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A. Introduction

An increasing body of experimental evi-
dence supports the concept that malig-
nant cell transformation results from
mutations causing structural alteration
or inappropriate expression of products
that serve critical control functions in
normal growth and development.
Among the genes for growth regulatory
molecules that might be targets for such
genetic damage are those encoding
polypeptide growth factors or their cell
surface receptors. The macrophage
colony-stimulating factor CSF-1 is a gly-
cosylated polypeptide homodimer that
stimulates the proliferation, differen-
tiation, and survival of mononuclear
phagocytes [1]. CSF-1 also appears to en-
hance the specialized immune effector
functions of terminally differentiated
monocytes and macrophages. The recep-
tor for CSF-1 is the c-fms proto-onco-
gene product [2], an integral transmem-
brane glycoprotein with intrinsic protein-
tyrosine kinase activity. The receptor is
oriented in the plasma membrane with its
ligand-binding domain exposed at the
cell surface and its tyrosine kinase do-
main in the cytoplasm. Binding of CSF-1
activates the receptor kinase, which in
turn initiates intracellular signals leading
to the transcription of genes that effect
the mitogenic response.

The current availability of the cloned
genes for both CSF-1 and its receptor has
facilitated studies on their function in
normal hematopoiesis and oncogenesis.
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The transforming potential of structural-
ly altered CSF-1 receptors has been es-
tablished, and complementary DNAs en-
coding the receptor and ligand have been
introduced into a variety of cell types.
The long-term goal of these investiga-
tions is to define the normal function of
the growth factor and its receptor and to
determine whether alterations in their ex-
pression contribute to human malignan-
cy. These studies provide the basis for a
possible role of the CSF-1 receptor and
its ligand in myeloid leukemogenesis.

Structural Alterations Constitutively
Activate the CSF-1 Receptor

The product of the feline retroviral onco-
gene v-fins retains the general domain
structure of its c-fins-encoded progeni-
tor: an aminoterminal ligand-binding
portion linked by a single membrane-
spanning segment to a carboxylterminal
tyrosine kinase. However, differences in
the amino acid sequence of the two
molecules enable the v-fins gene product
to function as a constitutive kinase and
generate growth-promoting signals in the
absence of the ligand. Although the v-
fms product includes the complete extra-
cellular domain and is able to bind CSF-
1, its higher basal level of tyrosine kinase
activity is only slightly increased by the
ligand. Moreover, when introduced into
murine hematopoietic cell lines that re-
quire specific growth factors for prolifer-
ation and survival in culture, the v-fins
gene induced factor-independent growth
and tumorigenicity by a nonautocrine
mechanism [3, 4]. The ability to trans-
form a CSF-1-dependent macrophage
cell line and interleukin-3-dependent
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myeloid cells did not result from au-
tocrine production of the corresponding
growth factors or transmodulation of
their receptors by the v-fins gene product.
Thus, the v-fims product is constitutively
activated and can provide proliferative
signals without binding the CSF-1
growth factor.

Introduction of v-fims into mouse bone
marrow cells used to reconstitute lethally
irradiated recipients resulted in prolifera-
tive disorders of multiple hematopoietic
lineages [5]. The spleens of several prima-
ry recipients developed provirus-positive
clones, which in some cases gave rise
to clonal erythroleukemias or B-cell
lymphomas when transplanted into sec-
ondary lethally irradiated hosts. Cells
containing v-fins did not always have a
proliferative advantage during serial
transfers, suggesting that the develop-
ment of these disorders was a multistep
process in which expression of v-fins
served as an initiating event. After a la-
tency period, several other primary recip-
ients developed myeloproliferative disor-
ders which had clinical features reminis-
cent of chronic myelogenous leukemia
but lacked evidence of clonality and were
not efficiently transplanted to secondary
hosts. Since diseases were observed in
multiple hematopoietic lineages, the ac-
tivity of this oncogene is not restricted to
cells that ordinarily express CSF-1 recep-
tors.

The v-fims gene efficiently transforms
mouse NIH-3T3 fibroblasts to form
colonies in semisolid medium and ren-
dering them tumorigenic. Transduction
of the human c-fms gene alone did not
transform NIH-3T3 cells but did confer a
CSF-1 responsive growth phenotype [6].
Cells expressing the normal CSF-1 recep-
tor formed colonies in soft agar when
plated in the presence of recombinant hu-
man CSF-1 and were morphologically
transformed when cotransfected with a
human CSF-1 c¢cDNA. Thus, critical
structural differences between the v-fins
and c-fms gene products account for the
transforming activity of the viral onco-
gene in the absence of the ligand.
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The v-fms gene product differs from
that of c-fims by several scattered amino
acid changes and a carboxylterminal al-
teration that replaces 40 amino acids of
the normal receptor with 11 unrelated
residues in the oncogene product (7, 8].
The critical aspect of the C-terminal al-
teration appears to be the removal of a
tyrosine residue at position 969, four
amino acids from the receptor carboxyl-
terminus. Chimeric v-fms/c-fms con-
structs demonstrated that this residue
serves a negative regulatory function,
possibly by limiting the activity of the
receptor kinase in response to CSF-1.
Substitution of the normal c-fins-encod-
ed C-terminus for that of v-fms reduced
the transforming efficiency of the onco-
gene more than tenfold [6, 9]. This inhibi-
tion was abrogated when the chimeric
construct was prepared with a c-fins mu-
tant encoding a phenylalanine residue in
place of the wild-type tyrosine at position
969 [6]. Similarly, when NIH-3T3 fibro-
blasts were transformed by cotransfec-
tion of human c-fims and CSF-1 cDNAs,
the efficiency of transformation was sev-
eralfold higher using a c-fins gene encod-
ing the phenylalanine at position 969.
However, the removal of tyrosine 969 by
itself is insufficient to activate the trans-
forming potential of the c-fins gene [6].
Rather, there appear to be one or more
additional mutations in the v-fins gene
that contribute to its oncogenic proper-
ties.

A chimeric construct, in which a major
portion of the extracellular domain en-
coded by the v-fmms gene was replaced by
the corresponding region of the human
c-fms gene, was markedly reduced in its
transforming efficiency in the absence of
CSF-1 [10]. However, like the normal c-
fms gene product, the chimeric receptor
efficiently induced transformation of
NIH-3T3 cells when coexpressed with
the ligand. Thus, despite the presence of
the complete v-fins-coded kinase domain
including its carboxylterminal trunca-
tion, the c-fims/v-fms chimera was to a
large degree regulated by CSF-1. The
simplest interpretation of these results is



that the exchanged portion of the extra-
cellular domain contains one or more al-
terations critical to activation of the v-
Jfms gene. Since the mutation(s) maps to
the ligand-binding domain of the recep-
tor, it may induce a conformational
change that simulates the effect of bind-
ing CSF-1 and thus constitutively acti-
vates the receptor kinase. Site-directed
mutagenesis in the c-fins gene should al-
low the identification of the specific alter-
ation(s) in the extracellular domain that
unmasks the latent transforming poten-
tial of the CSF-1 receptor.

These studies demonstrate that genetic
alterations are able to activate the nor-
mal CSF-1 receptor to an oncogenic
protein that transforms a variety of cells
including those that do not ordinarily ex-
press this receptor. Efficient activation
probably involves two events, one of
which removes a negative regulatory
tyrosine residue near the receptor car-
boxylterminus and a second that appears
to mimic a ligand-induced conforma-
tional change.

C. Aberrant Expression of CSF-1
and Its Receptor

Colony-stimulating factor-1 was first
shown to be synthesized by mesenchymal
cells, including stromal cells of the bone
marrow, and to interact with its receptor
on mononuclear phagocytes [1]. Based
on subsequent studies, the growth factor
may also function in placental develop-
ment during embryogenesis. CSF-1 is
produced by uterine glandular epithelial
cells in response to estrogens and proges-
terone during pregnancy [11], and its re-
ceptor appears to be expressed on placen-
tal trophoblasts [12]. The concentration
of uterine CSF-1 increases during preg-
nancy with the highest levels being de-
tected at term. It thus seems likely that
the growth factor plays a role in the for-
mation and maintenance of the placenta.

Coexpression of human CSF-1 and its
receptor transforms immortalized NIH-
3T3 fibroblasts by an autocrine mecha-
nism [6]. Similarly, rearrangement and

expression of the murine CSF-1 gene has
been implicated as a secondary trans-
forming event in a CSF-1-dependent mu-
rine macrophage cell line immortalized
by the c-myc gene [13]. The autocrine
transforming activity of CSF-1 and its
receptor may be dependent on the type of
cell in which they are expressed. For ex-
ample, introduction of a human CSF-1
gene into a factor-dependent murine
macrophage cell line resulted in CSF-1
independence but not tumorigenicity
[14]. Since the v-fims oncogene fully trans-
forms this same cell line, there must be
critical differences between the normal
CSF-1-mediated response and that in-
duced by a constitutively activated recep-
tor in the absence of ligand. It has recent-
ly been demonstrated that peripheral
blood monocytes are induced to express
CSF-1 in response to phorbol esters, in-
flammatory mediators such as y-inter-
feron and tumor necrosis factor, and
other cytokines such as granulocyte/
macrophage CSF [15, 16]. These results
raise the possibility that regulated pro-
duction of CSF-1 may stimulate the
function of terminally differentiated
mononuclear phagocytes by autocrine or
paracrine mechanisms.

Expression of the CSF-1 receptor
within the hematopoietic compartment is
normally restricted to mononuclear
phagocytes. Synthesis of this receptor is
one of the earliest markers of monocytic
differentiation, and low numbers of
CSF-1 receptors are present on commit-
ted bone marrow progenitors. The recep-
tor number increases about tenfold dur-
ing normal monocytic differentiation,
and high numbers (ca. 50000/cell) are
maintained on mature monocytes and
macrophages. In the presence of inter-
leukin-3 or hemopoietin-1 (the macro-
phage product, IL-1a), even more primi-
tive bone marrow precursors are ren-
dered responsive to the growth factor
[17, 18]. Aberrant expression of the CSF-
1 receptor in cells that do not ordinarily
express c-fms might enable them to be
stimulated by the ligand and confer a
proliferative advantage.
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The murine c-fms locus has been iden-
tified as a preferred integration site for
a retrovirus that causes myeloblastic
leukemia [19]. Friend murine leukemia
virus (F-MuLV) induces this disease in
mice with a latency of 6—12 months.
High levels of expression of the complete
CSF-1 receptor coding sequence in more
than 20% of these cases is a consequence
of proviral integration upstream of the
first coding exon in the c-fms gene. These
cells might be unusually sensitive to the
ligand due to the high levels of CSF-1
receptor synthesis. A proliferative advan-
tage could develop into frank leukemia
by the accumulation of additional genet-
ic alterations. Loss of the germ-line c-fms
allele in some of the cases raises the pos-
sibility that these secondary transform-
ing events might include mutations in the
receptor gene itself that activate its trans-
forming potential. Whatever the mecha-
nism, expression of the c-fins gene as a
consequence of proviral insertion in the
system identifies this as an important ini-
tiating event in the leukemogenic pro-
cess.

Recent surveys of human acute myel-
ogenous leukemic (AML) cells have pro-
vided evidence for expression of CSF-1
or its receptor in some of these cases.
Screening of AML blasts by in situ hy-
bridization for mRNA revealed CSF-1
or c-fims transcripts in about one-half of
the cases and expression of both mRNAs
in cells from several patients [20]. A sur-
vey of human AML blasts by flow cy-
tometry with monoclonal antibodies to
the CSF-1 receptor demonstrated that
approximately 30% of the pediatric cases
expressed the c-fims gene product (R.A.
Ashmun et al., manuscript submitted).
CSF-1 receptors on the leukemic cells un-
derwent downmodulation in response to
the growth factor or phorbol esters, sug-
gesting that they were functionally unal-
tered. As might be expected by the nor-
mally restricted distribution of CSF-1 re-
ceptors to mononuclear phagocytes, the
highest percentage of positive cases was
among leukemic cells that showed evi-
dence of monocytic differentiation.
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However, in both studies c-fins expres-
sion was also observed in some AML
cases that were undifferentiated or exhib-
ited granulocytic differentiation. As in
the F-MuLV-induced murine myeloblas-
tic leukemia, aberrant CSF-1 receptor
expression in early myeloid cells might be
associated with the development of dis-
ease in these patients.

D. Discussion

Future investigations into a role of CSF-
1 and its receptor in leukemogenesis must
include studies on the regulation of their
expression at the transcriptional and
post-transcriptional levels. The soluble
growth factor is derived by proteolytic
cleavage of membrane-bound precur-
sors, some of which are stably expressed
at the cell surface [21]. Factors that influ-
ence the cleavage of CSF-1 precursors
may represent an additional mechanism
for regulation of CSF-1 function. In the
human AML blasts that expressed CSF-
1 transcripts, detectable quantities of the
growth factor were secreted only when
the cells were incubated with phorbol es-
ters [20].

The long arm of human chromosome 2
contains the genes for several hematopoi-
etic growth factors and cell surface recep-
tors including CSF-1 at 5q33.1 and c-fms
at 5q33.3-33.4. Acquired interstitial
deletions of 5q are associated with a
characteristic form of refractory anemia
(“5q~ syndrome”) and AML that devel-
ops after exposure to toxic chemicals. A
detailed molecular analysis of this por-
tion of chromosome 5 will be required to
determine whether genetic lesions con-
tributing a human cancer involve either
the coding or regulatory sequences of
genes in this region.

References

1. Stanley ER, Guilbert LJ, Tushinski RJ,
Bartelmez SH (1983) CSF-1 — a mononu-
clear phagocyte lineage-specific hemo-
poietic growth factor. J Cell Biochem
21:151-159



10.

11.

12.

Sherr CJ, Rettenmier CW, Sacca R, Rous-
sel MF, Look AT, Stanley ER (1985) The
c-fims proto-oncogene product is related
to the receptor for the mononuclear
phagocyte growth factor, CSF-1. Cell
41:665-676

. Wheeler EF, Rettenmier CW, Look AT,

Sherr CJ (1986) The v-fins oncogene in-
duces factor independence and tumori-
genicity in CSF-1 dependent macrophage
cell line. Nature 324:377-380

Wheeler EF, Askew D, May S, Ihle JN,
Sherr CJ (1987) The v-fms oncogene in-
duces factor-independent growth and
transformation of the interleukin-3-de-
pendent myeloid cell line FDC-P1. Mol
Cell Biol 7:1673-1680

. Heard JM, Roussel MF, Rettenmier CW,

Sherr CJ (1987b) Multilineage hemato-
poietic disorders induced by transplanta-
tion of bone marrow cells expressing the
v-fms oncogene. Cell 51:663—673
Roussel MF, Dull TJ, Rettenmier CW,
Ralph P, Ullrich A, Sherr CJ (1987)
Transforming potential of the c-fims pro-
to-oncogene (CSF-1 receptor). Nature
325:549-552

. Hampe A, Gobet M, Sherr CJ, Galibert F

(1984) The nucleotide sequence of the fe-
line retroviral oncogene v-fms shows un-
expected homology with oncogenes en-
coding tyrosine-specific protein kinases.
Proc Natl Acad Sci USA 81:85-89

. Coussens L, Van Beveren C, Smith D,

Chen E, Mitchell RL, Isacke CM, Verma
IM, Ullrich A (1986) Structural alteration
of viral homologue of receptor proto-

oncogene fms at carboxyl terminus. Na-
ture 320:277-280

. Browning PJ, Bunn HF, Cline A, Shuman

M, Nienhuis AW (1986) “Replacement”
of COOH-terminal truncation of v-fms
with c-fimms sequences markedly reduces
transformation potential. Proc Natl Acad
Sci USA 83:7800-7804

Roussel MF, Downing JR, Ashmun RA,
Rettenmier CW, Sherr CJ (1988) CSF-1
mediated regulation of a chimeric c-fims/v-
Jfms receptor containing the v-fins-coded
tyrosine kinase domain. Proc Natl Acad
Sci USA 85:5903-5907

Pollard JW, Bartocci A, Arceci R, Orlof-
sky A, Ladner MB, Stanley ER (1987)
Apparent role of the macrophage growth
factor, CSF-1, in placental development.
Nature 330:484-486

Rettenmier CW, Sacca R, Furman WL,
Roussel MF, Holt JT, Nienhuis AW, Stan-

13.

14.

15.

16.

17.

18.

19.

20.

21.

ley ER, Sherr CJ (1986) Expression of the
human c-fins protooncogene product
(colony-stimulating factor-1 receptor) on
peripheral blood mononuclear cells and
choriocarcinoma cell lines. J Clin Invest
77:1740-1746

Baumbach WR, Stanley ER, Cole MD
(1987) Induction of clonal monocyte-
macrophage tumors in vivo by a mouse
c-myc retrovirus: rearrangement of the
CSF-1 gene as a secondary transforming
event. Mol Cell Biol 7:664—-671

Roussel MF, Rettenmier CW, Sherr CJ
(1988) Introduction of a human colony
stimulating factor-1 gene into a mouse
macrophage cell line induces CSF-1 inde-
pendence but not tumorigenicity. Blood
71:1218-1225

Horiguchi J, Warren MK, Kufe D (1987)
Expression of the macrophage-specific
colony-stimulating factor in human
monocytes treated with granulocyte-
macrophage colony-stimulating factor.
Blood 69:1259-1261

Rambaldi A, Young DC, Griffin JD
(1987) Expression of the M-CSF (CSF-1)
gene by human monocytes. Blood
69:1409-1413

Stanley ER, Bartocci A, Patinkin D,
Rosendaal M, Bradley TR (1986) Regula-
tion of very primitive, multipotent, hema-
topoietic cells by hemopoietin-1. Cell
45:667-674

Mochizuki DY, Eisenman JR, Conlon PJ,
Larsen AD, Tushinski RJ (1987) Inter-
leukin 1 regulates hematopoietic activity,
a role previously ascribed to hemopoietin
1. Proc Natl Acad Sci USA 84:5267-5271
Gisselbrecht S, Fichelson S, Sola B, Bor-
dereaux D, Hampe A, André C, Galibert
F, Tambourin P (1987) Frequent c-fms ac-
tivation by proviral insertion in mouse
myeloblastic leukaemias. Nature 329:259
-261

Rambaldi A, Wakamiya N, Vallenga E,
Horiguchi J, Warren MK, Kufe D, Griffin
JD (1987) Expression of the macrophage
colony stimulating factor and c-fms genes
in human acute myeloblastic leukemia
cells. J Clin Invest 81:1030-1035
Rettenmier CW, Roussel MF, Ashmun
RA, Ralph P, Price K, Sherr CJ (1987)
Synthesis of membrane-bound colony-
stimulating factor-1 (CSF-1) and down-
modulation of CSF-1 receptors in NIH
3T3 cells transformed by cotransfection of
the human CSF-1 and c-fims (CSF-1 re-
ceptor) genes. Mol Cell Biol 7:2378-2387

267






