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Abstract

Cell surface heparan sulfate plays a critical role in regulating the metastatic behavior of tumor
cells, whereas the role of chondroitin sulfate/dermatan sulfate (CS/DS) has been little
understood in this context. Here, we characterized CS/DS chains from the murine
osteosarcoma cell line LM8G?7, which forms tumor nodules in liver. Structural analysis of the
CS/DS chains showed a higher proportion of GIcUAB1-3GalNAc(4,6-O-disulfate) (E-units)
in LM8G7 (12%) than in its parental cell line LM8 (6%), which rarely forms tumors in the
liver. Immunostaining with GD3G7, an antibody specific to E-units, confirmed the higher
expression of the epitope in LM8G7 than LMS cells. The tumor focal formation of LM8G7
cells to the liver in mice was effectively inhibited by the pre-administration of CS-E (rich in
E-unit) or the pre-incubation of the antibody GD3G7 with the tumor cells. CS-E or GD3G7
inhibited the adhesion of LM8G7 cells to a laminin-coated plate in vitro. In addition, the

invasive ability of LM8G7 cells in vitro was also reduced by the addition of CS-E or the

antibody. Further, CS-E or the antibody inhibited the proliferation of LM8G7 cells dose-
dependently. The binding of LM8G?7 cells to VEGF in vitro was also significantly reduced by
CS-E and GD3G7. Thus, the present study reveals the significance of highly sulfated CS/DS
structures in the liver colonization of osteosarcoma cells and also provides a framework for

the development of GAG-based anti-cancer molecules.



Introduction

The metastatic cascade consists of various interactions between tumor cells and the host cells
or components of the extracellular matrix (ECM) and involves migration, adhesion, and
invasion, which are mediated by cell surface molecules (Fidler 2003). Proteoglycans (PGs), a
class of cell surface adhesion molecules composed of glycosaminoglycan (GAG) side chains
attached to core proteins, are expressed in the ECM, and have diverse functions including
roles in growth factor-binding, cell-ECM interactions, cell-cell adhesion, cell proliferation,
differentiation, tissue morphogenesis and embryogenesis (Liotta 1986; Esko and Selleck
2002). Heparan sulfate (HS) or chondroitin sulfate (CS)/dermatan sulfate (DS) side chains
modulate the interaction of tumor cells with host cells and ECM components (Gallagher
1989; Iida et al. 1996), and play a critical role in regulating tumor initiation, progression, and
metastasis (Sanderson 2001; Munesue et al. 2007).

The GAGs in normal tissues differ in quantity and type from those found during
embryonic development and in tumors (Dietrich 1984). It has become increasingly clear that
heterogeneity in the structure of HS is important in regulating disease processes including
cancer (Nakanishi et al. 1992). Elevated levels of CS have also been reported in transformed
cells (Lv et al. 2007). Alterations in CS structure in tumors have been correlated with an
increase in malignancy (lida et al. 1998). In animal experiments, chondroitinase (CSase)
treatment slowed the progression of cancer, leading to the suggestion that CS-PGs on the
surface of cancer cells are useful therapeutic targets (Denholm et al. 2001).

In addition to ECM components, malignant cells produce a variety of soluble factors
such as tumor necrosis factor-a, vascular epidermal growth factor (VEGF), and heparin-
binding epidermal growth factor-like growth factor (HB-EGF), which play a major role in
tumor progression (Jayne et al. 2000). Among these, VEGF and its receptors, VEGFR-1 and

VEGFR-2, are more highly expressed in a metastatic model than in non-metastatic neoplasms



and directly correlate with the extent of neovascularization and degree of proliferation
(Takahashi et al. 1995). Generally it is assumed that these growth factors and other signaling
proteins drive the oncogenic process through direct/indirect interactions with cell surface
molecules.

Cell surface molecules such as HS regulate the signal transduction of tumor cells by
interacting with various growth factors such as fibroblast growth factor-2 (FGF-2)
(Mundhenke et al. 2002), VEGF (Iozzo et al. 2001), and HB-EGF (Chu et al. 2005). Likewise,
a rare highly sulfated GlcUAPB1-3GalNAc(4S,6S) structure (the E-unit) in CS/DS chains,
where 4S and 6S stand for 4-O- and 6-O-sulfate, respectively, plays an important role in the
interaction of various functional proteins (growth factors/cytokines) (Deepa et al. 2002). In
addition, the involvement of E-units in various biological functions such as neurite outgrowth
(Sugahara et al. 2007), bone formation and biomineralization has been reported (Miyazaki et
al. 2008). However, the involvement of highly sulfated structures of CS/DS chains in the
process of tumor formation in different organ sites is not well understood.

Recently, we reported the involvement of CS structures containing E-units in the
metastasis of a Lewis lung carcinoma cell line (Li et al. 2008). An analysis of liver-specific
tumor phenotypes has revealed the overexpression or specific structural changes of HS chains
to be critical to the metastatic potential of melanoma cells (Tovari et al. 1997). These findings
prompted us to examine whether structural differences in the CS/DS chains of osteosarcoma
cells explain the metastatic potential. In the present study, we demonstrated that the E-unit-
containing structure of CS/DS chains in murine osteosarcoma LM8G?7 cells is involved in the

liver tumor focal formation.

Results

Comparison of CS/DS Chains between LMS and LMS8G7 Cells




The amount and composition of the unsaturated disaccharides produced by digestion with
CSase ABC from the CS/DS polysaccharide chains, which had been extracted from LMS8 and
LM8GT7 cells, are tabulated in Table 1, and the representative anion-exchange HPLC
chromatograms for the disaccharide analyses are shown in Fig. 1. The amounts of CS/DS in
LM8G7 and LMS cells were comparable. Upon digestion with CSase ABC, CS/DS chains
from both the cell lines yielded A**HexUAa1-3GalNAc (AO-unit), A*HexUAo1—
3GalNAc(6S) (AC-unit), A*HexUAal-3GalNAc(4S) (AA-unit) and A* HexUAal-
3GalNAc(4S,6S) (AE-unit) in varying proportions. The degree of sulfation of CS/DS chains
was relatively higher (0.55) in LM8G7 cells than in LMS§ cells (0.41) (Table 1). The
proportion of the highly sulfated disaccharide AE-unit was higher in LM8G?7 cells (12%) than
LMS cells (6%). The proportion of AC-units was significantly lower in LM8G7 cells (9%)
than in LMS cells (13%), whereas the proportion of AA-units was higher in LM8G7 cells
(24%) than LMS cells (16%).

In view of the recent finding of a higher proportion of E-units in the highly metastatic
Lewis lung carcinoma cell line LM66-H11 than in the low metastatic cell line P29 (Li et al.
2008), it was speculated that the higher proportion of E-units in the CS/DS preparation of
LM8G7 cells may be a key factor in the tumor focal formation to the liver. To confirm the
overexpression of E-units on the surface of LM8G?7 cells, a phage display antibody (GD3G7)
specific to CS-E (Li et al. 2008; ten Dam et al. 2007; Purushothaman et al. 2007) was used
for the immunostaining of the osteosarcoma cell lines. LM8G7 cells were more strongly
stained by GD3G7 than were LMS cells (Fig. 2), suggesting higher levels of the expression of
the E-unit.

Characterization of Anti-tumor Activity of CS Isoforms

To examine the involvement of CS/DS in the liver tumor focal formation, various

commercial CS preparations such as CS-A, CS-C, and CS-E (100 pg) were individually pre-



injected into mice 30 min before the intravenous injection of LM8G7 cells. Among the CS
preparations tested, CS-E characterized by a high proportion (62%) of E-units (Kinoshita et al.
1997), completely inhibited the colonization of LM8G7 cells (Fig. 3D), suggesting the
importance of the E-unit in the tumor focal formation to the liver. Dose-dependent inhibition
experiments showed that CS-E inhibited the tumor focal formation of LM8G?7 cells strongly
at 100 or 150 pg but not at all at low-doses (25 or 50 pg) (Fig. 4A). Heparin, a well-known
anti-tumor agent (Borsig et al. 2001), also inhibited the liver colonization of LM8G7 cells
(Fig. 3G), whereas CS-A or CS-C failed to inhibit it (Fig. 3B and Fig. 3C).

Anti-tumor Activity of the Antibody GD3G7

The higher expression of E-units on the surface of LM8G7 cells and the strong anti-tumor
activity of CS-E led us to hypothesize that E-unit-containing CS/DS chains on the tumor cell
surface are involved in the liver tumor focal formation. It should be noted that the
colonization of LM8G7 cells is specific to the liver, and no tumor colony formation was
observed in other mouse organs including the lungs (data not shown). To test our hypothesis,
the antibody GD3G7, which recognizes E-unit-containing CS/DS chains, was used for anti-
tumor assays. The pre-incubation of LM8G?7 cells with the antibody (0.2 to 2 pg) for 30 min
strongly inhibited the liver tumor focal formation in a dose-dependent manner (Fig. 3E and
Fig. 4B), whereas the irrelevant antibody MPB49V (2 ng) failed to inhibit it (Fig. 3F and Fig.
3G), suggesting that the epitopes for the antibody GD3G7 play a key role in the liver
colonization of LM8G?7 cells.

Effects of CS-E and GD3G7 on Adhesion and Invasion of LMS8G7 Cells

Effects of CS-A, CS-E (50 pg), or the antibody GD3G7 (2 pg) on the adhesion of LM8G7
cells to a laminin-coated plate were examined. Laminin, a major basement membrane protein,
plays an important role in the interaction of tumor cells with the basement membrane during

the extravasation step of metastasis (Baba et al. 2008). CS-E and the antibody GD3G7



inhibited the adhesion of LM8G7 cells to the substrate (Fig. 5). In contrast, CS-A or the
control antibody MPB49V had no effect on the attachment of LM8G7 cells to laminin.

Since the adhesion of tumor cells to basement membranes is an initial step in the
invasion process, it was examined whether the anti-tumor effects of CS-E and GD3G7 are
also due to the inhibition of cell invasion. The effects of CS-A, CS-C, CS-E (50 pg), or
GD3G7 (2 pg) on the invasion by LM8G7 cells of Matrigel™ were tested. The invasive
ability of the cells was reduced by CS-E and the antibody, but CS-A and CS-C had no
significant effect (Fig. 6). These results indicate CS-E-like epitopes to be involved in the
invasion by LM8G7 cells as well.

Effects of CS-E and the Antibody GD3G7 on the Proliferation of LMS8G7 Cells

To examine the effects of GAGs and GD3G7 on cell proliferation, LM8G?7 cells (5 x 10°)
were seeded and CS-A (100 pg), CS-C (100 pg), CS-E (50 to 150 pg), heparin (100 pg) or
the antibody (2 to 5pg) in DMEM containing 10% FBS was added. CS-E and GD3G7
inhibited the proliferation in a dose-dependent manner (Fig. 7), whereas CS-A and CS-C
showed no effect. Heparin, as a positive control, inhibited the proliferation of LM8G?7 cells.
These observations led us to conclude that CS/DS chains at the cell surface play a major role
in the proliferation of tumor cells.

Comparison of the Binding of LMS8G7 Cells to Various Growth Factors

VEGF, expressed by tumor cells, facilitates the progression of cancer (Asai et al. 1998). We
examined the ability of LM8G?7 cells to bind growth factors in vitro. LM8G7 cells interacted
well with VEGF, FGF-2, midkine (MK) and hepatocyte growth factor (HGF), but the degree
of binding was the greatest with VEGF (Fig. 8A). The attachment of LM8G?7 cells to VEGF
was strongly inhibited by addition of CS-E or the antibody GD3G7 but not inhibited by CS-A
or CS-C. Heparin, a positive control, also inhibited the attachment of LM8G7 cells to VEGF

(Fig. 8B).



Discussion

PGs associated with the surface of cancer cells have been recognized as important in a variety
of cancers (Blackhall et al. 2001). Alterations in the level of expression of GAG structure
and/or density on PGs can potentially make cancer cells highly versatile in modulating their
behavior. For instance, significant changes in PG content and GAG structure in tumors have
been reported (Theocharis et al. 2002). It has been demonstrated that the disaccharide
composition of cell surface HS varies during the transition from human colon adenoma to
carcinoma (Jayson et al. 1998). Low-sulfated HS facilitates metastasis through the adhesion
of hepatoma cells to the ECM (Robinson et al. 1984). In addition, low levels of cell surface
HS are correlated well with the high metastatic activity of many tumors (Sugahara et al.
1989; Redini et al. 1986; Kure et al. 1987; Timar et al. 1992).

This study revealed heterogeneous yet unique structures in the CS/DS chains of LM8
and LM8G7 cells. The major disaccharide present in LM8 and LM8G7 cells was the
unsulfated unit, levels of which were lower in LM8G7 than LM8 cells. An important finding
of this study was the higher proportion of E-units in the CS/DS chains of LM8G7 than LM8
cells. In addition, LM8G7 cells were more strongly immunostained by the antibody GD3G7
than were LM8 cells, supporting the increased expression of E-units in LM8G?7 cells. The
results of our study indicate the correlation between highly sulfated CS structures and the
metastatic potential of osteosarcoma cells. To investigate the relationship between the CS-E-
like-structures and the liver tumor focal formation, various CS isoforms including CS-E were
administered into mice to evaluate their effects against the colonization of LM8G7 cells.
Animals pre-injected with CS-E had no tumor nodules in the liver, but the mice injected with
other CS isoforms had tumor nodules, indicating the anti-tumor role of CS-E. In addition, the

antibody GD3G7 completely inhibited the tumor forming activity of LM8GT7 cells in the liver,



suggesting the involvement of the GD3G7 epitope containing E-units in the liver tumor focal
formation of LM8G?7 cells. These results are consistent with our recent finding that the
experimental metastasis of the mouse Lewis lung carcinoma cell line involves the E-unit-
containing epitope on the cell surface and is strongly inhibited by exogenous CS-E and the
antibody GD3G7. It has also been reported that the epitope structure of GD3G7 is highly
expressed in human ovarian carcinomas (ten Dam et al. 2007) and human pancreatic tumors
(Sugahara et al. 2008). However, it remains to be established whether E-unit-containing
structures are involved in the natural metastasis of human tumors. A high-throughput survey
using tissue microarrays for the epitope of the antibody GD3G7 in natural human tumors
(Sugahara et al. 2008) will clarify whether the epitope can be used as a tumor marker for
diagnosis and is a therapeutic target of certain cancers.

Tumor formation in the distinct organs has been suggested to be essential for the
development of metastasis. To investigate the mechanistic basis for the anti-tumor activity of
CS-E against LM8G?7 cells, we performed adhesion, invasion, and proliferation experiments
in vitro to validate the effects of CS isoforms on the liver tumor focal formation of LM8G7
cells. We dynamically monitored the attachment of tumor cells to the laminin-coated plate in
the presence or absence of CS isoforms or the antibody GD3G7. Both CS-E and GD3G7
markedly inhibited the attachment of LM8G7 cells to the laminin-coated plate. Therefore, it
is reasonable to hypothesize that the pre-administration of CS-E may weakening tumor cell
adhesion to endothelial cells thereby preventing the liver colonization. Further, the invasive
ability of LM8G?7 cells was significantly reduced by CS-E, but not by the other isoforms.
Supporting this observation, GD3G7 also strongly inhibited the invasion by LM8G7 cells.
Next, we tested the effects of CS-A, CS-C, CS-E or GD3G7 on cell proliferation. CS-E and

GD3G7 inhibited the proliferation of LM8GT7 cells in a dose-dependent manner. These results



suggest the E-unit-containing epitopes to be involved in the tumor forming process and a
potential target for the diagnosis and treatment of osteosarcoma tumors.

It is well known that VEGF-releasing metastatic tumor cells dysregulate the
endothelial cell-cell junctional complex upon binding and facilitates tumor extravasation
(Weis et al. 2004). In this study, the addition of CS-E or GD3G7 strongly inhibited the
interaction of tumor cells with VEGF. The most plausible explanation for this inhibition
would be the direct binding of soluble CS-E to immobilized VEGF thereby preventing the
attachment of tumor cells to VEGF, since it has been reported that highly sulfated CS-E

interacts with VEGF in vitro (ten Dam et al. 2007). These results may also explain the

inhibitory effects of CS-E on the liver colonization of LM8G?7 cells. Thus, the present study
reveals the significance of highly sulfated CS/DS structures in the liver tumor focal formation
of the osteosarcoma cells and also provides a framework for the development of GAG-based

anti-cancer molecules (Yamada and Sugahara 2008).

Materials and methods

Materials

Standard unsaturated CS disaccharides, CSase ABC (EC 4.2.2.4), CS-A from whale cartilage,
CS-C from shark cartilage, and CS-E from squid cartilage and cell proliferation assay kit
TetraColor One were purchased from Seikagaku Corp. (Tokyo, Japan). Recombinant human
(rh)-HGF was from PeproTech EC Ltd (London, UK). rh-VEGF-165, rh-FGF-2, and rh-MK
were obtained from Wako Pure Chemicals Co. (Osaka, Japan). The single chain antibody
GD3G7 was selected for reactivity with rat embryo-derived GAGs by the phage display
technique (ten Dam et al. 2007). The monoclonal anti-vesicular stomatitis virus glycoprotein
(VSV-G) tag antibody P5D4 was from Sigma. Porcine intestinal mucosal heparin was

obtained from Nacalai Tesque (Kyoto, Japan). Alexa Fluor 488-conjugated goat anti-mouse
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IgG (H+L) was obtained from Invitrogen. Actinase E was from Kaken Pharmaceutical Co.
(Tokyo, Japan). Mouse sarcoma laminin from basement membrane of Engelbreth-Holm
Swarm was obtained from Sigma. 2-Aminobenzamide (2AB) was purchased from Nacalai
Tesque (Kyoto, Japan). Sodium cyanoborohydride (NaBH3;CN) was from Aldrich Chemical
Co. (Milwaukee, WI). 100X non-essential amino acids, B-mercaptoethanol, 100X sodium
pyruvate, the cell dissociation buffer, and L-glutamine were from GIBCO (Auckland, New
Zealand). Diff-Quick solution was from International Reagent Corp. (Kobe, Japan). All other
chemicals and reagents were of the highest quality available.

Animals and Cell Lines

Nine-week-old female C3H/HeN mice were obtained from Japan SLC (Hamamatsu, Japan)
and kept in standard housing. All the experiments were performed according to protocols
approved by the local animal care committee of Hokkaido University. The murine
osteosarcoma cell line LM8G7, which has high metastatic potential to liver, was cloned from
LMS8GS cells (Lee et al. 2002) as described (Fidler and Nicolson 1976) and cultured in
DMEM supplemented with 10% (v/v) FBS (Thermo Trace, Melbourne, Australia),
streptomycin (100 pg/ml), penicillin (100 units/ml), 100X non-essential amino acids, [3-
mercaptoethanol (50 uM), 100X sodium pyruvate, and L-glutamine (2 mM) at 37 °C in a
humidified 5% CO, atmosphere. The cells were harvested after being incubated with 0.1%
trypsin/l mM EDTA in phosphate-buffered saline (PBS) for 5 min at 37 °C, gently flushed
with a pipette, and subcultured three times a week.

Extraction of GAGs from LMS8 and LMS8G7 Cells

Cells were dehydrated and delipidated by extraction with acetone, air-dried and used for the
extraction of GAGs essentially as described previously (Li et al. 2007) with some
modifications. Briefly, the acetone powder was digested with heat-activated (60 °C, 30 min)

actinase E in 200 pl of 0.1 M sodium borate, pH 8.0, containing 10 mM calcium acetate at

11



60 °C for 48 h. After the incubation, each sample was treated with 5% trichloroacetic acid
and kept for 30 min at 4 °C. The precipitate was removed by centrifugation. The supernatant
was extracted with diethyl ether to remove the trichloroacetic acid. After neutralization with
1.0 M sodium carbonate, the aqueous phase was adjusted to contain 80% ethanol and 1%
sodium acetate, and kept at 4 °C overnight. The precipitated crude GAGs were recovered by
centrifugation, desalted on a PD-10 column (GE Healthcare) using 50 mM pyridine acetate
buffer, pH 5.0, as an eluent, and evaporated dry.

Analysis of the Disaccharide Composition of CS Chains

The disaccharide composition of GAG preparations from the osteosarcoma cell lines was
determined as described (Li et al. 2007). Briefly, the samples were dissolved in water and an
aliquot was digested with CSase ABC (Saito et al. 1968), and labeled with 2AB (Kinoshita et
al. 1999). The excess 2AB was removed by extraction with chloroform (Kawashima et al.
2002). The 2AB-labeled digest was analyzed by anion-exchange HPLC on a PA-03 silica
column (YMC-Pack PA, Kyoto, Japan) with a linear gradient of NaH,PO4 from 16 to 538
mM over 60 min at a flow rate of 1.0 ml/min at room temperature. Identification and
quantification of the resulting disaccharides were achieved by comparison with the elution of
authentic CS-derived unsaturated disaccharides (Kinoshita et al. 1999).

Immunocytochemistry

To detect the E-unit-containing epitopes, murine osteosarcoma cell lines, LM8 and LM8G7,
were stained using a phage display single chain antibody, GD3G7 (ten Dam et al. 2007,
Purushothaman et al. 2007). Briefly, osteosarcoma cells were plated on 8-well Lab-Tech
chamber slides (Nalge Nunc International), cultured for 24 h, and fixed with Diff-Quick
reagent A. After being blocked with PBS containing 3% bovine serum albumin (BSA) for 1 h

at room temperature, the fixed cells were incubated with 100 pl of the primary antibody

GD3G7 (diluted 1:100 (10 pg/ml) in 0.1% BSA/PBS) for 1 h at room temperature, and
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washed with PBS. After being incubated with the anti-VSV-G antibody (diluted 1:5,000 in
0.1% BSA/PBS) for 1 h at room temperature, the cells were washed with PBS. To detect the
anti-VSV-G antibody, the cells were stained with a third antibody conjugated to Alexa Fluor
488 (diluted 1:500 in 0.1% BSA/PBS), and visualized with a laser-scanning confocal
microscope, FLUOVIEW (Olympus, Tokyo, Japan).

Assay of Liver Tumor Focal Formation

In preparation for injection, LM8G7 cells were harvested after a brief exposure to a cell
dissociation buffer (GIBCO) and the cell viability in single-cell suspensions was determined
by trypan blue exclusion. A total of 1 x 10° cells suspended in 200 ul of DMEM were
injected into a lateral tail vein of C3H/HeN mice. Four weeks later, the animals were
sacrificed. The number of visible tumor cell nodules in the liver was examined and liver
weight was recorded.

To elucidate the involvement of cell surface CS/DS in the liver tumor focal formation, the
C3H/HeN mice received 100 pg of commercial CS preparations (CS-A, CS-C, or CS-E) or
heparin 30 min before the tumor cell injection. The dose-dependent inhibition experiments
were carried out using CS-E (25, 50, 100, or 150 pg). In other instances, to investigate the
involvement of the antibody GD3G7 epitope in the liver tumor focal formation, LM8G7 cells
were pre-incubated with serially diluted GD3G7 (0.05, 0.1, 0.2, 0.5, 1, or 2 ug) or the
irrelevant antibody MPB49V (2 ng) for 30 min at 37 °C. Aliquots of the cell suspension were
assessed for cell viability before the injection. After incubated with antibodies (GD3G7 or
MPB49V) and prior to the injection of the tumor cells into animals, it was ensured by
microscopic observations that these cells were in a single cell suspension.

Real-Time Monitoring of the Adhesion of LM8GY7 Cells to the Laminin Substrate

The cell attachment assay was carried out using RT-CES™ system (ACEA Biosciences, San

Diego, CA). ACEA’s 96X microtiter plates were coated with laminin (0.5 pg/well) at 37 °C

13



for 1 h. Attachment and spreading of LM8G?7 cells (2 x 10*) were monitored in the presence
or absence of various inhibitors such as CS-A (50 pg), CS-E (50 pg), the antibody GD3G7 (2
ng), or the control antibody MPB49V (2 ng), and continuously monitored for up to 62 min
using the RT-CES™ system. The cell index (quantitative measurement of cells in a well
containing an electrode) was plotted against time.

Cell Invasion Assay In Vitro

The invasion of LM8G?7 cells across the Matrigel ™ -coated porous membranes was assessed
using a 24-well plate (8 um pore size, insert size: 6.4 um) (BD Biosciences) according to the
manufacturer’s protocol. Briefly, single cell suspensions of LM8G7 cells (2.5 x 10%) were
prepared by detaching and resuspending the cells in DMEM containing 0.1% BSA. Before
the cells were added, the chambers were rehydrated for 2 h in an incubator at 37 °C. The
lower chambers were filled with DMEM containing 5% FBS. In some instances, LM8G7
cells (2.5 x 10%) in serum-free DMEM were pre-incubated with CS-A, CS-C, CS-E (50 pg) or
the antibody GD3G7 (2 pg) for 30 min at 37 °C in a CO; incubator, and added to the upper
chamber. After incubation for 24 h, cells that had passed through the Matrigel-coated
membrane and remained attached to the opposite surface of the membrane were stained with
the Diff-Quick solution, and counted in five random microscopic fields per filter.

Assay of Cell Proliferation In Vitro

To examine the effects of CS isoforms on proliferation in vitro, LM8GT7 cells were seeded at
a density of 5 x 10° cells/well in a 96-well plate and treated with CS-E (50 to 150 pg),
GD3G7 (2 to 5 pg), CS-A (100 pg), CS-C (100 pg) or heparin (100 pg) for 3 days. After a
specific period of time, 5 pL of TetraColor One (Tanaka et al. 2002) reagent was added and
incubated for an additional 4 h and the absorbance at 450 nm (Bio-Rad) was measured. The
viability of the cells was expressed in percentage terms.

Tumor Cell-Growth Factor Adhesion Assay
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The adhesion of tumor cells to various growth factors (Hibino et al. 2005) in vitro was
assessed in a 96-well plate. VEGF, FGF-2, MK and HGF (100 ng) were added to the
microtiter plate and incubated overnight at 4 "C. After blocking the wells with 1% BSA in
PBS, DMEM containing LM8G7 cells (2.5 x 10* in 0.1% BSA were added to a plate and
incubated for 1 h at 37 °C in a humidified 5% CO, atmosphere. After a brief wash with PBS,
100 pl of PBS containing 5 pl of TetraColor One was added and the plate was incubated for
45 min. The viable adhered cells were quantified by measuring the absorbance at 450 nm.
The net signal is obtained by subtracting the background obtained with a BSA-coated well. In

other instances, the cells were pre-incubated with CS-A, CS-C, CS-E, heparin (50 pug) or

GD3G7 (2 pg) for 30 min at 37 °C and used for the experiment.
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Figure Legends

Fig. 1. Anion exchange HPLC of CSase ABC digests of the CS/DS chains obtained from the
osteosarcoma cell lines LM8 and LM8G7. The CS/DS preparations were digested
individually with CSase ABC. After 2AB-labeling, each digest was analyzed by HPLC on an
amine-bound silica PA-03 column using a linear gradient of NaH,POj, as indicated by the
dashed line. The peaks before 10 min were derived from 2AB-derivatizing reagents. (A),
authentic hyaluronan/CS-derived unsaturated disaccharides. (B) and (C), 2AB-labeled CS-
derived unsaturated disaccharides obtained from LM8 and LMS8G7 cells, respectively.
Arrows indicate the elution positions of the 2AB-derivatized authentic hyaluronan and CS
disaccharides: 1, A¥HexUA-GIcNAc; 2, A¥HexUA-GalNAc; 3, A¥HexUA-GalNAc(6S); 4,
A*HexUA-GalNAc(4S); 5, A¥HexUA(2S)-GalNAc(6S); 6, A¥HexUA-GalNAc(4S,6S); 7,

AHexUA(2S)-GalNAc(4S, 6S).

Fig. 2. Immunocytological detection of the GD3G7 epitope on the surface of murine
osteosarcoma LM8 and LM8G7 cells. LM8 (A) and LM8G7 (B) cells were seeded separately
on chamber slides, cultured for 24 h, and fixed with Diff-Quick reagent A. They were
incubated with the antibody GD3G7 for 1 h, and bound GD3G7 was detected with an anti-
VSV glycoprotein antibody followed by an Alexa-conjugated third antibody, and visualized
by confocal microscopy. In control experiments, LM8G7 cells were stained without GD3G7

(C) or irrelevant antibody MPB49V (D). Scale bar, 100 um.

Fig. 3. Effects of CS isoforms and the antibody GD3G7 on the liver tumor focal formation of
LM8G7 cells. The CS/DS preparation (100 pg) in 200 pl of Dulbecco's Modified Eagle's
Medium (DMEM) was injected into a tail vein of C3H/HeN mouse 30 min before the

injection of LM8G7 cells (1 x 10°). LM8G7 cells were also pre-incubated with the antibody
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GD3G7 (2 pg) or the control antibody MPB49V (2 ng) for 30 min at 37 °C and used for the
tumor colonization experiments. Representative livers from the mice treated with DMEM
(Control) (A), CS-A (B), CS-C (C), CS-E (D), antibody GD3G7 (E), or MPB49V (F) are
shown. The average liver weight of the control and treated mice (G). Heparin from porcine
intestinal mucosa (100 pg) was used as a positive control. The data represent mean values +

SD for two independent experiments. * p <0.01 versus control. Mann-Whitney U test.

Fig. 4. Dose-dependent anti-tumor activity of CS-E and the antibody GD3G7. (A) The anti-
tumor activity of various doses (25, 50, 100, or 150 pg) of CS-E was investigated as
described in the legend to Fig. 2. (B) LM8G7 cells were pre-incubated with the antibody
GD3G7 at different doses (0.05, 0.1, 0.2, 0.5, 1, or 2 pg) for 30 min, and used for the analysis
of tumor focal formation as described in the legend to Fig. 2. Six mice were used per group.
The data represent mean values £ SD for two independent experiments. * p < 0.01 versus

control. Mann-Whitney U test.

Fig. 5. Real-time monitoring of the effects of CS-A, CS-E or GD3G7 on the adhesion of
LMS8G?7 cells to the laminin substrate. LM8G7 cells (2 x 10*) were seeded in ACEA’s 96X e-
plate™ coated with (A) or without laminin (0) and the effects of CS-A (50 pug, A), CS-E (50
ng, o), GD3G7 (2 ng, 4), and MPB49V (2 ng, o) were observed for 60 min using the RT-

CES™ system as described in the Materials and methods section. The cell index (quantitative

measurement of cells in a well containing an electrode) values were plotted against time. The

data represent mean values + SD for three independent experiments.

Fig. 6. Effects of various CS isoforms and the antibody GD3G7 on the invasion of LM8G7

cells. (A) The invasion of LM8G7 cells (2.5 x 10%) was measured using a BD BioCoat™
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chamber (BD Biosciences) coated with Matrigel™ in the presence or absence of CS-A, CS-C,
CS-E (50 pg) or GD3G7 (2 pg) in the upper chamber and allowed to invade through the

Matrigel for 24 h. The cell invasion was measured as described in the Materials and methods

section. The number of invaded cells is presented. The data represent mean values = SD for

two independent experiments. * p < 0.01 versus control. Mann-Whitney U test.

Fig. 7. Effects of various GAGs and the antibody GD3G7 on the proliferation of LM8G7
cells. (A) LM8G?7 cells (5 x 10°) were plated on 96-well plates in DMEM supplemented with
10% fetal bovine serum (FBS) in the presence or absence of CS-A (100 pg), CS-C (100 pg),
CS-E (50 to 150 pg), heparin (100 pg), or the antibody GD3G7 (2 or 5 pg). The number of
viable cells was determined 3 days after seeding. The data represent mean values + SD for
three independent experiments. * p < 0.01 versus control. ** p < 0.05 versus control. Mann-

Whitney U test.

Fig. 8. The effects of various GAGs on the attachment of LM8G7 cells to VEGF. (A)
LM8G7 cells (2.5 x 10*) were seeded on growth factor-coated plates and the cells attached
were quantified as described in the Materials and methods section. The net signal obtained
for the LM8GT7 cells adhered to VEGF is presented. (C) The effects of GAGs or GD3G7 on
the attachment of LM8G7 cells to the immobilized VEGF. LM8G7 cells were pre-incubated
with CS-A, CS-C, CS-E, heparin (50 pg) or GD3G7 (2 pg) for 30 min at 37 °C, and their
effects on the adhesion of VEGF were measured. Values obtained with control wells not

treated with GAGs are taken as 100%. * p < 0.01 versus control. Mann-Whitney U test.
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Table 1. Disaccharide composition of CS/DS chains in osteosarcoma cell lines LMS8 and

LM8G7“
Unsaturated disaccharide LMS LM8G7
pmol (mol %)
AO: AHexUA-GalNAc 65.7(64.9)  50.4 (55.8)
AC: AHexUA-GalNAc(6S) 13.0 (12.8) 7.4 (8.6)
AA: AHexUA-GalNAc(4S) 15.8(15.8) 21.4(23.7)
AD: AHexUA(2S)-GalNAc(6S) N.D./ N.D.
AB: AHexUA(2S)-GalNAc(4S) N.D. N.D.
AE: AHexUA-GalNAc(4S,6S) 6.6 (6.5) 10.7 (11.9)
AT: AHexUA(2S)-GalNAc(4S, 6S) N.D. N.D.
Total” 101.2 (100)  90.0 (100)
S/unit’ 0.41 0.55
Molar ratio of the total disaccharides® 1.12:1.00

“The GAG preparation from each osteosarcoma cell line was digested with CSase
ABC and the digest was analyzed by anion-exchange HPLC after labeling with a

fluorophore 2-AB as described in the Materials and methods section.

> Amounts of disaccharides/mg of dried cells.
“A molar ratio of sulfate to disaccharide.
dN.D., not detected.

¢A molar ratio of the total CS/DS disaccharides of the two cell lines.
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