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| ntroduction

Mammalian hyaluronidases were reviewed in the Science of Hyaluronan series,
no. 15. More recent studies are summarized here.

Hyaluronan has an extraordinarily high rate of turnover in vertebrate tissues. A
70-kilo individual has 15 g of hyaluronan, 5 g of which turns over daily, and in
the bloodstream, hyaluronan has aty;, of two to five minutes. Despite such

dynamic degradative activity, it has previously not been possible to formulate a
pathway for hyaluronan catabolism. Degradation is predominantly enzymatic,
occurring in a stepwise fashion with quantum decreases in polymer size. The
discrete sizes of hyaluronan fragments have widely different biological
activities, indicating that a highly controlled cascade of fragmentation occurs.
From these observations, a putative catabolic pathway can be formulated. The
monotonous repetitive structure of hyaluronan can acquire size-dependent
enzymatic substrate specificity at each stage of degradation by: 1) changesin
hyaladherins with adhesion properties specific for hyaluronan polymer sizes; 2)
size-dependent changes in hyaluronan molecular folding. Obviously, the two
phenomena are inter-related. Most hyaladherins bind to hyaluronan by
electrostatic interactions, rather than covalently, thus permitting rapid exchanges
as degradation proceeds. Hyaluronidase inhibitors also exist, providing control
mechanisms at various steps in the pathway. Most such hyaladherins and
hyaluronidase inhibitors wait to be identified.

Conlenis

The Hyaluronidase-like Gene Family

In the human, the three genes, HYAL1, HYAL2, and HYAL3 coding for Hyal-1,
Hyal-2, and Hyal-3, aretightly clustered on chromosome 3p21.3, aregion
densely packed with genes. They are organized in an extraordinarily complex,
and occasionally overlapping manner.1 An apparently unrelated gene, Fus2,
encoding an N-acetyl-transferase, is partially imbedded in an intron of HYAL3.
In the mouse, HYAL1 is often co-transcribed with HYAL3 and/or Fus2. The
significance of such polycistronic transcription as well as tissue co-expression is
not known, though it suggests important physiology.

From the cluster on chromosome 3p, Hyal-1 and -2 constitute the major
hyaluronidases of somatic tissues. Hyal-2 is anchored to the plasma membrane
by a glycosylphosphatidylinositol-(GPI-) link. Hyal-2 cleaves high molecular
weight hyaluronan to alimit product of approximately 20 kDa, while Hyal-1
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appears to be lysosomal, cleaving hyaluronan to small disaccharides.

Hyal-3 isamystery. It iswidely expressed, but no activity can be identified
using available hyaluronidase assays. Expressions of Hyal-1, -2, and —3 occur in
chondrocytes,? and increase when fibroblasts undergo chondrocyte
differentiation.3

The three genes HYAL4, PHYAL1, and SPAM1 (Sperm Adhesion Moleculel)
are clustered in asimilar fashion, but on chromosome 7g31.3. They code
respectively for Hyal-4, a pseudogene transcribed but not translated in the
human, and PH-20. This chromosomal pattern suggests two ancient gene
duplications, followed by en masse block duplication of the three resulting
genes.

PH-20 is the enzyme that facilitates penetration of sperm through the cumulus
mass surrounding the ovum, and is also necessary for fertilization.# It isa
multifunctional enzyme protein, with a separate domain that binds to the zona
pellucida.® By more sensitive techniques involving polymerase chain reaction
(PCR) analysis, PH-20 can be detected in the epididymis, seminal vesicles,
prostate, 6 female genital tract ,” breast, placental and fetal tissues,® aswell as
in certain malignancies.810-12 PH-20 can also be found in renal tubular
epithelia, in aform not associated with hyaluronidase activity, attributed to
tissue-specific levels of glycosylation (P. Martin-DelL eon, personal
communication). Thus, PH-20 is not sperm-specific, as was assumed at one
time. It also indicates that these enzymes have functions in addition to their
hyaluronidase activities.

The pseudogene, PHYAL 1, contains an aberrant stop codon, and while not
trandlated into active enzyme in the human, does appear to be translated in other
species. Thismay explain why the mouse with the null mutation in the PH-20
geneis till fertile.13

A seventh hyaluronidase occurs,'4 coding for an enzyme that immunologically
resembles an antigen in meningiomas. The hyaluronidase activity associated
with this sequence is not well characterized, but a splice variant produces a
nuclear protein with =-N-acetylglucosaminidase activity.1°
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Enzyme Structure and Catalytic Mechanisms

Tertiary structures of bacterial and vertebrate hyaluronidases are now available
utilizing crystallographic analyses! and reveal possible catalytic mechanisms.
The structure of the mammalian enzymes can be modeled onto the bee venom
enzyme that shares 30% sequence identity with human PH-20. The crystal
structure determined at 1.6 A resolution resembles a classical 8-fold =/ a-triose
phosphate isomerase (TIM) barrel, a structure common to many glycosy!
hydrolases,!’ except that the barrel is composed of only seven strands. A long
substrate-binding groove extends perpendicularly across the C-terminal of the
barrel axis. While the vertebrate hyal uronidases appear to be comprised of a
combination of =-pleated sheets and c-helicesin the TIM barrel motif, by
contrast, the bacterial lyases or eliminase-type hyaluronidases are composed of
it / « barrels. Y et they retain similar carbohydrate-binding grooves across the C-
terminal 182

The PH-20 enzyme has a bimodal pH activity curve. The region of PH-20
encompassed by amino acid sequence 142-172 isthe basis of activity at neutral
pH, whereas amino acid sequence 277-297 is important for acid-active
hyaluronidase. The two regions are the sites of acid/base catalysis and
nucleophilic attacks respectively.1®

aSee article by M. Jedrzejas in this series.

Contents

A Catabolic Scheme for Hyaluronan
Degradation

It iswell established that hyaluronan is taken up by cells for degradation20.21
through receptors such as CD44.22-24 The high molecular weight extracellular
polymer is tethered to the cell surface by the combined efforts of receptors such
as CD44 and the GPI-anchored enzyme Hyal-2. The hyluronan-CD44-Hyal-2
complex is enriched in specialized microdomains. These are invaginations of
the plasma membranes composed of cholesterol and gangliosides, termed lipid
rafts, significant because they also recruit alarge number of key signaling
molecules. One category of lipid raftsis caveolae, structuresrich in the proteins
caveolin and flotillin. The hyaluronan polymer is then cleaved to 20 kDa limit
products,2° corresponding to about 50 disaccharide units.

The biological properties of hyaluronan in aqueous solution appear to be
controlled by reversible tertiary structures, as defined by NMR spectroscopy.
Evidence suggests a =-pleated sheet-like array stabilized by H- and hydrophobic
bonds. Easy transitions between secondary and tertiary structures occur that are
convenient mechanisms for switching between functions. The 50-disaccharide
unit is around the size at which such stable tertiary structures are expected to
form.26 Polymers greater than 20 kDa provide the preferred substrate for Hyal-
2. The hyaladherins may provide additional substrate specificity.2’ The Hyal-2-
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generated hyaluronan fragments are internalized, delivered to endosomes, and
ultimately to lysosomes, where Hyal-1 degrades the 20 kDa fragments to small
disaccharides. Two lysosomal =-exoglycosidases, 4-glucuronidase and 4-N-
acetyl-glucosaminidase, participate in this degradation.

Evidence for the latter comes from human I-cell disease. Fibroblasts from
patients with I-cell disease, lacking the mannose receptor pathway for lysosomal
enzyme uptake, have an apparent hyaluronan storage disorder (Fig. 1). These
fibroblasts stain intensely for hyaluronan (R. Stern and B. Steinmann,
unpublished observations). The tetra- and hexasaccharide products of
hyaluronan degradation are too small to be detected by the hyaluronan-binding
peptide staining reaction. This suggests that the 2-exoglycos dases participate
actively in the degradation of 20 kDa hyaluronan fragments all along the
catabolic cascade, and not only at the terminal steps.

I-cell disease fibroblasts Normal fibroblasts

Fig. 1 Histolocalization of hyaluronan comparing cultured human fibroblasts derived from patientswith I-cell disease
with those from normal controls. Cultured cells were fixed with acetone-ethanol and stained with a biotinylated HA-binding
peptide derived from bovine cartilage. Cells were the kind gift of Dr. Beat Steinmann, Kinderhospital, Zirich, Switzerland.

The specific defect in |-cell disease is the enzyme N-acetylglucosamine-1-
phosphotransferase, an enzyme essential for the synthesis of the mannose-6-
phosphate recognition marker that targets enzymes to lysosomes. Failure of this
enzyme causes misrouting of most newly synthesized lysosomal enzymes.
Plasma from patients with I-cell disease have normal levels of Hyal-1, but
elevated levels of the two =-exoglycosidases, 28 suggesting that Hyal-1 is
transported to lysosomes by a pathway different from the mannose-6-phosphate
route. Without the s-exoglycosidases, larger sized hyaluronan oligosaccharides
appear to accumulate in lysosomes. What may be missing is the trimming of
these hyaluronan fragmentsto a size sufficiently small to diffuse out of
lysosomes into the cytoplasmic compartment. It may be that only
monosaccharides are able to diffuse out of lysosomes. Alternatively, hyaluronan
fragments may |leave the lysosome through specific transporters, as other
metabolites do, such as amino acids and other sugars. Such putative transporters
may have certain size restrictions, explaining why the larger hyaluronan
fragmentsin I-cell disease cannot exit lysosomes. Regardless of the mechanism,
it appears that oligomers that stain with the hyaluronan-binding peptide reaction
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accumulate in I-cell disease as aresult of back-up within the lysosomes, a
phenomenon that does not occur in normal fibroblasts.

An overal scheme for HA catabolism in diagrammatic form is presented below:
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Size-dependent Functions of Hyaluronan
Oligomers

The hyaluronan chains can have very different biological activities, depending
on chain lengths. High and low molecular weight chains appear to have opposite
and opposing effects on cell behavior. The extracellular high molecular weight
(~107 Da) hyaluronan chains are space-filling molecules that hydrate tissues,
and inhibit angiogenesis.2® They are also anti-inflammatory, and immune-
suppressive.30:31 The low molecular weight hyaluronan fragments interact with
adifferent set of receptors that trigger signaling cascades and profound changes
in cell behavior. Among the functions of the large polymers, then, is to protect
the cell from access to such fragments, to impede cell-cell interactions, and to
inhibit stress responses and signaling cascades.

High molecular weight hyaluronan appears in the earliest stages of wound
healing, when spaces must be created to facilitate polymorphonuclear
leukocytes infiltration of the wound area. These cells clean the wound site,
remove debris, dead tissue, and engulf bacteria. The same high molecular
weight hyaluronan polymers have an increased ability to bind fibrinogen,32 one
of the first reactions to occur in clot formation, critical in early wound healing.33

The 20 kDalimit fragments of Hyal-2 digestion are cleaved to intermediate-
sized highly angiogenic, immune-stimulating fragments. They are also potent
stimulators of inflammatory cytokines.3# Hyaluronan is found in high molecular
weight form in the normal lung, but following acute lung injury, hyaluronan
occurs as chains smaller than 500 kDa, at concentrations that can initiate and
maintain inflammatory pathways (M.M. Mascarenhas, personal
communication).3> Smaller hyaluronan oligomers, in the 6-20 kDa size range,
are potent activators of dendritic cells, the antigen presenting cells of the
immune system.36.37

Very small hyaluronan oligosaccharides also have unique biological activities.
Oligomers of six disaccharides promote differentiation of the endothelial cells
induced in response to the angiogenic affects of larger hyaluronan fragments,
suggesting a carefully controlled cascade in the course of hyaluronan
degradation. Controls of migration, maturation, and signaling in skin
keratinocytes are also closely associated with small hyaluronan oligomers, with
widely different signaling pathways elicited by changesin polymer size (K.
Torronen et al., personal communication). The exquisite selectivity of the
system is reflected in the observation that hyaluronan bound to CD44 on
keratinocytes can be displaced by hyaluronan decasaccharides, but not by

hexasaccharides.38

Tetrasaccharides are among the predominant products of Hyal-1 digestion.
These, when added to cultured cells, induce expression of heat shock proteins3.
The tetrasaccharides are a so anti-apoptotic, suppressing cell death in cultures

undergoing hyperthermia or when cells are serum-starved.3°
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Conlents

The Cancer Connection

Hyal-1 is a candidate tumor suppressor gene product, deleted in many tobacco-
related tumors, not only of the lungs,%0 but also of the head, neck, and upper
airways.*1 The enzyme can be eliminated at the level of DNA, by homozygous
deletion or by loss of heterozygosity, but also at the level of RNA. Several
studies have documented that two transcripts occur, the larger transcript
containing aretained intron that prevents translation.42:43

Hyal-2 can function as either an oncogene or a tumor suppressor gene product.
Over expression of Hyal-2 accelerates tumor formation of murine astrocytoma
cells.#4 Hyal-2 is a'so the cell surface receptor for some retroviruses, the
envelope proteins of which mediate oncogenic transformation.#>-47 Evidence for
tumor suppressor gene function of Hyal-2 is also available. Hyal-2 can

accel erate apoptosis.#8 Furthermore, an adenovirus-Hyal-2 vector suppresses
growth of tumor xenografts in mice.#° Finally, Hyal-2-over-expressing clones of
src-transformed fibroblasts have reduced rates of proliferation (B. Flamion,
personal communication). The conundrum that both hyaluronan and
hyaluronidases are involved in tumor promotion as well asin tumor suppression
will be addressed in another communication.>0

Small hyaluronan oligosaccharides induce cleavage of CD44 at the surface of
cancer cellsthat promote motility and invasion. The hyaluronidase activity
generating these 6 to 14 disaccharide unit fragments appears to be a cell-surface
activity that does not occur prominently in normal cells.>! Intricate enzymatic
modifications occur on the surface of cancer cellsincluding enhancement of
proteases such as matrix-metall oproteases and cathepsin B. Such modifications
apparently include hyaluronidase activities.

Hyaluronan oligomers have the ability to suppress tumor growth. This appears
to occur by multiple mechanisms. Hyaluronan oligomers can inhibit tumor
formation in vivo. Injected subcutaneously, they inhibit tumor growth, perhaps
by competing with high molecular weight matrix HA for CD44. This prevents
the adhesion necessary for tumor growth and invasion.52 Thisinhibition
parallels the ability of soluble CD44 to also prevent the growth of tumor cells.>3
Hyaluronan oligosaccharides inhibit anchorage-independent growth of tumor
cells by suppressing the phosphoinositide 3-kinase/Akt cell survival pathway,>*
as well asinhibiting multidrug resistance.>> The HA fragments thus have
intrinsic tumor suppressive effects on tumor growth as well as sensitizing cells
to chemotherapeutic agents.

The caveat is that cancer cells do things differently, and that the catabolic
scheme described here may require modifications when applied to malignant
cells.
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Conlenis

Precautionary Notes for the Catabolic
Pathway

This formulation however has a number of provisos: 1) Products of hyaluronan
synthase 3 (HAS3) are small hyaluronan fragments, compared to the high
molecular weight products of HAS1 and HAS2. Levels of HAS3 areincreased
under stress situations such as in acute lung disease.3° Therefore inflammatory
hyaluronan oligomers are generated not only from products of hyaluronan
degradation, but under stress situations, can also be direct products of
hyaluronan synthesis; 2) Fragmentation of hyaluronan can aso occur in the
presence of free radicals under oxidative conditions from reactive oxygen
intermediates that degrade hyaluronan by random cleavage of endoglycosidic
bonds.>6.57 Free radicals and hyaluronidases may have coordinated hyaluronan
chain scission activities under certain pathologic conditions, such asin the
respiratory burst of polymorphonuclear leucocytes that accumulate in the first
stages of inflammation and early in wound healing.>8 The relative proportions
of free radical scission and enzymatic degradation have not been quantified,
under either normal or pathologic conditions; 3) Many of the observations used
in the formulation of this catabolic scheme are derived from experimentsin
which sized hyaluronan oligomers are added to cultured cells. It isnot at all
clear whether this represents a physiological situation. Addition of hyaluronan
fragments exogenously to cultured cells may not be equivalent to the generation
intracellularly of similar hyaluronan fragments. How intracellular hyaluronan
oligomers exit cells, if they exit at all, has also not been established; and 4)
Contaminants in hyaluronan preparations may be the source of the pro-
inflammatory activity. Low levels of DNA in commercial preparations are
suspected to be the source.®® Highly purified hyluronan is non-inflammatory
across a broad range of molecular weights (Hu et al., personal communication).
If this phenomenon is verified, that low molecular weight fragments of
hyaluronan are not the basis of the angiogenesis and inflammation, a
reevaluation of the pathobiology of the catabolic scheme will be necessary.

Contenis
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Concluding Remarks

There are many unanswered questions in a putative scheme for hyaluronan
turnover and degradation, particularly in the control mechanismsinvolved. A
tentative catabolic scheme is presented here, in which step-wise degradation of
hyaluronan is described utilizing a series of sequential enzyme reactions.
Elevated levels of particular fragments might occur in association with specific
pathologic states. Stimulation of Hyal-2 activity, or inhibition of Hyal-1 would
cause inflammatory, immune-stimulating and angiogenic fragments of
hyaluronan to accumulate.

Hyal uronidase inhibitors would provide rapid response elements, and may
reflect why turnover rates are so very rapid. Release from constant inhibition
would provide the mechanism for prompt increases in hyaluronan levels. Such
inhibitors have been detected in many tissues. Thisis supported by indirect
evidence, by the increase in apparent levels of total hyaluronidase activity
following the initial stepsin enzyme purifications from liver, muscle, spleen,
heart (unpublished observations), and serum,®0 as inhibitors become separated
away from enzymes. Such inhibitors may be more diverse than the

hyal uroni dases themselves. 61,62

Characterizing all aspects of the catabolic pathway for hyaluronan becomes an
enormously complex task. The particular hyaladherins, and specific inhibitors
associated with the hyaluronidases and their hyaluronan substrates at each step
will have to be determined. The elucidation of the catabolism of the
monotonously repeating hyaluronan sugar chain may be far more arduous than
that of the more complex proteoglycan-associated glycosaminoglycans.

Contents

References

1.Shuttleworth TL, Wilson MD, Wicklow BA, Wilkins JA, Triggs-Raine BL.:
Characterization of the murine hyaluronidase gene region reveal s complex
organization and cotranscription of Hyal 1 with downstream genes, Fus2 and
Hyal3. J. Biol. Chem., 277, 23008-23018, 2002

2.Flannery CR, Little CB, Hughes CE, Caterson B: Expression and activity of
articular cartilage hyaluronidases. Biochem. Biophys. Res. Commun., 251, 824-
829, 1998

3.Nicoll SB, Barak O, Csoka AB, Bhatnagar RS, Stern R: Hyaluronidases and
CD44 undergo differential modulation during chondrogenesis. Biochem.
Biophys. Res. Commun., 292, 819-825, 2002

4.Cherr G, Yudin Al, Overstreet JW: The dual functions of GPI-anchored PH-20:
hyaluronidase and intracellular signaling. Matrix Bial., 20, 515-525, 2001

5.Myles DG, Primakoff P. Why did the sperm cross the cumulus? To get to the
oocyte. Functions of the sperm surface proteins PH-20 and fertilin in arriving at,
and fusing with, the egg. Biol. Reprod., 56, 320-327, 1997

10


Leica
10


6.Deng X, He Y, Martin-Deleon PA: Mouse Spam1 (PH-20): evidence for its
expression in the epididymis and for a new category of spermatogenic-
expressed genes. J. Androl., 21, 822-832, 2000
7.Zhang H, Martin-Del.eon PA: Mouse Spam1 (PH-20) is a multifunctional
protein: evidence for Its expression in the femal e reproductive tract. Biol
Reprod., 49, 446-454, 2003
8.Beech DJ, Madan AK, Deng N: Expression of PH-20 in normal and neoplastic
breast tissue. J. Surg. Res., 103, 203-207, 2002
9.Csoka AB, Scherer SW, Stern, R: Expression analysis of six paralogous human
hyaluronidase genes clustered on chromosomes 3p21 and 7g31.Genomics, 60,
356-361, 1999
10.Madan AK, Pang Y, Wilkiemeyer MB, Yu D, Beech DJ: Increased
hyaluronidase expression in more aggressive prostate adenocarcinoma. Oncol.
Rep., 6, 1431-1433, 1999
11.Madan AK, Yu K, Dhurandhar N, Cullinane C, PangY, Beech DJ. Association
of hyaluronidase and breast adenocarcinoma invasiveness. Oncol. Rep., 6, 607-
609, 1999
12.Godin DA, Fitzpatrick PC, Scandurro AB, Belafsky PC, Woodworth BA,
Amedee RG, Beech DJ, Beckman BS. PH20: anovel tumor marker for
laryngeal cancer: Arch. Otolaryngol. Head Neck Surg. 126, 402-404, 2000
13.Baba D, Kashiwabara S, Honda A, YamagataK, Wu Q, IkawaM, Okabe M,
Baba T: Mouse sperm lacking cell surface hyaluronidase PH-20 can pass
through the layer of cumulus cells and fertilize the egg. J. Biol. Chem., 277,
30310-30314, 2002
14.Heckel D, Comtesse N, Brass N, Blin N, Zang KD, Meese E: Novel
immunogenic antigen homologous to hyaluronidase in meningioma. Hum. Mol.
Genet., 7, 1859-1872, 1998
15.Comtesse N, Maldener E, Meese E: Identification of a nuclear variant of
MGEAD5, a cytoplasmic hyaluronidase and a beta-N-acetyl glucosaminidase.
Biochem. Biophys. Res. Commun. 283, 634-640, 2001
16.Markovic-Houdley Z, Miglierini G, Soldatova L, Rizkallah PJ, Muller U,
Schirmer T: Crystal structure of hyaluronidase, a major allergen of bee venom.
Structure Fold. Des. 8, 1025-1035, 2000
17.Rigden DJ, Jedrzejas MJ, de Mello LV: Identification and analysis of catalytic
TIM barrel domainsin seven further glycoside hydrolase families. FEBS Lett.,
544, 103-111, 2003
18.Rigden DJ, Galperin MY, Jedrzejas MJ. Analysis of structure and function of
putative surface-exposed proteins encoded in the Streptococcus pneumoniae
genome: a bioinformatics-based approach to vaccine and drug design. Crit. Rev.
Biochem. Mol. Biol., 38, 143-168, 2003
19.Cherr GN, Meyers SA, Yudin Al, VandeVoort CA, Myles DG, Primakoff P,
Overstreet IW: The PH-20 protein in cynomolgus macague spermatozoa:
identification of two different forms exhibiting hyaluronidase activity. Dev.
Biol., 175, 142-153, 1996
20.CallisL, Hall, C Lange L, Ziebell M, Prestwich R, Turley EA: Rapid
hyaluronan uptake is associated with enhanced motility: implications for an
intracellular mode of action. FEBS Lett., 440, 444-449, 1998
21. Tammi R, RillaK, Pienimaki JP, MacCallum DK, Hogg M, Luukkonen M,
Hascall VC, Tammi M. Hyaluronan enters keratinocytes by a novel endocytic
route for catabolism. J. Biol. Chem., 276, 35111-35122, 2001

11


Leica
11


22.Culty M, Nguyen HA, Underhill CB: The hyaluronan receptor (CD44)
participates in the uptake and degradation of hyaluronan. J. Cell Biol., 116,
1055-1062, 1992

23.Hua Q, Knudson CB, Knudson W: Internalization of hyaluronan by
chondrocytes occurs via receptor-mediated endocytosis. J. Cell Sci., 106, 365-
375, 1993

24 . Kaya G, Rodriguez |, Jorcano JL, Vassalli P, Stamenkovic I: Selective
suppression of CD44 in keratinocytes of mice bearing an antisense CD44
transgene driven by atissue-specific promoter disrupts hyaluronate metabolism
in the skin and impairs keratinocyte proliferation. Genes Dev., 11, 996-1007,
1997

25.Lepperdinger G, Strobl B, Krell G: HY AL2, a human gene expressed in many
cells, encodes a lysosomal hyaluronidase with anovel type of specificity. J.
Biol. Chem., 273, 22466-22470, 1998

26.Scott JE, Heatley F: Biological properties of hyaluronan in agueous solution are
controlled and sequestered by reversible tertiary structures, defined by NMR
spectroscopy. Biomacromolecules, 3, 547-553, 2002

27.Day AJ, Sheehan JK: Hyaluronan: polysaccharide chaos to protein organization.
Curr. Opin. Struct. Bial., 11, 617-622, 2001

28.Natowicz MR, Wang Y : Plasma hyaluronidase activity in mucolipidoses Il and
[11: marked differences from other lysosomal enzymes. Am. J. Med. Genet., 65,
209-212,1996

29.Feinberg RN, Beebe DC: Hyauronan in vasculogenesis. Science, 220, 1177-
1179, 1983

30.Delmage JM, Powars DR, Jaynes PK, Allerton SE: The selective suppression of
immunogenecity by hyaluronic acid. Ann. Clin. Lab. Sci., 16, 303-310, 1986

31.McBride WH, Bard JB: Hyaluronidase-sensitive halos around adherent cells.
Their role in blocking lymphocyte-mediated cytolysis. J. Exp. Med., 149, 507-
515, 1979

32.Frost SJ, Weigel PH: Binding of hyaluronic acid to mammalian fibrinogens.
Biochim. Biophys. Acta., 1034, 39-45, 1990

33.Weigel PH, Fuller GM, LeBoeuf RD: A model for the role of hyaluronic acid
and fibrin in the early events during the inflammatory response and wound
healing. J. Theor. Biol., 119, 219-234, 1986

34.Noble PW: Hyaluronan and its catabolic products in tissue injury and repair.
Matrix Bial., 21, 25-29, 2002

35.Mascarenhas MM, Day RM, Ochoa CD, Choi WI, Yu L, Ouyang B, Garg HG,
Hales CA, Quinn DA: Low molecular weight hyaluronan from streched lung
enhances |L-8 expression. Am. J. Respir. Cell Mal. Bial., 30, 51-60, 2003

36.Termeer CC, Hennies J, Voith U, Ahrens T, Weiss M, Prehm P, Simon JC:
Oligosaccharides of hyaluronan are potent activators of dendritic cells. J.
Immunol., 165, 1863-1870, 2000

37.Termeer C, Sleeman JP, Simon JC: Hyaluronan - magic glue for the Regulation
of the immune response? Trends Immunol., 24, 112-114, 2003

38.Tammi R, MacCallum D, Hascall VC, Pienimaki JP, Hyttinen M, Tammi M:
Hyaluronan bound to CD44 on keratinocytes is displaced by hyaluronan
decasaccharides and not hexasaccharides. J. Biol. Chem., 273, 28878-28888,
1998

39.XuH, Ito T, Tawada A, Maeda H, Y amanokuchi H, IsasharaK, Y oshidaK,
UchiyamaY, Asari A: Effect of hyaluronan oligosaccharides on the expression
of heat shock protein 72. J. Biol. Chem., 277, 17308-17314, 2002

12


Leica
12


40.Lerman M1, Minna JD: The 630-kb lung cancer homozygous del etion region on
human chromosome 3p21.3: identification and evaluation of the resident
candidate tumor suppressor genes. The International Lung Cancer Chromosome
3p21.3 Tumor Suppressor Gene Consortium. Cancer Res., 60, 6116-6133, 2000

41.Csoka TB, Frost Gl, Heng HH, Scherer SW, Mohapatra G, Stern R: The
hyaluronidase gene HY AL 1 maps to chromosome 3p21.2-p21.3 in human and
9F1-F2 in mouse, a conserved candidate tumor suppressor locus. Genomics, 48,
63-70, 1998

42.Frost Gl, MohapatramG, Wong TM, Csoka AB, Gray JW, Stern R: HYAL1
LUCA-1, acandidate tumor suppressor gene on chromosome 3p21.3, is
inactivated in head and neck squamous cell carcinomas by aberrant splicing of
pre-mRNA. Oncogene, 19, 870-877, 2000

43.Junker N, Latini S, Petersen LN, Kristjansen PE: Expression and regulation
patterns of hyaluronidasesin small cell lung cancer and glioma lines. Oncol.
Rep., 10, 609-616, 2003

44 Novak U, Stylli SS, Kaye AH, Lepperdinger G: Hyaluronidase-2
overexpression accelerates intracerebral but not subcutaneous tumor formation
of murine astrocytoma cells. Cancer Res., 59, 6246-6250, 1999

45.Rai SK, Duh FM, Vigdorovich V, Danilkovitch-Miagkova A, Lerman M,
Miller AD: Candidate tumor suppressor HYALZ2 isa
glycosylphosphatidylinositol (GPI)- anchored cell-surface receptor for
jaagsiekte sheep retrovirus, the envelope protein of which mediates oncogenic
transformation. Proc. Natl. Acad. Sci. USA, 98, 4443-4448, 2001

46.Maeda N, Pamarini M, Murgia C., Fan H: Direct transformation of rodent
fibroblasts by jaagsiekte sheep retrovirus DNA. Proc. Natl. Acad. Sci. USA, 98,
4449-4454, 2001

47.Danilkovitch-Miagkova A, Duh FM, Kuzmin I, Angeloni D, Liu SL, Miller AD,
Lerman MI: Hyaluronidase 2 negatively regulates RON receptor tyrosine kinase
and mediates transformation of epithelial cells by jaagsiekte sheep retrovirus.
Proc. Natl. Acad. Sci. U SA, 100, 4580-4585

48.Chang NS: Transforming growth factor-betal blocks the enhancement of tumor
necrosis factor cytotoxicity by hyaluronidase Hyal-2 in L929 fibroblasts. BMC.
Cell Biol., 3, 8-12, 2002

49.Ji L, Nishizaki M, Gao B, Burbee D, Kondo M, Kamibayashi C, XuK, Yen N,
Atkinson EN, Fang B, Lerman M1, Roth JA, Minna JD: Expression of several
genes in the human chromosome 3p21.3 homozygous deletion region by an
adenovirus vector results in tumor suppressor activitiesin vitro and in vivo.
Cancer Res,, 62, 2715-2720, 2002

50.Stern R: Hyaluronan degradation in tumor growth and metastasis Trends
Glycobiol Glycotech (in press), 2004

51.Mura T, Miyazaki Y, NishinakamuraH, Sugahara KN, Miyauchi T, Sako Y,
Yanagida T, Miyasaka M: Engagement of CD44 promotes Rac activation and
CD44 cleavage during tumor cell migration. J. Biol. Chem., 279, 4541-4550,
2004

52.Zeng C, Toole BP, Kinney SD, Kuo JW, Stamenkovic I: Inhibition of tumor
growth in vivo by hyaluronan oligomers. Int. J. Cancer, 77,396-401, 1998

53.Peterson RM, Yu Q, Stamenkovic |, Toole BP: Perturbation of hyaluronan
interactions by soluble CD44 inhibits growth of murine mammary carcinoma
cellsin ascites. Am. J. Pathol., 156, 159-2167, 2000

54.Ghatak S, Misra S, Toole BP: Hyaluronan oligosaccharides inhibit anchorage-
independent growth of tumor cells by suppressing the phosphoinositide 3-
kinase/Akt cell survival pathway. J. Biol. Chem., 277, 38013-38020, 2002

13


Leica
13


55.Misra S, Ghatak S, Zoltan-Jones A, Toole BP: Regulation of multidrug
resistance in cancer cells by hyaluronan. J. Biol. Chem., 278, 25285-25288,
2003

56.McNeil JD, Webkin OW, Betts WH, Cleland LG. Depolymerisation products of
hyaluronic acid after exposure to oxygen-derived free radicals. Ann. Rheum.
Dis., 44, 780-789, 1985

57.Hawkins CL, DaviesM J: Direct detection and identification of radicals
generated during the hydroxy! radical-induced degradation of hyaluronic acid
and related materials. Free Radic. Biol.Med., 21, 275-290, 1996

58.Moseley R, Waddington RJ, Embery G: Degradation of glycosaminoglycans by
reactive oxygen species derived from stimulated polymorphonuclear leukocytes.
Biochim. Biophys. Acta., 1362, 221-231, 1997

59.Filion MC, Phillips NC: Pro-inflammatory activity of contaminating DNA in
hyaluronic acid preparations. J. Pharm. Pharmacol., 53, 555-561, 2001

60.Afify AM, Stern M, Guntenhoener M, Stern R: Purification and characterization
of human serum hyaluronidase. Arch. Biochem. Biophys., 305, 434-441, 1993

61.Mio K, Carrette O, Maibach HI, Stern R: Evidence that the serum inhibitor of
hyaluronidase may be a member of the inter-alphan-inhibitor family. J. Biol.
Chem., 275, 32413-32421, 2000

62.Mio K, Stern R: Inhibitors of the hyaluronidases. Matrix Biol., 21, 31-37, 2002

April 15, 2004 / Copyright (c) Glycoforum. All Rights Reserved

ff!'.r:fﬂf'r;ﬂ::ﬂ i Home
INDEX

14


http://www.glycoforum.gr.jp/science/hyaluronan/hyaluronanE.html#indexH
http://www.glycoforum.gr.jp/index.html
Leica
14




