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Colony-stimulating factor 1 (CSF-1) supports the proliferation, survival, and differentiation of bone marrow-
derived cells of the monocytic lineage. In the myeloid progenitor 32D cell line expressing CSF-1 receptor
(CSF-1R), CSF-1 activation of the extracellular signal-regulated kinase (ERK) pathway is both Ras and
phosphatidylinositol 3-kinase (PI3-kinase) dependent. PI3-kinase inhibition did not influence events leading to
Ras activation. Using the activity of the PI3-kinase effector, Akt, as readout, studies with dominant-negative
and oncogenic Ras failed to place PI3-kinase downstream of Ras. Thus, PI3-kinase appears to act in parallel
to Ras. PI3-kinase inhibitors enhanced CSF-1-stimulated A-Raf and c-Raf-1 activities, and dominant-negative
A-Raf but not dominant-negative c-Raf-1 reduced CSF-1-provoked ERK activation, suggesting that A-Raf
mediates a part of the stimulatory signal from Ras to MEK/ERK, acting in parallel to PI3-kinase. Unexpect-
edly, a CSF-1R lacking the PI3-kinase binding site (AKI) remained capable of activating MEK/ERK in a
PI3-kinase-dependent manner. To determine if Src family kinases (SFKs) are involved, we demonstrated that
CSF-1 activated Fyn and Lyn in cells expressing wild-type (WT) or AKI receptors. Moreover, CSF-1-induced
AKkt activity in cells expressing AKI is SFK dependent since Akt activation was prevented by pharmacological
or genetic inhibition of SFK activity. The docking protein Gab2 may link SFK to PI3-kinase. CSF-1 induced
Gab2 tyrosyl phosphorylation and association with PI3-kinase in cells expressing WT or AKI receptors.
However, only in AKI cells are these events prevented by PP1. Thus in myeloid progenitors, CSF-1 can activate
the PI3-kinase/Akt pathway by at least two mechanisms, one involving direct receptor binding and one

involving SFKs.

Colony-stimulating factor-1 (CSF-1) is a homodimeric
growth factor secreted by numerous cell types including fibro-
blasts and bone marrow stroma. It promotes the proliferation,
survival, and differentiation of cells of the monocyte/macro-
phage lineage and their bone marrow progenitors (reviewed in
reference 72). The cell surface receptor for CSF-1, the CSF-
1R, is normally expressed in monocytes/macrophages, osteo-
clasts, and trophoblasts and abnormally in a significant number
of human breast cancers and other cancers of the female re-
productive system (38). The CSF-1R is a receptor tyrosine
kinase (RTK) of the platelet-derived growth factor (PDGF)
receptor family that also includes c-Kit and the FIt3/FIk2 re-
ceptor (reviewed in references 34, 45, and 73). The importance
of CSF-1 in vivo is revealed by the functional defects of the
naturally occurring osteopetrotic (op/op) mouse, which makes
a truncated CSF-1 protein devoid of biological activity (93).
These mice exhibit many developmental and functional abnor-
malities, implying potentially essential roles for CSF-1 in hu-
man diseases such as osteopetrosis (94), atherogenesis (77),
and tumorigenesis (63). Such abnormalities are the conse-
quence of the severe deficiency observed in certain macro-
phage populations, including reductions in hematopoietic stem
cells and progenitors (94). The latter finding indicates that
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CSF-1 acts on early precursors as well as on the more mature
monocytes and macrophages.

CSF-1 binding activates the kinase function of the CSF-1R,
leading to receptor autophosphorylation and rapid stimulation
of tyrosine phosphorylation on a variety of intracellular signal-
ing molecules. Several tyrosine autophosphorylation sites have
been mapped in the CSF-1R, including Tyr 697, Tyr 706, and
Tyr 721 in the so-called kinase insert (KI) region that divides
the catalytic domain, Tyr 807 in the activation loop of the
catalytic domain, and Tyr 559 in the juxtamembrane region.
Autophosphorylation converts some of these tyrosines to bind-
ing sites for proteins containing Src homology 2 (SH2) do-
mains. Tyr 697 is the binding site for the adapter molecule
Grb2 (86), which is constitutively associated with the Ras gua-
nine nucleotide exchange factor (Sos). Tyr 721 binds the p85
regulatory subunit of phosphatidylinositol 3-kinase (PI3-ki-
nase) (68), thus bringing PI3-kinase into proximity with its
substrates in the plasma membrane. Tyr 706 is required for
STATI activation (62), while phosphorylated Tyr 559 allows
Src family kinases (SFKs) to bind (2). In addition to molecules
that associate directly with the activated CSF-1R, several other
proteins also become tyrosine phosphorylated upon CSF-1
binding, including the adapter Shc (55), c-Cbl, which is likely to
be involved in the multiubiquitination and downregulation of
CSF-1R (50), Ship, a 5'-phosphatase for phosphatidylinositol
3,4,5-trisphosphate (PI-3,4,5-P;) and inositol 1,3,4,5-tetrakis-
phosphate (56), Gab2, a multidomain docking/scaffolding pro-
tein (29), and the tyrosine phosphatases SHP-1 in macro-
phages (10) and SHP-2 in myeloid progenitors (8). The role of
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these molecules in CSF-1-mediated signaling has not been
determined. Although it has never been directly demonstrated,
Grb2 binding to autophosphorylated Tyr 697 is presumed to be
the initiating event in the CSF-1-mediated activation of the
Ras/ERK (extracellular signal-regulated kinase) pathway (34).
However, CSF-1 also induces tyrosine-phosphorylated Shc to
associate with Grb2 (55), SHP-2 can serve as an adapter link-
ing activated PDGF and epidermal growth factor (EGF) re-
ceptors to the Grb2/Sos complex (4, 54), and overexpression of
Gab2 enhances cytokine-stimulated ERK activation (29, 61,
99). There are clearly other potential mechanisms for coupling
activated CSF-1R to the Ras/ERK pathway in addition to that
mediated by direct docking of Grb2 to the receptor.

The well-established paradigm linking Grb2/Sos to MEK/
ERK is primarily based on work in fibroblasts and COS cells.
In this model, Grb2/Sos is recruited to the plasma membrane,
where Sos stimulates the exchange of GTP for GDP on mem-
brane-bound Ras, leading to sequential activation of Raf-1,
MEK, and ERK. Depending on cell type and stimulus, varia-
tions on this theme include activation of MEK/ERK by Ras-
independent mechanisms (7) and utilization of B-Raf instead
of Raf-1 (91). Although growth factors can activate A-Raf (79),
a physiological role for A-Raf in mediating ERK activation
remains to be clarified. Activity of the ERK pathway is also
modulated by cross-talk with other intracellular signaling path-
ways. Many studies have documented the involvement of PI13-
kinase in regulating stimulus-induced ERK activation (13, 31,
43, 79), but reports to the contrary also abound (9, 64, 74).
Such apparently contradictory findings are likely to reflect, in
large part, the different cell types and stimuli used in the
various studies. Moreover, the point at which PI3-kinase feeds
into the Ras/mitogen-activated protein kinase (MAPK) cas-
cade also varies with different reports, and PI3-kinase has been
placed both upstream and downstream of Ras. Two studies
have highlighted the importance of signal strength as a deter-
minant of PI3-kinase involvement (21, 92). Thus, under con-
ditions of low receptor occupancy by PDGF in fibroblasts or
EGF in COS-7 cells, inhibition of PI3-kinase activity leads to
almost complete inhibition of growth factor-induced Ras and
ERK activation. As PI3-kinase is not activated by growth fac-
tors under these conditions, the suggestion has been made that
basal, not growth factor-stimulated, PI3-kinase activity is re-
quired for Ras activation (92). At intermediate growth factor
concentrations, ERK but not Ras activation is sensitive to
PI3-kinase inhibition; at high growth factor concentrations,
PI3-kinase activity is not required at all, implying the utiliza-
tion of redundant pathways for activating Ras/MAPK. These
studies have helped to resolve some of the confusion in the
literature; however, the generality of these findings and pre-
cisely how PI3-kinase modulates growth factor-stimulated
ERK activity are still not entirely clear. In some systems, novel
(75, 83) and atypical (5, 75) protein kinase C (PKC) isoforms
have been implicated as the link between PI3-kinase and the
ERK pathway.

We have previously shown that CSF-1-stimulated ERK ac-
tivity is required for optimal protection of CSF-1R-expressing
myeloid progenitor cells from apoptosis induced by mitogen
deprivation (46). Similarly, expression of a constitutively acti-
vated ERK kinase (MEK) in 3T3 fibroblasts was found to
restore mitogenicity to a mitogenically defective CSF-1R mu-
tant (11). These results implicate the ERK pathway in positive
signaling by the CSF-1R. In contrast, using estrogen-depen-
dent breast cancer cells transfected with the CSF-1R as a
model system for studying CSF-1’s role in human breast can-
cer, we found that CSF-1 treatment led to growth arrest as a
consequence of ERK-dependent induction of the cyclin-de-
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pendent kinase inhibitor p21™V*' (49). Such disparate behavior
illustrates the now well-documented concept that cellular con-
text plays an important role in determining outcome of ERK
activation (reviewed in reference 53). A clue to the underlying
basis for such differential biological responses might come
from a detailed understanding of the pathways emanating from
the activated receptor that converge on MEK/ERK in different
cell systems. In this report, we have analyzed the contribution
of PI3-kinase and Src signaling pathways to CSF-1-mediated
ERK activation in the 32D myeloid progenitor cell line trans-
fected with wild-type (WT) or mutant CSF-1R. This cell line
lacks endogenous CSF-1R but expresses many of the signaling
molecules known to play an important role in cytokine-medi-
ated signaling in hematopoietic cells, such as c-Cbl (50), Ship
(56), and Gab2 (29). PI3-kinase activity is found to be required
for maximal CSF-1-induced ERK activation; unexpectedly,
CSF-1 can stimulate PI3-kinase independent of direct receptor
binding. The PI3-kinase requirement occurred at concentra-
tions that optimally activate Akt/PKB, a downstream target of
PI3-kinase, indicating that in myeloid cells, CSF-1R activation
of PI3-kinase constitutes an integral component of the ERK
pathway. We demonstrate that while Src kinase activity played
a minimal role in CSF-1-dependent PI3-kinase and ERK acti-
vation in cells expressing a significant number of WT CSF-1R
molecules, contribution from the Src pathway was more prom-
inent in cells expressing low receptor numbers and was indis-
pensable in cells expressing a mutant CSF-1R lacking the KI.
These results imply that CSF-1 can recruit redundant pathways
to induce PI3-kinase and ERK activity.

MATERIALS AND METHODS

Antibodies and reagents. Cell culture reagents were from GIBCO BRL
(Gaithersburg, Md.), wortmannin was from Sigma (St. Louis, Mo.), LY294002
was from Calbiochem (La Jolla, Calif.), 4-amino-5-(4-methylphenyl)-7-(z-butyl)
pyrazolo[3,4-d]pyrimidine 1 (PP1) was from BioMol (Plymouth Meeting, Pa.),
and bovine phosphatidylinositol (PI) was from Avanti Polar Lipids (Alabaster,
Ala.). Recombinant human CSF-1 was a gift of Genetics Institute (Cambridge,
Mass.), and recombinant murine interleukin-3 (IL-3) was purchased from Becton
Dickinson (Bedford, Mass.). All other reagents were from Sigma.

Rabbit antisera 421 (raised against the conserved KI region), 423 (against the
C terminus), and 425 (against the cytoplasmic domain of the CSF-1R) were
generated in our laboratory using glutathione S-transferase (GST) fusion pro-
teins containing residues 675 to 749, 906 to 979, and 580 to 970, respectively, of
the murine CSF-1R. Anti-CSF-1R antisera were purified over protein A-Sepha-
rose (PAS) columns. Polyclonal antibodies against Raf-1, A-Raf, ERK2, Fyn,
Lyn, Aktl, and SHP-2 were from Santa Cruz Biotechnology (Santa Cruz, Calif.);
a polyclonal antibody against Shc was from Transduction Labs (Lexington, Ky.);
polyclonal antibodies against Hck (06-833) and p85 (06-195) were from Upstate
Biotechnology (Lake Placid, N.Y.). The following monoclonal antibodies were
used: anti-Myc (9E10) from Santa Cruz; anti-hemagglutinin epitope (HA) from
BAbCo (Berkeley, Calif.) and Roche Diagnostics (Indianapolis, Ind.); anti-Flag
(M2) from Sigma; antibodies against MEK1, Grb2, and Shc from Transduction
Labs; Ras Ab-4 and Y13-259 from Oncogene Research (Cambridge, Mass.);
anti-ERK2 from Zymed (San Francisco, Calif.); and antiphosphotyrosine (anti-
PY; clone 4G10) and anti-avian c-Src (clone EC10) from Upstate Biotechnology.
Phosphospecific antibodies that recognize Akt phosphorylated at Thr 308 and
dually phosphorylated ERK were from New England BioLabs (Beverly, Mass.).
The Gab2 rabbit antiserum was raised against GST-Gab2 and was a generous gift
from Toshio Hirano and Masahiko Hibi, Osaka University Medical School,
Osaka, Japan.

Plasmids. Cloning of the murine CSF-1R ¢cDNA has been described previously
(47). The AKI-CSF-1R mutant was constructed by replacing the internal HincIl
fragment spanning the KI in the WT receptor with the corresponding Hincll
fragment lacking residues 678 to 747 produced by the two-step PCR method
described previously (48). The WT and AKI-CSF-1R ¢cDNA inserts were intro-
duced into vector pPCEN/MPSV (46) or LTR-2 (18). To construct a dominant-
negative PI3-kinase (p110-N), residues 171 to 1034 were deleted from the cat-
alytic subunit of murine PI3-kinase, p110a, leaving intact the N-terminal p85
binding domain. p110-N was constructed by isolating the 5-kb Accl-HindIII
fragment from pCG-p110AKin (provided by Anke Klippel, Chiron Corp., San
Francisco, Calif.) followed by religation with an AccI-HindIII linker that encodes
residues 167 to 170. This leaves intact the Myc epitope (EQKLISEEDL) fused to
the C terminus of p110AKin. A Myc-tagged ERK2 plasmid was constructed by
amplifying full-length rat ERK2 from HA-tagged ERK2 cloned into pCEP4A
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(46) with a 5’ primer encoding a Kpnl restriction site, 9 bases upstream of the
ATG start site (Kozak consensus sequence), and the first 24 bases of the coding
region and a 3 primer that overlapped with the last 27 bases of the coding region
followed by the Myc epitope, a stop codon, and an EcoRYV restriction site. The
digested PCR product was subcloned into the Kpnl and EcoRYV sites of pCEP4A.
All PCR-amplified segments were confirmed by DNA sequencing.

Expression construct encoding 61LRas plasmid has been described previously
(46). 17NRas in expression vector pcDNA1 was kindly provided by Jeffrey Pessin
(University of Iowa, Iowa City). Flag-tagged WT Akt in the simian virus 40-based
expression vector pECE was generously donated by Ushio Kikkawa (Kobe Uni-
versity, Kobe, Japan). cDNAs encoding HA-tagged Raf-1 K375W (KD [kinase
dead]-Raf-1-HA) and HA-tagged A-Raf K336W (KD-A-Raf-HA) cloned into
pEF-BOS-AR1 downstream of the elongation factor la promoter have been
described previously (79) and were kindly provided by Larry Karnitz (Mayo
Clinic, Rochester, Minn.). The cDNA encoding Hck K269M (KD-Hck) was a gift
from Dan Link (Washington University, St. Louis, Mo.) and cloned into the
EcoRI site of pEF-BOSAR1. WTc-Src and Myc-tagged Src251 consisting of the
first 251 residues of chicken c-Src followed by the Myc epitope both cloned
downstream of the cytomegalovirus promoter in the vector HyTCX have been
described previously (39) and were kind gifts of Pam Schwartzberg (National
Human Genome Research Institute, National Institutes of Health).

Recombinant proteins. Recombinant bacterially produced His-tagged KD-
MAPK and KD-MEK were expressed and purified as described elsewhere (46).
GST-RBD, containing the Ras binding domain of Raf (residues 51 to 131)
(RBD) fused to GST (plasmid generously provided by Johannes Bos, Utrecht
University, Utrecht The Netherlands), was expressed and purified according to
the procedure of de Rooij and Bos (16).

Cell culture and transfections. The IL-3-dependent nonleukemic murine my-
eloid cell line 32Dcl23 and its transfectants were maintained in RPMI 1640
medium (RPMI) supplemented with 10% fetal bovine serum (FBS) and 5 to 10%
WEHI conditioned medium as a source of murine IL-3. Exponentially growing
cells were washed thoroughly in Hanks’ buffered salt solution and deprived of
serum and IL-3 for 2 to 4 h prior to treatment with inhibitors and growth factors.

Stable cell lines expressing WT CSF-1R have been described elsewhere (46).
Stable cell lines expressing AKI-CSF-1R were similarly generated by electropo-
ration and individual drug-resistant clones isolated by limiting dilution. Clones
were screened for CSF-1R expression by saturation binding with '>*I-CSF-1, and
selected clones were further characterized by Scatchard analysis as previously
described (47). Except where noted, two clones each of WT CSF-1R and AKI-
CSF-1R were used in the studies shown. WT clones 1 and 2 expressed 4.5 X 10*
and 1.0 X 10* receptors/cell, respectively, with an average binding affinity for
CSF-1 of 1.84 X 10'%M; AKI clones 1 and 2 expressed 4.9 X 10* and 4.3 X 10*
receptors/cell, respectively, with an average binding affinity of 2.0 X 10'%/M. The
protocol for transient transfection has also been previously described (46); trans-
fected cells were allowed to express for 24 h before starvation and analysis. The
amounts of DNA transfected were adjusted to yield approximately equivalent
expression of the reporter plasmid (HA-ERK2, ERK2-Myc, and Flag-Akt). The
total amount of transfected DNA was kept constant with vector DNA.

Immunoprecipitation and immunoblotting. Starved cells were washed in
RPMI and then resuspended in RPMI for treatment. Cells were immediately
lysed in an equal volume of ice-cold 2X lysis buffer (LB; 1X LB is 20 mM Tris
[pH 7.4], 2 mM EDTA, 100 mM NaCl, 50 mM NaF, 50 mM B-glycerophosphate,
1% NP-40, 10% glycerol, and 1 mM dithiothreitol) with protease inhibitors and
1 mM Na;VO,. Protein concentration was determined with the Bio-Rad assay
kit. For immunoprecipitations, 0.5- to 1.0 mg of lysate was added to PAS con-
jugated to the appropriate antibody and allowed to rock end over end for2to 4 h
at 4°C. Immune complexes were washed four times in lysis buffer and once in
HEPES-buffered saline before boiling in Laemmli sample buffer. After separa-
tion by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transfer to polyvinylidene difluoride (PVDF) membranes (Millipore), blots
were blocked for 1 h in 5% nonfat dry milk in Tris-buffered saline with Tween
(TBST) except when probing for PY, in which case blots were blocked in 3%
bovine serum albumin-TBST. Incubations with primary and horseradish perox-
idase-conjugated secondary antibodies were at the recommended dilutions, and
blots were developed by enhanced chemiluminescence (Amersham). For rep-
robing, blots were stripped by five 15-min washes in 0.1 M glycine (pH 2.5). Blot
quantitation was carried out as described previously (46) by scanning multiple
exposures with Adobe Photoshop software and quantitating band intensities with
NIH Image 1.62 software.

Kinase assays. (i) Raf, MEK, and ERK assays. The assays were carried out
essentially as described previously (46), with the following modifications for Raf
assays to decrease background counts in the gels. Immunoprecipitation was
carried out with Raf-1 or A-Raf antibodies already conjugated to PAS; after
separation by SDS-PAGE, kinase products were transferred to PVDF mem-
branes. Blots were first quantitated with a Storm PhosphorImager (Molecular
Dynamics) before probing with the appropriate antibodies to ensure equal load-
ing. For transient cotransfections with HA-ERK2 or ERK2-Myc, expression of
the transfected ERK2 was first quantitated by immunoblotting and the amount
of lysate used for each condition was adjusted to contain equivalent levels of
transfected ERK2 as described elsewhere (46). ERK kinase gels were cut at the
30-kDa marker such that the bottom part containing myelin basic protein (MBP)
was fixed, stained with Coomassie blue, and subjected to quantitation with the
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PhosphorImager, while the top part was transferred to a PVDF membrane for
probing with ERK antibodies.

(i) Src autophosphorylation. Cells were lysed in a buffer containing 50 mM
HEPES (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 25 mM NaF, 20
mM B-glycerophosphate, 10% glycerol, and 1% Triton X-100, supplemented
with protease inhibitors and Na;VO,; 900 g of lysate was used for each immu-
noprecipitation and first precleared with normal rabbit immunoglobulin G (IgG)
bound to PAS before incubation with 1 g of anti-Fyn or anti-Lyn conjugated to
PAS. Immune complexes were washed four times with lysis buffer, washed twice
with kinase buffer (50 mM HEPES [pH 7.4], 10 mM MnCl,, 1 mM dithiothre-
itol), and then resuspended in kinase buffer with 15 uCi of [y->>P]JATP and
incubated for 15 min at 30°C. The reaction was terminated by the addition of
Laemmli buffer and boiling.

(iii) PI3-kinase assay. PI3-kinase activity in CSF-1R or PY immunoprecipi-
tates was determined as described elsewhere (48).

(iv) Akt kinase assay. Starved cells were resuspended in RPMI, stimulated
with CSF-1, and subjected to lysis in 2X LB as described above; 200 g of lysates
was immunoprecipitated with 1 wg of goat anti-Akt antibodies and protein
G-Sepharose. Lysates from transient transfections with Flag-Akt were immuno-
precipitated with 2 pg of M2 antibody and rabbit anti-mouse secondary antibody
preconjugated to PAS. Immune complexes were washed twice in 1X LB, twice in
wash buffer (25 mM HEPES [pH 7.4], 1 M NaCl, 10% glycerol, 1% Triton X-100,
1% bovine serum albumin), and twice in kinase buffer (same as for ERK assays)
and resuspended in 25 pl of kinase buffer containing 2 pg of histone H2B, 6 pM
ATP, and 10 pCi of [y-*P]ATP. Reactions proceeded for 25 min at 30°C before
termination. After SDS-PAGE, the bottom part of the gel containing histone
H2B was fixed and quantitated by PhosphorImager, while the top part containing
Akt was transferred and immunoblotted with anti-Akt antibodies.

Analysis of GTP and GDP bound to Ras. The assay was performed essentially
as described previously (20). Cells were starved for 15 h in RPMI containing
reduced FBS (5%) and WEHI (0.5%) and then incubated for 1 h in phosphate-
free RPMI with 1% dialyzed FBS. [**P]orthophosphate was added to a final
concentration of 0.25 mCi/ml, and cells were labeled for 3 h followed by stimu-
lation and lysis. Ras was immunoprecipitated with Y13-259-conjugated agarose
and extensively washed; GTP and GDP were eluted and developed by thin-layer
chromatography on polyethyleneimine-cellulose plates in 1.2 M NH,COOH-0.8
N HCI. Spots corresponding to GDP and GTP were cut and Cerenkov counted.

GST-RBD Ras activation assay. Extract equivalent to 25 ug of GST-RBD was
bound to glutathione-Sepharose for 1 h at 4°C, washed six times with Ras lysis
buffer (50 mM Tris [pH 7.4], 1% NP-40, 150 mM NaCl, 10% glycerol, 20 mM
MgCl,), and stored on ice until use. 32D cells were starved, stimulated, and lysed
in Ras lysis buffer supplemented with protease inhibitors; 500 pg of lysate was
mixed with GST-RBD for 30 min to 1 h at 4°C and washed three times with Ras
lysis buffer; Ras-GTP bound to GST-RBD was eluted by boiling. Ras proteins
were separated by SDS-PAGE and detected by immunoblotting with a pan-Ras
antibody.

RESULTS

Inhibition of PI3-kinase prevents CSF-1-induced ERK2 and
MEKI1 activation but does not inhibit Raf-1 activity. IL-3-
dependent 32D myeloid progenitor cells transfected with the
murine WT CSF-1R proliferate indefinitely in the presence of
CSF-1 (46, 47). Addition of CSF-1 induces a transient but
robust increase in ERK activity which is required for maximal
CSF-1-mediated protection against apoptosis induced by mi-
togen deprivation (46). CSF-1 also stimulates PI3-kinase activ-
ity in several cell types (48, 76, 89, 98). A number of studies
have demonstrated that PI3-kinase may play a role in ERK
activation (see the introduction). We therefore investigated
whether CSF-1-provoked ERK activation required PI3-kinase
activity.

In 32D cells expressing WT CSF-1R, CSF-1 stimulated ERK
transiently, with peak activity at 4 min (46). Cells were
starved, pretreated with the PI3-kinase inhibitor wortmannin
or LY294002, and then stimulated with 10 nM CSF-1 for 4 min.
ERK activation was assessed by an immune complex in vitro
kinase (IVK) assay using MBP as substrate. Pretreatment with
300 nM wortmannin or 50 pM LY294002 reduced CSF-1-
stimulated ERK activity by 94 and 81%), respectively (Fig. 1A,
left and middle panels). Wortmannin did not affect JNK acti-
vation by CSF-1 (data not shown), indicating that the inhibi-
tory action on ERK was not due to nonspecific effects of the
agent. Moreover, dose dependence studies with wortmannin
showed that the 50% inhibitory concentration for ERK was ~1
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FIG. 1. PI3-kinase inhibitors block CSF-1-stimulated MEK/ERK but not Raf-1 activities. (A) ERK activity. 32D cells expressing the WT CSF-1R were starved and
then pretreated or not with 300 nM wortmannin (Wort) or 50 pM LY294002 (LY) for 20 min before stimulation with 10 nM CSF-1 for 4 min. Lysates were
immunoprecipitated (IP) with anti-ERK2 antibodies and subjected to an IVK reaction with MBP as substrate. The right panel shows the results of a dose-dependent
experiment with the indicated amounts of wortmannin. (B) PI3-kinase activity. Cells were starved, not treated, or pretreated with 300 nM wortmannin before CSF-1
stimulation for the indicated times. PI3-kinase activity was assayed in anti-PY (4G10) immunoprecipitates with PI as substrate. Origin and PIP indicate the loading
position and migration of a PI-4-P standard. (C) Effect of PI3-kinase inhibition on ERK phosphorylation at different CSF-1 concentrations. Cells were starved and
pretreated or not with 200 nM wortmannin or 30 uM LY294002 before stimulation with the indicated CSF-1 concentrations. Total cell lysates were immunoblotted
(IB) with an antibody that recognized only dually phosphorylated ERK. (D) MEK and Raf-1 activities. Cells were treated as described for panel A, and a MEK1 (left
panel) or Raf-1 (right panel) immune complex kinase assay was performed with KD-MAPK or KD-MEK, respectively, as substrate. (E) Summary of results from the
indicated number (n) of experiments showing the means * standard errors. Data for ERK and MEK were averaged from experiments using 100 or 300 nM wortmannin
as indicated or 50 M LY294002; data for Raf-1 were averaged from experiments using 300 nM wortmannin or 50 wM LY294002. Data are expressed as the percentages
of CSF-1-mediated increase in kinase activity over unstimulated cells, where 100% denotes the activation in the presence of CSF-1 only. Statistically significant
differences between untreated and wortmannin or LY-treated samples are denoted by asterisks: *, P < 0.05; **, P < 0.005 (Student’s two-sided ¢ test).
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nM (Fig. 1A, right panel), consistent with a specific inhibition
of PI3-kinase. We confirmed that wortmannin inhibited CSF-
1-induced PI3-kinase activity. As shown (Fig. 1B). PI3-kinase
activity assayed in anti-PY immunoprecipitates increased sev-
enfold after 4 min of CSF-1 stimulation and was inhibited by
~80% when cells were pretreated with 300 nM wortmannin. In
COS cells and fibroblasts (21, 92), the dependence of growth
factor-stimulated ERK activity on PI3-kinase varies with signal
strength. We therefore examined the sensitivity of ERK activ-
ity to PI3-kinase inhibition over a 100-fold variation in CSF-1
concentration (0.1 to 10 nM). As a reference, 0.5 nM CSF-1 is
comparable to 10% WEHI conditioned medium (the amount
used for cell maintenance) in supporting proliferation. ERK
activity was detected by immunoblotting with an antibody that
recognizes the activating phosphorylation sites on ERK. As
shown (Fig. 1C), wortmannin or LY294002 dramatically sup-
pressed ERK phosphorylation at all CSF-1 concentrations
tested, indicating that in myeloid progenitors, PI3-kinase ac-
tivity was an integral part of the ERK response to CSF-1.

To more precisely define where PI3-kinase may function in
the ERK pathway, we determined the effect of wortmannin on
the activity of the ERK activator, MEK1 in immune complexes
with KD-MAPK as substrate. MEK?2 was not investigated since
CSF-1 had minimal effect on this kinase (46). Figure 1D (left
panel) shows that wortmannin similarly inhibited CSF-1-in-
duced MEKI activity. Because Raf-1 is frequently the MEK
activator, we determined the effect of PI3-kinase inhibition on
CSF-1-induced Raf-1 activity. Raf-1 was immunoprecipitated,
and its activity was assayed with KD-MEK as substrate. CSF-1
stimulated a fourfold increase in Raf-1 activity, which was
further increased by wortmannin pretreatment (Fig. 1D, right
panel). This could be consistent with PI3-kinase modulating
the ERK pathway at a point between Raf-1 and MEK. The
enhanced Raf-1 activity in the presence of PI3-kinase inhibi-
tors is likely to be due to suppression of downstream feedback
mechanisms mediated by MEK/ERK (1, 85). We summarize
results from multiple experiments analyzing the effect of PI3-
kinase inhibition on CSF-1-stimulated ERK, MEK1, and Raf-1
activities in Fig. 1E.

Effect of PI3-kinase inhibitors and cAMP-elevating agents
on CSF-1 and IL-3-induced A-Raf activity. We had previously
observed that cyclic AMP (cAMP) synergized with CSF-1 to
greatly enhance ERK activation but to completely suppress
Raf-1 activity (46), suggesting that in the presence of increased
cAMP levels a MAPKKK other than Raf-1 functions as the
major CSF-1-induced MEK kinase. Recently, in the FDC-P1
myeloid cell line, wortmannin was shown to inhibit IL-3-in-
duced MEK/ERK, and A-Raf was proposed to be the IL-3-
induced MEK activator since it was inhibited by wortmannin
but resistant to cAMP, paralleling the effects of these inhibitors
on ERK activity (79). To clarify the role of A-Raf in 32D cells,
we modified the Raf assay to enhance detection of weak signals
that might have been obscured by high gel background (see
Materials and Methods), as we had previously not been able to
detect A-Raf activity in response to CSF-1 (46). In this way, we
were able to observe CSF-1-induced A-Raf activity (Fig. 2A).
We cannot interpret the significantly weaker A-Raf activity
induced by CSF-1, as different antibodies were used to immu-
noprecipitate Raf-1 and A-Raf. Similar to Raf-1, A-Raf activ-
ity was enhanced by PI3-kinase inhibition (Fig. 2A) and inhib-
ited by cAMP elevation (Fig. 2B, bottom panel, forsk/ibmx).
To examine the generality of these observations, we deter-
mined how PI3-kinase inhibition affected IL-3-induced ERK
pathway. In 32D cells, cAMP also synergized with IL-3 to
increase ERK activity (46). Pretreatment with 200 nM wort-
mannin or 50 uM LY294002 was found to significantly reduce
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IL-3-stimulated ERK activation (Fig. 2B, top panel). Impor-
tantly, although IL-3-induced a weak activation of A-Raf, its
activity was inhibited by cAMP and increased by PI3-kinase
inhibition (Fig. 2B, lower panel). Thus, the ERK pathway in
32D cells is influenced similarly by CSF-1- or IL-3-induced
PI3-kinase activity. Our results show that in the presence of
cAMP, neither Raf-1 nor A-Raf mediates the activating signal
from CSF-1 or IL-3 to ERK; however, in the absence of cCAMP,
their involvement cannot be excluded.

Dominant-negative A-Raf but not dominant-negative Raf-1
partially inhibits CSF-1 and IL-3-induced ERK activation. To
further investigate the role of Raf-1 and A-Raf in mediating
CSF-1 and IL-3-dependent ERK activation in the absence of
cAMP, 32D-CSF-1R cells were transiently cotransfected with
ERK2-Myc and either control vector, KD-Raf-1-HA or KD-
A-Raf-HA. Such KD constructs have been used previously to
block Raf activation (79). Immunoblotting with anti-HA anti-
body showed that both KD-Raf proteins were expressed at
equivalent levels (Fig. 2C, top panel). ERK2-Myc was immu-
noprecipitated with anti-Myc antibodies, and its activity was
determined (Fig. 2C, middle panel). The immunoprecipitates
were also blotted with an ERK antibody to demonstrate com-
parable amounts of ERK2-Myc in all samples (Fig. 2C, bottom
panel). Overexpression of KD-Raf-1 had no significant effect
on either CSF-1- or IL-3-stimulated ERK activity, whereas
KD-A-Raf inhibited by ~60% the ERK activity induced by
these cytokines. These results are in agreement with those
reported by Sutor et al. (79) in their studies of IL-3-stimulated
ERK activation in FDC-P1 cells. The lack of inhibition in the
presence of KD-Raf-1 and the incomplete inhibition in the
case of KD-A-Raf could be due to inadequate expression or
because part of the activating signal is being relayed by another
MAPKKK. Total cell lysates were blotted with Raf-1 or A-Raf
antibodies and by densitometry, Raf in the cells transfected
with KD constructs was overexpressed threefold compared
with vector-transfected cells (data not shown). Given that the
efficiency of transient transfection in 32D cells does not much
exceed 20% (46), this implies that in cells expressing KD-Rafs,
the mutant protein was present at ~10-fold excess over the
endogenous protein, making inadequate expression a less like-
ly explanation for the observed results. Taking these data to-
gether, we suggest that in 32D cells, CSF-1 and IL-3 activate
MEK/ERK in a manner that is dependent on both A-Raf,
whose activity is inhibited by cAMP, and another MAPKKK
that is cAMP insensitive.

CSF-1-induced ERK activation is Ras dependent, and Ras
activity is not affected by inhibition of PI3-kinase. Ras is re-
quired for the activation of MEK/ERK in response to many
but not all stimuli. We first confirmed that CSF-1 was able to
activate Ras in vivo. Ras was immunoprecipitated from ?P-
labeled 32D-CSF-1R cells that were unstimulated or stimu-
lated with CSF-1 or IL-3 for the indicated times. Ras-bound
GTP and GDP were eluted. As shown, both CSF-1 and IL-3
induced a transient twofold increase in the ratio of Ras-GTP to
GDP (Fig. 3A).

We next investigated if CSF-1-mediated induction of ERK
activity required Ras. Cells were transiently cotransfected with
HA-ERK2 and either vector or a dominant-negative Ras
(17NRas). Expression of 17NRas was verified by immunoblot-
ting with a Ras antibody (Fig. 3B, lower panel). HA-ERK2 was
immunoprecipitated, and its activity was determined. As shown
(Fig. 3B, top panel), 17NRas expression resulted in almost
complete inhibition of both basal and CSF-1-stimulated ERK
activity. The transfection was repeated multiple times, and
similar degrees of inhibition were observed (Fig. 3B, bottom
panel), indicating that in 32D cells, CSF-1 induction of ERK is
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FIG. 2. Role of Raf-1 and A-Raf in CSF-1-mediated ERK activation. (A) CSF-1-induced Raf-1 and A-Raf activity. 32D-CSF-1R cells were pretreated or not with
200 nM wortmannin (W) or 50 uM LY294002 (LY) before stimulation with 10 nM CSF-1 for 4 min. Equal amounts of lysates were immunoprecipitated (IP) with either
Raf-1 or A-Raf antibodies and subjected to an IVK assay. The gel was transferred to a PVDF membrane, and the amount of 3?P incorporation into KD-MEK was
quantitated by a Storm PhosphorImager. The blot was subsequently blotted with either Raf-1 or A-Raf antibodies to ensure that equal amounts of protein were
immunoprecipitated. Arrows indicate the positions of p74%f! and p68A-Raf, (B) IL-3-induced A-Raf and ERK activity. (Top) 32D-CSF-1R cells were pretreated as
indicated followed by stimulation with recombinant IL-3 (200 U/ml) for the indicated times. Total cell lysates were analyzed for ERK phosphorylation by immuno-
blotting (IB) with an anti-active ERK antibody. (Bottom) Cells were pretreated or not with 50 uM forskolin and 0.5 mM 3-isobutyl-1-methylxanthine (ibmx) to activate
PKA or with wortmannin (200 nM) or LY294002 (50 pM) and then stimulated with 10 nM CSF-1 or IL-3 (200 U/ml). Equal amounts of lysates were analyzed for A-Raf
IVK activity. (C) Dominant-negative A-Raf and Raf-1. 32D-CSF-1R cells were transiently coelectroporated with 4 pg of ERK2-Myc and 20 pg of either vector (v;
pEF-BOSART1), KD-Raf-1-HA, or KD-A-Raf-HA. Transfected proteins were allowed to express for 24 h before cells were starved and either left unstimulated (basal)
or stimulated with 10 nM CSF-1 for 4 min or with 200 U of IL-3 per ml for 10 min. (Top) Immunoblotting of total cell lysates with anti-HA antibody. (Middle)
ERK2-Myc was immunoprecipitated with anti-Myc (9E10) antibody and subjected to an IVK assay. After SDS-PAGE, the bottom part of the gel containing MBP was
subjected to PhosphorImager analysis and autoradiography. Fold refers to the fold increase relative to unstimulated, vector-control cells. (Bottom) The top part of the
gel was transferred and immunoblotted with an ERK monoclonal antibody, demonstrating equal amounts of immunoprecipitated ERK2-Myc.
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FIG. 3. CSF-1 activation of ERK is Ras dependent, and PI3-kinase inhibition
does not affect Ras activation. (A) In vivo Ras activation. 32D-CSF-1R cells were
starved in medium containing reduced serum and WEHI, labeled with
[3?PJorthophosphate, and stimulated with CSF-1 or IL-3 for the indicated times.
Ras was immunoprecipitated, and bound nucleotides were eluted and analyzed
by thin-layer chromatography as described in Materials and Methods. PAS refers
to a sample where lysates were bound to PAS in the absence of primary anti-
bodies. Percent GTP is calculated as 100 X cpm (GTP)/[1.5 X cpm (GDP) +
cpm (GTP)]. (B) Effect of dominant-negative Ras on CSF-1 activation of ERK.
32D-CSF-1R cells were electroporated with either 7 wg of pcDNA and 2 g of
HA-ERK or 5 pg of 17NRas and 4 pg of HA-ERK. Transfections were carried
out in duplicate on the same clone as indicated. The amount of HA-ERK
plasmid DNA was selected to yield approximately equivalent expression levels.
(Top) HA-ERK was immunoprecipitated (IP) with anti-HA antibodies and sub-
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dependent on Ras. To determine the effect of PI3-kinase in-
hibition on Ras activation, we made use of the sensitive assay
that exploits the ability of the RBD in Raf to discriminate
between Ras-GTP and Ras-GDP (16, 81). Ras-GTP was ex-
tracted from cells using a GST-RBD fusion protein, and the
amount was determined by immunoblotting. Starved cells had
low Ras-GTP levels which increased rapidly and markedly in
response to CSF-1 stimulation (Fig. 3C). The kinetics of acti-
vation as determined by the GST-RBD pull-down assay par-
allels that measured by in vivo **P labeling (Fig. 3A), but the
pull-down assay is significantly more sensitive. Wortmannin
had no effect, even at concentrations of up to 1 wM. These
results show that PI3-kinase acts either downstream of or in
parallel to Ras.

Dominant-negative Ras does not block CSF-1-activated Akt/
PKB, and oncogenic Ras does not increase basal Akt activity.
PI3-kinase can function as a Ras effector in COS and PC12
cells (71). To address the possibility that PI3-kinase functions
downstream of Ras in 32D-CSF-1R cells, we used as readout
the activity of the serine/threonine kinase Akt/PKB, a well-
established downstream target of PI3-kinase (19) that is acti-
vated by CSF-1 in monocytes (41). In COS cells (44) and
fibroblasts (40), expression of oncogenic Ras led to strong
activation of Akt. We first verified that CSF-1-mediated Akt
activation in 32D-CSF-1R cells is PI3-kinase dependent (Fig.
4A). Next, using a transient transfection approach, we asked if
oncogenic 61LRas could increase basal activity of cotrans-
fected WT Flag-Akt and if dominant-negative 17NRas could
prevent CSF-1-induced Akt activation. Immunoblotting veri-
fied that both 61LRas and 17NRas were expressed at levels
significantly above that of endogenous Ras (Fig. 4B). Akt was
immunoprecipitated with anti-Flag antibodies, and its activa-
tion status was determined by analyzing Akt phosphorylation
on Thr 308, one of two phosphorylation sites required for full
activation (19). Figure 4B shows that CSF-1-induced Akt phos-
phorylation was not inhibited by 17NRas. Moreover, 61LRas
did not elevate basal Akt phosphorylation. Similar results were
obtained when Akt activity was monitored by an IVK assay
with histone H2B as substrate (Fig. 4B). We confirmed the
functionality of 61LRas in a parallel experiment in which it was
cotransfected with HA-ERK. An MBP kinase assay showed
that 61LRas increased basal HA-ERK activity 10-fold, compa-
rable to that induced by CSF-1 (Fig. 4C). There was also
minimal effect of PI3-kinase inhibition on ERK activity in-
duced by oncogenic Ras (Fig. 4D), in agreement with previous
observations in COS cells (31). Thus, no evidence can be found
for PI3-kinase functioning in a linear pathway downstream of
Ras leading to ERK activation in 32D cells. Also, we were
unable to detect any interaction between Ras and the p110
subunit of PI3-kinase by coimmunoprecipitation (data not
shown).

jected to an IVK assay. (Middle) The amount of immunoprecipitated HA-ERK
was determined by immunoblotting (IB) with an ERK monoclonal antibody.
(Lower) The expression of 17NRas was assessed by immunoblotting with a
pan-Ras antibody. (Bottom) Summary of results from five independent, matched
transfections with either vector or 17NRas. The graph depicts the average fold
increase in HA-ERK activity induced by CSF-1 over untreated cells. The differ-
ence in CSF-1-stimulated HA-ERK activity between vector- or 17NRas-trans-
fected cells is statistically significant (P < 0.001, two-sided Student’s ¢ test). (C)
Effect of wortmannin on Ras activation. Cells were starved, pretreated or not
with 200 nM wortmannin, and then stimulated with CSF-1 for the indicated
times. The amount of active Ras (Ras-GTP) in total cell detergent lysates was
determined in a GST-RBD pull-down assay (see Materials and Methods). Active
Ras was detected by immunoblotting with a pan-Ras antibody.
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FIG. 4. Dominant-negative Ras does not block CSF-1-activated Akt/PKB, and oncogenic Ras does not stimulate Akt activity in 32D-CSF-1R cells. (A) Effect of
PI3-kinase inhibition on Akt phosphorylation. 32D-CSF-1R cells were pretreated or not with either wortmannin (wort; 200 nM) or LY294002 (LY; 30 pM) for 20 min
before stimulation with 0.1, 1, or 10 nM CSF-1. Total cell lysates were analyzed for Akt phosphorylation by immunoblotting (IB) with anti-active Akt antibodies. (B)
Akt activity in cells transfected with oncogenic or dominant-negative Ras. Cells were transfected with 5 pg of WT Flag-Akt and 10 pg of either vector, 61LRas, or
17NRas. Transfected Ras was verified by immunoblotting with anti-Ras antibodies. Lysates were immunoprecipitated (IP) with anti-Flag antibodies and either
immunoblotted with an antibody that recognizes phosphorylated Akt (anti-active Akt) or subjected to an IVK assay with histone H2B as substrate. The amount of
immunoprecipitated Akt was determined by immunoblotting with anti-Akt antibodies. (C) Oncogenic Ras activation of ERK. Cells were transfected with either 7 pg
of pcDNA and 2 pg of HA-ERK or 6 pug of 61LRas, 2 ug of pcDNA, and 1 pg of HA-ERK. Ras and HA-ERK expression was detected by immunoblotting with anti-Ras
and anti-HA antibodies, respectively. Lysates were analyzed for MBP kinase activity in anti-HA immunoprecipitates. (D) Effect of PI3-kinase inhibition on ERK activity
stimulated by oncogenic Ras. Cells were transfected with either 4 pg of pcDNA and 4 pg of HA-ERK or 7 ng of 61LRas and 1 ug HA-ERK, starved, and left untreated
or else treated with either 200 nM wortmannin or 50 uM LY294002 prior to lysis. MBP kinase activity was determined in anti-HA immunoprecipitates.

CSF-1R lacking the Grb2 and PI3-kinase binding sites can
still activate ERK in a PI3-kinase-dependent manner. To de-
termine if the involvement of PI3-kinase in ERK activation
required recruitment of PI3-kinase to the p85 docking site on
the receptor, we stably expressed in 32D cells a mutant
CSF-1R which lacks the KI region, thus deleting both the p85
and Grb2 binding sites. Immunoblotting with CSF-1R antibod-
ies directed against the KI, the C terminus, or the majority of
the cytoplasmic domain showed that AKI-CSF-1R expressed in
32D cells to be of the expected size and to lack immunoreac-
tivity corresponding to the KI (Fig. 5A). To confirm that the KI
deletion eliminated PI3-kinase binding to the receptor in re-
sponse to CSF-1, CSF-1R-associated PI3-kinase activity was
measured in an IVK assay (Fig. 5B, top panel). In cells ex-
pressing WT CSF-1R, CSF-1 stimulated an increase in recep-
tor-associated PI3-kinase activity after 5 min at 37°C. When
stimulation was performed at 4°C for 30 min to reduce recep-
tor internalization and degradation, the increase was sig-
nificantly greater. Under the same conditions, CSF-1 did not
increase receptor-associated PI3-kinase activity in cells ex-
pressing AKI-CSF-1R. We also examined the co precipitation

of CSF-1R with the p85 subunit of PI3-kinase and found that
p85 associated with WT CSF-1R but not AKI-CSF-1R after
CSF-1 stimulation (Fig. 5B, bottom panel). Also shown is the
association of p85 with a CSF-1R mutant lacking the C termi-
nus (CTRUNC). This region contains several tyrosines con-
served among CSF-1R from different species but whose func-
tions are not known. Since their removal has no effect on
p85-CSF-1R association, they are not involved in direct bind-
ing of PI3-kinase to the receptor.

We next examined CSF-1-induced ERK activation in 32D-
AKI-CSF-1R cells. Surprisingly, wortmannin markedly inhib-
ited CSF-1 induction of ERK activity, findings confirmed by a
second clone and by the use of L'Y294002 (Fig. 5C). Figure 5C
(bottom panel) summarizes the results from multiple experi-
ments demonstrating that in AKI-CSF-1R, PI3-kinase activity
was required upstream of MEK/ERK, analogous to that ob-
served for the WT receptor. Consistent with the ability of
AKI-CSF-1R to activate ERK, Ras activation was also retained
and was insensitive to wortmannin pretreatment (Fig. 5D). As
the Grb2 binding site is also missing in AKI-CSF-1R, the ob-
servation that this receptor remained capable of activating
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FIG. 5. A mutant CSF-1R lacking the PI3-kinase and Grb2 binding sites can still activate MEK/ERK in a PI3-kinase sensitive manner. (A) Expression of WT
CSF-1R and AKI-CSF-1R. Equal amounts of lysates from parental 32D cells or cells expressing WT CSF-1R or AKI-CSF-1R were analyzed by immunoblotting (IB)
with anti-CSF-1R antibodies (Ab): 421 directed against the KI, 423 against the C terminus, and 425 against the cytoplasmic domain. (B) (Top) CSF-1R-associated
PI3-kinase activity. Parental 32D cells or cells expressing WT CSF-1R or AKI-CSF-1R were starved and treated or not with CSF-1 for 5 min at 37°C or for 30 min at
4°C before lysis. Equal amounts of cell lysates were immunoprecipitated (IP) with the indicated anti-CSF-1R antibodies, and an in vitro PI3-kinase assay was performed.
Compared to the assay shown in Fig. 1B, the chromatograph was developed for a shorter period. (Bottom) Lysates were also immunoprecipitated with a mixture of
anti-CSF-1R antibodies, and the immunoprecipitates were analyzed by immunoblotting with an anti-p85 antibody. TCL, total cell lysate. (C) ERK, MEK, and Raf-1
activity. (Top) An MBP kinase assay was carried out on the indicated cell lines as described for Fig. 1. (Bottom) Plot summarizes the results from multiple experiments
where AKI cells (clone 1 or clone 2) were pretreated with either 200 nM wortmannin (W) or 50 wM LY294002 (LY). CSF-1-stimulated kinase activity over unstimulated
cells in the absence of inhibitors is set to 100%. The statistical significance is as described for Fig. 1. (D) Ras activation. 32D-AKI-CSF-1R (clone 1) cells were pretreated or
not with 200 nM wortmannin (wort) prior to CSF-1 stimulation for the indicated times. Ras activation was determined using a GST-RBD pull-down assay as described

for Fig. 3.
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Ras/ERK in a manner comparable to the WT receptor indi-
cates that direct Grb2 binding to CSF-1R is not required for
ERK activation.

The results of Fig. 5 imply that deletion of the PI3-kinase
binding site had no apparent effect on CSF-1R’s ability to
activate PI3-kinase. As this conclusion is rather unexpected, we
sought to confirm our findings by blocking PI3-kinase function
with expression of a dominant-negative PI3-kinase. A Myc-
tagged truncation mutant of pl10a containing only the N-
terminal p85 binding domain (p110-N) was transiently cotrans-
fected with HA-ERK2 into 32D-AKI-CSF-1R cells. p110-N
competes with endogenous p110 for the regulatory p85 subunit
and prevents functional complex formation. A similar mutant
was shown to have dominant-negative properties in erythro-
poietin-stimulated cells (43). Figure 6A shows that p110-N
substantially inhibited CSF-1-induced ERK activation, in
agreement with the inhibitor studies. Figure 6B summarizes
results from four independent transfections, showing an aver-
age of 81% inhibition by p110-N (P < 0.05). Since there is
residual ERK activity not blocked by PI3-kinase inhibitors or
dominant-negative PI3-kinase, a PI3-kinase-independent route
cannot be entirely excluded. Taken together, our data indicate
that PI3-kinase played a major role in the activation of ERK by
AKI-CSF-1R and that activation of PI3-kinase by AKI-CSF-1R
is not mediated by direct binding of PI3-kinase to the receptor.

Src family kinases couple AKI-CSF-1R to the PI3-kinase/
Akt pathway. The CSF-1R contains a Src binding site at Tyr
559 which is retained in AKI-CSF-1R. Thus, it is possible that
the AKI receptor utilizes SFKs to signal to PI3-kinase. 32D
cells express Fyn and Lyn. Hck expression in 32D cells has
been reported by some (3) but not others (23); however, we
have not been able to detect Hck either by immunoblotting of
total cell lysates with a polyclonal anti-Hck antibody (see Fig.
8B) or by anti-PY or anti-Hck blotting of Hck immunoprecipi-
tates. We first confirmed that CSF-1 can activate SFKs in 32D
cells expressing WT or AKI receptors. Fyn was immunopre-
cipitated and subjected to in vitro autophosphorylation (Fig.
7A). Src activity as measured by autophosphorylation has been
shown to track activity assayed by phosphorylation of exoge-
nous substrates (12). After 4 min of stimulation, CSF-1 in-
duced a maximal 2- to 2.5-fold increase in Fyn autophosphor-
ylation in both WT and AKI cells. The fold increase in Src
activity is in agreement with what has been reported for CSF-1
(12). Similar results were obtained with Lyn (data not shown).

To test the hypothesis that SFKs may mediate PI3-kinase
activation by the AKI receptor, we turned to an extensively
used, specific chemical inhibitor of Src kinases, PP1, reported
to inhibit T-cell tyrosine phosphorylation in the micromolar
range (30). Activation of the PI3-kinase pathway was moni-
tored by assaying Akt activity in an immune complex kinase
assay. We first demonstrated that both WT CSF-1R and AKI-
CSF-1R can activate Akt (Fig. 7B), thus supporting our earlier
conclusion that CSF-1 activates the PI3-kinase pathway in AKI
cells. Akt activation was transient, with maximal activity at 5 to
10 min after CSF-1 addition. Akt phosphorylation at Thr 308
was found to follow the same trend as Akt kinase activity (Fig.
7B). Next, the role of Src in Akt activation was assessed.
Dose-dependent studies demonstrated that 10 uM PP1 inhib-
ited CSF-1-induced Akt phosphorylation in AKI cells by 80%
but that an equivalent inhibition in WT cells required a 10-
fold-higher concentration of PP1 (Fig. 7C). These findings
suggest that the AKI receptor activates PI3-kinase by Src-
dependent mechanisms but that the WT receptor utilizes pre-
dominantly Src-independent means to activate PI3-kinase,
most likely through direct binding of PI3-kinase to the KI. We
sought to confirm the PP1 results by examining the effect of
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FIG. 6. Dominant-negative PI3-kinase inhibits CSF-1-stimulated ERK activ-
ity in AKI cells. (A) Effect of p110-N expression on CSF-1 activation of ERK.
AKI cells were transfected with the indicated amounts of Myc-tagged p110-N and
HA-ERK plasmids. Expression of transfected HA-ERK was analyzed by immu-
noblotting (IB) of total cell lysates with anti-HA antibodies. Myc-p110-N was
immunoprecipitated (IP) with anti-Myc (9E10) antibody and immunoblotted
with the same antibody. Lysates containing the same amount of HA-ERK were
immunoprecipitated with anti-HA antibodies and subjected to an IVK assay. (B)
Summary of results from four independent transfections. In the absence of
p110-N, the average CSF-1-stimulated HA-ERK activity is 6.1 * 2.8-fold above
basal level and in its presence, the average fold activation is 1.95 = 0.45.

dominant-negative SFK expression on CSF-1-dependent Akt
activity in AKI-CSF-1R cells. Src251 is a c-Src truncation mu-
tant lacking the catalytic domain and C-terminal tail (39) and
functions as a dominant-negative for multiple SFKs (6, 22).
Cells were cotransfected with Flag-Akt and either vector (pEF-
BOSARI or pcDNA), WT Src, or Src251. CSF-1 stimulated
comparable increases in Flag-Akt activity for either vector
(Fig. 8A). WT Src increased basal Akt activity 4.7-fold, indi-
cating that when overexpressed, WT Src is constitutively active.
In contrast, Src251 inhibited CSF-1-stimulated Akt activity by
~70%. We also tested a second dominant-negative Src con-
struct, KD-Hck. Figure 8B shows that KD-Hck inhibited CSF-
1-induced Akt activity by ~55%, compared to an inhibition of
~80% by Src251. KD-Hck was a less effective inhibitor than
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FIG. 7. Activation of PI3-kinase/Akt by the AKI receptor is sensitive to PP1, a

Src kinase inhibitor. (A) Fyn autophosphorylation. Starved 32D-CSF-1R and

32D-AKI-CSF-1R cells were stimulated with 10 nM CSF-1 for the indicated times, and equal amounts of lysates were immunoprecipitated (IP) with anti-Fyn antibodies

and subjected to an IVK reaction. Products were separated by SDS-PAGE and tr

ansferred to a membrane, and 3P incorporation into Fyn was quantitated by

PhosphorImager analysis. Subsequently, the blot was probed with anti-Fyn antibodies. IB, immunoblot. (B) Akt activity and phosphorylation. Cells were starved and
stimulated with 10 nM CSF-1 for the indicated times. Lysates were immunoprecipitated with anti-Akt antibodies, and activity was assayed with histone H2B as substrate.
The amount of Akt immunoprecipitated was analyzed by immunoblotting with anti-Akt antibodies. Total cell lysates from the same experiment were also immuno-
blotted with an antibody that recognizes phosphorylated Thr 308 on Akt (anti-active Akt). The blot was subsequently stripped and reprobed with anti-Akt antibodies.
(C) PP1 dependence of Akt phosphorylation. Starved cells were pretreated with the indicated PP1 concentrations for 20 min before stimulation with 10 nM CSF-1 for
2 min and Western analysis with anti-active Akt antibodies. The blot was stripped and reprobed with anti-Akt antibodies.

Src251, probably because of lower expression level and per-
haps because the SH2 domain in KD-Hck is more constrained
due to interactions with the C-terminal phosphorylated ty-
rosine (97) which is absent in Src251. These results, together
with those utilizing PP1, strongly support a role for SFKs in
the activation of PI3-kinase by the AKI-CSF-1R, although we
cannot exclude a minor contribution from SFK-independent
mechanisms.

Src family kinases may also contribute to ERK activation
by the AKI-CSF-1R. The observation that AKI-CSF-1R can
activate ERK independent of Grb2 binding to the receptor
prompted us to examine if ERK activation is initiated by Shc
tyrosine phosphorylation and subsequent association with
Grb2. She was immunoprecipitated and examined for tyrosine
phosphorylation content and association with Grb2. In both
WT and AKI cells, CSF-1 stimulated robust tyrosine phosphor-
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FIG. 8. Dominant-negative SFKs inhibit CSF-1-stimulated Akt activity in AKI-CSF-1R cells. (A) AKI-CSF-1R cells were transiently transfected with either 21 pg
of pEF-BOSART1 vector and 1 pg of Flag-Akt, 20 pg of pcDNA vector and 2 pg of Flag-Akt, 20 wg of WT Src and 2 pg of Flag-Akt, or 20 ng of Src251 and 2 pg of
Flag-Akt. Cells were starved and stimulated with 10 nM CSF-1 for 2 min. (Top) Total cell lysates were immunoblotted (IB) with an anti-Src antibody. (Middle) Lysates
were immunoprecipitated (IP) with anti-Flag antibodies and analyzed for histone H2B kinase activity. (Bottom) The amount of immunoprecipitated Flag-Akt was
detected with anti-Akt antibodies. (B) AKI-CSF-1R cells were transiently transfected with 2 pg of Flag-Akt and 20 pg of either vector (pEF-BOSAR1), KD-Hck, or
Src251. (Top) Total cell lysates were analyzed for Hck expression with an anti-Hck antibody and for Src251 expression with anti-Myc antibody. (Middle and bottom)

Cells were processed as described for panel A.

ylation of the p46 and p52 isoforms of Shc and their binding to
Grb2 (Fig. 9A, left panel). Moreover, when cells were treated
with PP1 prior to CSF-1 stimulation, AKI cells showed a dose-
dependent inhibition of Shc tyrosine phosphorylation and
Grb2 binding, similar to that observed for Akt phosphoryla-
tion. WT cells showed inhibition only at 100 pM PP1. To
confirm these findings, the same experiment was performed
with a second pair of clones (Fig. 9A, right panel). The two
clones of AKI expressed approximately the same number of
receptors per cell, but WT clone 2 expressed only 25% as many
receptors as clone 1 (see Materials and Methods). While the
two clones of AKI behaved similarly, PP1 was a more potent
inhibitor of WT clone 2 than of clone 1, suggesting that the Src
pathway makes a greater contribution when fewer receptors
are engaged. In data not shown, pretreatment with wortman-
nin had no effect on Shc tyrosine phosphorylation and Grb2
association.

We examined if Src kinases could mediate Ras/ERK activa-
tion in AKI cells. Figure 9B shows that in AKI clone 1 cells,
PP1 markedly inhibited CSF-1-induced Ras activation mea-
sured by the GST-RBD pulldown assay and ERK activation
assessed by Western blotting with an anti-active ERK anti-
body. Similar results were obtained with AKI clone 2 (not
shown). Thus, there is a strong correlation between diminished
She-Grb2 association and reduction in activity of the Ras/ERK
pathway. Analogous to its effect on SHC and Grb2 association,
PP1 exerted a modest inhibitory effect on ERK activation in
WT clone 2. Transient transfection of AKI-CSF-1R cells with
the plasmid encoding Src251 inhibited both basal and CSF-1-
induced ERK activation, supporting a role for SFKs (Fig. 9C).
Together, these results are consistent with the model described
for AKI cells, in which CSF-1-mediated recruitment of SFKs

may be the primary mechanism by which the PI3-kinase/Akt
and Ras/ERK pathways are activated, the latter possibly pro-
ceeding through phosphorylation of Shc and association with
Grb2. On the other hand, in WT cells, SFKs appear to play a
less important role, particularly when a larger number of re-
ceptors are engaged.

The contribution of Src family kinases to ERK and Akt
activation induced by the WT CSF-1R is dependent on recep-
tor expression levels. The results in Fig. 9 suggest that the
contribution of SFKs to CSF-1-stimulated ERK and Akt ac-
tivities may depend on WT receptor expression level. This
possibility has physiological relevance since CSF-1R expres-
sion increases with maturation: whereas early myeloid precur-
sors express 2,000 receptors/cell, mature macrophages have
50,000 receptors/cell (72). To further investigate the role of
SFKs in mediating signaling by WT CSF-1R, we used WT
clones that our laboratory has established with CSF-1R expres-
sion levels spanning the physiological range (clone 1, 45,000
receptors/cell; clone 3, 25,000 receptors/cell; clone 2, 10,000
receptors/cell; clone 4, 3,900 receptors/cell). PP1 was used to
assess the role of SFKs in mediating CSF-1-induced ERK and
Akt activation. The effectiveness of PP1 inhibition was clearly
dependent on CSF-1R expression levels: CSF-1-mediated ERK
phosphorylation in clone 4 was almost completely abolished by
10 uM PP1; the same dose was much less effective in clones 1
and 3, although an inhibitory effect was still evident (Fig. 10A).
The decrease in ERK phosphorylation in the presence of PP1
and the dependence on receptor expression was not due to
differences in ERK protein levels, as the same blot when
stripped and reprobed with anti-ERK antibodies showed
equivalent levels in all samples. Also, PP1 did not directly
affect CSF-1R autophosphorylation (Fig. 10B). We note for
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FIG. 9. Role of SFKs in activating the Ras/ERK pathway in AKI-CSF-1R cells. (A) Shc tyrosine phosphorylation and association with Grb2. WT clones 1 and 2
and AKI clones 1 and 2 were pretreated with PP1 at the concentration (micromolar) as indicated and stimulated with 10 nM CSF-1 for 2 min. Lysates were
immunoprecipitated (IP) with anti-Shc antibodies, separated by SDS-PAGE, and transferred to a membrane. The top part was immunoblotted (IB) with anti-PY
antibodies, and the bottom part was probed with anti-Grb2 antibodies. (B) Ras and ERK activation. (Top) WT clone 1 and AKI clone 1 cells were pretreated with PP1
at the concentration (micromolar) indicated and stimulated with 10 nM CSF-1 for 2 min. Ras activation was assayed by binding 500 pg of lysates to GST-RBD. Total
Ras was determined in 50 pg of total cell lysates. (Bottom) WT clone 2 and AKI clone 2 cells were treated as indicated, and total cell lysates were analyzed with
anti-active ERK antibodies. (C) Effect of dominant-negative Src expression. AKI-CSF-1R cells were transiently transfected with 5 ug HA-ERK2 and 20 pg of either
vector or Src251. Lysates were analyzed for MBP kinase activity (IVK) and blotted for ERK levels in anti-HA immunoprecipitates. This experiment has been repeated

twice with similar results.

clone 1 that whereas CSF-1-induced Ras activation was unaf- vation of A-Raf is not well understood, maximal activation of
fected by 100 uM PP1 (Fig. 9B), ERK activation was partially Raf-1 requires tyrosine phosphorylation possibly mediated by
inhibited even at 10 pM PP1 (Fig. 10A). This suggests that in SFKs (24, 37, 57). PP1 inhibition of CSF-1-induced Akt phos-
addition to acting upstream of Shc/Grb2 recruitment, Src may phorylation showed a similar dependence on CSF-1R levels,
also act downstream of Ras. Although the mechanism of acti- although the extent of inhibition is less than that observed for
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FIG. 10. WT receptor expression levels may determine the involvement of the SFKs. (A) 32D cells expressing 45,000 (clone 1), 25,000 (clone 3), 10,000 (clone 2),
and 3,900 (clone 4) WT receptors/cell were starved and pretreated with the indicated doses of PP1 before stimulation with 10 nM CSF-1. Equal amounts of total cell
lysates were immunoblotted (IB) for anti-active ERK or anti-active Akt. The blots were stripped and reprobed with anti-ERK or anti-Akt antibodies. (B) Lysates shown
in panel A were immunoprecipitated (IP) with anti-CSF-1R antibodies, and phosphotyrosine content was analyzed by immunoblotting with 4G10.

ERK phosphorylation. These results show that the contribu-
tion of SFKs to CSF-1-dependent signaling may depend on
receptor expression levels.

Gab2 may be an intermediate linking Src family kinases to
PI3-kinase during CSF-1-mediated signaling in cells express-
ing AKI-CSF-1R. Recently, a multisite docking protein was
identified that responds to a variety of cytokines by undergoing
tyrosine phosphorylation and creating binding sites for signal-
ing molecules including the p85 subunit of PI3-kinase (29, 61,
99). This is Gab2, which shares ~35% identity with Gabl,
another docking protein demonstrated to act downstream of
RTKs and cytokine receptors (32, 33, 70, 80). To determine if
Gab2 might be involved in linking AKI-CSF-1R to PI3-kinase,
we compared the spectra of tyrosine-phosphorylated proteins
that coimmunoprecipitated with p85 or Gab2 in 32D-WT-
CSF-1R and 32D-AKI-CSF-1R cells. In WT cells, CSF-1 stim-
ulated the tyrosine phosphorylation of p85 and induced its
coimmunoprecipitation with a broad, tyrosine-phosphorylated
band at 160 kDa and a second broad, tyrosine-phosphorylated

band at 97 kDa (p97) (Fig. 11A). In contrast, p85 from AKI
cells was not tyrosine phosphorylated and coprecipitated pre-
dominantly with p97. The 160-kDa band is most likely CSF-1R,
consistent with its absence in AKI cells, as the AKI receptor
lacks the p85 binding site. A third coprecipitating protein at
110 to 120 kDa was not pursued since CSF-1 did not consis-
tently induce its tyrosine phosphorylation in AKI cells. p97
appears to comigrate with tyrosine-phosphorylated Gab2 de-
tected in Gab2 immunoprecipitates (Fig. 11A) which was
strongly stimulated by CSF-1 in both WT and AKI cells. Gab2
coprecipitated a tyrosine-phosphorylated protein at ~66 kDa
which is SHP-2 (Fig. 11C). To further confirm that p97 de-
tected in p85 immunoprecipitates is Gab2, we took an immu-
nodepletion approach. Lysates were first immunoprecipitated
with anti-Gab2; the depleted lysates were then reimmunopre-
cipitated with anti-p85. The two sets of immunoprecipitates
were analyzed side by side (Fig. 11B). The results showed that
immunodepletion with anti-Gab2 effectively removed p97 from
p8S immunoprecipitates from both WT and AKI cells. Note
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that the blot was overexposed so as to detect any residual p97.
The blot was stripped and reprobed with anti-p85, confirming
its presence in Gab2 immunoprecipitates. The association of
p85 with Gab2 was transient and had decreased after 15 min of
CSF-1 treatment (Fig. 11B).

We next asked if Gab2 could be a link between SFKs and
PI3-kinase during CSF-1-mediated signaling in AKI cells. 32D-
WT-CSF-1R (clone 1) and 32D-AKI-CSF-1R (clone 1) cells
were pretreated or not with 10 wM PP1 prior to CSF-1 stim-
ulation (Fig. 11C). PP1 completely eliminated CSF-1-stimu-
lated Gab2 tyrosine phosphorylation in AKI but not WT cells,
an effect accompanied by the loss of CSF-1-inducible associa-
tion of Gab2 with p85 and SHP-2 (Fig. 11C). The anti-PY blots
in Fig. 11A and C also showed two bands migrating at 46 and
52 kDa upon CSF-1 treatment, which could correspond to
p465™¢ and p525"°. Gab2 immunoprecipitates probed with a
monoclonal Shc antibody to avoid obscuration by the IgG
heavy chain showed the faint presence of p465™ and p525"
associated with Gab2 (Fig. 11C), similar to what has been
reported elsewhere (29). Taken together, our data demon-
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FIG. 11. Role of Gab2 in linking SFKs to PI3-kinase. (A) 32D-CSF-1R
(clone 1) and 32D-AKI-CSF-1R (clone 1) cells were starved and stimulated (+)
or not (—) with 10 nM CSF-1. Total cell lysates were immunoprecipitated (IP)
with p85 or Gab2 antiserum and immunoblotted (IB) with anti-PY. TCL, 35 pg
of total cell lysates from the same experiment that were also loaded; MW,
molecular weight markers. (B) Cells were starved and stimulated with CSF-1 for
the indicated times. Total cell lysates were first immunoprecipitated with Gab2
antiserum (Ist IP); the depleted supernatant was subsequently reimmunopre-
cipitated with p85 antiserum (2nd IP). The immunoprecipitates were first blotted
with anti-PY, stripped, and sequentially blotted with anti-p85 and anti-Gab2. The
asterisk refers to a nonspecific band detected by the Gab2 antiserum. (C) Cells
were starved and pretreated with 10 uM PP1 prior to CSF-1 stimulation for 2
min. Total cell lysates were immunoprecipitated with Gab2 antiserum and se-
quentially blotted with anti-PY, anti-p85, anti-Gab2, and anti-SHP-2. A parallel
Gab2 immunoprecipitation was performed and blotted with a monoclonal anti-
Shc antibody.

strate that CSF-1 stimulated the tyrosine phosphorylation of
Gab2 and its association with PI3-kinase in both WT and AKI
cells, but only in the latter case does Src kinase activity appear
to be required for these events to occur.

DISCUSSION

The primary aim of this work was to develop a detailed
understanding of how CSF-1 activates the ERK/MAPK path-
way in hematopoietic cells. IL-3-dependent myeloid progenitor
cell lines expressing transduced CSF-1R have been used ex-
tensively to investigate CSF-1 signaling since they provide the
appropriate cellular context and permit analysis of CSF-1R
mutants (8, 46-48, 55, 65). The major conclusions of the
present study are that CSF-1-mediated ERK activation in the
32D myeloid cell line depends on Ras and requires CSF-1-
induced PI3-kinase activity which feeds into the ERK pathway
at a point upstream of MEK/ERK, probably in parallel to Ras.
Activation of PI3-kinase by the CSF-1R can occur by direct
recruitment of PI3-kinase to the receptor or indirectly, by a
Src-dependent mechanism. The Src pathway is mainly utilized
at low CSF-1 receptor occupancy, such as one might find in
early myeloid precursors, or when the direct pathway is not
available. To the best of our knowledge, this is the first study
demonstrating that an RTK such as the CSF-1R which binds
PI3-kinase directly (68, 76) can also activate PI3-kinase by a
separate mechanism independent of direct PI3-kinase-recep-
tor interactions. Other RTKs such as the insulin/IGF-1 recep-
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tor (reviewed in reference 90), EGF receptor (70), and TrkA
(33) also activate PI3-kinase via recruitment of docking pro-
teins, but they either do not bind or weakly bind PI3-kinase.

We had previously demonstrated that costimulation of the
CSF-1/CSF-1R and cAMP/PKA pathways, while producing a
large synergistic enhancement of ERK activity, concomitantly
suppressed the activity of Raf-1 (46). In addition, IL-3 also
exhibited the same type of cross-talk between the ERK and
cAMP/PKA pathways. Since then, Sutor et al. (79) have re-
ported very similar findings for IL-3 acting on the FDC-P1
myeloid progenitor cell line. Here, we showed that CSF-1-
stimulated-A-Raf activity, in addition to Raf-1, was suppressed
at a time when ERK activity was significantly increased by
cAMP-elevating agents and upregulated at a time when ERK
activity was inhibited by PI3-kinase inhibitors (Fig. 1, Fig. 2,
and reference 46). Since it is well established that PKA phos-
phorylates Raf-1 on sites that prevent interaction with Ras (96)
and inhibit catalytic activity (59), the latter site being conserved
in all three Rafs, our findings in the presence of cAMP are
most consistent with the explanation that neither Raf-1 or
A-Raf is responsible for relaying the activating signal to MEK/
ERK.

In the absence of cAMP, dominant-negative A-Raf but not
dominant-negative Raf-1 partially blocked ERK activity stim-
ulated by CSF-1 or IL-3 (Fig. 2C). A concern with dominant-
negative Rafs is that they may exert their inhibitory function by
sequestering a shared upstream activator (Ras) away from the
authentic MAPKKK, so that the block may not necessarily
suggest a role for the Rafs themselves. This concern does not
appear to be an issue for dominant-negative Raf-1 since its
presence had no significant effect. As we do not have a way of
determining if dominant-negative A-Raf competes with the
authentic MAPKKK, the most straightforward explanation for
our observations is that CSF-1-stimulated MEK/ERK activity
is mediated by A-Raf-dependent and -independent mecha-
nisms. We did not specifically investigate the role of B-Raf in
this study, as B-Raf was previously found to have high consti-
tutive activity which was not further stimulated by CSF-1 (46).
Our findings regarding Raf-1 and B-Raf are in agreement with
those of Sutor et al. (79). In contrast, they reported that IL-3-
induced A-Raf activity in FDC-P1 cells is suppressed by PI3-
kinase inhibition and resistant to cAMP elevation. For B-Raf
the susceptibility to PKA inhibition may be isoform dependent,
with the 68-kDa but not 95-kDa form of B-Raf being inhibited
by PKA (91). Since 32D and FDC-P1 cells have somewhat
different lineages (17, 28), it is conceivable that they contain
different A-Raf variants with distinct PKA inhibition profiles,
although we are not aware of any reports to this effect.

The results presented in this study strongly support a major
role for PI3-kinase in the regulation of the MEK/ERK pathway
by CSF-1. Evidence is obtained with two unrelated PI3-kinase
inhibitors, wortmannin and L'Y294002, in a dose range gener-
ally accepted to be specific for PI3-kinase (26) and with a
dominant-negative PI3-kinase, p110-N. Although the depen-
dence on PI3-kinase appears to vary with signal strength in
COS cells and fibroblasts (21, 92), in 32D-CSF-1R cells, PI3-
kinase activity is required over a 100-fold variation in CSF-1
concentration (0.1 to 10 nM). Akt phosphorylation, used as a
convenient readout for PI3-kinase activation, was induced at
all doses of CSF-1 tested, indicating that CSF-1-dependent
rather than basal PI3-kinase activity contributes to MEK/ERK
activation. PI3-kinase activity was not necessary for Ras acti-
vation or activation of the events leading to Ras-GTP accumu-
lation, namely, Shc tyrosine phosphorylation and subsequent
association with Grb2. In some cell types, PI3-kinase functions
as a downstream effector of Ras (71). However, we obtained
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no evidence to indicate that PI3-kinase is on a linear pathway
between Ras and MEK, although we cannot exclude the pos-
sibility that PI3-kinase is activated by multiple mechanisms
which might obscure blockade by 17NRas. Our results are in
agreement with those of Genot et al. (27), who also used Akt
activity as a readout for PI3-kinase activation in Jurkat T cells.
They also showed that PI3-kinase did not activate Rac/PAK, a
potential link to MEK (25, 42). Although we did not specifi-
cally investigate the role of Rac/PAK in CSF-1-mediated ERK
activation, the available data do not strongly support such an
involvement. While EGF-mediated ERK activity is potentiated
by constitutively active PAK, it is not blocked by dominant-
negative Rac or PAK, implying that EGF does not utilize
Rac/PAK to activate ERK. Rather, Raf/MEK may represent a
regulatory point for divergent signals (25, 92). The precise
mechanism by which PI3-kinase regulates MEK/ERK activity
in 32D-CSF-1R cells is unknown. We have some preliminary
evidence suggesting that PI3-kinase may feed into the MEK/
ERK pathway via atypical PKCs (A. W.-M. Lee and D. J.
States, unpublished data). Another possibility is that a lipid
product of PI3-kinase or a PI3-kinase protein effector acts at
the level of MEK, e.g., by affecting the stability of a MEK/ERK
complex.

An intriguing finding is our observation that the CSF-1R can
activate PI3-kinase by more than one mechanism, revealed
when the mutant CSF-1R lacking the KI was found to be still
capable of activating Akt and regulating MEK/ERK in a PI3-
kinase-sensitive manner. We used a combination of pharma-
cological and genetic approaches to conclude that the AKI
receptor stimulated an SFK-dependent mechanism to activate
both the Ras/ERK and PI3-kinase/Akt pathways. Although the
SFK inhibitor PP1 can antagonize the EGF receptor kinase
activity when added directly to in vitro assays (30), it is unlikely
that our findings are due to inactivation of the CSF-1R kinase
function because in vivo CSF-1R autophosphorylation was un-
affected at PP1 concentrations up to 50 uM (Fig. 10B), con-
sistent with studies showing that PP1 had no effect on EGF
receptor autophosphorylation when added to cells (95). In
addition, the inhibitory action of PP1 on ERK and Akt acti-
vation in cells expressing WT CSF-1R depended on receptor
expression levels (Fig. 10A), an observation not easily ex-
plained by inhibition of CSF-1R kinase activity. In support of
the PP1 results, CSF-1-induced ERK and Akt activitics were
also inhibited in AKI cells overexpressing dominant-negative
SFKs. Presumably the SH2 and SH3 domains in these mutant
SFKs compete with endogenous SFKs to bind to cellular pro-
teins with Src binding sites, including the CSF-1R. Hence our
findings with dominant-negative SFKs cannot be taken to im-
ply that the SFK pathway leading to ERK and PI3-kinase
activation depends on SFK binding to the CSF-1R. CSF-1
activates both Fyn and Lyn, but we have not examined expres-
sion of all SFKs. The question of which SFK member is utilized
by the CSF-1R in 32D cells to initiate signaling is an important
one, as SFKs play nonredundant roles in vascular endothelial
growth factor-mediated angiogenesis (22) and T-cell receptor
signaling (15).

How do SFKSs couple the CSF-1R to PI3-kinase? There are
a number of possibilities. Upon activation by binding to the
CSF-1R, SFKs can directly recruit PI3-kinase, a mechanism
that may be utilized by the T- and B-cell receptors (66, 67).
Alternately, activated SFKs can phosphorylate docking/scaf-
folding proteins which contain binding sites for the SH2 do-
main of the p85 subunit of PI3-kinase. Examples of docking
proteins implicated in RTK signaling are the IRS family mem-
bers, which include Gab1/2 and the proto-oncogene product
¢-Cbl. 32D cells have no endogenous IRS-1, IRS-2 and IRS-4



VoL. 20, 2000

(84) and anti-PY blots of p85 immunoprecipitates from AKI
cells did not consistently reveal CSF-1-induced phosphoryla-
tion of proteins in the 110-kDa range (Fig. 11A and B), which
would have suggested the presence of Gabl. Both Gab2 and
c-Cbl are tyrosine phosphorylated in response to CSF-1 in WT
and AKI cells (Fig. 11; A. W.-M. Lee, unpublished data). c-Cbl
has been shown to function as a negative regulator of CSF-1
signaling by promoting multiubiquitination and hence degra-
dation of the CSF-1R (50) similar to that observed for the
PDGF and EGF receptors (52, 60). Such a role in negative
regulation of signaling has not been reconciled with the obser-
vations that tyrosine-phosphorylated c-Cbl also recruits signal-
ing molecules (e.g., PI3-kinase). It is not known if these sig-
naling molecules bound to c-Cbl are sequestered and destined
for degradation or are normally presented to their substrates
and downstream effectors. In this report we have focused on
Gab? as a possible intermediary between SFKs and PI3-kinase.
Data supporting a role for Gab2 are our observations that
CSF-1 induced the association of Gab2 with p85/PI3-kinase in
WT and AKI cells and in AKI cells, PP1 prevented CSF-1-
stimulated Gab2 tyrosine phosphorylation and binding to the
p85 subunit of PI3-kinase, suggesting possibly that Gab2 is a
substrate for SFKs. In WT cells, PP1 had no effect on CSF-1-
induced Gab2 tyrosine phosphorylation; Gab2 may be phos-
phorylated by the CSF-1R itself or by non-RTKs other than
SFKs. In addition to being a downstream effector of Gabl,
PI3-kinase can also function as an upstream activator since the
PI3-kinase product PI-3,4,5-P; binds to the pleckstrin homol-
ogy (PH) domain of Gabl and recruits it to the plasma mem-
brane (58, 70). PI-3,4,5-P; will likely also bind to the PH
domain of Gab2, as the PH domains of Gabl and Gab2 are
73% identical (29). Therefore, in WT cells, there is a potential
for PI-3,4,5-P, generated upon direct binding of PI3-kinase to
Tyr 721 in the activated CSF-1R to recruit Gab2, a mechanism
that is not available to the AKI-CSF-1R.

With regard to activation of the Ras/ERK pathway by the
CSF-1R, likely mechanisms include binding of Grb2/Sos to Tyr
697 on the activated CSF-1R and the recruitment and tyrosine
phosphorylation of Shc and subsequent association with Grb2/
Sos. We have not observed coprecipitation of Shc with the
CSF-1R, implying that Shc tyrosine phosphorylation does not
require stable complex formation with the receptor. In AKI
cells, the activating signal to Ras is presumably sent via Shc, as
the route involving direct Grb2 binding is eliminated. In these
cells, Src kinase activity was shown to play a significant role in
mediating the tyrosine phosphorylation of Shc and association
with Grb2 (Fig. 9A). SFKs can directly phosphorylate Shc (87),
but the relationship may also be an indirect one since Shc is
bound to Gab2 upon CSF-1 stimulation (Fig. 11C), similar to
that previously reported for IL-3 (29), and Gab2 is phosphor-
ylated in an SFK-dependent manner in AKI cells. Whether
Gab2-bound Shc is involved in mediating Ras/ERK activation
remains to be elucidated. When overexpressed, Gabl and
Gab2 potentiate cytokine-mediated ERK activation (29, 61,
80); moreover, embryonic fibroblasts from Gabl /~ mice show
much diminished ERK activation in response to IL-6, EGF,
PDGF, and hepatocyte growth factor (36). The tyrosine phos-
phatase SHP-2 binds to Gab1/2 (29, 32, 33, 61, 80) and is
required for activation of Ras/ERK in response to a variety of
signals (reviewed in reference 35). The published data con-
cerning whether Gab1/2 and SHP-2 act in concert to influence
Ras/ERK activation are confusing since mutation of the SHP-2
binding sites in Gabl/2 either had no effect (29) or blocked
(14) growth factor-induced ERK activity. In 32D-CSF-1R cells,
CSF-1 induced significant tyrosine phosphorylation of SHP-2,
and SHP-2 coprecipitated Grb2 (data not shown) and Gab2
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(Fig. 11C). Although tyrosine-phosphorylated SHP-2 has bind-
ing sites for Grb2/Sos (4, 54), Gab2 can bind Grb2 constitu-
tively (29); hence we cannot exclude a three-way complex
(SHP-2-Gab2-Grb2). Additional experiments utilizing Gab2
and SHP-2 mutants will be required to determine the contri-
bution of Gab2 and SHP-2 to CSF-1-mediated ERK activation.

Src’s contribution to CSF-1-mediated ERK and PI3K/Akt
activation in 32D clones expressing WT CSF-1R appears to
depend on receptor levels. This suggests that under conditions
when fewer receptors are engaged such as what occurs in clone
4 (3,900 receptors/cell) or early myeloid precursors (2,000 re-
ceptors/cell) or when ligand concentration is low, fewer redun-
dant pathways are activated and the Src-dependent mechanism
plays a more prominent role. That different signaling pathways
may require different signal strengths for activation has been
noted previously. Soler et al. (78) found that whereas phos-
pholipase C-yl and RasGAP were poorly phosphorylated by
EGF in cells expressing <10* receptors/cell, Shc remained
efficiently phosphorylated; all three proteins were strongly
phosphorylated when >4 X 10* receptors/cell were occupied.
Signal strength, determined by receptor levels (21) or ligand
concentration (92), has also been shown to be a primary factor
in the PI3-kinase contribution to ERK activation (see the in-
troduction). Factors that might explain why the Src-dependent
pathway was more important at low signal strength include
differences in the stoichiometry of phosphorylation of the Src
versus p85 and Grb2 binding sites, in the binding affinity of Src,
p85, and Grb2 to their respective sites, and in the efficiency
with which the different pathways couple to their downstream
targets. Recently, it was reported that a Kit/SCF receptor mu-
tant lacking the Src binding site when expressed in endothelial
cells exhibited much reduced ligand-induced ERK activation
(51), while the same mutant expressed in mast cells had an
intact ERK response (82). Our findings suggest two possible
explanations: in mast cells the mutant might have been able to
activate redundant mechanisms not available in endothelial
cells. Alternately, expression levels of Kit might have altered
the signaling pathways used.

The experiments described in this report extend our current
model for how the CSF-1R mediates activation of the Ras/
ERK and PI3-kinase/Akt pathways in myeloid cells. Impor-
tantly, our findings point to the utilization of redundant mech-
anisms by the CSF-1R to activate downstream pathways that
affect the cell’s ability to proliferate and survive. A corollary of
our observations is that PI3-kinase exerts its downstream ef-
fects in myeloid progenitors in part via the ERK pathway.
Inhibitors of MEK/ERK and of PI3-kinase independently in-
duced apoptosis and reduced proliferation in 32D-CSF-1R
cells in the presence of CSF-1 (H.-L. Lin and A. W.-M. Lee,
unpublished data). Further work will be needed to distinguish
the ERK from the Akt branch in mediating PI3-kinase’s sur-
vival and proliferative functions in these cells. The role of
PI3-kinase in mediating CSF-1-induced DNA synthesis has
been examined previously. Utilizing fibroblasts transfected
with the CSF-1R, Roche et al. (69) showed that microinjected
anti-p110a antibodies had no effect on CSF-1-induced DNA
synthesis. In marked contrast, Ridley’s group found that micro-
injected anti-p110a antibodies completely abrogated CSF-1-
dependent DNA synthesis in BAC1 macrophages (88). Possi-
bly, cell type difference played a role in determining the
outcome of the two studies. Clearly there is a need to fully
identify and characterize the signaling pathways activated by
the CSF-1R in both myeloid precursors and mature macro-
phages and the cellular context that permits redundant regu-
lation of growth and survival.
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