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ABSTRACT Mutations at three loci in the mouse-W, Steel
(SI), and microphthalmia (mi)-can lead to a deficiency in
melanocytes and mast cells. As well, W and SI mutants can be
anemic and sterile, whereas mi mice are osteopetrotic due to a
monocyte/macrophage defect. Recent data have shown that the
c-kit receptor tyrosine kinase is the gene product of the W locus,
whereas SI encodes the ligand for this growth factor receptor.
We show here that ectopic expression of c-fins, a gene that
encodes a macrophage growth factor receptor that is closely
related to the c-kit receptor, complements mutations at the W
locus in an in vitro mast cell/fibroblast coculture system but is
unable to reverse the inability of mi/mi mast cells to survive
under these conditions. Furthermore, mast cells expressing the
c-fins receptor survive on a monolayer of fibroblasts homozy-
gous for the Si mutation. These results suggest that ligand
binding to the c-kit or c-fins receptor activates identical or
overlapping signal transduction pathways. Furthermore, they
suggest that mi encodes a protein necessary for transducing
signals mediated by way of either the c-kit or c-fins receptor.

Interactions between cells play a major role in the determi-
nation of cell fate within the early embryo and in the
differentiation of specific cell types during embryogenesis
and adult life. Receptor tyrosine kinases (RTKs) appear to
play key roles in this cell signaling process and hence in the
regulation of embryological development, cell differentia-
tion, and growth (1-3). The extracellular domains of these
RTKs interact with specific growth factors, resulting in the
activation ofthe intracellular kinase domain and the initiation
of autophosphorylation reactions and phosphorylation of
other cellular substrates.
As in other developmental systems, RTKs appear to play

central roles in controlling the proliferation and differentia-
tion of cells within the hematopoietic stem cell hierarchy.
Although a large number ofhematopoietic growth factors and
their receptors have been described (4, 5), their biological
functions in vivo are unclear. There is, however, compelling
genetic evidence, for at least two closely related RTKs-the
receptors encoded by the c-fms and c-kit genes-that they
play central roles in controlling normal hematopoietic cell
function. The mouse mutation osteopetrotic (op) is charac-
terized by severe bone abnormalities due to the defective
growth of osteoclasts from precursor macrophages (6). Re-
cent experiments have shown that the op mutation resides in
mcsf, the gene for the macrophage growth factor colony-
stimulating factor 1 (CSF-1) and the ligand for the c-fms-
receptor and results in the absence of functional CSF-1
synthesis (7, 8). Similarly, mutations at either the W or the
Steel (So) locus can lead to severe anemia, mast cell defi-

ciency, white spotting, and sterility (9). At the cellular level,
the W defect appears to be intrinsic to hematopoietic stem
cells, melanoblasts, and primordial germ cells, whereas the SI
locus appears to control some aspect of the microenviron-
ment in which these cells develop and function (9). Consis-
tent with these biological conclusions, genetic and molecular
analyses suggest that the W locus encodes the c-kit RTK
(10-16) and that the SI locus encodes the ligand for the c-kit
RTK (17-21). Thus, the osteopetrotic defect in op mice and
the pleiotropic developmental defects in Wand SI mice result
from loss-of-function mutations in the c-fms and c-kit signal
transduction pathways, respectively.
The complex developmental defects manifested by Wand SI

mice in vivo can be reproduced, in part, in a cell culture system
in which mast cells are grown on a monolayer of mouse
embryo fibroblasts (MEFs). Growth in this coculture system
requires the presence of an intact c-kit signal transduction
pathway. Thus, whereas mast cells derived from wild-type
mice survive and proliferate in this assay, mast cells from mice
homozygous for severe Wmutations do not (22). Furthermore,
the ability of mast cells derived from mice carrying various
mild or severe Walleles to grow in this in vitro assay correlates
with the residual levels of c-kit kinase activity associated with
these mutations (15). In addition, MEFs derived from embryos
carrying the SI mutation do not support the growth and
survival of +/+ mast cells (23). Thus, the survival of mast
cells in this coculture system is absolutely dependent on the
expression of a normal c-kit receptor by mast cells and a
functional ligand by the fibroblast monolayer.

In addition to ligands and their receptors, which transmit
and receive extracellular signals, other proteins must exist
within the cell to translate these signals into a developmental
program. Genetic analysis provides one approach to identify
these proteins. Mutation at the microphthalmia (mi) locus is
associated with white spotting, mast cell deficiency, and
osteopetrosis (24, 25). The osteopetrosis in mi/mi mice
results from a defect in the osteoclast (26, 27), a multinuclear
cell derived from the monocyte/macrophage lineage, and can
be cured by the transplantation ofnormal hematopoietic cells
(28). These results suggest that the cellular defect in mi/mi
mice, like the defect in mutant W mice, is intrinsic to cells
within the hematopoietic stem cell hierarchy. Since the
phenotype ofmi mice resembles, at least in part, a summation
of the phenotypes that result from mutations at the W, SI, and
op loci, mi might define a common step in the c-kit and c-fms
signal transduction pathways. This notion is consistent with
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the recent finding that mast cells derived from mi/mi mice are
also unable to survive on a monolayer of MEFs (29).
To explore possible relationships between W, SI, and mi,

and between c-kit and c-fms, we have generated gain-of-
function alterations in W and mi mast cells by introducing the
c-fms gene into these cells. We show here that c-fms comple-
ments W but not mi mutations and that mast cells expressing
c-fms are capable of growth on fibroblasts derived from SI
embryos. These results indicate that the c-fms signaling path-
way is intact in mast cells and raise the possibility that c-kit and
c-fms share common substrates for phosphorylation. Our
results also provide genetic evidence that mi defines acommon
step in the c-kit and c-fms signal transduction pathways.

MATERIALS AND METHODS
Animals. Normal +/+ mice, W41/+, W42/+, and mi/+

mutants, all on a C57BL/6 background, and WB/Re W/+
mice were purchased from The Jackson Laboratory. WIW
and W42/W42 mouse embryos were obtained by natural
matings of heterozygous animals, fertilization being assumed
to occur at midnight prior to detecting vaginal plugs. Ho-
mozygous fetuses were distinguished from heterozygous
littermates by their anemic appearance and verified by their
deficiency in colony-forming units-erythroid. Newborn
mi/mi mice were distinguished from their heterozygous lit-
termates by the lack of eye pigmentation.

Cell Culture. Mast cells were derived from the bone
marrow of +/+ and W41/W41 mice, the fetal liver of WIW
and W42/W42 mice, and the newborn spleen of mi/mi animals
and were maintained in Iscove's medium containing serum
and a source of interleukin 3 (IL-3) (MCM), as described (15).
L-cell-conditioned medium was harvested from confluent
L-cell cultures, stored in aliquots at -20'C, and used as a
source of CSF-1 at a concentration of 10%. The GP+E-86
ecotropic packaging cell line (ref. 30; a gift of A. Bank,
Columbia, NY) was transfected as described (31) with 10 ,ug
of plasmid DNA and selected in the presence of G418 (400
,ug/ml). Colonies were screened for expression of high ret-
roviral titer (5 x 105 G418 colonies per ml) and absence of
helper virus.

Retrovirus Vectors. Helper-free replication-defective ret-
rovirus vectors were constructed containing the dominant-
selectable neo gene (PYN-neo) (32) or the neo gene and the
murine c-fms gene under the control of the murine leukemia
virus long terminal repeat promoter (PYN-fms/neo).

Retroviral Infection. Mast cells (106) were resuspended in
0.5 ml of MCM and 1.5 ml of supernatant collected from
virus-producing cells. They were then plated onto an irradi-
ated (30.0 Gy) subconfluent monolayer (35-mm plate) of
virus-producing cells. An additional 2 ml of viral supernatant
and 5 ml of MCM was added after 5 and 12 hr, respectively.
G418 (800 Ag/ml) was added after a further 24 hr, and infected
mast cells were selected for at least 3 weeks before they were
used in the coculture experiments. Control uninfected mast
cells died between 10 and 15 days after the start of selection.
Cells were maintained in MCM containing G418 by feeding
every 3-4 days and passaging weekly.

Coculture Assay. Cocultures were performed essentially as
described (15, 22, 23) except that, to reduce the cell numbers
required, 5 x 103 embryonic fibroblasts were seeded onto
24-well plates, grown to confluency, and seeded with 2 x 105
mast cells. After the appropriate time in coculture, cells were
harvested by trypsinization and counted, and cytospin prep-
arations were stained with alcian blue to differentiate mast
cells and fibroblasts. In each experiment, assays were per-
formed in triplicate.

Protein Analysis. Procedures for metabolic labeling with
[35S]methionine, cell lysis, immunoprecipitation, and in vitro
kinase assays were performed as described (15). The anti-fns

antibody was a generous gift of L. Rohrschneider (Fred
Hutchinson Cancer Center, Seattle).

RESULTS

Ectopic Expression of the c-fins RTK in Normal W and mi
Mutant Mast Cells. The levels of c-fms expression in the
infected mast cells were determined by immunoprecipitation
of 35S-radiolabeled cells with a rabbit antiserum directed
against the C-terminal domain ofthe c-fms protein. As shown
in Fig. la, G418-resistant mast cells infected with the neo-fms
retrovirus vector expressed high levels of the gpl65 c-fins
protein, whereas mast cells infected with a retrovirus vector
containing the neo gene, but not c-fms, did not. Furthermore,
the c-fms receptor expressed ectopically in these cells dis-
played kinase activity, as determined by measuring in vitro
autophosphorylation activity in the immunoprecipitates (Fig.
lb).
Growth of c-fms-Infected +/+ and WMutant Mast Cells on

MEFs. To determine whether ectopic expression of c-fins
could complement the defect in the c-kit gene of mast cells
from W mutant mice, we cocultured W mutant mast cells
expressing c-fms with MEFs that naturally express CSF-1
(data not shown). The survival of mast cells from mice
homozygous for various W mutations infected with a c-fms
retrovirus was identical to that of +/+ mast cells, whereas
control, neo-infected W mast cells died within 8 days (Fig. 2
and 3a). These results demonstrate that the ectopically
expressed c-fins receptor is functional in mast cells and is
fully able to transduce signals in +/+ and various W mutant
mast cells.
Absence of Growth of c-fms-Infected mi/mi Mast Cells on

MEFs. Ebi et al. (29) have recently demonstrated that mast
cells derived from mice homozygous for the mi mutation are
also capable of growth in IL-3 but are unable to survive on a
MEF monolayer. To determine whether the c-fins gene could
complement this defect, we analyzed the ability of neo-
infected and neo/c-fms-infected mi/mi cells to survive on
MEFs. As shown in Fig. 3b, in contrast to the results
described above for W mutants, c-fms did not complement
the mi defect in this in vitro assay, even though these cells
were also expressing high levels of the c-fins protein (Fig. la)
that is functionally active in an in vitro kinase assay (Fig. lb).
CSF-1 Dependence of c-fins-Infected Cells. To determine

whether ectopic expression of c-fins in mast cells would
induce specific CSF-1 dependence, the infected mast cells
were analyzed for their ability to survive and grow in the
presence of CSF-1. As shown in Fig. 4b, c-fms-expressing
mast cells from either +/+ or various W mutant mice
survived after 8 days in medium containing CSF-1, whereas
the uninfected or neo-infected mast cells did not. There was
no significant difference in the growth rates of neo- or
neo/c-fms-infected cells in the presence of IL-3 (Fig. 4a).
These results demonstrate that CSF-1/c-fms interactions can
fully replace the interactions between the c-kit receptor
expressed on mast cells and the c-kit ligand expressed by
MEFs. In contrast, introduction of the c-fms gene into mast
cells derived from mi/mi mice did not overcome the inability
of these cells to survive in CSF-1 (Fig. 4b). The mi/mi mast
cells expressing c-fms did, however, retain their ability to
respond to IL-3 (Fig. 4a). In this experiment mi/mi cells grew
at a faster rate than +/+ and W/W cells but there was still
no significant difference between neo- and neo/c-fms-
infected cells. The results in Figs. 3b and 4b indicate that
mi/mi mast cells display an intrinsic inability to respond to
the CSF-1 and c-kit mitogenic signals.
Mast Cells Expressing c-fins Are SI Independent. MEFs

derived from mutant Si/SId embryos are unable to support the
growth of +/+ or W mast cells (23). These observations
provide further evidence for the suggestion that the SI locus
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FIG. 2. Survival of neo- and neo/fms-infected mast cells derived
from +/+, WIW, W42/W42 (42), and W41/W4' (41) mice after 8 days
on a feeder layer of +/+ embryonic fibroblasts. Values are ex-
pressed as mean ± SD.

ANTI-FMS

41w
F N

c-fms are SI independent, indicating that the defect in SI/Sid
fibroblasts does not impair their ability to synthesize and
present a functional CSF-1 growth factor to the c-fms receptor.
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The results presented in this paper demonstrate that intro-
duction and expression of the c-fms receptor into either
normal or mutant W mast cells are sufficient to confer a
CSF-1-responsive phenotype in these cells. From these ob-
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FIG. 1. (a) neo/fms (F)- and control neo (N)-infected mast cells
derived from mi/mi, +/+, and W42/W42 (42W) mice were metabol-
ically labeled with [35S~methionine, and cell lysates were immuno-
precipitated with anti-fns antiserum prior to SDS/7.5% PAGE and
autoradiography. c-fms-specific immunoprecipitated proteins (gp165
and gpl3O) are indicated. Molecular weights are given as Mr x 10-3.
(b) In vitro kinase assays using [y-32P]ATP were performed on
immunoprecipitates of neo/fims (F)- and neo (N)-infected mast cells
derived from mi/mi, W42/W42 (42W), and W41/W41 (41W) mice.
Anti-fns (ANTI-FMS) or preimmune (PI) serum was used to immu-
noprecipitate cell lysates prior to SDS/7.5% PAGE and autoradiog-
raphy.

directly encodes the ligand for c-kit (10, 17-21) rather than a

protein involved in presenting ligands to RTKs (33, 34). As
shown in Fig. 5, mast cells expressing c-fms were able to
survive on S11S1d MEFs, whereas mast cells that did not
express c-fms did not survive. Thus, mast cells expressing
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FIG. 3. Survival of neo- (i) and neo/fms-infected (*) W/W (a)
and mi/mi (b) mast cells after 4, 8, and 12 days on a feeder layer of
+/+ MEFs. Values are expressed as mean SD.
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W/W, and mi/mi mast cells after 8 days in Iscove's modified
Dulbecco's medium containing 1% IL-3 (a) and 10% L-cell-
conditioned medium (b). The results are the mean ± SD of two
experiments in which each assay was performed in triplicate. Large
standard deviations reflect differences between the two experiments
rather than within each experiment.

servations, we conclude that the immediate physiological
substrates for tyrosine phosphorylation by the c-fms recep-
tor, and other downstream elements of the c-fms signaling
pathway necessary for mast cell survival and mitogenesis, are
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FIG. 5. Survival of neo- and neo/fms-infected mast cells derived
from +/+, W/W, W42/W42 (42), W41/W4' (41), and mi/mi (mi) mice
after 8 days on a feeder layer of Si/SId embryonic fibroblasts. Values
are expressed as mean + SD.

present in a cell population that normally does not express
c-fms. These observations extend to primary hematopoietic
cells previous observations demonstrating that introduction
of CSF-1 receptors into mouse myeloid cell lines renders
these cells CSF-1 responsive (35, 36). As mast cells normally
express and utilize the c-kit receptor for their survival and
growth, one explanation ofthese results is that the productive
utilization of the c-fms receptor in mast cells is possible
because c-fms shares common downstream effector elements
with the c-kit transduction pathways. This is consistent with
the high degree of structural similarity and overall sequence
homology between the c-kit and c-fms receptors (1, 2).
As shown previously (29) and in this paper, mast cells from

mi/mi mice, like W mutant mast cells, are unable to survive
on a monolayer ofnormal MEFs. However, in contrast to the
observations with W mutant mast cells, which are rescued by
the c-fms receptor, mi/mi mast cells are not. The inability of
mi/mi mast cells to survive on a MEF monolayer and the
failure of c-fms to rescue them suggest either that mi defines
a common downstream step in the c-kit/c-fms signal trans-
duction pathways or that mi encodes a component of a
parallel pathway necessary for c-kit/c-fms function. Loss-
of-function mutations in a gene encoding a downstream target
of the c-kit and c-fms tyrosine kinases, or that is part of a
parallel pathway necessary for c-kit and c-fms function,
would be expected to mimic some or all aspects of the
phenotype of mutations that lie upstream in these signal
transduction pathways. Germ-line mutations directly in the
c-kit receptor (W) or in its ligand (Sl) lead to dominant white
spotting and mast cell deficiency, whereas mutation in the
ligand for the c-fms receptor (op) leads to osteopetrosis.
Thus, the phenotype of mutant mi mice, which includes
dominant white spotting, mast cell deficiency, and osteo-
petrosis, is partially a sum of the phenotypes of mutations
that affect both signal transduction pathways.

Although the phenotype of mi/mi mice resembles that
associated with mutations in the W/c-kit receptor, it is not
identical. For example, mi mice are not anemic, a phenotype
associated with W mutations (9). There are several possible
explanations for these observations. If mi controls some
central aspect of c-fms and c-kit signal transduction, then
most mi alleles might, by necessity, be quite mild to be
compatible with viability. Mild mutations at the W locus do
not exhibit the full range of pleiotropic development defects,
even as homozygotes (37). For example, W41/W4' and W57/
W57 homozygotes are viable and fertile, and, correspond-
ingly, their c-kit RTKs retain residual in vitro kinase activity
(15). Alternatively, it is possible that the signal transduction
pathways utilized by c-kit or c-fms are different in different
cell lineages. Thus, as mi/mi mice are not anemic, it is
possible that mi function is necessary in mast cells and
macrophages but not erythroid cells.

Mutations at the W locus all appear to be loss-of-function
mutations in the c-kit RTK (14-16). Structural mutations in
the c-kit receptor (e.g., W37, W41, W42) are strongly dominant
negative in mice heterozygous for that allele, whereas regu-
latory mutations that result in a reduction in the levels of c-kit
expression (e.g., W57, W) have only mild effects in heterozy-
gotes. These results indicate that expression of mutant forms
of the c-kit receptor interfere with signal transduction by the
wild-type protein (15). The results in this paper show that the
c-fms receptor is able to rescue mast cells homozygous for
either the W41 or W42 mutations, indicating that dominant-
negative mutations in the c-kit gene do not interfere with
signal transduction by the closely related c-fms receptor.
The binding of growth factors such as CSF-1 or Steel to

their cognate receptors activates the intrinsic tyrosine kinase
activity of these receptors (2). The result is ligand-induced
tyrosine phosphorylation of cellular proteins that ultimately
contributes to a mitogenic or developmental response. The
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biologically relevant substrates for RTKs remain poorly
characterized, although a number of molecules, phosphoryl-
ated rapidly in response to the addition of ligand, have been
identified. The results presented here do not provide direct
molecular evidence that mi encodes one of the downstream
targets for phosphorylation by the activated c-fms or c-kit
receptors. However, the molecular analysis of certain devel-
opmental mutations such as W, Si, and op in the mouse, and
torso, torso-like, lethal polehole, and sevenless in Drosoph-
ila, suggests that genetic approaches may provide the most
direct way to identify and isolate the important components
of cell signaling pathways in multicellular organisms (3).
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