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Macrophage-stimulating protein (MSP) is a member of the hepatocyte growth factor-
scatter factor (HGF-SF) family. Labeled MSP bound to Madin-Darby canine kidney
(MDCK) cells transfected with complementary DNA encoding Ron, a cell membrane
protein tyrosine kinase. Cross-linking of '2°I-labeled MSP to transfected cells (MDCK-RE7
cells) and immunoprecipitation by antibodies to Ron revealed a 220-kilodalton complex,
a size consistent with that of MSP (80 kilodaltons) cross-linked to the B chain of Ron (150
kilodaltons). The binding of '25I-labeled MSP to MDCK-RE7 cells was inhibited by un-
labeled MSP, but not by HGF-SF. MSP caused phosphorylation of the B chain of Ron and
induced migration of MDCK-RE?7 cells. These results establish the ron gene product as

a specific cell-surface receptor for MSP.

Macrophage-stimulating protein (MSP) is
an 80-kD disulfide-linked serum protein
that induces the responsiveness of murine
peritoneal resident macrophages to che-
moattractants (1). MSP also acts directly as
a chemoattractant for resident macrophages
(2), causes shape change of macrophages
(1), stimulates macrophage ingestion of
complement-coated erythrocytes (3), and
inhibits expression of inducible nitric oxide
synthase mRNA in endotoxin- or cytokine-
stimulated macrophages (4). MSP is synthe-
sized in a biologically inactive form (pro-
MSP) that can be cleaved to an active
disulfide-linked heterodimer by specific
serine proteases that include coagulation
factors XIla and Xla, plasma kallikrein (5),
and also the glandular kallikreins [nerve
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growth factor—y and epidermal growth fac-
tor binding protein (6)]. MSP is structurally
related to HGF-SF (7, 8).

Although MSP and HGF-SF both affect
cell motility and morphology, the target cell
specificities of the two proteins are differ-
ent. MSP acts on resident macrophages (1,
2), whereas HGF-SF affects epithelia and
endothelia (9, 10). These differences
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strongly suggest that the two proteins bind
to distinct cell membrane receptors. The
receptor for HGF-SF is the product of the
proto-oncogene c-met (11). It is synthesized
as a single chain precursor, which is subse-
quently cleaved to yield a disulfide-linked
heterodimer (with a 40-kD a chain and
an 150-kD B chain) with an intracellular
protein tyrosine kinase domain (12). The
receptor for MSP is not known. Recently,
the ron gene, a member of the c-Met recep-
tor family, was cloned from a human fore-
skin keratinocyte complementary DNA
(cDNA) library (13). Comparison with c-
Met suggests that the ron gene product is
also a membrane-spanning disulfide-linked
heterodimer with intracellular tyrosine ki-
nase activity. Transcripts of the ron gene
were found in a human transformed kerati-
nocyte cell line and in normal human lung.
The genes encoding human MSP (3) and
Ron (13) are both located on the short arm
of chromosome 3 (3p21), a region of fre-
quent deletion or mutation in small cell
lung and renal carcinoma (14). The genes
encoding both HGF-SF and its c-Met re-
ceptor are located on chromosome 7q (15,
16). The location of ligand and receptor on
the same chromosome, and the structural
similarities between MSP and HGF-SF, sug-
gested that the ligand for Ron might be
MSP (13).
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Fig. 1. Expression of the Ron receptor on MDCK-RE7 cells. (A) Detection by immunofluorescence with
rabbit antibody to the extracellular domain of Ron (anti-Ron). (B) Immunoprecipitation of Ron from
MDCK-RE? cells with rabbit antibody to a COOH-terminal peptide of the Ron B chain (lane 2). Lane 1

shows the normal IgG control.
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We transfected Madin-Darby canine kid-
ney (MDCK) cells with human ron cDNA
(17) and obtained a clone with high Ron
expression (MDCK-RE7), which was con-
firmed by detection of the protein on the cell
surface by fluorescence-activated cell sorting
analysis (Fig. 1A). The small fluorescence
shift in MDCK control cells was not investi-
gated. After immunoprecipitation with anti-
bodies to the COOH-terminal peptide of the
Ron B chain, a 180-kD band was detected
after SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions (Fig.
1B). This band probably represents the un-
cleaved single chain form of Ron (pro-Ron),
which has a calculated molecular size of 190
kD, based on the cDNA sequence. We also
detected 40-kD and 150-kD bands, which
correspond to the a and B chains of Ron,
respectively. About 40% of Ron was in the
disulfide-linked heterodimeric form.

Specific binding of %’I-labeled MSP to
MDCK-RET7 cells (18) approached a plateau
within about 60 min (Fig. 2A) and was de-
pendent on concentration (Fig. 2B). Nonspe-
cific binding was a small fraction of the total,
and a plateau of specific binding was reached
with about 3 nM MSP. Labeled MSP did not
bind to untransfected MDCK cells or NIH
3T3 cells transfected with c-Met (19), the
receptor for HGF-SF (20). The absence of
MSP-specific binding to cells expressing the
HGE-SF receptor is consistent with our ob-
servations that MSP has no in vitro action on
HGE-SF target cells (10).

Because MSP contains four kringle do-
mains in its  chain and kringle structures
are thought to participate in macromolecu-
lar interactions (21), we determined if
HGF-SF or plasminogen—proteins with
kringles and high sequence similarity to
MSP—-could compete with MSP for the
Ron binding site. Neither of these proteins
inhibited binding of !?°I-labeled MSP to
MDCK-RE7 cells (Fig. 2C). We conclude
that both c-Met and Ron are specific recep-
tors for their respective ligands.

The proto-oncogene c-sea also encodes a
receptor tyrosine kinase protein similar to
Ron, and its mRNA is highly expressed in
chicken blood mononuclear cells (22). How-
ever, 1%°[-labeled MSP did not bind to human
peripheral blood mononuclear cells (19), and
these cells did not respond to MSP in biolog-
ical assays (2). Therefore, it is unlikely that
c-Sea is the receptor for MSP.

To confirm that '°I-labeled MSP binds
to Ron, we characterized the binding sites
by cross-linking (23). Cross-linked proteins
from cell lysates were analyzed by SDS-
PAGE under reducing conditions. No visi-
ble bands from MDCK cells were detected
by autoradiography (Fig. 3A). Several
bands were seen in lysates from MDCK-
RE7 cells. The 220-kD band was of the
expected size of MSP (80 kD) cross-linked
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with the B chain of Ron (150 kD). Unla-
beled MSP inhibited formation of complex-
es of 12°I-labeled MSP with Ron in a con-

centration-dependent manner. The less in-
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Fig. 2. Binding of '25|-labeled MSP to MDCK-RE7
cells. (A) Time course of specific binding of 125I-
labeled MSP. MDCK-RE7 or MDCK cells were
equilibrated with 0.5 nM labeled ligand for the
indicated intervals; radioactivity was counted after
removal of unbound ligand. (B) Concentration-de-
pendent binding of '2%|-labeled MSP. Specific
binding (O) was obtained by subtracting nonspe-
cific binding (M) from total binding (@). (C) Com-
petition of kringle-structure proteins with 25|-la-
beled MSP for binding to MDCK-RE?7 cells. Cells
were equilibrated with 0.5 nM '25|-labeled MSP
and the indicated concentrations of unlabeled
MSP (@), recombinant human HGF-SF (W), or
plasminogen (O).
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Fig. 3. Cross-linking of '25I-labeled MSP to cellular proteins. (A) Cross-linking analysis of MSP-binding
proteins on MDCK-RE7 cells. MDCK-RE7 or MDCK cells were equilibrated at 0°C for 3 hours with 1 nM
125|-labeled MSP alone (lanes 1) or with 5 nM (lanes 2) or 30 nM (lanes 3) unlabeled MSP. The cells were then
exposed to the cross-linking reagent and lysed. The figure is an autoradiograph obtained after SDS-PAGE
(7.5% gel) of lysates under reducing conditions. (B) Immunoprecipitation by rabbit antibody to the Ron peptide
of cross-linked protein complex. MDCK-RE7 or MDCK cells were treated with 1 nM 2%l-labeled MSP alone
(lanes 2) or with 30 NM unlabeled MSP (lanes 3), HGF-SF (lanes 4), or plasminogen (lanes 5). After cross-
linking, cell lysates were precipitated with rabbit antibody to the Ron peptide and proteins were separated by
SDS-PAGE under reducing conditions. Lanes 1 are normal rabbit IgG controls. (C) Stimulation by MSP of
tyrosine phosphorylation in MDCK-RE7 cells. Lanes 1, no stimulation; lanes 2, stimulation with 0.5 nM MSP;
lanes 3, stimulation with 5 "M MSP. The arrow indicates a phosphorylated 150-kD protein. (D) Detection of the
Ron protein by protein immunoblotting. The same membrane as in (C) was reprobed with rabbit antibody to
the Ron peptide. The arrows point to a 150-kD Ron B chain and a 180-kD pro-Ron.
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chain (40 kD). The 56-kD band is likely the
o chain of MSP that reacted with the re-
ceptor but was not cross-linked.

Immunoprecipitation of proteins from
cell lysates after cross-linking with rabbit
antibody to a COOH-terminal peptide
from Ron yielded a band with a molecular
size of 220 kD (Fig. 3B). The location of
this band is exactly the same as that for
the band from direct cross-linking (Fig.
3A), which confirms that Ron was the
membrane protein to which !2°]-labeled
MSP is bound. We confirmed this speci-
ficity by showing that cross-linking of
125]_]labeled MSP was inhibited by unla-
beled MSP but not by HGE-SF or plas-
minogen. No protein complex with 12]-
labeled MSP was detected from nontrans-
fected MDCK cells (Fig. 3B).

It was anticipated that Ron, like c-
Met, would be phosphorylated in response
to ligand binding. Immunoblots of pro-
teins from cell lysates probed with anti-
bodies to phosphotyrosine showed that
MSP induced tyrosine phosphorylation of
a 150-kD protein in transfected MDCK-
RE7 cells in a concentration-dependent
manner (Fig. 3C). Stimulation of parental
MDCK cells or MDCK cells transfected
with the cDNA of an unrelated receptor
did not cause the appearance of this phos-
phorylated protein. Probing of the same
blot with rabbit antibody to Ron showed
a band at the same position as the band of
antibody to phosphotyrosine, which cor-
responds to the B chain of Ron (Fig. 3D).
The band above the 150-kD protein is
probably uncleaved pro-Ron (180 kD),
which was not phosphorylated after stim-
ulation of the cells with MSP. These find-
ings indicate that proteolytic conversion
of pro-Ron to the heterodimer is required
for ligand-induced  phosphorylation,
which is presumably required for signal
transduction.

In view of the effects of MSP on macro-
phage motility (1), we determined if MSP
induced similar changes in MDCK cells
transfected with the Ron receptor (24).
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Fig. 4. Stimulation of MDCK-RE7 cell migration in
response to MSP.
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MSP caused migration of MDCK-RE7 cells
in a concentration-dependent manner (Fig.
4). Untransfected MDCK cells did not re-
spond to MSP.

Ron mRNA is expressed in a trans-
formed keratinocyte line (13). MSP also
induced phosphorylation of Ron in a prima-
1y keratinocyte line (25), and !2°]-labeled
MSP bound to an immortalized keratino-
cyte line expressing Ron (19). Hitherto, the
only target cell for MSP has been the mouse
resident peritoneal macrophage. Evidence
that the MSP receptor is also on keratino-
cytes leads to new areas for investigating
the biological significance of MSP. MSP
may function in wound healing through
effects on macrophages (6) and keratino-
cytes, both of which take part in tissue
repair. Finally, because Ron is structurally
similar to c-Met, we should consider its
oncogenic potential and the possibility that
it could affect both replication and meta-
static migration of cells.
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