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Receptor for Advanced Glycation End Products (RAGE)
Functions as Receptor for Specific Sulfated
Glycosaminoglycans, and Anti-RAGE Antibody or Sulfated
Glycosaminoglycans Delivered in Vivo Inhibit Pulmonary
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(Bacl(ground: A molecular mechanism of pulmonary metastasis through chondroitin sulfate remains unclear.
Results: Receptor for advanced glycation end products (RAGE) was identified as a receptor for chondroitin sulfate and heparan

Conclusion: RAGE functions as a receptor for metastatic cancer cells.
Significance: This work provides insights into new therapeutic approaches for lung metastasis through RAGE, chondroitin
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Altered expression of chondroitin sulfate (CS) and heparan
sulfate (HS) at the surfaces of tumor cells plays a key role in
malignant transformation and tumor metastasis. Previously we
demonstrated that a Lewis lung carcinoma (LLC)-derived tumor
cell line with high metastatic potential had a higher proportion
of E-disaccharide units, GlcUA-GalNAc(4,6-O-disulfate), in CS
chains than low metastatic LLC cells and that such CS chains are
involved in the metastatic process. The metastasis was markedly
inhibited by the pre-administration of CS-E from squid cartilage
rich in E units or by preincubation with a phage display antibody
specific for CS-E. However, the molecular mechanism of the
inhibition remains to be investigated. In this study the receptor
molecule for CS chains containing E-disaccharides expressed on
LLC cells was revealed to be receptor for advanced glycation end
products (RAGE), which is a member of the immunoglobulin
superfamily predominantly expressed in the lung. Interestingly,
RAGE bound strongly to not only E-disaccharide, but also HS-
expressing LLC cells. Furthermore, the colonization of the lungs
by LLC cells was effectively inhibited by the blocking of CS or HS
chains at the tumor cell surface with an anti-RAGE antibody
through intravenous injections in a dose-dependent manner.
These results provide the clear evidence that RAGE is at least
one of the critical receptors for CS and HS chains expressed at
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the tumor cell surface and involved in experimental lung metas-
tasis and that CS/HS and RAGE are potential molecular targets
in the treatment of pulmonary metastasis.

Chondroitin sulfate (CS)? and heparan sulfate (HS) are sul-
fated glycosaminoglycans (GAGs) that are covalently attached
to core proteins to form proteoglycans (CS- and HS-PGs,
respectively). They are ubiquitous in extracellular matrices and
at cell surfaces in various tissues. CS/HS-PGs regulate various
physiological events such as cytokinesis, morphogenesis, viral
and bacterial infections, tumor growth, and tumor metastasis
(1-7).

PGs with HS side chains play important roles in tumor pro-
liferation, metastasis, invasion, adhesion, and angiogenesis (1,
2). The production of syndecans, a class of cell-surface-bound
HS-PGs, is up-regulated in a range of malignancies, including
pancreatic, gastric, and breast hepatocellular carcinomas and
malignant mesotheliomas (8). Syndecans bind to fibronectin
and laminin and enhance the function of 81 integrins during
cell spreading on a matrix (9). Increasing evidence suggests that
CS-PGs are also related to metastatic potential in addition to
HS-PGs (10-12). CS-PGs at the tumor cell surface and in the
extracellular matrix facilitate tumor invasion by enhancing
integrin-mediated cell adhesion, motility, and intracellular sig-
naling (12). The expression of versican is up-regulated in many
tumors including lung cancer, as a macrophage activator that
acts through Toll-like receptor-2 (TLR2) and its co-receptors
TLR6 and CD14 (13).

Furthermore, recent studies revealed that the expression of E
unit-containing structures recognized by an anti-CS-E phage

3 The abbreviations used are: CS, chondroitin sulfate; DS, dermatan sulfate;
HS, heparan sulfate; GAG, glycosaminoglycan; PG, proteoglycan; RAGE,
receptor for advanced glycation end products; LLC, Lewis lung carcinoma.
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display antibody was increased in ovarian and pancreatic can-
cers, resulting in alterations in tumor growth and tumor cell
motility through regulation of the signaling of the vascular
endothelial growth factor and the cleavage of CD44, respec-
tively (14, 15). We demonstrated that the expression of the dis-
ulfated E-disaccharides was greater in the highly metastatic
than low metastatic LLC cells (16) as well as metastatic osteo-
sarcoma cells (17). The colonization of the mouse lung by intra-
venously injected LLC cells and the osteosarcoma cells was effi-
ciently inhibited by preinjected CS-E polysaccharides derived
from squid cartilage and by the anti-CS-E phage display anti-
body (16). However, the molecular mechanism underlying the
inhibition of the metastatic process remains obscure. In view of
these observations, it was hypothesized that some specific
receptor(s) that interacts with CS chains with E units expressed
at the surface of tumor cells exists in the vascular endothelial
cells of mouse lung.

In this study we isolated the receptor for the metastasis of
LLC and B16 melanoma cells mediated by CS chains with E-di-
saccharides from mouse lungs by affinity chromatography
using a CS-E-immobilized column and identified it as receptor
for advanced glycation end products (RAGE) (18). RAGE
strongly bound not only to CS-E but also to HS in vitro and to
cell surface CS chains containing E units and HS with presum-
ably unique structural motifs expressed by LLC cells, suggest-
ing that GAGs at the cell surface play crucial roles in the lung
metastasis of LLC cells and that at least one of the potential
receptors for such metastasis-mediating GAG chains is RAGE.

EXPERIMENTAL PROCEDURES

Materials—The following sugars and enzymes were pur-
chased from Seikagaku Corp. (Tokyo, Japan): chondroitin, a
chemically desulfated derivative of CS-A, CS-A from whale car-
tilage, CS-B (DS) from porcine skin, CS-C and CS-D from shark
cartilage, CS-E from squid cartilage, HS from bovine kidney,
highly purified chondroitinase ABC (protease-free) from Pro-
teus vulgaris (EC 4.2.2.20). Chondroitinase B (EC 4.2.2.19), and
heparinase-I (EC 4.2.2.7) and -11I (EC 4.2.2.8) from Flavobacte-
rium heparinum were purchased from IBEX Technologies
(Montreal, Canada). Porcine intestinal mucosal HS and heparin
were obtained from Sigma and Nacalai Tesque (Kyoto, Japan),
respectively. The monoclonal anti-mouse/rat RAGE antibody,
clone#175410 (catalog no. MAB1179), and the recombinant
mouse RAGE/Fc chimera were purchased from R&D Systems
(Minneapolis, MN). Even numbered, saturated oligosaccharide
(tetra- to tetradecasaccharide) fractions were prepared by a
partial enzymatic digestion of a commercial CS-E from squid
cartilage with sheep testicular hyaluronidase, and structurally
defined CS-E octa- and decasaccharides were prepared as
described by Deepa et al. (19). All other chemicals and reagents
were of the highest quality available.

Animals and Cell Lines—Seven-week-old male C57BL/6
mice were obtained from Japan SLC (Hamamatsu, Japan) and
kept in standard housing. All the experiments were performed
under the experimental protocol approved by the local animal
care committee of Hokkaido University. LLC and B16 mela-
noma cells were obtained from RIKEN Cell Bank (Tsukuba,
Japan) and Japanese Collection of Research Bioresources
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(Osaka, Japan), respectively. Mouse fibroblast L-cells and their
mutants, Gro2C and Sog9, which are deficient in exostosin 1
and exostosin 1/chondroitin 4-O-sulfotransferase-1 (20-22),
were kindly provided by Frank Tufaro (Allera Health Products,
Inc., St. Petersburg, FL) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Wako, Osaka, Japan) supplemented
with 10% (v/v) fetal bovine serum (Invitrogen) at 37 °C in a
humidified 5% CO, atmosphere.

Affinity Chromatography of Homogenate from Mouse Lung—
The coupling of CS-E from squid cartilage, CS-A from whale
cartilage, and heparin from porcine intestine to amino-cellu-
lofine gel was individually carried out as described by Funahashi
et al. (23). The extracts from a mouse lung of postnatal week 7
were prepared using 50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1
mM CaCl,, 1% Nonidet P-40, and a protease inhibitor mixture.
Briefly, a mouse lung was homogenized with the buffer and
rotated overnight at 4 °C. The homogenate was centrifuged at
7000 rpm for 30 min at 4 °C, and the supernatant was used for
the following experiments. The affinity chromatography based
on the electrostatic and/or conformational interactions was
carried out as described previously (24). Briefly, the GAG-im-
mobilized columns were equilibrated with 50 mm Tris-HCI, pH
7.4, containing 1 mm CaCl,, 1% Nonidet P-40 (buffer A), and
0.15 M NaCl. An extract was loaded to the column, and the
bound proteins were eluted stepwise with 0.5, 1.0, and 2.0 M
NaCl-containing buffer A.

Matrix-assisted Laser Desorption/lonization Time of Flight/
Mass Spectrometry (MALDI-TOF/MS) and Data Base Searches—
Fractions obtained by affinity chromatography were separated
by 12% SDS-PAGE, and the protein bands were stained with
Coomassie Brilliant Blue or silver solution. Bands of interest
were manually excised and digested in-gel with trypsin accord-
ing to published procedures (25, 26).

Delayed extraction MALDI-TOF-MS was carried out using a
Voyger DE-STR-H (Applied Biosystems, Framingham, MA) in
the reflection mode according to the manufacturer’s instruc-
tions. Spectra were calibrated externally using a standard mix-
ture. The resulting spectra were used to search for matching
sequences in the NCBI data base with the MASCOT program
(Matrix Science, Boston, MA).

Surface Plasmon Resonance Analysis—The interaction of
RAGE with various types of GAGs was examined using a
BIAcore 2000 system (BIAcore AB, Uppsala, Sweden) as
reported (27). Briefly, the binding reactions were carried out at
25 °C using streptavidin-derivatized sensor chips. Biotinylated
GAGs (~0.6 ng each) were immobilized on the surface of the
streptavidin-derivatized sensor chip. RAGE in the running
buffer, 10 mm HEPES, 0.15 M NaCl, 3 mm EDTA, and 0.005%
(w/v) Tween 20, pH 7.4, was injected onto the surface of the
GAG-immobilized sensor chips. Kinetic parameters were eval-
uated with BIAevaluation software 4.1 (BIAcore AB) usinga 1:1
binding model with mass transfer, and association and dissoci-
ation rate constants (k, and k) as well as dissociation equilib-
rium constants (K;) were determined.

Enzyme-linked Immunosorbent Assay (ELISA) of Binding of
RAGE-derived Peptides to Immobilized GAGs—To assess the
potential binding site on RAGE for GAGs, ELISA was per-
formed using GAGs, RAGE-derived peptides, and biotinylated
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GAGs. Biotinylated GAGs (0.5 ug each) were immobilized on
96-well streptavidin-coated microtiter plates (Nunc) at room
temperature. The wells were blocked with 3% bovine serum
albumin (BSA) and/or 3% blocking reagent (Roche Applied Sci-
ence) in PBS for 1 h at room temperature. After washing with
PBS containing 0.005% Tween 20 (PBS-T), RAGE-derived pep-
tides, CKGAPKKPPQQLEWKLNTGRTEA (Cys-38 —Ala-60)
and GTFRCRATNRRGKEVKSNYRVRVY (Gly-94-Tyr-117)
(0.25 ug each), chemically synthesized by Hokudo Co., Ltd
(Sapporo, Japan), were added, and the plate was incubated for
1 h at room temperature. The reaction was carried out in PBS.
Peptides bound through electrostatic or hydrophobic interac-
tions were detected using antisera raised in rabbits against the
peptides obtained from Hokudo Co. followed by incubation
with alkaline phosphatase-conjugated goat anti-rabbit IgG/
IgM. Alkaline phosphatase activity was detected using p-nitro-
phenyl phosphate as a substrate, and the absorbance was mea-
sured at 415 nm.

The reactivity of the commercial CS-E with the RAGE pro-
tein was evaluated by inhibition ELISA, where the RAGE-Fc
chimera was preincubated with test CS-E oligo- and polysac-
charides or Cys-38—Ala-60 and Gly-94-Tyr-117 peptides for
30 min at room temperature, and then the mixture was added
to CS-E-immobilized microtiter plates. After the incubation,
each well was washed with PBS-T and incubated with protein
G-conjugated alkaline phosphatase (Pierce) to detect the
RAGE-Fc chimera.

Immunofluorescence Flow Cytometry—Cultured cells includ-
ing LLC cells, LLC cells treated individually with chondroiti-
nase ABC, or a mixture of heparinase-I and -III, L-cells, Gro2c
cells, and Sog9 cells were detached with 2 mm EDTA and sus-
pended in Tris-buffered saline (TBS) at a concentration of 10°
cells/ml. After 3 washes with TBS, the cells were incubated in
TBS containing 0.1% BSA with the recombinant RAGE-Fc chi-
mera or BSA as the control (1 ug/ml) at 4 °C for 20 min. The
cells were washed with TBS three times and incubated with
Alexa Fluor 488®-labeled Protein G (1 pg/ml). After three more
washes with TBS, the cells were analyzed by immunofluores-
cence flow cytometry in a BD FACSCanto (BD Biosciences).
Flow cytometric data were analyzed using Flowjo software
(Tree Star, Inc., Ashland, OR).

Assays for Lung Metastasis—To investigate the involvement
of RAGE in experimental tumor metastasis, the LLC cells and
B16 melanoma cells were pretreated with either DMEM (con-
trol) or DMEM containing the anti-RAGE antibody (monoclo-
nal rat IgG,, 1- 80 pug/mouse) or GAGs (100 ug/mouse) 30 min
before their injection into mice. IgG, derived from rats was also
used as a control. Each cell suspension (1~4 X 10° cells/mouse)
in a total volume of 200 wl was injected into a lateral tail vein of
C57BL/6 mice as described (16). Three weeks after the injec-
tion, the animals were sacrificed, and the number of visible
tumor cell parietal nodules in the lung was counted by two
observers in a blinded fashion.

RESULTS
Identification of CS-E-binding Protein—To isolate the CS-E-

binding protein involved in the tumor metastasis, a CS-E-im-
mobilized gel was prepared and mixed with a tissue extract
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FIGURE 1. Identification of CS-E-binding proteins from mouse lung. A, a
lung homogenate from a 7-week-old mouse was applied to the CS-E-immo-
bilized column, which was washed stepwise with a buffer containing 0.15 m
NaCl followed by those containing 0.5, 1.0, and 2.0 m NaCl. The 0.5 m NaCl
eluate was separated by 12% SDS-PAGE and visualized with Coomassie Bril-
liant Blue. Three protein bands at 46, 52, and 80 kDa were detected (arrow-
heads a-c). B, shown is the delayed extraction MALDI-TOF mass spectrum of
the tryptic peptides obtained from band c in A. Numbered signals were used
for a data base search using the MASCOT program. Asterisks indicate the pep-
tide signals from trypsin itself. C, MS signals matched to the peptides derived
from RAGE. The numbered underlines correspond to the respective MS signals
in B. D, shown is Western blotting using anti-RAGE antibody of the lung
homogenate (30 ug as total protein) and 0.15-1.0 m NaCl-eluted fractions (1
g as total protein) recovered from the CS-E immobilized column.

prepared from adult mouse lungs. The mixture was rotated
overnight and poured into an open column. After the column
was washed with a buffer containing 0.15 M NaCl, the bound
proteins were eluted stepwise with buffers containing 0.5, 1.0,
or 2.0 M NaCl, analyzed by SDS-PAGE, and detected with Coo-
massie Brilliant Blue or by silver-staining (Fig. 14 and supple-
mental Fig. S1). Three significant protein bands (46, 52, 80 kDa)
and one faint band at 30 kDa were detected in the fraction
eluted from the CS-E column with 0.5 m NaCl (Fig. 14). In
contrast, there were no detectable bands in the 0.5 M NaCl-
eluted fractions obtained from a CS-A-immobilized column
or a no GAG-immobilized control (supplemental Fig. S1),
suggesting specific interactions between these proteins and
CS-E. These three bands were also found in the 0.5 m NaCl-
eluted fraction from a heparin-coupled column (supplemen-
tal Fig. S1), indicating that these proteins are heparin-bind-
ing proteins.

Protein band c in Fig. 1A was excised from the gel and
trypsinized, and the resulting peptides were analyzed by
MALDI-TOE-MS, as described under “Experimental Proce-
dures.” The resulting spectrum (Fig. 1B) was used to search for
a matching protein(s) in the NCBI data base, with the Mascot
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program. The search yielded a top score of 87 for RAGE. The
peptide sequences identified by MALDI-TOF-MS comprised
amino acids 2-29, 30—-43, 178 -188, 215-226, and 216-226
(Fig. 1C), well consistent with the mass spectrometric data for
trypsinate obtained from the authentic recombinant RAGE
(supplemental Fig. S2, C and D).

Interestingly, band b in Fig. 14 was also identified as RAGE
(supplemental Fig. S2, A and B). Because mouse RAGE contains
two potential N-glycosylation sites (28, 29), bands b and c are
most likely RAGE with and without N-linked glycosylation,
respectively. The data obtained by mass spectrometry and the
Mascot search were confirmed by Western blotting using spe-
cific antibodies against RAGE (Fig. 1D). Taken together, RAGE
is a potential receptor in the lung for CS chains containing
E-disaccharides and/or HS expressed at the surface of LLC cells
as it also bound a heparin column. Consistent with our data,
RAGE has been reported to be predominantly expressed in the
mouse lung (30). The results of the quantitative real-time
polymerase chain reaction also demonstrated the specific
expression of RAGE in mouse lung (supplemental Fig. S3).
Thus, we focused on the identification of RAGE in the present
study.

A protein band a (Fig. 14) was also subjected to MALDI-
TOEF-MS and the data base search, which revealed the mem-
brane-organizing extension spike protein, moesin (supple-
mental Fig. S4), a member of the ERM protein family
including ezrin and radixin (31). Although the RAGE was
specifically distributed in the lung of mouse, the moesin is
ubiquitously expressed (32). In this study we focused on
RAGE. Because, however, the possibility of the involvement
of moesin cannot be excluded, an investigation of its corre-
lation is now in progress.

RAGE Strongly Interacts with Immobilized CS-E, HS, and
Heparin—To verify the GAG-specific receptor function of
RAGE, a quantitative kinetic analysis of the interaction of
RAGE with immobilized GAG isoforms was carried out using a
surface plasmon resonance biosensor, BIAcore. Biotinylated
CS, HS, and heparin were individually immobilized on the
streptavidin-coated sensor chip, and a recombinant soluble
RAGE at varying concentrations was injected over the sensor
surface to evaluate direct binding. Overlaid sensorgrams dis-
closed the strong binding of RAGE not only to HS/heparin but
also to CS-E (Fig. 2), E-disaccharide units of which account for
~67% of all the disaccharide units in the polysaccharides (33,
34). In addition, CS-B (also known as dermatan sulfate) and
CS-D, which contain predominantly iduronic acid-GalNAc(4S)
(iA units) and C units/D units, respectively (33, 35), showed
moderate binding yet weaker binding than CS-E. In contrast,
CS-A and CS-C polysaccharides, which mainly consist of
mono-sulfated A- and C-disaccharide units (33), respectively,
showed no significant binding to RAGE (Fig. 2). These results
suggest RAGE to share HS-like and CS-E-like structures as
ligands and recognize the sulfation pattern of CS and that the
interaction may also involve iduronic acid and/or D-disaccha-
ride-containing structures arranged in an additive or alterna-
tive manner.

Overlaid sensorgrams were further analyzed collectively by
using “the 1:1 Langmuir binding model with mass transfer” of
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the BIAevaluation 4.1 software to calculate the kinetic param-
eters, which are summarized in Table 1. The evaluation of
kinetic parameters revealed that CS-E interacted with RAGE
with strong affinity (the apparent equilibrium dissociation con-
stant, K, = 0.2 nm) (Table 1). The high affinity of CS-E with
RAGE may be not only due to strong interaction but also due to
the reduced dissociation as shown in Fig. 2. In contrast, CS-B
and CS-D showed weaker affinity for RAGE (360 and 300 nwm,
respectively), as reflected in the K, values listed in Table 1.
These differences in affinity support the high specificity of the
interaction of RAGE with CS-E unit-containing structures.
Reportedly, RAGE binds to heparin and HS chains (36) and to
heparin-immobilized columns as described in the legend to
supplemental Fig. S1. To compare the affinity of heparin/HS
and CS for RAGE, the molecular interaction of RAGE with a
heparin and HS preparations was also investigated. Based on
the kinetic data, the interactions of heparin and HS with RAGE
were comparable with that of CS-E (Fig. 2 and Table 1), imply-
ing that RAGE expressed in lung is a functional receptor for
E-disaccharide-containing CS chains as well as HS chains with
a RAGE binding motif.

Binding Region on RAGE with CS-E and Heparin and Min-
imal Size of CS-E—Recently, RAGE was crystallized, and
x-ray crystallography revealed an elongated molecule with a
large positively charged region on the surface with direct
implications for the binding of ligands (37, 38). Based on
these observations, to assess whether the basic amino acid
regions on the surface of RAGE interacted with GAGs,
ELISA was performed using two chemically synthesized pep-
tides (Cys-38-Ala-60 and Gly-94-Tyr-117) that contain
basic amino acids and the antisera raised against these pep-
tides. The Gly-94-Tyr-117 peptide interacted with both
CS-E and heparin, whereas Cys-38—Ala-60 bound only to
heparin (Fig. 3, A and B). Furthermore, this trend was con-
firmed by the inhibition ELISA using these peptides (Fig. 3, C
and D), both of which contain basic amino acids including
the double lysines or arginines. Hence, to further identify the
critical residues in the peptides and show electrostatic in-
teraction, mutant peptides CKGAPAAPPQQLEWKLNT-
GRTEA and GTFRCRATNAAGKEVKSNYRVRVY, were
chemically synthesized and examined for their interactions
with CS-E and heparin. The substitution of double basic
amino acid residues in Gly-94-Tyr-117 had no apparent
effect on the reactivity of the peptide to either heparin or
CS-E, whereas the interaction of the Cys-38 —Ala-60 peptide
with heparin or CS-E was significantly reduced (supplemen-
tal Fig. S6). These observations indicate that not only double
arginine residues but also other basic residues in the Gly-
94 -Tyr-117 peptide region of RAGE may be required for
their interactions and that the double lysines in Cys-38 -
Ala-60 peptide region are critical for the binding. Note that
CS-E did not interact with the Cys-38 —Ala-60 peptide, from
the ELISA assay, using the peptide antibody (Fig. 3A),
whereas the binding was detected from the results of binding
assay (supplemental Fig. S6B). This discrepancy might be
dependent on the peptide antibody, which cannot recognize
the peptide bound to CS-E for an unknown reason. In addi-
tion, hydrophobic interactions may also be involved. Thus,
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FIGURE 2. Sensorgrams for the binding of recombinant RAGE to CS, DS, heparin, and HS. Various concentrations, 8-15 nm, of a recombinant soluble
RAGE-Fc fusion protein were injected onto the surface of the sensor chips immobilized with CS-A, CS-B (DS), CS-C, CS-D, CS-E, heparin (Hep), and HS (from
porcine intestine and bovine kidney). The sensorgrams obtained with each GAG preparation were overlaid in the respective panel using the BlAevaluation
software. The arrow indicates the beginning of the association phase initiated by the injection of RAGE, and the arrowhead indicates the beginning of the
dissociation phase initiated with the running buffer (10 mm HEPES, pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.005% Tween20). PI-HS and BK-HS stand for HS derived
from porcine intestine and bovine kidney, respectively.

TABLE 1
Kinetic parameters for the interaction of RAGE with immobilized CS isoforms, HS, and heparin

The k,, k,, and K, values were determined using a 1:1 Langmuir binding model with mass transfer as described under “Experimental Procedures.” The value for each CS
variant, HS, and heparin preparation were expressed as the mean = S.E. of five different concentrations. Note that the K, values of CS-A and CS-C could not be determined
due to the weak interaction with RAGE (Fig. 2).

Immobilized GAG k, k, K,
M st s! nm

CS-B (DS) from porcine skin (9.4 * 3.6) X 10* (1.9 £ 0.02) X 102 357 + 136
CS-D from shark fin cartilage (1.5 +0.7) X 10° (1.6 = 0.03) X 102 306 = 163
CS-E from squid cartilage (2.8 £0.1) X 10* (54 +1.9)xX10°° 0.19 = 0.06
HS from bovine kidney (2.5 +0.5) X 10* (4.5+0.5) X103 203 + 48
HS from porcine intestine (2.4 +0.4) X 10* (1.5+12)x10°° 0.6 = 0.4
Heparin from porcine intestine (1.6 +0.3) X 10* (5.0 £ 3.0) X 10°* 3.1+18

further analyses would be necessary to identify the critical
residue(s) of Gly-94—Tyr-117 in RAGE for the interactions
with GAGs.

JUNE 1,2012+VOLUME 287+NUMBER 23

In addition, to identify the smallest fragment of the CS-E
chain required for interfering with the binding of RAGE to
immobilized CS-E, a panel of size-defined even-numbered
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FIGURE 3. Interaction of the RAGE peptides with GAGs and inhibition of
the binding of a soluble form of recombinant RAGE to immobilized CS-E
polysaccharides by RAGE-derived peptides and CS-E oligosaccharides. A
and B, the binding activity of two peptides from RAGE with various GAG spe-
cies was analyzed by ELISA, in which authentic commercial GAGs (CS-A, CS-E,
and heparin (Hep)) were included. Biotinylated GAGs (0.5 g each) were indi-
vidually immobilized to wells of a streptavidin-coated plastic plate and pro-
cessed for incubation with the two RAGE-derived peptides, CKGAPKKP-
PQQLEWKLNTGRTEA (Cys-38-Ala-60) and GTFRCRATNRRGKEVKSNYRVRVY
(Gly-94-Tyr-117) (5 g each). The amounts of GAGs immobilized onto the
plate were comparable (~0.1 ng) as estimated by a quantitative analysis
using a dye 1,9-dimethylmethylene blue (49). Bound peptides were visual-
ized by subsequent incubation with antisera against the respective peptide
followed by alkaline phosphatase-linked goat anti-rabbit IgG/IgM (diluted
5000-fold). Enzymatic activity was measured using p-nitrophenylphosphate
as a substrate at 415 nm. Negative controls received no primary antibody.
Bars, mean = S.E. (n = 3). Note that each antiserum recognized the respective
peptide bound to GAGs (supplemental Fig. S5). Cand D, shown is inhibition of
the binding of soluble RAGE to immobilized CS-E and heparin by two RAGE-
derived peptides, Cys-38-Ala-60 and Gly-94-Tyr-117. The recombinant
RAGE-Fc chimera (20 ng) was added with or without either peptide to the
CS-E- and heparin (~0.1 pg)-coated microtiter plates. The amounts of both
peptides were 50, 100, 200, 500, and 1000 ng (bars from the left). Bound RAGE
protein was quantified using Protein G-alkaline phosphatase as described
under “Experimental Procedures.” E, inhibition of the binding of soluble RAGE
to immobilized CS-E polysaccharides by CS-E oligosaccharides is shown. The
recombinant RAGE-Fc chimera (50 ng) was added with or without the indi-
cated amounts of CS-E hexa-, deca-, tetradeca-, or polysaccharides to the
CS-E-coated microtiter plates. Bound RAGE protein was quantified using pro-
tein G alkaline phosphatase as described under “Experimental Procedures.”
The mean absorbance (at 415 nm) for binding of RAGE to CS-E in the absence
of inhibitor was 1.46, and this value was taken as 100% (positive control). All
other values are expressed as percentages of this control quantity. Values and
the S.E. were obtained from the average of two separate experiments.

CS-E oligosaccharides was examined. The CS-E oligosaccha-
rides (5 ug of each) composed of 10 monosaccharide units
reduced the binding of RAGE to CS-E by ~50% (Fig. 3E).
Together, these findings suggest that the interaction of RAGE
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FIGURE 4. Interaction of RAGE with cell-surface CS and HS by flow cytom-
etry. The binding potential of RAGE was assessed by immunofluorescence
flow cytometry toward LLC cells treated with no enzymes (A), chondroitinase
(CSase, B), or with a mixture of heparinases | and Il (HSase; C). Each cell line was
treated with a RAGE/Fc chimera followed by Alexa Fluor 488-conjugated pro-
tein G. Green and red histograms represent the RAGE binding and the back-
ground fluorescence, respectively.

with CS-E requires at least a nona- or decasaccharide length
with a CS-E-like structure and a cluster of basic amino acids and
that these peptides and/or dodecasaccharides containing the E
unit(s) appear to be potent competitive inhibitors against sev-
eral ligands of RAGE.

RAGE Binds to Cell-surface CS and HS Chains—Based on the
kinetic data in vitro, the binding of RAGE to cell-surface CS and
HS chains was examined by flow cytometry using LLC cells and
various mutant cells defective in the synthesis of HS, CS, or
both (20-22). First, LLC cells were separately treated with
chondroitinase or heparinase to remove the cell surface CS or
HS, respectively, and the binding of a recombinant soluble
RAGE to these cells was examined by flow cytometry. As shown
in Fig. 4, the removal of the HS chain drastically reduced the
binding of RAGE to LLC cells compared with that to control
cells without treatment (Fig. 4), suggesting an important role of
cell surface HS in the interaction with RAGE. Unexpectedly,
chondroitinase treatment resulted in comparable RAGE bind-
ing compared with and without the treatment (Fig. 4), from
which it was speculated that the defect in CS can partially be
compensated by HS in vivo, whereas the defect in HS cannot be
compensated by CS in vivo. In fact, Gly-94-Tyr-117 peptide
interacted with both CS-E and heparin, whereas Cys-38—
Ala-60 bound only to heparin (Fig. 3, A and B), which may
support the above notion.

We also analyzed the binding of recombinant soluble RAGE
to cell-surface CS/HS using L-cells derived from mouse con-
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nective tissues or to L-cell-derived mutant cell lines, Gro2C and
Sog9 (20-22). Gro2C cells are partially deficient in HS side
chains on the HS-PGs due to a dysfunctional exostosin 1, which
encodes a HS polymerase essential for the synthesis of HS
chains (21). Sog9 cells are defective in the expression of chon-
droitin 4-O-sulfotransferase-1, which transfers sulfate from
3’-phosphoadenosine-5'-phosphosulfate to the C-4 position of
GalNAc residues in CS chains, in addition to the defect in exo-
stosin 1 (20). The deficiency in the expression of chondroitin
4-O-sulfotransferase-1 results in a drastic decrease not only in
A units but also in E units because A units are the biosynthetic
precursor of E units (20, 35). RAGE bound to the surface of
wild-type L-cells and to that of Gro2C and Sog?9 cells to a lesser
extent (supplemental Fig. S7). Although HS-defective Gro2c
cells did not show binding to the RAGE, Sog9 cells defective in
both CS and HS showed subtle yet appreciable binding (supple-
mental Fig. §7). In fact, the amounts of HS chain in Sog9 cells
were up-regulated by the defective of CS chain compared with
Gro2c cells (data not shown). These results altogether suggest
that not only CS-PGs containing E units but also HS-PGs of the
tumor cell surface contribute to the colonization of the lung
through binding to RAGE. Although various ligands have been
reported for RAGE such as amphotelin/high mobility group
box protein-1 and advanced glycation end products (18, 30, 39),
our data have provided clear evidence that GAG chains are
additional functional RAGE binding molecules expressed in the
lungs.

Anti-metastatic Activity of RAGE and Anti-RAGE Antibody—
The increased expression of E units at the surface of LLC cells
with a higher metastatic potential, and the strong anti-meta-
static activity of pre-injected CS-E has been reported (16).
These findings led us to hypothesize that the receptor for CS-E,
RAGE, expressed in mouse lung is involved in the initial process
of metastasis including tumor cell adhesion to vascular endo-
thelial cells of the lung. To test this hypothesis, the antibody
against RAGE was used for anti-metastasis assays. The pre-
inoculation of mice with anti-RAGE antibody (80 wg/mouse)
intravenously into the tail 30 min before the injection of the
LLC cells, to mask RAGE protein expressed in the lung tissue,
markedly reduced pulmonary metastasis when examined at 21
days after injection of the LLC cells, in contrast to a control
experiment where the negative control antibody was pre-in-
jected (Fig. 5). Because LLC cells were originally isolated from
mouse lung, the observed colonization may represent simple
cell adhesion of the LLC cells to the lung tissue. Therefore,
another tumor cell line derived from mouse skin, B16 mela-
noma cells, which also colonize the mouse lung after injection
into a tail vein (40), was utilized to investigate whether these
cells have CS chains containing E-disaccharides and/or HS
chains and bind to RAGE. Thus, GAGs were extracted from the
B16 melanoma cells, as described under “supplemental Meth-
ods,” and the amounts and disaccharide compositions of CS
and HS in the GAG preparation were determined after diges-
tion with chondroitinase ABC or a mixture of heparinase-I and
-1, respectively, followed by anion-exchange HPLC (supple-
mental Tables S1 and S2). CS chains expressed by B16 mela-
noma cells contained O-disaccharide units (GIcUA-GalNAc)
(35), A units, and C units as the major disaccharides, with E
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FIGURE 5. Effects of pre-injection of an anti-RAGE antibody on the pulmo-
nary metastasis of LLC cells. LLC-cell suspensions of 4 X 10° cells in 200 ul of
DMEM were injected into a tail vein of C57BL/6 mice, and after 21 days the
number of foci in the lungs was recorded. Six mice were used per group.
Representative lungs from mice treated with a control buffer and anti-RAGE
antibody (80 ng/mouse), which were injected into the tail of C57BL/6 mice 30
min before the injection of LLC cells, and metastasis was analyzed as
described under “Experimental Procedures.” There was no significant differ-
ence between a control rat IgG and a buffer solution-only (data not shown).
Measurement of the lung-based colonies of LLC cells is shown. Data represent
the mean = S.D. for two independent experiments. *, p < 0.01 versus control
by one-way analysis of variance with Dunnett’s adjustment.

units below the detection limit (supplemental Table S1). How-
ever, B16 melanoma cells expressed 1.5 times more DS chains,
which may interact with RAGE (Fig. 2), than did LLC cells (sup-
plemental Table S1). Hence, anti-metastasis assays were per-
formed using DS and HS as well as CS-E polysaccharides to
determine whether the metastasis of B16 melanoma cells
depends on interactions of DS and/or HS chains and the anti-
RAGE antibody with RAGE. The pre-injection of not only CS-E
and HS polysaccharides but also anti-RAGE into the tail of mice
suppressed the colonization of the lungs by tumor cells (supple-
mental Fig. S8). Although the highly sulfated disaccharide such
as E unit (GIcUA-GalNAc(4S,6S)) in CS chains was not con-
tained or was undetectable in B16 melanoma cells, there is a
tri-sulfated disaccharide unit (GIcUA(2S)-GlcNS(6S)) in HS
chains. Thus, HS rather than CS chains may be involved in the
pulmonary metastasis of the B16 cells mediated by RAGE
expressed in the lung. Furthermore, it is speculated that
injected CS-E and HS quickly bind to lung endothelial RAGE
and, therefore, block the attachment of LLC and the B16 cells in
the lung. Collectively, these findings indicate that GAG chains
on not only mouse LLC cells but also B16 melanoma cells and
their presumed receptor, RAGE, expressed in mouse lung tis-
sue play key roles in the pulmonary metastasis of tumor cells.

DISCUSSION

In this study one of the receptors for E-disaccharide-contain-
ing CS and HS chains expressed at the surface of tumor cells
with high metastatic potential was identified as RAGE, a mem-
ber of the immunoglobulin superfamily of cell surface receptors
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that is predominantly expressed in the lung. A single pre-ad-
ministration of anti-RAGE antibody or CS-E and HS sup-
pressed the experimental lung metastasis of not only LLC but
also B16 melanoma cells.

PGs and GAGs are frequently overexpressed in tumor stro-
mata and tumor fibrotic tissues compared with the surround-
ing normal tissues (2, 12, 14). Changes of glycosylation in the
tumor environment are thought to allow neoplastic cells to
accelerate and/or usurp a number of cellular events such as
receptor activation, cell adhesion, and cell motility and result in
the spread of tumor cells throughout the suffering body (2).
Recent studies have revealed that the expression of the epitope
recognized by a phage display antibody, which strongly reacts
with E unit-containing CS and iE unit (iduronic acid-
GalNAc(4S,6S)-containing DS (35), is significantly up-regu-
lated in ovarian and pancreatic carcinomas and highly meta-
static LLC cells but not in normal tissues or cells (14 —16). These
findings suggest that not only CS-containing E-disaccharides
but also RAGE would be therapeutic targets for treating lung
metastasis and/or tumor development.

Although CS-PGs as well as HS-PGs expressed at cell sur-
faces or in the extracellular matrix have been shown to function
as co-receptors for specific ligands or the assembly of extracel-
lular matrix proteins (1, 2), recent evidence indicates that CS
chains containing E units are a selective ligand for contactin-1
and P-selectin involved in neurite outgrowth and breast cancer
metastasis, respectively (41, 42). Extending these observations,
we also demonstrated that CS chains containing E units on
metastatic tumor cells are critical ligands for RAGE expressed
in mouse lung tissue, which the tumor cells colonize. It has also
been reported that CS-E from squid cartilage interacts with the
adhesion molecules L- and P-selectin and CD44 as well as
chemokines (43), and herpes simplex virus rigidly binds to CS
chains containing E units through a positively charged domain
of glycoprotein C expressed on the envelope of the virus during
the interaction (20, 44). CS chains containing E units have now
been revealed to be involved in tumor cell adhesion in addition
to adhesion to immune cells and viruses.

RAGE bound to CS-D and CS-B (DS) as well, but not to CS-A
or CS-C among the CS isoforms examined, suggest the possible
involvement of D-disaccharides and iduronic acid-containing
DS motifs in the CS/DS chains in the binding to RAGE (Fig. 2).
Consistent with the finding that a considerable number of hep-
arin-binding proteins bind to CS-E as well (45), HS and heparin
also strongly bound to RAGE (Figs. 1 and 2). In fact, large scale
purification of RAGE from lung tissue has been achieved using
a heparin-Sepharose gel (29, 46), suggesting RAGE to be a hep-
arin-binding protein. Most recently, Rao et al. (36) reported
that low anticoagulant heparin binds to RAGE and inhibits its
interaction with ligands such as high mobility group box pro-
tein-1 and S100 calgranulins and that the inhibition of this
binding leads to anti-inflammatory effects on leukocyte-medi-
ated inflammation. Furthermore, Xu et al. (47) showed that HS
was involved in the signaling of HMGB1 through RAGE. The
interactions of RAGE with GAGs including CS-E and heparin
are consistent with these observations and may primarily
depend on their sulfation pattern, electrostatic potential, and
conformation. Hence, it is proposed that CS-E, in addition to
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heparin showing low anticoagulant activity, is a therapeutic tar-
get not only as an anti-metastatic molecule but also as an anti-
inflammatory molecule.

RAGE is a member of the immunoglobulin superfamily orig-
inally identified for its ability to bind advanced glycation end
products, which are adducts formed by glycoxidation thataccu-
mulate in patients with disorders such as diabetes (18, 30, 39).
Although RAGE is expressed at a low basal level in the majority
of healthy adult tissues, the up-regulation of RAGE expression
has been associated with a diverse range of pathological condi-
tions including lung cancer, pulmonary fibrosis, and acute res-
piratory distress syndrome in addition to physiological events
like neurite outgrowth (28, 30). Particularly, accumulating evi-
dence indicates that RAGE plays an important role in tumor
cell migration, proliferation, and metastasis (18, 30). Here, we
demonstrated that the colonization of the lung by LLC and
B16 cells was dramatically suppressed by a single pre-injec-
tion of anti-RAGE antibody (Fig. 5 and supplemental Fig.
$8). In addition, we previously found that the experimental
lung metastasis of LLC cells was strongly inhibited by the
pretreatment of the cells with chondroitinase or the pre-
administration of CS-E to mice (16). Although RAGE may
provide the major mechanism for GAG-dependent coloniza-
tion of tumor cells in the lung, the possibility cannot be
excluded that other RAGE-binding ligands and/or proteins are
also involved. In support of this notion, CS chains at the surface
of metastatic breast cancer cells are a major ligand of P-selectin
involved in pro-metastatic heterotypic adhesion to platelets
and endothelium (42), and acquisition of the sialyl Lewis X car-
bohydrate, neuraminic acid a2-3GalB1-4(Fucal-3)GlcNAc-,
depending on its amount, leads to the formation of lung tumors
by B16 melanoma cells (40). Taken together, our results suggest
that GAG and/or PGs further endow metastatic potential
through the specific interaction of cell surface CS containing E
units and HS chains with RAGE specifically expressed at the
surface of the vascular endothelium in the lung.

RAGE plays an essential role in numerous pathological con-
ditions such as cancers, inflammatory diseases, diabetes, fibro-
sis, acute respiratory distress syndrome, inflammation, oste-
oclast maturation, and physiological neurite outgrowth
through its respective ligands (18, 28, 30, 36, 48). Further study
of the pathogenic mechanisms behind disorders involving
RAGE, CS/DS, and/or HS-PGs will provide insights into new
therapeutic approaches for not only lung metastasis but various
other diseases.
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