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Abstract Various tumor cells exhibit structural alterations in
the sulfated modifications to glycosaminoglycans (GAGs).
The altered expression of chondroitin sulfate (CS) and hepa-
ran sulfate (HS) on the surfaces of tumor cells is known to play
a key role in malignant transformation and tumor metastasis.
The receptor molecule for the CS chains containing E-
disaccharide units (CS-E) expressed on Lewis lung carcinoma
(LLC) cells was recently revealed to be Receptor for
Advanced Glycation End-products (RAGE). RAGE is also
involved in the development of various pathological condi-
tions including aging, infection, pulmonary fibrosis, diabetes,
and Alzheimer’s disease, by binding to a wide range of
ligands. RAGE binds strongly not only to CS-E, but also to
HS-expressing LLC cells. Recombinant RAGE bound CS-E
and HS with high affinity. Furthermore, in a mouse model, the
colonization of the lungs by LLC cells was inhibited by
intravenously injected CS-E, an anti-CS-E antibody, or an
anti-RAGE antibody. These findings demonstrated that
RAGE is at least one of the critical receptors for CS and HS
chains expressed on the tumor cell surface and is involved in
experimental lung metastasis, and also that CS/HS and RAGE
are potential molecular targets for the treatment of pulmonary
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metastasis. We, hence, reviewed these findings and also sev-
eral chemically synthesized small GAGmimetics that exhibit
potent anti-metastatic and/or anti-tumor activities.
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Abbreviations
CS Chondroitin sulfate
DS Dermatan sulfate

HS Heparan sulfate

VEGF Vascular endothelial growth factor
FGF2  Fibroblast growth factor-2

GAG  Glycosaminoglycan

Introduction

Cancer is the leading cause of deaths. Since the number of
cancer-related deaths is increasing, there is an urgent need for
clinical markers that can be used to determine the risk of
developing tumors, and also serve as tools for initial diagnoses
as well as monitoring tumor progression and the effects of
medication. Glycans regulate tumor proliferation, invasion,
hematogenous metastasis, and angiogenesis; therefore, a
clearer understanding of these roles will set the fundamental
stage for developing pharmaceutical agents that target these
molecules. Such novel agents may be used alone or in com-
bination with other strategies for treatment of cancers such as
surgery and/or chemoradiation [1]. It is estimated that over
50 % of all human proteins are glycosylated [2].
Glycosylation has been detected on cell surfaces and in extra-
cellular matrices that create the initial point of contact in
cellular interactions [3]. Therefore, the effects of disease states
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on the biosynthesis of glycans may be clearer than disease-
associated changes to proteins. It is now well established that
altered glycosylation varies more significantly among tumor
cells than among normal cells [4-6]. The recognition of gly-
cans as mediators of important biological processes has stim-
ulated growing interest in glycobiology research [3].

Mechanism underlying glycosaminoglycan-mediated
tumor metastasis

Previous studies from our and other laboratories demonstrated
that various tumor cells exhibited structural alterations in the
sulfated modifications to glycosaminoglycans (GAGs), includ-
ing chondroitin sulfate (CS) and dermatan sulfate (DS),
expressed on tumor cell surfaces during malignant progression
[7,8]. The altered expression of CS and heparan sulfate (HS) on
the surfaces of tumor cells has been shown to play a key role in
malignant transformation and tumor metastasis [9,10]. A Lewis
lung carcinoma (LLC)-derived tumor cell line with high meta-
static potential had a higher proportion of E-disaccharide units,
GlcUA-GalNAc (4,6-O-disulfate), in the CS chains than low
metastatic LLC cells, in which GlcUA and GalNAc represent
D-glucuronic acid and N-acetyl-D-galactosamine, respectively.
Metastasis was inhibited by the pre-administration of CS-E rich
in E-disaccharide units derived from squid cartilage or
by pre-incubation with the phage display single chain
antibody GD3G7 [9], which is specific to CS-E [11,12]
and stains human pancreatic and ovarian cancer tissues
[12,13]. Similar results were also obtained with a mouse
osteosarcoma cell line metastatic to the liver [14] and a
human B16 melanoma cell line metastatic to the lungs

Fig. 1 Schematic presentation of
pulmonary metastasis involving
GAGs on tumor cells and RAGE
in mouse lungs. Tumor cells
proliferate at the primary site, are
released therefrom, and migrate/
invade into blood vessels. Tumor
cells circulating in the
bloodstream adhere to vascular

[8]. However, the molecular mechanism underlying this
inhibition has yet to be investigated.

The receptor molecule for CS chains containing E-
disaccharides expressed on LLC cells was revealed to be
Receptor for Advanced Glycation End-products (RAGE)
[15], which is a member of the immunoglobulin superfamily
predominantly expressed in the lung. RAGE is known to be
involved in the development of various diseases and patho-
logical conditions including aging, infection, pulmonary fi-
brosis, diabetes, and Alzheimer’s disease, by binding to var-
ious ligands (Fig. 1). RAGE bound strongly not only to E-
disaccharides, but also to HS-expressing LLC cells.
Recombinant RAGE bound CS-E and HS with high affinity
[15]. Furthermore, the colonization of the lungs by LLC cells
was inhibited by an anti-RAGE antibody administered via
intravenous injections [15]. These findings demonstrated that
RAGE is at least one of the critical receptors for CS and HS
chains expressed on the tumor cell surface and is involved in
experimental lung metastasis, and also that CS/HS and RAGE
are potential molecular targets in the treatment of pulmonary
metastasis (Fig. 2). CS-E-derived decasaccharide sequences
(Table 1) that may be involved in binding to RAGE have also
been proposed [9,11,16].

GAGmimetic small compounds

In our recent studies, a novel heterocyclic compound that
mimics such glycans was designed and synthesized, and ex-
hibited the ability to bind several growth factors/cytokines.
Preclinical data also indicated its potential anti-cancer effects,
as described below.

endothelial cells in the lung
through the capture of GAGs by
RAGE (inset). Subsequently, the
tumor cells exhibit invasion,
proliferation and angiogenesis at
the secondary sites. Hence, GAG,
their fragments and
GAGmimetics with RAGE-
binding capacity or
RAGEmimetics are potential
targets for drug discovery. (taken
from ref. [8] and modified)

Vascular endothelial cells
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Fig. 2 Ligands of Receptor for Advanced Glycation End-products
(RAGE) associated various pathological conditions. RAGE binds a vari-
ety of substances and is involved in pathological conditions of a variety of
diseases. Figure 3 of ref. [Sims GP, Rowe DC, Rietdijk ST, Herbst R,
Coyle AJ (2010) HMGB1 and RAGE in inflammation and cancer. Annu
Rev Immunol 28:367-388] was modified

HS (Fig. 3a) on cell surfaces modulates signal transduction
into tumor cells by interacting with various growth factors
such as fibroblast growth factor-2 (FGF2), vascular endothe-
lial growth factor (VEGF), and heparin-binding epidermal
growth factor-like growth factor (HB-EGF) [17-19]. HS on
cell surfaces and in extracellular matrices plays a major role in
tumor metastasis, and acts as a storage shed for various
proteins. Heparanase, a family member of the endo-3-D-glu-
curonidases promotes tumor cell invasion by degrading HS in
the extracellular matrix. Heparanase also promotes cell prolif-
eration, metastasis, and angiogenesis by releasing growth
factors such as FGF2 and VEGF from HS [20]. Several
studies have shown that HSmimetics act as anti-tumor agents.
For example, the anti-tumor and anti-heparanase activities of
the non-sugar-based HSmimetic compound KI-105 (2-[3-ni-
tro-4-(phenylthio)benzoyl]benzoic acid) have been reported
previously [21].

Table 1 Structure of the decasaccharide sequences isolated from com-
mercial CS-E, which was purified from the squid (Superspecial grade of
Seikagaku Corp., Tokyo)

Disaccharide sequences detected in isolated decasachharide fractions
from CS-E of the squid

E-E-E-E-E*
E-E-E-A-A
E-E-E-E-A
E-E-E-E-C

*A-, C-, and E-units represent GIcUA-GalNAc (4-O-sulfate)

GlcUA-GalNAc (6-O-sulfate), and GlcUA-GalNAc (4,6-O-disulfate),
respectively

COOH S
0 0
a o)
OH
-0 0—

Pyranoside mimetic
oxazine ring

Fig. 3 a Structure of the representative repeating disaccharide unit,
which is characteristic of major disaccharide units found in HS chains;
b An oxazine sugarmimetic DMBO (2-(2,6-difluorophenyl)-
4a,5,6,7,8,8a-hexahydro-4a-(4-methoxyphenyl)-4H-benzo[¢e][1,3]o-
xazine), and ¢ Imidazole aldehyde sugarmimetic NIC (2-butyl-5-chloro-
3-(4-nitro-benzyl)-3H-imidazole-4-carbaldehyde). In the search for effec-
tive therapeutic agents for cancers, which target multiple pathways, we
designed and synthesized a novel six-member oxazine compound DMBO
b, a class of sugarmimetic, in which the ring carbon has been replaced by
a nitrogen atom. The oxazine nucleus of the DMBO appears to mimic the
pyranoside ring structure, which is the monosaccharide backbone of the
sugar residues in HS. NIC, a hybrid of HSmimetic core structure of KI-
105, was prepared by replacing the benzene group by imidazole, since the
chemistry of imidazole occupies an extremely important niche within the
family of 5-membered heterocyclic compounds [23]. NIC is considered
to mimic the HS non-structurally. We have reported that NIC, directly
binds to the heparin-binding domain of VEGF, as detected by high
throughput surface plasmon resonance (SPR) analysis, as well as by in
silico binding analysis, and showed promising antitumor activity in
experimental model of liver matastasis [23]
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The small oxazine compound, DMBO
(2-(2,6-difluorophenyl)
-4a,5,6,7,8,8a-hexahydro-4a-(4-methoxyphenyl)
-4H-benzo[e][1,3]oxazine), as an anti-tumor agent

DMBO (Fig. 3b) mimics the pyranosidic ring structure of HS.
DMBO also possesses the ability to bind various growth
factors/cytokines such as VEGF, HB-EGF, and TNF-«, and
also synergistically exhibits anti-tumor activity with heparin
(Fig. 4a and b) [22]. This appears to have been the first study
on a synthetic oxazine compound that can mimic the func-
tional groups and pyranosidic ring structure of HS by
interacting directly with growth factors/cytokines with high
affinity. Thus, it has been proposed that DMBO may bind
VEGEF and effectively block the ability of VEGF to activate its
receptor and subsequent signaling. Furthermore, the in vivo
anti-metastatic mechanism of DMBO on LM8G7 cells has
been attributed to its ability to interrupt heparanase-associated
pathological events, which is the most important and compa-
rable to other anti-metastatic sugarmimetic agents (Fig. 4c).

a *%
0.8 -
©
5 .o
o 04 1
14
o
[
DMSO MBO FMBO CMBO PMBO DMBO
-0.4

Liver Weight (g)

Fig. 4 Anti-tumor activity of DMBO. a Interaction between
immobilized DMBO and soluble VEGF is shown by SPR analysis with
maximum signal strength as compared with DMBO’s analogs. b Effects
of DMBO and heparin on the proliferation LM8G?7 cells is presented.
LMS8GT cells were incubated with the indicated concentrations of DMBO
or heparin in the presence of various concentrations of VEGF (2-6 ng/
mL) and its inhibition of the binding of VEGF was measured. c—e Effects
of DMBO against the metastatic potential of mouse osteosarcoma cells
are presented. LM8G7 cells were intravenously injected with DMBO into
C3H/HeN mice, with the indicated doses on days 3, 5 and 10. After
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Anti-tumor activity of the novel HSmimetic NIC
(2-butyl-5-chloro-3-(4-nitro-benzyl)
-3H-imidazole-4-carbaldehyde): a VEGF-binding small
molecule

We compared the structure of NIC (originally reported as
Compound 8) [23] (Fig. 3c) with HS, both of which have
common functional ionic groups such as sulfate, nitro, and
carbaldehyde, which can be located at similar positions in the
disaccharide structural units of HS. Molecular docking studies
revealed that NIC binds the heparin-binding domain of VEGF
through strong hydrogen bonding with Lys-30 and GIn-20
amino acid residues, which is consistent with the prediction
that NIC inhibited the binding of VEGF to immobilized
heparin. In vitro studies showed that the compound NIC
inhibited the VEGF-induced proliferation, migration, and tube
formation of mouse vascular endothelial cells, and also the
invasion of a murine osteosarcoma cell line (LM8G7) [23],
which secretes high levels of VEGF. In vivo, these effects
significantly reduced the tumor burden in an experimental

120
80

40 -

0 2 4 6 2 4 6 VEGF
DMBO (50 pM) Heparin (100 pg/ml) (ng/ml)

0.5 1 1.5 2.5 5 2.5 5
DMBO (mg/kg) Heparin Heparin (mg/kg)
(mg/kg) +

DMBO (2.5 mg/kg)

4 weeks, the number of liver nodules in the mice was counted macro-
scopically, and the liver weight was measured in the control and the tested
mice injected with DMBO, heparin or both. ¢ and d) Representative livers
from mice injected with LM8G7 cells treated with DMEM (¢, negative
control) and DMBO (0.5 mg/kg body weight) d are shown. e The average
liver weight of the control and the DMBO-treated mice. The possible
synergistic effects of DMBO and heparin were investigated. Data repre-
sent mean values=S.D. for three independent experiments and each
experiment was conducted with six mice per group. *P <0.05 versus
control. Mann—Whitney U test
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model of liver metastasis [23]. Collectively, these findings
indicate that NIC prevents the growth of tumors by directly
influencing tumor cell proliferation and inhibiting VEGF-
mediated endothelial cell migration and angiogenesis. In con-
clusion, the GAGmimetic NIC may improve the vasculature
and microenvironment in tumors by inhibiting the binding of
VEGF to its receptor.

Analysis of the energy-minimized structures of HexUA (2-
O-sulfate)-GIcNAc (6-O-sulfate), in which HexUA and
GlcNAc stand for hexuronic acid and N-acetyl-D-glucos-
amine, respectively, and NIC revealed that anionic groups,
such as sulfate, carboxylic acid, and carbaldehyde as well as
nitro functional groups, are located in similar positions and
directions. Because of this structural similarity (by functional
groups) to HS, NIC may be able to bind to VEGF 45 at the
heparin-binding site. A surface plasmon resonance assay

b S30

022

Fig. 5 Molecular basis for the interaction between Compound NIC and
heparin-binding domain of VEGF¢s. a Binding mode of NIC with
heparin-binding site of VEGF¢4s5. The amino acid residues of heparin-
binding site of VEGF 45 are shown in stick models. b Interactions of NIC
within the heparin-binding pocket of VEGF 45 with putative hydrogen
bonds shown as green dotted lines. NIC is shown in green color. The
bonding between NIC and the heparin-binding domain of VEGF¢5 are
shown in yellow color. All the hydrogen atoms are not shown. The picture
is rendered in Discovery Studio, version 2.5 (right panel) (taken from ref.

(23D

revealed that NIC interacted strongly with VEGF, and weakly
with FGF-2. Molecular docking analysis of the GAGmimetic
NIC to the heparin-binding site of VEGF using the Ligand
Docker (CDOCKER) of Discovery Studio (DS) program
revealed that NIC bound to the heparin-binding domain of
VEGF (Fig. 5a) with high affinity. Visual analysis of the
docked imidazole and benzene moiety of NIC showed that it
interacted with the key amino acid residues Val-19, Phe-18,
His-15, Lys-16, and Pro-9 of the heparin-binding domain of
VEGF. In addition, NIC bound through hydrogen bonding to
Lys-30 and GIn-20 residues at the heparin-binding pocket of
VEGF (Fig. 5b). A similar finding has been reported previ-
ously for the compound KI-105, which binds to the HS-
binding site of heparanase [21]. These findings indicated that

Fig. 6 The ball-and stick model of the most active anti-cancer com-
pound, CDD ((5-[-3-(4-chlorophenyl)-4,5-dihydroisoxazol-5-yl-meth-
yl]-5H-dibenzo [b,f] azepine), which belongs to the isoxazoline tethered
to dibenzoazepine (DB) was given
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NIC initially competes or binds to the heparin-binding domain
of VEGF, thereby decreasing the binding of VEGF to
immobilized heparin.

Anti-cancer activities of novel dibenzo [b,f] azepine tethered
isoxazoline derivatives

Dibenzoazepine (DB) derivatives are important and valuable
compounds in medicinal chemistry. The replacement of the
ribose ring with an isoxazolidine nucleus has also emerged as
an important class of dideoxynucleoside analogues [24].
These analogues mimic natural nucleosides, undergo phos-
phorylation by cellular kinases, are metabolized by enzymes,
and are then inserted in the DNA growing chain, in which they
are finally modified as chain terminators [25]. Therefore, we
synthesized a DB-fused hybrid structure containing
isoxazolines. The effects of CDD (Fig. 6) (originally reported
as Compound 4 g) (5-[-3-(4-chlorophenyl)-4,5-d-
ihydroisoxazol-5-yl-methyl]-5H-dibenzo [b,f] azepine) on
the invasion of highly metastatic murine osteosarcoma
(LMS8G7) cells were studied using Matrigel™-coated porous
membranes [26]. LM8G7 cells, which expres high amounts of
CS, were found to be highly invasive. Among the tested
molecules, compound CDD was found to more strongly

CDD (0.1 pM)
Fig.7 Compound CDD completely inhibited the invasion of MDA-MB-
231 cells. Cells were seeded in Matrigel™-coated Boyden chambers and

were incubated for 24 h with DMEM (untreated) or a medium containing
1 uM or 10 uM of CDD; the photographs show the cell on the lower
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inhibit the invasion of LM8G7 cells than other structurally
related compounds. The compound CDD completely
inhibited the invasion of MDA-MB-231 cells at 10 uM
(Fig. 7). In addition to its anti-invasion properties the CDD
also dose-dependently inhibited the migration of LM8G7 and
human ovarian cancer cells (OVSAHO) dose-dependently.
The compound CDD inhibited the proliferation of LM8G7,
OVSAHO, human breast cancer cells (MCF-7), and human
melphalan-resistant multiple myeloma (RPMI8226-LRS)
cells in a similar manner to cisplatin and suramin.

Conclusions

Cell-surface/extracellular-matrix HS glycosaminoglycans are
complex polysaccharides ubiquitously found in the animal
kingdom, and regulate several aspects of cancer biology, in-
cluding tumorigenesis, tumor progression, and metastasis. An
insight into the above findings will reveal that glycans provide
an opportunity to better understand the mimicking efficacy of
novel heterocyclic compounds towards GAG components on
cell surface surfaces such as CS/HS/DS chains, and new
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inhibition of the invasion of MDA-MB-231 by CDD is presented. The
data represent the mean value+S.D. for three independent experiments.
*P <0.05 versus control, Student’s #-test
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therapeutic approaches using GAGmimetics will be in demand
for not only cancers, but also other GAG-related diseases.
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