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Binding of macrophage colony stimulating factor
(M-CSF) to its receptor (Fms) induces dimerization
and activation of the tyrosine kinase domain of the
receptor, resulting in autophosphorylation of cyto-
plasmic tyrosine residues used as docking sites for
SH2-containing signaling proteins that relay growth
and development signals. To determine whether a
distinct signaling pathway is responsible for the Fms
differentiation signal versus the growth signal, we
sought new molecules involved in Fms signaling by
performing a two-hybrid screen in yeast using the
autophosphorylated cytoplasmic domain of the wild-
type Fms receptor as bait. Clones containing SH2
domains of phospholipase G2 (PLC-y2) were fre-
quently isolated and shown to interact with phosphoryl-
ated Tyr721 of the Fms receptor, which is also the
binding site of the p85 subunit of phosphatidylinositol
3-kinase (PI3-kinase). At variance with previous
reports, M-CSF induced rapid and transient tyrosine
phosphorylation of PLC-y2 in myeloid FDC-P1 cells
and this activation required the activity of the PI3-
kinase pathway. The Fms Y721F mutation strongly
decreased this activation. Moreover, the Fms Y807F
mutation decreased both binding and phosphorylation
of PLC-y2 but not that of p85. Since the Fms Y807F
mutation abrogates the differentiation signal when
expressed in FDC-P1 cells and since this phenotype
could be reproduced by a specific inhibitor of PLCy,
we propose that a balance between the activities of
PLC-y2 and PI3-kinase in response to M-CSF is
required for cell differentiation.
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Introduction

survival and differentiation, regulated mainly by soluble or
membrane-bound glycoproteins, called colony stimulating
factors (CSF), growth factors or cytokines (Metcalf, 1984).
In the monocytic lineage the principal regulator is the
macrophage colony stimulating factor (M-CSF or CSF-1),
synthesized by a variety of different cell types, including
fibroblasts, endothelial cells and bone marrow stromal
cells, and present at high concentration in serum (Roth
and Stanley, 1992)n vitro soft agar assays demonstrate
that M-CSF stimulates survival, proliferation and matur-
ation of single bone marrow progenitors into macroscopic
colonies of macrophages (Stanley al., 1978). M-CSF
also stimulates survival and proliferation of mature mono-
cytes and macrophages and enhances their differentiated
functions (Stanley, 1981; Tushinséd al., 1982). The key
role of M-CSF in mononuclear phagocyte development
has been demonstratéd vivo with osteopetrotic ¢p/op)
mutant mice that lack functional M-CSF and are deficient
in osteoclasts and macrophages. Both cell types are
presumably derived from a common progenitor (Wiktor-
Jedrzejczaket al, 1990) and theop/op defects can
be cured by injection of M-CSF (Wiktor-Jedrzejczak
et al, 1991).

All biological effects of M-CSF are mediated through
a single high affinity receptor expressed on the cell surface
of monocytes, macrophages and their progenitors (Byrne
et al, 1981) and encoded by the proto-oncogenins-
(Sherret al, 1985; Woolfordet al, 1985). The protein
product, Fms, is a member of a class of growth factor
receptor tyrosine kinases (RTKs) that include thend
B platelet-derived growth factor (PDGF) receptors, Kit, a
receptor of the stem cell factor and the FIt3/FLK2 receptor
(Rosnet and Birnbaum, 1993). These transmembrane
receptors transduce extracellular ligand messages into
intracellular signals via pathways controlling cell survival,
apoptosis, proliferation and differentiation, depending on
cellular context (Ullrich and Schlessinger, 1990). Their
common mechanism of activation is initiated by ligand
binding that enables receptor dimerization, activation of the
kinase domain and autophosphorylation of the cytoplasmic
domain on specific tyrosine residues. Tyrosine autophos-
phorylation creates binding sites for Src homology 2
(SH2)-containing intracytoplasmic molecules that relay
and perhaps amplify the signals (Koat al, 1991)
along specific pathways leading to output through gene
transcription.

The Fms receptor induces numerous biological effects
when activated and we are interested in how these signals

Hematopoiesis is a developmental process in which toti- are integrated, transmitted and interpreted for the cellular
potent bone marrow stem cells generate eight different output response. The process begins with at least five
blood cell lineages necessary for constant replacement oftyrosine (Y) autophosphorylation sites in the cytoplasmic
senescent mature cells or to respond to a stress, likedomain. Y559 in the juxtamembrane region is a binding
hemorrhage or infection (Metcalf, 1989). This implies site for Src family members when phosphorylated (Alonso
precise regulation of the balance between cell growth, et al, 1995). Three sites, Y697, Y706 and Y721, are
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Signal transduction by the M-CSF receptor

located in the kinase insert (KI) region that splits the A
functional tyrosine kinase domain of the receptor. Phos-
phorylated Y697 binds the SH2 domain of the Grb2
adaptor molecule, which is constituitively associated with NC
the nucleotide exchange factor mSOS. Translocation of s ey | e

the Grb2—-mSOS complex from the cytoplasm to the viee  veor
plasma membrane is sufficient for Ras activation (van der

Geer and Hunter, 1993; Lioubeat al,, 1994). Phosphoryl-
ated Y706 binds the STAT1 transcription factor (Novak

LexA wt Fms cytoplasmic domain

et al, 1996) and phosphorylated Y721 binds the p85 B IP o Fms
subunit of phosphatidylinositol 3-kinase (PI3 kinase) &
(Reedijket al, 1992). Another autophosphorylation site, e @5""{\
Y807, is located in the second half of the kinase domain s
(Tapleyetal, 1990) and corresponds to an autophosphoryl- Blot o LexA ‘. +—75kDa
ation site conserved among most of the tyrosine kinases

(Hanks and Quinn, 1991). Based on structural analysis of T ‘ R
other RTKs, this latter tyrosine could act as a regulatory

site rather than a direct binding site (Hubbatal., 1994),
however, the Y807 site in v-Fms has recently been FIOREEY B < 75kDa
implicated in p120Ras GAP binding (Trouliaret al,

1995). C

One of our principal interests is defining the mechanisms PH

that control signaling pathways for growth, survival and
differentiation. Do the existing pathways described above
each regulate one or more biological functions of the
receptor or do additional, as yet undefined, signaling

pathways participate? To address these possibilities, a -~ ~ et
two-hybrid screen was initiated to look for additional = NSH2 |— CSH2 |—
signaling proteins interacting with activated Fms. The EML 15

results identified several new interacting proteins and EML 101

their analysis will be reported elsewhere (R.P.Bourette, EML 110
G.M.Myles and L.R.Rohrschneider, in preparation). In R

addition, the SH2 domains of phospholipasg:PLC- Fig. 1. Yeast two-hybrid system with murine wild-type Fms
VZ) were identified as Fms bmdmg proteins in several cytoplasmic domain.A) Schematic representation of the LexA-wild-

screens, even though PLy2-has been shpwn previously  type Fms cytoplasmic domain fusion protein used as bait. The
not to bind or be activated by Fms (Downiagal., 1989). different tyrosine (Y) autophosphorylation sites are Y559 in the

Further exploration of this potential interaction in more juxtamembrane region, Y697, Y706 and Y721 in the KI region and
detail, however, demonstrated its existence kinthitro Y807 in the main kinase domairBJ Expression and tyrosine

L N . phosphorylation of the bait i&.cerevisiad 40 strain. The L40 yeast
andin vivo. This r_eport presents those data _along with strain was transformed and selected in medium lacking uracil and
results on the reciprocal regulation of PlyZ-with PI3- tryptophan (UW). A single colony was isolated and tested for

kinase and its association with differentiation signaling.  expression and tyrosine phosphorylation of the LexA-wild-type Fms
fusion protein.Saccharomyces cerevisiesates were
immunoprecipitated with anti-murine Fms antibody 4599B prepared

Results against the cytoplasmic domain. The proteins were run on a 7%
polyacrylamide gel, blotted and probed sequentially with antibodies

Identification of SH2-containing proteins directed against LexAolLexA), Fms cytoplasmic domairaEms) and

interacting with activated Fms phosphotyrosineaPY). (C) Schematic representation of Ply2-clone

_ ; ; . segments obtained in the two-hybrid screen using the LexA-wild-type
A yeast two-hybrid assay (Fields and Song, 1989; Fields, Fms cytoplasmic domain as bait. The domain structure of P2&

1993; Vojtek et al, 1993) was used to identify Nnew  gyoun with an expanded view of the SH2 domains. Representative
proteins that interact with the cytoplasmic domain of the clones from the EML VP16 library are aligned below the SH2

murine Fms receptor. For the bait we constructed a LexA— domains. Isolated clones containing PYZN-SH2 domain (EML 15
Fms fusion protein containing the entire cytoplasmic and EML 101), C-SH2 domain (EML 131) or both SH2 domains
domain of the wild-type murine Fms protein (Figure (EML110)are presented.

1A). This construct was transformed inBaccharomyces

cerevisiaeL40 and expression of the bait fusion protein phosphorylation when expressed as a fusion protein with
examined by immunoprecipitation and Western blotting. the LexA DNA binding domain, as previously shown with
Yeast lysates were immunoprecipitated with antibodies to the insulin receptor (G2Nadi/l1994). Autophosphoryl-

the cytoplasmic domain of Fms and Western blotting with ation also occurred at expected tyrosine residues (see
anti-LexA, anti-Fms or anti-phosphotyrosine antibodies below), suggesting that LexA—Fms autophosphorylation
demonstrated that a tyrosine-phosphorylated fusion proteinaccurately recapitulated this activation step.

of the size expected for the LexA—Fms construct (~75 kDa) A VP16 target library containing cDNA from the
was produced (Figure 1B). The tyrosine phosphorylation of pluripotent hematopoietic EML cell line (Tsat al,, 1994;

this bait protein in yeast demonstrates that the receptor Lioairal, 1996) was used to screen for clones

cytoplasmic domain retains the ability to undergo auto- encoding Fms-interacting proteins. EML cells expressing
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the wild-type murine Fms from a retroviral vector exhibit PLCT2 N-SH2 domain (EML101) PLCT2 C-SH2 domain (EML131)
both proliferation and differentiation in response to M-CSF A
stimulation (R.P.Bourette, L.R.Rohrschneider and S.Tsali, . N
unpublished data). This suggests that the EML VP16
cDNA library should contain most of the cytoplasmic
substrates necessary for these two Fms signaling pathways

A stable LexA-Fms-expressing L40 yeast clone was
transformed with the EML VP16 cDNA library and
between 10 and 201C° transformants were screened,
resulting in 166 clones positive for transcriptional activ-
ation of thehis3 and lacZ reporter genes. Using VP16
sense and antisense primers (Vojtek and Hollenberg, 1995),
sequences of the interacting EML VP16 clones were
determined and compared with existing cDNA sequence
databases. The vast majority of the clones obtained con-
tained SH2 domains, including the SH2 domains of the
known Fms partners, Grb2, p85 and Fyn. New SH2-
containing proteins were identified and some non-SH2-
containing proteins were cloned. In addition, we also
obtained multiple clones that contained one (N- or
C-terminal) or both SH2 domains of PLy2- (Figure 1C).
PLC-y was not believed to interact with Fms or to be T . il
activated by Fms (Downingt al,, 1989) yet we obtained RLETZ [N+ CI:SH2 domana: (EML110)
multiple clones of each SH2 domain. The potential relev- _ _ -
ance of this interaction was therefore explored in more 5,% 42 assays between EML P16 clones contaning feC.
detail. to determine specificity of the interaction with the Fms receptor and

The specificity of the interaction between the tyrosine- autophosphorylation sites. Representative isolated EML VP16 yeast
phosphorylated Fms cytoplasmic domain and the SH2 clones containing PL@2 N-, C- or N- and C-SH2 domains (shown
domains of PLO2 was tested in a mating experiment, 2Pove or below each panel) were cured of the LexA-wild-type Fms

. - . ._bait on medium containing tryptophan and lacking uracil and leucine

Representative clones containing elther the N-SH2 domalnand mated witlS.cerevisiaéAMR70 strains containing different LexA
(clone EML 101), the C-SH2 domain (clone EML 131) fusion baits: LexA alone, LexA-wild-type Fms (WT), LexA—kinase-
or both SH2 domains of PL§ (clone EML 110) were dead (KD) Fms, LexA-Y559F Fms, LexA-Y697F Fms, LexA-Y706F
cured o the LexA-wi-type Fms bait and mated with 1 (e YIEUE P Lock vB07T Fne and Lo yIo, 67, 700
AMR?Q yeast containing various Contro_l baits (Figure 2). VP16 SH2 domains were detected by spotting yeast on WHULK
These included LexA alone as a negative control, LeXA— medium containing X-Gal and observation of blue colonies after
wild-type Fms as a positive control and LexA—kinase-dead 3 days. A clone containing N- and C-SH2 domains of p85 was added
(K614A) Fms to check for tyrosine kinase dependence of to this experiment as a control.
the interaction. Different single autophosphorylation site
Fms mutations were used to determine the exact site of the N-SH2 domain ofyZL€-contrast, the clones
interaction and an Fms mutant with five known autophos- containing the C-SH2 domain (EML131) or both the N-
phorylation sites mutated to phenylalanines (5F) was and C-SH2 domains (EML110) of2Pigacted with
included as a general check for specificity. Both SH2 all Tyr - Phe mutants examined. Because the interaction
domains of the p85 subunit of PI3-kinase were fused to with Fms was still tyrosine kinase dependent (i.e. negative
VP16 as a positive control and shown to interact, as on the KD mutant), these results indicate that the C-SH2
expected (Reedijlet al, 1992), with the tyrosine phos- domain of Ph2-is interacting with a tyrosine-phos-
phorylated Y721 site (Figure 2, lower right panel). This phorylated site on Fms either non-specifically and/or with
demonstrated the specificity of the system and accurate one not examined in this study.
autophosphorylation of the Y721 site. The Grb2 SH2
domain also demonstrated appropriate binding specificity The PLC-y2 SH2 domains interact cooperatively
for the phosphorylated Y697 site (data not shown). with activated Fms in vitro

PLC«2 SH2 domain clones, as VP16 fusions, were To confirm the interaction betweey2P£82 domains
each retested against the panel of negative, positive andand the Fms receptor, we constructed GST fusion proteins
mutant LexA—Fms baits described above. In the mating containing either N-, C- or N- and C-SH2 domains of
experiment, no interactions were detected with LexA alone murine PLCy2. As a control, similar fusion proteins with
or with the LexA—kinase-dead (KD) Fms (Figure 2), the SH2 domains of the p85 subunit of PI3-kinase were
indicating that the interactions between the LexA—wild- constructed. FDC-P1 cells expressing wild-type murine
type Fms bait and the PL{2 SH2 domain clones (fused to Fms (FD/wtFms) (Bourettal, 1995) were starved of
VP16) were dependent on the presence of the cytoplasmicgrowth factor and either unstimulated or stimulated with
domain of Fms and its tyrosine kinase activity. The EML M-CSF (1 min at 37°C). Cell lysates were mixed with
clone (EML101) containing only the N-SH2 domain of the different GST fusion proteins coupled to glutathione—
PLC+2 did not interact with either the LexA—Fms mutant Sepharose beads. Tyrosine-phosphorylated proteins bind-
Y721F or the LexA—Fms 5F mutant (Figure 2), suggesting ing strongly to the GST-SH2 domain fusion proteins were
that phosphorylated residue Y721 is the binding site for analyzed by Western blotting with an anti-phosphotyrosine

——

P85 [N+CI-SH2 domains
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Signal transduction by the M-CSF receptor

A Synergistic binding of SH2 domains to receptors has
been previously reported for p85 (Reedgk al, 1992),
GST fusion proteins PLC«y1 and GAP (Andersomt al., 1990). These results
PLC y2 SH2 domains P85 SH2 domains demonstrate that SH2 domains of PyZinteractin vitro
with intact M-CSF-activated Fms, confirming the observ-

A € N*E ) N+ ) g i ‘N+C+ M-CSF ation made with the two-hybrid system. The interaction

A MO i O O of PLCy2 SH2 domains with activated Fms, however,
was much lower than that detected in the two-hybrid yeast

. = <« FMS system and required the presence of both SH2 domains.

—150 This is probably due to the fact that the two-hybrid
. : system is much more sensitive than immunoprecipitation
" ' A in detecting protein—protein interactions.

PLC-y2 is rapidly and transiently tyrosine

Blot o PY phosphorylated in response to M-CSF in vivo
To determine whether PL§2 was tyrosine phosphorylated
in response to M-CSF, starved FD/wtFms cells were

B stimulated at 37°C with M-CSF and cell lysates were
whole cell GST-PLOR2 prepared at times up to 10 min after stimulation. PyC-

lysates  SH2 (N+C) and p85 were immunoprecipitated from each lysate and

the extent of tyrosine phosphorylation of each protein
T M-CSF determined by Western blotting (Figure 4A). A PLye-

tyrosine-phosphorylated band of 150 kDa was detected
after 5 s stimulation. The extent of tyrosine phosphoryl-
- - — s ation reached a maximum after 30 s with a broad plateau
to 2 min and complete disappearance after 3 min M-CSF
stimulation. Tyrosine phosphorylation of p85 after M-CSF
stimulation (Figure 4A) also occurred rapidly (within 5 s),

Blot o Fms but remained high for a longer period than observed for
Fig. 3. The Fms receptor interacts with a GST fusion protein PLC2. Tyrosme-phosphorylated p85 was still deteCt.ed
containing both (N- and C-) SH2 domains of PyZ-Lysates of 10 min after M-CSF stimulation (Figure 4A). Both anti-
FDolthms, wit_h ) or without (—_) M—CSF} stir_nulatio_n_ for 1 min at phosphotyrosine blots (p85 and PhZ} were stripped
gLtgt'h‘;‘(’;r:_”s‘g‘;ﬁa‘r’g;x;STI]g“fz'soignpsmctgr"’:;ggé“ﬁf_"“é?%rogoth and reblotted with the same antibodies used for immuno-
(N- and C-) SH2 domains of PL§2 or p85. Bound p’roteins were run pr_eC|p|tat|on to show the amounts of each protein p_resent
on a 7% polyacrylamide gel, blotted and probed with anti- (Flgure 4). Thes_e results demonstrate that R/_QCFS
phosphotyrosine antibodyPY). (B) The fusion contained both rapidly and transiently phosphorylated on tyrosine after
(N- and C-) SH2 domains of PL§2. Bound proteins were run on a Fms activation by M-CSF. The existing protein is phos-

7% polyacrylamide gel, blotted_ and probed with anti-Fms antibody phorylated on tyrosine within 30 s of M-CSF stimulation
(aFms). The upper Fms band is the mature cell surface form. and dephosphorylated and/or degraded 3 min later. As
previously described (Varticovskt al, 1989), p85 is also
antibody (Figure 3A). Under these conditions activated tyrosine phosphorylated in response to M-CSF, but the
Fms could be detected as a 165 kDa phosphoprotein.tyrosine-phosphorylated form persists for a longer period
Significant Fms association was not observed with single of time. ) S
PLC42 N- or C-SH2 domains, but when both PL2- The effect of a phosphotyrosine phosphatase inhibitor
SH2 domains in tandem were fused to the GST protein, (Na&sVO,) on the extent and duration of PL{2-tyrosine
a detectable amount of Fms receptor was precipitated Phosphorylation was examined. FD/wtFms cells were
from the M-CSF-stimulated cells (Figure 3A). In contrast, incubated for 15 min with a phosphatase inhibitor prior
either the N- or C-SH2 domain alone of the p85 protein to M-CSF stimulation and transient tyrosine phosphoryl-
associated with Fms after M-CSF stimulation. Interaction &tion of PLCy2 was measured as above (Figure 4B). An
of Fms with the N-SH2 domain was much weaker than Increase in the duration of PLg2 phosphorylation was
interaction with the C-SH2 domain. When both N- and SE€€N (from 3 to 5 min) with an elevated peak of tyrosine

C-SH2 domains of p85 were fused to GST, a very large phosphorylation at 3 min. This suggests that endogenous

amount of M-CSFE-stimulated Ems was observed. To tyrosine phosphatases are indeed implicated in the decrease

- : in PLC+2 phosphorylation after M-CSF stimulation. Tyro-
ensure that the precipitated 165 kDa phosphoprotein wasg o phosphatases have been shown to be activated by

really Fms and not another tyrosine kinase receptor of the Ems (Yi and Ihle, 1993; Carlberg and Rohrschneider
same size we performed a precipitation experiment using 1997) and could A : '

. . : participate in down-regulation of PLC-
a GST-PL@2 (N- and C-)SH2 domain fusion, detecting y2. Alternatively, we cannot rule out the possibility that a

precipitated Fms receptor with a polyclonal anti-Fms .00 62 tion of PL i broteolviically dearaded
antibody (Figure 3B). Fms receptor was detected in ! ' Cy2is p ytically deg '

precipitates only when the GST fusion protein was mixed The Y721F and Y807F Fms mutations strongly

with lysate of M-CSF-stimulated cells (Figure 3B). Con- decrease tyrosine phosphorylation of PLC-y2 in

sistent with the data in Figure 3A, this experiment demon- FDC-P1 cells

strates that PL@ (N- and C-)SH2 domains bind to The association of p85 with the phosphorylated Fms Y721
activated Fms receptan vitro. site is known (Reedijlet al,, 1992) and we next sought
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Fig. 4. PLC+2 is rapidly and transiently tyrosine phosphorylated in response to M-CSF in myeloid FDC-P1AgBtatved FD/wtFms cells were
resuspended in PBS and stimulated with M-CSF for different times at 37°C. Cell lysates were immunoprecipitated with §8toPh@t-p85
antibodies. Immunoprecipitates were run on a 7% polyacrylamide gel, blotted and probed with anti-phosphotyrosine aft¥pdy &ntibodies to
PLC+2 or p85. B) As above, but starved FD/wtFms cells were incubated at 37°C in the presence of 2 gW® Naefore (15 min) and during
M-CSF stimulation. Cell lysates were immunoprecipitated with anti-RR@ntibody and Western blots probed sequentially with anti-
phosphotyrosineoPY) and anti-PLCy2 (aPLC+2) antibodies.

a similar genetic link between phosphorylation of PLC- We next investigated the effects of other Fms autophos-
y2 and the tyrosine-phosphorylated Fms 721 site. The phorylation site mutants on PL¢2 tyrosine phosphoryl-
FmsY721F mutant receptor was introduced into FDC-P1 ation. No effect of Y559F, Y697F or Y706F mutations
cells andin vivo tyrosine phosphorylation of PL§ and could be detected on PL@ or p85 tyrosine phosphoryl-

p85 was examined 1 min after M-CSF stimulation and ation (not shown). In contrast, the FmsY807F mutant
compared with that seen in FD/wtFms cells (Figure 5A). dramatically and selectively affected tyrosine phosphoryl-
The Y721F mutation abolished p85 tyrosine phosphoryl- ation of WZCAImost no detectable tyrosine-phos-
ation as previously described (Reedgk al., 1992) and phorylated PLCy2 was observed after stimulation of FD/
mature tyrosine-phosphorylated 165 kDa FmsY721F pro- FmsY807F cells compared with FD/wtFms cells (Figure
tein did not associate with p85. The SH2 domains of p85, 6A). This effect was reproduced when PlZ-was
however, still associate with a tyrosine-phosphorylated immunoprecipitated from FD/FmsY807F cells at various
100 kDa protein, as we have previously shown (Carlberg times after M-CSF stimulation and phosphotyrosine con-
and Rohrschneider, 1997). Immunoprecipitation of PLC- tent detected by Western blotting (Figure 6B). Again, little

y2 from FD/wtFms cells revealed a single 150 kDa or no tyrosine phosphorylation of PLE2> was detectable.

tyrosine-phosphorylated band after M-CSF stimulation Binding of p85 to Fms in M-CSF-stimulated cells was

and mutation of the Y721 autophosphorylation site resulted high regardless of whether wild-type- or Y807F mutant-

in a significant decrease in PL{2-tyrosine phosphoryl- transfected cells were examined (Figure 6 bottom). The

ation (Figure 5B). A time course study of M-CSF stimula- Y807F mutation also had no effect on M-CSF-dependent

tion of FD/FmsY721F cells confirmed that the strong tyrosine phosphorylation of p85 (not shown). Interestingly,

decrease in PL@2 tyrosine phosphorylation was not due as we have noted elsewhere (K.Carlberg and L.R.

to a delay in the response to M-CSF (Figure 5C). Rohrschneider, manuscript in preparation), a significant
A phosphorylated band of approximately the size of amount of p85 was bound to the unstimulated FmsY807F

PLC+2 was visible on the p85 immunoprecipitate of FD/ mutant receptor (Figure 6C).

wtFms and this blot was stripped and reprobed with anti-  The ability of both SH2 domains from PLE or p85

PLC+2 antibody. PLCy2 was not detectable, suggesting to bind either the wild-type, Y721F or Y807F Fms

that PLCy2 did not co-immunoprecipitate with p85 (not receptors was tested by measuring the ability of GST-SH2

shown). Although not the most sensitive assay, the results fusion proteins to immunoprecipitate Fms. The content of
suggest that PLG2 and p85 do not simultaneously bind tyrosine-phosphorylated proteins in lysates of control
to the same Fms molecule. uninfected cells, wild-type, Y721F or Y807F FD/Fms
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Blot Fig. 6. Mutation of Fms Tyr807 to Phe (Y807F) strongly decreases
PY PLC+2 tyrosine phosphorylation in M-CSF-stimulated FDC-P1 cells
without affecting p85 association with Fms. Starved FD/Y807F Fms
and FD/wtFms cells were stimulated with M-CSF at 37°C for 1 min
PLC-y2 — 100 (A) or different times B). Cell lysates were immunoprecipitated with
anti-PLCy2 antibody and Western blots were probed sequentially with
anti-phosphotyrosineafY) and anti-PLCy2 (aPLC+2) antibodies.
(C) As in (A), but lysates were immunoprecipitated with anti-Fms
receptor antibodyoFms) and the filter was probed with anti-Fms
receptor §Fms) and then anti-p85 subund@85) antibodies.

Blot «

PLC-12 o oo oo @D gy G0 @ s> e — 150

Fig. 5. Mutation of Fms Tyr721 to Phe (Y721F) decreases tyrosine

phosphorylation of both p85 and PLy2-by activated Fmén vivo.

Starved FD/Y721F Fms and FD/wtFms cells were stimulated with publications and with our two-hybrid screen demonstrating

M-CSF for 1 min at 37°C. Cell lysates were immunoprecipitated with specificity of the p85 SH2 domains for the Y721 site of

(A) anti-p85 or B) anti-PLCy2 antibodies. Immunoprecipitates were ; . H

run on a 7% polyacrylamide gel, blotted and probed with anti- Fms (Chen and ROhrSChnelder’ 1992; Reeehjkl., 1992)'

phosphotyrosine antibodyPY) or with anti-p85 or anti- PLG2 The PLC’Q SH2 domams,_ on the other hand: bound to

antibodies, respectivelyC) FD/Y721F Fms cells were stimulated with  tyrosine-phosphorylated wild-type Fms (Figures 3 and 7)

M-CSF for various times at 37°C. FD/wtFms cells were included as a gnd with weaker avidity to the mutant receptors. The

positive control and Western blots were probed as indicated. binding of the PLOY2 SH2 domains to Y721F Ems is
consistent with the two-hybrid data, showing that the

cells stimulated with M-CSF was examined with anti- N-SH2 domain is specific for the Y721 site, whereas the

phosphotyrosine blots (Figure 7A). As we have shown C-SH2 domain is promiscuous. Compared with the Y721F
before (Carlberget al, 1991; Bouretteet al, 1995), mutant, binding of both PLG2 SH2 domains to the
the extent of Fms tyrosine autophosphorylation is not Y807F mutant Fms was higher, but it was still less than

dramatically different among the wild-type and mutant that seen with wild-type Fms. As a control we used a
receptors, but the Y721F mutant was slightly lower in GST-Grb2 SH2 domain fusion protein, since Grb2 binds
this experiment. The interaction of p85 SH2 domains with to phosphotyrosine 697 and its association with Fms is

activated Fms was eliminated by the Y721F mutation, not altered by Y721F or Y807F mutations (van der Geer
whereas the Y807F mutation had no effect on p85 SH2 and Hunter, 1993; Lioubiret al, 1994). Thus it was
domain binding. This result is consistent with previous expected that this fusion protein would bind equally to
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wild-type, Y721F and Y807F Fms proteins. As shown in
Figure 7D, binding of Y721F and Y807F Fms mutants
with the fusion protein were only slightly affected com-
pared with wild-type Fms. Accordingly, this demonstrates
that low phosphotyrosine levels in Fms precipitates
obtained after interaction of Y721F and Y807F Fms
with GST-PLGR2 SH2 (Figure 7C) could not be simply

Blot aPY
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Blot «PY

Fig. 7. Effects of Y721F or Y807F mutations on Fms receptor binding
to SH2 domains of p85, PL§2 and Grb2. Starved uninfected FDC-
P1 (control), FD/wtFms, FD/Y721F Fms and FD/Y807F Fms cells
were stimulated with M-CSF for 1 min at 37°C. Cell lysates were
mixed with GST fusion proteins immobilized on glutathione—
Sepharose and containinB)(the (N- and C-)SH2 domains of p85,
(C) the (N- and C-)SH2 domains of PL¢ or (D) the SH2 domain of
Grb2. Bound proteins (B, C and D) and whole cell lysates (A) were
run on a 7% polyacrylamide gel, blotted and probed with anti-
phosphotyrosine antibodwPY). Position of the Fms receptor

(165 kDa) is indicated by an arrow.

PLC-y2 tyrosine phosphorylation is regulated by
the activity of PI3-kinase
The data indicate that two enzymes, sharing a common
substrate (phosphatidylinositol 4,5-bisphosphate), both
bind to the same tyrosine-phosphorylated site on Fms. We
therefore examined potential regulatory mechanisms for
their mutually exclusive binding. We determined whether

explained by a reduced phosphotyrosine content per recepthe enzymatic activity of PI3-kinase was necessary for

tor (due to the single tyrosine mutation).

tyrosine phosphorylation of 2@ M-CSF-stimulated

These results indicate that both SH2 domains of p85 cells. Wortmannin, a relatively specific inhibitor of PI3-

and the N-SH2 domain of PL§2 specifically bind to the

kinase activity (Uit al, 1995; Wymannet al, 1996),

phosphorylated Y721 site and demonstrate that the lackwas used to treat FD/wtFms cells at 37°C for 30 min

of PLC+2 tyrosine phosphorylation by Fms mutant Y807F
is not merely due a loss of the PLy2-binding site.
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Fig. 8. Effect of the PI3-kinase specific inhibitor wortmannin on tyrosine phosphorylation of \RLi@-FD/wtFms cells. Starved

FD/wtFms cells were incubated in the presence or absence of 100 nM wortmannin for 30 min at 37°C. Cells were then stimulated with M-CSF for
1 min at 37°C. Cell lysates were immunoprecipitated with anti-RRGntibody @¢PLC-+2) and the Western blot probed sequentially with anti-
phosphotyrosine antibodgPY) andaPLC+2 (A). Whole cell lysates and anti-Sha$hc) immunoprecipitate8j were blotted and probed with

aPY.

blotting (Figure 8A). Almost no tyrosine-phosphorylated shown previously (Bouretteal, 1995). When the
PLC+2 could be detected following wortmannin incub- inhibitor was present in the M-CSF grown cultures no
ation. On a gross scale, the effect appeared to be specificsuch decrease in the rate of M-CSF-dependent proliferation
to PLCy2 because tyrosine-phosphorylated proteins in was observed and the cells exhibited exponential growth,
total cell lysates did not change after treatment with as observed in cultures grown in the presence of IL-3
wortmannin (Figure 8B). Tyrosine phosphorylation of (Figure 9B). These results suggest that PfXCactivity is
immunoprecipitated Shc also did not change with wort- connected with the growth inhibition (and differentiation)
mannin treatment. In separate experiments, no significantoccurring in ED/WtEms cells stimulated with M-CSF
change in tyrosine phosphorylation of p85 could be (Bouretteet al, 1995).

detected and no significant modulation of p85 bound to = The M-CSF-dependent macrophage differentiation of
Fms was detectable (not shown). These results suggestpwtEms cells was also monitored by morphological
that the activity of PI3-kinase is required for tyrosine (yiteria in the presence or absence of the RLBhibitor
phosphorylation and activation of PLY2 by the FMS  (73122) The results in Figure 9C—E demonstrate the
receptor. morphology of cells grown under various conditions
and stained with May—Gnwald/Giemsa. FD/wtFms cells
maintained in the presence of IL-3 had an immature
myeloid cell morphology with a large nucleus and a
basophilic cytoplasm. These cells resembled parental FDC-

; P P1 cells and did not change morphology in the presence
PLC+y (both 1 and 2 isotypes) inhibitor U73122 (Chen . X ; L
et al, 1996) before M-CSF stimulation. Cell proliferation  ©f U73122 (Figure 9C). Morphological differentiation was

in liquid cultures with or without U73122 (0.tM) was apparent in FD/wtFms cells grown with M-CSF for 3 days
measured in the presence of either 5% WCM, as a sourcewithout inhibitor (Figure 9D), as previously dempns_tr_ated
of IL-3, or with 2500 U/ml M-CSF. The presence of (Bouretteet al, 1995). In the presence of the inhibitor,
the PLCy inhibitor had no effect on IL-3-dependent however, M-CSF grown cells failed to demonstrate a
exponential proliferation of FD/wtFms cells (Figure 9A). major morphological change (Figure 9E). Instead, most
When FD/wtFms cells were cultivated in the presence of cells resembled those grown in IL-3, with a minority
M-CSF but in the absence of the inhibitor the growth rate acquiring monocytic morphology. These results indicate
was lower than in the presence of IL-3 and gradually that PLCy activation is involved in the M-CSF-dependent
decreased over the 6 day period. This is due to terminal pathway for signaling terminal differentiation of FD/
macrophage differentiation in the population, as we have wtFms cells along the macrophage lineage.

PLC-y2 activity is required for differentiation of
M-CSF-stimulated FD/wtFms cells

The potential role of PLGR in the biological effects of
M-CSF was tested by treating FD/wtFms cells with the
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Fig. 9. The PLCy inhibitor U73122 blocks differentiation of M-CSF-stimulated myeloid FD/wtFms cells. FD/wtFms cells were washed free of

IL-3 and seeded at>610* cells/ml in DMEM, 10% FBS containingX) 5% WCM as a source of IL-3, with or without 0dM U73122, and

(B) 2500 U/ml M-CSF with or without 0.uM U73122. Viable cell number was determined daily, cultures were split and the complete medium was
changed. The cumulative cell numbers are presented. Cellular morphology was examined after 3 days in the pré&3ehe8 efithout U73122,

(D) M-CSF without U73122 andH) M-CSF with U73122. Cells were cytocentrifuged onto glass slides, air dried and visualized with May—
Grinwald/Giemsa stain.

Discussion Thus the LexA fusion protein with the Fms domain in yeast
appeared to recapitulate the initial autophosphorylation

The two-hybrid system was used to isolate proteins process characterized in mammalian cells.

interacting with the cytoplasmic domain of the murine
Fms/M-CSF receptor (Fields and Song, 1989; Cleieal.,
1991; Vojteket al, 1993; Fields and Sternglanz, 1994; PLC-)2 is a substrate of the Fms/M-CSF receptor
Kikuchi et al, 1994; O’Neill et al,, 1994; Wang,Tet al, and binds to phosphorylated Y721

1994; Lioubinet al, 1996). A LexA—Fms fusion protein, The yeast two-hybrid screen identified several RE2C-
containing the entire cytoplasmic tyrosine kinase domain cDNA clones interacting with tyrosine-phosphorylated
of wild-type murine Fms protein, was expressed as a bait. Fms (Figure 1 and data not shown). In all cases the PLC-
Because the LexA portion of the fusion protein binds to y2 clones encompassed one or both of the SH2 domains.
DNA as a dimer, it is assumed that co-dimerization and The N-SH2 domain exhibited absolute specificity for the
transphosphorylation of the attached Fms tyrosine kinasephosphorylated Fms site Y721, whereas the C-SH2 domain
domain is facilitated, as previously proposed for the insulin bound equally well to phosphorylated wild-type and
receptor tyrosine kinase domain (O’Neét al., 1994). Y721F Fms, indicating a much more promiscuous inter-
This is analogous to the c-Met receptor, whose activation action. Neither N- nor C-SH2 domains bound to KD Fms.
results from substitution of a dimerization motif for the This same specificity for binding activated Fms at the
extracellular and transmembrane domains (Rodrigues andphosphorylated Y721 site was demonstrated by immuno-
Park, 1993). Introduction of the LexA—Fms construct into precipitation experiments utilizing the PL@- SH2
yeast resulted in expression of the fusion protein and domains fused to GST and by tyrosine phosphorylation
tyrosine autophosphorylation on three known sites (Y559, and activation (Nishibet al,, 1990) of PLCy2 in M-CSF-
Y697 and Y721), as judged by the fact that molecules stimulated FD/wtFms cells. Activation of PL{2 was
known to bind these phosphorylated sites were isolated greatly decreased in M-CSF-stimulated FD/FmsY721F
during the library screen. In addition, mutation of the Fms cells. Therefore, we proposed that PyZ-interacts with
Y807 site, although not a known binding site for signaling the phosphorylated Y721 site on activated Fms and is
proteins, exhibited identical properties in the yeast system tyrosine phosphorylated in the process. However, we could
as the LexA fusion protein compared with expression of not detect any significant association of Fms receptor and
the full-length mutant protein in FDC-P1 cells (see below). RECin vivo by co-immunoprecipitation (data not
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shown). This could reflect the transient activation of PLC- binding of either L6 the p85 subunit of PI3-kinase

y2 and competition with p85 for binding to phospho- (Laroseet al, 1993). Clearly, binding of PLG2 and p85
tyrosine 721 (see below). On the other hand, hepatocyte to a single tyrosine-phosphorylated site is a possibility.
growth factor/scatter factor (HGF/SF) receptor was shown However, based on our results with the GST-SH2 domain

to induce tyrosine phosphorylation of PLCin two fusions (Figure 3), the affinity for Fms appears to be much
different cell lines, expressing 5000 and 100 000 receptors/ higher with p85 SH2 domains than with PLy2- SH2

cell respectively, but complexes of PLyCand receptors domains.

could be detected only in the latter cell line (Ponzettal, The yeast mating data and the immunoprecipitations
1994). Since FD/wtFms cells express ~5000 receptors/cell with the GST-SH2 fusion proteins (Figures 2 and 3)

(Novak et al, 1996), complexes of Fms receptor and indicated that both SH2 domains of p85 were specific for
PLC+2 in FD/wtFms cells might be below the limit of the phosphorylated Y721 site of Fms. In contrast, only
detection by a co-immunoprecipitation experiment. the N-SH2 domain of PLG2 bound to the Y721 site, but
Stimulation by multiple tyrosine kinase receptors, the C-SH2 domain bound equally well to wild-type Fms
including receptors for PDGF, epidermal growth factor, or to Fms containing five mutated known sites of tyrosine
nerve growth factor, fibroblast growth factor, Kit and the autophosphorylation. This suggests that an as yet unknown
insulin receptor, all induce increased phosphorylation and autophosphorylation site may bind the C-SH2 domain of
activation of PLCy (Noh et al,, 1995). Even though Fms PL¢2. The C-SH2 domain of PL§2 may anchor the
shares structural features with some of these growth factorprotein to Fms allowing the N-SH2 domain to exchange
receptors, several reports have indicated that Fms does with the p85 SH2 domain(s) under appropriate conditions.
not bind nor activate PLG- (Whetton et al, 1986; A similar situation has been described for the PDGF
Downing et al, 1989; Hartmanret al, 1990). There are receptor, where the C-SH2 domain of GAP specifies
several possible explanations for the discrepancies betweerbinding to Y771, the C-SH2 domain of p85 binds to either
our present results and previous failures to detect PLC- Y740 or Y751 and each N-SH2 domain of the proteins
activation by Fms. Many of the previous studies were binds to unidentified phosphorylation sites (Cooper and
done on PLCyl, which may give different results than Kashishian, 1993).

PLC+2. Also, we show here that PL@ is rapidly The experiments with the P13-kinase inhibitor wortman-
phosphorylated and dephosphorylated after M-CSF stimu- nin demonstrated that P13-kinase activity was required for
lation (see Figure 4) and after 5 min, when measurementsactivation of PLCy2. This suggests, perhaps, that some
were previously made (Downinet al., 1989), our results product in the PI3-kinase pathway may negatively influ-
indicate that PLGR is already dephosphorylated. Another ence binding of p85 to phosphorylated Y721 and/or
possibility is that PLCR activation by Fms is cell positively affect PLY2- binding to the same site. If the

type specific. Fms may not activate PyZ-in mature N-SH2 domain of PLGR exchanges with the p85 SH2
macrophages (Whettaet al,, 1986; Downinget al., 1989) domains for binding to the phosphorylated Y721 site on
and human Fms may not function properly in hamster activated Fms, how does this occur if the affinity of p85
fibroblasts (Hartmanret al, 1990). This may not be for Fms is much higher? One possibility is that a feedback
surprising because two examples of myeloid-specific inter- mechanism removes the higher affinity binder (p85),
actions of Fms have already been reported (Liowial., allowing the lower affinity molecule (PL&2) to bind.
1994, 1996; Carlberg and Rohrschneider, 1997). Phosphatidylinositol 3,4,5-trisphosphate (PtdIns[3,4)5]P

is the lipid product of PI3-kinase acting on the substrate
p85/PI3-kinase and PLC-y2 compete for binding to phosphatidylinositol 4,5-bisphosphate. PtdIns[3,4; s
the Fms Y721 site been shown to bind to the SH2 domains of p85 (Rameh
The phosphorylated Y721 of the Fms receptor is a known et al, 1995) and, as a product in the PI3-kinase pathway,
binding site for the p85 subunit of PI3-kinase (Reedijk would be a logical molecule decreasing p85 binding at
etal, 1992), suggesting that PL¥2and p85 may compete  the Fms Y721 site and permitting the N-SH2 domain of
for binding to the same site. Both could occupy the same P2 occupy this site.
Y721 site on different subunits of the dimer receptor, = We also investigated possible negative feedback along
however, we feel this is unlikely because we have not the W2 @athway. Treatment of FD/wtFms cells with
detected PLGR in immunoprecipitates of p85 bound to the specific PLG¢ inhibitor U73122 before and during
M-CSF-stimulated Fms. Two signaling molecules sharing M-CSF stimulation had no effect on tyrosine phosphoryl-
a common phosphotyrosine-containing site has beenation of PLC¥2 (not shown), suggesting that the products
reported for the PDGF receptor, where Nck and p85 both of P2 @nzymatic activation do not feed back to
bind to phosphorylated Y751 (Nishimumt al., 1993), influence PLCy2 binding to Fms. Therefore, alternative
and for the HGF/SF receptor (Ponzeétbal, 1994). The mechanisms, such as phosphorylation or dephosphoryl-
recognition sequence of the Fms receptor that binds p85ation of PLCy2, could influence its association with Fms,
SH2 domains is YVEM (Songyanet al, 1993), but the and this will require further investigation.
recognition sequence for the Py2-SH2 domains has
not yet been described and it is difficult to extrapolate Relationship between differentiation and
from the known binding motif of PLGA SH2 domains  activation of both of PLC-y2 and PI3-kinase by the
because the amino acid homology between the respectiveFms receptor
SH2 domains of PLGA and PLCy2 is ~60% (Emori The Fms autophosphorylation site Y807 is located in the
et al, 1989; Kochet al, 1991). Interestingly, substitution second half of the kinase domain (Tagilal., 1990)
of amino acids surrounding Tyr1021 on the PDGF receptor, and corresponds to an autophosphorylation site conserved
which binds only PLCyL, creates a site accommodating among most tyrosine kinases (Hanks and Quinn, 1991).
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It is presently uncertain whether this site interacts with can be found on our laboratory Web page (http:/
specific SH2-containing signaling proteins or whether www.fhcrc.org/~Irr).

signal transduction is changed by an altered protein Itis not clear whether such a mechanism alone regulates
conformation induced by phosphorylation at this site differentiation signaling, but the U73122 inhibitor and
(Hubbardet al, 1994). In favor of the first hypothesis, Y807F mutant studies effectively block yL&tivation,

Tyr807 of the v-Fms oncogene product has been describedindicating that PL@ activity is required for differentiation,

as a possible binding site of p120Ras GAP in fibroblasts although, as noted above, other signaling proteins may
(Trouliaris et al, 1995), however, direct evidence that also participate. Surprisingly, however, mutation of Fms
GAP binds to this site is lacking. Alternatively, interaction Tyr721 has only a minor effect on differentiation signaling

of Fms with GAP could occur through a conformational in FDC-P1 cells (Bourettet al, 1995). This suggests that
change in the Fms kinase domain as a result of tyrosine the yR2L&ctivated through Y721 may have only a
phosphorylation at Y807. Other proteins also bind to minor role in differentiation signaling or accounts for only
M-CSF-stimulated Fms in a Y807-dependent manner. a portion of the mechanism. However, the Fms Y721F
Association of Src-like proteins with the human Fms mutant could simply represent a ‘leaky’ mutation, because
receptor occurs at Tyr561 (559 of the murine receptor) someLi€still tyrosine phosphorylated in the mutant-
(Alonso et al, 1995), but mutation of Tyr809 (807 of the transfected cells (Figure 5). Alternatively, other Fms
murine receptor) reduces binding (Courtneidge al, signaling molecules, such as Cbl and Src-like proteins,
1993). Using Fms receptor mutants and phosphopeptidesalso may contribute to PI3-kinase and PiGctivation

it was shown that the STAT1 binding site on the murine (Haré¢yal, 1995; Lee and Rhee, 1995; Takata and

Fms receptor is Tyr706, but both Y706F and Y807F Kurosaki, 1996). Redundant neuronal differentiation
mutations abrogate M-CSF-dependent STAT1 activation signaling through the Trk receptor has been described
in FDC-P1 cells (Novalet al, 1996). Based on our data (Obermeieret al, 1994; Stephenst al, 1994) and Fms

and the literature, we suggest that tyrosine phosphorylation may also utilize multiple signals for myeloid differen-

of FmsY807 controls the conformation of the receptor tiation.

and its differential interaction with signaling molecules. The opposing effects of PI3-kinase ang?Reforted

Lack of phosphorylation at the Fms Y807 (i.e. FmsY807F) in the literature are consistent with our proposed mechan-

site would result in decreased binding of Src family ism for Fms signaling. The role of PI3-kinase in the

members, the STAT1 transcription factor and PYZ-  mechanism of cell transformation and mitogenic signaling

(Bishayeeet al, 1988; Keatinget al, 1988). has been extensively documented (for a review see
We have previously shown that M-CSF-induced differ- Carpenter and Cantley, 1996). In contrast, PL@as

entiation of FD/wtFms cells toward macrophages was been described as a negative feedback regulator of the

eliminated by the single Y807F mutation (Bouretteal,, proliferation signal transduced by tyrosine kinase receptors

1995). Proliferation of the cells was not decreased by the (eral, 1996; Obermeieet al, 1996) and neurite
Y807F mutation, but rather increased, consistent with outgrowth can be blocked by inhibitors of PlyGKimura
elimination of terminal differentiation. The effects on Fms et al, 1994; Hallet al, 1996). Moreover, several studies
signaling of the specific inhibitor of PL@-U73122 are have recently elucidated the role of protein kinase C
very similar to those observed with the Y807F mutation (PKC) family members in monocytic differentiation
(Figure 9), suggesting that the lack of differentiation (Mischak et al, 1993; Whettonet al, 1994; Kiley and
observed with the Y807F mutation was due to its inability Parker, 1995; Rassi, 1996). PKC is a downstream
to activate the PLGr pathway. Wortmannin, a specific element of the PLG+ pathway and therefore regulated
inhibitor of PI3-kinase activity, also prevented PlC- activation of PLCy2 by Fms is a critical component of
activation. Together, these data suggest a complex mechanthe monocyte/macrophage differentiation pathway.

ism for regulating cellular differentiation by controlling

reciprocal activation of PI3-kinase and PlyCWe propose

that upon M-CSF dimerization and activation of Fms Materials and methods

one conformation of the autophosphorylated cytoplasmic ]

tyrosine kinase domain binds signal transduction proteins Yeast fwo-hybrid system . . .

. . . . asmids,S.cerevisiaestrains, selective media and the transformation
including p85/PI3-kinase at the phos_phorylated Y721 site. protocol have been described previously (Vojtek and Hollenberg, 1995).
Subsequent trans-autophosphorylation of Fms at the Y807For construction of the LexA-wild-type Fms bait the cDNA encoding
site induces a second conformation in the Fms tyrosine the entire Fms cytoplasmic domain (amino acids 536-976) was inserted
kinase domain, favoring release of p85/PI3-kinase and into the BTM116 vector, resulting in production of a LexA-wild-type

FH : - : Fms fusion protein. Thé.cerevisiad 40 strain was transformed and
binding of PLCy2 at the now available Y721 site. Rapid selected in a medium lacking uracil and tryptophan (UW). A single

tyrosine phosphorylation and activation of PiZ+triggers colony, selected for expression of the LexA-wild-type Fms fusion
its release and the more abundant p85/PI3-kinase agairprotein, was tested for Fms autophosphorylation. For this analysis yeast
assumes its higher affinity interaction with the phosphoryl- lysates were made using glass beads in RIPA lysis buffer (Carlberg
ated Y721 site subsequent to dephosphorylation of the and Rohrschnglder, 1994)_and protelns_|mmun0preC|p|tated_ with rab_blt
. . . polyclonal antiserum against the murine Fms cytoplasmic domain.
Y807 site. _Thus one CyCIe activates P|3'k_ma$e and PLC- Immunoprecipitates were run on a 7% polyacrylamide gel, blotted and
y2 sequentially and regulates temporal activation of down- probed sequentially with anti-Fms, anti-LexA and anti-phosphotyrosine
stream targets leading to differentiation. Although we have antibodies. A colony containing the LexA-wild-type Fms bait was then
focused on the reciprocal interactions of p85/PI3-kinase transformed with the =ik lbrary derived from the ”]“'tlig‘;%e)”“a'

. . . . ematopoietic cell line saet al, ; Lioubinet al, .
and PLCVZ. at the Fms Y721. Site, O.ther S|gnallng prOte.mS Transformants were selected on medium lacking uracil, tryptophan and
may also interact preferentially with each conformation. |eycine (UWL). Colonies containing a VP16 fusion protein interacting
Further discussion and illustration of this mechanism with the bait were then selected on the basis of transactivation of the
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His3 reporter gene after 3 days growth on medium lacking uracil, techniques of Western transfer to nitrocellulose and immunoblotting
tryptophan, leucine, lysine and histidine (WHULK) and containing have been described previously (Carlberg and Rohrschneider, 1994;
50 mM 3-amino-1,2,4-triazole (Sigma). Purified DNA isolated from Bouretteet al, 1995).

positive clones was sequenced by PCR using VP16-specific sense and

antisense primers (Vojtek and Hollenberg, 1995). Sequence comparisons
were done with the Genetics Computer Group (GCG) programs and
different DNA sequence databases using the FASTA program. Mating
assay experiments were performed as previously described (Vojtek and
Hollenberg, 1995) and interactions between the new bait and the protein
of the VP16 library were visualized by spotting cells on WHULK plates
containing X-Gal to detect transactivation of {h@alactosidase reporter Acknow|edgements
gene and observation of blue colonies after 3 days (Vojtek and

Morphological studies
Cells were cytocentrifuged onto glass slides, air dried, stained with
May—Grinwald/Giemsa stain (Sigma) and mounted in Permount (Fisher).

Hollenberg, 1995). We thank Hajime Karasuyama and Astar Winoto for the gift of X63-
IL-3 cells, Michelle Chen for the anti-LexA antibody, Schickwann Tsai
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FDC-P1 clone 19 cells and derivatives expressing wild-type or mutant assistance with flow cytometry analysis, Ruth White for secretarial
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were maintained in Dulbecco’s modified Eagle’s medium (DMEM) R.Eisenmam’s laboratory and J.Cooper’s laboratory for generous gifts
supplemented with 10% fetal bovine serum (FBS) and murine interleukin of reagents and helpful discussions, especially Paul Algate, Kristen

3 (IL-3) from conditioned medium of WEHI cells (WCM) or X63-IL-3 Carlberg, Carol Laherty, Mario Lioubin, Christophe @agAnne Vojtek,

cells (Karasuyama and Melchers, 1988). For culture with M-CSF, cells Sue Geier and Ingrid Wolf. This work was supported by a fellowship
were washed and resuspended in DMEM, 10% FBS supplemented from the Leukemia Research Foundation (R.P.B.) and PHS grants
with 2500 U/ml recombinant murine M-CSF partially purified from a CA20551 and CA40987 from the National Cancer Institute.

conditioned medium from Sf9 insect cells expressing M-CSF from a

baculovirus vector (Wangt al, 1993).

Antibodies and inhibitors References
Rabbit polyclonal antiserum against LexA protein was a gift from  Ajgns0 G, Koe :

8 - G, gl,M., Mazurenko,N. and Courtneidge,S.A. (1995)
M.Chen (FHCRC) and R.Brent (Harvard). Rabbit polyclonal antiserum g qence requirements for binding of Src family tyrosine kinases to
5674, anti-mouse Fms extracellular domain and FITC-conjugated)2(ab activated growth factor receptord. Biol. Chem, 270, 9840-9848
fragment donkey anti-rabbit IgG second antibody (Jackson Immuno- A qarson D.. Koch.C.A Grey,L Ellisé Mor.an M.E. and Pawéon T
research Laboratories) were used for Fms-positive cell sorting. Rabbit (1990) éiﬁaing of’ S'H.Z’ doma’ing of pr’mogpholipa’sﬂ'O&BAP and Src o
polyclonal antiserum 4599B anti-murine Fms cytoplasmic domain was to activated growth factor receptorScience 250, 979—982’
used for immunoprecipitation and Western blotting. Monoclonal anti- Bishayee,S Majumdar,S Scher.G.D.  and Khaﬁ S.  (1988)
phosphotyrosine antibodyaPY) was from Upstate Biotechnology. Characterization of a novel anti-peptide antibody that recognizes a

Rabbit polyclonal anti-PLG2 antibody ¢PLC+2) reacts specifically . . e
with PLC+2, but not other PLC isozymes (Q20, catalog No. sc-407; i/lpct)alugzlro&lgrrgaté%r;éj_f;;]gzplatelet derived growth factor receptor.

Santa Cruz Biotechnology). Rabbit polyclonal anti-PI3-kinase subunit .
- ) . Bourette,R.P., Myles,G.M., Carlberg,K. and Rohrschneider,L.R. (1995)
P85 antibody ¢p85) was from Upstate Biotechnology. Rabbit polyclonal Uncoupling of the proliferation and differentiation signals mediated by

antiserum to the murine Shc SH2 domain was raised to the GST fusion the murine macrophage colony-stimulating factor receptor expressed in
protein (Lioubin et al, 1996). PLCy-specific inhibitor U73122 was myeloid FDC-P1 cellsCell Growth Differ, 6, 631-645.

from BIOMOL and the PI3-kinase-specific inhibitor wortmannin was g o'o\/ o ilbert,LJ. and Stanley,E.R. (1981) Distribution of cells

from Sigma. bearing receptors for a colony-stimulating factor (CSF-1) in murine
tissuesJ. Cell Biol, 91, 848-853.

Carlberg,K. and Rohrschneider,L.R. (1994) The effect of activating
mutations on dimerization, tyrosine phosphorylation, and
internalization of the macrophage colony stimulating factor receptor.
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Binding assays using GST-SH2 domain fusion proteins
The murine SH2 domains of PLE2, p85 or Grb2 were expressed from
pGEX1 in Escherichia coliXL-1 Blue (Stratagene) and purified using
glutathione—Sepharose beads (Pharmacia) as described (Lowenatgin
1992). FDC-P1 cells and derivatives were starved of growth factor b . o
wash)ing in phosphate-buffered saline (PBS) and resuspgending in DME%\//I Carlbe(g,K. and Rohrschneider,L.R. (1997_) Charact‘erlzatlon of a novel
supplemented with 1% FBS for 3 h. Starved cells were then resuspended tyrosine phosphqrylate_d 100_—kDa pro_tem that b_mds to SHP-2 and
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