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Originally termed as the “spreading factor”, hyaluronidases (HAases) are present in a variety
of toxins and venoms. For example, HAase is the virulent factor of B-hemolytic Streptococci
and it is also present in the venoms of snake, bee, wasp, scorpion, etc, where it aids in the
spread of these venoms in the body (1-5). In mammals, testicular HAase present in the sperm
acrosome is necessary for the fertilization of the ovum (6). Despite a lot of work on bacterial,
invertebrate and testicular HAases, a connection between HAase and cancer was unequivocally
established just over a decade ago and the functional significance of HAases in cancer was
demonstrated just about a year ago (7—11). In this part of the review, we will focus on the recent
advances in our understanding of the role of HAases in cancer.

Hyaluronidases

HAases are a class of enzymes that predominantly degrade hyaluronic acid (HA). However,
HAases can also degrade chondroitin sulfate and chondroitin, albeit at a slower rate (12).
HAases are endoglycosidases, as they degrade the p-N-acetyl-D-glucosaminidic linkages in
the HA polymer. Six HAase genes are present in the human genome and these occur in two
linked triplates. HYAL-1, -2 and -3 genes are clustered in the chromosome 3p21.3 locus,
whereas, HYAL-4, HY AL-P1 and PH20 (encodes testicular HAase) reside in the chromosome
7931.3 locus (13). It is likely that the six mammalian HAase genes must have arisen through
gene duplication events, since they share a significant amino acid identity. For example,
HYAL-1, -2, -3, -4 and PH20 share ~ 40% amino acid identity (12). Based on their pH activity
profiles, HAases are divided into two categories. HYAL-1, -2 and -3 are considered as acidic
HAases because they are active at acidic pH. For example, HYAL-1 has a pH optimum around
4.0 — 4.2 and the enzyme is inactive above pH 5.0 (14). On the contrary, PH20 is a neutral
active HAase as it is active at pH 7.0 (pH activity profile 3.0 — 9.0) (15).
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Among the six mammalian HAases, HYAL-1, -2 and PH20 are well characterized. As
described above, PH20 is necessary for ovum fertilization and several natural and synthetic
HAase inhibitors have been tested for their use as contraceptives (16-19). PH20, as well as,
HYAL-2 are glycosyl phosphatidyl-inositol (GPI)-linked proteins. HY AL-2 degrades HA into
~ 20 kDa oligosaccharides (~ 25 disaccharide units). HYAL-1 is the serum HAase and is
expressed in several somatic tissues (12,20-22). HYAL-1 has also been purified from human
urine, where it is expressed as two molecular forms (23). Although, HY AL-1 has high specific
activity for degrading HA, its concentration in human serum is low (60 ng/ml) (12).

Site directed mutagenesis of PH20, identification of naturally occurring mutations in HYAL-1
and alternatively spliced variants of HYAL1 and HYALS3, crystal structure of bee venom
HAase and 3-D x-ray structure of bovine PH20 have revealed the catalytic site of HAases
involved in HA degradation (4,24-27). The crystal structure of the bee HAase and x-ray
structure of bovine PH20 show that HAases have a classical (B/a)g TIM barrel structure. The
dominant feature of the HAase structure is a large grove that extends perpendicular to the barrel
axis. In bee HAase, the loops following the  strands 2, 3, and 4 form one wall of the groove,
and those of 1, 5, 7 and 7 form the other wall. This groove is large enough to accommaodate a
hexasaccharide. In bee HAase, the catalytic site that cleaves the glycosaminidic bond between
N-acetyl-D-glucosamine and D-glucuronic acid lies in amino acid residues Asp!!! and
GIul13 (12). In a susbtrate-assisted acid-base catalytic mechanism Glul13 acts as the proton
donor, and the N-acetyl group of the substrate acts as the nucleophile. In all 6 mammalian
HAases, this Glu residue is conserved along with the Asp and is believed to be responsible for
the substrate cleavage. For example, site directed mutagenesis has identified Glul48 and
Asp46 in human PH20 as the important residues involved in the actual catalysis of the
glucosminidic linkage. In HY AL-1 the equivalent resideues are Glu3! and Asp12°. In addition
to the active site, a 30 amino acid sequence that is conserved in all 6 mammalian HAases and
also in the bee HAase, appears to be necessary for HAase activity (26). In HYAL-1, this
sequence appears in amino acid 301 to 330. Based on the bee HAase crystal structure, the 30
amino acid sequence (amino acid 313 0 342 in the bee HAase sequence), forms B sheets 6 and
7, o-helix 8 and the loops in between (4). Thus, this 30 amino acid sequence is an integral part
of one of the walls of the substrate binding groove. In addition, in this 30 amino acid sequence,
a Trp residue (Trp332, bee HAase, Trp321 HYAL-1) is conserved in all mammalian and bee
HAases and in chitinolytic enzymes and is involved in hydrophobic interaction with the N-
acetyl side chain (4). It is noteworthy that in HYAL-1 and HY AL-3 transcripts, this 30 amino
acid sequence is encoded by a separate exon that is alternatively spliced (26).

Among the 6 mammalian HAases, HY AL-1 is the major tumor-derived HAase and is expressed
by a variety of tumor cells. HY AL-1 was initially purified from the urine of patients with high-
grade bladder cancer and was shown to be expressed in epithelial cells of bladder, and prostate
tumors and in head and neck squamous cell carcinoma cells (7,14,15).

HAase expression in tumor cells

Detection and measurement of HAase activity in tissues, body fluids and cell conditioned media
became possible because of an HAase ELISA-like assay developed by Stern and Stern (28).
A modified version of this assay was used by Lokeshwar et al to measure HAase levels in
prostate and bladder carcinoma tissues, cells and in the urine of bladder cancer patients (7,
14,15,26,29-33). The modified HAase ELISA-like assay is called the HAase test, which
involves incubation of tissue extracts, urine or cell conditioned media on HA-coated microtiter
well plates in a HAase assay buffer. Following incubation at 37° C for ~ 16 hours, the degraded
HA is washed off and the HA remaining on the HA-coated plate is detected using a biotinylated
bovine nasal cartilage HA-binding protein. The HAase present in biological specimens is
determined from a standard graph, plotted as HAase (mU/ml) versus O.D.405 nm. The HAase

Semin Cancer Biol. Author manuscript; available in PMC 2009 August 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lokeshwar and Selzer

Page 3

activity is then normalized to total protein concentration (mg/ml) or to cell number (if assaying
cell conditioned media). Using the HAase test and also a substrate (HA)-gel assay, Lokeshwar
et al found that HAase levels are elevated in prostate cancer tissues, when compared to normal
prostate and benign prostatic hyperplasia tissues (31). This study also linked for the first time,
HAase levels to tumor progression. In that study, HAase leveles were found to be elevated 3—
7-fold in high-grade (Gleason > 7) prostate cancer tissues when compared to low-grade
(Gleason 5 -7) prostate cancer tissues. Metastatic prostate cancer lesions were found to have
even higher HAase levels than the high-grade primary tumor (14,31). HAase levels are also
elevated in high-grade bladder tumor tissues and in the urine of patients with high-grade bladder
cancer. HAase levels in low-grade bladder tumor tissues and urine are comparable to those
found in normal bladder tissues and urine (29,30,32-34). These studies have established a link
between HAase and the tumor invasive/metastatic phenotype. In addition to bladder and
prostate carcinomas, HAase levels have also been shown to be elevated in the urine of children
with Wilms tumor (35). In addition to genito-urinary tumors, HAase levels are elevated in head
and neck squamous cell carcinoma, breast tumors, metastatic tumors and glioma cells (15,
36-47).

RT-PCR and cDNA cloning, protein purification, immunoblotting, pH activity profile and
immunohistochemistry have revealed that HYAL-1 is the major tumor-derived HAase
expressed in prostate and bladder carcinoma cells. HYAL-1 is a ~ 55 — 60 kDa protein
consisting of 435 amino acids. In fact HY AL-1 was the first HAase to be recognized as being
expressed by tumor cells and its expression correlates with their invasive/metastatic potential
(7,14). No HYAL-1 expression is observed in the tumor-associated stroma, although, HYAL1
expression appears to correlate and perhaps induce HA production in the tumor-associated
stroma (8,9 ).

Patients with head and neck squamous cell carcinomas have been shown to have elevated
HAase levels in their saliva and HYAL-1 is the major HAase that is expressed in these tumor
tissues (15). However, in addition to HYAL1, RT-PCR analysis has revealed PH20 expression
in head and neck carcinoma, especially laryngeal carcinoma (36-38). Interestingly, the pH
activity profile of the HAase activity expressed in tumor tissues is similar to that of HYAL-1,
and not, PH20 (15,36 ). HAase levels are also shown to be elevated in breast tumors and RT-
PCR analysis has detected the expression of PH20, HYAL-2 and HYAL-3 in breast cancer
tissues (42,43). As in the case of prostate and bladder carcinomas, HAase levels in metastatic
breast tumors are found to be 4-fold higher than those expressed in primary tumors (45).
Similarly, HAase levels were higher in brain metastatic lesions of carcinomas other than
primary glioblastomas (46). Furthermore, there is some evidence that while less invasive breast
cancer cells express HAS3 and HYAL-3, highly invasive cells express HAS2 and HYAL-2
(42). However, how and why the HA production by HAS2 and HA degradation by HYAL-2
promote tumor cell invasion, but HA production by HAS3 and HA degradation by HYAL-3
associates with low-invasive phenotype is unclear. It is noteworthy that in these studies, the
expression of HAS and HY AL isoforms was studied only at the transcript level by real time
RT-PCR. Given that functionally inactive splice variants of HYAL-1 and HYAL-3 are
previously reported (as discussed below), the expression of HY AL genes at the transcript level
does not necessarily translate into HAase activity produced by breast cancer or any other cell
type. Similar observations regarding HYAL-2 and HYAL-3 expression were reported for
endometrial carcinoma. In a relatively small number of endometrial carcinoma specimens (n
=13), HYAL-2 and HY AL-3 mRNA expression, determined by real time RT-PCR was found
to be > 1000- and > 30-fold more than HY AL-1, respectively (47).

Contrary to the findings regarding elevated expression of one or more HAases in tumors, it has

been shown that the chromosome locus 3p21.3, where HYAL-1, -2 and -3 genes are clustered,
is deleted in lung and some breast carcinomas at a higher frequency, however, the tumor
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suppressor gene in this region is RASSF1 and not a HAase gene (43,48,49). Nonetheless, it
was previously believed that HYAL-1 is a tumor suppressor gene (48,50,51). Interestingly,
again based on the real time RT-PCR studies Bertrand et al reported that HY AL-2 expression
correlates with lymphoma diagnosis, but the expression actually decreases in high-grade
lymphomas, when compared to low-grade lymphomas (41).

Taken together, HAase expression appears to be elevated in many carcinomas and the
expression correlates with tumor invasiveness. However, in some carcinomas HAase
expression depends on the status of the chromosome 3p21.3 locus and may inversely correlate
with tumor grade.

HAase functions in genitor-urinary tumors (HAase functions in cancer: Stern
article)

HAase a tumor promoter

Extensive digestion of HA by HAase generates tetrasaccharides, whereas, limited digestion
generates HA fragments, some of which are angiogenic (3 — 25 disaccharide untis). HA
fragments of 10 — 15 disaccharide units have been shown to stimulate endothelial cell
proliferation, adhesion and capillary formation (52,53). Such angiogenic HA fragments are
found in the urine of patients with high-grade bladder cancer, in the tissue extracts of high-
grade prostate tumors, and in the saliva of patients with head and neck squamous cell
carcinoma, suggesting that the HA-HAase system is active in high-grade invasive tumors
(14,15,54).

Recent evidence based on cDNA transfection studies shows that HYAL1 is involved in tumor
growth, muscle infiltration by tumor and tumor angiogenesis (8—10). Lokeshwar et al have
shown that blocking HY AL-1 expression in bladder and prostate cancer cells decreases tumor
cell proliferation by ~ 4-fold, due to cell cycle arrest in the G2-M phase and decreases their
invasive activity. In xenografts, inhibition of HY AL1 expression resulted in a decrease in tumor
growth by 9 — 17-fold. While HY AL-1 expressing tumors infiltrated muscle and blood vessels,
tumors lacking HYAL-1 expression resembled benign neoplasm and had 4 — 9-fold less
microvessel density and smaller capillaries (8,9). The contribution of HYAL-1 expression to
muscle invasion by a bladder tumor has been observed in bladder cancer patients. Aboughalia
has shown that HY AL-1 expression in tumor cells exfoliated in urine correlates with tumor
invasion into the bladder muscle and beyond (55). It is noteworthy that patients with muscle
invasive bladder cancer have poor prognosis, as 60% of the patients with muscle invasive
bladder cancer will have metastasis within 2-years and 2/3rds will die within 5-years.
Interestingly, HA production by the tumor stroma correlates with HYAL-1 levels in tumor
cells, suggesting crosstalk between the tumor and the tumor-associated stroma (8,9,14). Such
crosstalk between HA and HYALL, with respect to tumor growth and angiogenesis, was
recently confirmed by Simpson who tested tumor growth and angiogenesis following the
expression of HAS2 and HYAL-1, either individually or together, in a non-invasive prostate
cancer cell line. While HAS2 or HY AL-1 when expressed individually in a prostate cancer
cell line, increased tumor growth and angiogenesis their co-expression had a synergistic effect
on this increase (10). Expression of HYAL-1 in a human prostate cancer cell line also causes
a slight increase in its ability to form lung metastasis in xenograft (56).

HAase a tumor suppressor

Contrary to the tumor promoting effects of HYAL-1, a prevalent concept has been that, in
general, HAases are tumor suppressors (48,50,51). The origin of this concept lies in the
observation that in some epithelial carcinomas, the 3p21.3 locus is deleted and although, the
tumor suppressor gene in this locus was shown not to be a HYAL gene (i.e., HYAL-1, -2, or
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-3), the concept continued (12,43,48,51). Perhaps this concept became popular because HA is
known to promote tumor metastasis, and therefore, conceptually it was easier to explain that
an enzyme that degrades HA was a tumor suppressor. In support of this concept, Jacobson et
al reported that while HAS2 expression in a rat colon carcinoma line promoted tumor growth,
the over-expression of HYAL-1, at levels (220 — 360 mu/106 cells) that are not found in tumor
tissues and tumor cells, inhibited tumor growth and generated necrotic tumors (11).
Furthermore, Shuster et al showed that administration of super high concentrations of bovine
testicular HAase (300 units) caused a ~ 50% regression in breast tumor xenografts (57). The
controversy whether HAase is a tumor promoter or a suppressor was recently resolved, when
Lokeshwar et al showed that while HY AL-1 levels that are expressed in tumor tissues and cells
promote tumor growth, invasion and angiogenesis, HAase levels exceeding 100 milliunits/
105 cells), i.e., at levels that are not naturally expressed by tumor cells, significantly reduce
tumor incidence and growth due to induction of apoptosis (8). Therefore, the function of HAase
as a tumor promoter or a suppressor is a concentration-dependent phenomenon, but in tumor
tissues, the tumor cell-derived HAase acts mainly as a tumor promoter.

Regulation of HAase activity

One of the mechanisms to control cellular HAase expression is the loss of the chromosome
3p21.3 locus, which occurs at a higher frequency in some epithelial tumors (58-60). Alternative
mRNA splicing is another mechanism by which HAase activity is regulated. A common
internal splicing event occurs in the 5’ untranslated region present in exon 1 (43,50). This
splicing event joins nucleotides 109 and 597. Frost et al and Junker et al reported that HY AL-1
protein levels and HAase activity in tumor cells correlate with a HY AL-1 transcript in which
this 5” untranslated region is spliced. Furthermore, HYAL-1 protein is not detected in tumor
cells which express a HY AL-1 transcript that retains the 5 untranslated region. Based on these
findings, Frost et al and Junker et al concluded that the HY AL-1 transcript containing the 5
untranslated region is not translated (43,50). However, it is unclear how and why the 5’-
untranslated region in the HY AL-1 mRNA prevents translation. Using normal and bladder
tumor tissues and bladder and prostate cancer cells, Lokeshwar et al have reported several
alternatively spliced variants of HYAL-1 and HYAL-3 transcripts. These variants are
generated by alternative splicing occurring in the coding regions of HYAL-1 and HYAL-3
transcripts which encode truncated proteins that lack HAase activity (26). For example, 5
alternatively spliced variants of the HY AL-1 transcript that affect the coding region have been
reported. HYAL1-v1 protein lacks a 30 amino acid stretch between amino acids 300 and 3001
and is generated by alternative splicing of exon 2. The HY AL 1-v2 protein sequence from amino
acids 183 to 435 is identical to HYAL-1 and the HY AL1-v3 protein contains the first 207
amino acids of the HYAL-1 wild type protein. HYAL1-v4 and HY AL1-v5 proteins consist of
amino acids 260 — 435 and 340 — 435, respectively, that are present in the wild type protein.
Among the HYAL-3 splice variants, HYAL3-v1 lacks a 30 amino acid sequence present in the
wild type protein and this truncation joins amino acid 298 to 329. HYAL3-v1 is generated by
alternative splicing of exon 3. HY AL3-v2 encodes a 168 amino acid protein, and this is identical
to amino acids 249 — 417 in the HY AL-3 wild type protein. HY AL3-v3 protein encodes a 138
amino acid protein that is 100% identical to amino acids 249 — 417 except that it also lacks the
30 amino acid sequence from 299 to 328. As discussed above, although various splicing events
maintain the open reading frame of the HYAL-1 and HY AL-3 proteins, none of these variants
are functionally active (26).

Recent data on one of the HY AL-1 variants, HY AL1-v1, shows that the expression of HY AL 1-
v1 is higher in normal bladder tissues than in bladder tumor tissues. Furthermore, HYAL1-v1
expression reduces HAase activity secreted by bladder cancer cells because of a complex
formation between HYAL-1 and HYAL1-v1l. HYAL1-v1 expression induces apoptosis in
bladder cancer cells and reduces tumor growth, infiltration and angiogenesis (61). This suggests
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that a critical balance between the levels of HYAL-1 and HYAL-1 variants may regulate
HYAL-1 function in cancer.

HAase and signaling

HAase and cell cycle progression

As discussed above, blocking HY AL-1 expression in bladder and prostate cancer cells induces
cell cycle arrest in the G2-M phase. G2-M arrest results from the down-regulation of the
positive regulators of G2-M transition. For example, stable HY AL-1 anti-sense transfectants
show down-regulation of cdc25c, cyclin B1 and cdkl levels, as well as, cdkl kinase activity
(8,9). InHSC3 oral carcinoma cells, HY AL1 expression caused a 145% increase in the S-phase
fraction, with a concomitant decrease in the GO-G1 phase (62).

The mechanism by which HY AL1-induces cell cycle transition and up-regulates the levels of
positive regulators of G2-M transition is unknown. However, testicular HAase has been shown
to induce phosphorylation of c-jun N-terminal kinases (JNK)-1 and -2 and p44/42 ERK in
murine fibroblasts cells L929 (63). ERK is required for G2-M and G1-S transitions (64).
Lokeshwar et al have previously shown that cell surface interaction between HA
oligosaccharides and RHAMM stimulates phosphorylation of p42/p44 ERK (activated
p42/44ERK) and focal adhesion kinase in human endothelial cells (52). RHAMM co-
immunoprecipitates with src and ERK and contains recognition sequences for these kinases,
suggesting a direct interaction (65,66). Activated FAK also activates ERK through Grb2 and
Shc and P13 kinase through a direct interaction (67,68). It is noteworthy that angiogenic HA
fragments are detected in high-grade tumor tissues and in body fluids (e.g., urine and saliva)
of cancer patients (14,15,54). In addition to ERK activity, transient activation of JINKSs is
required for G2-M transition. For example, activated JINK may phosphorylate cdc25¢ and
modulate its activity (69). Furthermore, activated JNKs phosphorylate c-jun, which then
increases cdc2 expression (70). However, at the present time it is unknown whether
hyaluronidase-mediated regulation of the cell cycle involves JNK and/or ERK pathways.

HAase and apoptosis

As discussed above, the super high expression of HY AL-1 induces apoptosis in prostate cancer
cells. The apoptosis induction by HY AL-1 involves mitochondrial depolarization and
induction of a pro-apoptotic protein, WOX1. WOX1 is a ww-domain containing
oxidoreductase that contains a nuclear localization signal, a mitochondrial localization signal
and an alcohol dehydorgenase domain (71). Chang has shown that transient transfection of the
murine fibroblast line L929, by HYAL1 or HYAL2 cDNA or ectopic addition of bovine
testicular HAase (100 U/ml) enhances TNF-induced cytotoxicity, which is mediated by
increased WOX1 expression and prolonged NKkpg activation (6372,73). WOX1 is known to
induce apoptosis in a p53 independent manner, which involves WOX1 activation (i.e.,
WOX1-PTyr33), its translocation to mitochondria and down-regulation of anti-apoptotic
proteins bcl2 and belx, (72). Although the kinase, which phosphorylates WOXZ1, is unknown,
JNK1 directly interacts with WOX1 (72). JNK is also associated with the mitochondria-
mediated apoptotic pathway, as it phosphorylates bcl-2 and bcly, , and suppresses their anti-
apoptotic activity (74,75).

Recently, Lokeshwar et al have shown that the expression of HY AL1-v1 in bladder cancer
cells, that express wild type HYAL-1, induces G2-M arrest and apoptosis. HYAL1 and
HYAL1-v1 form a non-covalent complex, which is enzymatically inactive. The HYAL1-v1
induced apoptosis involves the extrinsic pathway, since HY AL1-v1 expression induces
activation of caspases -8, -9 and -3, Fas and FADD (Fas associated death domain) up-regulation
and BID activation. Moreover, inhibiton of Fas expression by Fas siRNA inhibits HYAL1-v1
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induced apoptosis (61). These reports suggest that HYAL-1 and its variants are capable of
inducing apoptotic pathways, the understanding of which has only recently begun.

HAase as a diagnhostic and prognostic indicator

The diagnostic potential of HAase, either alone or together with HA has been extensively
explored in bladder cancer. For example, urinary HAase levels, measured using the HAase
test, have been shown to be 3-7-fold elevated among patients with intermediate (G2) and high
(G3)-grade bladder cancer when compared to normal individuals, patients with one of the many
benign urologic conditions, patients with a history of bladder cancer, and patients with low-
grade bladder cancer (30). In a study of 513 urine specimens, the HAase test had 81.5%
sensitivity, 83.8% specificity and 82.9% accuracy to detect G2/G3 patients. When the HAase
test was combined with the HA test, which measures urinary HA levels, the combined HA-
HAase test had higher sensitivity (91.2%) and accuracy (88.3%), and comparable specificity
(84.4%) to detect bladder cancer, regardless of the tumor grade and stage (29). In another study,
where 70 bladder cancer patients were prospectively followed for a period of 4 years to monitor
bladder cancer recurrence, the HA-HAase test had 91% sensitivity and 70% specificity to detect
bladder cancer recurrence (34). More importantly, a patient with a false-positive HA-HAase
test had a 10-fold increased risk for developing bladder cancer within 5 months. In a side-by-
side comparison, the HA-HAase test was also superior to a variety of FDA-approved bladder
tumor markers (32,33). Hautmann et al have shown a correlation between increased tumor-
associated HYAL-1 and HA in tumor tissues and a positive HA-HAase test (76). This suggests
that tumor-associated HYAL-1 and HA are released into the urine when it comes in contact
with a tumor in the bladder. In addition to urinary HAase levels, measurement of HY AL-1
MRNA levels in exfoliated cells found in urine also appears to be a marker for bladder cancer.
For example, Eissa et al found that HY AL-1 mRNA expression determined by RT-PCR has >
90% accuracy in detecting bladder cancer (77). Furthermore, HY AL-1 mRNA levels measured
in exfoliated cells are elevated in patients with invasive and poorly differentiated carcinoma
(55). These studies show that HAase is a highly accurate marker for detecting high-grade
bladder cancer, and when it is combined with HA, it detects both low-grade and high-grade
bladder cancer with ~ 90% accuracy.

The prognostic potential of HYAL-1 has been explored in prostate cancer. Standard clinical
and pathological parameters provide very limited information to clinicians regarding which
prostate cancers will progress, and/or have a poor prognosis, and as a result, it is difficult to
predict which patients need aggressive treatment, from those, for whom watchful waiting
would be sufficient. By performing immunohistochemistry on radical prostatectomy
specimens, on whom there was a minimum 5-year follow-up, Posey et al and Ekici et al found
that HY AL-1 is highly expressed in specimens from patients who later had a biochemical
recurrence (78,79). Biochemical recurrence is defined as increasing serum prostate specific
antigen (PSA) levels following radical prostatectomy and is an indicator of disease progression
(i.e., either local recurrence or metastasis to distant sites). HYAL-1 staining in radical
prostatectomy specimens appears to be an independent predictor of biochemical recurrence.
Furthermore, HY AL-1 staining when combined with HA staining has an 87% accuracy in
predicting disease progression (79). It is noteworthy that in prostate cancer specimens while
HYAL-1 is exclusively expressed by tumor cells, HA is mostly expressed by the tumor-
associated stroma (78). These results show that consistent with the function of HYAL-1 in
tumor growth, infiltration and angiogenesis, it is most likely a prognostic indicator for disease
progression.

In a limited number of studies, hyaluronidase expression has also been studied in other
carcinomas. For example, there is some evidence that HY AL-1 may be an accurate marker for
head and neck squamous cell carcinomas and that salivary HAase levels are elevated in head
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and neck cancer patients (15). In addition to HYAL-1, PH20 mRNA levels have been shown
to be elevated in primary and lymph node metastatic lesions of laryngeal carcinoma when
compared to normal laryngeal tissues (36—38). In contrast to the observations in many other
carcinomas, increased HY AL-2 expression inversely correlates with invasion in B-cell
lymphomas and may serve as a prognostic indicator (41).

HAase and cancer therapeutics

Testicular HAase has been added in cancer chemotherapy regimens to improve drug
penetration. Tumor cells growing in 3-dimensional multicellular masses, such as spheroids in
vitro and solid tumors acquire resistance to chemotherapeutic drugs (i.e., multicellular
resistance) (80). The resistance of multicellular spheroids of EMT-6 to 4-
hydroperoxycyclophosphamide (4-HC) can be abolished by treatment of these spheroids by
HAase (81-83). Consistent with the findings that HAase is necessary for cell cycle progression
(8,9,62), HAase treatment increases recruitment of disaggregated cells into the cycling pool,
and thus renders them more sensitive to a cell cycle dependent drug (81-83). In limited clinical
studies, HAase has been used to enhance the efficacy of vinblastin in the treatment of malignant
melanoma and Kaposi’s sarcoma (84,85), boron neutron therapy of glioma (86,87), intravesical
mitomycin treatment for bladder cancer (88,89) and chemotherapy involving cisplatin and
vindesine in the treatment of head and neck squamous cell carcinoma (90,91). It is noteworthy
that the HAase concentrations (1 x 10° — 2 x10° 1U) used in these clinical studies far exceed
the amount of HAase present in tumor tissues, and therefore, it is unlikely that at these
concentrations the infused HAase will act as a tumor promoter.

In summary, HAase is an endoglycosidase that functions in tumor growth, infiltration and
angiogenesis. At concentrations that are present in tumor tissues, HAase acts as a tumor
promoter. However, artificially increasing these concentrations, results in HAase functioning
as a tumor suppressor. HY AL-1 type HAase regulates cell cycle progression and apoptosis,
and therefore, may regulate tumor growth and angiogenesis. The regulation of HAase in cancer
appears to be controlled at the transcription level. HAases either alone, or together with HA
are potentially accurate diagnostic and prognostic indicators for cancer detection and tumor
metastasis. We are only beginning to understand the complex role that this enzyme plays in
cancer. In the future because of its role in tumor growth and progression, this enzyme may be
targeted for developing novel cancer therapeutics and diagnostics.
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