent manner (data not shownjomains mediates this observed association with RAFTK in
In these studies, phosphorylated RAFTK appears to migrateqms.
either as a single band or as a doublet. It is likely that one of the Our observations regarding RAFTK suggest that this recently
doublet bands represents either a phosphorylated form or gientified signaling molecule could play a variety of roles in the
degradation product of RAFTK produced by endogenoustransduction of MM signaling, particularly in light of prior
proteases found in abundance in cells of the macrophagedtudies of CSF-1/M-CSF-induced integrin expression and the
monocyte lineage. The degradation of the RAFTK protein bysybsequent formation of focal adhesion contittRecent
endogenous proteases has been previously described in platelgigdies of CSF-1/M-CSF—induced upregulationp5 inte-
in an integrin-independent mechanidt. grin-dependent phosphorylation of paxillin in human macro-
The phosphorylation of RAFTK has been reported to resultinphages showed a PKC-dependent mechaffis®ur results
its association with several well-characterized components ofomplement those studies, in that we observed that LPS, PMA,
cellular signaling pathways, including src kinases, paxillin, andgr CSE-1/M-CSE induced the phosphorylation of RAFTK in
the adaptor molecule Grb2. In this study, we observed thatrHp1 cells and its subsequent association with paxiflin.
RAFTK can associate with the enzyme PI-3 kinase and the our observation that RAFTK associated with thgms

receptor in CSF-1/M-CSF stimulated THP1 cells contributes

DISCUSSION

THP1/ THP1/ new information on signaling mediated by this gr_owth factor in_
pCDNA m457 mononuclear phagocytes. Our results are Qf partllcular |nterest in
light of the report of Kharbanda et #@who did not find a direct
Time (min) ! 0 5 y 0 5 | MW association betweere-fms and FAK in CSF-1/M-CSF-
stimulated primary macrophages. Together with these other
MBP —» . -28 data, our observations suggest that RAFTK and FAK may have
'_ 16 different associations and roles in signaling in MMs, as they do
in other cell typeg9.24-27
n Because RAFTK does not contain either the SH2 or SH3
- binding domains commonly found in signaling molecui®isjs
IP: MAPK likely that thec-fmsRAFTK association we observed may be

mediated via an adaptor molecule such as Grb2. Grb2 has been

Fig 5. Reduction of MAP Kinase activity by overexpression of a  hravigysly reported to bind to both tlefmsrecepto? and to
RAFTK dominant-negative kinase mutant. THP1 cells were stably RAFTK 2926 Future studies will aim to identify the nature of
transfected with the RAFTKPPONA vector control or with RAFTKM457 : 8
dominant-negative kinase mutant. THP1 transfectants (20 x 10¢) these interactions and whether Grb2 plays such a role in MMs.
were stimulated with CSF-1/M-CSF (1,000 U/mL), and then cell Previouslyc-fmshas been reported to form associations with
lysates were prepared in RIPA buffer. Lysates were subjected to Grb1, Shc, and SOS1 in myeloid cells, suggesting that it signals
immunoprecipitation with ar.m-ERKl and ERK2 antibodies. Immune through the Ras pathwé?aOur data Showing RAFTK associa-
complexes were absorbed with sepharose-A beads and then washed | )
and subjected to in vitro kinase assay for 30 minutes. Samples were tion with Grb2 (not shown) support the data of Lev et’akho
subjected to 15% SDS-PAGE and to autoradiography at —80°C. found that Pyk2 associated with the adaptor proteins Grb2 and
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Shc upstream of the Ras/MAPK signaling pathway in PC12colony-stimulating factor), in Sporn MB, Roberts AB (eds): Peptide
neuronal cellg? Pyk2 has recently been reported to activate theGrowth Factors and Their Receptors. Heidelberg, Germany, Springer-
c-Jun N-terminal kinase signaling pathway after stress signal¥erieg, 1990, p 667 _ _

and the MAPK pathway after G protein stimulati®?’ Be- 4. Reedijk M, Liu X, van der Geer P, Letwin K, Waterfield MD,
cause botrc-fmsand RAFTK are upstream activators of the Hunter T, Pawson T: Tyr721 regulates specific binding of the CSF-1
Ras/MAPK pathwav. it is possible that RAFTK acts as an receptor kinase insert to PI’-Binase SH2 domains: A model for

. p % p . SH2-mediated receptor-target interactions. EMBO J 11:1365, 1992
intracellular link between divergent extracellular signals. For

; A . 5. Hamilton JA: CSF-1 signal transduction: What is of functional
example, these signals may originate from extracellular matrixgignificance? Immunol Today 18:313, 1997

proteins that signal through integrin binding and from cytokines . samelson LE, Phillips AF, Luong ET, Klausner RD: Association
such as CSF-1/M-CSF that signal througfms both resulting  of the fyn protein-tyrosine kinase with the T-cell antigen receptor. Proc
in an enhanced stimulation of this Ras/MAPK pathway. Alterna-Natl Acad Sci USA 87:4358, 1990
tively, because RAFTK function has been linked to the cytoskel- 7. Muszynski KW, Ruscetti FW, Heidecker G, Rapp U, Troppmair J,
eton through its association with paxilin and focal adhe- Gooya JM, Keller JR: Raf-1 protein is required for growth factor-
sions!9.24its association witle-fmsmay be due, in part, to-fms induced proliferation of hematopoietic cells. J Exp Med 181:2189, 1995
internalization after CSF-1/M-CSF binding, which may also 8- Timson Gauen LK, Kong AN, Samelson LE, Shaw AS: p59fyn
involve cytoskeletal interactior®.Whereas our MAPK data Fyr05|_ne klnas_e assoa_ateswnh multlple T—cell_receptorsubunlts through

. hat RAETK mav plav an intermediary role its unique amino-terminal domain. Mol Cell Biol 12:5438, 1992 _
(.Flg. 5) suggest t y play y . 9. Tanaka S, Neff L, Baron R, Levy JB: Tyrosine phosphorylation
linking C_fmStO,the MAPK pathway and that MAPK ficthlty and translocation of the c-Cbl protein after activation of tyrosine kinase
was iny partially reduced by the RAFTK d(_)m'nam' signaling pathways. J Biol Chem 270:14347, 1995
negative mutant, these data suggest that RAFTK is only one of 10, wang Y, Yeung Y-G, Langdon WY, Stanley ER: c-Cbl is
several signaling molecules that act upstream to activate MAPKransiently tyrosine-phosphorylated, ubiquitinated, and membrane-
and contribute to the complex cascade leading to MAPKTtargeted following CSF-1 stimulation of macrophages. J Biol Chem
activation. 271:17, 1996

In summary, RAFTK appears to function in LPS and 11. Saleem A, Kharbanda S, Yuan Z-M, Kufe D: Monocyte colony-
CSF-1/M-CSF signaling pathways in MMs through multiple stimulating factor stimula}tes binding of phosphatidylinositol 3-kinase
downstream pathways, including P1-3 kinase, Ras/MAPK, anotloggébz. Sos complexes in human monocytes. J Biol Chem 270:10380,
T]NK'ZOYM.VZS’SGA"houqh fur.ther stuglles are_ needed to character- 12. Chuluyan HE, Schall TJ, Yoshimura T, Issekutz AC: IL-1
ize the sites and mechanisms of interaction among the currentlgC

. L . . . tivation of endothelium supports VLA-4 (CD49d/CD29)-mediated
identified molecules that associate with RAFTK, it seems clearmonocyte transendothelial migration to C5a, MIP-1 alpha, RANTES,

that macrophages, like megakaryocytes and T cells in our priohng PAF but inhibits migration to MCP-1: A regulatory role for
work, prominently use RAFTK in cytokine-mediated pathways endothelium-derived MCP-1. J Leukoc Biol 58:71, 1995

of activation that are linked to focal contact formation. The 13. Shima M, Teiteloaum SL, Holers VM, Ruzicka C, Osmack P,
confluence of RAFTK, other kinases, and cytoskeletal mol-Ross FP: Macrophage-colony-stimulating factor regulates expression of
ecules may provide a platform for the interactions of signalingthe integrins alpha 4 beta 1 and alpha 5 beta 1 by murine bone marrow
molecules and adaptor proteins that regulate downstream signdRacrophages. Proc Natl Acad Sci USA 92:5179, 1995
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