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INTRODUCTION

Hyaluronan (HA) is a sugar-chain macromolecule in which
N-acetylglucosamine and glucuronic acid are linked together by alter-
nating B-1,3 and B-1,4 linkages (Fig. 10.1) (Laurent and Fraser, 1992).
Despite its apparently simple structure, HA exhibits multiple properties
depending on its molecular size and its binding molecules (Fraser and
Laurent, 1989). For instance, high molecular weight HA forms part of the
extracellular matrix (ECM) by linking HA-binding molecules into macro-
molecular aggregates and regulating a variety of cell behaviors, such as cell
adhesion, motility, growth, and differentiation. HA oligosaccharides also
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FIGURE 10.1 Scheme illustrating the HA structure (A), a predicted structure of
mammalian HAS (B), and a proposed secretion process of HA (C).

regulate such cell behaviors in different ways by acting on intracellular
signaling pathways through interaction with cell surface receptors (Toole
et al., 1989). Accumulating evidence has demonstrated that the production
of HA is excessive in cancer malignancies (Knudson, 1996; Toole, 2004);
increased serum levels and deposition in tumor tissue are often associated
with malignant progression in many cancers, including breast cancer and
colorectal cancer (Ponting et al., 1992; Ropponen et al., 1998).

Although the close association of HA production in the progression of
cancer cells is now being established, the entire picture of diverse and
complex HA functions in cancer progression remains to be elucidated.
Fortunately, animal models with genetically manipulated HA Synthase
(HAS) expression provide powerful tools for understanding the in vivo
function of HA, particularly in connection with cancer cell behavior. Thus
the central aim of the present review is to highlight the role of HA in cancer
progression from the viewpoint of abnormal HA biosynthesis.

HA BIOSYNTHESIS

The discovery of three members of the HAS gene family (HAS-1, HAS-2,
and HAS-3) has enabled great strides in understanding the unique process
of HA biosynthesis and mode of chain elongation (Weigel et al., 1997; Itano
and Kimata, 2002). Structurally, all HAS proteins are composed of multiple
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membrane-spanning regions and large cytoplasmic loops (Fig. 10.1).
Unlike typical glycosyltransferases, the cytoplasmic loop in HAS mole-
cules possesses two active sites which participate in the transfer of UDP-
GIcNAc and UDP-GIcA substrates. Characterization of the three HAS
isoforms has revealed differences in enzymatic properties, particularly in
their ability to form HA matrices and determine product size (Itano et al.,
1999a). The expression profiles of HAS genes are temporally and spatially
regulated during embryogenesis and pathogenesis (Sugiyama et al., 1998;
Kennedy et al., 2000; Recklies et al., 2001; Pienimaki et al., 2001), and
divergence in the transcriptional regulation of HAS genes during these
processes can be explained to some extent by upstream signaling pathways
that are triggered by various growth factors, cytokines, cellular stress, and
so on. The dynamic turnover of HA is therefore tightly regulated by
altering the expression profiles of HAS isoforms to have different enzy-
matic properties (Weigel et al., 1997; Itano and Kimata, 2002).

ALTERED HA SYNTHESIS IN CANCER

The malignant transformation of cells frequently impairs regulation of
HA synthesis and induces excessive HA production (Hamerman et al.,
1965; Hopwood and Dorfman, 1977; Leonard et al., 1978). During this
process, multiple transcriptional regulation of HAS genes allows cells to
optimize the extracellular environment for tumor growth and malignant
progression, and a transcriptional switch in HAS isoforms has been
demonstrated in cells undergoing oncogenic transformation (Itano et al.,
2004). Of the three HAS isoforms, only HAS-2 gene expression was
increased in v-Ha-ras transformed cells, which showed lowered malignancy.
Conversely, both HAS-1 and HAS-2 expression were elevated in highly
malignant cells transformed with v-src. This implies that HAS isoforms may
be involved in different stages of malignant tumor progression. From this
point of view, it is increasingly necessary to confirm the relationship
between HAS expression and prognosis by statistical analysis using clinical
samples. Thus far, these clinicopathological studies have indicated that
elevated HAS-1 expression and/or intronic gene splicing correlate with
poor prognosis in human colon cancer, ovarian cancer, and multiple
myelomas (Yamada et al., 2004; Yabushita et al., 2004; Adamia et al., 2005).

Emerging evidence is providing new insight into the functional aspect
of this polysaccharide, particularly in respect to the involvement of HA in
tumor malignancy; forced expression of HAS-2 and HAS-3 genes results in
excess HA production and enhanced tumorigenic ability of fibrosarcoma
and melanoma cells (Kosaki et al., 1999; Liu et al., 2001; Li and Heldin,
2001). Moreover, induced expression of HAS-1 restores the metastatic
potential of mouse mammary carcinoma mutants, previously having low
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levels of HA synthesis and metastatic ability (Itano et al., 1999b). Inversely,
suppression of HAS-2 or HAS-3 decreases HA production and reduces the
tumorigenic potential of various cell lines (Simpson et al., 2002a, b; Nishida
etal., 2005; Udabage et al., 2005). Although the above clearly demonstrates
the important role of HA in tumorigenesis, the tumor promoting ability of
excess HA is still somewhat controversial since HAS-2 overexpression also
suppresses the tumorigenesis of glioma cells (Enegd et al., 2002).
Furthermore, the in vitro growth of human prostate cancer cells decreased
dramatically when transfected with an HAS-2-expression plasmid, but co-
expression of HAS-2 and hyaluronidase HYAL-1 restores the growth of
these cancer cells (Bharadwaj et al., 2007). Here, since HA accumulation is
the result of a balance between the activities of HAS and hyaluronidases,
the presence of hyaluronidase may have promoted HA turnover in the
cancer cells and overcome the tumor suppression by excess amounts of
HA. Alternatively, the biphasic effects of HA on tumorigenesis can be
explained by considering its dose-dependent properties (Itano et al., 2004).
To assess this idea, we generated stable transfectants expressing various
levels of HAS genes and examined their tumorigenicity in nude mice.
Although significant growth promotion was observed within a narrow
range of HAS-2 expression, this growth was inhibited at high expression
levels. The dose-dependency of HA may help us consider statements
regarding the physiological significance of changes in HA concentration
with tumor grade or stage, since HA accumulation in clinical samples
varies and occasionally shows little statistical changes with tumor grade.

The involvement of HAS in tumor progression has also been evaluated
using genetically manipulated animal models. In one study, a transgenic
(Tg) mouse model allowing overexpression of murine HAS-2 in mammary
glands was generated in order to simulate hyperproduction of HA found
in human breast cancer (Koyama et al., 2007). In this model, the expression
of exogenous HAS-2 was conditionally controlled by the expression of
Cre-recombinase driven by a mammary epithelial cell-specific MMTV
promoter. By intercrossing the Tg mice with a mouse mammary tumor
model expressing rat c-neu protooncogenes in mammary epithelial cells,
mammary tumors with aggressive growth rates were developed. Histo-
logically, these tumors were classified as poorly differentiated adenocar-
cinomas with numerous intratumoral stroma (Fig. 10.2).

TUMOR-STROMAL INTERACTION

Most aggressive tumors are composed not only of cancer cells, but also
of many host stromal cells (Kalluri and Ziesberg, 2006), and the importance
of interactions between cancer cells and their surrounding stroma in
facilitating tumor progression has been demonstrated both by clinical and
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FIGURE 10.2 HA overproduction promotes the formation of intratumoral stroma.
Tumor sections from HAS-2-overexpressing transgenic (HAS-22N¢) and control (HAS-2*N¢)
mice were stained with hematoxylin and eosin (upper panels). The most prominent histo-
logical feature of the HAS-2*N tumors was increased formation of intratumoral stroma
(arrows). In contrast, control tumors had the characteristics of ductal carcinoma with much
less stroma. Tissue sections from HAS-2*N*® and HAS-2"N* tumors were stained with an
antibody against murine CD31 (lower panels). Tumor microvessels (arrowheads) of smaller

experimental evidence (Bhowmick and Moses, 2005). Carcinoma cells
actively recruit several distinct stromal cells, such as inflammatory cells,
vascular cells, and fibroblasts within the tumor, by secreting chemo-
attractant factors (Desmouliere et al., 2004, Mantovani et al.,, 2006).
Furthermore, crosstalk between carcinoma cells and adjacent stromal cells
influences the composition and arrangement of the tumor microenviron-
ment to support tumor progression by allowing angiogenesis and facili-
tating the invasion and metastasis of tumor cells (Bhowmick et al., 2004).
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Each cell type can potentially communicate with other cells, or among
themselves, through the release of auto-/paracrine factors and formation
of a complex ECM network (Orimo et al., 2005; Shekhar et al., 2003). A
strong correlation has been drawn between cancer progression and the
degree of HA accumulation within it, especially in the invading edges of
carcinomas (Setala et al., 1999; Auvinen et al., 2000). As such, HA-rich
tumor microenvironments, which may be favorable for cancer invasion,
are likely generated from complex interactions between tumor cells and
stromal cells infiltrating from adjacent host connective tissue. In fact, in
vitro HA synthesis was synergistically increased in co-cultures of human
lung tumor cells with fibroblasts (Knudson et al., 1984; 1989), and similar
synergistic effects have been demonstrated with the combination of
fibroblasts and other tumor cell types (Merrilees and Finlay, 1985).
Although the main roles of tumor-associated stromal cells in modulating
tumor cell behavior is well-established, critical questions still remain as to
the molecular mechanisms underlying communication carcinoma and
stromal cells and regulating stromal cell recruitment within tumor tissues.

NOVEL FUNCTION OF HA IN STROMAL CELL
RECRUITMENT

Genetic evidence supporting the role of tumor-derived HA in stromal
cell recruitment has recently come from our experiments using HAS-2 Tg
mice; ectopic expression of HAS-2 in mammary tumor cells leads to
a marked recruitment of stromal cells inside tumors followed by formation
of intratumoral stroma (Koyama et al., 2007). To date, considerable efforts
have been made to purify the stromal cell chemotactic factors produced by
tumor cells, but only a few factors, such as PDGEF, have been identified
(Dong et al., 2004). The above notion therefore strongly suggests the
function of an HA-rich ECM as a stromal cell chemotactic factor.

Several complex and multifaceted mechanisms can be considered for
understanding how tumor-derived HA intratumorally recruits stromal
cells during tumor formation. Extracellular accumulation of highly
hydrated HA provides microenvironments amenable to easy fibroblast-
penetration by increasing turgidity (Laurent and Fraser, 1992), and the fact
that forced expression of HAS-2 impairs the intercellular adhesion
machinery of tumor cells. This also explains how HA-rich matrices provide
an environment favorable for fibroblast-infiltration (Itano et al., 2002;
Zoltan-Jones et al., 2003).

HA-induced signaling pathways govern the migratory phenotypes of
stromal cells via interaction with HA receptors (Turley et al., 2002). For
instance, CD44 and RHAMM, both typical HA receptors, have been
implicated in the HA-dependent cell migration and invasion of stromal
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fibroblasts. Additionally, the interaction of HA and CD44 can activate
receptor tyrosine kinases, which in turn induce the activation of down-
stream Ras/MAPK and PI3K/ Akt signaling pathways (Turley et al., 2002).
HA binding to CD44 also activates Racl signals, which regulate actin
assembly associated with membrane ruffling and cell motility (Bourguignon
et al., 2000). Thus, HA appears to promote cell motility by acting on intra-
cellular signaling pathways and controlling the assembly of the actin cyto-
skeleton. Alternatively, HA—CD44 interactions may recruit mesenchymal
stem cells (MSCs) (Zhu et al., 2006); in a mouse model of acute renal failure,
MSCs injected into mice migrated to the injured kidney, where HA is
abundant (Herrera et al., 2007). Renal localization of MSCs is blocked by pre-
incubation with CD44 blocking antibodies or soluble HA. Likewise, MSCs
derived from CD44 knockout mice do not localize to the injured kidney, but
are rescued by transfection with cDNA encoding CD44. This same mecha-
nism may participate in the recruitment of MSCs to HA-rich tumors.
Lastly for consideration of HA-mediated stromal cell recruitment is
the action of HA-binding molecules. Versican (also called PG-M), an
HA-binding proteoglycan, is highly expressed in tissue compartments
undergoing active cell proliferation and migration (Wight, 2002) and
participates in the formation of an HA-rich ECM (Fig. 10.3). In the
peripheral invasive areas of infiltrating ductal carcinomas, the most intense
staining by a versican-specific antibody is visualized in the mesenchymal

Versican/PG-M

| HA-rich extracellular matrix |

FIGURE 10.3 Scheme of HA-rich extracellular matrix and its constituents.
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tissues between carcinoma cell clumps and surrounding tissues, where HA
can be demonstrated histochemically (Nara et al., 1997). This cooperative
action of HA and versican in mobilizing stromal cells has been demon-
strated by the Matrigel plug assay (Koyama et al., 2007). When Matrigel
plugs are subcutaneously implanted into nude mice, only trace numbers of
stromal cells migrate into the Matrigel plugs containing high molecular
weight (HMW) HA alone. However, the infiltration of stromal cells is
markedly increased in the presence of HA /versican aggregates. In tumor
xenograft models, exogenously added HA/versican aggregates also
significantly promote the infiltration of stromal cells within tumors
(Koyama et al., personal communication). In concert with versican, HA
may therefore allow cells to prepare for migration by enhancing cell
detachment from the ECM (Fig. 10.3). The anti-adhesive and motility-
promoting effects of versican is evident by combining an earlier observa-
tion that versican can inhibit cancer cell attachment to fibronectin, together
with the recent finding that formation of an HA/versican pericellular
matrix promotes prostate cancer cell motility (Yamagata and Kimata, 1994;
Ricciardelli et al., 2007). Current studies have also implied a role of ver-
sican in enhancement of cell motility in the assembly of cytoskeletal
machinery and transmitting signals.

EPITHELIAL-MESENCHYMAL TRANSITION CAUSED
BY HA OVERPRODUCTION

Epithelial-mesenchymal transition (EMT) is the process whereby
epithelial cells convert into mesenchymal cells (Thiery and Sleeman, 2006).
Following a series of events, epithelial cells lose their epithelial polarity
and characteristics while simultaneously acquiring the mesenchymal
phenotype. Typically, EMT switches gene expression characteristics from
epithelial E-cadherin and cytokeratin to mesenchymal vimentin and
a-smooth muscle actin (a-SMA).

Recent advances have fostered a more detailed understanding of the
molecular machinery and networks governing EMT. TGF-B3 and related
growth factors mainly influence the process of EMT and receptor tyrosine
kinases, which induce the activation of downstream Ras/MAPK and
PI3K/ Akt signaling pathways, govern EMT in cooperation with growth
factors. The nuclear translocation of B-catenin is a key downstream signal
that triggers EMT, and all of these pathways crosstalk with each other
and transmit signals towards a common endpoint to promote EMT.
ECM molecules and degrading enzymes can also convert epithelial cells
into mesenchymal cells by triggering EMT, and recent studies using
gene-targeted mice have revealed that HA plays a central role in EMT as
well (Camenisch et al., 2000); in one report, HAS-2 null mice showed severe
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cardiac and vascular abnormalities, and died during midgestation due to
a lack of transformation of cardiac endothelial cells to mesenchyme.

EMT was originally defined as a morphological conversion during
normal development, but has recently gained attention as a central
mechanism for carcinoma progression and metastasis (Huber et al., 2005).
The progression of carcinoma cells to metastatic cells frequently involves
an EMT-like epithelial change towards a migratory fibroblastic phenotype,
particularly at the invasive front of tumors. During tumor progression,
downregulation of E-cadherin, a hallmark of EMT, aids tumor cells in
spreading. In one study, infection of recombinant HAS-2 adenoviral vectors
converted normal Madin-Darby canine kidney and MCF-10A human
mammary epithelial cells to mesenchyme as assessed by upregulation of
vimentin, dispersion of cytokeratin, and loss of E-cadherin at intercellular
boundaries (Zoltan-Jones et al., 2003). All of this suggests that increased
HA production appears to be sufficient to induce EMT. Our recent
observation using HAS-2 conditional Tg mice has also revealed that over-
production of HA in mammary carcinoma cells results in the suppression
of E-cadherin expression and nuclear translocation of B-catenin, further
providing evidence for HA-mediated promotion of EMT (Koyama et al.,
2007). Carcinoma cells having undergone EMT may then participate in the
formation of intratumoral stroma observed in HA overproducing tumors,
such as those seen in human breast cancers (Petersen et al., 2003).

ROLES OF HA-RICH ECM IN TUMOR ANGIOGENESIS

Angiogenesis, the formation of new capillaries from preexisting vessels,
is an absolute requirement for tumor growth and metastasis (Carmeliet,
2003) and is controlled by the aberrant production of angiogenic factors
expressed by malignant tumor cells, host cells, or both. Among such factors,
vascular endothelial growth factor (VEGF) has emerged as a central regu-
lator. In addition, the local composition of the ECM surrounding the
vasculature can affect angiogenesis either positively or negatively (Sottile,
2004), and HA oligosaccharides have been implicated in the promotion of
angiogenesis (West et al., 1985). Studies in chick chorioallantoic membranes
and rat skin have demonstrated that HA degradation products of specific
size (3-10 disaccharide units) have the potential to induce neo-
vascularization (Sattar et al., 1994; Slevin et al., 1998). Furthermore, HA
oligosaccharides, together with angiogenic factors such as VEGF and basic
fibroblast growth factor (bFGF), synergistically stimulate endothelial cell
proliferation, migration, and capillary formation in vitro. The angiogenic
activity of HA depends on its molecular mass; HMW native HA is anti-
angiogenic by inhibiting endothelial cell proliferation and migration and
capillary formation in a three-dimensional matrix (Feinberg and Beebe,
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1983). Because angiogenesis is the result of complex interactions between
positive and negative regulators of angiogenesis (Slevin et al., 1998), the
balance of regulatory HMW HA and effecter HA oligosaccharides may be
important for controlling the angiogenic response.

HAS gene manipulation provides an opportunity to assess the role
of HA during angiogenesis in vivo. The significance of HA has been
highlighted in HAS-2 deficient mice having vascular defects, implicating
a critical function of HA in embryonic vasculogenesis (Camenisch et al.,
2000). HAS-2 Tg mouse models of breast cancer have also shown that
overproduction of HA in tumor cells accelerates formation of intratumoral
neovasculature (Koyama et al., 2007). This altered formation in genetically
manipulated mice may be explained by the well-known fact that HA
degradation products induce an angiogenic response. Indeed, HAS-2-
overexpressing tumors contained significant amounts of small HA oligo-
saccharides, as assessed by gel filtration chromatography of tumor
homogenates, whereas control tumors contained mostly HMW HA
(Koyama et al., 2007). This supports the conventional notion that HA
oligosaccharides influence tumor-induced angiogenesis. Although the
physiological significance of HA oligosaccharides in the promotion of
angiogenesis is well-established, it is still open to debate whether the ECM
consisting of HMW HA and HA-binding molecules has any role in
angiogenesis. Interestingly, in HAS-2-overexpressing mammary tumors,
most neovasculature is predominantly found penetrating into the intra-
tumoral stroma where HA is abundant as a constituent of ECM (Koyama
et al.,, 2007). The constituents of stromal ECM therefore likely provide
a supporting framework for easy penetration of endothelial cells and
subsequent neovascularization.

Versican is abundant in both the perivascular elastic tissues of blood
vessels and stromal ECM (Nara et al., 1997). In our recent study,
administration of HA-versican aggregates, but not native HMW HA
alone, promote the infiltration of endothelial cells within Matrigel plugs
containing angiogenic bFGF (Koyama et al.,, 2007), suggesting the
potency of HMW HA to accelerate angiogenesis in the presence of ver-
sican. Currently, one can only speculate as to the function of HA /versican
aggregates in the context of angiogenesis (Fig. 10.4). Since HA /versican
complexes can stimulate cell migration, their possible role would be one
that enhances migration and invasion of endothelial cells. As an alter-
native explanation, the HA-rich matrix can be proposed to serve as
a reservoir for various growth factors involved in vessel development;
degradation of the matrix results in the release of various growth factors
sequestered within, which in turn promotes an angiogenic response
(Fig. 10.4). Further investigation is being conducted to clarify both the
functional aspect of HA /versican aggregates in angiogenesis, as well as
the relationship between such aggregates and HA oligosaccharides.
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FIGURE 10.4 A model of stroma-

Bone marrow induced angiogenesis.

HA/versican rich ECM
Tumor cell

Blood

vessel

Until recently, new blood vessels in adults were thought to grow
exclusively through the sprouting of preexisting vasculature (Hillen and
Griffionen, 2007). However, emerging evidence suggests that bone
marrow-derived endothelial progenitor cells (EPCs) contribute to tissue
vascularization during both embryonic and pathogenetic conditions;
circulating bone marrow-derived EPCs are mobilized from the bone
marrow and recruited to the foci of neovascularization where they form
new in situ blood vessels through vasculogenesis. However, the homing
process of EPCs remains unclear. Similarly to the recruitment of MSCs,
HA-rich matrices may provide a stem cell niche for recruitment and
retention of circulating EPCs (Fig. 10.4). In the future, a greater under-
standing of the mechanisms regulating selective cell movement and
recruitment will lead to the development of novel anticancer therapeutic
agents targeting reparative progenitor cells.

CONCLUSION AND PERSPECTIVES

This review focused on the role of HA in cancer progression with
respect to its biosynthesis and function. A wealth of data has been accu-
mulated on HA function in the promotion of malignancies, showing that
enhanced cancer invasion and dissemination may be partly dependent on
the mesenchymal conversion of cancer cells by HA overexpression.
Furthermore, recent studies have enabled postulation of reliable mecha-
nisms by which HA influences tumor growth and invasion by modulating
the tumor microenvironment to recruit stromal cells and vasculature.
Although the angiogenic function of HA oligosaccharides has been
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well-established, the anti-angiogenicity of HMW HA being modulated by
HA-binding molecules needs further clarification and study.

The roles of HA in cancer progression may differ according to the HAS
isoforms expressed, meaning cancer cells at different stages may differen-
tially utilize the three HAS isoforms to maximize their survival. Studies are
now in progress to identify exactly which HAS proteins are associated with
cancer progression. This will provide an opportunity to develop new strat-
egies for cancer therapy targeting specific cancer-associated HAS species.

ACKNOWLEDGMENTS

This work was supported by grants from the CREST (Core Research for Evolutional Science
and Technology) of JST (Japan Science and Technology Agency) and the Shinshu Association
for the Advancement of Medical Sciences (N.I). The help of Dr. Shun’ichiro Taniguchi (Shinshu
University Graduate School of Medicine) is greatly appreciated.

References

Adamia, S., Reiman, T., Crainie, M., et al. (2005). Intronic splicing of hyaluronan synthase 1
(HAS-1): a biologically relevant indicator of poor outcome in multiple myeloma. Blood
105, 4836—4844.

Auvinen, P,, Tammi, R., Parkkinen, J., et al. (2000). Hyaluronan in peritumoral stroma and
malignant cells associates with breast cancer spreading and predicts survival. Am | Pathol
156, 529-536.

Bharadwaj, A. G., Rector, K., and Simpson, M. A. (2007). Inducible hyaluronan production
reveals differential effects on prostate tumor cell growth and tumor angiogenesis. | Biol
Chem 282, 20561-20572.

Bhowmick, N. A. and Moses, H. L. (2005). Tumor—stroma interactions. Curr Opin Genet Dev
15, 97-101.

Bhowmick, N. A., Chytil, A., Plieth, D., et al. (2004). TGF-beta signaling in fibroblasts
modulates the oncogenic potential of adjacent epithelia. Science 303, 848-851.

Bourguignon, L. Y., Zhu, H., Shao, L., and Chen, Y. W. (2000). CD44 interaction with tiam1
promotes Racl signaling and hyaluronic acid-mediated breast tumor cell migration. | Biol
Chem 275, 1829-1838.

Camenisch, T. D., Spicer, A. P.,, Brehm-Gibson, T., et al. (2000). Disruption of hyaluronan
synthase-2 abrogates normal cardiac morphogenesis and hyaluronan-mediated trans-
formation of epithelium to mesenchyme. | Clin Invest 106, 349-360.

Carmeliet, P. (2003). Angiogenesis in health and disease. Nat Med 9, 653-660.

Desmouliere, A., Guyot, C., and Gabbiani, G. (2004). The stroma reaction myofibroblast:
a key player in the control of tumor cell behavior. Int | Dev Biol 48, 509-517.

Dong, J., Grunstein, J., Tejada, M., et al. (2004). VEGF-null cells require PDGFR alpha
signaling-mediated stromal fibroblast recruitment for tumorigenesis. Embo | 23, 2800-2810.

Enegd, B., King, J. A., Stylli, S., et al. (2002). Overexpression of hyaluronan synthase-2
reduces the tumorigenic potential of glioma cells lacking hyaluronidase activity. Neuro-
surgery 50, 1311-1318.

Feinberg, R. N. and Beebe, D. C. (1983). Hyaluronate in vasculogenesis. Science 220, 1177-
1179.

Fraser, J. R. and Laurent, T. C. (1989). Turnover and metabolism of hyaluronan. Ciba Found
Symp 143, 41-53. discussion 53-59, 281-285.

IV. HYALURONAN SYNTHESIS



ACKNOWLEDGMENTS 183

Hamerman, D., Todaro, G. J., and Green, H. (1965). The production of hyaluronate by
spontaneously established cell lines and viral transformed lines of fibroblastic origin.
Biochim Biophys Acta 101, 343-351.

Herrera, M. B., Bussolati, B., Bruno, S., et al. (2007). Exogenous mesenchymal stem cells localize
to the kidney by means of CD44 following acute tubular injury. Kidney Int 72, 430—441.

Hillen, F. and Griffioen, A.W. (2007). Tumour vascularization: sprouting angiogenesis and
beyond. Cancer Metastasis Rev 26, 489-502.

Hopwood, J. J. and Dorfman, A. G. (1977). Lycosaminoglycan synthesis by cultured human
skin fibroblasts after transformation with simian virus 40. | Biol Chem 252, 4777-4785.
Huber, M. A., Kraut, N., and Beug, H. (2005). Molecular requirements for epithelial-

mesenchymal transition during tumor progression. Curr Opin Cell Biol 17, 548-558.

Itano, N. and Kimata, K. (2002). Mammalian hyaluronan synthases. IUBMB Life 54, 195-199.

Itano, N., Atsumi, F.,, Sawai, T., et al. (2002). Abnormal accumulation of hyaluronan matrix
diminishes contact inhibition of cell growth and promotes cell migration. Proc Natl Acad
Sci USA 99, 3609-3614.

Itano, N., Sawai, T., Atsumi, F, et al. (2004). Selective expression and functional character-
istics of three mammalian hyaluronan synthases in oncogenic malignant transformation. |
Biol Chem 279, 18679-18687.

Itano, N., Sawai, T., Yoshida, M., et al. (1999a). Three isoforms of mammalian hyaluronan
synthases have distinct enzymatic properties. | Biol Chem 274, 25085-25092.

Itano, N., Sawai, T., Miyaishi, O., and Kimata, K. (1999b). Relationship between hyaluronan
production and metastatic potential of mouse mammary carcinoma cells. Cancer Res 59,
2499-2504.

Kalluri, R. and Zeisberg, M. (2006). Fibroblasts in cancer. Nat Rev Cancer 6, 392—401.

Kennedy, C. I., Diegelmann, R. F,, Haynes, J. H., and Yager, D. R. (2000). Proinflammatory
cytokines differentially regulate hyaluronan synthase isoforms in fetal and adult fibro-
blasts. | Pediatr Surg 35, 874-879.

Knudson, W. (1996). Tumor-associated hyaluronan. Providing an extracellular matrix that
facilitates invasion. Am | Pathol 148, 1721-1726.

Knudson, W., Biswas, C., and Toole, B. P. (1984). Interactions between human tumor cells and
fibroblasts stimulate hyaluronate synthesis. Proc Natl Acad Sci USA 81, 6767-6771.

Knudson, W., Biswas, C., Li, X. Q., Nemec, R. E., and Toole, B. P. (1989). The role and
regulation of tumour-associated hyaluronan. Ciba Found Symp 143, 150-159. discussion
159-169, 281-285.

Kosaki, R., Watanabe, K., and Yamaguchi, Y. (1999). Overproduction of hyaluronan by
expression of the hyaluronan synthase HAS-2 enhances anchorage-independent growth
and tumorigenicity. Cancer Res 59, 1141-1145.

Koyama, H., Hibi, T., Isogai, Z., et al. (2007). Hyperproduction of hyaluronan in neu-induced
mammary tumor accelerates angiogenesis through stromal cell recruitment: possible
involvement of versican/PG-M. Am | Pathol 170, 1086-1099.

Laurent, T. C. and Fraser, J. R. (1992). Hyaluronan. Faseb | 6, 2397-2404.

Leonard, J. G., Hale, A. H., Roll, D. E., Conrad, H. E., and Weber, M. J. (1978). Turnover of
cellular carbohydrates in normal and Rous sarcoma virus-transformed cells. Cancer Res
38, 185-188.

Li, Y. and Heldin, P. (2001). Hyaluronan production increases the malignant properties of
mesothelioma cells. Br | Cancer 85, 600—-607.

Liu, N., Gao, F, Han, Z, et al. (2001). Hyaluronan synthase 3 overexpression promotes the
growth of TSU prostate cancer cells. Cancer Res 61, 5207-5214.

Mantovani, A., Schioppa, T., Porta, C., Allavena, P, and Sica, A. (2006). Role of tumor-asso-
ciated macrophages in tumor progression and invasion. Cancer Metastasis Rev 25, 315-322.

Merrilees, M. J. and Finlay, G. J. (1985). Human tumor cells in culture stimulate glycosami-
noglycan synthesis by human skin fibroblasts. Lab Invest 53, 30-36.

IV. HYALURONAN SYNTHESIS



184 10. ALTERED HYALURONAN BIOSYNTHESIS IN CANCER PROGRESSION

Nara, Y., Kato, Y., Torii, Y., et al. (1997). Immunohistochemical localization of extracellular
matrix components in human breast tumours with special reference to PG-M/ versican.
Histochem ] 29, 21-30.

Nishida, Y., Knudson, W., Knudson, C. B., and Ishiguro, N. (2005). Antisense inhibition of
hyaluronan synthase-2 in human osteosarcoma cells inhibits hyaluronan retention and
tumorigenicity. Exp Cell Res 307, 194-203.

Orimo, A., Gupta, P. B., Sgroi, D. C., et al. (2005). Stromal fibroblasts present in invasive
human breast carcinomas promote tumor growth and angiogenesis through elevated
SDF-1/CXCL12 secretion. Cell 121, 335-348.

Petersen, O. W., Nielsen, H. L., Gudjonsson, T., et al. (2003). Epithelial to mesenchymal
transition in human breast cancer can provide a nonmalignant stroma. Am | Pathol 162,
391-402.

Pienimaki, J. P, Rilla, K., Fulop, C., et al. (2001). Epidermal growth factor activates hyal-
uronan synthase 2 in epidermal keratinocytes and increases pericellular and intracellular
hyaluronan. | Biol Chem 276, 20428-20435.

Ponting, J., Howell, A., Pye, D., and Kumar, S. (1992). Prognostic relevance of serum hy-
aluronan levels in patients with breast cancer. Int | Cancer 52, 873-876.

Recklies, A. D., White, C., Melching, L., and Roughley, P. J. (2001). Differential regulation and
expression of hyaluronan synthases in human articular chondrocytes, synovial cells and
osteosarcoma cells. Biochem | 354, 17-24.

Ricciardelli, C., Russell, D. L., Ween, M. P, et al. (2007). Formation of hyaluronan- and
versican-rich pericellular matrix by prostate cancer cells promotes cell motility. ] Biol Chem
282, 10814-10825.

Ropponen, K., Tammi, M., Parkkinen, J., et al. (1998). Tumor cell-associated hyaluronan as an
unfavorable prognostic factor in colorectal cancer. Cancer Res 58, 342-347.

Sattar, A., Rooney, P., Kumar, S., et al. (1994). Application of angiogenic oligosaccharides of
hyaluronan increases blood vessel numbers in rat skin. | Invest Dermatol 103, 576-579.

Setala, L. P, Tammi, M. I., Tammi, R. H., et al. (1999). Hyaluronan expression in gastric cancer
cells is associated with local and nodal spread and reduced survival rate. Br | Cancer 79,
1133-1138.

Shekhar, M. P, Pauley, R., and Heppner, G. (2003). Host microenvironment in breast cancer
development: extracellular matrix-stromal cell contribution to neoplastic phenotype of
epithelial cells in the breast. Breast Cancer Res 5, 130-135.

Simpson, M. A., Wilson, C. M., Furcht, L. T., et al. (2002a). Manipulation of hyaluronan
synthase expression in prostate adenocarcinoma cells alters pericellular matrix retention
and adhesion to bone marrow endothelial cells. | Biol Chem 277, 10050-10057.

Simpson, M. A., Wilson, C. M., and McCarthy, J. B. (2002b). Inhibition of prostate tumor cell
hyaluronan synthesis impairs subcutaneous growth and vascularization in immuno-
compromised mice. Am | Pathol 161, 849-857.

Slevin, M., Krupinski, J., Kumar, S., and Gaffney, J. (1998). Angiogenic oligosaccharides of
hyaluronan induce protein tyrosine kinase activity in endothelial cells and activate a cyto-
plasmic signal transduction pathway resulting in proliferation. Lab Invest 78, 987-1003.

Sottile, J. (2004). Regulation of angiogenesis by extracellular matrix. Biochim Biophys Acta
1654, 13-22.

Sugiyama, Y., Shimada, A., Sayo, T., Sakai, S., and Inoue, S. (1998). Putative hyaluronan
synthase mRNA are expressed in mouse skin and TGF-beta upregulates their expression
in cultured human skin cells. | Invest Dermatol 110, 116-121.

Thiery, J. P. and Sleeman, J. P. (2006). Complex networks orchestrate epithelial-mesenchymal
transitions. Nat Rev Mol Cell Biol 7, 131-142.

Toole, B. P, Munaim, S. I, Welles, S., and Knudson, C. B. (1989). Hyaluronate—cell interac-
tions and growth factor regulation of hyaluronate synthesis during limb development.
Ciba Found Symp 143, 138-145. discussion 145-149, 281-285.

IV. HYALURONAN SYNTHESIS



ACKNOWLEDGMENTS 185

Toole, B. P. (2004). Hyaluronan: from extracellular glue to pericellular cue. Nat Rev Cancer 4,
528-539.

Turley, E. A., Noble, P. W., and Bourguignon, L. Y. (2002). Signaling properties of hyaluronan
receptors. | Biol Chem 277, 4589-4592.

Udabage, L., Brownlee, G. R., Waltham, M., et al. (2005). Antisense-mediated suppression of
hyaluronan synthase 2 inhibits the tumorigenesis and progression of breast cancer. Cancer
Res 65, 6139-6150.

Weigel, P. H., Hascall, V. C., and Tammi, M. (1997). Hyaluronan synthases. | Biol Chem 272,
13997-14000.

West, D. C., Hampson, I. N., Arnold, F, and Kumar, S. (1985). Angiogenesis induced by
degradation products of hyaluronic acid. Science 228, 1324-1326.

Wight, T. N. (2002). Versican: a versatile extracellular matrix proteoglycan in cell biology.
Curr Opin Cell Biol 14, 617-623.

Yabushita, H., Noguchi, M., Kishida, T., et al. (2004). Hyaluronan synthase expression in
ovarian cancer. Oncol Rep 12, 739-743.

Yamada, Y., Itano, N., Narimatsu, H., et al. (2004). Elevated transcript level of hyaluronan
synthasel gene correlates with poor prognosis of human colon cancer. Clin Exp Metastasis
21, 57-63.

Yamagata, M. and Kimata, K. (1994). Repression of a malignant cell-substratum adhesion
phenotype by inhibiting the production of the anti-adhesive proteoglycan, PG-M/versi-
can. | Cell Sci 107 (Pt 9), 2581-2590.

Zhu, H., Mitsuhashi, N., Klein, A., et al. (2006). The role of the hyaluronan receptor CD44 in
mesenchymal stem cell migration in the extracellular matrix. Stem Cells 24, 928-935.
Zoltan-Jones, A., Huang, L., Ghatak, S., and Toole, B. P. (2003). Elevated hyaluronan
production induces mesenchymal and transformed properties in epithelial cells. ] Biol

Chem 278, 45801-45810.

IV. HYALURONAN SYNTHESIS



	CHAPTER 10 - Altered Hyaluronan Biosynthesis in Cancer Progression
	INTRODUCTION
	HA BIOSYNTHESIS
	ALTERED HA SYNTHESIS IN CANCER
	TUMOR–STROMAL INTERACTION
	NOVEL FUNCTION OF HA IN STROMAL CELL RECRUITMENT
	EPITHELIAL–MESENCHYMAL TRANSITION CAUSED BY HA OVERPRODUCTION
	ROLES OF HA-RICH ECM IN TUMOR ANGIOGENESIS
	CONCLUSION AND PERSPECTIVES
	ACKNOWLEDGMENTS
	References





