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Hyaluronan (HA) is synthesized in high-molecular-weight form at
the apical pole of airway epithelial cells, covering the luminal sur-
face. When human airway epithelial cells grown and redifferenti-
ated at the air-liquid interface (ALI) were exposed to xanthine/
xanthine oxidase (X/XO0), ciliary beat frequency (CBF) increased.
This effect was blocked by superoxide dismutase (SOD) and cata-
lase. Inhibition of hyaluronan synthesis inhibited the CBF response
to X/XO, while addition of exogenous HA amplified it. A functionally
blocking antibody to the receptor for hyaluronic acid-mediated
motility (RHAMM) reduced the CBF response to X/XO. Since
RHAMM has no transmembrane domain and thus cannot signal on
its own, the association of RHAMM with recepteur d’origine nantais
(RON), a member of the hepatocyte growth factor receptor family,
was explored. Immunohistochemistry of human airway epithelium
showed co-localization of RHAMM and RON at the apex of ciliated
cells. Physical association of RHAMM and RON was confirmed with
co-immunoprecipitations. Macrophage-stimulating protein (MSP),
an agonist of RON, stimulated CBF. Genistein, a nonspecific tyrosine
kinase inhibitor, and MSP B chain (B-MSP), a specific RON inhibitor,
blocked the X/XO-induced CBF increase. HA present in the apical
secretions of human airway epithelial cells was shown to degrade
upon exposure to X/XO, a process inhibited by SOD. Low-molecular-
weight HA fragments stimulated CBF, an effect blocked by anti-
RHAMM antibody and genistein. These data suggest that high mo-
lecular form HA is broken down by reactive oxygen species to form
low-molecular-weight fragments that signal via RHAMM and RON
to stimulate CBF.
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Effective mucociliary clearance depends on adequate ciliary ac-
tivity. In vivo, ciliary beat frequency (CBF) is regulated by the
paracrine action of ATP (e.g., 1) and by hyaluronan (HA), a
glycosaminoglycan present at the apex of the airway epithelium.
HA, a nonsulfated polysaccharide of repeating disaccharide sub-
units of glucuronic acid and N-acetyl glucosamine linked by 81,4
and B1,3 glycosidic bonds, is synthesized as a high-molecular-
weight molecule by three hyaluronan synthase (HAS) isoforms
(2). In the airways, HA is made by airway submucosal gland
cells and cells of the superficial epithelium (3, 4). Thus, it is a
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CLINICAL RELEVANCE

This study provides new information on reactive oxygen
species modulation of ciliary beat frequency via hyaluronan
degradation and signaling by receptor for hyaluronic acid—
mediated motility and recepteur d’origine nantais. Thus
this research may provide information about mucociliary
changes during airway inflammation.

component of normal airway secretions (3, 5) and present on
the airway surface (6).

A growing number of papers report that HA participates in
signaling pathways critical for multiple cell functions. However,
the molecular size is an important determinant for its biological
activity (for review see Ref. 7). Hyaluronan < 300 kD stimulates
cell proliferation and initiates signaling cascades involving in-
flammation (8, 9). The same molecular size of hyaluronan stimu-
lates sperm motility (10, 11) and, as shown by us, CBF (6, 12).
On the other hand, HA (> 1,000 kD) inhibits cell proliferation
(13) and has been reported to have no effect on CBF (14). We
have also shown that lower-molecular-weight HA stimulates
ovine CBF via the receptor for hyaluronic acid mediated motility
(RHAMM) or CD168 (6).

Since HA is synthesized in the airway in high-molecular-
weight form, it can only signal via RHAMM after being degraded
in situ. We have shown that the average HA size decreases
after oxidative stress induced by allergen challenge in the airway
lumen (15). In fact, reactive oxygen species (ROS) are potent
inducers of HA depolymerization to yield smaller-sized mole-
cules (17, 18). Thus, ROS could play a role in activating CBF
via HA degradation during airway insults.

Multiple publications show that RHAMM is able to initiate
signaling (for review see Ref. 19); however, since RHAMM does
not have a transmembrane domain, the mechanisms by which
signaling is achieved are poorly understood. It has been sug-
gested that extracellular RHAMM associates with growth factor
receptors such as platelet-derived growth factor receptor
(PDGFR) and modifies extracellular signal-regulated kinase
(ERK) signaling (20-24). ERK signaling has not been reported
to modulate CBF, and most growth factor receptors in the airway
are reportedly expressed at the basolateral aspect of airway epithe-
lial cells. There is one exception, however: recepteur d’origine
nantais (RON), a member of the hepatocyte growth factor receptor
family and a specific receptor for macrophage-stimulating protein
(MSP), has been clearly shown to be expressed at the apical
membrane and to modulate CBF (25). We therefore examined
whether RHAMM and RON are involved in HA-mediated CBF
regulation using human airway epithelial cells grown and re-
differentiated at the ALI.
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MATERIALS AND METHODS

Materials

All media and Hank’s balanced salt solution (HBSS) were purchased
from Gibco, Life Technologies (Grand Island, NY). MSP and MSP B-
chain (B-MSP) were obtained from R&D Systems, Inc. (Minneapolis,
MN). Functionally blocking anti-RHAMM antibody (R36) has been
characterized before (26). The other primary antibodies were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Secondary
antibodies were obtained from Invitrogen—Molecular Probes (Carlsbad,
CA). HA 4 ners fragments were a generous gift from Dr. Anthony Day
(Manchester, UK). Unless stated otherwise, all other materials were
obtained from Sigma Chemical Company (St. Louis, MO).

Cell Culture

Human lungs were obtained from organ donors through the Life Alli-
ance Organ Recovery Agency of the University of Miami, according
to protocols approved by the local Institutional Review Board. Airway
epithelial cells were isolated and frozen without expansion as described
previously (27-29). For all air-liquid interface (ALI) cultures, cells
were thawed, grown to confluence in a nondifferentiated state, and
then trypsinized and plated onto collagen IV—coated, 24-mm Transwell-
clear culture inserts as passage 1 cells (Corning Costar Corporation,
Cambridge, MA) at a density of 5 X 10° cells/cm? in ALI media (30).
After reaching confluence, the apical surface of the cells was exposed
to air and used for experiments after full differentiation (about 4 wk).
All n refer to the total number of cells studied, and all studies included
cells from at least two ALI cultures from at least two different donors
unless stated otherwise. All comparisons were made with date- and
culture-matched cells.

Measurement of CBF and Intracellular Calcium

Cells were apically washed with PBS and placed into a special perfusion
chamber allowing independent basolateral and apical perfusions. Apical
and basolateral solutions were 10 mM Hepes-buffered HBSS pH 7.4
(referred to as HBSS). The cells were allowed to equilibrate at room
temperature for at least 20 min before use.

Measurement of CBF was accomplished by mounting the cells onto
the stage of a Nikon Eclipse E600FN upright microscope using a 60X
water-immersion lens. Cells were apically perfused at 150-200 wl/min.
Stopping or starting perfusion at these rates neither changed intracellu-
lar calcium nor CBF as previously reported (1, 31). Cells were imaged
using infrared differential interference contrast (DIC) optics. The light
path was directed to a Sony XC-7500 CCD camera acquiring images
at 60 Hz, and light intensity changes due to ciliary activity were recorded
and analyzed as described using our own custom-made software provid-
ing a minimal frequency resolution of 0.23 Hz and time resolution of
~ 35 (32). For a few experiments, intracellular calcium was measured
using fura-2 as described before (1).

Experimental Protocols

To evaluate the effect of superoxide generation by xanthine/xanthine
oxidase (X/XO) on CBF, xanthine 0.3 mM was included in the apical
perfusate at all times. At the time of stimulation, either 10 wl of HBSS
(control) or 10 pl of HBBS containing 100 mU/ml xanthine oxidase
(treated samples) was manually added to the apical surface to allow
immediate production of superoxide in situ, and apical perfusion was
stopped for 5 min to not flush X/XO out of the system immediately.
Special care was taken to avoid mechanical stimuli when adding XO
(10 1) near the corner of the chamber. Addition of HBSS alone under
these conditions did not affect CBF (controls).

To evaluate the effect of oxidant scavengers on X/XO-mediated
changes in CBF, catalase (800 U/ml), SOD (675 U/ml) or both were
added to the xanthine-containing apical HBSS perfusate.

To inhibit HA production, 1 mM 4-methylumbelliferone (4-MU),
an inhibitor of HA synthesis, was added to the basolateral media for
48 h. This dose was found to reduce new synthesis of HA by 83% in
keratinocytes (33). Brief apical washes with this agent dissolved in 500 pl
of PBS, pH 7.4, were performed together with media changes at 24
and 48 h. Matched controls (without 4-MU) were sham-manipulated
with PBS alone. Apical washes from treated and control cells were
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collected for measurement of HA concentrations at 48 h by an ELISA-
like, competitive assay using biotinylated HA-binding protein (34) as
previously described by us (35). To evaluate the effect of exogenous HA
addition on the CBF responses to X/XO, hyaluronan from Streptococcus
zooepidemicus (100 pg/ml, final concentration) was added to the apical,
xanthine-containing perfusate.

To evaluate involvement of RHAMM in the CBF response to
X/XO, functionally blocking anti-RHAMM antibody (26) or control
rabbit IgG (both at 25 pg/ml, final concentration) were applied apically
for 30 min at 37°C before the experiment and included in the apical
perfusate as described before (6).

To evaluate involvement of RON in the CBF response to X/XO,
either the nonspecific tyrosine kinase inhibitor genistein (50 uM) or
the specific RON inhibitor B-MSP (2-5 pg/ml) was included in the
apical perfusate. Pre-incubation with these inhibitors lasted at least 15
min before XO was added.

Finally, the effect of HA 4 s on CBF was evaluated. HA 4 5 at a
final concentration of 100 wg/ml were added to the apical perfusate
(without xanthine). The inhibitory effect of 50 uM genistein and 25 pg/
ml blocking anti-RHAMM antibody was evaluated on CBF responses to
HA 4 ners by pre-incubating the cells for at least 10 min before adding
HA14 mers*

HA Degradation by ROS

To confirm that X/XO caused HA degradation under the used experi-
mental conditions, airway epithelial cultures were treated with X/XO
(0.3 mM/100 mU/ml) for 3 or 30 min or for 30 min in the presence of
SOD (1,000 U/ml) and analyzed by fluorophore-assisted carbohydrate
electrophoresis (FACE) as described before by Calabro and coworkers
(36) and modified by us (35). Apical supernatants were collected and
digested with proteinase K (125 pg/ml, 2 h at 60°C). After inactivation
of the enzyme, digested samples were precipitated with 85% ethanol,
and pellets were re-suspended in 0.1 M ammonium acetate, pH 7.5,
and incubated overnight at 37 °C with 20 mU of chondroitinase ABC
(MP Biomedicals, Solon, OH) at pH 7.5 (where hyaluronidase activity
is negligible), S mU of keratanase (Saikagaku, Associates of Cape Code,
East Falmouth, MA) and 5 mU of endo-galactosidase (Saikagaku).
Hyaluronidase was omitted in order to be able to detect ROS-induced
appearance of small hyaluronan fragments (35). Digested samples were
ethanol-precipitated, washed, dried, derivatized with 2-aminoacridone
(AMAC; Invitrogen), and run in MONO (Prozyme, San Leandro, CA)
composition gels with MONO gel running buffer. After precipitation,
glycosaminoglycan disaccharides (e.g., chondroitin sulfate or keratan
sulfate) were expected to remain in the supernatant (35). Thus, only
ethanol-precipitated HA fragments were available for derivatization
with AMAC. Gels were photographed under 302 nm ultraviolet light
using a ChemiDoc XRS imaging system and Quantity One analysis
software (both from Bio-Rad, Hercules, CA).

To confirm changes in HA molecular weight distribution, samples
were digested with proteinase K, ethanol precipitated, and electropho-
resed on 0.65% SeaKem agarose (Cambrex, Rockland, ME) according
to the method of Lee and Cowman (37). After transfer to a Biodyne
B nylon membrane (Pall Gelman Laboratory, Ann Arbor, MI) samples
were probed with b-HABP as described before (35).

Immunoprecipitation and Western Blot Analyses

Cell cultures were lysed at 4°C with 20 mM sodium phosphate, 150
mM NaCl, 5mM EDTA, 50 mM HEPES, 1% Triton X-100, 50 mM NaF,
1 mM sodium orthovanadate, 5 mM phenylmethylsulfonyl fluoride,
10 pg/ml leupeptin, and 10 pg/ml aprotinin at pH 7.8 (lysis buffer) for
5 min. Lysed cells were centrifuged at 16,000 X g for 5 min at 4°C to
remove insoluble material. Equal amounts of total protein were taken
in duplicate and immunoprecipitated with either rabbit anti-RON -chain
(2 pg/mg protein) or goat anti-RHAMM E19 (2 pwg/mg protein). The
samples were agitated at 4°C for 2 h. Protein A/G Plus-agarose (Santa
Cruz Biotechnology) was added per manufacturer’s instructions. After
addition, samples were agitated for one additional hour.

For Western blotting, immunoprecipitates were recovered by cen-
trifugation, washed with cold lysis buffer, and proteins eluted with SDS
sample buffer and separated via SDS-PAGE. Proteins were electrically
transferred to PVDF Immobilon-P membranes (Millipore, Bedford,
MA). Membranes were blocked for 1 h at room temperature with 4%
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nonfat milk diluted in 0.05% Tween-20, 50 mM Tris-HCI, 150 mM
NaCl, pH 7.4. Membranes were incubated overnight at 4°C with goat
anti-RHAMM E19 antibody (2 pg/ml) and developed with horseradish
peroxidase (HRP)-conjugated rabbit-anti-goat antibodies. Blotting was
visualized using LumiGLO, a chemiluminescent substrate (KPL, Gaith-
ersburg, MD). Membranes were stripped using Restore Western Blot
Stripping buffer (Pierce, Rockford, IL) according to the manufacturer’s
instructions, and rabbit anti-RON B-chain antibody (2 pg/ml) was used
for blotting using the same conditions described with the anti-RHAMM
antibody except that this time, HRP-conjugated goat-anti rabbit antibody
was used.

Immunohistochemistry and Immunocytochemistry

Human tracheal sections obtained from organ donors were fixed with
paraformaldehyde and processed according to standard procedures for
immunohistochemistry. Paraffin-embedded sections were hydrated, in-
cubated in 2 mM EDTA, pH 8.0, for 15 min at 100°C for antigen
retrieval and treated with Image-iTTM FX (Invitrogen) following the
manufacturer’s instructions. ALI cultures were fixed with 4% paraform-
aldehyde and permeabilized with Triton X-100.

For both ALI cultures and tracheal sections, primary antibodies
were used at the following concentrations: 4 pg/ml rabbit anti-RON
B-chain, 4 pg/ml goat anti-RHAMM E19, and 10 pg/ml mouse anti-
acetylated a-tubulin. Visualization was achieved using Alexa 555-
labeled anti-rabbit IgG (2 pg/ml), Alexa 488-labeled anti-goat I1gG
(2 pg/ml), and Alexa 647-labeled anti-mouse IgG (1 pg/ml). Either
rabbit or goat nonimmune IgG was used to prepare the negative control
for RON B-chain and RHAMM antibodies, respectively. Nuclei were
visualized with 4'6-diamidine-2-phenylindole (DAPI; Invitrogen—
Molecular Probes). Samples were mounted on slides with gel/mount
(Biomeda, Foster City, CA). Images were captured with a confocal
laser-scanning microscope (Zeiss LSM, Thornwood, NY).

Statistics

CBF responses were compared between X/XO-challenged cultures and
date and culture-matched controls. Statistical analysis was performed
using JMP software from SAS Institute, Inc. (Cary, NC). Two groups
were compared using Student’s unpaired ¢ test; one-way analysis of
variance was used to compare more than two groups. A P < 0.05 was
considered significant. If a significant difference was found by one-way
analysis of variance, a group-by-group comparison was done using the
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Tukey-Kramer honestly significant difference test. Data were expressed
as mean = SEM.

RESULTS

Effect of X/XO on CBF

Ciliated cells grown at the ALI and apically perfused with xan-
thine (0.3 mM) responded to the addition of XO (100 U/ml)
with an increase in CBF to a maximum of 18.8 = 7.4% (n = 8)
above a baseline of 5.3 = 0.6 Hz (P < 0.05; n = 8; Figure 1E;
cells from four donors responded, while cells from one other
donor did not and were therefore not included in the analysis).
Control cells solely exposed to buffer did not change CBF (0.3
+ 2.1% above baseline; P > 0.05; n = 7). These results were
similar to studies by Yoshitsugu and colleagues (38), who found a
transient CBF increase upon X/XO exposure of human maxillary
sinus mucosa. In our ALI system, the initial CBF response to
X/XO, if present, coincided with a [Ca®"]; increase (Figures 1A
and 1F, and Ref. 39), while prolonged CBF increases were depen-
dent on HA (see below).

Effect of Oxidant Scavengers on CBF Response to X/XO

Initial experiments using catalase at 200 U/ml and SOD at
300 U/ml showed that these concentrations were insufficient to
inhibit the CBF increase upon X/XO exposure, even though use
of these scavengers at these concentrations delayed the response
(data not shown). Thus, higher concentrations of the enzymes
were used in an effort to inhibit the X/XO effects on CBF.
Perfusion with catalase at 800 U/ml, SOD at 675 U/ml, or both
inhibited the CBF increase in response to X/XO but did not
affect CBF baseline before X/XO stimulation (Figures 1B-1E).
These data suggest that superoxide is involved in the CBF re-
sponse to X/XO.

Effect of HA Removal or Addition on CBF Increases in Response
to X/XO

To evaluate the role of HA on X/XO-induced CBF responses,
cell cultures were treated with 4-MU for 48 h. 4-MU has been

Figure 1. (A-E) Effects of
xanthine (0.3 mM) and
xanthine oxidase (100 mU/

a F 1.00 XIXO ml) on CBF in the presence
2 of SOD (675 U/ml) and/or
© 096 catalase (800 U/ml). Vertical
§ 0.92 arrows .represent the. time
S of addition of XO; horizontal
& 0.88 black line represents dura-

tion (5 min) of stopping api-
cal perfusion upon XO ad-
dition. Gray arrows indicate
presence of catalase and/or
SOD. (E) Quantitative anal-
ysis (all n = 8). Letters show
levels that are significantly
different (ANOVA and Tukey-
Kramer): different groups are
labeled with different letters
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S @ tion of changes in [Ca?"];: X/

XO causes an initial transient
[Ca?*]; increase (shown are
two cells).
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shown to inhibit HA synthesis in other mammalian cells (33, 40,
41). It has been proposed that 4-MU glucuronidation by
endogenous UDP-glucuronyltransferases leads to UDP-glucuronic
acid starvation and hyaluronan-synthesis inhibition (42). In our
ALI cultures, apical HA recovered by PBS washes was 31.5 =
4.9 ng/ml from cultures treated with 4-MU for 48 h, while the
recovery from control cultures was 219.7 = 18.5 ng/ml (each
n = 3, P < 0.05). Physiologically, the CBF response to X/XO
also was significantly lower in 4-MU-treated cultures than in date
and culture-matched, untreated controls (each n = 8; Figures 2A,
2B, and 2D), indicating that HA is required for the prolonged
CBEF response to X/XO. Additional cultures were perfused with
exogenous high molecular weight S. zooepidemicus HA (100 pg/
ml) and exposed to X/XO as described above. Perfusion with
this exogenous high-molecular-weight HA and xanthine alone
for 5 min before XO addition did not influence baseline CBF
(data not shown). However, inclusion of HA potentiated the
CBF response to X/XO significantly, suggesting that oxidant-
induced HA degradation provided smaller fragments that stimu-
lated CBF (n = 8; Figures 2C and 2E). Furthermore, the CBF
increase lasted significantly longer than in control cells in four
out of eight cells treated. Therefore, addition or depletion of
HA modulates the response to X/XO.
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Figure 2. Effect of excess or
decreased amounts of HA on
CBF increase in response to X/
XO. (A, B) Hyaluronan synthe-
sis was inhibited by 4-MU for
48 h. Representative traces of
control (A) and 4-MU-treated
cells (B) upon exposure to X/
XO (vertical arrow). The line
indicates the time of stopp-
ing apical perfusion. (C) Exoge-
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Effect of Functionally Blocking Anti-RHAMM Antibody on the
CBF Response to X/XO

We previously showed that HA-stimulated ovine CBF responses
occur via RHAMM (6), an HA receptor that also is expressed
at the apex of human airway epithelial cells and ALI cultures
(see below). When human cells cultured at the ALI were pre-
incubated with a functionally blocking anti-RHAMM antibody
(26), baseline CBF did not change (n = 4). However, these anti-
bodies significantly reduced the highest CBF response within
5 min (maximal) and CBF at 5 min after exposure to X/XO was
reduced compared with control cultures pre-incubated with a
nonspecific IgG (Figures 3A-3C). Blocking RHAMM caused
the CBF response to X/XO to decrease below baseline after an
initial short increase, when compared with rabbit IgG treatment
(Figure 3). These data therefore suggest that maximal and pro-
longed X/XO-mediated CBF increases are due to HA break-
down products binding to and signaling through RHAMM.

Involvement of RON in the CBF Response to X/XO

RHAMM does not have a trans-membrane domain, and the man-
ner in which RHAMM signals is poorly understood. Cooperation
with growth factor receptors has been implicated. Since RON,

Figure 3. Effect of functionally blocking
RHAMM antibody on CBF response to X/XO.
Cells were incubated for 30 min at 37°C with
rabbit IgG (25 wg/ml) or RHAMM antibody
(25 pg/ml). Representative responses to X/XO
are shown in the presence of control IgG (A)
oranti-RHAMM Ab (B). Vertical arrow and black
lines used as in other figures. Gray arrows indi-
cate presence of IgG/RHAMM antibodies (C)
Quantitative analysis of maximal CBF increase
and CBF increase at 5 min after X/XO (n = 4
in each group). Letters show levels that are
significantly different (ANOVA and Tukey-
Kramer): different groups are labeled with dif-
ferent letters while identical groups are labeled
with the same letter.
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Figure 4. Expression of RON and
RHAMM at the apical mem-
brane of human airway epithe-
lia. (A-I) Tracheal section: (A)
Merged image shows all
channels including anti-RON
B-chain (secondary with Alexa
555, pseudocolored red), anti-
RHAMM (E19; secondary with
Alexa 488; pseudocolored green),
and acetylated a-tubulin anti-
body (secondary with Alexa
647, pseudocolored white).
Nucleilabeled with DAPI (pseu-
docolored blue). Bar = 20 pm.
(Band C) DIC images with ace-

tylated a-tubulin and DAPI
staining, (D and E) RON B-chain
staining; (F and G) RHAMM
staining; (H and /) show both

RON B-chain and RHAMM stain-

ing. (£, G, and /) Images from non-immune controls for RON and RHAMM antibodies. (H) Co-localization of RHAMM and RON at the apex. Bar
= 20 wm. (K-M) Apical confocal section through an ALl culture stained for RON B-chain (pseudocolored red), RHAMM (pseudocolored green),
and a merged image showing co-localization at the apex. Bar = 10 pm. (N) Cartoon indicating the level of the confocal section taken from an

ALI culture for images K-M.

a hepatocyte growth factor receptor family member, is the only
growth factor receptor known to be expressed apically in airway
epithelial cells (25), the role of RON in X/XO-mediated CBF
modulation by hyaluronan was examined.

Expression of RON and RHAMM was confirmed in epithelial
cells of human tracheal sections (Figure 4), where RON and
RHAMM co-localized apically (Figures 4A and 4H). Immunocy-
tochemistry performed in ALI cell cultures also demonstrated
expression and co-localization of RHAMM and RON at the
apex (Figures 4K—4M). Cultures from three different donors
were examined and revealed the same result.

To examine a physical interaction between RHAMM and
RON, co-immunoprecipitation experiments were executed. As
shown in Figure 5, immunoprecipitation of cell lysates with a
RON antibody co-precipitated RHAMM. The RHAMM immu-
nopositive band was seen at 95 kD. Although less efficient, immu-
noprecipitation with RHAMM antibody also recovered RON in
the precipitate. The same results were obtained in three indepen-
dent experiments using cells from different donors. Put together,
these results indicate not only that both proteins are in a position
to interact with each other but also that a fraction of RON and
RHAMM interact so that they can be immunoprecipitated.

Next, the influence of the natural activator of RON, macro-
phage stimulating protein (MSP), on ciliary activity was con-

RHAMM Antibody RON Antibody

RON IP RHAMM IP RON IP RHAMM IP
s s SR
2B | =S

Figure 5. Immunoprecipitation of ALI cell culture extracts shows RON/
RHAMM interaction. Left panel: RHAMM (95 kD) is detected by Western
afterimmunoprecipitation (IP) with RON or RHAMM antibodies (higher-
molecular-weight band is nonspecific). Right panel: RON (150-kD B-
chain) is detected by Western after IP with RON or RHAMM antibodies.
The level of RON and RHAMM after RHAMM [P cannot be compared
due to different exposure times of chemiluminescence (duplicate lanes).

firmed as previously shown (25): cilia in ALI cultures also re-
sponded to MSP in a concentration-dependent manner (Figure 6).

In order to examine the role of RON in X/XO-mediated CBF
modulation by HA, a specific RON inhibitor, 3-MSP, was used.
B-MSP binds to RON but prevents activation (43). 3-MSP (5
pg/ml) inhibited the calcium-independent, prolonged CBF in-
crease in response to X/XO (n = 4; Figure 7). The same was
true for the general tyrosine kinase inhibitor genistein (50 wM;
n = 4; Figure 7). In the presence of both inhibitors, X/XO
significantly decreased CBF below original baseline, consistent
with previous data in the literature reporting a decrease in CBF
to ROS if apical HA was absent due to extensive washing or
use of detached cells (e.g., 44-46). These data suggest that RON
plays an active role in the calcium-independent, prolonged CBF
increase in response to X/XO.

Degradation of Apical Hyaluronan by X/XO

To confirm that the X/XO response involves HA breakdown,
we studied the effect of X/XO on the apical HA size in ALI
cultures using FACE. By the appropriate use of enzymes and
ethanol precipitation, only HA fragments remain in the sample
to react with the fluorescent marker, allowing sensitive detection
of HA degradation products (Figure 8). Consistent with the CBF
data, increased amounts of HA fragments were detected within
3 min of X/XO exposure. Degradation was inhibited by SOD.
A similar approach to demonstrate the degradation of HA has
been used before by our group (35). Parallel experiments using
biotinylated HA binding protein to detect HA also indicated
changes in HA molecular weight distribution that are inhibited
by SOD (data no shown).

Effect of Low-Molecular-Weight HA on CBF

Once it was shown that HA degradation occurred under the
conditions of our experiments, we used HA .., (corresponding
to 7 disaccharides repeats with a mass of 2,673 Da) to evaluate
if low-molecular-weight HA could mediate the effect of oxida-
tive HA degradation on CBF. The size of HA 4 .., is large enough
to interact with most of the known HA-binding proteins (re-
quires at least 6 mers), and the molecular weight is within the
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range that has been associated with signaling (7). Also, viscosity
of the sample is low enough to allow addition with a final con-
centration of 100 pg/ml in conditions similar to the X/XO
experiments.

In control experiments using 100 pwg/ml umbilical cord hyalur-
onan with a molecular size over 500 kD, CBF did not change
significantly: perfusion with umbilical cord HA did not increase
CBEF significantly above buffer perfusion alone (CBF increase
of 5.6 = 2.1% above a baseline of 7.2 = 0.2 Hz for umbilical
cord HA, n = 20, versus 3.0 = 2.3% above a baseline of 7.2 =
0.2 Hz for buffer, n = 18; P > 0.05). On the other hand, HA 4 e
stimulated CBF in four of six cells tested (one in each of two
ALI cultures) by 26 * 2.6% above baseline when all cells were
included in the analysis or by 34.8 = 2.8% if only the four
responding cells were included (Figure 9). The percentage of
cells responding to hyaluronan corresponds to our previous ex-
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Figure 6. Effect of human recombi-
nant MSP on CBF. (A) Representative
CBF trace upon apical stimulation with
100 ng/ml MSP. Arrow and line used
as in previous figures. (B) Analysis of
maximal CBF increase at two different
MSP concentrations (each n = 4). Let-
ters show levels that are significantly
different (ANOVA and Tukey-Kramer):
different groups are labeled with dif-
ferent letters, while identical groups
are labeled with the same letter. (C)
Analysis of maximal CBF increase and
increase at 5 min in the presence of
100 ng/ml MSP (solid bars) versus con-
trols not exposed to MSP (open bars);
n = 4 in each group, *P < 0.05 com-
pared with control.
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perience (6, 12). The CBF responses to HA s Were usually
delayed, possibly due to the lack of an initial Ca’* transient
likely caused by ROS and not HA. Genistein (50 pM) inhibited
the CBF response to HA e as did 25 pg/ml functionally
blocking anti-RHAMM antibody (Figure 9). These data suggest
that HA binds to RHAMM to activate a tyrosine kinase, most
likely RON, that mediates the changes in CBF (Figure 10).

DISCUSSION

Previous work in our laboratory demonstrated that submerged
cultures from ovine epithelial cells respond to HA with an in-
crease in CBF that is mediated by RHAMM (6). The present
work examined the possibility that HA degradation and signaling
could act as a stimulus for CBF in human airway epithelial
cells cultured at the ALI. We used xanthine/xanthine oxidase

D
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Figure 7. Effect of genistein and the functionally blocking B-MSP on CBF in response to X/XO. (A) Control cells exposed to X/XO as described.
Arrows and lines used as in previous figures. (B) Cultures exposed to X/XO in the presence of 50 uM genistein or (C) 5 wg/ml B-MSP. (D) Analysis
of maximal and sustained CBF increases (5 min); n = 4 in each group. Open bar, control; shaded bar, genistein; solid bar, 3-MSP. Letters show
levels that are significantly different (ANOVA and Tukey-Kramer): different groups are labeled with different letters, while identical groups are

labeled with the same letter.
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Figure 8. Time course of HA degradation upon apical exposure to X/
XO in ALl cultures. A small amount of depolymerized HA (here seemingly
running at ~ 15,000-20,000 Da) is seen in the control lane, but the
amount increased within the first 3 min of X/XO exposure (image
representative of three separate experiments). Treatment with superox-
ide dismutase partially prevented X/XO-induced HA degradation. Note:
Correct identification of the HA fragment size is complicated by the
reported anomalous behavior of small HA fragments on these gels and
the potential effect of the chemical changes induced by oxidation.

(X/XO0) as the source of ROS because previous work had indi-
cated that X/XO was able to stimulate CBF in sinus mucosal
tissues that was likely also covered with HA (38).

X/XO produces superoxide and derived free radicals. Super-
oxide spontaneously dismutates to hydrogen peroxide, but also
is able to react with nitric oxide to form peroxynitrite. In the
presence of metals such as iron and copper, hydrogen peroxide
produced by spontaneous superoxide dismutation can convert
to hydroxyl radicals, and this reaction is accelerated by the pres-
ence of superoxide. Which radical is responsible for the observed
changes in CBF is difficult to decipher, as the large concentra-
tions of catalase and SOD needed to inhibit the CBF response
prevents distinction between superoxide and hydroxyl radicals.
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For the data presented here, however, this issue is not critical,
as the results show that the signaling initiated by these radicals
include both an increase in [Ca?*]; and signaling via degradation
products of HA. In this context, H,O, is unlikely a significant
contributor as H,0, at the expected concentrations neither
causes HA degradation (47) nor [Ca*"]; increases in bovine air-
way epithelia (39).

Increases in [Ca*"]; are well known to stimulate CBF (e.g.,
32, 48). Consistent with our findings, X/XO has been found to
increase [Ca*"];, an effect blocked by antioxidants (39, 49, 50).
In bovine tracheal epithelia, hypoxanthine/XO increased [Ca*"];
within 3 min, an effect proportional to the XO concentration
used (39). These findings are consistent with our results showing
that X/XO initially increases [Ca’*];, temporally related with the
initial CBF increase in human airway epithelial cells (Figure 1).
However, transient [Ca’"]; increases did not explain the pro-
longed CBF increase observed upon X/XO exposure.

The presence of HA at the apex of polarized airway epithelial
cells clearly modifies the CBF response to ROS. As shown here,
high-molecular-weight HA, produced by airway epithelial cells,
is not able to modify CBF. When cells were exposed to ROS in
the presence of excess high-molecular-weight HA, however, the
CBF response to X/XO was potentiated. On the other hand,
CBF responses to X/XO were diminished after suppression of
HA synthesis by 4-MU (Figure 2B). These data suggest that
HA breakdown products were involved in modulating CBF. In
support of this hypothesis, degradation of HA occurs in the cells
as early as 3 min after X/XO addition, as shown by FACE.

It is known that the size of HA is critical for its biological
activity. HA < 300 kD has been demonstrated to stimulate cell
proliferation and to initiate signaling cascades involving in-
flammation (8, 9). The same molecular size of HA has been
shown to stimulate sperm motility (10, 11) and CBF as shown
here and by us before (6, 12). On the other hand, higher-molecular-
weight HA (> 1,000 kD) inhibits cell proliferation (13) and has
no effect on CBF (14).

High concentrations of radicals have been reported to de-
crease CBF (e.g., 44-46). Even at more physiological concentra-
tions (= 10 pM), hydrogen peroxide (H,0,) reduced CBF with-
out having a significant cytotoxic effect (51, 52). Although H,0O,
can degrade HA, this occurs at high concentrations and usually
is not seen when H,0, is applied in biological systems (47).
Furthermore, most of the reported experiments used brushed

Figure 9. CBF responses to HA 4 mers
(100 pg/ml). (A) Quantitative
analysis of maximal CBF response
of cells stimulated by HA4 s in the
presence of control IgG (labeled
HA 14) or functionally blocking
RHAMM antibodies (n = 4 for each
group). (B) Two different cells
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Figure 10. Working model showing the action of ROS on airway epithe-
lial cells mediated by the degradation of HA. The direct action of ROS
on CBF and intracellular calcium is also depicted. Degradation of apical
high-molecular-weight HA by ROS generates fragments that trigger a
signal through RHAMM and RON for a sustained increase of CBF.

cells or tissue culture methods that result in spare cells attached
to support surfaces and a lack of HA. One report, however,
showed that in cultured cell layers that likely contained HA on
their surfaces, exposure to low concentrations of superoxide
radicals actually increased CBF (38).

The CBF response to X/XO was inhibited with functionally
blocking anti-RHAMM antibody. These data implicate RHAMM,
a receptor known to signal upon HA degradation. Hyaluronan
has been shown to increase sperm motility and sperm velocity
in vitro (10, 53), an effect mediated by RHAMM that is expressed
along the sperm tail (54). Despite good evidence of cell surface
localization and multiple publications showing that signaling oc-
curs through RHAMM (for review see Ref. 19), RHAMM sur-
prisingly does not contain an apparent transmembrane domain.
The mechanisms by which this signaling is therefore achieved
are poorly understood. It has been suggested that extracellular
RHAMM associates with growth factor receptors such as PDGFR
and modifies ERK signaling (20-22).

If RHAMM signals through a growth factor receptor to stimu-
late CBF, it is important to know which growth factor receptors
are expressed at the apex of human airway epithelia. Epidermal
growth factor receptor (EGFR) is expressed basolaterally (16).
PDGFR also is expressed (55), but it is not clear that apical
expression occurs. RON, however, is clearly localized to the
apical membrane (25) and stimulation of RON has been pre-
viously shown to increase CBF in vitro (25). Here, we demon-
strate both polarized expression of RON and RHAMM in airway
sections and ALI cultures of human airway epithelial cells, in
agreement with our hypothesis showing co-localization at the
apex. Furthermore, we demonstrate that both receptors interact
as they can be by co-immunoprecipitated using an antibody
against either protein. In addition, we confirmed CBF stimula-
tion with the RON agonist MSP. CBF responses to X/XO were
inhibited not only with the functionally blocking anti-RHAMM
antibody but also with the RON antagonist B-MSP. Further-
more, the tyrosine kinase inhibitor genistein blocked both the
CBF response to X/XO and the CBF response to small hyaluro-
nan fragments. These data therefore suggest that HA degrada-
tion by X/XO stimulates RHAMM and RON and that the com-
bined action stimulates CBF.

In summary, the presented data show that CBF increases
upon exposure of fully differentiated airway epithelial cells to
X/XO both by an initial increase in [Ca**]; and by a signal stemming
from HA breakdown products that signal via RHAMM and
RON, possibly in sequence (Figure 10). However, an additional
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co-signal that stimulates RON cannot be completely excluded.
The details of the RHAMM-RON interaction and the intracellu-
lar signal transduction mechanisms by RON activation to stimu-
late CBF remain to be elucidated.
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