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Abstract

Macrophage-stimulating protein (MSP) is an 80-kD serum
protein with homology to hepatocyte growth factor (HGF).
Its receptor, RON tyrosine kinase, is a new member of the
HGF receptor family. The MSP-RON signaling pathway
has been implicated in the functional regulation of mononu-
clear phagocytes. However, the function of this pathway in
other types of cells has not been elucidated. Here we show
that in contrast to the HGF receptor, which was expressed
at the basolateral surface, RON was localized at the apical
surface of ciliated epithelia in the airways and oviduct. In
addition, MSP was found in the bronchoalveolar space at bi-
ologically significant concentrations. MSP bound to RON
on normal human bronchial epithelial cells with a high af-
finity (K; = 0.5 nM) and induced autophosphorylation of
RON. Activation of RON by MSP led to a significant in-
crease in ciliary beat frequency of human nasal cilia. These
findings indicate that the ciliated epithelium of the mucocil-
iary transport apparatus is a novel target of MSP. Ciliary
motility is critical for mucociliary transport. Our findings
suggest that the MSP-RON signaling pathway is a novel
regulatory system of mucociliary function and might be in-
volved in the host defense and fertilization. (J. Clin. Invest.
1997. 99:701-709.) Key words: macrophage-stimulating
protein « RON -« receptor tyrosine kinase -« ciliated epithe-
lium . ciliary motility

Introduction

Receptor tyrosine kinases (RTKs)! play a critical role in pleio-
tropic cell functions by transmitting extracellular signals such
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as peptide hormones and growth factors (1-3). All RTKs are
composed of three major domains: an extracellular ligand bind-
ing domain, a single membrane-spanning domain, and a cyto-
plasmic domain that contains a tyrosine kinase catalytic do-
main (4, 5). After ligand binding, RTKSs undergo dimerization
leading to activation of their intrinsic tyrosine kinase activity
and autophosphorylation. Signaling molecules are recruited to
phosphorylated tyrosines on the receptor. This recruitment
leads to further activation of cytoplasmic signaling molecules,
which transduce receptor-generated signals (2, 6, 7).

The RON/STK (stem cell-derived tyrosine kinase) recep-
tor tyrosine kinase is part of a subfamily of RTK that includes
the hepatocyte growth factor (HGF) receptor and c-Sea (8).
The human RON gene was cloned from human keratinocytes
(9), and the murine counterpart, the STK gene, was derived
from mouse hematopoietic stem cells (10). RON/STK as well
as the HGF receptor is synthesized as a single-chain precursor
and then cleaved into a mature disulfide-linked heterodimer
composed of an extracellular a-chain and a transmembrane
B-chain with intrinsic tyrosine kinase activity (11, 12).

RON/STK has been identified as the receptor for macro-
phage-stimulating protein (MSP; 11, 13, 14). MSP is an 80-kD
serum protein that belongs to a family characterized by the
presence of a highly conserved triple disulfide loop structure
(kringle domain). The family includes prothrombin, plasmino-
gen, urokinase, and HGF, among which MSP shows high ho-
mology with HGF (45% identity at the amino acid level; 15—
18). MSP is synthesized by hepatocytes (15, 17, 19), secreted
into the circulation, and maintained in the serum at a relatively
high concentration (20). MSP has been shown to act on mono-
nuclear phagocytes by activating the RON/STK receptor (12).
MSP exerts multiple biological activities on peritoneal resident
macrophages, such as induction of shape change and motility
(21), direct chemotactic attraction (22), stimulation of inges-
tion of complement-coated erythrocytes (16), and inhibition of
endotoxin- or cytokine-induced expression of inducible nitric
oxide synthase mRNA (23). MSP also stimulates the bone re-
sorbing activity of osteoclasts (24).

Recently it has been shown that RON/STK is expressed
relatively late in development in several tissues, including the
central and peripheral nervous systems, digestive tract, skin,
and lung (25, 26). In contrast to the relatively restricted expres-
sion of RON/STK, the HGF receptor is broadly expressed and
mediates pleiotropic biological functions such as cell growth,
motility, and morphogenesis (27, 28). This difference in ex-
pression profiles of the RON/STK and HGF receptors sug-
gests that these receptors mediate distinct functions. To date,
however, the biological significance of RON/STK expression
in cells other than mononuclear phagocytes has not been clari-
fied.
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To explore the function of the MSP-RON signaling path-
way, we investigated specific cell types that express RON. In
this paper, we show that RON is expressed on the ciliated epi-
thelia of the mucociliary transport apparatus. In addition, we
show that MSP stimulates ciliary motility in these cells by acti-
vating RON.

Methods

Reagents. Recombinant human MSP and a rabbit polyclonal anti—
human MSP antibody were provided by Toyobo Co., Ltd. (Ohtsu,
Shiga, Japan). Mouse monoclonal anti-human MSP antibody (MSP89-
2S) was obtained from American Type Culture Collection (ATCC
HB-10522) (Rockville, MD). A synthetic polypeptide corresponding
to the COOH-terminal 20 amino acids of human RON (amino acid
residues 1381 to 1400) and a rabbit polyclonal antibody against this
synthetic polypeptide were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Mouse monoclonal antibody DO-24, directed
against the extracellular domain of the human HGF receptor and
monoclonal antiphosphotyrosine antibody (clone 4G10) were from
Upstate Biotechnology, Inc. (Lake Placid, NY). Donkey anti-rabbit
IgG conjugated with horseradish peroxidase (HRP) and sheep anti—
mouse IgG conjugated with HRP were from Amersham Interna-
tional (Little Chalfont, UK). Goat anti-rabbit IgG conjugated with
FITC was from GIBCO BRL (Gaithersburg, MD). The enhanced
chemiluminescence (ECL) detection system was from Amersham.
Protein A-Agarose was from BioRad Laboratories (Richmond, CA).

Cells and cell cultures. Normal human bronchial epithelial (NHBE)
cells were purchased from Clonetics (San Diego, CA). Transformed
human bronchial epithelial cell lines, BET-1A and BEAS-2B cells
(29) were from ATCC. These cells were cultured at 37°C in serum-
free bronchial epithelial cell growth medium (BE-GM; Kurabo, Osaka,
Japan) supplemented with growth factors according to the manufac-
turer’s instructions. The surface of the culture dishes was coated with
human placental collagen (Sigma Chemical Co., St. Louis, MO) as
described (30). Third or fourth passage NHBE cells were used.

Northern blot analysis. Northern analysis was performed using a
Human Multiple Tissue Northern (MTN) Blot (Clontech, Palo Alto,
CA), containing 2 pg of poly(A)" RNA per lane, according to the
manufacturer’s instructions. A human RON cDNA probe, corre-
sponding to nucleotides 2,979 to 3,478 of the published sequence (9),
was [a-?P]-labeled and hybridized to the blot. Autoradiographs were
quantified by densitometric analysis with the BAS2000 image ana-
lyzer (Fuji Photo Film Co., Tokyo, Japan) using MacBAS software.
Loading was normalized by probing with a -actin probe, and expres-
sion of RON mRNA was evaluated by the densitometric ratio (RON
signal/B-actin signal).

Immunohistochemistry and periodic acid schiff (PAS) staining.
Normal human lung, bronchus, and oviduct were obtained from sur-
gical samples. Nasal mucosa was obtained from biopsy samples.
These studies were approved by the Institutional Review Board of
Kumamoto University. Immediately after the tissues were obtained,
they were snap frozen in liquid nitrogen or mounted in OCT 4583
embedding compound (Miles Laboratories Inc, Elkhart, IN) and then
frozen in liquid nitrogen. Serial cryostat sections (6-um thick) cut in a
cryomicrotome (MICROM, Heidelberg, Germany) were air dried,
and fixed in acetone for 10 min at 4°C. After washing with PBS three
times, cryostat sections were treated with 5 mM orthoperiodic acid
solution for 10 min to block endogenous peroxidase activity as de-
scribed (31). The sections were stained with a rabbit polyclonal anti-
body against RON (0.1-0.5 pg/ml) or a mouse monoclonal antibody
against HGF receptor (DO-24, 1:2,000 dilution) by the indirect im-
munoperoxidase method using HRP-conjugated anti-rabbit IgG or
HRP-conjugated anti-mouse IgG, respectively. Peroxidase activity
was visualized using 3,3'-diaminobenzidine (Dojindo, Kumamoto, Ja-
pan) as a substrate. To confirm the specific reactivity of anti-RON
with the RON protein, one of the serial sections was incubated with a
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mixture of anti-RON antibody and an excess molar ratio of antigen
peptide, then processed as described above. Goblet cells in bronchial
epithelia were identified by PAS staining as described (32).

Immunoelectron microscopy. Fresh frozen sections of bronchial
tissue were fixed in acetone for 10 min at 4°C. After washing with
PBS three times, immunostaining was performed as described above.
After immunostaining, the sections were fixed with 0.1% glutaralde-
hyde for 10 min, followed by postfixation with 1.0% osmium tetrox-
ide for 2 h, dehydration in a graded series of ethanols, and embedding
in Epon 812 (E. Fullan, Inc., Latham, NY). Ultrathin sections were
cut by a MT-7000 (RMC, Tucson, AZ) and observed with a HU-12A
electron microscope (Hitachi Ltd., Tokyo, Japan).

FACS analysis of NHBE cells. NHBE cells were detached from
culture dishes using 5 mM EDTA/PBS (pH 7.4), and analyzed by
FACS. Briefly, the detached NHBE cells were washed with PBS and
incubated with 70% ethanol on ice for 1 h to permeabilize and fix.
After washing with staining medium containing 5% FBS and 0.01%
sodium azide in PBS, the cells were stained with anti-RON (0.5 g/
ml), followed by FITC-conjugated anti-rabbit IgG. The cells were
washed and suspended in staining medium containing propidium io-
dide. Stained cells were analyzed by FACScan (Becton Dickinson
Immunocytometry Systems, San Jose, CA). The specific staining for
RON in the cells was confirmed by antigen-peptide blocking.

12 [.MSP binding assay. MSP was radio-iodinated by the Bolton-
Hunter method as described by Wang et al. (13). NHBE cells were
grown on a 48-well culture plate to subconfluency and washed with
binding buffer (RPMI 1640 medium, 25 mM Hepes, 2 mg/ml BSA,
pH 7.2). After equilibration in the binding buffer at 4°C for 30 min,
the buffer was replaced by 100 pl of ice-cold binding buffer contain-
ing various amounts of '>’I-labeled MSP. Nonspecific binding was de-
termined in parallel tubes with a 50-fold excess of unlabeled MSP.
After incubation at 4°C for 3 h, the cells were washed five times with
ice-cold binding buffer and then solubilized with 0.5 ml of 1% Triton
X-100, 10% glycerol, 25 mM Hepes, 1 mg/ml BSA, pH 7.2 by incuba-
tion for 40 min. Radioactivity was measured in a gamma counter. All
binding experiments were performed in triplicate.

In vivo tyrosine phosphorylation assays, immunoprecipitation, and
Western blotting. NHBE, BET-1A, and BEAS-2B cells were stimu-
lated with 4 nM human MSP at 37°C for 10 min. After washing with
ice-cold Hepes buffered saline containing 1mM sodium orthovana-
date, the cells were then solubilized with lysis buffer (50 mM Hepes
[pH 7.4], 1% Triton X-100, 10% glycerol, 10 mM sodium pyrophos-
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Figure 1. Northern blot of RON mRNA in human adult tissues. A
[a-3?P]-labeled RON cDNA probe was prepared and hybridized to
the blot. The blots were exposed for 4 d. Expression of RON mRNA
was detected as a 5.4-kb band. The densitometric ratio (RON signal/
B-actin signal) was quantitated as follows; lung (0.38), pancreas
(0.67), thymus (0.74), prostate (0.18), testis (1.09), small intestine
(0.77), and colon (0.82).



Figure 2. (A and B) Immunolocalization of RON in the human lung. (4) The apical surface of the bronchiolar ciliated epithelium showed posi-
tive staining. (B) The positive staining was completely blocked in the presence of an excess of antigen peptide (A and B, X25). (C and D) Immu-
nolocalization of RON and HGF receptor in the human bronchial epithelium. (C) RON was localized on the apical cell membrane of the ciliated
epithelium (arrowheads), whereas (D) HGF receptor was localized on the basolateral cell membrane (arrowheads; C and D, X132). (E and F)
Immunoelectron microscopic demonstration of an anti-RON reaction in the human bronchial epithelium. The electro-dense reaction products
were observed on the apical cell membrane beneath the cilia of the ciliated epithelium (arrowheads; E, X3,000; F, X20,000). Ci, Cilia (arrow);
Nu, Nucleus.
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phate, 100 mM sodium fluoride, 4 mM EDTA, 2 mM sodium ortho-
vanadate, 50 pg/ml aprotinin, 1 mM PMSF, 100 uM leupeptin, 25 puM
pepstatin A), and proteins in cell lysates were immunoprecipitated
with anti-RON. Immune complexes were collected on protein A-aga-
rose. Immunoprecipitates were boiled for 3 min at 100°C in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer with 5% 2-mercaptoethanol (2-ME), then resolved by
SDS-PAGE with 7.5% polyacrylamide as described by Laemmli
(33). After electrophoresis, proteins were transferred to a PVDF
membrane (Nihon Millipore Ltd, Yonezawa, Japan). Tyrosine phos-
phorylation of RON was evaluated with an antiphosphotyrosine anti-
body, 4G10. To detect RON, the membrane was stripped and re-
probed with anti-RON. Specific binding was detected using the ECL
system.

Quantification of MSP in bronchoalveolar lavage fluid. Broncho-
alveolar lavage (BAL) fluid (BALF) was obtained from healthy non-
smoking volunteers (n = 4) by methods previously described (34).
BAL was performed with 150 ml saline and the recovered BALF was
filtered through sterile gauze. The cell-free supernatant of BALF was
obtained by centrifugation for 10 min at 300 g and frozen immedi-
ately at —70°C. MSP concentrations in BALF supernatants were
measured by sandwich-type ELISA. Briefly, a microtiter plate was
coated with a mouse monoclonal anti-human MSP antibody for over-
night at 4°C. After blocking with 3% BSA in PBS, the plate was incu-
bated with diluted standards or samples. After washing, the plate was
incubated with a rabbit polyclonal anti-human MSP antibody, fol-
lowed by HRP-conjugated anti-rabbit IgG. Specific binding was de-
tected by incubating the plate with 0.05 M phosphate-citrate buffer
containing 0.4 mg/ml o-phenylenediamine dihydrochloride and 0.4
mg/ml urea hydrogen peroxide. The absorbance at 450 nm was mea-
sured in an automated microplate reader (Molecular Devices Corp.,
Sunnyvale, CA). MSP concentrations were determined by interpola-
tion of their absorbance from a standard curve.

Measurement of ciliary beat frequency (CBF) of human nasal cilia
in vitro. Human airway ciliated epithelium was obtained from the
nasal mucosa of healthy volunteers (n = 4) by a brushing technique
(35). Strips of ciliated epithelium were dispersed by agitation of the
cytology brush in Medium 199 (Gibco Laboratories, Grand Island, NY).
To exclude endogenous MSP, cells were incubated overnight at 4°C,
then centrifuged at 200 g for 5 min. The epithelial pellet was resus-
pended in Medium 199. The suspension (450 wl) of the epithelial
strips was poured into each well of Falcon 3047 multiwell plate (Becton
Dickinson Labware, Lincoln Park, NJ), placed on an electronically
controlled warm-stage (Microtec) at 37°C, and allowed to equilibrate
for 15 min. The epithelial strips were viewed directly through a Nikon
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Diaphot-TMD phase-contrast microscope at a magnification of 400.
An intact and fully ciliated epithelial strip with a smooth surface was
selected, and serial readings of CBF were taken from the same point
of the epithelial strip for 50 min using a photometric technique (36,
37). After the determination of baseline CBF for 15 min, 50 pl of Me-
dium 199 alone (control) or Medium 199 containing MSP (final con-
centration; 1, 10, 50, or 100 ng/ml) was gently added to the well, and
CBF was continuously measured. The test samples (Medium 199
alone and Medium 199 containing MSP) were randomized at the be-
ginning of each experiment so that the observer was unaware of the
nature of the test samples. Baseline CBF was defined as mean CBF
during the period of 15 min before adding the test samples and maxi-
mum CBF was defined as maximal value of CBF after the addition.
The statistical significance of the differences between maximum and
baseline CBF was determined using the two-tailed Student’s ¢ test.

Results

Expression of RON in human tissues. The expression of RON
was examined in a number of human adult tissues by Northern
blot analysis. As shown in Fig. 1, a 5.4-kb RON transcript was
detected in the lung, pancreas, thymus, prostate, testis, small
intestine, and colon. The densitometric ratio (RON signal/
B-actin signal) was quantitated as follows; lung (0.38), pan-
creas (0.67), thymus (0.74), prostate (0.18), testis (1.09), small
intestine (0.77), and colon (0.82).

Immunolocalization of RON on the ciliated epithelium in
the lung and distinct expression of RON and HGF receptor in
the bronchial ciliated epithelium. To identify specific cell types
expressing RON in the lung, we performed immunohisto-
chemical staining of normal human lung and bronchial tissue
using an anti-RON antibody. In the lung specimens, the bron-
chiolar ciliated epithelia were clearly stained with anti-RON
(Fig. 2 A). Notably, the positive staining was localized at the
apical surface of the cells. The specific reactivity of anti-RON
antibody with RON was confirmed by the finding that positive
staining was completely blocked by an excess molar ratio of
antigen peptide (Fig. 2 B). A similar staining pattern was
observed also in the bronchial ciliated epithelia (Fig. 2 C).
Negative staining of goblet cells in bronchial epithelia was con-
firmed by comparing immunohistochemical staining with anti-
RON and PAS staining using serial sections (Fig. 3, A and B).

Figure 3. Examination of RON expression in
goblet cells of bronchial epithelia. Comparison
of immunohistochemical staining with anti-
RON (A) and PAS staining (B) using serial sec-
tions showed that goblet cells are negative for
RON (A and B, X132).
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Figure 4. Immunolocalization of RON in the human nasal mucosa (A) and oviduct (B). The apical portion of the pseudostratified ciliated epi-
thelium of nasal mucosa and of the ciliated epithelium of oviduct showed positive staining (arrowheads; A, X160; B, X132).

No specific staining was detected in other types of cells in the
lung, including alveolar epithelial cells and alveolar macro-
phages (data not shown).

The HGF receptor is expressed in bronchial epithelial cells
where it mediates a growth signal (38). Because of the struc-
tural similarities between RON and HGF receptor, we com-
pared the expression of HGF receptor with RON in bronchial
ciliated epithelium. As demonstrated in other polarized epi-
thelial cells by Crepaldi et al. (39), a monoclonal antibody
against the HGF receptor selectively stained the basolateral
cell membrane of bronchial ciliated epithelia (Fig. 2 D). This
staining pattern presents a striking contrast to the restricted
expression of RON to the apical cell membrane (Fig. 2 C).

Ultrastructural localization of RON on the bronchial cili-
ated epithelium. To identify the precise localization of RON
in the bronchial ciliated epithelium, we performed immuno-
electron microscopic analysis using anti-RON antibody. As
shown in Fig. 2, E and F, electro-dense reaction products were
localized at the apical cell membrane beneath the cilia in the
ciliated epithelium.

Expression of RON in the ciliated epithelium of nasal cavity
and oviduct. Because the expression of RON was restricted
to ciliated epithelium in the lung and bronchus, we focused on
whether RON is expressed in the ciliated epithelium in other
organs, such as nasal cavity and oviduct. Fig. 4, A and B show
that RON was similarly expressed at the apical portion of the
ciliated epithelia of nasal mucosa and oviduct. The specific
staining for RON in these cells was also confirmed by antigen-
peptide blocking (data not shown).

Expression of RON in NHBE cells, and activation of RON
receptor in NHBE cells and bronchial epithelial cell lines by
MSP. To examine the expression of RON on NHBE cells, we
performed FACS analysis of NHBE cells using an anti-RON
antibody. As shown in Fig. 5, FACS analysis shows that
NHBE cells are uniformly positive for RON. The specific
staining for RON was confirmed by the finding that the histo-
gram of positive staining completely shifted to the basal level
by peptide blocking. Specific staining for RON to BET-1A
cells was also detected (data not shown).

To further confirm the expression of RON on NHBE cells,

we performed the binding assay using '>I-MSP. Fig. 6 A shows
a typical saturation curve of '*I-MSP binding to RON on cul-
tured NHBE cells and a Scatchard plot. The specific binding to
NHBE cells was saturated at ~ 1 nM of '®I-MSP. The K,
value and the average number of RON receptors on a cell
were calculated from the Scatchard plot as 0.5 nM and 5,000
sites/cell, respectively. Specific binding of '>I-MSP to BET-1A
cells was also detected (K, = 0.5 nM; 6,000 sites/cell).

To investigate the functional involvement of MSP-induced
signals in bronchial epithelial cells, we examined whether MSP
induces autophosphorylation of RON in NHBE cells and cell
lines. MSP-stimulation induced autophosphorylation of the
150-kD RON B-chain in these cells (Fig. 6 B), suggesting that
RON mediates the signals for MSP in bronchial epithelial
cells.

800

Cell number

Relative fluorescence intensity

Figure 5. FACS analysis of RON expression on NHBE cells with
anti-RON. Stippled histogram shows analysis of NHBE cells stained
with anti-RON and open histogram shows antigen-peptide blocking.
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Figure 6. (A) Concentration-dependent binding of '»I-MSP to its re-
ceptor on NHBE cells. Specific binding was obtained by subtracting
nonspecific binding from total binding. The inset panel shows a Scat-
chard plot. (B) Induction of autophosphorylation of RON B-chain by
MSP. NHBE, BET-1A, and BEAS-2B cells were stimulated with me-
dium only (NONE) or 4 nM human MSP. Proteins in cell lysates were
immunoprecipitated with anti-RON. Immunoprecipitates were West-
ern blotted with antiphosphotyrosine (anti-ptyr; 4G10; fop) and with
anti-RON (bottom). The bands above the 150-kD protein in blots
with anti-RON, which were not phosphorylated by MSP-stimulation,
represent the cytoplasmic single-chain precursors as reported (13).

Detection of MSP in BALF from healthy volunteers. Be-
cause the expression of RON is localized at the apical cell
membrane of bronchiolar and bronchial ciliated epithelia, we
examined whether its ligand MSP is present in the bronchoal-
veolar space. MSP content was evaluated based upon the MSP
content per milliliter of BALF. As shown in Fig. 7, MSP was
detected in BALF obtained from healthy nonsmoking volun-
teers at concentrations of 1.3-5.8 ng/ml BALF.

Effects of MSP on CBF of human nasal cilia. The fact that
RON is specifically expressed on the ciliated epithelia in the
airways and oviduct, and that RON is localized at the apical
cell membrane beneath the cilia encouraged us to focus on the
involvement of MSP in ciliary function, particularly in ciliary
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Figure 7. Concentration of MSP in BALF from healthy nonsmoking
volunteers (n = 4). Results are presented as nanograms per milliliter
BALF.

motility. MSP significantly increased the CBF of human nasal
cilia at concentrations of 1 to 50 ng/ml (Fig. 8 A). The maxi-
mum increase in CBF (20%) was observed at the concentra-
tion of 10 ng/ml. This dose response curve to MSP showed a
characteristic bell-shaped profile. MSP is reported to induce
chemotactic attraction of resident peritoneal macrophages (22)
and stimulate [*H]thymidine incorporation of neuroendocrine
cell line PC12 (26). The dose-response curves to MSP in these
experiments were similar to our finding. Fig. 8 B shows the
time course of CBF changes in each experiment after addition
of 10 ng/ml MSP. The maximum increase in CBF was observed
during 10-30 min after the addition of MSP. Control prepara-
tions showed no significant change in CBF.

Discussion

Previous studies have shown that the MSP ligand and the
RON receptor function primarily in mononuclear phagocytes
such as peritoneal resident macrophages (12, 16, 21-23) and
osteoclasts (24). In addition, RON is expressed in the nervous
systems, epithelia of the gut, and the skin and lung (9, 11, 25,
26). However, the function of the MSP-RON signaling path-
way in cells other than mononuclear phagocytes has not been
elucidated.

By Northern blot analysis, we confirmed that human RON
mRNA is abundantly expressed in the lung as previously de-
scribed (9, 11). Immunohistochemical and immunoelectron
microscopic analyses demonstrated that RON shows a unique
localization to the apical cell membrane beneath the cilia in
the bronchiolar and bronchial ciliated epithelia. On the other
hand, the HGF receptor showed a distinct localization to the
basolateral cell membrane. This difference in subcellular locali-
zation suggests that these highly related receptors may mediate
distinct functions in the bronchial ciliated epithelium. Singh-
Kaw et al. demonstrated that HGF stimulates cell growth of
NHBE cells using the bromodeoxyuridine labeling technique
(38). These findings show that HGF acts as a mitogenic factor
in NHBE cells as well as other epithelial cells. On the contrary,
MSP does not stimulate DNA synthesis in NHBE cells (data
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Figure 8. Effects of MSP on CBF of human nasal cilia in vitro. (A)
Dose-response curve to MSP. MSP significantly increased CBF at
concentrations of 1 to 50 ng/ml. The maximum increase in CBF
(20%) was observed at the concentration of 10 ng/ml. Maximum
change (%) = (maximum CBF — baseline CBF) + baseline CBF X
100. Each value represents mean (n = 4)=SEM. *P = 0.001, **P =
0.05. (B) Time course of CBF changes in each experiment after addi-
tion of 10 ng/ml MSP (closed circles). The maximum increase in CBF
was observed during 10-30 min after the addition of MSP. Control
preparations showed no significant change in CBF (open circles). Ar-
rows indicate the addition of Medium 199 containing MSP or Me-
dium 199 alone. Ciliary dyskinesia and epithelial disruption were not
observed in our experiments.

not shown). The apical versus basolateral localization of two
related receptors may play a role in their distinct functions in
polarized epithelial cells.

The bronchiolar and bronchial ciliated epithelia function as

the mucociliary transport apparatus. Notably, in other muco-
ciliary transport systems such as nasal cavity and oviduct,
RON was also expressed at the apical portion of the ciliated
epithelia.

To further analyze the expression of RON in bronchial epi-
thelial cells, we used NHBE cells and two bronchial epithelial
cell lines, BET-1A and BEAS-2B cells (29). These cell lines
were derived from NHBE cells and have been shown to have
similar biological properties to NHBE cells (40-42). In gen-
eral, intermediate cells (presecretory, columnar cells) and/or
basal cells are considered to be progenitors of bronchial epi-
thelial cells and can differentiate further into ciliated cells in
vivo (43), and previous studies indicate that the majority of
NHBE cells used in our experiments consist of both the inter-
mediate and the basal cells (44, 45). Expression of RON in
NHBE cells and BET-1A cells by FACS analysis and receptor
binding assay suggests that RON is expressed also on the pro-
genitor cells. In addition, the RON protein was immunopre-
cipitated from NHBE cells and cell lines, and MSP induced
autophosphorylation of RON -chain in these cells. Our spec-
ulation is that both the intermediate and the basal cells in vivo
may express RON at the detectable level by FACS analysis,
and during the course of differentiation of the cells in vivo, ex-
pression of RON may upregulate or accumulate at the apical
surface on the ciliated epithelium at the detectable level by im-
munohistochemistry. Thus, these findings suggest that RON
can be activated by MSP and transduces signals in bronchial
epithelial cells.

In the case of the HGF-HGF receptor system, the HGF re-
ceptor is expressed at the basolateral but not the apical cell
membrane of epithelia lining the lumen in several organs,
while HGF is expressed in the surrounding mesenchyme (27,
39), suggesting a paracrine mode of HGF action. On the other
hand, MSP is mainly produced by hepatocytes (15, 17, 19).
MSP is not expressed in the lung (data not shown), and is pre-
sumed to be derived from the circulation. We found that
BALF from healthy volunteers contains MSP at concentra-
tions of 1.3-5.8 ng/ml. Because we detected diluted MSP in
BALF, the absolute concentration of MSP in the bronchoalve-
olar space should be higher. This finding suggests that MSP is
supplied to the bronchoalveolar space from the circulation in
concentrations high enough to be biologically significant and
that MSP binds to and activates RON at the apical surface of
ciliated epithelium in vivo.

The expression of RON on the apical cell membrane of cil-
iated epithelia and the possible interaction of MSP with RON
on their apical cell surface in vivo suggest that RON is in-
volved in the control of functions specific to ciliated epithe-
lium, especially in ciliary functions. In fact, MSP significantly
increased CBF of human nasal cilia in vitro. The stimulatory
effect of MSP on ciliary motility was comparable to that of in-
flammatory mediators and neuropeptides previously reported,
namely, leukotriene-C, (maximum increase in CBF, 33%),
leukotriene-D, (16%), prostaglandin E,; (13%), and neuroki-
nin A (15%) (46). To date, however, no evidence of direct hor-
monal control of ciliary motility has been demonstrated (47).
Thus, it seems reasonable to conclude that MSP is the first se-
rum protein with an ability to stimulate ciliary motility. Al-
though highly purified recombinant MSP, as judged from SDS-
PAGE and HPLC analyses, was used in the present work, we
cannot exclude the possibility that another factor may exist in
our MSP solution that affects CBF because at present we can-
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not obtain any antagonists of the MSP-RON signaling path-
way to examine this possibility.

Cilia are a major component of the mucociliary transport
system. The primary function of cilia is to move fluid over the
surface of epithelial cells or to propel single cells through a
fluid. On the epithelial cells lining the human respiratory tract,
huge numbers of cilia sweep layers of mucus. Cilia also help to
sweep eggs along the oviduct, and a closely related structure,
the flagellum, propels sperm. Ciliary dysfunction causes sev-
eral conditions such as chronic respiratory tract infections and
sterility in individuals with primary ciliary dyskinesia (48-50).
Therefore, ciliary motility plays an essential role in both host
defense and fertilization.

The structural components of cilia and flagella have been
well characterized and are conserved among ciliated epithelia
and the sperm tail, and intracellular Ca?* concentration or
cAMP-stimulated phosphorylation has been implicated in the
regulation of ciliary motility (51-53). However, no intrinsic
factor that regulates ciliary motility in vivo has been elucidated
so far (47). Our findings establish that the MSP-RON signal-
ing pathway functions as one regulatory system of ciliary mo-
tility. Furthermore, we have found in rats that MSP mRNA is
expressed in the epithelium of epididymis and RON mRNA is
expressed in sperm, suggesting that locally produced MSP may
be involved in sperm motility (54). Dey et al. showed that acti-
vation of Ciona sperm motility are inhibited by a tyrosine ki-
nase inhibitor (55). Taken together, these findings suggest that
tyrosine kinase may play an important role in sperm motility.
How activation of RON by MSP stimulates motility of cilia as
well as peritoneal macrophages and osteoclasts is currently un-
der investigation.

In conclusion, we showed that the MSP-RON signaling
pathway is a novel regulatory system of ciliary motility. This
pathway may function as a universal regulator of mucociliary
transport.
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