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1. Introduction

The extracellular matrix (ECM) is composed of fibronectin, collagen, elastic fibers and
microfibrils with many associated adaptor proteins and proteoglycans. The
microenvironments of cancer tissues differ from those of normal tissues, and intimately
communicate with the cancer cell surface. For example, in breast cancer stroma compared
with a normal breast lobule, 2,338 genes are upregulated and 1,234 genes are downregulated
in ductal carcinoma in situ, and a further 76 genes are upregulated and 229 genes are
downregulated in invasive carcinoma [1]. Histologically, smooth muscle actin-positive
fibroblasts appear in the cancer stroma. Cancer cells and their microenvironments seem to
influence each other during early carcinogenesis, and the microenvironments appear to play
important roles in cancer development. The tumor microenvironment is unique in
containing higher amounts of versican and hyaluronan, and lower amounts of latent
transforming growth factor B-binding proteins. These stromal changes in hyaluronan-
binding proteins and microfibril-associated molecules may facilitate cancer spreading, and
targeting of specific components of the cancer stroma could lead to effective anticancer
therapies. In this chapter, we review the dynamics of ECM proteins such as versican,
hyaluronan, fibrillin-1 and latent transforming growth factor B-binding proteins in cancer
tissues. In addition, hyaluronan-binding proteins are discussed.

2. Versican

Versican is a type of ECM proteoglycan that was initially identified in cultured human
fibroblasts, followed by isolation of its chicken homolog, PG-M, from chondrogenic
condensation areas of developing limb buds [2]. Versican is a macromolecule composed of a
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specific core protein and covalently linked glycosaminoglycan chains named chondroitin
sulfate (CS), which are linear, negatively charged polysaccharides comprising repeating
disaccharides of acetylated hexosamines [2,3]. It is produced by cancer, lymphoma and
leukemia cells, as well as activated peritumoral fibroblasts. Imunohistochemical staining
with an anti-versican antibody (clone; 2B1 [4]) showed that versican is accumulated in the
stroma of cancers such as melanoma, breast cancer and ovarian cancer (Figure 1). Versican
regulates cell adhesion, proliferation, migration, survival, differentiation and angiogenesis,
and its expression is increased with higher tumor grade and worse outcome [3].

Figure 1. Anti-versican (2B1) immunohistochemistry of human invasive breast cancer. Versican is
expressed in cancer stroma (x200).

Versican can be expressed as one of four splice variants (Figure 2) [5]. The amino- and
carboxy-terminal globular domains (G1 and G3, respectively) are present in all isoforms,
which differ in whether they contain two alternatively spliced CS-attachment regions (CS-a
and CS-f3). Specifically, versican V1 contains only the CS- region, V2 contains only the CS-«
region, VO contains both CS regions and V3 contains neither of the CS regions. Each versican
isoform has different functional roles. The V1 isoform enhances cell proliferation and
protects NIH3T3 mouse fibroblasts against apoptosis [6]. We investigated the alterations in
versican isoforms in breast cancer tissues in comparison with matched normal tissues using
real-time reverse transcriptase-polymerase chain reaction (RT-PCR) [7]. Total RNA was
isolated using an SV total RNA isolation system (Promega, Madison, WI). First-strand
cDNA was synthesized from the total RNA using a SuperScript VILO cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA), and amplified using specific primers for versican V0, V1, V2
and V3. The housekeeping gene glyceraldhyde-3-phosphate dehydrogenase (GAPDH)
was amplified as an internal control. The designed primers were as follows:
VO, 5’-gcacaaaatttcaccctgacatt-3 and  5'-cttctttagattctgaatctattggatgac-3; V1, 5'-
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cccagtgtggaggteggtctac-3’ and 5 -ctcaaatcactcattcgacgtt-3’; V2, 5-
tcagagaaaataagacaggacctgatc-3’, and 5’-catacgtaggaagtttcagtaggataaca-3’; and V3, 5'-
ccctcecectgatageagat-3” and 5'-ggcacgggttcattttge-3'. Real-time quantitative RT-PCR was
performed using a Thermal Cycler Dice Real Time System (Takara Biochemicals, Shiga,
Japan). Each PCR mixture contained 12.5 ul of Master Mix (SYBR Premix ExTaq™II; Takara
Biochemicals), 0.01 mol/l forward and reverse primers, and 100 ng of first-strand cDNA in
deionized water. After heating each sample to 95°C for 10 s, 45 cycles of 95°C for 5 s and 60
C for 30 s were performed. The fluorescence was measured as a function of temperature.
All samples were run in triplicate, and PCR amplifications of the GAPDH and target genes
were run in parallel for each sample. The results were analyzed by the Thermal Cycler Dice
Real Time System TP800 software, version 2.00. To obtain estimates of the mRNA expression
levels of the target genes by real-time RT-PCR, the GAPDH mRNA expression level was given
a value of 1.0 and used to normalize the other mRNA expression levels. The cancer and
normal tissues expressed all four versican isoforms, with the V1 isoform showing the most
abundant expression in both tissues (0.18+0.14 in cancer tissues and 0.032+0.028 in normal
tissues) [7]. In the cancer tissues, the mRNA levels of VO and V1 were increased by about 12-
fold and 6-fold, respectively, compared with the normal tissues. The mRNA levels of V2 and
V3 were very low in the normal tissues, and did not change in the cancer tissues. The versican
V1-transfected Swarm rat chondrosarcoma cells show enhanced cell motility and migration,
and produce tumors with more spindle-shaped cells and more myxomatous stroma in SD rats
[8]. These findings suggest that versican V1 enhances the invasive capacity and leads to the
formation of a cell-associated matrix in the cancer tissues. V2 has the opposite functions to V1,
by inhibiting cell proliferation and lacking any association with apoptotic resistance, whereas
V3 expression has a dual role in tumor growth and metastasis [9,10].

VvV, [NGi cs-g G3 H

Vo | G1 G3 H

V3 | G1 | G3 H
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[ chondroitin suffate-attachment region a
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Figure 2. Schematic representation of human versican isoforms and domains.
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Globular domains G1 and G3 include a hyaluronan binding portion and epidermis growth
like repeats, respectively, and they play a crucial role in the function of versican [2,3]. For
these reasons, G1 and G3 in breast cancer and non-cancerous lesions were compared by dot
blot analyses [7]. Frozen samples (200 mg) were minced into small pieces using a Tissue
Grinder System (Biomedical Polymers, Gardener, MA), homogenized in chilled lysis buffer
comprising 4 M guanidine-HCI and 1 % protease inhibitor cocktail (Sigma, St. Louis, MO),
and extracted at 4°C for 48 h. After centrifugation, the supernatants were dialyzed against 50
mM Tris-HCl (pH 8.0) and 0.15 M NaCl at 4C overnight using Slide-A-Lyzer MINI Dialysis
Units (Pierce, Rockford, IL). The protein contents in the lysates were measured using a
Micro BCA Protein Assay Reagent Kit (Pierce), and aliquots containing 30 ug of protein
were immobilized on nitrocellulose membranes (GE Healthcare, Buckinghamshire, UK)
using a PR648 Slot Blot Manifold dot blot apparatus (GE Healthcare). The membranes were
blocked with 10 % non-fat milk, and incubated with the 6084 antibody recognizing G1 [11]
or the 2B1 antibody recognizing G3 [4]. In the breast cancer tissues, the staining intensities
with the 6084 and 2B1 antibodies were increased by about two-fold and four-fold,
respectively, compared with the non-cancerous tissues [7]. Immunohistochemical staining
supported these findings.

The G1 and G3 domains are thought to be related to the proliferation and migration of cells.
For example, the G1 domain stimulates cell migration and proliferation by destabilizing cell
adhesion in NIH3T3 cells and astrocytoma cells [12,13]. The G3 domain promotes breast
cancer cell proliferation, invasion and bone metastasis and enhances cancer apoptosis, by
upregulating the epidermal growth factor receptor (EGFR)-mediating signaling pathway.
Activation of phosphorylated extracellular regulated protein kinases (ERKSs) is correlated
with high levels of G3 expression [14]. The G3 domain contains two epidermal growth factor
(EGF)-like motifs, and the activated EGF-EGFR-ERK pathway plays important roles in cell
cycle progression and apoptosis.

Versican is cleaved by proteases, which play important roles in tissue remodeling and
modulation of cell microenvironments through degradation of the ECM and processing of
growth factors and adhesion molecules. A disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS) proteins, a family of proteases, are composed of the
following seven domains: signal peptide, prodomain, metalloproteinase domain, disintegrin
domain, thrombospondin type 1 motif, cysteine-rich domain and spacer region. Versican is
cleaved by ADAMTS-1 and ADAMTS-4 at Glu441-Ala442, and a 70-kDa neoepitope
DPEAAE sequence is generated. ADAMTS-1 in breast cancer cells can promote their growth
and metastasis through local accumulation of versican fragments and angiogenesis [15].
This indicates that the concentration of versican is influenced by the cleavage as well as the
production, and ADAMTS plays a role in the cancer development.

3. Hyaluronan and receptors for hyaluronan-mediated motility

Hyaluronan (HA) is a nonsulfated glycosaminoglycan of repeating D-glucuronic acid and
N-acetyl-D-glucosamine disaccharide units. It is a major constituent of the ECM, and plays
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an important role in tissue remodeling during development [16,17]. The high concentrations
of HA in embryonic tissues are correlated with their rates of cell migration and proliferation,
and HA accumulation induces epithelial-mesenchymal transition, at regions such as the
future valve sites of the embryonic heart tube. In addition, HA can bind large amounts of
water, and form viscous gels at relatively low concentrations. HA is synthesized by HA
synthase (HAS) enzymes at the cytoplasmic face of the plasma membrane, and its secretion
takes place by extrusion during polymer elongation [18]. HAS enzymes have three different
isoforms, and HAS-2 and HAS-3 are common in cancer tissues [19]. HAS-2 in breast cancer
stem-like cells (CSCs) promotes tumor progression in bone by stimulating the interactions of
CSCs with macrophages and stromal cells [20]. HA plays a critical role in generating a
favorable microenvironment by promoting the interactions of macrophages and CSCs, and
HAS-2 may promote cancer cell proliferation.

HA synthesis is correlated with the level of HAS mRNA, suggesting that transcriptional
regulation is important [21]. In addition to measuring the HAS mRNA levels, several
different methods have been utilized for detecting HA. Histologically, the expression of HA
was evaluated by staining with biotinylated HA-binding protein (5 pug/ml) prepared from
bovine nasal cartilage. Another method used was HA-dependent pericellular coat assays.
Cells were cultured in dishes, and the medium was then replaced with phosphate-buffered
saline containing 1 x 10'® formalin-fixed horse erythrocytes. After 20 min, the dishes were
observed and areas without erythrocytes were considered to be HA [22].

HA is rich in cancer stroma, including that of lung, bladder, prostate, colon and breast
cancers (Figure 3), and stromal HA accumulation is typical for high-grade and poorly
differentiated carcinoma [23]. An HA rich matrix supports tumor growth and spreading by
regulating cell proliferation, and migration or by enhancing tumor angiogenesis in the
cancer. In breast cancer in transgenic mice, HA overproduction accelerates tumor
angiogenesis through stromal reactions, most notably in the presence of versican [24]. On
the other hand, the HAS suppressor, 4-methylumbelliferone (MU), suppresses cell adhesion,
locomotion, and matrix metalloproteinase (MMP)-9 and N-cadherin expression, and inhibits
tumor metastasis [25-27]. HA is composed of high and low molecular weight forms that
have been shown to have opposite functions. High- molecular-weight HA suppresses
vascularization, and has anti-inflammatory and immunosuppressive functions. Low-
molecular-weight HA, including HA oligosaccharides (less than 50 oligomers (mers)), has
an angiogenic function, and induces cytokines and chemokines in inflammation and ECM
degradation [28]. HA changes its biological activities depending on its molecular weight,
and HA oligosaccharides (12 mers) suppress the growth of breast cancer [29]. MU and HA
oligosaccharides may be candidates for anticancer therapies.

HA is present not only in the ECM, but also in the cellular cytoplasm and nucleus. Although
the mechanism for HA internalization remains controversial, one possibility is that HA is
transported in a retrograde manner through the Golgi, endoplasmic reticulum and
cytoplasm. HA accumulation is seen in the cytoplasm of malignant cells, such as colon and
gastric cancer cells and lymphoma cells. A high level of HA on tumor cells is a strong
indicator of an unfavorable outcome [30]. The intracellular HA-binding proteins include
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CDC37 (p50), receptors for HA-mediated motility (RHAMM), P-32 and intracellular HA-
binding protein (IHABP)-4 [31]. RHAMM was isolated from culture supernatants of chick
embryonic heart fibroblasts [32], and is present in the cell membrane, centrosomes and
microtubules. RHAMM is overexpressed in the G2/M phase of cancer cells and in many
kinds of cancers [33,34]. These observations suggest that HA and RHAMM play important
intracellular roles in mitosis, maintaining the cell shape, and modulating centrosomes and
microtubules, which enhance cell proliferation and migration.

Figure 3. Histochemistry with biotinylated hyaluronan binding protein in human invasive breast
cancer. Hyaluronan is expressed in cancer stroma (x200).

CDC37 and RHAMM form complexes with heat shock protein (Hsp) 90 and Hsp70,
respectively [31,33]. The CDC37-Hsp90-HA complex stabilizes protein kinases such as Cdk4,
p60Src kinase, casein kinase II, MPS1 kinase and Raf-1, and is important for trafficking of
kinases from the cytoplasm to the nucleus. On the other hand, the complex of Hsp70 (GRP78
and GRP75) and RHAMM was confirmed by coimmunoprecipitation and glutathione-S-
transferase (GST)-RHAMM fusion protein-binding assays [33]. For the GST-RHAMM fusion
protein-binding assays, a membrane with transferred proteins from OHK cells (a malignant
lymphoma cell line) after two-dimensional gel electrophoresis was used. The membrane
was incubated with 0.05 pg/ml of GST-RHAMM fusion protein containing the central
domain at room temperature for 1 h. After washing with PBS/Tween-20 at room
temperature for 1 h, the localization of the RHAMM fusion protein binding was visualized
using a peroxidase-conjugated anti-GST antibody (Amersham, Uppsala, Sweden) and an
enhanced chemiluminescence system (Amersham). The membrane was then stripped by
incubation in 0.05 M sodium phosphate (pH 6.5), 10 mM SDS and 0.1 M 3-mercaptoethanol
at 50°C for 30 min, followed by a wash with PBS/Tween-20. The stripped membrane was
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then evaluated for another GST-RHAMM fusion protein (C-terminal domain) or GST. The
transferred proteins from OHK cells were visualized with Coomassie brilliant blue R-250
and the spots corresponding to the proteins bound to RHAMM were excised from the
membrane and submitted for sequencing. GRP78 and GRP75 were identified as RHAMM-
binding proteins [33]. Double immunostaining revealed that GRP78 and GRP75 colocalized
with RHAMM in the interphase of the cell cycle. The RHAMM-Hsp70 complex may
stabilize microtubules in the interphase, and the separation of RHAMM and Hsp70 may
play a role in cell division.

HA is cleaved into 10 to 15 disaccharide fragments by hyaluronidases (HYALSs). In humans,
four HYALSs have been identified, namely HYAL1, HYAL2, HYAL3 and PH20 [35]. In lung
cancer, wild-type HYAL1 was associated with a poorer prognosis, while the HYAL3-v1
variant was associated with a better prognosis [36]. Increased HYAL1 expression and
hyaluronidase activity are associated with an unfavorable prognosis in bladder and
prostatic cancers [37].

4. HA-versican-fibrillin-1 complex and HA-verscian complex

Versican interacts with HA and fibrillin-1 at its N-terminus and C terminus, respectively
[2,38]. Fibrillin-1 is a major structural component of connective tissue microfibrils, and has
significant roles in the maintenance of microfibrils and elastic fibers. The HA-versican-
fibrillin-1 complex and its cleavage products exist in the ciliary nonpigmented epithelium
and the vitreous body [39]. Regarding skin tissues, immunoblotting analyses of skin extracts
with the 6084 antibody and biotin-conjugated HA revealed that versican was a major HA-
binding component in the dermis [11]. MMP-12 (macrophage metalloelastase) degraded
versican and abrogated its HA-binding ability. Immunohistochemical analyses revealed that
the elastic materials in solar elastosis lesions were negative for 6084 antibody, but positive
for 2B1 antibody, indicating loss of the HA-binding regions in the aggregated elastic fibers.
In solar elastosis, which is seen in photoaged skin of elderly people, abrogation of the HA-
binding ability of versican by MMP-12 is observed. On the other hand, assembly of HA-
versican aggregates in the pericellular sheath of cancer cells promotes their motility [40].
Similar locations of HA, versican and fibrillin-1 were seen in the ECM of breast cancer
tissues [7], but their exact functions in cancer were not elucidated.

5. Latent transforming growth factor f binding proteins

Latent transforming growth factor  binding protein (LTBPs) are large extracellular
glycoproteins that are structurally related to fibrillins, and are major regulators of
transforming growth factor-f (TGF-B) bioavailability and action [41]. TGF-B is a potent
growth inhibitor in the early stage of carcinogenesis, controlling cellular growth and
inducing apoptosis. In the advanced stage of carcinogenesis, TGF- acts as an oncogenic
factor and induces invasion-associated epithelial-mesenchymal transition. TGF-{ is thought
to enhance tumor growth and invasion through regulation of immune functions and
angiogenesis, as well as the production of stromal components [42]. TGF-{ is secreted as a
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latent complex containing one of the LTBPs. Latent TGF-[3 consists of the mature growth
factor and the TGF-p propeptide, also known as the latency-associated peptide (LAP). The
LTBPs and TGF-B propeptides have four and three isoforms, respectively. LTBP-1 and
LTBP-3 bind all three TGF-3 LAP isoforms with high affinity, while LTBP-4 shows a weak
binding capacity only for the TGF-31 LAP isoform. LTBP-1, LTBP-3 and LTBP-4 regulate
TGE-B action at multiple levels [41]; (a) they ensure correct folding and efficient secretion;
(b) they direct temporal and spatial deposition in the extracellular space; and (c) they
regulate activation. These findings show that LTBPs have multiple roles with regard to TGF-
(3 action, and the instability of the TGF-3 associations with LTBPs yields inflammation and
tumors. It has been reported that LTBP-1 and LTBP-3 expression is downregulated in
hepatoma and mesothelioma, respectively, compared with normal tissues [43,44]. In breast
cancer tissues, LTBP-4 was decreased (Figure 4) [7]. Downregulation of LTBP-3 expression
in malignant mesothelioma contributes to increased TGF-f signaling activity [44], and
upregulated TGF-f3 signaling following LTBP reduction seems to induce carcinoma. TGF-3
signaling plays a key role in carcinogenesis, and the LTBP downregulation appears to be
critical to cancer progression.

Figure 4. Anti LTBP-4 immunohistochemistry of human invasive breast cancer. LTBP-4 expression is
absent (x100).

6. Conclusion

Versican, HA and LTBP distributions in the cancer ECM differ from those of normal tissues
(Figure 5), and the ECM alteration facilitates cancer cell proliferation, migration and
angiogenesis. In addition, these proteins can interact with each other, and exert a crucial role
in the cancer progression. For these reasons, a novel cancer therapy that targets an
individual ECM protein and the complex of these ECM proteins is proposed. One of our
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future research goals is to elucidate the function of HA-versican-microfibril complex in the
cancer stroma.

normal duct

/ breast cancer cells
#~I* hyaluronan OmOmos® fibrillin-1

g .3 versican LTBP-4
@ versican G1domain
qo versican G3 domain

normal duct

Figure 5. A diagram of the breast cancer tissue. Cancer stroma is rich in hyaluronan and versican, while
normal tissues have LTBP-4.
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