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1. A. INTRODUCTION AND OBJECTIVES: There are two overall objectives of this funded
project. The first is to evaluate the independent prognostic potential of two tumor markers,
identified in our laboratory, i.e., hyaluronic acid (HA) and HYAL1 type hyaluronidase (HAase).
The second objective is to evaluate the effect of HYAL1 inhibition on prostate cancer (CaP)
growth and metastasis using two complementary approaches, i.e., the antisense approach and
the use of a HAase inhibitor, VERSA-TL 502. We also plan to examine the mechanism by which
HYAL1 regulates CaP cell growth and metastasis.

The majority of the newly diagnosed prostate cancer (CaP) patients have clinically
organ-confined disease. However, limited knowledge about which CaP is likely to progress, as
well as, when it will recur severely impedes individualized selection of therapy and subsequent
prediction of outcome (1-5). Advances in tumor biology have unraveled genes and their
products that closely associate and function in CaP growth, metastasis and angiogenesis (1,6-
8). Some of the molecules may serve as accurate prognostic indicators. Moreover, treatment
modalities that target the functions of these molecules could effectively control CaP progression.
In preliminary studies we identified that HA and HYAL1 type HAase may be such markers. HA is
a glycosaminoglycan that is made up of repeating disaccharide units, D-glucuronic acid and N-
acetyl-D-glucosamine. It is abundantly present in tissues and tissue fluids. In addition to its
structural role, HA regulates several cellular processes (9-10). Concentrations of HA are
elevated in several cancers including those of colon, breast and in bladder (11-19). In a
published report that we had presented as the preliminary evidence at the time of submission of
this funded project, we demonstrated that HA levels are 4-8-fold elevated in CaP tissues, when
compared to the normal prostate and benign prostatic hyperplasia tissues (20).
Immunohistochemical analysis demonstrated that HA present in CaP tissues mostly localizes to
the tumor-associated stroma. Small fragments of HA are known to be anigogenic and we
showed the presence of such angiogenic HA fragments in high-grade CaP tissues.

HAase is an endoglycosidase that cleaves internal -N-acetyl-D-glucosaminic linkages
in the HA polymer, yielding HA fragments (21). At present 6 HAase genes have been identified,
which cluster into two tightly linked triplets on chromosomes 3p21.3 (HYAL1, HYAL2 and
HYAL3) and 7q31.3 (HYAL4, PH20, HYALp1) (22). Using RT-PCR, cDNA cloning/sequencing,
cell-culture, immunoblotting and pH activity profile studies, we confirmed that HYAL1 is the
HAase that is expressed in CaP tissues and it is secreted by CaP cells (23). We also showed
that HAase levels are elevated in CaP tissues when compared to the levels in NAP and BPH
tissues. Furthermore, the increase in HAase levels correlates with CaP progression (metastatic
> high-grade >> low-grade (Gleason 5/6) > NAP/BPH) (23). By immunohistochemical analysis,
which was presented as the preliminary evidence during the submission of this funded project,
we showed that the HYAL1 type HAase is exclusively expressed in CaP cells. Based on our
immunoshistochemical studies we hypothesized that HA and HYAL1 may be potentially
accurate prognostic indicators for CaP. To investigate the function of HYAL1 we had stablely
transfected DU145 cells with full-length HYAL1 cDNA in the sense and antisense orientation
and planned to study the behavior of DU145, as well as, PC3-ML transfectants both in vitro and
in vivo. In addition, we had identified a HAase inhibitor, VERSA-TL502 (24). This inhibitor
inhibits the HAase activity secreted by CaP cells (ICs, 2 pg/ml). We had hypothesized that
VERSA-TL 502 may also inhibit CaP cell growth and invasive behavior, both in vitro and in vivo.

The following is a succinct report of the progress in achieving our objectives in the grant
period.
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B. (BODY): Progress related to Aim 1: To correlate HA and HYAL1 staining intensity and
its pattern in CaP tissues with clinical outcome.

Rationale _and background: Two studies were conducted under this aim. The first study

involved evaluation of the prognostic potential of HA and HYAL1 to predict biochemical

recurrence within 64 months (i.e., within 5-years). Our results show that HYAL1 either alone or

in combination with HA is an independent predictor of biochemical recurrence in CaP patients.

This study was presented in detail in the first year's progress report and has been published

(25; Appendix 1). Out of the 70 patients that were included in that study follow-up of =72

months (72 to 131 months) was available on 66 patients. In the study described below, we
compared the prognostic ability of HA and HYAL1 with two other potential prognostic indicators

of CaP (i.e., CD44v6 and microvessel density (MVD)) to predict biochemical recurrence up to

131 months.

We chose to compare CD44v6 and MVD with HA and HYAL1 since all of these
molecules are biologically related. For example, CD44 denotes a family of cell surface
transmembrane glycoproteins which serve as the cell surface receptor for HA (26,27).
Alternative splicing of CD44 mRNA in 10 of the 20 exons generates several variant CD44
isoforms (27,28). The correlation between tumor progression and CD44s and/or its isoforms is
controversial. We and others have shown that the androgen insensitive CaP line PC-3 and
primary PCa cells express CD44s and CD44 variants (e.g., CD44v3 and CD44v6), however, the
androgen sensitive poorly metastatic line LNCaP does not express CD44 (29-31). Contrary to
these findings, it has been shown that the over-expression of CD44v6 in a rat CaP line
decreases metastasis (32). Recently, Ekici et al showed that decreased expression of CD44v6
could be a predictor of poor prognosis in clinically localized CaP (33). Aaltomaa et al also
reported similar results (34).

Angiogenesis is an essential process for tumor growth and metastasis (35-37). As
discussed above, degradation of HA by HAase generates angiogenic HA fragments. Clinical
significance of angiogenesis, measured as microvessel density (MVD), has been demonstrated
for several tumor types, including, gastrointestinal, breast, bladder and renal cell carcinomas
(38-41). Studies that compared various endothelial cell markers (i.e., CD31, CD34 and Factor
VIII) have shown that CD34 is a sensitive endothelial cell marker for measuring MVD (42,43). At
the present time, the clinical significance of MVD, as an independent predictor of pathological
stage and recurrence in PCa remains controversial (42-45).

Since HYAL1 degrades HA and generates angiogenic fragments and CD44 acts as a
cell-surface receptor for both HA and HA fragments, it is interesting to examine whether these
biologically linked molecules are ‘accurate prognostic indicators for PCa, and whether they
influence each other’s prognostic capabilities.

Experimental procedures:

Specimens and study individuals: We initially chose 150 archival specimens from
CaP patients who underwent retropubic prostatectomy for clinically localized CaP between 1992
and 1996. Out of these 150 patients, on 66 patients, a minimum available follow-up of 72
months was available. Of the 66 patients, 25 patients had biochemical or clinical recurrence
before 72 months (mean time to recurrence: 21.3 months; range: 3 to 61 months), and 41
patients were free of disease recurrence (mean follow-up: 103 months; range: 72 - 131 months).
Biochemical recurrence was defined as a PSA level > 0.4 ng/ml in 2 successive measurements
after the operation, in which case the first date of elevated PSA level was considered as the
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date of failure. The patient characteristics with respect to age, preoperative PSA, and tumor (i.e.,
Gleason sum, stage, margin, extraprostatic extension (EPE) and seminal vesicle invasion) are
shown in Table 1.

Table 1: Distribution of pre- and post-operative parameters among study patients. Note
that biochemical recurrence with post-operative PSA levels > 0.4 ng/ml within 72 months was
used a cut point for defining progression. Thus, any CaP patient who showed a biochemical
recurrence within 72 months was included in the progressed category.

Preoperative parameters Postoperative parameters
Progression | Age (yrs) PSA (ng/ml) Clinical | Gleas | EPE Margin | Seminal
Stage on vesicle
sum invasion
Biochemical | Median: 64 Median: 9.0 T1c:10 (6=2 |(+)=21 | (+)=18 (+)=14
recurrence | Mean: 65.1 | Mean: 14.04 |T2a:5 |7=14 |(-)=4 (-)=7 -)=11
(n =25) . T2b:10 |8=6
9=3
No Median: 65 Median: 6 T1c:22 |5=7 |(+)=4 (+)=9 (+)=3
biochemical | Mean: 62.98 Mean: 8.1 T2a: 5 6=9 |[(-)=37 [(-)=32 [(-)=38
or clinical T2b:14 [7=20
recurrence 8=5
(n=41)

HA and HYAL1 staining: IHC localization of HA and HYAL1 in CaP tissues was carried
out as described previously (20). For all specimens, paraffin-embedded blocks containing CaP
tissues representing the majority of the Gleason sum were selected by the study’s pathologist
(Dr. Francisco Civantos). The blocks were cut into 3-pm thick sections and placed on positively
charged slides. The specimens were deparafinized, rehydrated and treated with an Antigen-
retrieval solution (Dako Laboratories). For each specimen, two slides were prepared, one for HA
and the other for HYAL1 staining. For HA staining, the slides were incubated with 2 pug/ml of a
biotinylated bovine nasal cartilage protein at room temperature for 35 min (20). The specificity of
HA staining was established as described previously (20). Following incubation with the HA-
binding protein, the slides were washed in phosphate buffered saline (PBS) and sequentially
incubated with streptavidin peroxidase at room temperature for 30 min and 3,3-
diaminobenzidine (DAB) chromogen substrate solution (Dako Laboratories). The slides were
counterstained with hematoxylin, dehydrated and mounted.

For HYAL1 staining, the slides were incubated with 3.7 pg/ml of anti-HYAL1 IgG at 4° C
for 16 hr. Rabbit polyclonal anti-HYAL1 IgG was generated against a peptide sequence present
in HYAL1 protein (amino acids 321 to 338) and its specificity for IHC was confirmed as
described previously (20, 25). Following incubation with anti-HYAL1 IgG, the slides were
washed in PBS and incubated with a linking solution containing a biotinylated goat anti-rabbit
IlgG (Dako LSAB kit) at room temperature for 30 min. The slides were then treated with
streptavidin peroxidase and DAB chromogen. The slides were counterstained with hematoxylin,
dehydrated and mounted.

Slide grading for HA and HYAL1: Two readers independently evaluated all slides in a
blinded fashion. Any discrepancy in assigning staining intensity was resolved by both readers
reexamining those slides simultaneously. The staining for HA and HYAL-1 was graded as 0 (no
staining), 1+, 2+, and 3+. For HA staining, both the tumor-associated stroma and tumor cells

&
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were graded in each slide. The overall staining grade for each slide was assigned based on the
staining intensity of the majority of the tumor tissue in the specimen. However, if ~ 50% of the
tumor tissue stained as 1+ and the other 50% as 3+, the overall staining grade was 2+. If the
staining distribution was ~ 50% of the tumor staining 2+ and the remaining staining as 3+, the
overall staining inference was assigned as 3+. The staining scale was further subcategorized
into low grade and high grade. For HA staining, low-grade staining included 0, 1+ and 2+
staining, and high-grade staining included 3+ intensity. In those cases (n = 2) where the stromal
tissues were evaluated as low-grade staining but the tumor cells stained as 3+, the overall HA
staining was considered as high grade. For HYAL1, high-grade staining represented 2+ and 3+
staining, whereas low-grade staining included 0 and 1+ staining intensities. For the combined
HA-HYAL-1 staining, a positive result was indicated only when both HA (stromal, tumor cells, or
both) and HYAL-1 staining intensities were of high grade. Any other combination was
considered negative. All slides were reviewed out of order to prevent direct comparison of
individual cases for HA and HYALA1.

CD34 staining: Following the antigen retrieval step (as described above), the slides
were incubated with a mouse monoclonal anti-human hematopoietic progenitor cell CD34
antibody (dilution of 1:20; DAKO, Denmark) at 4°C for 15 hours. The slides were then incubated
with a biotinylated anti-mouse antibody and an avidin-peroxidase conjugate solution (Vectastain
ABC Kit, Vector Laboratories, Burlingame, CA). To visualize peroxidase binding sites, the slides
were incubated with a 3,3-diaminobenzidine (DAB) chromogen substrate solution (Dako
Laboratories) for 10 minutes. The slides were counterstained with hematoxylin, dehydrated and
mounted.

The method described by Weidner et al (42) was used for scoring of the microvessels
stained with CD34. The area of the highest MVD in each tissue specimen was localized under
40X magnification and was designated as “hot spot”. The microvessels in the hot spots were
counted under 400X-magnification. Any vessel with lumen and endothelial cell or endothelial
cell cluster stained positively for CD34 was considered to be a single countable microvessel.
MVD count was defined as the mean value of the counts obtained in 3 separate, contiguous but
not overlapping areas within the hot spot. A cutoff value was determined using the receiver
operating characteristic (ROC) curve and according to this value two groups of low and high
MVD were assigned. Microvessels were examined and counted by the three readers (S.E.,
V.B.L. and W.H.C.) independently and without the knowledge of the clinical and pathological
status of the patients. The sections were reviewed out of order to prevent direct comparison of
individual cases for CD34.

CD44v6 staining: Following antigen retrieval, the slides were incubated with a mouse
monoclonal anti-human CD44v6 antibody (dilution of 1:50; Bender Med systems, Vienna,
Austria) at 4°C for 15 hours. The sections were then incubated with a biotinylated secondary
antibody and an avidin-peroxidase conjugate solution (Vectastain ABC Kit, Vector Laboratories,
Burlingame, CA). To visualize peroxidase binding sites, the slides were incubated with a 3,3'-
diaminobenzidine (DAB) chromogen substrate solution (Dako Laboratories) for 10 minutes. The
slides were counterstained with hematoxylin, dehydrated and mounted.

The slides for CD44v6 were scored as described by Ekici et al (33). All sections included
normal prostate tissue and/or benign prostatic hyperplasia glands as internal controls. Intensity
of staining was graded as 0 for no staining, 1 for weak intensity, 2 for moderate intensity and 3
for strong intensity. A combined staining score based on an estimate of the percentage of tumor
cells stained and the intensity of staining was developed. The areas of tumor cells stained with
maximum intensity (primary area) and the other tumor cells stained with lesser intensity
(secondary area) were determined in percentage values. The combined score is obtained by
adding the scores of the primary and secondary areas. Staining intensities were examined and

7
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scored by two readers (S.E. and V.B.L.), independently and in a blinded fashion. A cutoff value
was determined from the ROC curve and according to this value two groups of low and high
CD44v6 staining were assigned.

Statistical Analysis:

The inter-assay variability regarding staining intensity was determined by Pearson’s
correlation analysis. The Spearman's bivariate correlation coefficients were 0.85, 0.9, 0.98 and
0.95 for HA, HYAL1, CD34 and CD44v6 staining, respectively. For all the markers, a high-grade
staining was considered as a true positive if the patient had biochemical recurrence.
Consequently, low-grade staining was considered as a true negative, if the patient had no
biochemical recurrence. The sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) for HA, HYAL1, HA-HYAL1, CD34 and CD44v6 staining inferences were
calculated using the 2 x 2 contingency table (high-grade/low-grade staining and progressed/non-
progressed CaP patients) at 72, 84, 100 and 112 month cut-off limits. For CD44v6 and MVD,
Receiver Operating Characteristic curves were developed for determining the optimal cut-off
limits that yielded the best possible sensitivity and specificity values. The cut-off limits for
CD44v6 and MVD were 180 and 41, respectively. The sensitivity is defined as: true positive
(i.e., No. of recurred patients predicted by a marker) + total no. of recurred patients. Specificity:
true negatives (i.e., No. of non-recurred patients predicted by a marker) = total no. of non-
recurred patients. Accuracy: No. of True positive + No. of true negatives + total no. of CaP
patients in the study. PPV: No. of true positive + No. of true positive + No. of false positive. NPV:
No. of true negative + No. of true negative + No. of false negative. The data on various,
biochemical, surgical, and pathologic parameters, as well
as HA, HYAL1, HA-HYAL1, CD34 and CD44v6 staining
inferences, were analyzed by Cox Proportional Hazard
model, using single variable analysis (univariate analysis)
or step-wise selection analysis. Stratified Kaplan-Meier
analyses were performed on the variables that were found
to be significant in the multivariate Cox Proportional
Hazard model. Statistical analysis was carried out under
the direction of project's statistician, Dr. Robert Duncan,
using the SAS Software Program (version 8.02; SAS
Institute, Cary, NC).

Results:
Immunohistochemistry of the tissue markers:

Fig. 1 shows immunohistochemical localization of
HA, HYAL1, CD44v6 and MVD in 2 Gleason 7 PCa
specimens, one each from a non-recurred (panels A, C, E,
G) and a recurred (panels B, D, F, H) patient, respectively.

Fig 1. Localization of HA, HYAL1, CD44v6 and MVD in | AS shown in Fig. 1 panel A, very
CaP tissues: A non-recurred patient (panels A, C, E, G) litle HA staining is seen in PCa
and a recurred patient (panels B, D, F, H). Panels Aand B: | tissue from a patient who did not
HA; Panels C and D: HYAL1; Panels E and F: CD44v6; | progress within 72 months. Among
Panels G and H: MVD the 41 PCa specimens from non-
recurred patients, 25 showed low-
grade staining. Panel B shows high-grade HA staining in PCa specimen from a patient who had
biochemical recurrence in < 72 months (median time to recurrence: 19 months; mean time to
recurrence: 21.3 months). The HA staining is seen mainly in tumor-associated stroma.
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However, high-grade HA staining was also seen in tumor cells in 8 out of 25 patients who had
biochemical recurrence. Out of the 25 patients who had recurred, 24 showed high-grade HA
staining.

As shown in Fig. 1 panel C, little HYAL1 staining is seen in the PCa tissue from a non-
recurred patient. Out of the 41 non-recurred patients, PCa specimens from 33 had low-grade
staining. In the PCa specimen from a patient who later recurred, high-grade HYAL1 staining is
seen (Fig. 1, panel D). The HYAL1 expression is seen exclusively in tumor cells. Out of the 25
patients who recurred within 72 months, 21 had high-grade HYAL1 staining. Contrary to some
earlier reports (33,34), low-grade CD44v6 staining is observed in the PCa specimen from a non-
recurred patient (Fig. 1, panel E) and high-grade CD44v6 staining is observed in the PCa tissue
from a recurred patient (Fig. 1, panel F). CD44v6 staining is mostly associated with the plasma
membrane of tumor cells. We also observed CD44v6 in non-neoplastic epithelial cells in normal
prostate and benign prostatic hyperplasia glands. However, the staining intensity of CD44v6 in
non-neoplastic cells was less than that in tumor cells. Using a cut-off limit of 180 on the scoring
scale, 23 out of 41 PCa specimens from non-recurred patients showed low-grade staining,
whereas, out of the 25 patients who recurred, 17 showed high-grade staining.

As shown in Fig. 1 panel G, MVD is low in the PCa tissue from a non-recurred patient.
As determined from the Receiver Operating Characteristic curve, a cut-off limit of 41 was set to
score low or high MVD. Out of the 41 non-recurred patients, PCa tissues from 25 patients had
fow MVD. However, the MVD was high in 19 out of 25 PCa tissues obtained form patients who
had a recurrence. Fig. 1 panel H shows high MVD in the PCa specimen from a patient who later
recurred.

Determination of sensitivity, specificity, accuracy: We determined sensitivity,
specificity, accuracy of HA, HYAL1, combined HA-HYAL1, CD44v6 staining inferences and
MVD at 72-, 84-, 100- and 112-months of follow-up. Data on 72 and 112 months is shown here
(For details please see Appendix 2; ref. 46). As shown in Table 2, the sensitivity of HA, HYAL1,
combined HA-HYAL1, CD44v6, and MVD for predicting CaP recurrence is 96%, 84%, 84%,
76% and 68%, respectively within 72 months. The specificity, of HA (61%), CD44v6 (56.1%),
and MVD (61%) was lower than that of HYAL1 (80.5%) and combined HA-HYAL1 (87.8%). The

Parameter HA (%) 112 HYAL1 (%) 112 HA- | HYAL1 (%)

72 months months 72 months  _months | 72 months | 112 months
Sensitivity | 96 92.6 84 85.2 84 81.5
Specificity | 61 (25/41) 80.6 80.5 94.4 87.8 94.4
Accuracy 74.2 91.1 81.8 88.9 86.4 86.7
Parameters | CD44v6 (%) 112 MVD (%) 112

72 months months 72 months  months
Sensitivity | 72 months 112 72 months | 112

months months

Specificity | 76 77.8 68 62.9
Accuracy 61 77.8 56.1 61.1
Table 2: 72 and 112 months were used a cut point for determining biochemical recurrence.

accuracy of the HA-HYAL1 (86.4%) was the highest, followed by HYAL1 (81.8%), HA (74.2%),
MVD (66.7%), and CD44v6 (57.6%). Follow-up information of =112 month was available on 45
patients (mean follow-up 121 months; median 120.2; range 112 — 131 months). At 112 month,
the sensitivity of HA, HYAL1, HA-HYAL1, MVD and CD44v6 was 92.6%, 85.2%, 81.5%, 77.8%
and 62.9% respectively. At final analysis, both HYAL1 and combined HA-HYAL1 had the best
specificity (94.4%, 94.4%) and accuracy (88.9%, 86.7%), followed by HA, MVD and CD44v6
(Table 2).
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Evaluation of the prognostic capabilities of pre-operative and post-operative
parameters and histological markers:

Univariate analysis:

Since the study patients in this cohort had variable follow-up between 72 and 131
months, we used Cox Proportional Hazard model and single parameter analysis to determine
the prognostic significance of each of the pre-operative (i.e., age, PSA and clinical stage) and
post-operative parameters (i.e., Gleason sum, margin +/-, EPE +/-, seminal vesicle invasion +/-),
as well as, staining inferences of HA, HYAL1, combined HA-HYAL1, CD44v6 and MVD. In the
univariate analysis, age (p = 0.5104; hazard ratio = 1.019), clinical stage (p = 0.2683, hazard
ratio = 1.2620) and CD44v6 staining (p = 0.131 hazard ratio = 1.826) were not significant in
predicting biochemical recurrence. However, pre-operative PSA (p = 0.0006, hazard ratio/unit
PSA change = 1.048), Gleason sum overall (p = 0.0002; hazard ratio = 2.5), margin status (p =
0.0003; hazard ratio = 4.5), EPE (p<0.0001; hazard ratio = 12.781), seminal vesicle invasion
(p<0.0001; hazard ratio = 6.56), HA staining (p=0.0008; hazard ratio = 12.091), HYAL1 staining
(p<0.0001; hazard ratio = 13.192), HA-HYAL1 staining (p<0.0001; hazard ratio = 10.749) and
MVD (p = 0.0015; hazard ratio = 4.36) significantly predicted biochemical recurrence. (Please
see Appendix 2 for details, ref, 46).

Parameter P Value Hazard Ratio Multivariate analysis:

PSA <0.0001* 1.068 To determine the smallest number of
EPE 0.0016* 6.222 variables that could jointly predict
HYAL1 0.0009* 8.196 biochemical recurrence in this cohort of
HA-HYAL1 0.0021* 5.191

study patients, we used Cox Proportional
Hazard model and step-wise selection
analysis. When age, pre-operative PSA,
clinical stage, Gleason sum (overall or =7), EPE,
12 VAR EPE s RYALTLEPET A seminal vesicle invasion and staining inferences of HA,

' ' HYAL1, CD44v6, and MVD were included in the model,
only pre-operative PSA (p < 0.0001, hazard ratio/unit
PSA change = 1.086), EPE (p = 0.0016, hazard ratio =
L_o 6.222) and HYAL1 (p = 0.0009, hazard ratio = 8.1896)
reached statistical significance in  predicting
biochemical recurrence (Table 3 ).

Table 3: HA and HYAL1 or HA-HYAL1were included
in the multivariate analysis; *: Statistically significant

1.0090g-0

075 %0

0.501

Probability of
Non-recurrence

L rolowap Time tonthe) The inclusion of the combined HA-HYAL1 staining
i ware T —maarsas 8| inference instead of HA and HYAL1 staining
o HYALA H.PSA <7~ HVAL- L, PSA <7 inferences, in the multiple regression model again
g showed that pre-operative PSA (p = 0.0002, hazard
ratio/unit PSA change 1.077), EPE (p = 0.0009, hazard
ratio = 6.906) and HA-HYAL1 (p = 0.0021, hazard ratio
= 56.191) were significant in predicting biochemical
. : . . . recurrence (Table 3 B). None of the other pre-operative
25 50 75 100 125 L. .

Follow-up Time (Months) (PSA, clinical stage) and post-operative parameters
Fia. 2: Kaplan-Mei lvsis: Dat (Gleason sum and seminal veicle) or CD44v6 and
'g. <: naplan-Teler ana'ysis: Lala MVD staining inferences reached statistical

n parameters significant in L . . .
%uﬁivariate anall)?si;l(Tablle 3) were significance in the multivariate model (P > 0.05, in

stratified to perform Kaplan-Meier each case).

analvsis. Kaplan-Meier_analysis: The joint effect of HYAL1 and
EPE or HYAL1 and PSA on biochemical analysis was evaluated using stratified Kaplan-Meier
analysis. As shown in Fig. 2 A, the probability of biochemical recurrence was highest when
HYAL1 and was high and EPE was positive and a patient had the lowest probability of

1.004

075 g 5o

0.50

Probability of
Non-recurrence

0.254
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recurrence when HYAL1 was low and EPE was negative. Since PSA was a continuous
estimate, with values ranging between 0.5 and 62 ng/ml for the entire study cohort (n = 66), the
cohort was divided into those with PSA <7 and > 7 ng/ml. PSA > 7 ng/ml was used as a cut-off
limit, since that was the median value for the entire cohort. As shown in Fig 2 B, individuals with
high HYAL1 and PSA 7 ng/ml had the highest probability of recurrence, followed HYAL1 high,
PSA < 7 ng/ml individuals. CaP patients with low HYAL1 staining and PSA < 7 ng/ml had the
lowest probability of recurrence. Identical results were obtained with HA-HYAL1 staining
inferences were included in the Kaplan-Meier analysis instead of HYAL1 inferences. These data
confirm the multivariate analysis results (as discussed above), which selected HYAL1 (or HA-
HYAL1), pre-operative PSA and EPE as independent prognostic indicators.

Summary: The resuits, which we have obtained, demonstrate that HYAL1 and HA-HYAL1
are independent prognostic indicators for predicting biochemical recurrence of CaP. An
additional point that deserves attention is that in this study we had long follow-up on each
patient (minimum follow-up 72 months), which was sufficient to detect any biochemical
recurrence. This long follow-up makes a strong case that HYAL1 and HA-HYAL1 are potentlally
useful prognostic indicators for CaP.

C. (BODY): Progress related to Aim 2: To evaluate the effect of HYAL1 inhibition on CaP
growth and metastasis.

Rationale and background: When we submitted the above referenced grant we had generated
DU145 transfectants that either over produced (HYAL1 sense) or under produced (HYAL1-
antisense) HYAL1-type HAase. Contrary to our hypothesis that HYAL1 enhances CaP growth,
when we injected these transfectants in athymic nude mice to study the effect of HYAL1 on
tumor growth, we found that both the HYAL1-sense and HYAL1-antisense transfectants did not
generate palpable tumors in 30 days, whereas, the vector only transfectants (i.e., wild type)
generated palpable tumors in 7 days. As a result, we generated DU145 transfectants again
and12 this time we selected two different types of HYAL1-sense transfectant clones: 1.
Moderately HYAL1 over-producing 2. Highly HAase over-producing. Since PC3-ML cells
express little HYAL1, we generated only HYAL1-sense transfectants and again selected
moderately HAase-overproducing and highly HAase-overproducing clones. Both the in vitro and
in vivo analysis of these clones demonstrates that both, the over and under production of
HYAL1 decreases CaP growth and its invasive potential.

Experimental procedures:

Generation of DU145 and PC3-ML transfectants: The entire HYAL1 cDNA coding region
(nucleotides 618 — 1925 GenBank # HSUQ03056) was amplified by RT-PCR analysis as
described previously (47). The amplified ¢cDNA was directly cloned into pcDNA 3.1/v5/His-
TOPO eukaryotic expression vector, using a TOPO-TA cloning kit (Invitrogen). This vector
allows bi-directional cloning of PCR products, i.e., the ¢cDNA has a 50:50 chance of insertion
into the vector either in the sense or antisense orientation with respect to the CMV promoter.
HYAL1-sense (HYAL1-S) and HYAL1-antisense (HYAL1-AS) constructs were used for
transfection studies. Since DU145 cells produce high levels of HAase, we generated both
HYAL1-S and HYAL1-AS transfectants. However, for PC3-ML cells, we generated only HYAL1-
S transfectants since these produce very little HAase (1-3 mu/10° cells). CaP cells (2 x 10°)
were transfected with 5-ug DNA of HYAL1-S, HYAL1-AS or pcDNAS3.1/v5-His vector constructs
using Effectene™ transfection reagent and a protocol supplied by the manufacturer (Qiagen).

11
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The transfectants were selected in geneticin (400-ug/ml for DU145 and 300-pg/ml for PC3-ML).
25 to 30 transfectant clones for each construct were analyzed and data on 2 representative

clones are presented.

DU145 Transfectants &
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Figure 3: Analysis of HAase
activity. Data: mean + SD
(Triplicates in 3 experiments).

al Analysis of HYAL1 expression in transfectants: HAase
test: To measure HAase activity secreted by different
transfectant  clones,
transfectants (~ 10° cells/24-well plates) were incubated for
48 hr in RPMI 1640 containing insulin, selenium and
transferrin (RPMI+ITS) and the conditioned media (CM)
= were assayed for HAase activity using the HAase test.
HYAL1-AS|  Briefly, microtiter plates coated with 200 pg/ml HA were
sl incubated with transfectant CM in a HAase assay buffer (48)
at 37° C for 12-15 h. Following incubation, the degraded HA
was washed off and HA remaining on the wells was
detected using the biotinylated HA binding protein and an
avidin-biotin detection system. HAase activity (mU/ml) was
normalized to cell number. As shown in Fig. 3 A, DU145
HYAL1-S clones # 1 and # 2 secrete 1.5-2.3-fold more
HAase activity and HYAL1-S # 3 and # 4 clones secrete
3.8-7.3-fold more HAase activity, when compared to vector
# 1 and # 2 clones. There is > 90% reduction in HAase
secretion in HYAL1-AS clones. PC-3 ML HYAL1-S clones #
1 and # 2 secrete HAase activity similar to that secreted by

actively growing cultures of

DU145 vector clones, and it is about 10-fold more than that secreted by PC-3 ML vector clones
(Fig. 3 B). HYAL1-S # 3 and # 4 clones secrete HAase activity similar to that secreted by

DU145 # 3 and # 4 clones.
DU145 PC-3 ML
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Anti-HYAL1 immunoblotting: To detect HYAL1
expression, CM  (10-yg protein) were
immunoblotted using the anti-HYAL1 IgG. A ~
60-kDa HYAL1 protein is secreted in the CM of
DU145 vector and HYAL1-S clones but not in
HYAL1-AS clones. (Fig 4 A, photo-image
Appendix A). In PC-3 ML clones, HYAL1 protein
is detected in the CM of HYAL1-S transfectants
but not in vector clones. The amount of HYAL1
protein detected in HYAL1-S clones # 3 and # 4
is higher than that detected in HYAL1-S # 1 and
# 2 clones (Fig 4 B).

Substrate  (HA)-gel analysis: To confirm the

Figure 4: Detection of HYAL1 expression
in DU145 and PC-3 ML transfectants. A &
C. HYAL1 immunoblot analysis: B & D:
Substrate (HA)-gel assay.

expression of active HAase, we separated the
CM of DU145 and PC-3 ML transfectants a SDS-
polyacrylamide gel containing HA and the gel
was incubated in the HAase assay buffer.
Following incubation, the gel was stained and

destained to visualize active HAase (Appendix 1). As shown in Fig 4 C and D, a ~ 60-kDa
active HAase species is detected in the CM of DU145 vector and HYAL1-S clones and in PC-3
ML HYAL1-S clones. As expected from HAase activity and HYAL1 immunoblotting results, the ~
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60-kDa active HAase species is absent in CM of DU145 HYAL1-AS and PC-3 ML vector clones
(Fig 4 C, D).

Effect of HYAL1 expression on
pericellular matrix formation: We next
determined whether HYAL1 expression
regulates pericellular matrix that surrounds
CaP cells and whether HA is an important
component it. 24-h cultures of DU145
transfectant clones (1x10* cells/6-cm dish)
were overlaid with formaldehyde fixed
human erythrocytes and observed under a
phase contrast microscope. Cells showing a
bright region around the entire periphery with
Fig 5: Examination §f pericellular matrix. A width =the diameter of an erythrocyte (i.e.,

- xami e - A | pericellular matrix) were counted in 10 fields
xiﬁq_ﬁ; #Bz' HYAL1-S # 1; C: HYAL1-S # 4; D: (49, 50). Results were expressed as % cells
: with pericellular matrix £ S.D. As shown in
Figure 5, vector #1 and HYAL1-S clones (# 1 and # 3) do not exhibit pericellular matrices as the
erythrocytes closely abut the surface of each cell. However, HYAL1-AS cells (clone # 1) exhibit
a clear pericellular matrix. There was a 3- and 4.6-fold increase in the percentage of cells with
pericellular matrix for HYAL1-AS transfectants when compared to vector, moderate HYAL1
over-producing and high HYAL1 over-producing transfectants, respectively (P < 0.001). Thus,
HA is an important component of the pericellular matrix of prostate cancer cells and it is
degraded by HYALA1.

3 sofPUNE Transtectants  ws All Effect of HYAL1 expression on cell proliferation, cell

85 a s A cycle and apoptosis:
5 & 201 ~HYALIS#2——HYAL1AS # Cell proliferation: Vector, HYAL1-S and HYAL1-AS
=% 15 clones of CaP cells (2 x 10*well) were plated on 24-well
O % 101 culture plates in growth medium. Cells were counted in
=5 duplicate wells every 24-h for a total period of 120-h, in 2
% 2¢ 48 7z s 10 | independent experiments. As shown in Fig 6 A, the
Time (Hours) growth rate o f DU145 vector and HYAL1-S # 1 and # 2
£ 40| PC3-ML Transfectants Bl | transfectant is comparable (doubling time ~ 26-28 hr).
& 2y o Vectorts However, both HYAL1-AS clones and also HYAL1-S # 3
E T 20 =HvaLises and # 4 clones (which secrete > 100 mU/10° HAase
Z 2 15| vaL sas activity) grow 4-5-fold slower than vector clones (doubling
8 T o] TAIEH time ~ 90-96 hr). PC-3 ML HYAL1-S # 1 and HYAL1-S #
T 5 2 clones grow 1.5-2-fold faster than the vector clones,
e however, the high HYAL1 producer clones, HYAL1-S # 3
Time (Hours) and # 4 grow 2-2.5-fold slower than the vector clones

Figure 6: Determination of proliferation rate (Fig. 6 B).

gzplti';aa?:f:]:;aszt;mg;?in ?Zigefm eSnl?s.from Cel(!-cycle analysis: Cu!tures of trapsfectapts
(10° cells/ml) were lysed in a hypotonic solution

containing 0.1% NP40 and 50 pg/ml propidium iodide and analyzed using an EPICS XL flow
cytometer equipped with a long pass red filter, FL3 (630 nm). FL3 histograms were analyzed by
Modfit Easy (Lite) Program (Veritas Software, ME). As shown in Table 4, decreased growth
rate of HYAL1-AS transfectants is due to cell-cycle arrest in the G2-M phase. There is a 200% -
300% increase in the number of HYAL1-AS #1 cells in G2-M phase when compared to vector
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and all HYAL1-S transfectant clones. Correspondingly, the % of HYAL1-AS cells in S-phase is
decreased when compared to vector and HYAL1-S cells. The increase in the G2-M phase of

N GoG1 15 GoM cell cycle in HYAL1-AS fransfectants was
VZcr:Tc?r#1 526% 1359% | 115% statistically significant (P < 0.001; Tukey's test).
Vector # 2 504% | 37.9% | 12.4% Interestingly, for HYAL1-S # 3 and # 4, we

HYAL1-S#1 |523% | 36.4% | 11.3% observed an extra peak to the left of the GO-G1
HYAL1-S#2 |494% |38.5% | 12.1% peak, possibly representing apoptotic cells. In
HYAL1-S#3 | 509% | 37.6% | 11.5% PC3-ML transfectants, HYAL1 expression also
HYAL1-S#4 |53.4% | 36.9% | 9.7% increased the number of cells in the S-phase with
HYAIM-AS#1 | 48.9% | 28.8% | @2 a corresponding decrease in the number of celis
HYAL1-AS#2 | 43.9% | 24.8% | B1.3% in G2-M phase (data not shown).
Table 4: Cell cycle Analysis of DU145
transfectants. Shaded area: G2-M block Analysis of G2-M regulators: We
analyzed the expression of G2-M regulators, i.e.,
cdc25c, cyclin B1, and cdc2/p34 proteins in various clones
by immunoblot analysis, using commercially available
antibodies (49,50). As shown in Fig. 7, both cdc25c
bands, plausibly representing active (phosphorylated) and
native forms, are detected in all DU145 transfectants.
There is ~ 3-fold decrease in the expression of active
cdc25c in HYAL1-AS transfectants when compared to the
vector and HYAL1-S transfectant clones. There is also ~
3-fold and 2-fold decrease in the expressions of cyclin B1
and cdc2/p34 in HYAL1-AS transfectants when compared
to vector and HYAL1-S clones (Fig 7). We also examined
cdc2/p34 kinase activity, which is elevated upon binding of
cyclin B1 to cdc2/p34 during G2-M transition. The kinase
: activity assay was performed by
Figure 7: Analysis of G2-M cell cycle regulators. | immunoprecipitating the cell lysates of
Lanes 1 & 2: vector clones # 1 & 2; lanes 3-6: [ DU145 transfectant clones with cdc2/p34
HYAL1-S clones 1 - 4; lanes 7 & 8: HYAL1-AS | ysing a mouse anti-cdc2/p34 IgG and
clones # 1 & 2. e:.Lanes 1 - 8 are the same as protein-A agarose. The
above: lane 9: neaative contral. immunoprecipitates were incubated in a
kinase assay buffer containing H1 histone (2.5-ug), 5-uM ATP, 5-uCi y->*P-ATP. Histone H1
was analyzed by SDS-PAGE and autoradiography (Appendix 4). As shown in Fig 7, a ~ 2.5-
and 3-fold decrease in cdc2/p34-associated H1 histone kinase activity is observed in HYAL1-AS
transfectant clones when compared to vector and all HYAL1-S transfectants. These results
show that the slow proliferation rate of HYAL1-AS transfectants is due to G2-M arrest.

Analysis of apoptosis: We determined whether the reduced cell growth observed in high
HYAL1 producing clones of CaP transfectants (i.e., HYAL1-S # and # 4 clones) was due to
increased apoptosis, using free nucleosome release assay. Briefly, 96-h cultures of
transfectants (10° cells/24-well plate) were lysed and the cell lysates were tested for free
nucleosome release using the Cell Death ELISA kit (Roche Diagnostics). As shown in Fig. 8 A,
there is a 3-fold increase in the intracellular levels of free nucleosomes in HYAL1-S # 3 and
HYAL1-S # 4 cells when compared to vector, HYAL1-S #1 and #2, as well as, HYAL1-AS
clones. Apoptotic activity was also high in HYAL1-S # 3 and # 4 transfectant clones. We also
found that partially purified HYAL1 at concentrations > 80 mU/ml induced apoptosis in DU145
vector, HYAL1- S # 1 and # 2 and HYAL1-AS clones (Data not shown). These results show that
CaP cells which either do not express or moderately over-express HYAL1 can be induced to
undergo apoptosis by exposing them to > 80 mU/ml HYAL1 concentration.
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To confirm the induction of apoptosis,
we measured the outward translocation of
plasma membrane phosphyatidyl serine by
Annexin-V binding assay. Annexin-V binding
was examined in 96-h cultures of HYAL1
vector and HYAL1-S # 3 and # 4 clones using
the ApoAlert™ Annexin V-EGFP kit (BD-
Clontech Laboratories, Inc.) and flow-
cytometry. The median fluorescence intensity

0.4

0.34

0.24

0.1

Apoptosis Index
(O.Dmﬂo‘ Cells

0.0+

Vector # 1
(A HYAL1 # 3 B

72 L
48 {\w HYAL1#4 (Annexin V binding to PS) was compared
’} My e, among transfectants in the green fluorescence
24 ﬁ ,f M channel (log FL1). As shown in Fig 8 B, there
o Yo Wi is a distinct increase in EGFP-Annexin V
1 1 Lo13 FL1 100 1000 | binding to HYAL1-S # 3 and # 4 cell surface

when compared to vector control (Median
Figure 8: Examination of apoptosis. A: | peak LogFL1: vector: 1.21; HYAL1-S # 3,
Apoptotic activity. Data: Mean + S.D. (3 | 2.37; HYAL1-S # 4, 2.83). Therefore, the
measurements each in 2 experiments). B: EGFP- | decreased cell growth observed in high

Annexin V binding. Expt. was repeated twice. HYAL1 producers is due to induction of
apoptosis.

Mw 1 2 3 4 5 6 7 Analysis of WOX-1 expression in DU145

1014. - transfectants. To determine whether HYAL1-

864 o o mediated apoptosis might involve WOX-1, we

won e e PO % WOX-1-V8| analvzed the expression of all WOX-1

501 - ‘ isoforms by immunobloting using a WOX1

36 wwt w0 @ WOX-1-v1| monoclonal antibody (EMD Biosciences). This

antibody detects all of the 8 WOX1 isoforms,

26 ' ' : that are generated by mRNA splicing. As

144 shown in Fig 9, DU145 cells express 2 WOX-

1 isoforms (v1: 46 kDa and v8: 60 KDa).

Fig 9: WOX1 expression. Lanes 1: Vector # 1; Expression of both of these isoforms is
lanes 2 - 5: HYAL1-S # 1-4; lanes 6 & 7: elevated ~ 3-fold in HYAL1-S # 3 and # 4
HYAL1-AS 1 &2 clones when compared to vector, moderate

HYAL1 overproducers (HYAL1-S # 1) and HYAL1-AS
transfectants. Both WOX1 v1 and v8 isoforms contain all of the
function domains required for inducing apoptosis, as
demonstrated in the L929 fibroblast system. (51).
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Effect of HYAL1 expression on in vitro invasion: Matrigel
invasion assay was performed to study the effect of HYAL1
expression on the invasive activity of HYAL1 transfectants.
Briefly, membranes in 12-well Transwell plates were coated with
Matrigel (100-ug/cm?). Transfectants (3x10° cells/well) were
plated on the upper chamber in a serum-free medium and the
bottom chamber contained growth medium. Following 48-h
incubation, invasion of cells through Matrigel into the bottom
Vector dvaid’ "t chamber was quantified using the MTT assay (49,50).
Fig 10: Invasion assay: Data: mean + To .norn"lalize the diffelfences in the rate_of <_:ell
SD; n=2 measurements in 3 | Proliferation among various transfectants, invasion

experiments.
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results were calculated as cells in the bottom chamber + cells in upper + bottom chambers) x
100. The invasive activity of vector clones was considered as 100%. As shown in Fig. 10 A, the
invasive activity of DU145 HYAL1-S clones (both moderate and high producers) is similar to that

of vector clones. However, the invasive activity of
~_[BUTAS Transtectants =1| HYAL1-AS clones is 3-fold less when compared to
§5°°‘_D_Vector#1 e HYAL1S #3 vector clones (P < 0.001; Tukey's test). As shown in
© 4004---Vector#2  ——HYAL1-S#4 Fig. 10 B, HYAL1 expression in PC3-ML cells
5 aoof YAt St T VALIAS £2 increases their invasive activity by 3-3.5-fold (P <
2 200 0.001). These results show that HYAL1 expression
g 20 increases the invasive activity of CaP cells.
£ 100
04 . ' v Effect of HYAL1 expression on tumor xenografts:
6 7 021 28 35 4 | Transfectants (2 x 10° cells) were subcutaneously
ays implanted on the dorsal flank of 5-week old male
A PN = athymic mice (1Q mice/clone). After tumors became
E 16004 palpable, tumor size was measured 2x weekly. Tumor
e Ao volume was calculated assuming an ellipsoid shape
1200+
3 ~=HYAL1-S #1 ——HYAL1-S #4 (38). Following euthanasia (DU145: 42 day, PC-3 ML
2 8001 28 day), tumors were weighed.
§ 4004 As shown in Fig. 11 A, there is a 4-5-fold
- delay in the generation of palpable tumors in animals
¢ 7 14 21 28 injected with DU145 HYAL1-AS transfectants (33 + 4
Days days) when compared to vector and moderate
o sl i HYAL1overproducing transfectants (6 — 8 days)
:;?n;r‘lg.;rs\}vjshﬁD:tTcha:n3+ “Sn[ls transfectant (P < 0.001; Tukey’s multiple comparison’s test).
) ) T Interestingly, high HYAL1 producers did not

form palpable tumors even on day 40 when
necropsy was performed. The weight (g) of vector (# 1: 0.17 + 0.05; # 2: 0.14 + 0.04) and
moderate HYAL1 overproducers (HYAL1-S # 1: 0.21 + 0.06; # 2: 0.27 £ 0.14) tumors was 4-
and 7-fold more than HYAL1-AS tumors (#1: 0.03 + 0.01; 0.04 £ 0.01) (P < 0.001). While no
animals injected with HYAL1-S # 3 or # 4 transfectants had visible evidence of tumor, in
some animals Matngel“" plug-like material was visible. High HYAL1 producing transfectants
generated in a 2" transfection experiment also did not form tumors (data not shown).

Moderate HYAL1 producing PC-3 ML tumors (HYAL1-S # 1 and # 2) grow about
2-fold faster, whereas, high HYAL1 producing tumors grow 2-2.5-fold slower than vector tumors
(Fig. 11 B). At day 28, the weights (g) of moderate HYAL1 producing tumors (#1: 0.57 + 0.12; #
2: 0.6 + 0.14) were 2-fold higher than vector tumors (# 1: 0.28 £ 0.06; # 2: 0.29 + 0.04) and 3.5-
fold higher than high HYAL1 producing tumors (# 3: 0.16 + 0.03; # 4: 0.14 + 0.05) (P < 0.001).

Tumor histology, HA, HYAL1 localization and MVD determination: Histology of tumor
xenografts was performed at Charles River Laboratories. As shown in Fig. 12, histology reports
and photomicrographs show that while DU145 vector and moderate HYAL1 producing tumors
show high mitotic figures, invade skeletal muscle and lymph nodes and infiltrate lymphatic and
blood vessels HYAL1-AS tumors are non-invasive (tumor does not invade muscle panel E). The
Matrigel™ plug-like material removed from HYAL1-S # 3 and # 4 animals is > 99% free of tumor
cells and no mitotic figures are observed (Fig 12 A panel, F).

To confirm that transfectants retained their phenotype regarding HYAL1 expression,
HYAL1 (and also HA) was localized in tumor xenografts using the methods described in section
C.a. As shown in Fig. 13 A, tumor cells in vector, and HYAL1-S # 1 and # 2 xenografts express
significant levels of HYAL1 but HYAL1-AS cells do not secrete HYAL1 (Fig 16). Interestingly,
HA production increased in the tumor-associated stroma of vector and HYAL1-S # 1 tumor
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specimens when compared to HYAL1-AS # 1 tumor specimens (Fig 16). Since HYAL1-S # 3
and #4 specumens contamed only Matrigel, they were not evaluated for HA, HYAL1 or MVD
Frasi o % *| determinations.

MVD was determined as described in section
C.a using rat anti-mouse CD34 monoclonal
antibody. MVD in vector was only 1.4-fold
higher than HYAL1-AS tumors (P > 0.05).
However, the length of capillaries in vector
(817.4 £ 141.5 pym) and HYAL1-S (# 1: 1031 +
262.5; # 2: 817.9 + 305.3) tumors was 4-5-fold
higher than of capillaries in HYAL1-AS tumors
(#1.218.1 £ 103.4; # 2: 247.1 £ 96.1)

(Fig. 13 B).

D (Body): Progress related to Aim 3:
Rationale and background: Data presented in
the above section show that HYAL1 is a
molecular determinant of CaP growth and
progression. This is the first report that
demonstrates that depending upon the
concentration, HYAL1 can act both as a tumor
promoter and a suppressor. Since this is a
novel finding the mechanisms by which HYAL1 can
act as a tumor promoter and as a suppressor are
unknown. To understand the mechanisms by which
HYAL1 regulates both of these processes we performed
cDNA microarray analysis on DU145 transfectants.

Fig 12: Tumor histology: A & B: Vector #
1,#2;C&D: HYAL1-S#1,# 2, E:
HYAL1-S # 3; F: HYAL1-AS # 4

Experimental procedures:

D. Gene expression analysis: To -examine the
mechanisms by which HYAL1 (i.e., either its over-
expression and inhibiton) may inhibit CaP growth, invasion
and angiogenesis, microarray and bioinformatics analyses
were performed in the DNA microarray facility of University
of Miami. Briefly, total RNA was isolated from DU145
vector, HYAL1-S #3, HYAL1-S #4 and HYAL1-AS #1, #2
transfectants. The RNA was reverse transcribed and the
cDNAs were labeled
Figure 13: A: HYAL1 and HA | with either Cy-5 or Cy-
localization: Panels a,b,c: HYAL1; 3. Labeled cDNAs
Panels d,ef: HA. Panels a &sci;& from 2 independent
vector # 1; panels b & e: HYAL1- :

; panels o & f: HYALI-AS # 1. B: | xpod o0 Wore
ocalization of microvessels. )

Panel a: vector # 1; panel b: (vector: HYAL-S # 3
HYAL1-S # 1; panel ¢: HYAL1-s # | Of vector : HYAL1-S #

2; panel d: HYAL1-AS # 1. 4), to the 20K human
oligo microarrays

(Agilent Tech) as per the
manufacturer's instructions. For each biological replicate
we performed two technical sub-replicates for dye-swap. The microarrays were scanned using
GenePix 4000A (Axon Instruments, Inc.). The microarrays were scanned at 10-Om resolution
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using a GenePix 4000A scanner (Axon Instruments; Molec. Devices). Resulting images were
analyzed with the software package GenePix Pro 5.1 (Axon Instruments). Data extracted from
the images were transferred to the software package Acuity 4.0 (Axon Instruments) for
normalization and statistical analysis. Data from each array were normalized using both color
normalization across the whole array and Lowess normalization. Only those genes, which
showed differential expression in both clones, were selected for further analysis. To identify
significantly expressed genes we used one class SAM (Significant Analysis of Microarray,

Gene name HYAL1-S HYAL1-AS

#38#4 #18&#2
Cell growth
Cyclin B1 26+0.87,20+053 |
DUSP1 2.0+0.55, 1.9+ 047
CKS2 2.8+0.73,2.0 + 0.21{
Apoptosis
BAG1 2.0+0.46,3.1+ 1.3
IL 24 3.1+0.75,4.8 + 0.827
Clusterin 1.7+0.32,26+03571
BAG5 2.4+ 0.26,2.7+ 052 1
JNK pathway
CRKL 1.8+0.25,29+0617
MAP4K5 (KHS1) 2.4+0.37,1.8+0.28 1
Angiogenesis
CXCL1 2.0+0.19,34+ 059
CXCL2 1.6+0.14,1.8+0.37 4
b-FGF 2 24,211
Invasion/metastasis
Collagen type IV 24+043,3.3:094 1
MMP-1 46.0+ 9.5, 28+8.6 |
CD44 3.840.78,4.7+1.1 |
uPA 4.1£0.52, 2.8+0.63
Autocrine motility 1.7£0.33, 1.6+0.41
factor
Table 5: Gene expression analysis. T: up-regulation; {: down-regutation

stat.stanford.edu/~tibs/SAM)  analysis and NIA Array Analysis ANOVA too!
(http://igsun.gre.nia.nih.gov/ANOVA). The selected genes were classified according to Gene
Ontology category “piological process” using Onto-Express
(http://vortex.cs.wayne.edu/Projects.html). Among the differentially expressed genes, we
focused on genes related to cell cycle, apoptosis, invasion and angiogenesis.

As shown in Table 5, HYAL1 expression regulates the expression of several genes
involved in cell cycle, apoptosis, angiogenesis and invasion/metastasis pathways. We used the
software (52,53) to perform pathway analysis. Fig. 14 shows our working model regarding
HYAL1 functions. In the cell cycle pathway, HYAL1 may influence the G2-M progression by
modulating cyclin B1 and CKS2 expression and/or by activating the JNK pathway through
regulation of CRKL and KHS1 gene expression. At the present time, there is no experimental
evidence whether HYAL1 also influences the MEK-7-JNK-c-jun and induces ERK1/2 (similar to
bovine testicular HAase) pathway for promoting G2-M transition. Over-expression of HYAL1
may induce apoptosis through a mitochondria-mediated pathway that involves WOX1, 1L24,
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BAG1, BAGS and/or JNK (please see section B.a). It is noteworthy that although we observed
increased expression of WOX1 v1 and v8 proteins in HYAL1-S # 3 and #4 transfectants (section
C.c.4), no over-expression of WOX1 was observed in the microarray analysis. However, the
human oligo microarrays from Agilent include only WOX1 v2, v4 and v7 oligo arrays, thus, no

CXCL1 ?

AP-1

{

HYAL1 |

Invasion | < MMP-1 I_G‘ﬁl

Fig 14 information on WOX1 v1 and v8
differential  expression could be
3 obtained using by these microarrays.
MLK-3 Induction of ERK1 and JNK pathways
L by HYAL1 may be responsible for the
» IL-24 observed increase in the expression of
MEK-7 WOX1 / MMP-1 and uPA genes, and thereby
BAKS increasing the invasive activity of CaP

4Bcl2 |[BAX cells.
ol — It is also noteworthy that HYAL1
P { / increases the expression of the gene
\m for CD44, which is a HA receptor. CD44
is a family of glycoproteins made up of
Model of HYAL1 functions: || several isoforms, some of which are
ﬁ:’";:ﬂe;pﬁgt°s's'. associated with metastasis (e.g., CD44-
L 2Ng0geness v6). For example, DU145 and PC-3 ML

cells express both CD44 standard form (~ 85-90 kDa) and CD44-v6 isoform. We have shown
that CD44 v6 is over-expressed in CaP tissues (section B). If HYAL1 indeed regulates the
expression of CD44 and its isoforms, it may explain why CD44 v6 was not found to be a
prognostic indicator of biochemical recurrence when HYAL1 staining was included in the
analysis (section C.b.2, Appendix 3).

At the present time it is unknown how HYAL1 induces the expression of genes that

~0—- HYAL1
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0 O
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Figure 15: Effect of

PSS999,000 on HAase activity

encode CD44, autcrine motility factor and angiogenesis
promoting genes (i.e., CXCL1, CXCL2 and b-FGF), however,
autocrine motility factor induces JNK1 and JNK2 expression.
We plan to test the validity the working model of HYAL1
function by examining the expression of the protein products of
genes that are differentially expressed under high-HYAL1 and
no-HYAL1 conditions.

Screening of HAase inhibitors: To identify the most effective
inhibitors of HYAL1 that are also somewhat selective, we
screened 21 HAase inhibitors against HYAL1 and 3 other
HAases, including bovine testicular HAase. The inhibitors
included polymers of poly (styrene-4-sulfonate) (mol. wt. 1400
to 9.9x10° Dalton ie., PSS1400 to PSS990,000; Fluka
Biochem.) and O-sulfated HA derivative containing 2, 3, or 4
sulfonate groups (sHA 2.0; sHA 2.5; sHA 2.75), heparin and
gossypol. sHA derivatives were synthesized using a method
described by Barbucci et al. Briefly, tributylamine salt of human

umbilical cord HA- sodium salt was suspended in anhydrous
dimethyl formamide and mixed with various amounts of
anhydrous SO3" pyridine under a stream of nitrogen. The

amount of SO3 pyridine determines the number of O-sulfated groups on the HA. Sulfated HA
was then precipitated, dialyzed against water and lyophilized. sHA compounds were analyzed
by elemental analyses to confirm the degree of sulfation (54).
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As shown in Fig. 15 A, PSS 990,000 inhibits the activity of all 4 HAases in a dose-
dependent manner. However, HYAL-1 and bee HAases are more sensitive to inhibition by PSS
990,000 than testicular and Streptomyces HAases. From the inhibition curves we determined
the 1Cso values for each inhibitor. The ICs, values of PSS 990,000 for testicular HAase (0.042
puM) and Streptomyces HAase (0.39 uM) are 4.2-fold and 40-fold higher than the ICs, values for

Inhibitors HYAL1 Bee venom | Bovine PH20 | Strep.
ICso (M) | HAase ICs0 (UM) HAase
ICs0 (uM) ICs0 (1M)

PSS 990,000 0.0096 0.0091 0.042* 0.39*
PSS 17,000 0.89 1.0 0.89 NI
PSS 1400 8.2 6.6 67.6* NI
PSS 210 NI NI NI NI
sHA 2.0 0.03 0.029 0.12* NI
sHA 3.0 0.028 0.03 0.08 NI
sHA 4.0 0.014 0.02 0.064* NI
Heparin 0.39 0.41 1694* NI
Gossypol NI NI NI NI
1-Tetradecane 63* NI NI NI
sulfonic acid

Glycerrhizic acid | 39.4* NI NI NI

Table 6: IC5, values of HAase inhibitors for HYAL-1, bee, testicular
and Streptomyces HAases. The IC5 value for each inhibitor was
calculated by generating an inhibition curve. NI: No inhibition; *:
Significant differences. Note: PSS 990,000 is same as VERSA-TL 502

HAase Activity
{% of Control)

HAase Activity
{% of Control)

HAase Activity
{% of Control)

-

N A D o 2

~o-HYAL
—o—Bee Venom

~——Testicular
~o—Streptomyces

S & & 6 o

"0 20 40 60 80 100
sHA 2.0 (pg/ml)

-

N
S

~o~HYAL1
~~Boe venom
5 o Tasticular
-t streptomyces

2 8¢8%9

:\

20
sHA 2.5 (pg/ml)

40 60 30 100

N a2 e O
> & 5 8 & o

~D~HYAL'

- Bes venom
—o~Testicular
~0~ Straptpmyces

20 40 60 80 100
sHA 2.75 (Wml)

Fig 16: Effect of sHA

on HAase activity

HYAL-1 (0.0096 uM)
and bee HAase (0.0091
M), respectively
(Table 6). VERSA-TL
502 is the sodium salt
of PSS of mol. wt. ~ 10°
Dalton, which was used
by Anderson et al to
demonstrate that PSS
inhibits testicular
HAase activity and
blocks fertilization (6).
As shown in Table 1,
ICso values of VERSA-
TL 502 for HYAL-1
(0.0088 uM), bee
(0.0081 pM), testicular
HAase (0.042 puM) and

Streptomyces HAase (0.32 uM) mirror those for PSS 990,000.

We next tested the effects of sHA2.0, sHA 2.5 and sHA 2.75 on HAase
activity using the HAase ELISA-like assay. As shown in Fig 16 A, sHA2.0
inhibits the activity of HYAL-1, bee and testicular HAases in a dose-
dependent manner. However, the activity of Streptomyces HAase is not
inhibited by sHA2.0. The ICg, value of sHA2.0 to inhibit testicular HAase
(0.078 uM) is 4-times higher than that for HYAL-1 (0.019 pM) and bee
HAase (0.019 uM), respectively (Table 6). sHA2.5 has similar inhibition
profile as that for sHA2.0, i.e., HYAL-1 and bee HAases are inhibited to a
greater degree than the testicular HAase (Fig 16 B and Table 6).
Streptomyces HAase is not inhibited by sHA2.5 even at a concentration
of 100-ug/mi (Fig 16 B). sHA2.75 is slightly more inhibitory to HYAL-1,
bee and testicular HAase than sHA2.0 and sHA2.5 (Fig 16 C). In fact,
Streptomyces HAase is slightly inhibited (~ 5%) by sHA2.75 at the 100
pg/ml concentration. The ICs, values for HYAL-1 (0.0083 puM) and bee
(0.012 uM) HAases are ~ 2.8-4.6-fold higher than the ICs, values for
testicular HAase (0.038 uM), respectively (Table 6). It is noteworthy
that in the same assay system, HA alone even at high concentration
(i.e., 100 pg/ml) did not inhibit the activity of any of the 4 HAases

(data not shown). Since sHA derivatives are hygroscopic and the mol. wt. of sHA2.0 (774,000
Dalton), sHA2.5 (818,000 Dalton) and sHA2.75 (848,000 Dalton) are estimates, the ICs, values
presented in Table 6 for each sHA compound may be off by a factor of 2 (or 50% error).

By enzyme kinetic analysis, we found that both PSS and sHA compounds inhibit activity of
various HAases by a mixed inhibition mechanism, i.e., competitive and non-competitive (55).
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Effect of HAase inhibitors on the growth of DU145, LNCaP and PC3-ML cells. In addition to
testing the effect of VERSA-TL 502 on the growth of CaP cells, which was proposed in the
application, we also tested the effect of lower mol. wt. PSS compounds (PSS17,000, 6,800 and
1400) on the growth of DU145, PC-3 ML and LNCaP. Briefly, CaP cells (1.5 x 10* cells/well)
were plated on 24-well plates in growth medium in the presence of various concentrations (0-20
pg/ml) of VERSA-TL 502, PSS 17,000, 6,800 and PSS1400. Every 24-hr for 96-hr, cells were
stained with trypan blue and counted. As shown in Fig. 17 and 18, HAase inhibitors inhibit the
growth of DU145 and LNCaP cells, both of which secrete HAase and express HYAL1. However,
the HAase inhibitors do not inhibit the growth of PC-3 ML cells which do not secrete HAase (fig

19). These results show that PSS compounds inhibit the growth of CaP cells by inhibiting tumor-

derived HAase.

Summary: The results obtained by performing the work proposed under Aims 2 and 3
demonstrate that HYAL1 is a molecular determinant of prostate cancer growth, progression and
angiogenesis. In the no-cost extension year, we were able to study 21 HAase inhibitors to find
those which are effective and specific inhibitors of HYAL1. We are planning to use these
inhibitors to test their potential as treatments for controlling prostate cancer growth and
progression. '

DU145; PS5990,000 DU145: PSS17000 . LNCaP: PSS 990,000 - LNCaP-17000
- < < 204
J Q "
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Figure 17,18,19: Effect of PSS compounds on
the proliferation of DU145 (Fig 17), LNCaP (Fig
18) and PC3-ML (Fig 19)
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2 Key Research accomplishments:

A. Establishment of HYAL1 and combined HA-HYAL1 staining inferences as potentially
accurate predictors of biochemical recurrence. The studies presented here are the first, which
demonstrate the prognostic potential of HYAL1 in any type of cancer.

B. This is the first demonstration HYAL1 (or any other HAase) acts as both a tumor promoter
and a suppressor depending upon the concentration to which tumor cells are exposed.

HYAL1 induces G2-M transition in CaP cells, stimulates CaP cell growth, invasion and
angiogenesis.

At concentration > 100 mU/ml, HYAL1 acts as a novel apoptotic protein and high
HYAL1 expression inhibits tumor generation.

C. Our findings that HYAL1 in general) can act both as a tumor promoter and a suppressor
resolve the controversy regarding the role of HAases in cancer. These findings form the basis
for testing potential of anti-HAase and high-HYAL1 treatment modalities to control CaP growth
and progression

D. Synthetic HAase inhibitors inhibit HYAL1 activity secreted by CaP cells and also inhibit the
growth of CaP cells. The growth inhibitory activity of HAase inhibitors correlates with their ability
to inhibit HAase activity.

3. Reportable outcomes:
A. Database of CaP patients with long-term follow-up (72 — 131 months).

B. Generation of HYAL1-sense (both moderately producing and overproducing) and HYAL1-
antisense (under producing) stable cell lines of DU145 and PC3-ML cells.

C. Identification of intracellular pathways and signaling molecules involved in HYAL1-induced
CaP growth and progression.

D. Identification of HAase inhibitors that may be used for controlling CaP growth.

E. | have applied for a NIH RO1 application based on the work performed because of the
funding that | received from the COMRP/PCRP.

F. The University of Miami has selected some of the work carried out under this award to file a
US patent on, “Hyaluronidase Inhibitors As Anti-Cancer Agents”

F. Publications:
1. Lokeshwar, V.B. Schroeder, G.L., Carey, R.l. Soloway, M.S., lida, N. Regulation of
hyaluronidase activity by alternative mRNA splicing. J. Biol. Chem. 277: 33654-33663, 2002.

2, Posey, J.T., Soloway, M.S., Ekici, S., Sofer, M., Civantos, F., Duncan, R.C., Lokeshwar, V.B.
Evaluation of the prognostic potential of hyaluronic acid and hyaluronidase (HYAL1) for prostate
cancer. Cancer Res. 63: 2638-2644, 2003.

3. Franzmann, E., Schroeder, G.L., Goodwin, G.J., Weed, D., and Lokeshwar, V.B. Expression
of tumor markers, hyaluronic acid and hyaluronidase, in head and neck tumors. Int. J. Cancer
106: 438-445, 2003. '

4. Dandekar, D.S., Lokeshwar V.B., Cevallos-Ariello, E., Soloway, M.S., and Lokeshwar B.L.
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(2003) An orally active amazonian plant extract (birm) inhibits prostate cancer growth and
metastasis. Cancer Chemother. Pharmacol. 52: 59-66.

5. Ekici S., Cerwinka, W.H., Duncan, R. C. Gomez, P., Civantos, F., Soloway, M.S., Lokeshwar,
V.B. Comparison of the prognostic potential of hyaluronic acid, hyaluronidase (HYALI-1),
CD44v6 and Microvessel density for prostate cancer . Int J Cancer 112: 121-129, 2004

6. Lokeshwar, V.B. Cerwinka, W. H., Lokeshwar, B.L. HYAL1 hyaluronidase: A molecular
determinant of bladder cancer growth and progression. Cancer Res. 65: 2243-2250, 2005 -

7. Lokeshwar, V.B. Cerwinka, W. H., Lokeshwar, B.L. HYAL1 hyaluronidase in prostate cancer:
A tumor promoter and a suppressor. Cancer Res. 65: 7782 — 7789.

8. Isoyama T, Thwaites D, Selzer MG, Carey RI, Barbucci R, Lokeshwar VB. Differential -
selectivity of hyaluronidase inhibitors toward acidic and basic hyaluronidases. Glycobiology 16:
11-21; 2006.

9. Cohen, B.L., Gomez, P., Omori, Y., Duncan, R.C., Soloway, M.S., Lokeshwar, V.B.,
Lokeshwar, B.L. (2005) Cyclooxygenase-2 (COX-2) expression is an independent predictor of
prostate cancer recurrence. Int. J. Cancer (in Press).

E. Abstracts:
1. Lokeshwar, V.B.*, Posey, J.T., Schroeder, G.L. (2002) HA and HAase in prostate
cancer: molecular markers with function. Fourth International Innovators in
Urology Meeting, Miami, Florida. Prostate cancer and Prostatic Diseases 5:
suppl. 1., S19.

2. Lokeshwar, V.B.*, Posey, J.T., Schroeder, G.L. (2002) HA and HAase in prostate
cancer: molecular markers with function. Sylvester Comprehensive Cancer
Center Poster Presentation (Annual Zubrad Lecture/Poster Meeting; First Prize
in Faculty category).

3. Dandekar DS, Lokeshwar, VB, Cevallos E, Lokeshwar BL. (2003) Plant extract
"BIRM" induces G0/G1 Arrest and caspase-mediated apoptosis in vitro and
inhibits in vivo tumor growth and metastasis of prostate cancer. AACR
Proceedings Vo 44, #648, p148.

5. Dandekar DS, Lokeshwar, VB, Cevallos E, Lokeshwar BL. (2003)Induction of
caspase-mediated apoptosis and inhibition of prostate tumor grwoth and
metastasis by a plant extract - BIRM.Miami Nature Biotechnology Short Reports.
vol 14:106.

6. Ekici S., Cerwinka, W.H., Duncan, R. C. Gomez, P., Civantos, F., Soloway, M.S.,
Lokeshwar, V.B. Comparison of the prognostic potential of hyaluronic acid,
hyaluronidase (HYALI-1), CD44v6 and Microvessel density for prostate cancer
(AUA 2004; Discussed Poster session).

7. Cerwinka, W.H., Lokeshwar, B.L., Lokeshwar, V.B. HYAL1 hyaluronidase in

prostate cancer: A tumor promoter or a suppressor (AUA 2005, Discussed
Poster session).
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F. Patents: Lokeshwar V.B., “Hyaluronidase Inhibitors As Anti-Cancer Agents” (Provisional
Patent Application will be filed by March 1, 2006).

G. Gen Bank Citations:

1. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 1
variant 1 (HYAL1) mRNA, complete cds; alternatively spliced. Accession # AF502904.

2. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 1
variant 2 (HYAL1) mRNA, complete cds; alternatively spliced. Accession # AF502905.

3. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 1
variant 3(HYAL1) mRNA, complete cds; alternatively spliced. Accession # AF502906.

4. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 1
variant 4 (HYAL1) mRNA, complete cds; alternatively spliced. Accession # AF502907.

5. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 1
variant 5 (HYAL1) mRNA, complete cds; alternatively spliced. Accession # AF502908.

6. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 3
variant 1 (HYAL3) mRNA, complete cds; alternatively spliced. Accession # AF502909.

7. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 3
variant 2 (HYAL3) mRNA, complete cds; alternatively spliced. Accession # AF502910.

8. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 3
variant 3 (HYAL3) mRNA, complete cds; alternatively spliced. Accession # AF502911.

9. Lokeshwar, V.B*. Schroeder, G.L., and lida, N. (2002) Homsapiens hyaluronidase 3
(HYAL3) mRNA, complete cds; Accession # AF502912.

H. Clinical translational research: No clinical trials were undertaken.

I. Personnel and training provided: This award has allowed the P.l. to provide research
training to two attending urologists. Dr. Sinan Ekici was a fellow of the Turkish Research Council
and worked on Aim 1 of the project. Dr. Tadahiro Isoyama worked on Aims 2 and 3. In addition,
the award has allowed the P.l. to provide research training to a total of 6 urology residents in the
Department of Urology at University of Miami. However they were not paid by the grant.
Personnel paid by the grant are: Lokeshwar Vinata, Grethchen Schroeder, Marie Selzer,
Barbara Lopez, Roozbeh Golshani, Veronica Estrella and Luis Lopez.

4. Conclusions: Results derived from the experiments performed under Aim 1, demonstrate
that HYAL1 and HA-HYAL1 are sensitive and specific markers for predicting biochemical
recurrence for CaP patients who undergo radical prostatectomy. The multivariate analysis and
long-term follow-up information establishes for the first time, the independent prognostic
potential of HYAL1 type HAase for any type of cancer, in general, and for CaP in particular. The
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results derived from experiments performed under Aims 2 and demonstrate for the first time
that tumor-derived HAase in general and HYAL1 in particular act as both a tumor promoter and
a suppressor, depending upon the concentration to which tumor cells are exposed. These
results demonstrate that both anti-HAase and high-HYAL1 treatments may have merit in
controlling CaP growth and progression.
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Hyaluronidase is a hyaluronic acid-degrading en-
doglycosidase that is present in many toxins and the
levels of which are elevated in cancer. Increased con-
centration of HYAL1-type hyaluronidase correlates with
tumor progression and is a marker for grade (G) 2 or 3
bladder cancer. Using bladder tissues and cells, prostate
cancer cells, and kidney tissues and performing reverse
transcription-PCR, ¢cDNA cloning, DNA sequencing, and
in vitro translation, we identified splice variants of
HYAL1 and HYALS3. HYAL1lvl variant lacks a 30-amino
acid (aa) sequence (301-330) present in HYAL1 protein.
HYAL1v1, HYAL1v2 (aa 183-435 present in HYAL1 wild
type), HYAL1v3 (aa 1-207), HYAL1v4 (aa 260-435), and
HYAL1v5 (aa 340-435) are enzymatically inactive and
are expressed in normal tissues/cells and G1 bladder
tumor tissues. However, HYAL1 wild type is expressed
in G2/G3 tumors and in invasive tumor cells. Stable
transfection and HYAL1vl-specific antibody confirmed
that the HYAL1 sequence from aa 301 to 330 is critical
for hyaluronidase activity. All tumor cells and tissues
mainly express HYAL3 variants. HYAL3v1 lacks a 30-aa
sequence (299-328) present in HYALS3 protein, that is
homologous to the 30-aa HYALl sequence. HYAL3v1,
HYAL3v2 (aa 251-417 present in HYAL3 wild type), and
HYAL3v3 (aa 251-417, but lacking aa 299-328), are enzy-
matically inactive. Although splicing of a single inde-
pendent exon generates HYAL1vl and HYAL3vl, inter-
nal exon splicing generates the other HYALI/HYAL3
variants. These results demonstrate that alternative
mRNA splicing controls cellular expression of enzymat-
ically active hyaluronidase and may explain the ele-
vated hyaluronidase levels in bladder/prostate cancer.

Hyaluronidases (HAases)! are a family of enzymes that are
crucial for the spread of bacterial infections, toxins present in
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various venoms, and possibly, cancer progression (1-6). In
humans, six HAase genes have been identified. These genes
occur in clusters of three at two chromosomal locations (Ref. 7
and human genome blast search). HYAL1, HYAL2, and
HYALS3 occur on chromosome 3p21.3, and PH20, HYAL4, and
HYALP1 occur on chromosome 7¢31.3. With the possible ex-
ception of HYAL4 and HYALP1, all other HAases degrade
hyaluronic acid (HA) (7). ’
HA is a nonsulfated glycosaminoglycan made up of repeating
disaccharide units, p-glucuronic acid, and N-acetyl-D-glucosa-
mine. HA is present in body fluids, tissues, and the extracellu-
lar matrix (8-10). It keeps tissues hydrated and maintains
osmotic balance and cartilage integrity (8, 10). HA also actively
regulates cell adhesion, migration, and proliferation by inter-
acting with specific cell surface receptors such as CD44 and
RHAMM (11). The concentrations of HA are elevated in several
inflammatory diseases and various carcinomas (e.g. bladder,
prostate, breast, lung, colon, and so forth; Refs. 9 and 12-19).
For example, we have shown that urinary HA concentration is
a highly sensitive and specific marker for detecting bladder
cancer, regardless of its grade (18, 19). In tumor tissues, HA
may promote tumor growth and metastasis probably by ac-
tively supporting tumor cell migration and offering protection
against immune surveillance (20-22). Small fragments of HA,
generated by HAases, stimulate angiogenesis (23-25). We re-
cently showed that HA fragments of ~10~15 disaccharide
units stimulate endothelial cell proliferation by acting through
cell surface HA receptor, RHAMM, and activating the mitogen-
activated protein kinase pathway (26). We have also shown
that elevated levels of HYAL1-type HAase coincide with the
presence of angiogenic HA fragments in prostate tumor tissues
and in the urine of bladder cancer patients (17, 27). '
Among the six HAases, HYAL1, HYALZ2, and PH20 are well
characterized. HYALI type HAase was originally purified from
human plasma and urine (28, 29). However, we have shown
that HYAL1 is the major tumor-derived HAase expressed in
bladder and prostate cancer tissues (17, 30). It has a optimum
PH range of 4.0—4.3, and the enzyme is 50—80% active at pH
4.5 (17). Triggs-Raine et al. (31) have shown that a lack of
functional HYAL] results in a disorder called mucopolysaccha-
ridosis IX. In this study the authors identified that aa Glu2®® is
crucial for HYAL1 activity. HYAL2 was originally designated
as the lysosomal HAase, and it cleaves high molecular mass HA
into ~20-kDa HA fragments (32). It has a pH optimum of ~4.0
and is possibly less active than other HAases. HYAL-2 may
also be exposed to the cell surface through a GPI anchor (32).
The third HAase gene in the 3p21.3 locus is HYAL3. Although

tumor; RT, reverse transcription; ELISA, enzyme-linked immunosor-
bent assay; TIM, triose phosphate isomerase.
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HYALS3 transcripts have been detected in brain and liver tis-
sues, its protein product is uncharacterized (31). Based on the
sequence information deposited in GenBank™ HYALS is pre-
dicted to be made up of either 463 aa (accession number
AF040710 (gi number 2935327)) or 417 aa (accession number
BC012892 (gi number 15277616)).

Besides acidic HAases, PH20 (i.e. testicular HAase) is well
characterized. PH20 is a sperm surface HAase that has a broad
pH activity profile (pH 3.2-9.0) (33). In addition to being a
HA-degrading enzyme, PH20 may also interact with HA to
increase internal calcium, possibly by binding HA through aa
205-235 (34). This study also revealed that N-glycosylation and
intrachain disulfide linkages are important for the HAase ac-
tivity of PH20 (34).

Recently, the crystal structure of the bee venom HAase has
been documented (35). The bee HAase shares ~30% sequence
identity with human HAases. The crystal structure of bee
HAase reveals a classical TIM barrel topology, where the cat-
alytic site corresponds to Asp'*® and Glu**® (aa numbering
according to GenBank™ accession number AAA27730.1).
Glu'*® is involved the cleavage of the $-1,4 glycosidic bond
between N-acetyl-D-glucosamine and p-glucuronic acid through
an acid-base catalytic mechanism. These Asp and Glu residues
are conserved in all mammalian HAases (32). For example, in
HYAL1, the putative catalytic site residues are Asp’®’ and
Glu'33, respectively, and in HYAL3, they are Asp'*" and
Glu?, respectively (according to GenBank™ accession num-
bers AAD09137.2 and AAH12892.1). Based on the amino acid
homology between bee HAase and mammalian HAases and
conservation of several aa residues involved in both HA binding
(i.e. substrate binding groove) and its catalysis (i.e. active site),
a TIM barrel topology and a similar mechanism for the cata-
Iytic cleavage of HA are likely for the mammalian HAases (32).

In this study, we have identified several mRNA splice vari-
ants of HYAL1 and HYALS3 expressed in bladder and prostate
cancer cells and in bladder and kidney tissues. These splice
variants were characterized in terms of their protein product
and HAase activity. We also identified a 30-aa region that is
crucial for the HAase activity of HYAL1 and HYALS proteins.

EXPERIMENTAL PROCEDURES

Tissue Specimens——Normal bladder specimens were obtained from
organ donors (20-50 years old), and the urothelial layer from these
specimens was flash frozen after separation from the underlying mus-
cle. Bladder tumor tissues (~1 g), bladder specimens with no evidence
of disease (NED), and specimens of involved lymph node (i.e. local
extension of tumor into lymph node) were obtained from bladder cancer
patients undergoing cystectomy or transurethral resection of bladder
tumor. The tissue specimens were split, and the mirror segment was
examined by histology following fixation in formalin. In this study, we
have included data from only those specimens that were histologically
confirmed as normal and tumor (with grade information). All of the
tissues were flash frozen and stored at —70 °C until use.

Tissue Culture—Established bladder cancer cell lines (i.e. HT1376,
RT4, and UMUC-3) and prostate cancer cell lines (f.e. DU145 and
LNCaP) were obtained from the American Type Culture Collection. Dr.
Mark E. Stearns (Medical College of Pennsylvania, Philadelphia, PA)
kindly provided the prostate cancer line PC3-ML (36). Bladder cancer
cell lines 253J-Lung and 253J-parent were gifts from Dr. Colin Dinney
(M. D. Anderson Cancer Center, University of Texas, Houston, TX) (37).
All of these cell lines were cultured in RPMI 1640, 10% fetal bovine
serum, and gentamicin. Primary normal bladder cell cultures were set
up from the normal urothelium. The urothelial cells were gently
scrapped from the bladder urothelium in RPMI 1640 containing 40%
fetal bovine serum. The cell suspension (2 ml) was added to T-25 tissue
culture flasks, and the cells were allowed to attach overnight. The
following day, the nonadherent cells were washed off, and the cells were
cultured in keratinocyte growth medium (Clonetics/BioWhitaker, San
Diego, CA) until 80% confluence. The epithelial growth was confirmed
by cytokeratin staining. Total RNA was extracted from the urothelial
cultures on either the first or the second passage.
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RT-PCR, ¢cDNA Cloning, and Sequence Analyses—Total RNA was
extracted from bladder/prostate cells, bladder tissues, and lymph node
specimens using a RNA extraction kit (Qiagen). Total RNA from kidney
tissues was purchased from BD Biosciences/CLONTECH (Palo Alto,
CA). Total RNA (~1 pg) was subjected to first strand ¢cDNA synthesis
using a Superscript™ preamplification system and oligo(dT) primers
(Invitrogen). The entire HYAL] coding sequence was amplified from the
first strand ¢DNA using a HYAL1-L3/HYAL1-R2 primer pair that we
have used previously (17). HYAL1-L3 primer sequence is as follows:
5'-CTTCCTCCAGGAGTCTCTGGT-3'. The HYAL1-R2 primer se-
quence is as follows: 5'-ATCACCACATGCTCTTCCGC-3'. This primer
pair should amplify a 1926-bp HYAL1 ¢cDNA that contains the entire
coding region of HYAL1 (618-1925). When compared with the HYAL1
clone HSU03056 that is deposited in GenBank™, HYAL1 ¢DNA am-
plified by the HYAL1-L3/HYAL1-R2 primer pair will contain an extra C
at the 5’ terminus. This C is present in the human LUCA13 cosmid
clone from the chromosome region 8p21.3 (GenBank™ accession num-
ber ACC002425). Thus, in this study, as compared with the HYAL1
clone HSU03056, the numbering of nucleotides in HYALlwt and
HYALL1 variant ¢cDNAs is offset by 1.

To amplify HYAL3 cDNA, we used the following primer pair: 1)
HYAL3-L2: The sequence of this primer corresponds to nucleotides
157--176 in the HYALS clone AF040710. This sequence is not present in
the HYALS3 clone BC012892. HYAL3-12 primer sequence is as follows:
5'-CCAGAGGCCAGCATCAACAT-3'. 2) HYAL3-R2: The sequence of
this primer (5'-GACTCACATGATCTCAGAGG-3') is reverse comple-
mentary to the sequence between nucleotides 1629 and 1648 in the
HYAL3 clone AF502912, nucleotides 1628 and 1647 in the clone
AF040710, and nucleotides between 1464 and 1483 in the clone
BC012892. The HYAL3-L2/HYAL3-R2 primer pair should amplify a
1491-bp HYAL3 product. The amplification of HYAL1 and HYAL3
¢DNAs was carried out by PCR as described previously (17). PCR
products were analyzed by agarose gel electrophoresis and ethidium
bromide staining. )

The PCR products were directly cloned into the eukaryotic expres-
sion vector pcDNA3.1/v5/His-TOPO using a TOPO cloning kit (Invitro-
gen). This expression vector contains a strong cytomegalovirus pro-
moter for eukaryotic expression, a neomycin resistance gene for
selecting stable mammalian cell transfectants, and an ampicillin resist-
ance gene for bacterial selection. All of the cloned HYAL1 and HYAL3
¢DNAs were sequenced in an automated DNA sequencer in the DNA
core facility at the University of Miami.

Generation of RT4 Stable Transfectants—RT4 cells (2 X 105 cells/
6-cm dish) were transfected with 5 ug of either HYAL1 wild type
(HYAL1wt) or HYALlvl (one of the HYAL1 wvariants) or
pcDNA3.1/v5/His-TOPO vector using the Effectene™ transfection
agent (Qiagen). Following 48 h of incubation in the growth medium
(RPMI 1640, 10% fetal bovine serum, gentamicin), the transfectants
were selected in neomyein (100 pg/ml)-containing growth medium. The
RT4 clones resistant to neomycin were expanded and tested for HAase
activity and HYAL1 protein expression using an HAase activity ELISA-
like assay and immunoblot analysis, respectively, as described below.

In Vitro Translation—HYAL1 and HYAL3 cDNAs were in vitro
translated using the TNT® Quick coupled transcription/translation sys-
tem (Promega, Madison, WI). For generating [**S]methionine-labeled
product, 1 ug of ¢eDNA (vector, HYAL1, or HYAL3) was mixed with
TNT® Quick master mix and 20 uCi of Amersham Biosciences Redi-
vue™ L-[**SJmethionine. The reaction was carried out at 30 °C for 90
min. Following incubation, 5-ul aliquots of each sample were mixed
with 20 ug of bovine serum albumin and precipitated with equal volume
of ice-cold 20% tricholoroacetic acid. The precipitates were centrifuged,
washed twice in 10% tricholoroacetic acid, and washed once with 80%
ice-cold ethanol. The precipitates were dissolved in SDS sample buffer
and analyzed by 12% SDS-PAGE under reducing/monreducing
conditions.

Alternatively, the HYALVVHYAL3 ¢cDNAs or vector DNA were mixed
with TNT® Quick master mix and 20 uM unlabeled L-methionine. The
reaction was carried out at 30 °C for 90 min. The unlabeled in vitro
translated products were analyzed for HAase activity by the ELISA-like
assay.

HAase ELISA-like Assay—HAase ELISA-like assay has been de-
scribed previously (17, 18, 38, 39). To assess HAase activity secreted by
RT4 transfectants and bladder cancer cells, at ~60% confluence, vari-
ous cultures were washed three times in phosphate-buffered saline and
incubated in RPMI 1640 containing insulin, transferrin, and selenium
solution (ITS supplement, Sigma-Aldrich). Following a 48-h incubation,
the serum-free conditioned media were collected. For the HAase activ-
ity ELISA-like assay, various aliquots (0.5, 1.0, 2.5, 5.0, 7.5, and 10 ul)
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of either in vitro translated samples, serum-free culture-conditioned
media of different cells/transfectants or urine from bladder cancer pa-
tients or normal individuals were incubated with 96-well HA-coated
microtiter plates in the presence of HAase assay buffer. Following
incubation, the degraded HA was washed off, and the HA remaining on
the wells was detected using a biotinylated HA-binding protein and an
avidin-biotin detection system. The HAase present in each sample was
calculated using a standard graph, which was prepared by plotting
A 405 nm Uersus HAase concentration (units X 10~%ml) (18, 39). In the in
vitro translated samples, the Ay ., of each HYALI/HYAL3 sample
was subtracted from the A ;o5 ., 0f the vector sample, and the difference
was used to determine the HAase activity.

Generation of Anti-HYAL1v1 Peptide Antibody—A 13-aa HYAL1vl
peptide (NH,-TNHFLPLESCQAI-COOH) was synthesized, conjugated
to keyhole limpet hemocyanin, and injected in New Zealand rabbits.
The anti-HYAL1v1 antibody was purified using the HYAL1v1 peptide-
conjugated affinity chromatography. The synthesis of HYAL1v1 pep-
tide, generation of rabbit polyclonal antibody, and affinity purification
were carried out by ResGen™ Invitrogen Corp. (Huntsville, AL).

Immunoblot Analysis—Conditioned media of bladder cancer cells
and stable transfectants and urine specimens were separated by 8.5%
SDS-PAGE under nonreducing conditions. The gels were blotted on to
polyvinylidene difluoride membranes. The blots were probed with ei-
ther anti-HYAL1 peptide IgG (30) or anti-HYALIlvlpeptide affinity-
purified IgG at 4 °C for 16 h. The blots were developed using an alkaline
phosphatase detection system, as described previously (30).

RESULTS

Detection of HYALI1 Splice Variants by RT-PCR, ¢cDNA Clon-
ing, and Sequence Analysis—Based on the Human Genome
Blast search, HYAL1 gene contains three exons separated by
two introns (NT_006014.7/HS3_6171, Homo sapiens chromo-
some 3 working sequence). It has been previously shown that
the untranslated region in exon 1 between nucleotides 110 and
596 is alternatively spliced (GenBank™ accession number
AF173154). To detect the expression of HYALI in various can-
cer cells, tumor tissues, and normal kidney tissue, we per-
formed RT-PCR analysis using a HYAL1-specific primer pair.
This primer pair should amplify the entire HYAL]1 coding
region (bp 618-1926), an untranslated region in exon 1 that is
alternatively spliced (nucleotide 110 joining 596), and the first
110 bp. Thus, the length of the expected PCR product is 1926
nucleotides. Fig. 1 (A and B) shows two gels in which PCR
products from various samples were analyzed. The different
tissue specimens are numbered (e.g. NBL-1 to NBL-4; G1-BT-1
to G1-BT-3; G2-BT-1 and G2-BT-2; G3-BT-1 to G3-BT-3;
NED1-1; NED-2; LN-1 and LN-2). An approximately 1.4-kb
product is amplified from bladder cancer cells (i.e. HT1376,
253J-Lung, 253J-parent, and UMUC-3), prostate cancer cells
(i.e. DU145, LNCaP, and PC3-ML), G2 and G3 bladder tumor
tissues (G3-BT-1, G2-BT-1, G2-BT-2, G3-BT-2, and G3-BT-3),
lymph node specimens invaded with bladder tumor (LN-1 and
LN-2) and normal kidney tissue (Fig. 1, A and B). RT4 RNA
sample showed negligible amplification of any HYAL1-related
PCR products. A smaller ~1.3-kb PCR product is also amplified
from 253J-Lung and HT1376 RNA samples (Fig. 14). The same
~1.3-kb PCR product was also detected in the kidney tissue
and some bladder tumor tissue specimens when electrophoresis
was carried out for a longer period of time to allow separation
between ~1.4- and ~1.3-kb PCR products (data not shown). As
shown in Fig. 1 (A and B), an approximately 500-bp PCR
product is amplified from RNA samples isolated from a primary
normal bladder cell culture (NBL cells), normal bladder tissues
(NBL-1, NBL-2, NBL-3, and NBL-4), kidney tissue, and G1
bladder tumor tissues (G1-BT-2 and G1-BT-3). An approxi-
mately 650-bp PCR product is also amplified from two G1
bladder tumor tissues (G1-BT-1 and G1-BT-3), NBL2 tissue,
normal kidney tissue, and an LN-2 specimen (Fig. 1, A and B).
An approximately 1.0-kb PCR product is amplified from a G3
bladder tumor tissue (G3-BT-1) and an LN-1 specimen (Fig. 1
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Fic. 1. Examination of HYAL] expression in tissues and cells.
Total RNA extracted from bladder tissues, bladder cells (tumor cells:
RT4, UMUC-3, 253J-Lung, and 253J-parent and HT1376; NBL cells:
normal bladder cells), prostate cancer cells (PC3-ML, DU145, and LN-
CaP) was subjected to RT-PCR analysis using HYAL1-specific primers
as described under “Experimental Procedures.” The PCR products were
analyzed by agarose gel electrophoresis. Six PCR products of different
lengths are marked, PCR products expressed in each of these tissues or
cells were cloned and sequenced. The tissue specimens in each category
are numbered (e.g. NBL-1, NBL-2, G1-BT-1, G3-BT-1, LN-1, etc.). A and
B, RT-PCR analysis using primer pair HYAL1-L3 and HYAL1-R2. This
primer pair should amplify an approximately 1.9-kb HYAL cDNA G.e.
1-1926 bp) that contains the HYAL1 coding region (6181925 bases). A
200-bp ladder (Promega) was used a bp marker. C, RT-PCR analysis
using the primer pair HYAL1-L3 and HYAL1-R3. This primer pair
should amplify a 267- or 752-bp PCR product depending upon the
splicing status of the HYAL1 transcript related to the untranslated
region between nucleotides 110~596. pGEM markers (Promega) were
used as a bp ladder.

A and B). A slightly larger PCR product (~1.1-kb) was detect-
able in NBL-4 and kidney tissue samples (Fig. 1B).

Because the RT-PCR analysis described above does not re-
sult in the amplification of an approximately 1.9-kb PCR prod-
uct that is expected based on the primer pair design, there
could be two possibilities. First, such a product may have been
missed because of the large size of the PCR product, and sec-
ond, bladder tissues/cells contain only the HYALI1 transcript in
which the bp between 110 and 596 are spliced out. The second
possibility is based on the sequences deposited in GenBank™,
which show that the 5’-untranslated region between nucleo-
tides 110 and 598 is alternatively spliced (e.g. accession num-
bers HSU03056 and A¥'173154). To test these possibilities we
performed RT-PCR analysis using a HYAL1 primer pair (i.e.
HYAL1-L3/HYAL1-R3) that lies outside the boundaries of the
spliced region. This primer pair would generate a 267-bp PCR
product if the region between nucleotides 110 and 596 is spliced
out, and a 752-bp PCR product will be generated if the HYAL1
transcript is unspliced. We have previously used this primer
pair to demonstrate the presence of HYAL1 splicing in this
region in prostate cancer cells (17). As shown in Fig. 1C, a
major 267-bp PCR-amplified product is present in all samples,
which include kidney, G2-BT-1, G3-BT-2, G3-BT-1, HT1376,
and 253J-Lung. However, a minor 752-bp product is visible in
bladder cancer cells and bladder tumor tissues. The presence
and absence of the region between nucleotides 110 and 596 was
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FiG. 2. A schematic representation of the HYALL1 splice vari-
ants. The figure shows HYAL1wt and different splice variant cDNAs.
The numbering is based on the sequence of cDNA clone HSU03056 that
is deposited in GenBank™, However, the numbering is offset by 1. This
is because HSU03056 clone lacks the nucleotide C that is present in the
5’ terminus of all HYAL1 clones described in this study. The coding
region is shown as a dotted block. The dashed line shows the region that
is spliced out, and solid line represents untranslated regions. Each
splice junction is marked by the nucleotides at the 5’ and 3’ boundaries
that are joined because of splicing. The translation initiation and ter-
mination codons for HYAL1wt and HYAL1 variants are marked. The
figure also shows the position of the forward (i.e. HYAL1-L3) and the
reverse complementary (i.e. HYAL1-R2) primer pair used to amplify
HYAL1 cDNA. The sequences of these primers are given under “Exper-
imental Procedures.”

confirmed by ¢cDNA cloning and sequencing of the 267- and
752-bp PCR products as we described before (17). These results
indicate that it is very likely that the HYAL1 transcripts in
which the region between nucleotides 110 and 596 is unspliced
are not the major HYAL1 transcripts expressed in bladder
tumor tissues and cells. Furthermore, lack of amplification of
an approximately 1.9-kb PCR product in tissue/cell specimens
may be due to some technical difficulty associated with the
amplification of large PCR products.

All of the different PCR products from each sample were
gel-isolated and directly cloned into the eukaryotic expression
vector pcDNA3.1/v5/His-TOPO. The sequence analyses re-
vealed that various PCR products represent HYAL1 mRNA
splice variants. The ¢cDNA and amino acid sequences of each of
the five HYAL1 splice variants described in this study have
been deposited in GenBank™. As shown in Fig. 2, the ~1.4-kb
product is actually 1441 bases in length and is generated by
splicing of the region from nucleotides 109 to 595 and, thus,
joining nucleotides 110-596. This HYAL1 splice variant that
arises from an internal splicing event in exon 1 has been
identified previously (GenBank™ accession number AF173154
(gi number 5825510)). For the purpose of this study, we have
designated the 1441-bp HYAL1 ¢DNA as HYAL1wt. The cloned
HYAL1wt ¢cDNA encodes the intact wild type HYAL1 protein
consisting of 435 aa, the sequence of which is identical to that
deposited in GenBank™ (accession number AAD09137.2)

The actual length of the ~1.3-kb product is 1351 bases. It
lacks the region in Exon 1 between nucleotides 110 and 596
and, in addition, contains a deletion that joins nucleotides 1519
and 1610 (i.e. nucleotides 1520-1609 are deleted; Fig. 2). This
¢DNA, designated as HYAL1v1 (HYAL]1 variant 1; GenBank™
accession number AF502904), can encode a protein that is 405
aa in length. When compared with the HYAL1wt protein se-
quence, the HYAL1v1 protein lacks 30 aa from aa 301-330.
Thus, in the putative HYAL1v1 protein, aa 300 is joined to aa
331 (Fig. 2).

The HYAL1v2 ¢cDNA consists of 1084 bases (Fig. 2). In this
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Fi6. 3. In vitro transcription/translation of HYALlwt and
HYAL1 variant ¢cDNAs. Various HYAL1 ¢DNAs and plasmid vector
DNA were transcribed and translated in vitro using a coupled tran-
scription/translation system and ?°S-labeled methionine, as described
under “Experimental Procedures.” The %¢S-1abeled proteins were ana-
lyzed by SDS-PAGE along with molecular mass markers as described
under “Experimental Procedures.”

variant, nucleotide 109 is joined to nucleotide 952, i.e. the
sequence from nucleotides 110 to 951 is deleted (GenBank™
accession number AF502905). If the HYAL1v2 variant is trans-
lated, using an ATG at position 1164 as the start codon, it will
generate a protein consisting of 253 aa. The sequence of the
putative HYAL1v2 protein is identical to the HYAL 1wt protein
sequence from aa 183 to 435.

The slightly larger ~1.1-kb HYAL1 variant is designated as
HYAL1v3, and it is 1104 bases in length (Fig. 2). HYAL1v3
contains two spliced regions; in the first, nucleotide 110 joins
nucleotide 596, and in the second, nucleotide 1239 joins nucle-
otide 1577 (i.e. bases from 1240 to 1576 are deleted; Gen-
Bank™ accession number AF502906). If HYAL1vS is trans-
lated, it will utilize ATG®!® as the start codon and generate a
protein consisting of 209 aa (Fig. 2). The first 207 aa of the
putative HYAL1v3 protein are identical to the first 207 aa of
the HYAL1wt protein.

The ~0.65-kb PCR product originates from a HYAL1v4 var-
iant whose actual length is 666 bases (Fig. 2). The HYAL1lv4
¢DNA contains a deletion starting from nucleotide 109 and
ending at nucleotide 1368. Thus, in the HYAL1v4 ¢DNA, nu-
cleotide 108 is joined to nucleotide 1369 (GenBank™ accession
number AF502907). The HYAL1v4 ¢cDNA contains an open
reading frame starting at ATG'3% that allows translation of a
polypeptide consisting of 176 aa. The aa sequence of the puta-
tive HYAL1lv4 protein is identical to the aa sequence of
HYAL1wt starting with aa 260-435 (Fig. 2).

The splice variant HYAL1v5 consists of 517 bases, and this
variant is generated by splicing of nucleotides 109 and 1519
(GenBank™ accession number AF502908). If ATG%% is used
as the start codon, the HYAL1v5 variant will encode a protein
made up of 96 aa, the sequence of which is identical to the
HYAL1wt protein sequence from aa 340 to 435 (Fig. 2). )

In Vitro Translation and Analysis of HAase Activity of
HYAL1 Variant Proteins—To determine whether various
HYAL1 variants encode HAase activity, we used a coupled in
vitro transcription/translation system and 3°S-labeled L-methi-
onine to generate HYAL1wt and HYAL]1 variant proteins. As
shown in Fig. 3, the in vitro translated HYAL1wt and HYAL1
variant (v1-v5) proteins are of molecular mass ~50, ~47, ~30,
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FiG. 4. Analysis of HAase activity of HYAL1wt and HYAL1
variant proteins. In vitro translated, unlabeled HYALIwt and
HYALL1 variant proteins, as well as vector-only control were analyzed
for HAase activity using the HAase activity ELISA-like assay as de-
scribed under “Experimental Procedures.” Each sample was assayed at
five different concentrations in duplicate. The results represent milli-
units/ml +* S.E. Each experiment was repeated twice and
independently.

~20, and ~10 kDa. The molecular mass of these proteins is
similar to the expected molecular mass of the HYAL1wt and
various HYAL1 variant polypeptides, based on their deduced
aa sequences. The reduced intensities of the 3°S-labeled
HYAL1v2, HYAL1v3, HYAL1lv4, and HYAL1v5 proteins are
most likely not due to reduced synthesis but to the reduced
number of methionine residues present in these polypeptides.
Based on the deduced aa sequence, HYALIwt and HYAL1v1
proteins contain 9 methionines, whereas HYAL1v2, HYAL1v3,
HYAL1lv4, and HYAL1v5 proteins contain 6, 4, 4, and 3 methi-
onines, respectively.

The HAase activity of in vitro translated HYAL1 variant
proteins was measured using an ELISA-like assay (30, 39).
Because we have previously shown that HYAL1 type HAase
has a pH optimum at 4.2 (range 4.0-4.3; Ref. 30), the HAase
ELISA-like assay was carried out at pH 4.2. As shown in Fig. 4,
no HAase activity is detected in the vector only sample. How-
ever, the in vitro translated HYAL1wt protein has measurable
HAase activity (7.2 = 1.4 milliunits/ml). Interestingly, the
HYAL1lv1 protein that lacks only 30 aa (aa 301-330) has no
HAase activity (Fig. 4). It is noteworthy that the HYAL1vl
protein contains both the putative HAase catalytic site (Asp™!
and Glu'®3) and Glu?®®, which are critical for HAase activity of
HYAL] (Figs. 2 and 4 and Ref. 31). The HYAL1v2 protein that
lacks the putative catalytic site but retains Glu®®® and the
30-aa sequence shows less than 90% of HAase activity (0.6 =
0.1 milliunits/ml) when compared with the HYAL1wt protein.
No HAase activity is detected in HYAL1v3, HYAL1v4, and
HYALLv5 proteins. We also conducted the HAase ELISA-like
assay at pH 3.7, 5.0, and 7.0, and none of the HYALI variants
showed any activity at these pH levels (data not shown). These
results demonstrate that although the catalytic site in HYAL1
may lie in the amino-terminal third of the protein, a 30-aa
sequence from aa 301 to 330 is also critical for HAase activity.

Evaluation of HAase Expression in Stable Transfectants Ex-
pressing HYALIwt and HYALIv1 ¢cDNA Constructs—It is pos-
sible that when translated in vitro, the HYAL1v1 protein does
not fold correctly and/or lacks some post-translational modifi-
cations that are necessary for HAase activity. To test this
possibility, we stably transfected RT4 bladder cancer cells with
plasmid vector DNA, HYAL1wt, or HYAL1v1 ¢cDNA constructs.
We have previously shown that HYAL]1 is not expressed in RT4
cells and that these cells do not secrete any HAase activity in
their culture-conditioned media. We analyzed 10 stable clones
of RT4 cells/construct (i.e. vector, HYAL1wt, and HYAL1v1) for
HAase activity and HYALIl-related protein expression. The
data on two representative clones/construct are shown in Figs.
5 and 6. Fig. 5A shows immunoblot analysis of culture-condi-
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F16. 5. Immunocblot analysis of HYAL1 and HYAL1vl expres-
sion. Serum-free culture-conditioned media of RT4 stable transfectant
(i.e. vector only, HYAL1wt, and HYAL1v1; two clones/construct), blad-
der cancer cells, and patient urine were subjected to either anti-HYAL1
or anti-HYAL1v1 peptide IgG immunoblot analysis as described under
“Experimental Procedures.” A, immunoblot analysis using anti-HYAL1
peptide IgG. HYAL] indicates HYAL1wt. B, immunoblot analysis using
an affinity-purified anti-HYAL1vl IgG. G3-BT, urine specimen ob-
tained from a patient with G3 bladder tumor; G1-BT, urine specimen
obtained from a patient with G1 bladder tumor; NED, urine specimen
obtained from a patient with a history of bladder cancer but no disease
at the time of specimen collection.

tioned media of RT4 clones and HT1376 and 253J-lung cells
using an anti-HYAL1 peptide IgG (30). The anti-HYAL1 pep-
tide IgG was generated against a peptide sequence in HYAL1
between aa 321 and 338 (30). Thus, this antibody will be able to
recognize HYALlwt and variant proteins HYAL1v2 and
HYAL1lv4. However, it will not detect other variant proteins
(i.e. HYALIv1, HYAL1v3, and HYAL1v5) that either partially
or completely lack this sequence. Although no expression of
HYAL1l-related protein is observed in the vector only clones, an
approximately 60-kDa HYAL1 protein is detected in the con-
ditioned media of HYAL1wt clones and HT1376 and 253J-lung
cells. The molecular mass of the HYAL1wt protein detected in
the conditioned media is higher than that generated by in vitro
translation (~50 kDa), indicating that HYAL1 protein is gly-
cosylated or modified by other post-translational modifications.
It is noteworthy that the anti-HYAL1 peptide IgG was able
to immunoprecipitate [3°Slmethionine-labeled HYAL1wt
polypeptide generated by in vitro translation (data not shown).
The smaller product observed in the conditioned media of
HT1376 and 253J-Lung cells is most likely a degradation prod-
uct. This is because these cells do not express HYAL1 v2 and
HYAL1v4 transcripts (as seen in Fig. 1A), and furthermore, the
molecular mass of this product (~45 kDa) is larger than those
of the expected HYAL1 v2 and HYAL1 v4 products.

Fig. 5B shows immunoblot analysis of conditioned media of
HYAL1 vl transfectants of RT4, HT1376, and 253J-Lung cells
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FiG. 6. Analysis of HAase activity secreted by RT4 stable trans-
fectants. Serum-free culture-conditioned media of two clones each of
vector only, HYAL1wt, and HYAL1v1 RT4 transfectants were assayed
for HAase activity using the ELISA-like assay as described under
“Experimental Procedures.” Five concentrations of each sample were
assayed in duplicate in each experiment, and each experiment was
independently repeated three times. The HAase activity was normal-
ized to total protein (mg/ml) and expressed as milliunits/mg protein *
S.E.

and urine specimens using an anti-HYAL1v1 affinity-purified
peptide IgG. The anti-HYALlvl antibody was generated
against a 13-aa peptide in which the 300" aa present in the
HYALI1 sequence is juxtaposed with 331% aa Such a peptide
can occur only in the HYAL1v1 protein, in which the aa 300 is
joined to aa 331 because of mRNA splicing. Therefore, this
antibody is specific for HYALlvl and does not detect other
HYAL1 proteins. As expected, no HYAL1v1 protein is detected
in the conditioned media of vector only clones. However, an
approximately 57-kDa protein is detected in the conditioned
media of HYAL1v] clones. Interestingly, the protein detected
by anti-HYAL1v1 peptide IgG is also present in the conditioned
media of HT1376 and 253J-Lung cells and in the urine of
bladder cancer patients (G3-BT and G1-BT), a patient with
bladder cancer history but no disease at the time of urine
collection, and normal individual (Fig. 5B). The faint smaller
bands that are observed in some samples are possibly degra-
dation products that may be generated during sample storage.
The fact that the molecular mass of the HYAL1v1 protein is
larger than the HYAL1v1 polypeptide generated by in vitro
translation suggests that the HYALIv1 protein is also post-
translationally modified. The secretion of both the cloned and
naturally occurring HYALlvl protein in the culture-condi-
tioned media suggests that the HYAL1v1 protein is folded and
processed correctly. It should be noted that the ~57-kDa pro-
tein detected by anti-HYAL1v1 IgG in the immunoblot analysis
is HYAL1v], because the affinity-purified anti-HYAL1v1 IgG
was able to immunoprecipitate HYAL1v1 polypeptide gener-
ated by in vitro translation (data not shown).

We next measured the HAase activity secreted in the condi-
tioned media of various RT4 transfectants, and the activity was
normalized to total protein in the conditioned media. As shown
in Fig. 6, there is no detectable HAase activity in the medium
control and in the conditioned media of the vector only clones.
However, the two HYAL1wt clones secrete high levels of HAase
activity (i.e. clone number 1: 56.5 *+ 3.5 milliunits/mg protein
and clone number 2: 27 * 4 milliunits/mg protein). However, no
HAase activity is detected in the conditioned media of RT4
clones that express and secrete HYAL1v1 protein. These re-
sults demonstrate that the HYAL1v1 protein is enzymatically
inactive and that the sequence from aa 301 to 330 is critical for
the activity of HYAL1 protein.

Detection of HYAL3 Splice Variants, cDNA Cloning, and
Sequencing—Because the chromosomal locations are similar in
HYAL1, HYALZ2, and HYAL3 genes (7, 32, 40), we examined
whether HYALS3 might also be similarly spliced and generate
splice variants. The Human Genome Blast search reveals that
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Fic. 7. Examination of HYAL3 expression in tissues and celis.
Total RNA extracted from bladder tissues, bladder cells (RT4, UMUC-3,
253J-Lung, 253J-parent, and HT1376), and lymph node specimens
invaded with bladder tumor was subjected to RT-PCR analysis using
HYATL.3 specific primers as described under “Experimental Procedures.”
The PCR products were analyzed by agarose gel electrophoresis. Four
PCR products of different lengths are marked. PCR products expressed
in each of these tissues or cells were cloned and sequenced. A 200-bp
ladder (Promega) was used a bp marker.

HYAL3 gene contains four exons separated by three introns
(NT_006014.7/HS3_6171, H. sapiens chromosome 3 working
sequence). To HYALS3 expression, we performed RT-PCR anal-
ysis on RNA extracted from bladder cancer lines (i.e. HT1376,
253J-Lung, RT4, UMUC-3, and 253J-parent), bladder tissues
(i.e. normal and tumor), lymph node positive for tumor, and
normal kidney tissue. The primer pair that we used for PCR
analysis was designed to amplify a full-length HYAL3 cDNA,
1.5-kb in length. As shown in Fig. 7, an approximately 1.5-kb
product is amplified from normal kidney tissue RNA. A smaller
~1.4-kb product is also visible in the kidney tissue sample that
is detectable in many bladder cancer cell lines. The major PCR
amplification product that is present in all bladder cancer cells,
tissues, and lymph node specimens is ~600 bp in length (Fig.
7). This product is also present in the kidney tissue sample,
along with an approximately 700-bp product. In addition, the
700-bp product is amplified from RNA extracted from G3 blad-
der tumor tissue (i.e. G3-BT-1), normal bladder tissue (i.e.
NBL-3), and normal kidney tissue.

The ~1.5, ~1.4, ~0.7, and 0.6-kb PCR products were gel-
isolated and directly cloned into the eukaryotic expression vec-
tor pcDNAS3.1/v5/His-TOPO. The sequence analyses revealed
that different PCR products represent HYALS3 splice variants,
As shown in Fig. 8, the ~1.5-kb splice variant is actually 1492
bases in length. The sequence of this cDNA is 100% homologous
to the HYALS3 clone AF040710 from nucleotides 157 to 1647,
except that our ¢cDNA has an extra G at position 1422 (Gen-
Bank™ accession number AF502912), This G is present in
other HYATL3 ¢cDNA clones (e.g. BC012892) and in the cosmid
clone LUCA14 from 3p21.3, sequences of which are deposited
in GenBank™ (accession numbers gi1l6164953, gil5208650,
2113543476, and AF036035). The G at position 1422 is also
present in all of the HYALS3 splice variants identified in this
study. Because of the presence of this G, translation of the
HYALS3 polypeptide terminates at position 1447 (TAA termi-
nation codon position 1445-1447) and generates a 417-aa pro-
tein (Fig. 8).

The ~1.4-kb PCR product contains 1402 bases. As shown in
Fig. 8, this sequence contains a 90-base deletion that joins
nucleotides 1089 and 1180 (i.e. nucleotides 1090-1179 are de-
leted). This ¢cDNA is designated as HYAL3v1 and can encode a
protein made up of 387 aa (GenBank™ accession number
AF502909). The putative HYAL3v1 protein contains a 30-aa
deletion that involves aa 299-328. Thus, in the HYALS3v1
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Fic. 8. A schematic representation of the HYAL3 splice vari-
ants. The figure shows HYAL3wt and different splice variant cDNAs.
The numbering is based on the sequence of cDNA clone AF040710 that
is deposited in GenBank™., However, the numbering is offset by 1 after
nucleotide 1422. This is because the AF040710 is missing a G at
position 1422. The coding region is shown as a dotted block. The dashed
line shows the region that is spliced out, and the solid line represents
untranslated regions. The dotted line between nucleotides 1 and 157
indicates the portion missing in our ¢DNAs. Each splice junction is
marked by the nucleotides at the 5’ and 3’ boundaries that are joined
because of splicing. The translation initiation and termination codons
for HYAL1wt and HYAL1 variants are marked. The figure also shows
the position of the forward (i.e. HYALS3-L2) and the reverse complemen-
tary (i.e. HYAL3-R2) primer pair used to amplify HYAL3 ¢cDNA. The
sequences of these primers are given under “Experimental Procedures,”
and the numbering is according to HYAL3 clone deposited in Gen-
Bank™ (accession number AF502912).

protein, aa 298 is joined to aa 329. The ~0.7-kb HYAL3 PCR
product is actually 726 bases in length. The sequence analysis
reveals that this variant (designated as HYAL3v2) is generated
by a 766-base deletion that joins nucleotides 177 and 944 (Fig.
8; GenBank™ accession number AF502910). The HYAL3v2
variant would encode a 168-aa polypeptide in which aa 2-168
are identical to aa 251-417 in HYAL3wt protein. The smallest
HYALS3 variant, HYAL3v3, is 636 bases in length. It is gener-
ated by two splicing events; in the first event, nucleotides 177
and 944 join, and in the second, the 90 bases between nucleo-
tides 1089 and 1180 are deleted (as observed in HYAL3v1, Fig.
8; GenBank™ accession number AF502911). As shown in Fig.
8, the HYALS3v3 ¢cDNA would encode a 138-aa protein, which
like the HYALS3v2 protein is 100% homologous to aa 251417
in the HYAL3wt sequence, except that it lacks the 30 aa se-
quence from aa 299 to 328.

In Vitro Translation and Examination of HAase Activity of
HYAL3wt and Variant Proteins—Various HYAL3 ¢cDNAs were
in vitro translated using the coupled transcription/translation
system and ®9S-lableled methionine. As shown in Fig. 9,
HYAL3wt, HYAL3v1, HYAL3v2, and HYAL3v3 ¢cDNAs upon
in vitro transcription and translation generate polypeptide
chains with molecular masses ~48, ~45, ~20, and ~16 kDa,
respectively. The molecular masses of these proteins are com-
parable with the expected molecular masses based on the num-
ber of aa present in HYAL3wt and variant polypeptide chains.
No protein is detected with vector only (Fig. 9, Vector).

We next measured the HAase activity of in vitro translated
HAYL3 proteins. Because the HYAL3 gene is located in the
same chromosomal location as the HYAL1 and HYAL?2 genes,
we assumed that like the HYAL1 and HYALZ2 proteins, the
HYALS3 protein may also have an acidic pH optimum (32).
Therefore, we assayed the HAase activity of in vitro translated
HAYL3 proteins at pH 4.2, using the HAase activity ELSA-like
assay (17). As shown in Fig. 10, no HAase activity is detected
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HYAL3 in vitro lranslatior)
2

Fic. 9. In vitro transcription/translation of HYAL3wt and
HYAL3 variant ¢cDNAs. Various HYAL3 ¢cDNAs and plasmid vector
DNA were transcribed and translated in vitro using a coupled tran-
scription/translation system and ®3S-labeled methionine, as described
under “Experimental Procedures.” The ?*S-labeled proteins were ana-
lyzed by SDS-PAGE along with molecular mass markers as described in
“Experimental Procedures.”

with vector only. However, HYAL3wt protein has measurable
HAase activity (7.4 * 1.4 milliunits/ml), The HYAL3v1 variant
that lacks the 30-aa sequence from aa 299 to 328 but retains
the putative enzyme catalytic site (Asp?®” and Glu'2%; Ref. 32)
and Glu®%®, which may also be important for HAase activity
(31), has no HAase activity (Fig. 10). The HYAL3v2 variant
that retains the 80-aa sequence and Glu2%® but lacks the puta-
tive enzyme catalytic site is also enzymatically inactive (Fig.
10). The HYAL3v3 variant that contains only Glu®¢® and lacks
both the putative enzyme catalytic site and the 80-aa sequence
has no HAase activity. These results demonstrate that in ad-
dition to the putative catalytic site and possibly Glu2®®, the
30-aa sequence from aa 299 to 328 is critical for HAase activity
of the HYALS3 protein.

Comparison of the 30-aa Sequence between HYALI, HYAL3,
and Other HAases—Because in both HYAL1 and HYALS pro-
teins a 30-aa sequence appears to be critical for HAase activity,
we compared this sequence present in both proteins. As shown
in Fig. 11, the 30-aa sequence present in HYAL1 (aa 301-330)
and HYALS3 (aa 299-328) appears to be similarly situated in
both proteins. In this 30-aa sequence, 17 aa among the first 22
are either identical or conserved substitutions. When a compa-
rable 30-aa sequence among other human HAases (i.e. HYAL2,
HYAL4, and PH20) is aligned, 17 of the first 22 aa are highly
conserved (i.e. identical or conserved substitutions). Further-
more, the conserved aa occur at positions 2, 3, 68, 10-12, and
14-22. In addition, at position 29, either a Ser or a Thr residue is
present in all HAases. In HYALP1, which is possibly a pseudo-
gene (7), the 30-aa region also appears to be conserved, and of the
first 22 aa in this sequence, 16 are conserved. In HYALP1, a Ser
residue is present at position 29. We also compared a similarly
positioned 30-aa sequence in bee HAase. As shown in Fig. 11, of
the first 22, 12 are conserved (either identical or conserved sub-
stitutions) that occur at positions 2, 3, 6, 7 14, 15, and 17-22. In
addition, Thr at position 29 is also conserved. The high sequence
homology among mammalian and invertebrate HAases with re-
spect to the 30-aa sequence suggests that this sequence is critical
for HAase structure and activity.
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Fic. 10, Analysis of HAase activity of HYAL3wt and HYAL3
variant proteins. In vitro translated, unlabeled HYAL3wt and
HYALS variant proteins, as well as vector-only control were analyzed
for HAase activity using the HAase activity ELISA-like assay as de-
scribed under “Experimental Procedures.” Each sample was assayed at
five different concentrations in duplicate. The results represent milli-

units/ml += S.E. Each experiment was repeated twice and
independently.
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Fic. 11. Comparison of a 30-aa sequence in various human and
bee HAases. The 30-aa sequences identified in HYAL1 and HYAL3
type HAases were compared with each other and with the correspond-
ing 30-aa sequences in other human and bee HAases. The numbers
indicate the positions of this sequence in various HAases. The boxes
highlight the conserved (i.e. identical or conserved substitutions) aa
between various HAases.

DISCUSSION

In this study we have identified a 30-aa sequence that is well
conserved in several HAases and is required for enzyme activ-
ity of at least two human HAases (i.e. HYAL1 and HYAL3). The
nucleotide sequence of HYAL1 gene reveals this gene contains
three exons and two introns. Exons 1 (~1.5 kb) and 3 (0.9 kb)
are relatively large compared with exon 2 (90 bp). The HYAL1
genomic sequence shows that the 90-bp sequence (nucleotides
1520-1609) that is missing in HYAL1v1 is the entire exon 2.
Other HYAL1 variants appear to be generated by internal exon
splicing events that usually involve exon 1. For example, the
HYAL1wt described in this study is generated by an internal
exon 1 splicing event, involving nucleotides 110 and 596. This
splice variant has been described previously (GenBank™ ac-
cession number AF173154). HYAL1v2 appears to be generated
by internal exon splicing involving nucleotides 109 and 952 as
donor/acceptor sites, respectively, both of which are present in
exon 1. Generation of HYAL1v3 variant is interesting in that it
involves 2 splicing events. The first is the same internal exon 1
splicing involving nucleotides 110 and 596. The second splicing
involves splicing of nucleotide 1239 present in exon 1 to nucle-
otide 1577 that is present in exon 2. Generation of HYAL1v4
again involves an internal exon splicing event involving exon 1;
both the donor (nucleotide 108) and acceptor (nucleotide 1369)
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sites are present in exon 1. Generation of HYALI1v5 involves
internal exon 1 splicing that starts at nucleotide 109 and ends
nearly at the end of exon 1 (nucleotide 1519). Thus, the analysis
of HYAL?1 variants demonstrates that exon 1 in HYAL1 gene
has several internal donor and acceptor sites suitable for alter-
native mRNA splicing resulting in the generation of various
HYAL]1 splice variants. In addition, exon 2 can be alternatively
spliced. It is interesting to note that each of these splicing
events (either internal exon splicing or splicing of two exons)
maintain the same open reading frame as the HYAL1 protein,
resulting in different HYAL1 variant proteins.

Our study on HYALS3 splice variants confirms that the 30-aa
sequence that is important for enzyme activity is encoded by an
independent exon. The nucleotide sequence of HYAL3 gene
reveals that this gene contains four exons separated by three
introns. Exon 3 is 90 bp in length and corresponds to the 90-bp
vl region (nucleotides 1090-1179). Thus, splicing out of the
independent exon 3 generates HYALS3vl. As observed for
HYAL] variants, HYAL3v2 and HYALS3v3 splice variants are
generated by an internal exon splicing events that involve
exons 2 and 3. For example, HYAL3v2 variant is generated by
an internal splicing event involving exon 2 (nucleotides 178
943 are deleted), and HYAL3v3 is generated by the same in-
ternal splicing event involving exon 2 and also splicing of the
independent exon 3.

It is interesting to note that different bladder and lymph
node specimens and cells show differences in the pattern and
types of HYAL1 and HYALS splice variant that are expressed.
The reason for this heterogeneity is unknown at present. It is
noteworthy that bladder tumors show heterogeneity in their
ability to progress and recur. This heterogeneity in turn relates
to the differences in the biological behavior of different bladder
tumors (41). It is possible that the heterogeneous expression of
the HYAL] or HYALS3 variant may be related to the different
biological behavior of different bladder tumors. Because in both
HYAL1 and HYALS3 proteins the loss of the 30-aa sequence
results in the loss of HAase activity and because the 30-aa
sequence is coded by one single independent exon, the 90-bp-
long independent exon in both genes seems to encode an aa
sequence that is critical for HAase activity.

Other studies involving site-directed mutagenesis of PH20,
identification of a naturally occurring mutation in HYAL1, and
the crystal structure of bee HAase have identified several aa
present in different parts of HAase that are conserved and are
important for activity (31, 35, 42). The crystal structure of bee
HAase reveals that the insect and possibly mammalian HAases
have a classical (B/a)g TIM barrel structure (35). The dominant
feature of the HAase structure is a large groove that extends
perpendicular to the barrel axis. In bee HAase, loops following
the B strands 2, 3, and 4 form one wall of the groove, and those
of 1, 5, 6, and 7 form the other wall. This groove is large enough
to accommodate a hexasaccharide (35). Co-crystallization of
bee HAase with a hexasaccharide shows that the catalytic site
that cleaves the glycosidic bond between N-acetyl-p-glucosa-
mine and D-glucuronic acid lies in aa residues Asp™*? and
Glu**® (numbering according to GenBank™ accession number
AAA27730.1). In a substrate-assisted acid-base catalytic mech-
anism, Glu'® acts as the proton donor, and the N-acetyl group
of the substrate acts as the nucleophile. In all human HAases,
this Glu residue is conserved along with Asp and is believed to
be responsible for substrate cleavage (32). In the HYAL1 se-
quence this Glu is aa 131 (numbering according to GenBank™
accession number AAD09137.2), and in HYALS it is aa 129
(numbering according to GenBank™ accession number
AAH12892.1). Thus, the 30-aa sequence that we have identi-
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fied in HYAL1 (aa 301-300) and in HYALS3 (aa 299-328) most
likely is not a part of the catalytic site.

Based on the bee HAase crystal structure, the 30-aa se-
quence from aa 313 to 342 (Fig. 11), that is homologous to the
30-aa sequences in HYAL1 and HYALS, forms B sheets 6 and 7,
a-helix 8, and the loops in between (35). Because the loops
following B strands 6 and 7 are involved in forming one of the
walls of the substrate binding groove, loss of the 30-aa se-
quence in HYAL1 and HYALS3 proteins may result in the loss of
substrate binding. The substrate-associated catalytic cleavage
of the glycosidic bond between N-acetyl-D-glucosamine and
p-glucuronic acid requires accurate positioning of the N-acetyl
side chain of the substrate with respect to the catalytic site
(85). This is achieved by two hydrogen bonding interactions
and a hydrophobic interaction. The crystal structure shows
that in bee HAase, Trp®3 is involved in hydrophobic interac-
tion with the N-acetyl side chain (35). This Trp®3® corresponds
to Trp%?* in HYAL1 and Trp®"® in HYALS, both of which are
present in the respective 30-aa sequences (Fig. 11). This Trp
residue is also conserved in all HAases and other chitinolytic
enzymes (43, 44). Thus, the absence of this Trp residue in
HYAL1vl and HYAL3v1 mutant proteins may lead to improper
positioning of the substrate resulting in no catalysis. It remains
to be determined why this 30-aa sequence is so well conserved
in various HAases and what role other conserved residues play
in terms of substrate binding and catalysis. It should be noted
that the loss of 8 sheets 6 and 7, a-helix 8, and the loops in
between, because of the 30-aa deletion in HYALlvl and
HYAL3v1, may also result in complete loss of the TIM barrel
structure, making these proteins enzymatically inactive.

Other HYAL1 and HYALS variant proteins also illustrate
the importance of various structural domains for HAase activ-
ity. For example, HYAL1v3 variant, which contains the puta-
tive catalytic site (i.e. Asp'?® and Glu'®?) but lacks aa 208-435,
has no HAase activity. It is likely that the HYAL1v3 protein
does not form a proper. TIM barrel structure, and at the very
least, it lacks the substrate-binding groove. HYAL1v2 (aa 183—
435) and HYAL1v4 (aa 260-—435) proteins retain the 30-aa
sequence and also Glu2%®, which has been shown to be critical
for HAase activity. However, these variants are enzymatically
inactive, because they lack the putative catalytic site as well as
parts of the substrate-binding groove. A similar situation may
hold true for HYALS3v2 variant (aa 251-435), which also does
not have any HAase activity. The variants HYAL1v5 (aa 340—
435) and HYAL3v3 (aa 251-435 but lacking aa 299-328) lack
more than two-thirds of the respective molecules and hence will
not fold properly, lack the HAase catalytic site, and have no
substrate binding groove. Thus, this study illustrates the in-
volvement of several structural domains that are conserved in
various HAases and are important for enzyme activity.

Detection of various HYAL1/HYAL3 variants in bladder and
prostate cancer lines, bladder tumor tissues, as well as normal
kidney tissue suggest that the expression of functionally active
HAase in various cells and tissues may be regulated by alter-
native mRNA splicing. We have previously shown that HAase
levels are elevated (3—7-fold) in the urine of bladder cancer
patients who have high grade (i.e. G2/G3) disease (39). Fur-
thermore, in a study of 504 patients, we demonstrated that the
HAase level serves as a highly sensitive (82%) and specific
(83%) marker for detecting G2/G3 bladder cancer (18). Urinary
HAase levels together with HA levels (i.e. HA-HAase test) are
sensitive and specific in detecting bladder cancer and monitor-
ing its recurrence (18, 45). We have also shown that both
invasive bladder and prostate cancer cells secrete high levels of
HAase activity, and HYAL1 is the major HAase expressed in
these carcinomas (17, 30, 46). Consistent with these observa-
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tions, in this study we observed that the full-length HYAL1wt
transcript that encodes a functional HAase is expressed only in
bladder and prostate cancer cells, G2/G3 bladder tumor tissues,
and lymph node specimens showing tumor invasion. In normal
bladder and G1 bladder tumor tissues, in a normal bladder
primary culture, and in bladder tissues showing no evidence of
tumor, the major HYALL transcript that is expressed is the
HYAL1v5 variant. Because this transcript or other HYAL1
variant transcripts (i.e. HYAL1v2-v4) that are also expressed
in some of these specimens do not encode a functional HAase,
it may explain why in these tissues or cells no HAase activity
and wild type HYAL1 protein are detected (30, 46, 47).

HAase protein has been shown to be associated with tumor
angiogenesis and/or invasion (48). However, because HYAL1
(and also HYAL2 and HYALS3) is present on chromosome 3p
21.3 locus, and this region is a critical tumor homozygous
deletion region in lung and breast cancers, it has been sug-
gested that HYALI may be a tumor suppressor (7, 49). A recent
study clearly demonstrates that the RASSF1 gene and not
HYALL is the tumor suppressor gene present in that locus (50).
Thus, several observations, including elevation of HAase levels
in bladder and prostate tumors (18, 30), suggest that HYAL1
may have a role in promoting tumor progression. Normal cells
may suppress the HAase activity of HYAL1 by generating
HYAL1 splice variants that encode an inactive enzyme. It
remains to be determined why the normal bladder cells/tissues,
G1 bladder tumor tissues, and normal kidney tissues express
different splice variants that encode inactive HYAL1 proteins.

The expression of HYALS3 protein has been previously de-
tected in prostate cancer cells by RT-PCR analysis (51). Our
results show that in all bladder tumor cells and prostate cancer
cells,2 and in all of the bladder tumor tissues that we have
tested, the major HYAL3 transcript appears to be HYAL3v3
variant. This variant is enzymatically inactive. In fact we were
unable to clone HYAL3wt from various cancer cells and tissues.
The minor ~1.4-kb transcript expressed in cancer cells/tissues
is HYAL3v1. Once again it remains unclear what is the func-
tion of these enzymatically inactive HYALS3 variant proteins.

This study identifies a 30-aa sequence that is highly con-
served among all human and insect HAases and is critical for
HAase activity. This study also identifies alternative mRNA
splicing as the likely mechanism of regulating the expression of
enzymatically active HAase in various tissues and cells. The
expression of HYAL1wt mRNA that encodes the functional
HYAL]1 protein in high grade bladder tumor tissues and in
invasive bladder/prostate cancer cells provides an insight into
why HAase levels are elevated and serve as a marker for tumor
progression.
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Characteristic behaviors of head and neck squamous cell
carcinoma (HNSCC) include a propensity to occur as multi-
ple synchronous and metachronous tumors, frequent recur-
rence and metastasis. Early detection of HNSCC and moni-
toring its recurrence are necessary to improve prognosis.
Hyaluronic acid (HA), a component of extracellular matrix,
promotes metastasis. Small fragments of HA stimulate an-
giogenesis. HA fragments are generated when hyaluronidase
(HAase), an endoglycosidase, degrades the HA polymer, Us-
ing the HA test (an ELISA-like assay) we found that saliva HA
levels are 4.9-fold elevated in 11 HNSCC patients (284 =
887 ng/mg protein) when compared to 6 normal controls
(579.3 = 122.6 ng/mg protein; p = 0.00238). HNSCC patients
included in our study were patients with cancers of the oral
cavity (n = 4), pharynx (n = 7) and larynx (n = 1). The HA
levels were also elevated in MDA-1483, FaDu and HEp-2 cell
lines when compared to the transformed keratinocyte line
HEK-001l. Saliva HAase levels measured using the HAase test
(an ELISA-like assay) were 3.7-fold elevated in HNSCC pa-
tients (10.4 = 1.4 mU/mg protein) when compared to normal
controls (2.8 = 0.7 mU/mg protein; p = 0.0028). MDA-1483
and HEp-2 cells secreted 7- to |11-fold higher levels of HAase
in their conditioned media (CM) when compared to FaDu
cells, and the latter secreted 1.5-fold more HAase than HEK-
001 cells. Reverse transcriptase (RT)-PCR analysis detected
the expression of full-length HYALI type HAase transcript in
tumor cells. None of the cells exhibited the expression of
PH20 in RT-PCR analysis. Immunoblot analysis confirmed
the expression of a ~55 kDa HYAL.-related protein in tumor
cell CM and in patients’ saliva. The pH activity profile and
optimum (pH 4.4) of the HAase activity present in HNSCC
patients’ or normal saliva and that secreted in the CM of
tumor cells closely resembled that of the partially purified
HYALI type HAase. The profiles of HA species in HNSCC
patients’ and normal saliva are different. The high-stage
HNSCC patients’ saliva contains a high-molecular-mass HA
species and HA fragments, in addition to the HA species
present in the normal individual’s saliva. These results show
that HYALI is the major tumor-derived HAase expressed in
HNSCC. Furthermore, HA and HAase may be sensitive and
specific markers for detecting HNSCC and monitoring its
recurrence. Further studies are needed to confirm these
preliminary studies.
© 2003 Wiley-Liss, Inc.

Key words: head and neck tumors; hyaluronic acid; hyaluronidase;
HA-HAase test; HYAL]

Head and neck squamous cell carcinoma (HNSCC) accounts for
most of the 500,000 worldwide incident cancers of the mouth,
pharynx and larynx.!2 According to the American Cancer Society
Cancer Facts and Figures 2002, approximately half of the esti-
mated 38,000 new cases of HNSCC in the United States are oral
cavity cancers; cancers of the pharynx and larynx make up the rest.
The prognosis of HNSCC patients depends upon the site at which
the cancer originates, as well as tumor stage.!*-5 Head and neck
cancer is generally staged I-IV, based upon the American Joint
Committee on Cancer Staging System (AJCC) TMN (tumor, me-
tastasis, node) classification.# Over 80% of stage I and 60% of
stage II patients can be cured after treatment.4 However, patients
with more advanced disease (i.e., stages III and IV) have less than

a 30% chance of cure.* Similarly, patients with node-positive
disease, regardless of the site of origin of the cancer, have poor
prognosis.*~¢ Because of the complexity of the head and neck,
therapy often results in facial disfigurement, speech and swallow-
ing problems and substantial health care costs.

The most important predisposing factors for the development of
HNSCC are tobacco and alcohol.!45 Since the entire mucosal
surface of the upper aerodigestive tract is exposed to carcinogens
in tobacco and alcohol, multiple sites are at risk for the develop-
ment of synchronous and metachronous lesions.?>-6 In addition to
disease progression and metastasis, HNSCC has a propensity to
recur. For example, a recurrent tumor at the primary site occurs in
approximately 20-30% of patients and remains the most common
cause of failure for patients treated for head and neck tumors.”
Regional recurrence in the neck occurs in 10-15% of patients and
remains the most common cause of disease-related death in these
patients.” Therefore, patients’ prognosis is bleak with later-stage
recurrence.” The detection of HNSCC and monitoring its recur-
rence can be improved if molecules that associate with the devel-
opment, growth and invasion and metastasis of HNSCC are iden-
tified.8-10 Since hyaluronic acid (HA) and hyaluronidase (HAase)
have been shown to be involved in tumor progression and serve as
highly sensitive and specific markers in the detection of and
making prognostic predictions for some tumors, these molecules
may function in HNSCC.

HA is a nonsulfated glycosaminoglycan (GAG) made of repeat-
ing disaccharide units, D-glucuronic acid and N-acetyl-D-glu-
cosamine.'!~13 HA is present in body fluids, tissues and extracel-
lular matrix. It performs several functions in normal physiology
such as keeping tissues hydrated, maintaining osmotic balance and
supporting cartilage integrity.!2-14 It also interacts with cell surface
receptors (e.g., CD44, RHAMM, etc.) and, through these interac-
tions, regulates cell adhesion, migration and proliferation,5.16
Concentrations of HA are elevated in several cancers, including
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colon, breast, prostate, bladder and lung.17-25 Tissue expression of
HA in tumors such as colon and breast predicts poor progno-
sis.18.19.21.22 Using an ELISA-like assay (HA test), we have pre-
viously demonstrated that urinary HA levels are elevated in blad-
der cancer patients, regardless of the tumor grade.?* Depending
upon the type of tumor, HA may be synthesized by stromal cells,
tumor cells or both.17-19.2223.25 In tumor tissues, HA supports
metastasis by promoting tumor cell migration, offering protection
against immune surveillance and causing a partial loss of contact-
medicated inhibition of cell growth and migration.26-29

HAase is an endoglycosidase that degrades HA into small
angiogenic HA fragments.30-32 HA and angiogenic HA fragments
stimulate endothelial cell proliferation, adhesion and migration by
activating the focal adhesion kinase and MAP kinase path-
ways.?*-35 We have previously detected these fragments in the
urine of high-grade bladder cancer patients and high-grade prostate
cancer tissues.25-36 HAase has been shown to alter the expression
of CD44 isoforms,3” which may also be involved in tumor pro-
gression. In addition, HAase is associated with increased tumor
cell cycling 38 Of the 6 human HAases encoded by different genes,
3 are characterized at the protein level. *-41 HYALI type HAase
was originally purified from human plasma and urine.3® However,
we have shown that HYALL is the major tumor-derived HAase
expressed in bladder and prostate cancer tissues and have charac-
terized its expression at the mRNA and protein levels in tumor
cells.17:2542 Purthermore, using an ELISA-like assay (i.e., HAase
test) we have shown that the HAase levels serve as an accurate
marker for detecting high-grade bladder tumors.2*

HYALI type HAase has an optimum pH range of 4.0-4.3, and
the enzyme is 50—80% active at pH 4.5.25 The expression of PH20
mRNA has been detected by Reverse transcriptase (RT)-PCR
analysis in some tumor tissues, including laryngeal cancer. How-
ever, the presence of PH20 protein has not been documented in
these studies.*>#4 In another study, while HYAL1 transcripts were
present, enzyme activity and protein were markedly reduced or
absent in 6 of the 7 HNSCC cell lines tested.*5 In our study, using
the HA and HAase tests, we investigated whether HA and HAase
are useful tumor markers for HNSCC. Furthermore, we have
characterized the type of HAase that is expressed in HNSCC cells
and patients’ saliva.

MATERIAL AND METHODS
Saliva collection

Approximately 1 cc of saliva was collected from 12 consecutive
HNSCC patients (i.e., SCCI-SCCI12) and 6 normal volunteers,
according to the protocol approved by the Institutional Review
Board at the University of Miami. Among the HNSCC patients,
there was 1 laryngeal cancer patient, 4 patients with oral cavity
cancer (oral tongue, n = 1; bucal mucosa, n = 1; retromolar
trigone, n = 2) and 6 patients with pharyngeal cancer. Of the
pharyngeal cancer patients, 4 were oropharyngeal (base of tongue,
n = 1; tonsil, n = 3) and 2 were hypopharyngeal. In 1 of the
patients, SCC1, saliva was collected after the tumor had been
removed and there was no gross evidence of tumor at the time of
saliva collection. In patient SCC12, saliva was collected prior to
neck dissection to remove a 3.7 cm node containing squamous cell
carcinoma. Although appropriate endoscopy and biopsies were
performed, a primary site in the upper aerodigestive tract was
never identified. Saliva specimens from all patients and normal
controls were placed on ice for transport and stored at —20 to
-70°C.

" Cell culture

We obtained FaDu (hypopharyngeal cancer), HEp-2 (originally
classified as laryngeal cancer, but now classified as a Hela con-
taminant) and HEK-001 (transformed keratinocyte) cell lines from
the American Type Culture Collection (ATCC). MDA-1483, an
oral squamous cell carcinoma line, was a gift from Dr. Mien-Chie
Hung PhD, University of Texas M.D. Anderson Cancer Center.
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HNSCC cells were maintained in RPMI-1640 medium supple- -
mented with 10% fetal bovine serum and gentamycin. HEK-001
cells were grown in Keratinocyte Growth Medium (Cambrex
Bioscience Walkersville, Inc., Walkersville, MD) supplemented
with L-glutamine, epidermal growth factor and bovine pituitary
extract. At approximately 60% confluence, cultures were washed
and incubated in serum-free RPMI-1640 or Keratinocyte Growth
Medium supplemented with insulin, transferrin and selenium. The
cell-conditioned media (CM) were collected at 48-72 hr.

ELISA-like assay for HA (HA test)

HA concentration was measured using an ELISA-like assay
originally described by Fosang er al¢ and later modified by
Lokeshwar et al.?* for measuring HA levels in urine, tissue ex-
tracts and cell CM (HA test). The HA ELISA-like assay is based
on a competition binding principle where the HA coated on a
microtiter well competes with HA present in biologic speci-
mens.2** Ninety-six-well microtiter plates were coated with hu-
man umbilical cord HA (25 pg/ml; ICN Biomedicals, Aurora,
OH). The HA-coated wells were incubated with various amounts
(0.5-10 pl) of either saliva specimens or cell CM in the presence
of a biotinylated bovine nasal cartilage HA-binding protein. The
amount of the biotinylated HA-binding protein bound on the wells
was determined using an avidin-biotin detection system (Vector
Laboratories, Inc., Burlingame, CA). The amount of HA present in

each sample (ng/m!) was determined using a standard graph. We -

routinely normalize HA levels (and HAase levels; see below) in
biologic fluids, tissue extracts or cell CM to total protein to
eliminate the influence of a patient’s hydration status (for biologic
fluids), losses during extraction (for tissue extracts) or differences
in cell growth (for cell CM). The HA levels are expressed as ng/mg
(i.e., ng HA/mg protein). For each sample, 3 different amounts,
each in duplicate, were tested. The HA levels are expressed as
mean * SE

HAase ELISA-like assay (HAase test)

HAase levels present in CM of cell lines and saliva were
measured using an ELISA-like assay similar to that developed by
Stern and Stern*? with several modifications to allow measuring of
HAase levels in urine, tissue extracts and cell CM (HAase
test).2448 Microtiter wells coated with 200 pg/ml HA were incu-
bated with CM or saliva for 16 hr at 37°C in HAase assay buffer
(0.1 M sodium formate, 0.15 M NaCl, pH 4.2, 0.2 mg/ml bovine
serum albumin). After incubation, the plates were washed to
remove degraded HA. The HA remaining on the wells was deter-
mined using the same biotinylated HA-binding protein and the
avidin-biotin detection system as the HA test. HAase concentration
(mU/ml) was determined using a standard graph and then normal-
ized to total protein. The HAase levels were finally expressed as
mU/mg (i.e., mU HAase/mg protein). For each sample, 3 different

amounts, each in duplicate, were tested. The HAase levels are -

expressed as mean * SE

The pH activity profile of HAase was determined in normal and
HNSCC patients’ saliva specimens, CM of a transformed keratin-
ocyte (HEK-001) and 2 cell lines (HEp-2 and MDA-1483). Iden-
tical amounts of saliva specimens or CM were added to HA-coated
plates containing HAase buffer at various pH values, increasing by
1.5 pH units from pH 3.0 to 8.0. To achieve effective buffering, we
used formate-NaCl buffer between pH 3.0 and 5.0, 0.1 M sodium
acetate—0.15 M NaCl buffer between pH 5.0 and 6.5 and 0.1 M
phosphate buffer between pH 6.5 and 8.0. Partially purified
HYAL]1 from bladder cancer patients’ urine*2 and bovine testicular
HAase (Sigma Chemical Co., St. Louis, MO) were used as positive
controls. The control wells received the buffers of specified pH,
identical to those added in the sample wells. The results were
expressed as O.D. 445 m (control sample).

RT-PCR analysis for HYALI and PH-20

Total RNA was extracted from cell lines and a normal oropha-
ryngeal tissue (collected at uvulopalatopharyngoplasty from a pa-
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tient with obstructive sleep apnea), using an RNA extraction kit
(Qiagen, Valencia, CA). Total RNA (about 1 p.g) was subjected to
first-strand cDNA synthesis using the Superscript™ preamplifica-
tion system and oligo (dT) primers (Life Technologies, Inc., Gaith-
ersburg, MD). The ¢cDNA was amplified for using Ampli-Tag
Gold™ (Perkin-Elmer Life Sciences, Wellesley, MA) and a pre-
viously described strategy.?® Specifically, primers for HYALI
were as follows: HYAL1L?2 (the sequence between the nucleotides
594 and 613, Genbank accession number HSU03056): L 5'-TT-
GTCCTCGACCAGTCCCGT-3'; HYALIR2 (the reverse comple-
mentary sequence between nucleotides 1906 and 1925, GenBank
accession number HSU03056): 5'-ATCACCACATGCTCTTC-
CGC-3'. Primers for PH-20 have been previously described*? and
were as follows: PH20L1 (the sequence between nucleotides 908
and 927, GenBank accession number $67798). 5'-CTTAGTCT-
CACAGAGGCCAC-3’; PH20R1 (the reverse complementary se-
quence between nucleotides 1517 and 1536): 5'-TACACACTC-
CTTGCTCCTGG-3'. PCR conditions were as follows: (i) 95°C
for 10 min; (ii) 10 cycles of 94°C for 30 sec (70—60°C) for 30 sec,
i.e., annealing temperature dropping by 1°C at each cycle, 72°C for
1 min; (iii) 30 cycles of 94°C for 30 sec, 60°C for 30 sec and 72°C
for 1 min; and (iv) 72°C for 7 min, final extension. The PCR
mixture for HYAL1 amplification contained 5% dimethy! sulfox-
ide. The PCR products were analyzed by 1.2% agarose gel elec-
trophoresis and eithidium bromide staining. Plasmids containing
HYALI ¢cDNA and PH20 cDNA served as positive controls for
respective PCRs.

Immunoblot analysis for HYALl

Cell CM were concentrated 10-fold and protein was determined.
Approximately equal amounts of protein from different CM or
saliva specimens were separated on an 8.5% SDS-polyacrylamide
gel, under nonreducing conditions, and then blotted onto a poly-
vinylidene difluoride membrane. The blot was blocked with 3%
BSA in 20 mM Tris-HCI, pH 7.4, 0.15 M NaCl and 0.05% Tween
20. The blot was probed with 5 pg/ml of an anti-HYAL]1 peptide
IgG at 4°C for 16 hr. The anti-HYAL]1 peptide IgG was generated
against a 19-amino-acid sequence between HYALI1 (amino acids
321-338), and purified as described previously.4Z After incubation,
the blot was washed and incubated with an alkaline phosphatase-
conjugated goat anti-rabbit IgG (1:7,500 dilution; Sigma Chemical
Co., St. Louis, MO) at room temperature for 2 hr. The blot was
washed and developed using an alkaline phosphatase color detec-
tion system (Bio-Rad, Hercules, CA). The specificity of the anti-
HYALI antibody has been previously determined.*2
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Determination of HA profile in saliva

Saliva specimens from normal individuals and HNSCC patients
(stages I to IV) were applied to a Sephadex G-50 column (1.5 X
120 cm) equilibrated with phosphate-buffered saline. The column
was eluted in the same buffer at 7 ml/hr and 3 m! fractions were
collected. The fractions were assayed for HA by the HA test as
described above. The column was calibrated using human umbil-
ical cord HA and HA fragments, F1 (10135 disaccharide units), F2
(2-3 disaccharide units) and F3 (~2 disaccharide units), respec-
tively.36

RESULTS
Determination of HA and HAase levels in saliva specimens

HA levels in saliva. The HA test was used to determine the HA
levels present in saliva specimens from 12 HNSCC patients and 6
normal individuals. Determination of HA concentration by an
ELISA-like assay, its normalization to total protein and its expres-
sion as ng/mg has been designated as the HA test. It is noteworthy
that in saliva specimens, regardless of whether these were from
normal individuals or HNSCC patients, the protein concentration
generally varied between 0.7 and 3 mg/ml. Thus, HNSCC patients
secrete neither less nor aberrantly more protein in their saliva;
rather, the variation in individual protein concentration is likely a
reflection of the hydration status of the oral cavity. The HA test
was originally designed to measure urinary HA levels in bladder
cancer patients.?* As shown in Table I, the HA levels in 6 of 6
normal individuals are below 1,000 ng/mg. The mean HA levels in
the normal individuals® saliva are 579.3 = 122.6 ng/mg. The HA
levels are significantly elevated HNSCC patients with active dis-
ease. For example, in 8 of the 11 patients the HA levels are above
1,000 ng/mg (Table I). The mean HA levels among patients with
active HNSCC are 2,841 *= 887.8 ng/mg. Thus, the mean saliva
HA levels in HNSCC patients are 4.9-fold elevated when com-
pared to the normal controls. It is noteworthy that the HA levels
are comparable to those of normal controls in patient 1 (468 *
14.5 ng/mg). This patient had an excisional biopsy performed
elsewhere. At our institution the patient underwent saliva collec-
tion followed by resection of normal tissue margins around the
tumor site. There was no microscopic tumor in the margin tissue
on final pathology.

The difference between the saliva HA levels of HNSCC patients
and those of normal individuals is statistically significant (p =
0.0238, 2-tailed p-value, Mann-Whitney test). Since the saliva HA

TABLE I- MEASUREMENT OF HA AND HAase LEVELS IN SALIVA SPECIMENS

Study Individuals Site Stage H(’:gl;:]‘f;)“ H“(ﬁ%};:;e‘s
Normal 1 - - 800 + 50 37+03
Normal 2 - - 743 = 120 3604
Normal 3 - - 250 = 27 4005
Normal 4 - - 973 = 123 43+03
Normal 5 - - 430 =70 05*02
Normal 6 - - 281 = 20 06 +0.1
HNSCC patients

1 ocC No Tumor 468 = 14.5 1.7+03
2 P v 3925 + 223 17 =34
3 P v 9692 + 177 1954
4 oC 1 3821 + 200 154 +12
5 ocC 11 1199 *+ 109 89+ 0.8
6 L 1 344 + 23 109 £ 0.6
7 P 11 568 * 66 56 +038
8 ocC 11 2176 % 340 74 *06
9 P i 1126 + 33 80+1.0
10 P v 6451 * 555 6.8 +0.8
11 P 11 1240 + 88 75*06
12 Unknown primary v 707 *+ 99 7.6 =077

HA and HAase levels were measured in saliva specimens from 12 HNSCC patients and 6 normal
individuals using the HA and HAase tests as described in Material and Methods. OC, oral cavity; P,
pharynx; L, larynx. Bars: mean % S.E. Patient 1 had no active disease at the time of saliva collection.
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levels are elevated in patients with either oral cavity, pharyngeal or
laryngeal HNSCC, as well as among patients with either stage 11,
IIT or IV disease, it is possible that the HA levels are elevated in
HNSCC patients, regardless of the site and stage of the disease.
However, due to a small number of patients included in this
preliminary study, correlation between tumor stage and HA levels
could not be determined.

HAase levels in saliva. Determination of HAase concentration
by an ELISA-like assay, its normalization to total protein and its
expression as ng/mg has been designated as the HAase test. The
HAase test was originally designed to measure urinary HAase
levels in bladder cancer patients.24

As shown in Table I the HAase levels in 6 of 6 normal indi-
viduals are below 5 mU/mg. The mean HAase levels in the normal
individuals’ saliva are 2.8 = 0.71 mU/mg. The HAase levels are
significantly elevated in HNSCC patients with active disease. For
example, in 11 of the 11 patients, the HAase levels are above 5
mU/mg (Table I). The mean HAase levels among patients with
active HNSCC are 1042 * 1.4 mU/mg. Thus, the mean saliva
HAase levels in HNSCC patients are 3.7-fold elevated when
compared to those of the normal controls. The HAase levels are
comparable to those of normal controls in patient 1 (1.7 = 0.3
mU/mg), who had no evidence of HNSCC at the time of saliva
collection.

The difference between the saliva HAase levels of HNSCC
patients and those of normal individuals is statistically significant
(p = 0.0028, 2-tailed p-value, Mann-Whitney test). Since the
saliva HAase levels are elevated in patients with either oral cavity,
pharyngeal or laryngeal HNSCC, as well as among patients with
either stage II, IIl or IV disease, it is possible that the HAase levels
are elevated in HNSCC patients, regardless of the site and stage of
the disease. However, due to a small number of patients included
in this preliminary study, correlation between tumor stage and
HAase levels could not be determined.

Determination of HA and HAase levels in cell CM

Both tumor cells and fibroblasts isolated from tumor tissues
have been shown to produce HA in vitro.!7.23 We therefore com-
pared HA production among HNSCC cell lines FaDu, MDA-1483,
transformed keratinocyte HEK-001 and Hep-2 (a positive control).
We found that all cell lines secrete measurable amounts of HA in
their CM. However, both FaDu (2.2 * 0.3 pg/mg) and MDA-1483
(4.3 = 0.7 pg/mg) cells secrete higher amounts of HA in their CM
when compared to HEK-001 (0.5 * 0.04 pg/mg) and HEp-2
(0.9 = 0.05 pg/mg) cells, respectively.

We next measured HAase levels in cell CM using the HAase
test. The HAase assay was performed at pH 4.3. We found that
HEp-2 (47.3 = 6.7 mU/mg) and MDA-1483 (69.0 % 7.9 mU/mg)
cell lines secrete 7- to 11-fold higher levels of HAase in their CM
than FaDu (6.4 = 1.1 mU/mg) cells. FaDu cells secrete 1.5-fold
more HAase in their CM than the HEK-001 cells (4.3 = 0.7
mU/mg). These results indicate that HNSCC cells secrete both the
HA and HAase in their CM and the transformed keratinocyte line
secretes significantly less HA and HAase than the tumor cells.

Characterization of HAase in HNSCC cells and patients’ saliva

We have previously shown that HYALI type HAase is the
major HAase expressed in bladder and prostate cancer tissues and
cells, as well as in the urine of bladder cancer patients.!7-25:42
However, PH20 mRNA expression has been detected in laryngeal
cancer tissues.**> We therefore examined the expression of HYALL1
and PH20 in HNSCC cell lines, tissues and saliva specimens.

RT-PCR analysis. We performed RT-PCR analysis on total
RNA isolated from HEp-2, MDA-1483, FaDu and HEK-001 cells
and a normal pharyngeal tissue specimen, using a HYAL1-specific
primer pair that we have previously used to amplify the entire
coding region of HYAL1 from bladder and prostate cancer cells.25
As shown in Figure 1a, an expected 1.3 kb HYAL1-specific PCR
product is amplified from HEp-2, FaDu and HEK-001 cells and the
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FiGure 1 - Examination of HYALI1 and PH20 transcripts in cells
and tissues: total RNA was isolated from HEp-2, FaDu and HEK(01
cells and a normal oropharyngeal tissue specimen. The RNA was
reverse transcribed and PCR amplified using HYAL1 and PH20 spe-
cific primer pairs as described in Material and Methods. Full-length
HYALI1 and PH20 cDNAs served as positive controls for PCR. PCR
products were analyzed by agarose gel electrophoresis.

normal tissue. The length and the sequence of this product are
similar to those of the HYAL1 ¢DNA, which was used as a
positive control in this RT-PCR analysis. This PCR product was
not amplified in negative control samples, prepared by the omis-
sion of either first-strand cDNA or the Ampli-Taq Gold polymer-
ase in the PCR mix (data not shown).

When the RT-PCR analysis was performed using a PH20-
specific primer pair, an expected 628 bp PCR product is amplified
from the DNA of a positive control plasmid that contains the entire
PH20 coding sequence (Fig. 1b). However, none of the cell lines
and the normal tissue showed expression of the PH20 mRNA
(Fig. 1b).

Immunoblot analysis. We next examined the expression of
HYALL protein in the cell CM and patients’ saliva by immunoblot
analysis using an anti-HYAL1 peptide IgG. This antibody is di-
rected against the amino acid sequence containing amino acids
321-338 in the HYALL1 sequence and has been well characterized
in terms of its specificity to detect HYAL1 in immunoblot and
immunohistochemic analyses.!7-25 As shown in Figure 2a, a major
~55 kDa protein is detected in the CM of MDA-1483, HEp-2 and
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HEK-001 cells. Furthermore, a ~55 kDa protein is also detected in
saliva specimens from SCC6 and SSC9 patients. As shown in
Figure 1, SSC6 and SSC9 patients have 10.9 and 8 mU/mg of
HAase activity in their saliva. None to very weak expression of the
55 kDa HYALI1-related protein is observed in saliva specimens
from NL2 and NL5 patients (Fig. 2a). These results demonstrate
that a 55 kDa HYALIl-related protein is expressed in HNSCC
patients’ saliva and that its expression is consistent with the HAase
activity that is detected in saliva specimens.

We next analyzed the presence of HYALL in saliva specimens
from all 12 HNSCC patients using the anti-HYAL1 immunoblot
analysis. As shown in Figure 2b, a major ~55 kDa protein is
detected in the saliva of HNSCC patients. The minor bands in the
saliva of patients 3 and 9 could be HYAL] degradation products.
The intensity of the HYAL1 band roughly corresponded to the
amount of HAase activity present in the saliva of each patient as
shown in Table I.

Determination of pH activity profile of HAase activity. We have
recently shown that the HYAL1 type HAase has a pH optimum
range between 4.1 and 4.3. Furthermore, the HAase expressed in
bladder and prostate cancer tissues, cells and bladder cancer pa-

-HYAL1

91011 12

FicUre 2 — Immunoblot analysis of sa-
liva specimens and cell CM using anti-
HYALL antibody. (a) Culture CM (~5 pg
of total protein) and saliva specimens
from SCC6 and SCC9 patients and NL2,
o and NL5 controls (~10 pg of total pro-
o Wi W S tein) were subjected to immunoblot anal-
) ysis using an anti-HYALI peptide IgG, as
described in Material and Methods. (b)
Saliva specimens from all 12 HNSCC pa-
tients presented in Table I were subjected
to HYAL1 immunoblot analysis using the
anti-HYALT1 IgG, as described in Material

and Methods.

tients” urine has the same pH optimum. Moreover, the HYALI1
type HAase is 50% active at pH 4.5 and has no activity at pH 5.0.2
On the contrary, PH20 is active between pH 3 and 9 and has a
broad pH optimum in the neutral pH range.**-52 We determined
the pH activity profile of the HAase activity secreted in the CM of
HEp-2, MDA-1483 and HEK-001 cells and saliva specimens from
the SCC8 patient and NL3 control using the HAase ELISA-like
assay, conducted at different pH values. A partially purified
HYALL preparation and bovine testicular HAase were also as-
sayed at different pH values to gerve as positive controls. As
shown in Figure 34, the HAase activity present in saliva from a
HNSCC patient (SCC8) and normal individual (NL3) has a single
pH optimum at 4.4. The pH activity profile and the pH optimum of
the HAase activity present in saliva closely resemble that of
HYALI (pH optimum = 4.2-4.3, Fig. 3a). The testicular HAase
has a broad pH activity profile with a pH optimum at 5.0. The
enzyme is over 80% active at pH 6.5, ~ 65% active at pH 7.0 and
41% active at pH 8.0. These results show that the HAase activity
present in saliva is distinct from the testicular type HAase activity,
and it resembles the acidic type HAases such as HYALL. As
shown in Figure 3b, the HAase activity secreted CM of HEp-2,
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FiGURE 3 - Determination of pH activity profile of HAase activity
present in CM and saliva specimens. Saliva specimens from SCC8
patient, NL3 control and culture CM from MDA-1483, Hep-2 and
HEK-001 cells were assayed for HAase activity at different pH values
as described in Material and Methods. (a) pH activity profile of saliva
specimens. Partially purified HYALI and testicular HAase (PH-20)
were also analyzed under same assay conditions. (b) pH activity profile
of cell culture CM.

MDA-1483 and HEK-001 cells exhibits a single pH optimum at
4.3-4.4, suggesting the presence of an acidic type HAase, such as
HYALL, in the CM.

Analysis of HA species present in saliva

It has been shown that small HA fragments (3-25 disaccharide
units) generated by HAase digestion of HA are angiogenic.3? We
have previously demonstrated the presence of such angiogenic
fragments in the urine of bladder cancer patients and in prostate
cancer tissues.2536 We analyzed the profile of HA species present
in normal individuals and HNSCC patients by gel-filtration chro-
matography. As shown in Figure 4, 1 HA species that has inter-
mediate size between the high-molecular-mass HA and the Fl
fragment is present in the normal individual’s saliva. The patient
with stage TINO disease has a saliva HA profile similar to that of
the normal individual. The stage T2NO patient’s saliva contains 2
HA peaks, a large HA peak that elutes before the HA peak present
in the normal individual’s saliva, suggesting that the size of this
HA species is higher than that present in the normal individual’s
saliva. The smaller second HA peak elutes at a position similar to
that of the F1 HA fragment, which is angiogenic.25:3¢ The saliva
HA profile of HNSCC patients with stage T3N1 and T4NO reveals
several HA peaks. These peaks correspond to HA (i.e., peaks I and
II), the F1 fragment (peak IIT) and the F2 fragment (i.e., peak IV).
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FiGURE 4 - Examination of saliva HA profiles of normal and
HNSCC patients. The sizes of HA species in the saliva of a normal
individual, and HNSCC patients (stages TINO, T2NO, T3N1 and
T4NO0) were determined by gel-filtration chromatography on a Seph-
adex G-50 column, as described in Material and Methods. The column
was standardized using high-molecular-mass HA and HA fragments
F1 (10-15 disaccharide units), F2 (2-3 disaccharide units) and F3 (~2
disaccharide units).

These results show that the HNSCC patients with higher stage may
contain both the high-molecular-mass and low-molecular-mass
HA species. The low-molecular-mass HA species may result from
HA degradation by HAase.

DISCUSSION

The management of HNSCC is challenging. Elimination of the
initial tumor offers the best chance of cure, yet with current
treatment modalities we succeed only 50% of the time.52:53 Ther-
apy fails most often due to recurrence at the primary site or in the
neck, and less often from distant metastases.52-54 Research in
HNSCC focuses on the identification of molecular markers and
their ability to accurately stage tumors and predict recurrence.8-10.55
Identifying such markers will help to initiate effective treatment
protocols promptly. Based on the findings reported here, we believe
that HA and HAase are candidate tumor markers.

Pathologists have long recognized a mucin-like substance noted
on gross examination of tumor specimens, which has since been
identified as HA.2! HA is potentially a useful marker for diagnosis
and prognosis for many tumors.!7-25 For example, we have previ-
ously shown that urinary HA levels, measured using the HA test,
have 83.1% sensitivity and 90.1% specificity to detect bladder
cancer, regardless of its tumor grade.>* The results of this pilot
study using the HA test indicate that HA levels are ~5-fold
elevated in the saliva of HNSCC patients when compared to
normal controls. In 8 of 11 HNSCC patients with active disease,
the HA levels were >1,000 ng/mg, whereas all 6 normal controls
had HA levels of |[< 1,000 ng/mg.| In tumor tissues depending
upon tissue origin, either the tumor-associated stroma or tumor
cells, or both, secretes elevated levels of HA.17-20.22-25 Although at
present the cellular origin of HA present in HNSCC tissues is
unknown, under in vitro culture conditions both HNSCC cell lines
and the HEp-2 line secrete higher amounts of HA in their CM than
the keratinocyte line HEK-001.

Like HA, HAase levels are elevated in bladder and prostate
cancer tissues.!7-24.2548 In our study, HAase levels were elevated
3.7-fold in the saliva of HNSCC patients when compared to
normal controls. While in all 6 normal individuals the HAase
levels were <5 mU/mg, the HAase levels were above 5 mU/mg in
all 11 HNSCC patients with active disease. Urinary HAase levels
with a cutoff limit of 10 mU/mg are highly sensitive (81.5%
sensitivity) and specific (83.8% specificity) markers for detecting
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high-grade bladder tumors, which are invasive and metastatic.2* In
HNSCC, stage TII and IV tumors represent advanced stage disease
with poor prognosis.+#3 It is noteworthy that in our study, saliva
HAase levels are elevated in all of the stage III and IV patients
when compared to normal controls. HAase levels are also elevated
among HNSCC patients regardless of the site that is involved.
Thus, HAase may be a potential marker for HNSCC. However, it
remains to be determined whether HAase levels are also elevated
in stage I HNSCC, which is less likely to metastasize.

We have previously shown that tumor cells under both in vive
and in vitro secrete HAase.172542 Consistent with these results,
HNSCC line MDA-1483 and the HEp-2 cell line secrete 12- to
17-fold more HAase in their CM than the HEK-001 cell line. In
tumor tissues, HAase degrades HA into angiogenic HA fragments.
We have previously detected such angiogenic HA fragments in the
urine of bladder cancer patients and in prostate cancer tissues.?5-36
Because HAase may be intricately involved in tumor progression,
its levels may be elevated in high-grade bladder cancer and high-
stage HNSCC.

Little is known about HAase expression in HNSCC. Using the
HAase test we have shown that HAase is overproduced in the
saliva of HNSCC patients and HNSCC cell lines when compared
to normal controls. Using RT-PCR analysis we have shown that
HYALI rather than PH20 is the major HAase transcript expressed
in the cell lines. The pH activity profile and pH optimum of the
HAase activity present in normal and patients’ saliva, as well as
that secreted in the CM of HNSCC cells, closely resembles that of
HYALTI and not PH20. Godin et al.#? have previously reported the
expression of PH20 mRNA in laryngeal cancers and suggested that
detection of PH20 mRNA by RT-PCR analysis is a useful prog-
nostic tool for laryngeal cancers. It is possible that unlike oral
cavity and pharyngeal SCC, in laryngeal cancers, PH20 is the
major HAase that is expressed. In our study, among the 12
HNSCC patients, 1 had laryngeal cancer (i.e., SCC6, Fig. 1a). This
patient’s saliva had elevated HAase activity (10.9 mU/mg) with
pH optimum at 4.3. Furthermore, this patient’s saliva showed the
presence of HYAL1 protein (Fig. 4). Thus, in HNSCC it may be
important to characterize HAase expression at mRNA, protein and
activity levels.

Frost et al.45 have previously reported the presence of HYAL1
transcript in HNSCC cell lines. However, they did not detect any
HAase activity and HYALL! protein in the CM of HNSCC cells
and suggested that an alternative splicing event was responsible for
inhibiting protein translation. In a recent study, we have charac-
terized 5 alternatively spliced variants of HYALIL, all of which
synthesize truncated HYAL] proteins that are enzymatically inac-
tive.5¢ However, since both HYAL1 protein and HAase activity
are detected in HNSCC patients’ saliva and HNSCC cell CM
demonstrate that HNSCC patients’ saliva contains functional
HYALI, which is most likely secreted by tumor cells. It is possible
that the HNSCC cell lines described by Frost et al. are unable to
secrete HAase activity, as has been reported previously for some
bladder cancer cell lines.45 We have previously shown that inva-
sive tumor cells, and not the noninvasive tumor cells, secrete high

levels of HAase.42:57 This is the most likely reason why HAase
serves as a marker for detecting high-grade tumors.2448

Among the 12 HNSCC patients included in our study, 1 patient
(patient 11, Fig. 1a) was initially diagnosed with an unknown
primary at an outside hospital and was referred to our institution.
An unknown primary presents as a lymph node in the neck
containing squamous cell carcinoma in a patient with no evidence
of disease in the upper aerodigestive tract. On direct laryngoscopy,
a suspicious area on the tonsil was identified and biopsied. Pathol-
ogy came back positive for HNSCC. This patient had saliva HA
levels of 1,240 ng/mg and HAase levels of 7.5 mU/mg, indicating
positive HA and HAase tests. Patient SCC12 also was diagnosed
with an unknown primary tumor. The primary tumor in this patient
was not identified prior to treatment. This patient had saliva HA
levels of 707 ng/mg and HAase levels of 7.6 mU/mg, indicating a
borderline HA test and a positive HAase. This finding suggests that
even microscopic disease may be identified using the HA-HAase
test. These results are also consistent with our previous finding that
the HA-HAase test can detect bladder tumor recurrence ~5
months before its clinical detection.58

At the present time it is unknown whether HA and HYAL-1
serve as independent markers for predicting the prognosis of
HNSCC and whether the HA and/or HAase levels correlate with
HNSCC stage. This is because in this preliminary study of 12
HNSCC patients, except for 1 stage II patient, others had stage III
or IV disease and the patients were not followed for disease
progression and/or recurrence. We have previously shown that the
HA levels are elevated in bladder cancer patients, regardless of
tumor grade, whereas the HAase levels are preferentially elevated
in G2 and G3 bladder cancer patients.?* In a recent study on
prostate cancer we found that HYAL1 and not HA is an indepen-
dent predictor of biochemic recurrence/disease progression as
measured by increases in the levels of prostate-specific antigen
after radical prostatectomy.>® However, in other studies, HA has
been shown to be an independent predictor of tumor metasta-
5i8.22:23.60 Since in HNSCC patients both HA and HAase levels are
elevated, the expression of these 2 may be linked; i.e., as cells
upregulate HA-synthase, the expression of HAase is also in-
creased. Future studies based on our preliminary studies could test
this possibility.

In conclusion, in this preliminary study we have shown that
tumor markers HA and HAase are overexpressed in the saliva of
HNSCC patients when compared to normal controls. These mark-
ers also appear to be elevated in most of the tumor cell lines
studied. HYAL1 is likely the main HAase expressed in HNSCC.
Similar work using more samples and appropriate statistical anal-
ysis is warranted to determine if HA and HAase are useful markers
for HNSCC.
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ABSTRACT

Despite the development of nomograms designed to evaluate the prog-
nosis of a patient with prostate cancer (CaP), the information has been
limited to prostate-specific antigen (PSA), clinical stage, Gleason score,
and tumor volume estimates. To improve our ability to predict prognesis,
information regarding the molecular properties of CaP is needed. Hyalu-
ronic acid (HA) is a glycosaminoglycan that promotes tumor metastasis.
Hyaluronidase (HAase) is an enzyme that degrades HA into angiogenic
fragments. We recently showed that in CaP tissues, whereas HA is local-
ized mostly in the tumor-associated stroma, HYAL1 type HAase is exclu-
sively localized in CaP cells (Lokeshwar ez al. J. Biol. Chem., 276: 11922—
11932, 2001). We evaluated the prognostic potential of HA and HYALI in
CaP by immunohistochemistry.

Archival CaP specimens were obtained from patients who underwent
radical retropubic prostatectomy for clinically localized CaP. Group 1
(n = 25) included patients who showed biochemical recurrence (PSA >0.4
ng/ml; mean recurrence: 21.3 months). Group 2 included patients with no
clinical or biochemical recurrence (n = 45; mean follow-up: 80.9 months).
For HA and HYALT1 staining, a biotinylated HA-binding protein and an
anti-HYAL1 antibody were used. The staining was evaluated on the basis
of intensity (0 to 3+) and as dense or sparse (for HA staining only) and
then grouped as low grade and high grade.

In CaP specimens, HYAL1 was exclusively expressed in tumor cells.
Although the stroma was stained positive for HA, 40% of tumer cells also
expressed HA. HA, HYAL1, and combined HA-HYAL1 staining predicted
progression with 96%, 84%, and 88% sensitivity, 55.5%, 80%, and 84.4%
specificity, and 70%, 81.4%, and 85.7% accuracy, respectively. In the
univariate analysis, preoperative PSA, Gleason sum, stage, margin, sem-
inal vesicle, extra-prostatic extension (EPE), HA, HYALIL, and HA-
HYAL1 were significant in predicting progression (P < 0.05). However, in
the multiple logistic regression analysis, only EPE [odds ratio
(OR) = 33.483; P = 0.002), HYAL1 (OR = 12.42; P = 0.009), HA-HYAL1
(OR = 18.048; P = 0.0033), and margin (OR = 26.948; P = 0.006)] were
significant. Thus, in this 5-year follow-up study, HYALI1, together with
EPE and margin, was found to be an independent prognostic indicator.

INTRODUCTION

In the last decade, because of the increased public awareness of
serum PSA3 screening, the number of CaP cases has steadily in-
creased. PSA screening has resulted in the detection of more clinically
localized CaP, which has the potential to be cured by radical prosta-
tectomy or radiation therapy (1—-4). However, within the first 10 years
after surgery, CaP recurs [defined as PSA failure (biochemical re-
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lapse), local/systemic recurrence] in ~10-50% of cases, depending
on a variety of prognostic factors (5-7). Treatment failure may be
attributable to a local recurrence or distant metastasis. Existing pre-
operative indicators (i.e., PSA levels, clinical stage, biopsy Gleason
sum) or their combination in nomograms, as well as surgical and
pathologic parameters (i.e., prostatectomy Gleason sum, margin +/—,
node status, seminal vesicle, and EPE), provide a limited estimate of
the prognosis for CaP (8, 9). Identifying molecules that are expressed
in clinically localized CaP but associate with CaP invasion and
metastasis might significantly improve the prognostic capabilities and
management of CaP patients after a curative approach. We have
recently shown the expression of two tumor markers, HA and HAase,
in CaP (10, 11).

HA is a glycosaminoglycan made up of repeated disaccharide units,
p-glucuronic acid and N-acetyl-p-glucosamine (12—14). HA is a com-
ponent of tissue matrix and tissue fluids. HA keeps the tissues hy-
drated and maintains the osmotic balance (12-14). In addition, by
interacting through cell surface receptors (e.g., CD44 and RHAMM),
it regulates cell adhesion, migration, and proliferation (15). Concen-
trations of HA are elevated in several cancers, including colon, breast,
prostate, bladder, and lung, and serve as highly sensitive and specific
markers for detecting bladder cancer, regardless of the tumor grade
(16-24). In tumor tissues, HA promotes tumor metastasis by opening
up spaces for tumor cells to migrate and actively supports tumor cell
migration by interacting with cell surface HA receptors (12, 14, 15).
An HA coat around tumor cells may offer some protection against
immune system surveillance and cause a partial loss of contact-
mediated inhibition of cell growth and migration (25-28). Localiza-
tion of HA either in tumor-associated stroma or tumor cells depends
on the tissue origin. For example, in colon and stomach cancers, most
of the tumor cells express HA (17, 21). In bladder cancer, HA
expression is equally distributed in tumor-stroma and tumor cells (16).
However, in CaP, HA is mostly localized in tumor stroma (22).

HAase is an endoglycosidase that degrades HA into small angio-
genic fragments of 3-25 disaccharide units (29, 30). Angiogenic HA
fragments induce endothelial cell proliferation, adhesion, and migra-
tion by activating focal adhesion kinase and mitogen-activated protein
kinase pathways (31, 32). We have shown previously the presence of
angiogenic HA fragments in high Gleason sum (=7) CaP tissues (10).
Six HAase genes have been identificd in humans. Among thése,
products of HYAL1, HYAL2, and PH20 are well characterized (33—
35). We have shown that HYAL! type HAase is the major HAase
expressed in prostate and bladder cancer tissues and have character-
ized the expression of HYAL!1 at the mRNA and protein levels in
prostate and bladder tumor cells (11, 36, 37). The HAase expressed by
CaP cells has the same pH activity profile as that of HYAL1 (10). The
expression of PH20 mRNA has been detected by reverse-transcription
PCR analysis in some tumor tissues including CaP; however, the
presence of PH20 protein has not been documented in these studies
(38, 39). Because our recent observations show that the HAase family
of genes are extensively alternatively spliced, which, in turn, regulates
the generation of enzymatically active HAases, characterization of
HAase expression in tumor tissues at the protein level may be nec-
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ess;;ry (40). By immunohistochemical techniques, we have shown
previously that the HYALI type HAase is localized in tumor epithe-
lial cells and the expression increases with higher grades of CaP (10).
In this study, we examined the prognostic potential of HA and
HYALI for predicting CaP progression by immunohistochemically
localizing these markers in archival CaP tissues and correlating the
staining intensity with PSA biochemical recurrence as an indicator of
CaP progression.

MATERIALS AND METHODS

Specimens and Study Individuals. Seventy-three CaP specimens were
obtained from patients who underwent radical retropubic prostatectomy for
clinically localized CaP and were followed for recurrence/discase progression.
Three of the total 73 specimens were not included in the final analysis because
the patients from whom the those specimens were obtained had positive lymph
nodes, On all of the patients, a minimum follow-up of 64 months was
available. This study was conducted under a protocol approved by the Insti-
tutional Review Board of the University of Miami. The progressed group
(group 1) of patients (n = 25) included those who had biochemical recurrence
(PSA >0.4 ng/ml) within 64 months (mean time to recurrence: 21.3 months;
range: 3 to 61 months). The nonprogressed group (group 2) included patients
(n = 45) who were discase free (i.e., no clinical or biochemical recurrence) for
a minimum of 64 months (mean follow-up: 80.6 months; range: 64-114
months). The patient characteristics with respect to age, preoperative PSA, and
tumor (i.e., Gleason, stage, margin, EPE, seminal vesicle invasion) are shown
in Table 1.

IHC. THC localization of HA and HYALI in CaP tissues was carried out
as described previously (10). For all specimens, paraffin-embedded blocks
containing CaP tissues representing the majority of the Gleason sum were
selected by the pathologist (F. C.) of the study. The blocks were cut into 3-pm
thick sections and placed on positively charged slides. The specimens were
deparaffinized, rehydrated, and treated with an antigen-retrieval solution
(Dako Laboratories). For each specimen, two slides were prepared, one for HA
and the other for HYALLI staining. For HA staining, the slides were incubated
with 2 ug/ml of a biotinylated bovine nasal cartilage protein at room temper-
ature for 35 min (10). The specificity of HA staining was established as
described previously (10). After incubation with the HA-binding protein, the
slides were washed in PBS and sequentially incubated with streptavidin
peroxidase at room temperature for 30 min and DAB chromogen substrate
solution (Dako Laboratories). The slides were counterstained with hematoxy-
lin, dehydrated, and mounted.

For HYALI staining, the slides were incubated with 3.7 pg/ml of anti-
HYALT IgG at 4°C for 16 h. Rabbit polyclonal anti-HYALT IgG was gener-
ated against a peptide sequence present in the HYAL] protein (amino acids
321 to 338), and its specificity for IHC was confirmed as described previously
(10, 37). After incubation with anti-HYAL1 IgG, the slides were washed in
PBS and incubated with a linking solution containing a biotinylated goat
antirabbit 1gG (Dako LSAB kit; Dako Laboratories) at room temperature for
30 min. The slides were then treated with streptavidin peroxidase and DAB

chromogen. The slides were counterstained with hematoxylin, dehydrated, and
mounted. ;

Slide Grading. Two readers (J. T. P. and V. B. L.) independently evalu-
ated all slides in a blinded fashion. Any discrepancy in assigning staining
intensity was resolved by both readers reexamining those slides simulta-
neously. The staining for HA and HYAL was graded as 0 (no staining), 1+,
2+, and 3+. For HA staining, both the tumor-associated stroma and tumor
cells were graded separately in each slide for staining intensity. In the case of
HA staining, the stromal staining was also evaluated as dense or sparse. The
overall staining grade for each slide was assigned based on the staining
intensity of the majority of the tumor tissue in the specimen. However, if
~50% of the tumor tissue stained as 1+ and the other 50% as 3+, the overall
staining grade was 2+. If the staining distribution was ~50% of the tumor
staining 2+ and the remaining staining as 3+, the overall staining inference
was assigned as 3+. The staining scale was further subcategorized into low
grade and high grade.

For HA staining, low-grade staining included 0, 1+ sparse, and 2+ sparse/
dense staining, and high-grade staining included 3+ sparse and 3+ dense
staining. In those cases (n = 2) where the stromal tissues were evaluated as
low-grade staining but the tumor cells stained as 3+, the overall HA staining
was considered as high grade. For HYAL], high-grade staining represented
2+ and 3+ staining, whereas low-grade staining included 0 and 1+ staining
intensities. For the combined HA-HYALI staining, a positive result was
indicated only when both HA (stromal, tumor cells, or both) and HYAL1
staining intensities were of high grade. Any other combination was considered
negative.

High-grade staining was considered as a true-positive result and the low-
grade staining indicated a false-negative result if the patient had biochemical
recurrence. If the patient had no clinical/biochemical recurrence, the low-grade
staining indicated a true-negative result, and the high-grade staining was taken
as a false-positive result.

Statistical Analysis. The consistency of staining was determined by
staining 89% of the specimen for HA and HYALTI staining twice on two
separate occasions. The staining of these specimens was recorded inde-
pendently. It is noteworthy that the interassay variability regarding staining
intensity was determined by Pearson’s correlation analysis. The Pearson’s
correlation coefficient () was 0.85 for HA staining and 0.9 for HYAL!
staining. Similarly, ~90% of the slides were recorded independently by
each observer to determine consistency in grading. The sensitivity, speci-
ficity, accuracy, PPV, and NPV for HA, HYAL1, and HA-HYALI staining
inferences were calculated using the 2 X 2 contingency table (high-grade/
low-grade staining and progressed/nonprogressed CaP patients). The data
on various, biochemical, surgical, and pathologic parameters, as well as
HA, HYALI], and HA-HYALI] staining inferences, were analyzed by
univariate logistic regression analysis. The data were also analyzed by a
forward stepwise multiple logistic regression analysis beginning with all of
the potential predictor variables. Statistical analysis was carried out by the
statistician (R. C. D.) of the project using SAS Software Program (version
8.02; SAS Institute, Cary, NC).

Table | Distribution of pre- and postoperative parameters among study patients

Note that biochemical recurrence with postoperative PSA levels 20.4 ng/ml within 64

months was used as a cut point for defining progression. Thus, any CaP patient who showed

a biochemical recurrence within 64 months was included in the progressed category. For the progressed group, median time for recurrence was 19 months and mean time for recurrence
was 21.3 months. For the nonprogressed group, median follow-up time was 79 months: mean follow-up time was 80.6 months.

Preoperative parameters

Postoperative parameters
il

Seminal vesicle

Progression Age (yrs) PSA (ng/ml) Clinical stage Gleason sum EPE Margin invasion
Biochemical recurrence (n = 25) Median: 64 Median: 9.0 TIC=10 6=2 (+) =21 (+) =18 (+t)=14
Mean: 65.1 Mean: 14.04 T2A =S5 7=14 (-)=4 (=) =7 -)y=11
Range: 51-74 Range: 2-62 T2B =10 8=6
9=3
No biochemical or clinical recurrence Median: 65 Median: 6.0 Tic =24 5=8 (+) = (+) =10 (+)=3
(n = 45)
Mean: 63.5 Mean: 7.9 Top =6 6=9 (-)=39 (=)=135 (=) =4
Range: 40-75 Range: 0.5-23 Typ =15 7=22
8§=6
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RESULTS

HA Localization. HA was localized in 70 archival CaP specimens
obtained from patients who underwent radical retropubic prostatec-
tomy for clinically localized disease. These patients were being mon-
itored for disease progression. An increase in PSA of =0.4 ng/ml was
taken as an indicator of biochemical recurrence (either local recur-
rence or systemic progression). A minimum follow-up of 64 months
was available for all patients. HA was localized in CaP tissues using
a biotinylated HA binding protein. Shown in Fig. 1 are HA staining in
Gleason sum 6 (4 and B), 7 (C and D), and 8 (£ and F) CaP specimens
from nonprogressed (4, C, and E) and progressed (B, D, and F)
patients. In all of the CaP specimens, HA was localized mostly in the
tumor-associated stroma, although some tumor cells also showed HA
staining in CaP specimens from patients who progressed (Fig. 1, B
and F).

As shown in Fig. 1 4, C, and E, the CaP specimens from nonpro-
gressed patients had low-grade HA staining, regardless of the Gleason
sum. Of the 45 patients free of recurrence, 26 had low-grade HA
staining. However, the CaP specimens from the patients who pro-
gressed in <64 months (median time to recurrence: 19 months; mean
time to recurrence: 21.3 months) showed high-grade HA staining (Fig.
1, B, D, and F). Of the 25 CaP specimens from progressed patients, 22
showed high-grade staining in tumor stroma; 8 of these 22 also
showed high-grade HA staining in tumor cells. In addition, 2 of the 25
CaP specimens showed high-grade staining only in tumor cells.
Shown in Fig. 2 is an example of tumor cells that are positive for
high-grade HA staining. Tumors cells appear to stain for HA equally,
both in the cytoplasm and plasma membrane (Fig. 2B, magnified

Fig. 1. HA staining of CaP specimens from non-
progressed and progressed patients, HA was local-
ized in CaP tissues using a biotinylated HA-binding
protein and a streptavidin peroxidase DAB-chromo-
gen detection system. 4, C, and E, HA staining in
specimens from nonprogressed patients. B, D, and F,
HA staining in specimens from progressed patients.
A and B, Gleason 6 CaP; C and D: Gleason 7 CaP; E
and F, Gleason 8 CaP. Each panel represents X400
magnification.

view). Thus, of the 25 CaP specimens from progressed patients, 24
showed high-grade HA staining either in tumor stroma or tumor cells
or both. Thus, high-grade HA staining (stroma, tumor cells, or both)
had 96% sensitivity, 55.5% specificity, 70% accuracy, 54.5% PPV,
and 96.2% NPV for predicting the biochemical recurrence (Table 2).
HYALT1 Localization. An anti-HYAL1 peptide IgG was used to
localize HYALI in the archival CaP specimens. Shown in Fig. 3 are
HYALI localization in Gleason 6 (4 and B), 7 (C and D), and 8 (£ and
F) CaP tissues from patients who did not (4, C, and E) and who did
(B, D, and F) progress. As shown in Fig. 3, low-grade HYAL1
staining was seen in all three CaP specimens from patients who did
not progress, regardless of their Gleason sum (Fig. 3, 4-E). Among
the 45 nonprogressed patients, CaP specimens of 36 patients showed
low-grade HYALI staining. In CaP specimens from progressed: pa-
tients, tumor cells, and not tumor-stroma, stained for HYALI. All
three CaP specimens from progressed patients showed high-grade
HYALI staining (Fig. 3, B, D, and F), regardless of their Gleason
sum. Of the 25 progressed patients, CaP specimens from 21 patients
showed high-grade HYALI staining, Thus, in this cohort of 70
patients, the HYAL] localization in CaP specimens had 84% sensi-
tivity, 82.2% specificity, 82.9% accuracy, 70% PPV, and 90.2% NPV
for predicting biochemical recurrence within 64 months (Table 2).
Combined HA-HYAL1 Staining. We next determined the ability
of combined high-grade HA and HYALI staining to predict biochem-
ical recurrence. The combined HA-HYAL]1 staining has 84% sensi-
tivity, 86.7% specificity, 85.7% accuracy, 77.8% PPV, and 90.7%
NPV for predicting progression. When 64 months was used as a cutoff
limit to evaluate progression, there were seven false-positive cases,
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Fig. 2. A Gleason 8 CaP specimen with tumor cells
showing HA staining. Gleason 8 specimen from a pro-
gressed patient where tumor cells show high-grade HA
staining. 4, X100 magnification; B, X400 magnifica-
tion.

i.e., the specimens showed high-grade HA and HYALL! staining, but
the patients had no disease recurrence within 64 months. However,
among these seven false-positive cases, two had a biochemical recur-
rence at 70 months (Table 2).

Evaluation of the Prognostic Capabilities of Preoperative,
Postoperative Parameters, and HA and HYALI1 Staining
Inferences: Univariate Analysis

We performed a univariate logistic regression analysis to determine
the prognostic significance of preoperative parameters (i.e., age, PSA,
and clinical stage), postoperative surgical and pathologic parameters
(i.e., Gleason sum, margin +/—, EPE, seminal vesicle invasion +/—),
as well as inferences of HA, HYAL], and combined HA-HYALI
staining. As shown in Table 3, both age (P = 0.297; OR = 1.041) and
stage (P = 0.287; OR = 1.714) were not significant in predicting
biochemical recurrence in the univariate analysis. However, preoper-
ative PSA (P = 0.0174; OR = 1.10), Gleason sum (P = 0.0023;
OR = 3.062), positive margin (P = 0.0001; OR = 9.0), EPE
(P < 0.0001; OR = 34.125), seminal vesicle invasion (P < 0.0001;
OR = 17.818), HA staining (P = 0.0014, OR = 30), HYAL1 staining
(P < 0.0001; OR = 24.28), and combined HA-HYAL1 staining
(P < 0.0001; OR = 34.125) were found to be significant in predicting
biochemical recurrence. Patients with a Gleason sum =7 have been
shown to have a greater risk of progression (41). In the univariate
analysis, patients with a Gleason sum =7 had 2.3-fold greater odds
of developing biochemical recurrence (P = 0.015; OR = 6.982)
than when CaP tissues of all Gleason sums were analyzed together
(Table 3).

Table 2 Sensitivity, specificity, accuracy, PPV, and NPV of HA, HYALI and combined
HA-HYALI staining inferences for predicting biochemical recurrence in CaP patients

Note that 64 month follow-up was used a cut peint for determining biochemical
recurrence. Please note that 2 of the CaP patients who had a biochemical recurrence at 70
months and showed high-grade HA, HYALI, and combined HA-HYALI staining were
considered false positives and were included in the specificity calculation.

Parameters HA HYALI1 HA-HYALI1

Sensitivity 96% (n = 24/25) 84% (n = 21/25) 84% (n = 21/25)
Specificity 55.5% (n = 25/45) 82.2% (n = 37/45) 86.7% (n = 39/45)
Accuracy 70% (n = 49/70) 82.9% (n = 58/70) 85.7% (n = 60/70)
PPV 54.5% (n = 24/44) T70% (n = 21/30) 77.8% (n = 21/27)
NPV 96.2% (n = 25/26) 90.2% (n = 37/41) 90.7% (n = 39/43)

Evaluation of the Prognostic Capabilities of Preoperative, Post-
operative Parameters, and HA and HYAL1 Staining Inferences:
Forward Stepwise Multiple Logistic Regression Analysis. To de-
termine the smallest number of variables that could jointly predict
biochemical recurrence in this cohort of study patients, we performed
the forward stepwise multiple logistic regression analysis. Initially,
when age, preoperative PSA, clinical stage, Gleason sum, EPE, sem-
inal vesicle invasion, HA staining, and HYALI staining were in-
cluded in the model, only EPE (P = 0.0023; OR = 33.483), positive
margin (P = 0.0059; OR = 26.948), and HYALI staining
(P = 0.0094; OR = 12.423) reached statistical significance in pre-
dicting biochemical recurrence (Table 44). Gleason sum did not reach
statistical significance in the multiple logistic regression analysis even
after the patients were stratified according to Gleason =7 and <7
(data not shown). i

The inclusion of the combined HA-HYALI] staining inference
instead of the individual HA and HYAL]1 staining inferences, in the
multiple regression model, again showed that EPE (P = 0.0023;
OR = 35.944), margin (P = 0.0086; OR = 24.438), and HA-HYAL1
staining (P = 0.0033; OR = 18.047) were significant in predicting
biochemical recurrence (Table 4B8). None of the other routine prog-
nostic parameters [i.e., age, PSA, clinical stage, Gleason sum (or
Gleason stratification as Gleason =7 and <7 and seminal vesicle
invasion) that were included in the model reached statistical signifi-
cance (i.e., P > 0.05 in each case)].

s

DISCUSSION

In this study, we demonstrate for the first time that HYAL1 and
combined HA-HYALL staining inferences provide independent prog-
nostic information for predicting CaP recurrence/progression over and
above the prognostic information provided by the standard pre- and
postoperative parameters. Radical prostatectomy for organ-confined
disease is performed with the idea of disease cure (42, 43). However,
disease relapses in a high percentage of cases despite careful selection
of patients for surgery based on individual preoperative parameters or
their combination in algorithms and nomograms (6). Certain genes
and their products that associate with CaP growth and metastasis have
shown a potential in predicting biochemical recurrence after surgery
(8, 44). Because both HA and HYAL! are likely to be involved in
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Fig. 3. HYALI staining of CaP specimens from
nonprogressed and progressed patients. HYALI
was localized in CaP tissues using an anti-HYALI
antibody and a streptavidin peroxidase DAB-chro-
mogen detection system. 4, C, and E, HYAL1 stain-
ing in specimens from nonprogressed patients. B, D,
and F, HYAL! staining in specimens from pro-
gressed patients. 4 and B, Gleason 6 CaP; C and D,
Gleason 7 CaP; E and F, Gleason 8 CaP. Each panel
represents X400 magnification.

tumor metastasis and angiogenesis (3, 45—49), it is not surprising that
we found HA, HYALI], and combined HA-HYAL staining infer-
ences to have prognostic significance in predicting biochemical re-
currence. In this study, we focused on CaP patients with clinically
localized disease because such patients pose a dilemma for clinicians
in terms of whether the cancer will metastasize; does the patient need
additional treatment after surgery and what is the prognosis of the
patient? Thus, in this patient population, accurate prognostic indica-
tors will have clinical applicability. Nonetheless, although we elimi-
nated from this study three CaP specimens from patients who had
positive lymph nodes, all showed high-grade HA and HYAL] stain-
ing, suggesting again that these molecules are associated with CaP
progression.

In this study, HA staining in CaP tissues had high sensitivity

Table 3 Univariate analysis of pre- and postoperative prognostic parameters and HA,
HYALI, and combined HA-HYALI staining inferences

Parameter Xz P value OR 95% CI”
Age 1.088 0.297 1.041 0.965-1.122
PSA 5.652 0.0174% 1.1 1.017-1.192
Clinical stage 0.539 0.287 1.741 0.636-4.621
Gleason sum (Overall) 9.266 0.0023” 3.062 1.49-6.294
Gleason sum =7 5.919 0.015% 6.982 1.459-33.411
Margin 14.764 0.0001" 9.0 2.934-27.603
EPE 25.435 <0.0001” 34.125 8.655-134.545
Seminal vesicle invasion 15.969 <0.0001” 17.818 4.339-73.175
HA 10.222 0.0014” 30.0 3.729-241.337
HYAL1 22,627 <0.0001% 24.281 6.524-90.375
HA-HYALI 25.435 <0.0001° 34.125 8.655-134.545

* (], confidence interval.
b Statistically significant.
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(96%) but low specificity (55.5%) in predicting biochemical
recurrence. Consequently, although in the univariate analysis,
HA staining showed prognostic significance (Table 3), in the
forward stepwise multiple logistic regression analysis, it had no
additional prognostic significance when standard biochemical, sur-
gical, and pathologic parameters, as well as HYAL] staining, were
included in the model (Table 4). Consistent with this observation,
Lipponen et al. (22) reported previously that HA expression’ in
tumor-stroma of CaP specimens has no additional prognostic éig-
nificance over the standard prognostic indicators (i.e., Gleason
sum, stage, and node status). The combination of HA with HYALI
did increase the specificity, accuracy, and PPV of the combination
when compared with that of HYAL1 or HA alone (Table 2).
Similarly, the OR of the HA-HYAL] combination (18.047) was
slightly better than that of HYAL1 (12.423) alone. Thus, based on
our study and that by Lipponen ez al. (22), HA staining of CaP
tissues generally has low specificity and is probably not of clinical
significance. :
Lipponen et al. (22) also reported that 39% of the CaP specimens
expressed HA in tumor cells in addition to the expression in tumor-
stroma. However, the presence of HA in tumor cells did not have
independent prognostic significance. In our study, although we found
40% of the CaP specimens from progressed patients showed high-
grade HA staining in tumor cells, it did not have any independent
prognostic significance. In contrast to these observations, in gastro-
intestinal, colon, and breast cancers, HA expression in tumor cells
correlates with poor survival (17, 18, 21). Thus, although HA expres-
sion is elevated in many types of cancers, the clinical significance of
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Table 4 Forward stepwise multiple logistic regression analysis of pre- and postoperative prognostic parameters and HA, HYALI, and combined HA-HYALI staining inferences
The significant parameters (P < 0.05) selected by the model are shown. 4, in the analysis, HA and HYALLI staining inferences were included separately, along with other pre- (i.e.,
age, PSA, and clinical stage) and post- [i.e., Gleason sum (or stratified Gleason as =7 and <7), EPE, margin +/—, and seminal vesicle invasion] surgery parameters. B, combined
HA-HYALLI staining inference was included in the analysis, together with the above-mentioned pre- and postoperative parameters.

A B
Parameter ¥ P value OR 95% CI° X P value OR 95% CI

EPE 15.20 0.0023" 33.483 3.493-320.912 9.271 0.0023% 35.944 3.583-360.565
Margin 7.573 0.0059” 26.948 2.58-281.463 6.895 0.0086” 24.438 2.249-265.55
HYAL1 6.846 0.0094" 12.423 1.856-83.158 NA NA NA NA :
HA-HYAL1 NA NA NA NA 8.628 0.0033" 18.047 2.619-124.378

2 Cl, confidence interval; NA, not applicable.

5 Statistically significant.

this expression, in terms of predicting prognosis, varies with the tissue  ACKNOWLEDGMENTS

of origin of each cancer.

We have shown that HAase levels, measured using an ELISA-like
assay, correlate with CaP progression and serve as accurate urine
markers for detecting intermediate- and high-grade bladder cancer
(11, 50). HYAL1 is expressed in invasive CaP and bladder cancer
cells (11, 36, 37). The present study is the first to demonstrate the
prognostic significance of HYAL1 expression in cancer. In this study,
HYALI staining in CaP specimens had high sensitivity (84%), spec-
ificity (82.2%), and accuracy (82.9%) in predicting biochemical re-
currence after radical prostatectomy. Among all of the pre- and
postoperative prognostic parameters included in the forward stepwise
multiple logistic regression analysis, only EPE and margin had addi-
tional prognostic significance if HYALL1 is included in the model
(Table 4).

In contrast with our observation that HYAL1 expression correlates
with biochemical in CaP, Hiltunen et al. (51) have shown that in
malignant epithelial ovarian tumors, the concentration of HA and not
HAase is elevated. These observations suggest that the clinical sig-
nificance of HA and HY AL1 expression may be different in tumors of
different tissue origins. This notion is corroborated by the observa-
tions that although HA expression correlates with malignant tumor
progression in gastric, breast, and colorectal cancers (17, 18, 21), HA
expression has no prognostic significance in CaP (results from this
study and Ref. 22). In bladder cancer, the HYALI expression corre-
lates with tumor grade, i.e., high-grade tumors, which have a propen-
sity to invade and metastasize express high levels of HYAL1 (16, 23).
The differences in the clinical significance of HA and HAase expres-
sion in tumors of different origins is further supported by the obser-
vations that although HYAL1 expression in a transplantable rat colon
carcinoma cell tumor suppresses tumor growth, the overexpression of
HYALI] induces metastasis in a human xenograft mode! involving
PC3-M CaP cells (52, 53). Taken together, HYALI is a tumor
cell-derived HAase, the expression of which associates with cancer
progression.

In this study, all of the patients had a minimum follow-up of 64
months and a median follow-up of 79 months in the nonprogressed
group. A follow-up duration of >5 years was long enough if any of
the CaP patients placed in the nonprogressed category were to have a
biochemical recurrence. Therefore, based on this first report, with
sufficiently long follow-up, HYAL] expression merits further inves-
tigation and HA expression is of limited clinical value in predicting
biochemical recurrence after radical prostatectomy. Most CaP patients
with clinically localized disease have preoperative PSA values be-
tween 4 and 10 ng/m|, stage T, disease, and a biopsy Gleason sum
between 5 and 7 (8). Such similarity limits the prognostic capability
of these preoperative parameters. Further studies on HYAL1 and
HA-HYALI staining in biopsy specimens should reveal whether these
markers could improve our ability to predict prognosis for patients
who choose a curative approach involving radical prostatectomy.

We thank Dr. Anil Vaidya for helping in gathering some of the follow-up
information. We thank Pamela Roza for her help with the illustrations.
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Abstract Purpose: Poor efficacy of conventional chemo-
therapeutic drugs against metastatic hormone-refractory
prostate cancer (CaP) drives patients to try “alternative
medicine”. The antitumor activity of one such agent,
“BIRM” (biological immune response modulator;
“Simple Ecuadorian Oral Solution: an extract of an
Amazonian plant™), was characterized in vitro and in
vivo using established CaP cell lines and a tumor model.
Methods: The cytotoxicity of BIRM in four human and
one rat CaP cell line was evaluated using cell prolifera-
tion-inhibition and clonogenic survival assays. BIRM-
induced apoptosis, alterations in cell cycle phase pro-
gression and inhibition of the extracellular matrix-
degrading enzyme hyaluronidase were also investigated
in these cells. The in vivo efficacy of BIRM was evalu-
ated in rats with subcutaneous tumor implants of
Dunning EGFP-MAT LyLu cells. The active species in
BIRM were characterized by gel filtration chromatog-
raphy. Results: BIRM inhibited cell proliferation and
clonogenic growth of the CaP cells (ICsy about 8.0 pl/
ml). It increased cell accumulation in the Go/G, phase by
33.8% and decreased the proportion of cells in S phase
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by 54.6%. Apoptotic cell death in BIRM-treated cells
was associated with activation of cell death-associated
caspases. BIRM inhibited the activity of hyaluronidase,
a hyaluronic acid-degrading enzyme, at 1 pl/ml. Treat-
ment of MAT LyLu tumor-bearing rats with BIRM by
oral gavage resulted in a significant decrease in tumor
incidence (50%), tumor growth rate (18.6+ 1.3 days for
I cc tumor growth in control rats and 25.7+2.6 days in
BIRM-treated rats), and only one out of six BIRM-
treated rats versus four out of six in the control group
developed lung metastasis. Three active ingredients in
BIRM with a relative molecular mass (Mr) of 23500
were identified by ultracentrifugation and gel filtration
chromatography and were found to be resistant to
proteinase and heat (100°C). Conclusion: The plant
extract BIRM contains antitumor compounds of Mr
23500 with potent antiproliferative activity in vitro and
in vivo against prostate cancer cells.

Keywords Natural herbal anticancer products
Prostate cancer - Invasion and metastasis -
Chemoprevention + Apoptosis

Abbreviations CaP Prostate cancer/cancer of the
prostate - EGFP Enhanced green fluorescence

protein - H4 Hyaluronic acid - HAase Hyaluronidase -.
MTT Methyl thiozolyl tetrazolium bromide v
[(3-[4,5-demethylthiozol-2-y]-2,5-diphenyl tetrazolium
bromide]

Introduction

Cancer of the prostate (CaP) is the most frequently
diagnosed malignant cancer in American men with an
estimated 189,000 new cases in 2002 [13]. The majority of
CaP-related deaths, estimated to be 30,200 in 2002, are
likely the result of failure of all currently available con-
ventional treatments. Besides undergoing conventional
therapy, CaP patients often seek treatment by unproven
therapeutic approaches [12]. It is estimated that 30-40%
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of men with CaP experiment with one or more comple-
mentary therapies which include high-dose vitamins and
minerals, herbal preparations and supplements of soy,
saw palmetto etc. [14]. Moreover, there is a dramatic
increase in the number of patients moving towards
complementary and alternative medicine and consuming
plant extracts from “‘folklore medicine” [26]. We have
come across one such natural herbal medicine “BIRM”
(biological immune response modulator; “Simple Ecu-
adorian Oral Solution: an extract of an Amazonian
plant”) formulated by a physician (E.C.-A.), promoted
in South America, and based on the local folklore of the
Ecuadorian native population. The formulation is dis-
pensed as a natural remedy for a variety of maladies
including HIV-1 infection and cancer [1, 3, 4]. Very little
systematic information is currently available on BIRM,
and no studies have been undertaken to investigate the
structure-function correlations in the ingredients of
BIRM. Therefore, we decided to evaluate the efficacy and
antiproliferative effects of BIRM in a CaP model.

Materials and methods

Test compound

BIRM was a gift from BIRM Inc. (Quito, Ecuador). BIRM is an
aqueous extract of dried roots of a plant of the genus Dulcamara
(family Solanaceae) grown in Ecuador, and marketed as a greenish-
brown suspension with a mild bittersweet smell. The inactive
ingredients in BIRM comprise 16% solid particles, likely root fibers,
and the remainder, a lipid-free liquid. BIRM is prepared by aqueous
extraction of dried roots followed by oxidation/reduction of the
extract. During this process, the amount of roots and the timing of
oxidation/reduction are carefully controlled to minimize batch-to-
batch variation. Prior to initiation of this project, the efficacy of
BIRM samples from five different batches were selected randomly
and tested in two different cell lines (PC-3ML and LNCaP) by the
MTT assay to determine the degree of interbatch variation. We
found no interbatch variation in the potency of BIRM for induction
of cytotoxicity. In the present study, BIRM samples from lot
number 011-2000 were used. For all the studies reported here,
BIRM clarified by centrifugation at 10,000 g was used.

Cells and tumor lines

Established human CaP cell lines (LNCaP and DU-145) were ob-
tained from the ATCC (Rockville, Md.). A recently established
bone metastatic PSA* CaP line (VCaP) was generously provided
by Drs. Pienta and Cooper (Karmanos Cancer Center, University
of Michigan, Ann Arbor, Mich.) [11, 17, 23]. A metastatic variant
of a PC-3 cell line, PC-3ML, was a gift from Dr. M.E. Stearns
(Allegheny University Hospitals, Philadelphia, Pa.) [15, 27]. All
cultures were maintained in a complete medium containing RPMI-
1640 basal medium, 10% fetal bovine serum (Atlanta Biologicals,
Atlanta, Ga.), and 10 pg/ml gentamicin. The EGFP-MAT LyLu
cell line was generated by stable transfection of Dunning MAT
LyLu rat CaP cells with pEGFP-1 plasmid DNA (Clontech, Palo
Alto, Calif)) and was maintained in complete medium with 250 nM
dexamethasone as described previously [19, 28].

Growth inhibition assay

A *H-thymidine incorporation assay was performed as described
previously [8]. Following incubation in medium containing BIRM
or without BIRM, the cells were pulse-labeled with *H-thymidine

4
(1 pCi/ml) for 2 h. Incorporation of *H-thymidine into cellular
DNA was stopped by the addition of 10% trichloroacetic acid and
the acid-precipitable radioactivity was determined by liquid scin-
tillation counting [8]. Clonogenic survival of CaP cells exposed to
BIRM for 24 h was assayed by the colony assay as described
previously [8].

Determination of apoptotic activity

BIRM-induced apoptosis was assayed using a cell death ELISA kit
(Cell Death ELISA-Plus kit; Roche Molecular Biochemicals,
Mannheim, Germany). The assay measured the amount of free
nucleosomes in cell lysate resulting from programmed cell death [9].
The relative amount of free nucleosomes present in cell lysates from
cultures incubated with BIRM for 4 h or 24 h was estimated
according to the supplier’s instructions.

Cell cycle analysis

CaP cells (1x10%) were cultured in 60-mm culture dishes. After an
overnight culture, the cells were treated with 10 or 25 pl/ml of
BIRM for 24 h. BIRM-treated and untreated cells were harvested
and stained with 50 ug/ml propidium iodide. The amount of pro-
pidium jodide bound to DNA was profiled in an EPICS XL flow
cytometer as described previously [19]. The fraction of dead cells at
the time of harvesting was about 16% as determined by trypan blue
exclusion. The majority of these cells were floating, so were dis-
carded at the time of washing. The remaining dead cells were gated
out using the forward angle light scatter and side scatter gatings
during flow cytometry. About 20,000 propidium iodide-stained
cells were analyzed in the flow cytometer from each sample. The
MODFIT LT program (Verity Software House, Topsham, Me.)
was used for the cell cycle phase analysis [29].

Determination of activation of cell death caspases

Caspase activation in CaP cells treated with BIRM was determined
using a kit (Homogeneous Caspases Assay, fluorimetric; Roche)
which determined collectively activated caspases nos. 2, 3,6, 7, 8,9
and 10. The assay measured the free rhodamine 110 (R110)
resulting from the cleavage of a common caspase substrate, DEVD,
conjugated with R110. The amount of free R110 was determined
fluorimetrically at an excitation wavelength of 499 nm and an
emission wavelength of 528 nm, and is expressed as relative fluo-
rescence units (RFU) [25].

HAase assay

We tested whether BIRM affects HAase activity secreted in DU-
145 culture-conditioned medium and partially purified HYAL1
using a HAase activity ELISA-like assay [20, 22). HYALI-type
HAase was partially purified from the urine of patients with high-
grade bladder cancer as described previously [20]. The assay was
performed in a 96-well microtiter plate coated with HA (200 pg/ml,
ICN Biomedicals). Wells were incubated with various concentra-
tions of BIRM or column fractions from a Sephadex G-50 gel-
filtration column (see below) in a HAase assay buffer at 37°C for
15 h [20]. Following incubation, HA degraded by HAase was wa-
shed off and the HA remaining in the microtiter wells was esti-
mated using a biotinylated bovine nasal cartilage HA-binding
protein, and an avidin-biotin detection system (Vector Laborato-
ries, Burlingame, Calif.) [21].

Biochemical characterization of cytotoxic activity in BIRM

To study heat inactivation, BIRM was heated at 100°C for 5 min in
a water bath. BIRM was digested with proteinase K (10 U/ml) at

.
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37°C for 18 h. For size fractionation studies, clarificd BIRM was
loaded into ultrafiltration mini-Centriprep tubes (Millipore, Bed-
ford, Mass.) with membrane barriers with different molecular
weight cut-off points (i.e. about 3.5, 10 and 30 kDa). Following
three cycles of centrifugation and separation of the low molecular
weight fractions, both the filtrate and the retentate were assayed for
cytotoxic activity. BIRM solution was also treated with charcoal-
dextran (50 mg/ml) at 4°C for 12 h to remove lipids and steroids (if
any). Following the various treatments, BIRM was centrifuged and
various concentrations of the supernatant were added to PC3-ML
cells cultured in 24-well plates (2x10* cells/well). BIRM-induced
cytotoxicity was estimated using the MTT reduction assay fol-
lowing a 24-h treatment [19].

Gel filtration chromatography

Particle-free BIRM was loaded onto a G-50 Sephadex column
(1.5x120 cm) equilibrated with 20 mM Tris-HCl, pH 7.4, con-
taining 150 mM NaCl buffer (Tris/NaCl buffer) [20]. The column
was eluted in Tris/NaCl buffer at 7 ml/h and 3-ml fractions were
collected. Each fraction was assayed for protein (BCA-BioRad),
uronate [2], inhibition of cell growth (MTT assay) [19] and inhi-
bition of HAase activity (HAase ELISA-like assay).

Tumor generation and BIRM administration

This experiment was performed according to a protocol approved
by the University of Miami Animal Care and Use Committee and
as stipulated in the NIH Guide to the Humane Care and Use of
Laboratory Animals. A suspension (1x10° cells, 0.5 ml) of growing
EGFP-MAT LyLu cells was implanted subcutaneously into the
dorsal flank of adult (about 250 g) male Copenhagen rats (Harlan
Sprague Dawley, Indianapolis, Ind.) under mild anesthesia [19].
The rats were housed in a room under a 12-h light/12-h dark cycle
and provided with food and water ad libitum throughout the
experiment. Following implantation, the rats were randomly di-
vided into two groups of six animals and gavaged with I mi of
either distilled water (vehicle control, group 1) or BIRM (group 2)
using a 3-inch stainless-steel intubation cannula on day 1 of tumor
implantation and then daily for 30 days. Tumor growth was
examined by palpating the skin around the site of injection. After
the tumors became palpable (about day 5), they were measured
three times a week using calipers, and the volumes calculated
assuming approximation to an ellipsoid (lengthxheightx~
widthx0.524). Animals were euthanized when the tumor volume
was about 10 cc or the tumor became significantly necrotic. At
necropsy, lungs were collected and viewed under a Nikon stereo-
microscope with a fluorescence attachment (SMZ 1500) to examine
the presence of fluorescent metastatic tumor foci.

Statistical analysis

Triplicate samples were assayed in all in vitro experiments. Statis-
tical analysis was performed using parametric and nonparametric
Student’s r-tests.

Results
BIRM inhibits cell proliferation in CaP cells
BIRM inhibited cell proliferation in all the CaP cell lines

tested in a dose-dependent manner (Fig. 1). The con-
centration of BIRM causing 50% growth inhibition
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Fig. 1 Cytotoxicity of BIRM against prostate tumor cell lines. CaP
cells cultured in growth medium (1x10* cells/well, 48-well plates)
were exposed to various concentrations of BIRM. Following
incubation for 24 h, DNA synthesis was determined by measuring
3H-thymidine incorporation in the proliferating cells (vertical bars
means = SEM from three independent assays)

(ICsp) was 8 ul/ml (i.e. 0.8% v/v). Furthermore, the
inhibitory activity of BIRM was comparable among all
CaP cell lines regardless of their androgen sensitivity
(androgen-sensitive LNCaP and VCaP cells versus
androgen-resistant PC-3ML and DU-145 cells). Similar
results were obtained by cell counting and Trypan blue
exclusion assays (data not shown). The results presented
in Fig. 1 and similar observation from other assays
suggested that BIRM-induced inhibition of cell prolif-
eration led to either cell death (cytotoxicity) or arrest of
cell proliferation (cytostasis). To distinguish between
these mechanisms, we investigated the colony-forming
efficiency of CaP cells treated with BIRM. The clono-
genic assay revealed a dose-dependent inhibition of
colony formation in BIRM-treated CaP cells. Neither
cell colonies nor cell clusters were observed in cultures
exposed to BIRM at doses of 10 pl/ml and above for
24 h (Fig. 2A). The ICs, of BIRM for inhibiting clo-
nogenic survival was also 8 pl/ml, the same as the value
obtained in the *H-thymidine assay (Fig. 2B).

BIRM causes cell cycle arrest in CaP cells

As shown in Table 1, the proportion of cells in Go/G,
phase increased significantly from 56.4 4 0.9% in control
to 75.542.2% in cultures treated with BIRM at 25 pl/
ml. The increase in the Gy/G, phase fraction in the
BIRM-treated cells was contrasted with a decrease in the
S-phase fraction. The S-phase fraction in BIRM-treated
cells was 13.1£2.9% compared to 28.9+2.1% in the
control. A small decrease of 15-22% in the G,/M frac-
tion was also observed in BIRM-treated cells.
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Fig. 2a, b Effect of BIRM on the growth of CaP cells. Cells cultured
at low density in 60-mm culture dishes were exposed to BIRM for
24 h. Surviving cells at the end of incubation were allowed to form
adherent cell colonies during the next 7-10 days. Cell colonies
stained with 0.1% crystal violet and colonies containing > 50 cells
were counted manually using a hand-held electronic counter in a
blinded fashion. a Colonies of surviving PC3-ML cells exposed to
BIRM for 24 h. b Clonogenic survival of CaP cells cultured with
BIRM. The results are presented as means+SEM from three
independent experiments

BIRM induces apoptosis in CaP cells

We did not observe a significant difference in the levels
of free nucleosomes in BIRM-treated cells during 4 h of
treatment, but after 24 h of treatment the intracellular
levels of free nucleosomes showed a two- to threefold
dose-dependent increase (Fig. 3).

Table 1 Flow cytometric cell cycle fractionation analysis of PC-
3ML cells treated with BIRM for 24 h. The distributions of cells in
the various cell cycle phases were calculated from the DNA content
of propidium iodide-labeled cells using the MODFIT program.

Activation of cell death-associated caspases

As shown in Fig. 4, the activities of one or more of
caspases 2, 3, 7, 8, 9 and 10 were increased significantly in
BIRM-treated cells as compared to the activities in con-
trol cells. We initially detected a time-dependent increase
in combined caspase activity, beginning at 4 h of expo-
sure to BIRM and peaking at 18 h. The dose-dependent
increase in caspase activities showed a 50% increase in
cells treated at 5 pl/ml BIRM over the activity in control
cells following incubation for 18 h or longer (Fig. 4).

BIRM inhibits tumor growth and metastasis

As shown in Fig. 5, following tumor implantation, oral
administration of BIRM (4 ml/kg body weight) to rats
resulted in slow tumor growth. While the tumor inci-
dence was 100% in the control group, only four out of six
BIRM-treated animals (67%) developed tumors. The
tumor growth rate estimated using non-linear regression
analysis of tumor volumes over time for each animal
confirmed a decreased growth rate in BIRM-treated
animals. The time taken for tumors to reach 1 cc was
18.6+1.3 days in control animals and 25.7 £2.6 days in
BIRM-treated animals (mean + SE from four animals).
A 38% delay in tumor growth was observed in BIRM-
treated animals compared with control animals. The
difference in the growth rate between control and BIRM-
treated animals was statistically significant (unpaired
t-ctest: P=0.03, t1=2.773, df=6, 95% CI 0.835-13.36).
Fluorescence imaging of the lungs at necropsy revealed
that only one out of six BIRM-treated animals had
metastatic lung foci, whereas five out of six control ani-
mals had tumor metastasis to the lungs. Furthermore, the
tumor foci in the lungs of the BIRM-treated animal were
significantly smaller than those in control animals
(Fig. 6). These results indicate that ingredients in BIRM
either delay or block spontaneous lung metastasis.

BIRM inhibits the activity of HYAL1-type HAase

Investigation of inhibition of matrix metalloproteinase
activity by BIRM using a *H-labeled collagen-deg-
radation assay [18] showed no changes in matrix

Values are mean=SE percentages from three independent experi-
ments. Similar results were obtained from the cell cycle fraction-
ation analysis of LNCaP cells exposed to BIRM

Treatment Go/G phase S phase G,/M phase
Difference (%)* Difference (%)* Difference (%)*

Control 56.37+£0.9 28.9+2.1 146+1.2

BIRM (10 pl/ml) 67.93+2.1 +20.5 19.5+2.4 -32.5 12.5+£0.28 ~15

BIRM (25 pl/ml) 7546422 +33.8 13.1+29 -54.6 11.39+0.29 =22

4Calculated as [(% of cells in respective phase of untreated samples—% of cells in respective phase in BIRM-treated samples)/(% of cells in

respective phase in untreated control)]x100
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Fig. 3 BIRM Kkills tumor cells by induction of apoptosis. PC-3ML,
DU-145 and Mat Lylu CaP cells cultured in growth medium
(1x10* cells/well; 48-well plates) with or without BIRM at various
concentrations for 24 h were analyzed for apoptotic activity using
the Cell Death ELISA Plus assay kit, which allowed measurement
of soluble nucleosomes by spectrophotometry. The data presented
as means = SEM from three independent experiments
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Fig. 4 BIRM induced increases in caspase activity. CaP cells were
treated with BIRM for 4 to 24 h and the total activities of cell
death-associated caspases were measured using a kit that employed
a rhodaminel10-conjugated peptide substrate common to all cell
death-related caspases. The results are presented as means+SEM
from three independent experiments in each of which cell lysates
incubated with BIRM for 24 h were used for caspase activity
determination. Caspase activity in untreated control cultures was
detectable, but was typically ten times less than the activity detected
in the positive controls provided with the assay kit

metalloproteinase activity following BIRM treatment
(data not shown). We next examined whether BIRM
could inhibit the activity of HYALI-type HAase. We
have previously shown that HYALT is the major HAase
expressed in cancers of the prostate and bladder [21, 22].
Furthermore, invasive tumor cells express high levels of
HYALL [5, 21, 22]. As shown in Fig. 7, BIRM potently
inhibited HAase activity. BIRM inhibited the HAase
activity present in the culture-conditioned medium of
DU-145 cells (a good source of HYAL-1 [21]) and the
activity of partially purified HYALI, in a dose-depen-
dent manner (ICsq 0.25 pl/ml).
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Fig. 5 Effect of daily dosing of BIRM on growth and metastasis of
Dunning MAT LyLu tumors in rats. Tumor growth in rats with
subcutaneous tumor implant with EGFP-MAT Lylu cells
(1x10° cells/animal). The data are presented as means+SEM of
each treatment group over time. Data from the control group
include measurements from six tumor bearing rats, whereas the
BIRM-treated group had only four animals; the other two animals
in this group did not develop tumors

Characterization of active ingredients in BIRM solution

BIRM retained its full cytotoxic activity after boiling for
5 min or digestion with proteinase K, indicating that
reactive species present in BIRM most likely are heat-
stable proteinase-resistant compounds. Similarly, char-
coal-dextran extraction also did not result in any loss in
the cytotoxic activity associated with BIRM, suggesting
that the active species present in BIRM are not lipid-
soluble compounds such as alkaloids or steroids. No loss
in cytotoxic activity was found upon ultrafiltration
through a 3.5-kDa membrane barrier. However, a 40%
loss in activity was observed after ultrafiltration through
10-kDa and 30-kDa membranes (Fig. 8). These results
indicate that BIRM contains at least two species with
different molecular mass, i.e. one with a molecular mass
between 3500 and 10,000 and a second with a moleculat
mass of 230,000, with cytotoxic activity against CaP
cells. The possibility of the growth-inhibitory activity
being associated with carbohydrate derivatives was
investigated using the Bitter and Muir modified carba-
zole assay to measure glycosaminoglycans and proteo-
glycans containing D-glucuronic acid (i.e. uronate) [23].
The results showed that BIRM is rich in uronate-con-
taining carbohydrates (19.5 mg/ml). Gel filtration
chromatography on a Sephadex G-50 column also
showed two active fractions (fraction nos. 28 and 42,
Fig. 9).

Discussion

A systematic investigation of promising plant products
has led to the discovery and development of antineo-
plastic agents with unique modes of action and striking
efficacy (e.g. paclitaxel, vinblastine, etoposide, etc) [7]. In

i
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Fig. 6A, B EGFP-MAT LyLu
rat prostate tumors metastatic
to lungs. The figure shows rat
lungs with fluorescent tumor
foci (arrows). A Control
animals (x40); B a typical
tumor metastatic to the lung in
a BIRM-treated animal (x20).
Tumor foci in the lungs of
BIRM-treated animals were
typically ten times smaller or
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Fig. 7 BIRM inhibits tumor-derived HAase. Effect of BIRM on the
HAase activity present in DU-145 cell-conditioned medium and
partially purified preparation of HYAL] was carried out using an
HAase ELISA-like assay as described in Materials and methods.
The data shown are from a typical experiment. Similar results were
obtained in three other experiments using LNCaP cells (data not
shown)
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Fig. 8 Cytotoxicity of modified BIRM as assayed by MTT assay
and compared with unmodified BIRM. BIRM solution was treated
with proteinases (proteinase K), heated for 5 min in a bath of
boiling water or subjected to ultrafiltration as described in
Materials and methods. Following treatment, untreated and
treated BIRM solutions were tested for cytotoxic activity in PC3-
ML cells by MTT assay, as described in Materials and methods
(vertical bars means + SEM from four independent assays)
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Fig. 9 Fractionation of antineoplastic ingredients present in BIRM
by gel filtration chromatography. Clarified BIRM (5 ml) was
fractionated on a Sephadex G-50 column. The column fractions
were assayed for protein (Ajso nm), Uronate concentration (Bitter
and Muir assay), HAase activity (HAase activity ELISA) and
cytotoxicity (MTT assay). A single protein peak was detected in
fraction no. 20, which had neither cytotoxic activity nor HAase-
inhibitory activity

this report, we present evidence of the antineoplastic
activity of a plant-derived nutritional supplement,
BIRM. The medicinal value of BIRM is believed to be
associated only with the Amazonian variety of the plant
Dulcamara, where the micronutrients present in the soil
of the Upper Amazon basin promote the synthesis of
medicinal compounds in the plant. BIRM inhibited cell
proliferation and clonogenic survival (Figs. 1 and 2) and
caused apoptotic cell death via the caspase activation
pathway (Figs. 3 and 4). In vivo studies on the growth
and metastasis of Dunning MAT LyLu tumors sug-
gested that oral dosing with BIRM resulted in lower
tumor incidence, slower tumor growth and reduced
spontaneous metastasis to the lungs (Figs. 5 and 6). A
preliminary biochemical characterization and size-
exclusion chromatography suggested that there were at
least four active species present in BIRM, three with
cytotoxic activity and one with HAase-inhibitory activ-
ity. We have not yet determined whether the three



cytotoxic species present in BIRM have the same
chemical composition but different polymer length.
Nonetheless, all four active ingredients were heat-stable
and unlikely to be proteins or lipid-soluble compounds.

Inhibition of tumor growth in the rat CaP model
following the oral administration of BIRM clearly sug-
gests that the active ingredient(s) of BIRM are absorbed
in the gastrointestinal tract. The reduction in tumor
incidence (33%) and the number of tumor foci in the
lungs (>80%) in BIRM-treated animals suggest that
BIRM may exert both antiproliferative and antimeta-
static activities. It is estimated that 20-40% of patients
initially diagnosed with local CaP have either locally
advanced disease (stage C) or metastatic disease (stage
D) [10, 16}, and the cure of metastatic disease still re-
mains a challenge. Our observation that CaP cell cul-
tures treated with BIRM showed a significant reduction
in cell proliferation and undergo apoptosis (Figs. 1, 2,
and 3) indicates that the active ingredients present in
BIRM have potential for use in controlling advanced
hormone-refractory prostate cancer. We investigated
whether the BIRM-induced cytotoxic effect was due to
inhibition of mitotic spindle separation. This would lead
to mitotic inhibition and arrest of cells in the G,/M
phase. Contrary to our expectation, incubation with
BIRM arrested CaP cells in Gy/G,, which was com-
pensated for by a significant decrease (i.e. —=56%) in the
proportion of cells in S phase and a modest decrease in
G,/M, indicating lack of mitotic arrest or cytokinesis
(Table 1). This finding is novel in the sense that most
plant-derived compounds used in cancer therapy inter-
fere with tubulin polymerization (e.g. vinblastine and
vincristine) or depolymerization (paclitaxel), or inhibit
topoisomerase I activity (e.g. irinotecan, topotecan,
9-aminocamptothecin and 9-nitrocamptothecin) [6] or
topoisomerase II activity, leading to cell cycle arrest in
the G,/M phase (e.g. paclitaxel, etoposide and tenipo-
side) [24].

Apoptotic cell death may be one of the mechanisms
involved in BIRM-induced cytotoxicity. BIRM in-
creased the apoptosis in three CaP cell lines (Fig. 3).
Furthermore, induction of apoptosis in BIRM-treated
CaP cells was coincident with activation of cell-death
caspases (Fig. 4). In addition to its cytotoxic effects,
BIRM appeared to be a potent inhibitor of metastasis.
Although, the mechanism by which it may inhibit
metastasis is unknown at present, our results suggests
that BIRM is a potent inhibitor of HAase, a class of
matrix-degrading enzymes whose Ilevels have been
shown to correlate with CaP progression {20, 22].

The recommended minimum dose of BIRM for hu-
man consumption is 4 ml/day (as indicted on the bottle
label), a significantly lower dose than that used in the
current study. We based the dosage to rats on the ob-
served efficacy in vitro. We found no observable sys-
temic toxicity in rats at a dose of 4 ml/kg. Given its
effect on tumor growth and metastasis and no systemic
toxicity, inclusion of BIRM as an adjuvant to standard
* therapy has potential to reduce/halt disease progression.
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In summary, our study demonstrated that BIRM
shows cytotoxic activity against both androgen-depen-
dent and androgen-independent CaP cells in vitro. More
importantly, it reduced tumor incidence, delayed tumor
growth and caused a significant reduction in metastasis
in an experimental model of late-stage CaP. Further-
more, no systemic toxicity was seen following continuous
administration of BIRM in an in vivo rat model. These
useful properties of BIRM indicate that further investi-
gation of its mechanism of action and clinical trials
involving its use in advanced CaP are warranted.
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COMPARISON OF THE PROGNOSTIC POTENTIAL OF HYALURONIC ACID,
HYALURONIDASE (HYAL-1), CD44V6 AND MICROVESSEL DENSITY FOR
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Despite the development of nomograms designed to eval-
uate a prostate cancer (PCa) patient’s prognosis, the infor-
mation has been limited to PSA, clinical stage, Gleason score
and tumor volume estimates. We compared the prognostic
potential of 4 histologic markers, hyaluronic acid (HA),
HYAL-I-type hyaluronidase (HAase), CD44vé and microves-
sel density (MVD) using immunohistochemistry. HA is a gly-
cosaminoglycan that promotes tumor metastasis. CD44 gly-
coproteins serve as cell surface receptors for HA, and the
CD44vé isoform is associated with tumor metastasis. HYAL-
I-type HAase is expressed in tumor cells and, like other
HAases, degrades HA into angiogenic fragments. Archival
PCa specimens (n = 66) were obtained from patients who
underwent radical prostatectomy for clinically localized PCa
and had a minimum follow-up of 72 months (range 72-131
months, mean 103 months). For HA, HYAL-I and CD44vé6
staining and MVD determination, a biotinylated HA-binding
protein, an anti-HYAL-I IgG, an anti-CD44v6é IgG and an
anti-CD34 1gG were used, respectively. HA and HYAL-I|
staining was classified as either low- or high-grade. CD44vé
staining and MVD were evaluated quantitatively and then
grouped as either low- or high-grade. Using 72 months as the
cut-off limit for evaluating biochemical recurrence, HA,
HYAL-1, combined HA-HYAL-1, CD44vé6 and MVD staining
predicted progression with 96%, 84%, 84%, 68% and 76% sen-
sitivity, respectively. Specificity was, 61% (HA), 80.5%
(HYAL-1), 87.8% (HA-HYAL-1), 56.1% (CD44v6) and 61%
(MVD). Sensitivity and specificity values for each marker did
not change significantly in a subset of 45 patients for whom
follow-up of longer than 112 months was available. In univar-
iate analysis using the Cox proportional hazards model, pre-
operative PSA, Gleason sum, margin status, seminal vesicle,
extraprostatic extension (EPE), HA, HYAL-1, HA-HYAL-I|
and MVD, but not CD44v6, age and clinical stage, were sig-
nificant in predicting biochemical recurrence (p < 0.05). In
multivariate analysis using stepwise selection, only preoper-
ative PSA (hazard ratio/unit PSA change = 1.086, p <
0.0001), EPE (hazard ratio = 6.22, p = 0.0016) and HYAL-I
(hazard ratio = 8.196, p = 0.0009)/HA-HYAL-| (hazard ra-
tio = 5.191, p = 0.0021) were independent predictors of
biochemical recurrence. HA was an independent predictor of
prognosis if HYAL-| staining inference was not included in
the multivariate model. In our retrospective study with 72-
to 131-month follow-up, EPE, preoperative PSA and HYAL-|
either alone or together with HA (i.e, combined HA~
HYAL-1) were independent prognostic indicators for PCa.
© 2004 Wiley-Liss, Inc.

Key words: prostate cancer; prognostic indicator; hyaluronic acid;
hyaluronidase; HYAL-1; CD44v6; microvessel density

Over the last decade, the number of curable PCa cases has
significantly increased due to the widespread use of PSA.1.2 How-
ever, despite careful selection of patients, the disease recurs in a
substantial percentage of localized PCa cases undergoing curative
treatment modalities (i.e., radical prostatectomy and radiothera-
py).2-¢ Accurate prediction of the risk of progression would be
useful in choosing the type and timing of the most appropriate
treatment. Although existing parameters, such as Gleason sum or
preoperative PSA, provide some prognostic information, it is dif-

ficult to estimate prognosis in PCa patients since two-thirds of
them have Gleason sum of 5-7 and serum PSA levels of 4-10
ng/ml.5-11 Furthermore, all patients with the same pathologic stage
and/or grade do not have the same prognosis. Thus, there is a need
for accurate prognostic markers to identify the biologic behavior of
the tumor. Previously, we showed that HYAL-1-type HAase,
either alone or in combination with HA, appears to be an inde-
pendent predictor of biochemical recurrence among radical pros-
tatectomy patients.!2

HA is a nonsulfated glycosaminoglycan made up of repeated
disaccharide units, bD-glucuronic acid and N-acetyl-D-glu-
cosamine.!> HA maintains the osmotic balance of tissues and
regulates cellular processes such as adhesion, migration and pro-
liferation.!? The biologic functions of HA are mediated by differ-
ent HA receptors, including CD44.14 The concentration of HA is
elevated in several tumor types, and in some tumors (e.g., breast,
colon), high-level HA expression in tumor-associated stroma
and/or tumor cells predicts poor survival.!s-19 Increased urinary
HA levels serve as an accurate diagnostic marker for bladder
cancer, regardless of tumor grade and stage.2° However, in PCa,
HA is not an independent predictor for prognosis.t2.19

HYAL-1-type HAase is present in serum and produced by
bladder, prostate and head-and-neck cancer cells.21-24 The HAase
class of enzymes degrades HA into small fragments, some of
which (3-25 disaccharide units) induce angiogenesis.?526 Angio-
genic HA fragments stimulate endothelial cell proliferation, adhe-
sion and migration by activating focal adhesion kinase and mito-
gen-activated protein kinase pathways.26 We have previously
shown the presence of angiogenic HA fragments in PCa tissues
and in the urine and saliva of bladder and head-and-neck cancer
patients, respectively.222427 Given the observations that HYAL-1

Abbreviations: DAB, 3,3'-diaminobenzidine; EPE, extraprostatic exten-
sion; HA, hyaluronic acid; HAase, hyaluronidase; IHC, immunohisto-
chemistry; MAb, monoclonal antibody; MVD, microvessel density; NPV,
negative predictive value; PCa, prostate cancer; PPV, positive predictive
value; PSA, prostate-specific antigen ; ROC, receiver operating character-
istic.
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is the major tumor-derived HAase expressed and secreted by
tumor cells and that it is active at pH =< 4.5, it is possible that in
the tumor microenvironment, where the pH is acidic, secreted
HYAL-1 degrades the HA present in the extracellular matrix into
angiogenic HA fragments.222427.28 In a retrospective study with a
minimum of S-year follow-up, we showed that HYAL-1 staining
predicts progression with 84% sensitivity and 80% specificity.1?
Furthermore, high HYAL-1 staining was an independent predictor
for prognosis.

CD44 belongs to a family of cell surface transmembrane gly-
coproteins involved in cell-to-cell and cell-to-extracellular matrix
interactions.?*30 Alternative splicing of CD44 mRNA in 10 of the
20 exons generates several variant CD44 isoforms.303! The stan-
dard form of CD44 (i.e., CD44s) is an HA receptor expressed in a
variety of normal and tumor cell types.2932 We have previously
shown that an isoform of CD44 (ex14/v10) is involved in HA-
mediated endothelial cell proliferation.3? The correlation between
tumor progression and CD44s and/or its isoforms is unclear. We
and others have shown that the androgen-insensitive PCa line PC-3
and primary PCa cells express CD44s and CD44 variants (e.g.,
CD44v3 and CD44v6); however, the androgen-sensitive, poorly
metastatic line LNCaP does not express CD44.34-36 Contrary to
these findings, it has been shown that overexpression of CD44v6
in a rat PCa line decreases metastasis.?? Ekici et al.3® showed that
decreased expression of CD44v6 could be a predictor of poor
prognosis in clinically localized PCa. Aaltomaa et al.>® reported
similar results.

Angiogenesis is an essential process for tumor growth and
metastasis.“°~42 The clinical significance of angiogenesis, mea-
sured as MVD, has been demonstrated for several tumor types,
including gastrointestinal, breast, bladder and renal cell carcino-
mas.**-46 Studies that compared various endothelial cell markers
(i.e., CD31, CD34 and factor VIII) have shown that CD34 is a
sensitive endothelial cell marker for measuring MVD.4748 At the
present time, the clinical significance of MVD as an independent
predictor of pathologic stage and recurrence in PCa remains un-
clear.47-52

We compared the prognostic potential of markers HA, CD44v6,
HYAL-1 and MVD with regard to clinically localized PCa. Since
HYAL-1 degrades HA and generates angiogenic fragments and
CD44 acts as a cell surface receptor for both HA and HA frag-
ments, we examined whether these biologically linked molecules
are accurate prognostic indicators for PCa and whether they influ-
ence each other’s prognostic capability.

MATERIAL AND METHODS
Specimens and study patients

Sixty-six randomly selected PCa specimens were obtained from
patients who underwent radical retropubic prostatectomy for clin-
ically localized PCa between 1992 and 1995 at the University of
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Miami. Patients neither received neoadjuvant hormonal therapy
nor had metastasis to regional pelvic lymph nodes. The minimum
available follow-up on all patients was 72 months. The study was
conducted under a protocol approved by the University of Miami’s
Institutional Review Board. Of the 66 patients, 25 had biochemical
or clinical recurrence before 72 months (mean time to recurrence
21.3 months, range 3-61) and 41 were free of disease recurrence
(mean follow-up 103 months, range 72-131). Biochemical recur-
rence was defined as a PSA level = 0.4 ng/ml in 2 successive
measurements after the operation, in which case the first date an
elevated PSA level was recorded was considered the date of
failure. Patient characteristics including age, preoperative PSA and
tumor (i.e., Gleason sum, stage, margin, EPE and seminal vesicle
invasion) are shown in Table 1.

IHC and slide grading

For all specimens, paraffin-embedded blocks containing PCa
tissues representing the major Gleason score were selected by a
pathologist. From each block, 8 slides were prepared. Four slides
were used for HA, HYAL-1, CD44v6 and anti-CD34 (for MVD
determination) staining. The remaining slides were used either for
determining nonspecific staining corresponding to each staining
reagent or for repeating the staining to evaluate its consistency. For
all staining procedures, specimen slides were deparaffinized, re-
hydrated and treated with an antigen retrieval solution (Dako,
Copenhagen, Denmark).

HA and HYAL-] staining. THC for localizing HA and HYAL-1
in PCa tissues was carried out as described previously.!222 HA
was localized in PCa tissues using a biotinylated HA-binding
protein purified from bovine nasal cartilage, as described previ-
ously by Tengblad.5® HYAL-1 was localized using a rabbit poly-
clonal anti-HYAL-1 IgG, which was generated against a peptide
sequence present in the HYAL-1 protein (amino acids
321-338).1222

Staining for HA and HYAL-1 was graded as O (no staining),
1+, 2+ and 3+. For HA staining, both the tumor-associated
stroma and tumor cells were graded in each slide. The overall
staining grade for each slide was assigned based on the staining
intensity of the majority of the tumor tissue in the specimen.
However, if 50% of the tumor tissue stained as 1+ and the other
50% as 3+, the overall staining grade was 2+, If 50% of the tumor
stained as 2+ and the remaining as 3+, the overall staining
inference was assigned as 3+. The staining scale was further
subcategorized into low- and high-grade. For HA staining, low-
grade staining included 0, 1+ and 2+ staining and high-grade
staining included 3+ intensity. For HA staining, high-grade stain-
ing in tumor-associated stroma and/or tumor cells was considered
as high-grade. HA staining was graded as low only when both the
tumor-associated stroma and tumor cells showed low-grade stain-
ing. Therefore, in cases (n = 2) where stromal tissues showed
low-grade staining but the tumor cells stained as 3+, the overall

TABLE I-PRE- AND POSTOPERATIVE PARAMETERS OF STUDY PATIENTS

Preoperative parameters

Postoperative parameters

Progression Age (years) PSA (ng/ml) Clinical stage Gleason sum EPE Margin Sen'it::;aals;/::\cle
Biochemical Median: 64 Median: 9.0 Tic: 10 6=2 (+) =21 (+)=18 (+)=14
recurrence (n
= 25)
Mean: 65.1 Mean: 14.04 T2a:5 7=14 (-)=4 =) =1 (=y=1
T2b: 10 8=6
9=3 .
No biochemical Median: 65 Median: 6 Tlc: 22 5=17 (+t)=4 (+)=9 (+)=3
or clinical
recurrence (n
=41
Mean: 62.98 Mean: 8.1 T2a: 5 6=9 (-)=137 (-)=132 (-)=38
T2b: 14 7=20
8§=35
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Ficure 1 - Localization of HA,
HYAL-1, CD44v6 and MVD in
PCa tissues. Histologic markers
were localized in PCa tissues from
a nonprogressed patient (a,c,e,g)
and a progressed patient (b,dfh).
(a,b) HA was localized in PCa tis-
sues using a biotinylated HA-bind-
ing protein. (c,d) HYAL-1 was
localized in PCa tissues using
an anti-HYAL-1 antibody. (ef)
CD44v6 was localized in PCa tis-
sues using an anti-CD44v6 MAD.
(g.h) MVD was visualized using an
anti-CD34 MAb. Magnification
X400.

HA staining was considered as high-grade. For HYAL-1, high-
grade staining represented 2+ and 3+ staining, whereas low-grade
staining included 0 and 1+ staining. For the combined HA~
HYAL-1 staining, a positive result was indicated only when both
HA (stromal, tumor cells or both) and HYAL-1 staining intensities
were of high grade. Any other combination was considered neg-
ative. All slides were reviewed out of order, to prevent direct
comparison of individual cases for HA and HYAL-1. Two readers
independently evaluated all slides in a blinded fashion. Of the 132
total slides (i.e., 66 each for HA and HYAL-1), there was discrep-
ancy in 5 HA slides and 4 HYAL-1 slides. These discrepancies
were resolved by both readers reexamining the slides simulta-
neously. In addition, to check for the repeatability of the evaluation
system, a third reader randomly picked 35 slides each from the HA
and HYLAI sets and graded them for staining intensity. The
discrepancy in slide evaluations by the third reader was <10%.
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CD34 staining.Following the antigen retrieval step (as described
above), slides were incubated with a mouse antihuman hemato-
poietic progenitor cell CD34 MAb (dilution 1:20; Dako) at 4°C for
15 hr. Slides were then incubated with a biotinylated antimouse
antibody and an avidin-peroxidase conjugate solution (Vectastain
ABC Kit; Vector, Burlingame, CA). To visualize peroxidase bind-
ing sites, slides were incubated with a DAB chromogen substrate
solution (Dako) for 10 min. Slides were counterstained with he-
matoxylin, dehydrated and mounted.

The method described by Weidner et al.4° was used for scoring
the microvessels stained with CD34. The area of the highest MVD
in each tissue specimen was localized under X40 magnification
and designated as a “hot spot”. Microvessels in the hot spots were
counted under X400 magnification. Any vessel with lumen and
endothelial cells or an endothelial cell cluster stained positively for
CD34 was considered to be a single countable microvessel. MVD
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TABLE II - SENSITIVITY, SPECIFICITY, ACCURACY, PPV AND NPV OF HA,

EKICI ET AL

HYAL-1, COMBINED HA-HYAL-1, CD34 AND CD44V6 STAINING INFERENCES

HA, HYAL-! and HA-HYAL-1

Parameter HA (%) HYAL-1 (%) HA-HYAL-1 (%)
72 months 84 months 100 months 112 months 72 months 84 months 100 months 112 months 72 months
Sensitivity 96 (24/25) 96 (24/25) 923 (24726)  92.6 (25/27) 84 (21/25) 84 (21/25)  84.6(22/26)  85.2(23/27) 84 (21/25)
Specificity 61(25/41)  61.1(22/36) 654 (1726) 80.6(16/18)  80.5(33/41)  80.6(29/36)  84.6 (22/26)  94.4(17/18) 87.8 (36/41)
Accuracy 742 (49/66)  75.4 (46/61)  78.8 (41/52)  91.1(41/45)  81.8 (54/66) 82 (50/61)  84.6 (44/52)  88.9 (40/45) 86.4 (57/66)
PPV 60 (24/40)  63.2 (24/38) 774 (24/31)  92.6 (25/27) 70 (21/30) 75(21728)  84.6(22/26)  95.8 (23/24) 80.8 (21/26)
NPV 96.1 (25/26)  95.7(22/23) 89.5(17/19) 80.6(16/18)  89.3 (34/37)  87.9(29/33)  84.6 (22/26) 81(17/21) 90 (36/40)

count was defined as the mean value of the counts obtained in 3
separate, contiguous but not overlapping areas within the hot spot.
A cut-off value was determined using the ROC curve, and accord-
ing to this value, 2 groups (low and high MVD) were assigned.
Microvessels were examined and counted by the 3 readers (S.E.,
V.B.L. and W.H.C.) independently and without the knowledge of
the clinical and pathologic status of the patients. Sections were
reviewed out of order, to prevent direct comparison of individual
cases for CD34.

CD44v6 staining. Following antigen retrieval, slides were incu-
bated with a mouse antihuman CD44v6 MAb (dilution 1:50;
Bender Med Systems, Vienna, Austria) at 4°C for 15 hr. Sections
were then incubated with a biotinylated secondary antibody and an
avidin-peroxidase conjugate solution (Vectastain ABC Kit). To
visualize peroxidase binding sites, slides were incubated with
DAB chromogen substrate solution for 10 min. Slides were coun-
terstained with hematoxylin, dehydrated and mounted.

Slides for CD44v6 were scored as described by Ekici ef al.38 All
sections included normal prostate tissue and/or benign prostatic
hyperplasia glands as internal controls. Intensity of staining was
graded as O for no staining, 1 for weak, 2 for moderate and 3 for
strong. A combined staining score based on an estimate of the
percentage of tumor cells stained and the intensity of staining was
developed. Areas of tumor cells stained with maximum intensity
(primary area) and with lesser intensity (secondary area) were
determined in percentage values. The combined score was ob-
tained by adding the scores of the primary and secondary areas.
Staining intensities were examined and scored by 2 readers (S.E.,
V.B.L.) independently and in a blinded fashion. A cut-off value
was determined from the ROC curve, and according to this value,
2 groups (low and high CD44v6 staining) were assigned.

Statistical analysis

Interassay variability regarding staining intensity was deter-
mined by Pearson’s correlation analysis. Spearman’s bivariate
correlation coefficients were 0.85, 0.9, 0.98 and 0.95 for HA,
HYAL-1, CD34 and CD44v6 staining, respectively. For all mark-
ers, high-grade staining was considered to be a true positive if the
patient had biochemical recurrence. Consequently, low-grade
staining was considered to be a true negative if the patient had no
biochemical recurrence. The sensitivity, specificity, accuracy, PPV
and NPV for HA, HYAL-1, HA-HYAL-1, CD34 and CD44v6
staining inferences were calculated using a 2 X 2 contingency
table (high-grade/low-grade staining and progressed/nonpro-
gressed PCa patients) at 72, 84, 100 and 112 month cut-off limits.
For CD44v6 and MVD, ROC curves were developed for deter-
mining the optimal cut-off limits that yielded the best possible
sensitivity and specificity values. The cut-off limits for CD44v6
and MVD were 180 and 41, respectively. Sensitivity was defined
as true positive (i.e., number of recurred patients predicted by a
marker/total number of recurred patients). Specificity was defined
as true negative (i.e., number of nonrecurred patients predicted by
a marker/total number of nonrecurred patients). Accuracy was
determined as follows: (number of true positives + number of true
negatives)/total number of PCa patients. PPV was determined as
follows: number of true positives/(number of true positives +
number of false positives). NPV was determined as follows: num-
ber of true negatives/(number of true negatives -+ number of false
negatives). Data on various biochemical, surgical and pathologic

parameters, as well as HA, HYAL-1, HA-HYAL-1, CD34 and
CD44v6 staining inferences, were analyzed by the Cox propor-
tional hazards model, using single-variable analysis (univariate
analysis) or step-wise selection analysis. Stratified Kaplan-Meier
analyses were performed on the variables found to be significant in
the multivariate Cox proportional hazards model. For PSA subset
analysis, Mantel-Haenszel x* analysis or Student’s ¢-test were used
to determine statistical significance. Statistical analysis was carried
out using the SAS software program (version 8.02; SAS Institute,
Cary, NC).

RESULTS
IHC of tissue markers

The HA, HYAL-1, CD44v6 and CD34 antigens were localized
in 66 archival PCa specimens obtained from patients who under-
went radical retropubic prostatectomy for clinically localized dis-
ease. An increase in PSA levels =0.4 ng/ml was taken as an
indicator of biochemical recurrence. Figure 1 shows IHC localiza-
tion of HA, HYAL-1, CD44v6 and MVD in 2 Gleason 7 PCa
specimens, one each from a nonrecurred (Fig. la,ce,g) and a
recurred (Fig. 15, d,f;h) patient.

As shown in Figure 1q, very little HA staining was seen in PCa
tissue from a patient who did not progress within 72 months.
Among the 41 PCa specimens from nonrecurred patients, 25
showed low-grade staining. Figure 15 shows high-grade HA stain-
ing in a PCa specimen from a patient who had biochemical
recurrence before 72 months (median time to recurrence 19
months, mean 21.3 months). HA staining was seen mainly in
tumor-associated stroma. However, high-grade HA staining was
also seen in tumor cells in 8 of 25 specimens from patients who
had biochemical recurrence. Among these 8 specimens, 6 showed
high-grade staining in tumor-associated stroma. Of the 25 patients
who had recurred, 24 showed high-grade HA staining and only 1
showed low-grade staining in both tumor-associated stroma and
tumor cells.

An anti-HYAL-1 peptide IgG was used to localize HYAL-1. As
shown in Figure 1c, little HYAL-1 staining was seen in the PCa
tissue from a nonrecurred patient. Of the 41 nonrecurred patients,
PCa specimens from 33 had low-grade staining. In the PCa spec-
imen from a patient who later recurred, high-grade HY AL-1 stain-
ing was seen (Fig. 1d). HYAL-1 expression was seen exclusively
in tumor cells. Of the 25 patients who recurred within 72 months,
21 had high-grade HYAL-1 staining.

CD44v6 was localized using an anti-CD44v6 mouse MAb.
Contrary to some earlier reports,383° low-grade CD44v6 staining
was observed in the PCa specimen from a nonrecurred patient (Fig.
le) and high-grade CD44v6 staining, in the PCa tissue from a
recurred patient (Fig. 1f). CD44v6 staining was mostly associated
with the plasma membrane of tumor cells. We also observed
CD44v6 in non-neoplastic epithelial cells in normal prostate and
benign prostatic hyperplasia glands. However, the staining inten-
sity of CD44v6 in non-neoplastic cells was less than that in tumor
cells. There was a great degree of heterogeneity in CD44v6 stain-
ing. For these reasons, we used a semiquantitative method to grade
CD44v6 staining.3® Using a cut-off limit of 180 on the scoring
scale, 23 of 41 PCa specimens from nonrecurred patients showed
low-grade staining, whereas of the 25 patients who recurred, 17
showed high-grade staining.
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H, HYAL-1 and HA-HYAL-1

CD34 and CD44v6

HA-HYAL-1 (%) MVD (%) CD44v6 (%)
84 months 100 months 112 months 72 months 84 months 100 months 112 months 72 months 84 months 100 months 112 months
84 (21/25) 80.8 (21/26) 81.5(22/27) 76 (19/25) 76 (19/25) 76.9(20/26) 77.8 (21/27) 68 (17/25) 68 (17/25)  65.4 (17126)  62.9 (17/27)
88.9 (32/36) 88.5(23/26) 94.4 (17/18) 61(25/41) 61.1(22/36) 65.4(1726) 77.8(14/18) 56.1 (23/41) 52.8 (19/36) 50 (13/26) 61.1 (11/18)
86.9 (53/61) 84.6 (44/52) 86.7(39/45) 66.7(44/66) 67.2(41/61) 71.1(37/52) 77.8(35/45) 57.6(38/66) 59(36/61) 57.7(30/52) 62.2(28/45)
84 (21725) 87.5(21724) 95.7(22/23) 54.3(19/35) 57.6(19/33) 69 (20/29) 84 (21/25) 48.6(17/35) 50 (17/34)  56.7(17/30) 70.8 (17/24)
88.9(32/36) 85.2(23/27) 77.3(17/22) 80.6(25/31) 78.6(22/28) 73.4(17/23) 70 (14/20) 742 (23/31)  70.4 (19127) 59 (13/22) 52.4(11/21)

It has been shown that visualization and scoring of microvessels
using anti-CD34 staining are both sensitive and specific.4748:5¢ We
therefore used an anti-CD34 MAb to visualize microvessels in PCa
tissues. As shown in Figure g, MVD was low in the PCa tissue
from a nonrecurred patient. As determined from the ROC curve, a
cut-off limit of 41 was set to score low or high MVD. Of the 41
nonrecurred patients, PCa tissues from 25 patients had low MVD.
However, MVD was high in 19 of 25 PCa tissues obtained form
patients who had a recurrence. Figure 14 shows high MVD in the
PCa specimen from a patient who later recurred.

Determination of sensitivity, specificity, accuracy, PPV and NPV

In all patients, a minimum 72-month follow-up was available
(mean 103 months, median 104.2 months, range 72-131 months).
Therefore, we determined the sensitivity, specificity, accuracy,
PPV and NPV of HA, HYAL-1, combined HA-HYAL-1, CD44v6
and MVD at 72, 84, 100 and 112 months of follow-up. As shown
in Table II, at 72 months the sensitivity of HA, HYAL-1, com-
bined HA-HYAL-1, CD44v6 and MVD for predicting PCa recur-
rence was 96%, 84%, 84%, 76% and 68%, respectively. The
specificity of HA (61%), CD44v6 (56.1%) and MVD (61%) was
lower than that of HYAL-1 (80.5%) and combined HA-HYAL-1
(87.8%). Accuracy was highest for HA-HYAL-1 (86.4%), fol-
lowed by HYAL-1 (81.8%), HA (74.2%), MVD (66.7%) and
CD44v6 (57.6%). Due to higher specificity, the PPV of combined
HA-HYAL-1 (80.8%) and HYAL-1 (70%) was high. However,
the PPV of CD44v6 was the lowest (48.6%), followed by MVD
(54.3%) and HA (60%). Due to high sensitivity, the NPV of HA
staining (96.1%) was the highest, followed by HA-HYAL-1
(90%), HYAL-1 (89.3%), MVD (80.6%) and CD44v6 (74.2%)
(Table II).

At 84-month follow-up, the cohort consisted of 61 patients
(mean follow-up 107.9 months, median 112 months, range 85-131
months), of whom 36 were in the nonrecurred group. Thus, the
sensitivity values of all markers remained unchanged at 84 months
compared to 72 months (Table II). There was also no significant
change in the specificity, accuracy, PPV and NPV values for HA
61.1%, 75.4%, 63.2%, 95.7%), HYAL-1 (80.6%, 82%, 75%,
87.9%), combined HA-HYAL-1 (88.9%, 86.9%, 84%, 88.9%),
MVD (61.1%, 67.2%, 57.6%, 78.6%) and CD44v6 (52.8%, 59%,
50% and 70.4%), respectively. At 100 months, follow-up infor-
mation was available on 52 patients (mean follow-up 117.1
months, median 117.8 months, range 101.6~131 months). Of these
52 patients, one who had been in the nonrecurred category up to
the 84-month follow-up showed biochemical recurrence. Interest-
ingly, this patient was scored as a false positive on HYAL-1 and
CD34 at 72- and 84-month follow-up. Thus, the sensitivity of both
HYAL-1 (84.6%) and CD34 (76.9%) increased slightly, whereas
that of HA (92.3%), combined HA-HYAL-1 (80.8%) and CD44v6
(65.4%) decreased (Table II).

Follow-up information beyond 112 months was available for 45
patients (mean follow-up 121 months, median 120.2 months, range
112-131 months). At 112 months, one patient who was a false
positive on HA, HYAL-1, combined HA-HYAL-1 and MVD
markers up to 100 months showed biochemical recurrence. Thus,
the sensitivity of HA, HYAL-1, combined HA-HYAL-1, MVD
and CD44v6 was 92.6%, 85.2%, 81.5%, 77.8% and 62.9%, re-
spectively. At final analysis, both HYAL-1 and combined HA-
HYAL-1 had the best specificity (94.4%, 94.4%), accuracy

TABLE III -UNIVARIATE ANALYSIS OF PRE- AND POSTOPERATIVE
PROGNOSTIC PARAMETERS AND IHC STAINING INFERENCES

Parameter X P Hazard ratio 95% CI!
Age 04332 05104 1.019 0.963-1.078
PSA 11.648 0.0006! 1.048 1.02-1.077
Gleason sum 14.19 0.0002! 2.5 1.552-4.024

(overall)
Gleason =7 5.744 0.0165" 5.827 1.379-24.633
Clinical stage 1.226 0.2683 1.262  0.836-1.905
EPE 25411 <0.0001  12.781 4.746-34.42
Surgical margin 13.355 0.0003! 45 2.008~-10.079
positivity
Seminal vesicle 22.268 <0.0001 6.56  3.002-14.317
invasion
11.319 0.0008' 12.091 2.831-51.648
HYAL-1 22.054 <0.0001' 13.192 4.5-38.716
HA-HYAL-1 25364 <0.0001' 10.749 4.266-27.087
MVD 10.0314  0.0015' 436 1.753-10.845
CD44v6 2277 0.131 1.826  0.835-3.994

'Statistically significant. CI, confidence interval. Cox proportional
hazards model and single-parameter analysis were used to determine
the prognostic significance of preoperative (age, preoperative PSA and
clinical stage) and postoperative (Gleason sum overall and = or < 7,
margin, EPE, seminal vesicle invasion) parameters and HA, HYAL-1,
HA-HYAL-1, MVD and CD44v6 staining inferences.

(88.9%, 86.7%), PPV (95.8%, 95.7%) and NPV (81%, 77.3%),
followed by HA (80.6%, 91.1%, 92.6%, 80.6%), MVD (77.8%,
77.8%, 84%, 70%) and CD44v6 (61.1%, 62.2%, 70.8%, 52.4%).

Evaluation of the prognostic capability of pre- and
postoperative parameters and histologic markers

Univariate analysis.Since the patients in this cohort had variable
follow-up between 72 and 131 months, we used the Cox propor-
tional hazards model and single-parameter analysis to determine
the prognostic significance of each of the preoperative (i.e., age,
PSA and clinical stage) and postoperative (i.e., Gleason sum,
margin, EPE, seminal vesicle invasion) parameters, as well as
staining inferences of HA, HYAL-1, combined HA-HYAL-1,
CD44v6 and MVD. As shown in Table III, age (p = 0.5104,
hazard ratio = 1.019), clinical stage (p = 0.2683, hazard ratio =
1.2620) and CD44v6 staining (p = 0.131, hazard ratio = 1.826)
were not significant in predicting biochemical recurrence. How-
ever, preoperative PSA (p = 0.0006, hazard ratio/unit PSA
change = 1.048), Gleason sum overall (p = 0.0002, hazard ratio =
2.5), margin status (p = 0.0003, hazard ratio = 4.5), EPE (p <
0.0001, hazard ratio = 12.781), seminal vesicle invasion (p <
0.0001, hazard ratio = 6.56), HA staining (p = 0.0008, hazard
ratio = 12.091), HYAL-1 staining (p < 0.0001, hazard ratio =
13.192), HA-HYAL-1 staining (p < 0.0001, hazard ratio =
10.749) and MVD (p = 0.0015, hazard ratio = 4.36) significantly
predicted biochemical recurrence (Table III), Patients with Glea-
son sum =7 have a greater risk of progression.*? In single-
parameter analysis, the hazard of developing biochemical recur-
rence in Gleason sum =7 patients (p = 0.0165, hazard ratio =
5.827) increased 2.3-fold when all Gleason sums were analyzed
together (Table III).

Multivariate analysis. To determine the smallest number of
variables that could jointly predict biochemical recurrence in this
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TABLE 1V - MULTIVARIATE ANALYSIS OF PRE- AND POSTOPERATIVE PROGNOSTIC PARAMETERS AND IHC STAINING INFERENCES

HA and HYAL-1 separate

HA-HYAL-1 combined

Parameters >

X P Hazard ratio 95% CI' v P Hazard ratio 95% CI
PSA 16.857 <0.0001! 1.086 1.044-1.130 14.127 0.0002! 1.077 1.036-1.12
EPE 9.939 0.0016! 6.222 1.997-19.384 10.998 0.0009! 6.906 2.204-21.640
HYAL-1 11.094 0.0009! 8.196 2.377-26.259 9.428 0.0021! 5.191 1.814-14.854

Cox proportional hazards model and stepwise selection were used to determine which of the preoperative (i.e., age, PSA and clinical stage)
and postoperative (i.e., Gleason sum overall and = or < 7, EPE, margin and seminal vesicle invasion) parameters and HA, HYAL-1,
HA-HYAL-1, MVD and CD44v6 staining inferences had independent prognostic significance. Significant parameters (p > 0.05) selected by the

model are shown.
IStatistically significant. CI, confidence interval.
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FiGuRE 2 — Kaplan-Meier analysis was performed after stratifying
the data as (@) HYAL-1 high (H)/low (L) and EPA*/EPA~ and (b)
HYAL-1 high (H)/low (L) and PSA < or > 7 ng/ml.

cohort of patients, we used the Cox proportional hazards model
and step-wise selection analysis. When age, preoperative PSA,
clinical stage, Gleason sum (overall or =7), EPE, seminal vesicle
invasion and staining inferences of HA, HYAL-1, CD44v6 and
MVD were included in the model, only preoperative PSA (p <
0.0001, hazard ratio/unit PSA change = 1.086), EPE (p = 0.0016,
hazard ratio = 6.222) and HYAL-1 (p = 0.0009, hazard ratio =
8.1896) reached statistical significance in predicting biochemical
recurrence (Table IV).

To demonstrate the joint effect of HYAL-1 and EPE or HYAL-1
and PSA on biochemical recurrence, we performed Kaplan-Meier
analysis. As shown in Figure 2a, the probability of biochemical
recurrence was highest when HYAL-1 was high and EPE was
positive, and a patient had the lowest probability of recurrence
when HYAL-1 was low and EPE was negative. Since PSA was a
continuous estimate, with values ranging from 0.5 to 62 ng/ml, for
the entire cohort (n = 66), we divided the cohort into those with
PSA levels <7 and >7 ng/ml, 7 ng/ml PSA being used as the
cut-off limit since that was the median value for the entire cohort.
As shown in Figure 2b, individuals with HYAL-1 high and PSA >
7 ng/ml had the highest probability of recurrence, followed by

those with HYAL-1 high and PSA < 7 ng/ml. Individuals with low
HYAL-1 staining and PSA < 7 ng/ml had the lowest probability
of recurrence. These data explain why multivariate analysis se-
lected HYAL-1, EPE and PSA as independent prognostic indica-
tors.

Inclusion of the combined HA-HYAL-1 staining inference in-
stead of HA and HYAL-1 staining inferences in the multiple
regression model again showed that preoperative PSA (p =
0.0002, hazard ratio/unit PSA change = 1.077), EPE (p = 0.0009,
hazard ratio = 6.906) and HA-HYAL-1 (»p = 0.0021, hazard
ratio = 5.191) were significant in predicting biochemical recur-
rence (Table IV). None of the other preoperative (PSA, clinical
stage) and postoperative (Gleason sum overall or Gleason strati-
fication = or = 7 and seminal vesicle) parameters or CD44v6 and
MVD staining inferences reached statistical significance in the
multivariate model (p > 0.05 in each case). Kaplan-Meier analysis
using HA-HYAL-1 and EPE or HA-HYAL-1 and PSA demon-
strated that individuals with high HA-HYAL-1 and positive EPE
or high HA-HYAL-1 and PSA > 7 ng/ml had the highest prob-
ability of biochemical recurrence (data not shown).

When HYAL-1 was omitted in the model during stepwise
analysis, HA (p = 0.0065, hazard ratio = 8.658) together with
preoperative PSA (p = 0.0006, hazard ratio/unit PSA change =
1.079) and EPE (p < 0.0001, hazard ratio = 9.073) were signif-
icant in predicting biochemical recurrence. Similarly, when PSA
was omitted in the model, margin status reached independent
prognostic significance together with EPE and HYAL-1 or HA-
HYAL-1 (data not shown).

PSA subgroup analysis. It has been suggested that biochemical
recurrence before 24 months indicates systemic disease, whereas
biochemical recurrence beyond 24 months suggests local recur-
rence. To test whether any of the pre- and postoperative parameters
as well as IHC markers under study distinguish between these
groups, we performed Mantel-Haenszel x* analysis (for testing
Gleason sum, Gleason sum = 7, EPE, margin status, seminal
vesicle invasion, HA, HYAL-1, combined HA-HYAL-1 CD34
and CD44v6) or Student’s t-test (for age and preoperative PSA).
As shown in Table V, margin status could distinguish between
PSA recurrence before and after 24 months (p = 0.269, x* =
4.894); however, none of the other parameters or markers reached
statistical significance in this comparison.

DISCUSSION

We compared the prognostic potential of histologic markers
HA, HYAL-1, CD44v6 and MVD for predicting biochemical
recurrence in PCa patients since their biologic functions are inter-
related. For example, HA, an extracellular matrix component, is a
high-affinity ligand for CD44.142° HA-CD44 interaction promotes
cell adhesion, migration and proliferation.'42 HAase degrades
HA into small fragments that promote angiogenesis, and MVD is
an indicator of angiogenesis.252641 In addition to their biologic
relatedness, each of these histologic markers has shown potential
to predict prognosis for PCa patients.!2.19.38,39,47-52

The prognostic capability of HA staining in tumors varies de-
pending on the tissue where the cancer originates. HA staining in
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TABLE V-PSA SUBGROUP ANALYSIS

Parameter Variable p
Age 0.661 0.513
PSA 1.06 0.298
Gleason sum (overall) 0.1332 0.453
Gleason = 7 0.15% 0.699
Clinical stage 1.9032 0.168
EPE 0.736> 0.391
Surgical margin positivity 4.8942 0.0269*
Seminal vesicle invasion 0.1222 0.7265
HA 0.152 0.699
HYAL-1 0.2802 0.596
HA-HYAL-1 0.04372 0.834
MVD 13222 0.25
CD44v6 1.1022 0.294

“The ability of PSA and age to predict PSA recurrence within 24
months was determined using the #-test (since these were continuous
variables).— 2Mantel-Haenszel x* analysis was used to evaluate the
ability of clinical stage, post- operative parameters and IHC staining
markers to predict PSA recurrence within 24 months.

tumor-associated stroma and/or tumor cells has prognostic capa-
bility in breast, colon and gastrointestinal cancers; however, it does
not have independent prognostic capability in PCa.!3-1° We found
that the HA staining had 92.3% sensitivity and 80.6% specificity to
predict biochemical recurrence within 112 months. Interestingly,
the specificity of HA staining to predict biochemical recurrence
increased from 61% at 72-month follow-up to 80.6% at 112-month
follow-up. We have previously shown that at 64-month follow-up,
although HA staining had high sensitivity (96%), the specificity of
this marker to predict biochemical recurrence was even lower
(55.5%) compared to that at 72 months.!? These results indicate
that positive HA staining in PCa tissues means that the patient
could have a recurrence within 112 months. In this and a previous
study, we found that HA staining shows prognostic capability in
univariate analysis; however, it is not an independent predictor of
biochemical recurrence. Interestingly, however, if HYAL-1 stain-
ing inference is not included in the Cox proportional hazards
model during stepwise analysis, HA together with preoperative
PSA and EPE reaches independent prognostic significance. These
results indicate that HY AL-1 provides all of the prognostic infor-
mation supplied by HA staining, as well as some additional infor-
mation. However, although there was <10% discrepancy between
3 readers who evaluated the HA and HYAL-1 staining, at present
we do not know the repeatability of the staining evaluation system
in another laboratory. Therefore, more studies need to be con-
ducted to verify that HYAL-1 is a better prognostic indicator than
HA in predicting biochemical recurrence for PCa patients. None-
theless, the evaluation system, which involves grading of HA
staining as high when tumor-associated stroma and/or tumor cells
show high-grade staining and as low when tumor-associated
stroma and/or tumor cells show low-grade staining, appears to be
accurate. This is because the prognostic significance of HA stain-
ing, and consequently of HA-HYAL-1 staining, in both univariate
and multivariate analyses remained unchanged when the 2 speci-
mens in which HA staining was low-grade in tumor-associated
stroma but high-grade in tumor cells were graded as low-grade
instead of high-grade (unpublished results).

The prognostic significance of the CD44 standard form and its
variant isoforms (e.g., CD44v6) is unclear. Contrary to our finding
that CD44v6 expression was elevated in patients who later had
biochemical recurrence, 2 reports showed that a decrease in
CD44v6 expression correlated with increased Gleason sum and
disease progression.383 For example, Ekici et al.3® showed that
CD44v6 expression inversely correlates with pathologic stage and
disease progression and positively correlates with PSA-free sur-
vival. However, in that study, CD44v6 was not an independent
predictor of prognosis. Contrary to the findings of Ekici et al.,,*8
Aaltomaa et al.3® found that CD44v6 is an independent predictor
of survival. In the present study, increased CD44v6 expression had
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reasonable sensitivity to predict prognosis at 72-month (68%) or
112-month (62.9%) follow-up. However, among all of the mark-
ers, it had the lowest specificity (56.1% at 72 months and 61.1% at
112 months) to predict biochemical recurrence. This low specific-
ity may explain why CD44v6 staining is not significant in predict-
ing biochemical recurrence in both univariate and multivariate
analyses. A likely explanation of why different studies report
conflicting results regarding CD44v6 staining and prognosis for
PCa is that PCa tissues have a high degree of heterogeneity with
respect to CD44v6 staining. Aaltomaa et al.® reported variability
in CD44v6 staining intensity and in the number of tumor cells that
were positive for CD44v6. Similarly, Ekici et al.3® reported the
heterogeneous nature of CD44v6 expression and developed a
semiquantitative method for scoring CD44v6 staining. We used
this scoring method to evaluate CD44v6 staining. Nonetheless, it is
likely that the heterogeneous nature of CD44v6 will limit its
prognostic significance.

Determination of MVD in PCa tissues, using anti-CD34 anti-
bodies, is sensitive and accurate in predicting prognosis.+7.48.5¢
Although problems exist in the methods of counting the vessels
and in setting a universally accepted cut-off limit for MVD to
predict recurrence, MVD has been correlated with Gleason sum,
pathologic stage and outcome.*’4° However, other studies have
shown that MVD does not correlate with tumor grade, stage and
clinical outcome.50-52 In our study, MVD at a cut-off limit of 41
showed reasonably high sensitivity at both 72-month (76%) and
112-month (77.8%) follow-up. The specificity of MVD to predict
biochemical recurrence increased from 61% at 72-month fol-
low-up to 77.8% at 112-month follow-up, suggesting that in some
false-positive patients high MVD may be indicative of biochemi-
cal recurrence before 112 months. Although in the univariate
analysis MVD showed prognostic significance (Table III), in the
multivariate analysis it had no additional prognostic significance.
MVD did not reach independent prognostic significance even
when HA alone, in the absence of HYAL-1, was included in the
Cox model. It is possible that since HA, HYAL-1 and MVD are
biologically related, all of the prognostic information provided by
MVD inferences is contained in either HA or HYAL-1 staining
inferences.

In our study, HYAL.-1 staining alone had high sensitivity both at
72-month (84%) and at or beyond 112-month (85.2%) follow-up.
Indeed, it had either the same or slightly higher sensitivity to
predict biochemical recurrence as the combined HA-HYAL-1
staining inference (84% at 72 months and 81.5% at 112 months).
The specificity of HYAL-1 staining inference (80.5%) at 72-month
follow-up was slightly lower than that of HA-HYAL-1 (87.8%).
However, HYAL-1 and HA-HYAL-1 staining inferences had the
same specificity (94.4%) to predict biochemical recurrence at 112
months and beyond. Therefore, HYAL-1 either has the same or
slightly better PPV and NPV to predict biochemical recurrence.
Thus, contrary to our earlier report that combined HA-HYAL-1
has slightly better prognostic capability than HYAL-1 staining
alone at 64 months,'2 our present study suggests that HYAL-1
alone is sufficiently accurate to predict biochemical recurrence at
72 months and beyond.

In the multivariate analysis, among all of the pre- and postop-
erative parameters and histologic markers, only preoperative PSA
and EPE had additional prognostic significance if HYAL-1 (or
HA-HYAL-1) was included in the analysis. In an earlier study, we
found that EPE, margin status and HYAL-1 (or HA-HYAL-1)
were independent predictors of prognosis. The difference between
that study’? and this is that in the earlier study we used 64-month
follow-up as a cut-off limit and performed Wald’s forward step-
wise regression analysis, whereas in the present study we used the
Cox proportional hazards model and stepwise selection to calcu-
late the hazard of biochemical recurrence over the entire period of
follow-up (i.e., up to 131 months). Interestingly, when preopera-
tive PSA was not included in the model, margin status reached
independent prognostic significance together with EPE and




128 EKICI ET AL.

HYAL-1 (or HA-HYAL-1), suggesting that preoperative PSA
provides all of the prognostic information related to margin status
plus some additional information. Nonetheless, HYAL-1 appears
to be an independent prognostic indicator for predicting biochem-
ical recurrence.

As is the case for HA expression in tumor tissues, the prognostic
significance of HYAL-1 expression may also vary based on the
origin of cancer tissue. For example, in bladder cancer, HYAL-1
expression correlates with tumor grade.?! Also, HAase levels are
elevated in brain metastases of carcinomas compared to primary
glioblastomas.55 Furthermore, brain metastasis-derived cell lines
have 1,000-fold more HAase than glioma-derived cell lines.5
HYAL-1 levels are also elevated in the saliva of patients with
squamous cell carcinoma of the head and neck.?* However, HA
accumulation without HAase activation has been associated with
aggressiveness of ovarian cancer. Similarly, HYAL-1 expression
suppresses tumor growth in a rat colon carcinoma model.” How-
ever, HYAL-1 expression in PC-3 cells (a PCa cell line) increases
their metastatic potential.8 Thus, HYAL-1 expression is associ-
ated with PCa progression.

The major dilemma for clinicians in the management of PCa is
the identification of the site of disease recurrence, which ultimately
guides therapy decisions. It is generally accepted that PSA recur-
rence within 1-2 years relates to a higher risk of developing
metastatic disease.®5 However, it is not understood whether ex-
isting pre- and postoperative parameters as well as histologic
markers can distinguish between patients who will recur within 24
months and those who will not. In our study, PSA subset analysis

showed that, except for margin status, none of the markers (i.e.,
HA, HYAL-1, HA-HYAL-1, MVD and CD44v6) and preopera-
tive (i.e., age, clinical stage and preoperative PSA) and postoper-
ative (i.e., Gleason sum overall or =7, EPE, seminal vesicle
invasion) was able to distinguish between patients who recurred
within 24 months and those who did not. In this cohort, we had 25
patients who recurred within 72 months, of whom 17 (68%)
recurred within 24 months and 3 more recurred at 27 months
(mean time to recur for the entire cohort 21.3 months). Thus, the
ability of various clinical and pathologic parameters as well as
histologic markers to predict biochemical recurrence within 24
months may need to be studied in a larger group of biochemically
recurred patients.

Nearly two-thirds of PCa patients have preoperative PSA levels
of 4-10 ng/ml, stage T1C disease and a biopsy Gleason of
5-7.21011 For such patients, one or a combination of accurate
prognostic indicators could improve the physicians’ ability to
identify PCas that are aggressive and will progress so that indi-
vidualized treatments could be offered. In our study, although
preoperative PSA was an independent predictor for prognosis,
neither the overall Gleason sum nor Gleason sum < or =7 was an
independent predictor for prognosis. Among the 4 potential prog-
nostic indicators for PCa that we compared, HYAL-1 appears to be
an accurate and independent predictor.
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Abstract

Hyaluronic acid and HYALl-type hyaluronidase show high
accuracy in detecting bladder cancer and evaluating its grade,
respectively. Hyaluronic acid promotes tumor progression;
however, the functions of hyaluronidase in cancer are largely
unknown. In this study, we stably transfected HT1376 bladder
cancer cells with HYALl-sense (HYAL1-S), HYALI-antisense
(HYAL1-AS), or vector cDNA constructs. Whereas HYAL1-S
transfectants produced 3-fold more HYAL1 than vector trans-
fectants, HYAL1-AS transfectants showed ~90% reduction in
HYAL1 production. HYAL1-AS transfectants grew four times
slower than vector and HYAL1-S transfectants and were
blocked in the G,-M phase of the cell cycle. The expression
of cde25¢ and cyclin Bl and cdc2/p34-associated H1 histone
kinase activity also decreased in HYAL1-AS transfectants.
HYAL1-S transfectants were 30% to 44% more invasive, and
HYAL1-AS transfectants were ~50% less invasive than the
vector transfectants in vitro. In xenografts, there was a 4- to 5-
fold delay in the generation of palpable HYAL1-AS tumors, and
the weight of HYAL1-AS tumors was 9- to 17-fold less than
vector and HYAL1-S tumors, respectively (P < 0.001). Whereas
HYAL1-S and vector tumors infiltrated skeletal muscle and
" blood vessels, HYAL1-AS tumors resembled benign neoplasia.
HYAL1-S and vector tumors expressed significantly higher
amounts of HYAL1 (in tumor cells) and hyaluronic acid (in
tumor-associated stroma) than HYAL1-AS tumors. Microvessel
density in HYAL1-S tumors was 3.8- and 9.5-fold higher than
that in vector and HYAL1-AS tumors, respectively. These
results show that HYAL1 expression in bladder cancer cells
regulates tumor growth and progression and therefore serves
as a marker for high-grade bladder cancer. (Cancer Res 2005;
65(6): 2243-50)

Introduction

Bladder tumors, particularly transitional cell carcinomas, show
heterogeneity in their ability to invade and metastasize (1-4). For
example, low-grade bladder tumors rarely progress, whereas about
two-thirds of high-grade tumors are detected at stages >T1 (ie.,
invading lamina propria and beyond; ref. 5). Muscle invasion by a
bladder tumor indicates poor prognosis, as 50% of patients develop
metastases within 2 years and 60% die within 5 years regardless of
treatment (6). Certain molecular markers, such as hyaluronidase,
have been identified as highly sensitive and specific markers for
detecting high-grade (i.e, grade 2 and 3) bladder cancer (7, 8).
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However, the functions of hyaluronidase (if any) in bladder tumor
growth and/or invasion are unknown. o

Hyaluronic acid is the substrate of hyaluronidase. It is a
glycosaminoglycan made up of repeating disaccharide units, p-
glucuronic acid, and N-acetyl-D-glucosamine (9). Hyaluronic acid is
normally present in tissues and body fluids. Hyaluronic acid keeps
tissues hydrated in an osmotically balanced environment (10). It
also regulates cell proliferation, migration, and adhesion by
interacting with cell surface hyaluronic acid receptors, such as
CD44 (11). Concentrations of hyaluronic acid are elevated in
cancers of the breast, colon, prostate, bladder, etc. (8, 12-18). In
tumor tissues, elevated hyaluronic acid is mostly localized to tumor
stroma; however, in some tumors, including bladder cancer, it is
also expressed in tumor cells (12-18). We have shown previously
that hyaluronic acid levels are elevated in the urine of bladder
cancer patients regardless of the tumor grade (8, 19). Thus, the
measurement of urinary hyaluronic acid levels (hyaluronic acid
test) has 83% sensitivity and 90% specificity for detecting bladder
cancer (8). In tumor tissues, hyaluronic acid swells on hydration
and opens up spaces for tumor cell migration, and tumor cells
migrate on hyaluronic acid-rich matrix by interacting with
hyaluronic acid receptors (10, 11). A hyaluronic acid coat around
tumor cells causes a partial loss of contact-mediated growth and
migration and offers protection against immune surveillance (20-
23). Small fragments of hyaluronic acid (ie., 3-25 disaccharide
units) are angiogenic (24, 25). We have isolated previously such
small fragments from the urine of grade 2/3 bladder cancer
patients, high-grade prostate cancer tissues, and saliva of head and
neck cancer patients (18, 19, 26).

Small fragments of hyaluronic acid are generated by limited
digestion of the hyaluronic acid polymer with hyaluronidase.
Hyaluronidase levels have been shown to be elevated in cancers of
the prostate, bladder, and head and neck cancer and in breast
tumors and malignant glioma (7, 19, 26-32). For example, we have
shown that urinary hyaluronidase levels measured using an ELISA-
like assay (hyaluronidase test) is a highly sensitive (81% sensitivity)
and specific (83.8% specificity) marker for detecting grade 2 and 3
bladder tumors (7, 8). Elevated hyaluronidase levels also seem to be
a sensitive marker for detecting head and neck cancer (26). We
partially purified and characterized the first tumor-derived
hyaluronidase from the urine of high-grade bladder cancer patients
and showed its identity to HYAL1 (33). Subsequently, we showed
HYAL1 expression in several invasive bladder, prostate, and helid
and neck tumor cell lines (18, 26, 33). For example, we analyzed
HYAL1 expression and hyaluronidase secretion in 11 bladder
cancer cell lines (33). Among these, HT1376 cells secrete the
highest amount of hyaluronidase activity (32 + 2.4 mU/mg protein)
in their conditioned medium, and HYAL1 is the major hyaluron-
idase expressed in these cells. We showed recently that HYAL1
expression in radical prostatectomy specimens is an independent
predictor of biochemical recurrence in prostate cancer patients
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(27, 34). In tumor cells, the expression of enzymatically active
HYAL] seems to be regulated by alternative mRNA splicing (35-37).
Jacobson et al. reported recently that overexpression of HYALI in
a rat colon cancer line suppresses tumor growth in xenografts (38).
Contrarily, Victor et al. showed that passage of a human breast
cancer line CAL 51 from the primary state to metastatic stage
increases hyaluronidase production (39). Expression of HYALl in a
prostate cancer line that produces little hyaluronidase did not affect
tumor growth but caused a slight increase in lung metastasis (40).
Thus, the functional significance of HYAL1 expression in human
tumor cells, which normally express HYALL, is still unknown.

At present, it is also unknown whether HYALI is only a marker
for more aggressive bladder cancer or it also functions as one of the
molecular determinants that control bladder tumor growth and
invasion. In this study, we examined the function of HYALI in
bladder tumor growth, invasion, and angiogenesis using HYAL1-
antisense (HYAL1-AS) transfection to block HYAL1 expression and
HYAL1-sense (HYALI-S) ¢cDNA transfection to overexpress HYALL.

Materials and Methods

Construction of HYAL1-S and HYALI-AS ¢DNA Constructs. HYAL1
cDNA containing the entire coding region was amplified by reverse
transcription-PCR analysis and cloned into a eukaryotic expression vector,
pcDNA3.1/v5-His TOPO, using a TOPO-TA cloning kit (Invitrogen, Carlsbad,
CA; ref. 35). The TOPO-TA cloning allowed bidirectional cloning of the
HYALI ¢DNA insert with respect to the cytomegalovirus promoter (ie.
HYALI-S and HYAL1-AS cDNA constructs). HYAL1-S, HYAL1-AS, and vector
c¢DNA constructs were used for transfection studies.

Generation of HYALl Transfectants. HT1376, a transitional cell
carcinoma of the bladder cell line, was cultured in RPMI 1640 containing
10% fetal bovine serum and gentamicin (growth medium). HT1376 cells
(2 x 10° per 6 cm dish) were transfected with 5 g of vector, HYAL1-S, or
HYAL1-AS cDNA constructs using the Superfect transfection reagent

(Qiagen, Valencia, CA). The transfectants were selected in growth medium’

containing 200 pg/mL geneticin (Invitrogen).

Analysis of Hyaluronidase Activity by Hyaluronidase ELISA-Like
Assay. Hyaluronidase activity in serum-free conditioned medium of
transfectants (1 x 10° cells) was assayed using the hyaluronidase ELISA-
like assay (7, 8, 33). Hyaluronidase activity (mU/mL) was normalized to total
protein concentration (mg/mL) and was expressed as mU/mg.

Substrate (Hyaluronic Acid)-Gel Assay. Conditioned media from
HT1376 transfectants (secreted by 5 X 10% cells, ~10 pg total protein)
were separated on a substrate (hyaluronic acid)-gel. Following incubation in
a hyaluronidase assay buffer, the gel was stained and destained to visualize
active hyaluronidase species (7, 18).

Immunoblot Analysis. Conditioned media from the transfectant clones
(5 % 10° cells, ~10 pg total protein) were immunoblotted using an anti-
HYALI peptide IgG (i.e., anti-HYAL1 IgG) as described previously (18, 33). Cell
lysates (4 X 10° cells per transfectant) were subjected to immunoblot analysis
using the following primary antibodies: 1 ug/mL mouse anti-cyclin BI IgG
(clone GNS1, Neomarkers, Labvision, Fremont, CA), 1 pug/mL mouse anti-
cdc2/p341gG (clone A27.1.1 with POH-1), or 0.2 pg/mL rabbit anti-cdc25¢ IgG
(C-20, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Protein loading was
evaluated by reprobing the blots with mouse anti-actin IgG (Neomarkers).

Cell Proliferation Assay. HT1376 transfectants (2 X 10* cells per well)
were plated on 24-well culture plates in growth medium with geneticin.
Every 24 hours for a total period of 5 days (0-120 hours), cells were
trypsinized and counted following trypan blue staining. Counts were
obtained from triplicate wells in two independent experiments.

Cell Cycle Analysis. HT1376 transfectant cultures (60% confluence) were
lysed in a propidium iodide dye solution (0.1% sodium citrate, 0.4% NP40,
and 25 pg/mL propidium jodide) and analyzed in an EPICS XL flow
cytometer equipped with a long pass red filter, FL3 (630 nm). The FL3
histograms were analyzed for estimating cell cycle phase distribution by

Modift Easy (Lite) program (Veritas Software, Mountainview, CA; ref, 41). All
samples were assayed in duplicates in two independent experiments.

Immunoprecipitation and Kinase Assay. HT1376 transfectant cells
(1 x 10°%) were solubilized in a lysis buffer and immunoprecipitated using
2 pg/mL mouse anti-cdc2/p34 IgG and protein A agarose (Sigma-Aldrich,
St. Louis, MO). In control samples, the primary antibody was excluded.
The immunoprecipitates were incubated with histone H1 in a hot kinase
solution (2.5 pug HI histone, 5 umol/L ATP, 5 uCi [y->*P]ATP in kinase
buffer) at 37°C for 30 minutes. Histone H1 was analyzed by 12% SDS-
PAGE and autoradiography (42).

Analysis of Apoptosis. Forty-eight-hour cultures of transfectants (10°
cells per 24-well plate) were lysed and the cell lysates were tested for
free nucleosome release using the Cell Death ELISA kit (Roche
Diagnostics, Pleasanton, CA). All samples were assayed in triplicates in
two independent experiments.

Matrigel Invasion Assay. The membranes in 12-well Transwell plates
(Corning-Costar, Corning, NY) were coated with Matrigel (100 ug/cm®) or
Matrigel with hyaluronic acid (50 pg/mL) in serum-free medium. HT1376
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Figure 1. Analysis of HYAL1 expression in HT1376 transfectants.

A, measurement of hyaluronidase (HAase) activity. Columns, mean
hyaluronidase activity (mU/mg) from three separate experiments; bars, SE. B,
immunoblot analysis using anti-HYAL1 IgG. Conditioned media (10 pg protein;
conditioned medium of 5 x 10% cells) from each transfectant clone were
subjected to anti-HYAL1 IgG immunoblotting as described in Materials and
Methods. C, substrate (hyaluronic acid)-gel assay. Conditioned media (10 pg
protein; conditioned medium of § x 10* cells) from each transfectant clone were
analyzed by substrate (hyaluronic acid)-gel. In the absence of a specific and
well-accepted protein loading control for secreted protein, we used cell number
and total protein for normalizing the total amount of conditioned medium for
each transfectant, for HYAL1 immunoblot analysis, and for substrate
(hyaluronic acid)-gel assay.
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Figure 2. Determination of the proliferation rate of HT1376 transfectants.
Points, mean cell count from triplicate measurements in two independent
measurements; bars, SD.

transfectants (3 X 10° cells per well) were plated on the upper chamber in
serum-free medium. The bottom chamber contained growth medium with
geneticin. Following 48-hour incubation, invasion of cells through Matrigel
into the bottom chamber was quantified using the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide assay (41). Invasion of cells was
calculated as (cells in the bottom chamber) / (cells in upper and bottom
chambers) x 100. Invasion by vector transfectants was normalized as 100%
(control). Invasive activity of each clone was determined in triplicates in
two independent experiments.

Pericellular Matrix (Coat) Assay. Pericellular matrices (coats) around
transfectants were visualized using a particle exclusion assay involving
formaldehyde fixed human erythrocytes as described previously (43, 44).
Cells were counted in 10 fields (127-155 cells per transfectant) per dish and
in two dishes per transfectant. Cells, which showed a phase bright region
around the entire periphery, with an average width greater than or equal to
the diameter of one erythrocyte, were counted as having a pericellular
matrix. Results were expressed as percentage + SD of cells with pericellular
matrix.

Tumor Xenografts. HT1376 transfectants (2 X 10° or 4 X 10° cells per
animal, 10 animals per group) were s.c. implanted on the right dorsal flank
of 6-week-old female athymic mice. After tumors became palpable, tumor
size was measured twice weekly and tumor volume was calculated
assuming an ellipsoid shape. At day 30, all 10 animals from vector and
HYALI-S transfectants and 5 animals from HYALI-AS groups were
eathanzied. The remaining 5 mice in HYAL1-AS group were euthanized at
day 60. Difference in tumor growth rate (i.e,, generation of palpable tumors)
and tumor weight at day 30 were statistically evaluated by Tukey-Kramer
multiple comparisons test. The experiment was repeated once. Tumor
histology was done at Charles River Laboratories (Wilmington, MA).

Immunochistochemistry: Hyaluronic Acid and HYALI Localization.
Hyaluronic acid and HYAL1 were localized in tumor xenograft specimens by
immunehistochemistry using a biotinylated bovine nasal cartilage hyalur-
onic acid-binding protein and the rabbit anti-HYALI IgG as described
previously (17, 18, 27, 34). The hyaluronic acid- and HYALI-stained slides
were graded with respect to staining intensity 0 or 1+ (weak), 2+ (moderate),
and 3+ (high) staining. All the authors read the slides independently.

Microvessel Density Determination. To visualize microvessels, slides
containing tumor specimens were incubated with 3.1 pg/mL rat anti-
mouse CD34 IgG (BD PharMingen, San Diego, CA) at 4°C for 18 hours.
The slides were then sequentially incubated with a biotinylated rabbit
anti-rat IgG, an avidin-biotin peroxidase conjugate solution (anti-rat ABC
kit, Vector Laboratories, Burlingame, CA), and 3,3'-diaminobenzidine
substrate solution (DAKO Laboratories, Carpinteria, CA). The slides were
counterstained with hematoxylin and the microvessel density (MVD) was
determined by counting the anti-CD34-stained microvessels (34). MVD
was determined by two readers independently by choosing the hotspots
and counting the microvessels. MVD was expressed as mean + SD.

Results

Analysis of HYAL1 Expression in HT1376 Transfectants.
Because HT1376 cells secrete the highest amount of hyaluroni-
dase activity among the 11 bladder cancer cell lines (33), we
chose HT1376 cell line to generate HYAL1-S (hyaluronidase-
overproducing) and HYALI-AS (hyaluronidase-non-producing)
stable transfectants. We analyzed 25 to 30 stable clones of each
transfectant type for analysis, and data on two clones from each
category are presented. As shown in Fig. 14, hyaluronidase
activity (mU/mg) secreted by HYAL1-S (1: 83.5 % 4.5 and 2: 94.5
+ 3.5) transfectants is ~2.5-fold when compared with the vector
(1: 335 + 15 and 2: 385 + 25) transfectants. There is >90%
reduction in the amount of hyaluronidase secreted by HYAL1-AS
(1: 20 £ 0.5 and 2: 4.3 + 04) transfectants when compared with
vector transfectants (Fig. 14). The amount of hyaluronidase
activity secreted by HYAL1-AS transfectants is similar to that
secreted by noninvasive bladder cancer cell lines, such as RT4
(33). As shown in Fig. 1B, a ~60-kDa HYAL1 protein is detected
in the conditioned medium of vector (1 and 2) and HYALI-S (1
and 2) transfectants. However, this protein is not detected
HYALI-AS (1 and 2) transfectant conditioned medium. The
substrate (hyaluronic acid)-gel analysis confirms the presence of a
~60-kDa active hyaluronidase species in the conditioned
medium of both vector and HYAL1-S transfectants. As expected,
the active hyaluronidase species is not detected in the
conditioned medium of HYALI-AS transfectants (Fig. 1C).

Effect of HYAL1 Expression on Cell Proliferation, Cell Cycle,
and Apoptosis. The growth rate of vector and HYAL1-S trans-
fectants is comparable (Fig. 2). The doubling time of both vector
transfectant clones is ~30 hours and that of HYAL1-S 1 and
HYALI1-S 2 transfectants is 26 and 24 hours, respectively. HYAL1-AS
transfectants, however, grew ~4 times slower when compared
with vector and HYAL1-S transfectants (doubling time, 1: 96 hours
and 2: 80 hours; Fig. 2).

As shown in Table 1, HYAL1 expression seems to affect the G,-M
phase of the cell cycle. There is a 200% and >500% increase in the

*eytometry for.cell cycle analysis

~ Table 1. Cell cycle analysis of HT1376 transfectants: HYAL1-S, HYAL1-AS, and vector transfectant clones subjected to flow

}
HYAL1-AS 2 (%)

Phase Vector 1 (%) Vector 2 (%) HYAL1-S 1 (%) HYAL1-S 2 (%) HYAL1-AS 1 (%)
Go-G, 56.7 55.8 55.2 542 55.9 57.1
S 37.7 384 424 443 314 32.7
G,-M 5.6 58 24 15 12.7 10.2

NOTE: Percentages of cells in Go-Gy, S, and G,-M phases of the cell cycle are shown. Average of duplicates from two independent experiments. SD < 5%.
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number of HYAL1-AS transfectants in G,-M phase when compared
with the vector and HYAL1-S transfectants, respectively (<0.00L;
Tukey-Kramer multiple comparisons test). Correspondingly, the
percentage of HYAL1-AS cells in S phase decreases when compared
with vector and HYAL1-S cells. HYAL] expression does not affect
the Go-G, phase (Table 1).

‘We next analyzed the expression of Go-M regulators (i.e., cdc25c,
cyclin B, and cdc2/p34 proteins) in HT1376 transfectant clones.
There is a 3- to 4-fold decrease in the expression of cdc25c and
cyclin Bl in HYAL1-AS transfectant clones when compared with
that in vector and HYAL1-S transfectants, respectively (Fig. 34).
The expression of cdc2/p34 in HYAL1-AS transfectants does not
change in HYALI-AS transfectants when compared with the vector
transfectants but decreases ~ 1.5-fold when compared with
HYAL1-S transfectants {Fig. 34). There is also a ~2- and ~ 4-fold
decrease in the cdc2/p34-associated H1 histone kinase activity in
HYAL1-AS transfectant clones when compared with the vector and
HYAL1-S transfectants, respectively (Fig. 3B). These results show
that HYAL1-AS transfectants are arrested in the Gy,-M phase of the
cell cycle.

‘We also determined whether HYAL] expression affects apoptosis.
As shown in Table 2, there are no significant differences in apoptosis
among vector, HYAL1-S, and HYAL1-AS clones. This was further
confirmed by using Annexin V binding to study outward transloca-
tion of plasma membrane phosphatidylserine among HYAL] trans-
fectants. No differences in phosphatidylserine translocation were
observed among vector (1 and 2), HYAL1-S (1 and 2), and HYAL1-AS
(1 and 2) transfectants. These results show that inhibition of HYAL1
expression affects cell cycle progression but not apoptosis.

Effect of HYAL1 Expression on Invasion. The invasive activity
of vector transfectant clones (28.8 + 2.3%) was normalized as
100%. As shown in Fig. 44, HYAL1-AS transfectants 1 and 2 are 40%
and 45% less invasive than the vector transfectant clones.
Contrarily, HYAL1-S transfectants are 140% (1) and 159% (2) more
invasive than vector transfectants. Incorporation of hyaluronic acid
in Matrigel does not influence the invasive properties of various
HT1376 transfectants (Fig. 4B). These results show that blocking of
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Figure 3. Analysis of Go-M cell cycle regulators in HT1376 transfectants. A, cell
lysates of HT1376 transfectants were analyzed by immunoblotting using
anti-cdc25¢ (a), anti-cyclin B1 (b), anti-cdc2/p34 (c), and p-actin (d) antibodies.
Lanes 1 and 2, vector clones 1 and 2; lanes 3 and 4, HYAL1-S clones 1 and 2;
lanes 5 and 6, HYAL1-AS clones 1 and 2. B, H1 histone kinase-associated
activity of cdc2/p34 was measured as described in Materials and Methods.
Lanes 1 and 2, vector clones 1 and 2; lanes 3 and 4, HYAL1-S clones 1 and 2;
lanes 5 and 6, HYAL1-AS clones 1 and 2; /lane 7, negative control.

Table 2. Analysis.of apoptosis in HT1 376 transtectants ;

Transfectant Free nucleosome Ass % of Control
Vector 1 (control) 1.8 + 0.05 100

Vector 2 15 £ 025 833
HYALL-S 1 179 + 021 99.4
HYALI-S 2 191 + 037 106
HYALI-AS 1 146 + 0.16 81.1
HYALI-AS 2 1.83 £ 02 102

NOTE: Apoptotic activity in vector, HYAL1-S, and HYAL1-AS trans-
fectant clones was determined. Apoptotic activity in vector 1 clone
was considered as 100% (control). Average + SE A4os from duplicate
measurements in two independent experiments.

HYAL1 expression significantly reduces the invasive activity of
bladder cancer cells.

Effect of HYAL1 Expression on Hyaluronic Acid-Dependent
Pericellular Matrix Formation. As shown in Fig. 5, the vector and
HYAL1-S clones do not exhibit pericellular matrices, as the
erythrocytes closely abut the surface of each cell and in some
cases cover the cells. However, HYAL1-AS cells exhibit a pericellular
matrix, as the erythrocytes do not penetrate the matrix and a clear
coat surrounds the cells. The percentage of cells with pericellular
matrix was elevated in HYALI-AS transfectants (1: 85.6 + 15.9 and
2: 86.7 + 14.3) when compared with the vector (1: 56.3 * 16.7 and
2: 47.8 + 15.3) and HYALI-S (1: 21.7 & 16.25 and 2: 19.61  14.83)
transfectants. The differences among HYAL1-AS and vector,
HYALI-AS and HYAL1-S, and HYAL1-S and vector were statistically
significant (P < 0.001). Thus, hyaluronic acid is an important
component of the pericellular matrix that surrounds bladder
cancer cells.

Effect of HYAL] Expression on Tumor Xenografts. As shown
in Fig. 54, when injected at 2 x 10° cells per site density, there
was a 4 to 5-fold delay in the generation of palpable tumors in
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Figure 4. Determination of the invasive activity of HT1376 transfectants in vitro.
Invasive activity was tested in Matrige! alone (A) or Matrigel + hyaluronic acid
(B). Invasive activity of vector transfectant clone 1 (control) was considered as
100%. Columns, mean from triplicate determinations in two independent
experiments; bars, SD.
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Figure 5. Examination of pericellular matrix in HT1376 transfectants:
pericellular matrices surrounding various HT1376 transfectants were visualized
using the particle exclusion assay. Human erythrocytes surrounding tumor
cells: (A) vector 2, (B) HYAL1-S 2, and (C) HYAL1-AS 2.

animals injected with HYAL1-AS transfectant (40 + 3 days) when
compared with animals injected with HYAL1-S (7 days) and
vector (10 + 2 days) transfectants, respectively (P < 0.001). The
weight of HYAL1-AS transfectant tumors is 9.1-fold less than that
of vector tumors and 17.3-fold less than that of HYALI-S tumors,
respectively (Fig. 5B; P < 0.001). The 1.9-fold increase in the
weight of HYAL1-S tumors compared with vector tumors is also
statistically significant (P < 0.05). The picture of two represen-
tative tumors from each transfectant group shows that HYAL1-AS
tumors are indeed much smaller than the vector and HYALI-S
tumors (Fig. 5C).

We also injected various transfectants at 4 X 10° cells per site. As
shown in Fig. 5D, the weight of HYAL1-AS tumors is still 10- and 17.7-
fold less when compared with the weights of vector and HYAL1-S
tumors, respectively (P < 0.001). Therefore, blocking HYALl
expression decreases tumor growth regardless of the initial tumor
inoculum.

Tumor histology report provided by Charles River Laboratories
stated that vector and HYAL1-S tumors grew by infiltrating
surrounding tissues, including skeletal muscle. The tumors also
contained numerous blood vessels. On the contrary, HYAL1-AS
tumor growth was described as resembling benign neoplasm.
Figure 6 shows the photomicrographs of representative tumor
histology corresponding to vector, HYAL1-S, and HYALI-AS tumors.
As shown in Fig. 64, clusters of tumor cells have infiltrated the
skeletal muscle, and two blood vessels are present at the periphery.
At higher magnification, tumor cells are adjacent to skeletal muscle
fibers. A blood vessel is also present close to tumor cells at the lower
left (Fig. 6D). In the HYAL1-S tumor specimen, the skeletal muscle
fibers are entrapped in tumor cells, as are the blood vessels (Fig. 6B).
At higher magnification, tumor cells are present at the edge of a
blood vessel, indicating infiltration. The tumor cells are surrounding
the skeletal muscle fibers and also show a high number of mitotic
figures (Fig. 6E). As shown in Fig. 6C, the HYAL1-AS tumor has a
discrete margin and there is no evidence of infiltration into skeletal
muscle. In addition, no large vessels are present in the specimen. At
higher magnification, the specimen does not contain any skeletal
muscle fibers and only a single capillary is present in the center (Fig.
6F). These results show that HYAL1 expression influences the
invasive phenotype of bladder tumor cells ir vivo.

Expression of Hyaluronic Acid, HYALl, and Microvessel
Density. To determine whether tumor cells in vector, HYAL1-S, and

HYALI-AS tumor specimens retain their phenotype, we localized
HYAL! and hyaluronic acid in tumor xenografts. Tumor cells in the
vector specimen show moderate expression of HYAL1 (2+ staining
intensity), whereas tumor cells in HYAL1-S specimen show high level
of HYAL] expression (3+ staining intensity; Fig. 7a-c). None to very
little HYAL1 staining is observed in HYAL1-AS tumor specimen (0
to 1+ staining intensity). In the vector tumor specimen, there is
moderate (2+ staining intensity) hyaluronic acid expression in the
tumor-associated stroma, but tumor cells are negative for hyaluronic
acid expression (Fig. 74, d). There is high level of hyaluronic acid
expression in tumor-associated stroma in HYALI1-S tumor specimen
(Fig. 74, e). Interestingly, very low hyaluronic acid expression
is observed in the stromal compartment in HYAL1-AS tumor
specimens (Fig. 74, f).

As shown in Fig. 7B, MVD in HYAL1-S tumor specimens {127.2 &
29.23; range, 97-196) is 3.8-fold higher than that in vector tumor
specimens (33.86 + 5.55; range, 27-45) and 9.5-fold higher than that
in HYAL1-AS specimens (13.43 + 5.09; range, 6-22; P < 0.001; Tukey-
Kramer multiple comparisons test; Fig. 8).
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Figure 6. Examination of the growth of HT1376 transfectant tumors in
xenografts. Vector 2, HYAL1-S 2, and HYAL1-AS 2 transfectant clones were
injected s.c. in athymic mice (10 animals per group) at 2 x 10° cells per site
density. A, points, mean tumor volume; bars, SD. B, columns, mean tumor
weight (g); bars, SD. C, two representative tumors from each group

(i.e., vector, HYAL1-S, and HYAL1-AS) taken at necropsy. D, vector 2,
HYAL1-S 2, and HYAL1-AS 2 transfectant clones were injected s.c. in .
athymic mice at 4 x 10° cells per site density. Columns, mean tumor weight
(q); bars, SD.
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Figure 7. Examination of histology of transfectant tumors. Charles River
Laboratories provided the tumor histology pictures (A-F). A-C, magnification,
x100. D-F, magnification, x400. SM, skeletal muscle fiber; T, tumor or
tumor cells; V, blood vessel; WBC, leukocytes. Arrows, entrapment of
skeletal muscle fibers by tumor.

Discussion

Our results show that blocking HYAL] expression in a bladder
cancer line results in a 4-fold decrease in cell growth rate,
suggesting that HYAL1 expression by tumor cells is required for
cell proliferation. The proliferation rate of HYALL-S transfectants,
however, is not significantly higher than that of the vector
transfectants. Because HYALL-S transfectants secrete only ~2.5-
fold more HYAL1 than vector transfectants, moderate over-
expression of HYALI in a bladder cancer cell line that already
produces significantly higher amounts of HYAL1 (30 mU/mg) may
not appreciably alter the cell proliferation rate. Our results, which
show that blocking of HYAL] expression induces cell cycle arrest,
are consistent with a report that HYALl expression in an oral
squamous cell carcinoma line induces S-phase entry (45). Based on
the analysis of cell cycle and G,-M regulators, HYAL1 expression
very likely affects cell proliferation by regulating cell cycle.

Our finding that HYAL1-AS transfectants are ~50% less invasive
than vector transfectants and that HYAL1-S transfectants are more
invasive than vector transfectants are consistent with our previous
observations that HYAL1 levels are elevated in high-grade bladder
tumor tissues and in patients’ urine (8, 17). Most high-grade tumors
given sufficient time will invade bladder muscle and metastasize
and therefore present with poor prognosis (1-4).

In addition to the effect of HYAL] on tumor growth, its effects
on tumor infiltration into skeletal muscle are interesting. HYAL1-S
and vector tumors infiltrated skeletal muscle. HYAL1-AS tumors
were benign and did not invade the muscle. Muscle invasion by
bladder tumor is independent of tumor volume and is ominous, as
60% of patients have distant metastasis within 2 years and 50% die
within 5 years (1-6). The observations of this study suggest that
HYAL1 plays a role in promoting the invasive potential of
bladder tumor cells. It may also explain why urinary hyaluroni-
dase levels serve as an accurate marker for detecting high-grade
bladder cancer but are not elevated in patients with low-grade
tumors (1-4). HYAL1 is also an independent prognostic indicator
for predicting biochemical recurrence in prostate cancer and
increases metastatic potential of a prostate cancer line (29, 34, 40).
Taken together, HYAL] seems to function in bladder tumor growth
and invasion.

In tumor xenografts, hyaluronic acid was exclusively localized in
tumor-associated stroma, whereas HYAL1 was expressed by tumor
cells. We have shown previously such dichotomy of hyaluronic acid
and HYAL1 expression in prostate cancer (18). There is also a synergy

between hyaluronic acid and HYAL1 expression. For example, there
was considerably less hyaluronic acid in the stroma in HYAL1-AS
tumors than there was in vector and HYAL1-S tumors. These
observations are consistent with the expression of hyaluronic acid
and HYALI in human bladder tumors. For example, there is low
expression of hyaluronic acid and HYAL1 in grade 1 tumors when
compared with grade 2 and 3 tumors, respectively (17). The synergy
between stromal hyaluronic acid and tumor cell- HYALL expression
suggests that one or both of these molecules may influence each
other’s synthesis in the tumor microenvironment.

One of the well-studied functions of the hyaluronic acid and
hyaluronidase system is the generation of angiogenic hyaluronic
acid fragments (24, 25). These angiogenic hyaluronic acid frag-
ments have been shown to induce endothelial cell proliferation,
migration, and adhesion (46-48). The secretion of hyaluronidase by
tumor cells has been shown to induce angiogenesis (32), whereas

Figure 8. Localization of HYAL1, hyaluronic acid, and microvessels in tumor
tissues. A, localization of HYAL1 and hyaluronic acid. a-c, HYAL1 localization;
d-f, hyaluronic acid localization; a and d, vector transfectant; b and e, HYAL1-S
transfectant; ¢ and f, HYAL1-AS transfectant. B, localization of microvessels.
Areas of the highest MVD from each type of tumor specimen. Magnification,
x400. a, vector tumor; b, HYAL1-S tumor; ¢, HYAL1-AS tumor.

Cancer Res 2005; 65: (6). March 15, 2005

2248

www.aacrjournals.org




Tumor-Promoting Functions of HYALT1 in Bladder Cancer

hyaluronic acid causes avascularity (49). Angiogenic hyaluronic
acid fragments are present in the urine of grade 2 and 3 bladder
cancer patients, suggesting that the hyaluronic acid and HYAL1
system is active in bladder cancer (19). Our observations that
HYAL1-S tumors have a significantly higher MVD than vector
tumors and HYAL1-AS tumors have the lowest MVD among the
three tumor groups are consistent with the function of the tumor
associated hyaluronic acid-hyaluronidase system. Jacobson et al.
also observed increased MVD in HYALIl-overexpressing rat colon
carcinoma xenografts (38).

At present, the role of hyaluronidase as a tumor promoter or a
repressor has been controversial. The results presented in this
study show that blocking HYAL1 expression reduces tumor
growth and invasion. HYALl levels in various cancers are
associated with high-grade invasive tumors (7, 8, 26, 27, 34).
However, chromosome region 3p21.3 that contains HYALI, HYALZ2,
and HYAL3 genes is deleted in some cancer lines (50-53).
Although the tumor suppressor gene in 3p21.3 is not HYALI,
HYAL2, or HYAL3, it originally gave rise to the idea that
hyaluronidase is a tumor suppressor (54). Jacobson et al. found
that the overexpression of HYAL1 by cDNA transfection in a rat
colon carcinoma line decreases tumor growth, although the
tumors are angiogenic (38). It is noteworthy that HYALI-
overexpressing transfectants in that study secreted 4- to 5-fold
more hyaluronidase activity than the HYALI-S transfectants in
our study. Shuster et al. injected a large dose (300 or 75 units/
injection X 4 injections) of bovine testicular hyaluronidase in
MDAA435 breast cancer xenografts and observed a reduction in
tumor volume over a period of 4 days; however, the effect was not
studied beyond 4 days (55). Thus, it is possible that the effect of
HYAL1 (and possibly other hyaluronidases) on tumor growth and
invasion is concentration dependent. Although moderate HYAL1
expression in tumor cells increases their proliferative and invasive
potentials, the lack of HYAL1 expression as well as very high
HYAL1 expression decreases tumor growth and invasion perhaps

by completely degrading the tumor-associated hyaluronic acid
matrix. It is also noteworthy that other proteins related to
hyaluronic acid synthesis (hyaluronic acid synthase 2 and 3) and
hyaluronic acid-receptor RHAMM are also involved in tumor
growth and metastasis. For example, blocking hyaluronic acid
synthase 3 expression in prostate cancer cells decreases cell
growth in vitro and tumor growth in vivo. Hyaluronic acid
synthase 2 expression induces mesenchymal and transformed
properties in normal epithelial cells (56-58). Interestingly,
hyaluronic acid synthase 2 expression in the absence of
hyaluronidase decreases tumor growth in glioma cells. Interaction
between RHAMM and hyaluronic acid fragments is known to
induce the mitogen-activated protein kinase pathway, and over-
expression of RHAMM is a useful prognostic indicator for breast
cancer. These results show that the hyaluronic acid-hyaluronidase
system is involved in the regulation of tumor growth and
invasion.

Taken together, our study shows that HYAL1 is one of the
molecular determinants of bladder tumor growth and invasion;
therefore, it is a sensitive and specific marker for detecting high-
grade bladder cancer.
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Abstract

Hyaluronidases degrade hyaluronic acid, which promotes
metastasis,. HYAL1 type hyaluronidase is an independent
prognostic indicator of prostate cancer progression and a
biomarker for bladder cancer. However, it is controversial
whether hyaluronidase (e.g., HYAL1) functions as a tumor
promoter or as a suppressor. We stably transfected prostate
cancer cells, DU145 and PC-3 ML, with HYALIl-sense
(HYAL1-S), HYALl-antisense (HYAL1-AS), or vector DNA.
HYAL1-AS transfectants were not gemerated for PC-3 ML
because it expresses little HYALl. HYAL1-S transfectants
produced <42 milliunits (moderate overproducers) or >80
milliunits hyaluronidase activity (high producers). HYAL1-AS
transfectants produced <10% hyaluronidase activity when
compared with vector transfectants (18-24 milliunits). Both
blocking HYAL1 expression and high HYALl production
resulted in a 4- to 5-fold decrease in prostate cancer cell
proliferation. HYAL1-AS transfectants had a G,-M block due
to decreased cyclin Bl1, cdc25¢, and cdc2/p34 expression and
cdc2/p34 kinase activity. High HYAL1 producers had a 3-fold
increase in apoptotic activity and mitochondrial depolar-
ization when compared with vector transfectants and
expressed activated proapoptotic protein WOXI1. Blocking
HYAL1 expression inhibited tumor growth by 4- to 7-fold,
whereas high HYAL] producing transfectants either did not
form tumors (DU145) or grew 3.5-fold slower (PC-3 ML).
Whereas vector and moderate HYAL1 producers generated
muscle and blood vessel infiltrating tumors, HYAL1-AS
tumors were benign and contained smaller capillaries.
Specimens of high HYALl producers were 99% free of
tumor cells. This study shows that, depending on the
concentration, HYAL1 functions as a tumor promoter and
as a suppressor and provides a basis for anti-hyaluronidase
and high-hyaluronidase treatments for cancer. (Cancer Res
2005; 65(17): 7782-9)

Introduction

Hyaluronidase is an endoglycosidase that degrades hyaluronic
acid. Hyaluronic acid is a glycosaminoglycan made up of repeating
disaccharide units D-glucuronic acid and N-acetyl-D-glucosamine
(L, 2). In addition to maintaining hydration status and osmotic
balance in tissues, hyaluronic acid interacts with cell surface
receptors, such as CD44 and receptor for hyaluronic acid-mediated
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motility, and regulates cell adhesion, migration, and proliferation
(1-3). Hyaluronic acid concentration is elevated in several tumors,
including carcinomas of breast, colon, prostate, and bladder (4-8).
We have shown that increased urinary hyaluronic acid levels serve
as an accurate marker for detecting bladder cancer, regardless of
the tumor grade (9, 10). In prostate cancer tissues, hyaluronic acid
is mainly produced by tumor-associated stroma; however, ~ 40% of
tumor cells express hyaluronic acid (11, 12). Tumor-associated
hyaluronic acid promotes tumor cell migration, aids in the loss of
contact inhibition, and offers protection against immune sur-
veillance (13-15). Small hyaluronic acid fragments (3-25 disaccha-
ride units), generated by hyaluronidase, are angiogenic (16, 17). We
have detected such fragments in prostate cancer tissues, in bladder
cancer patients’ urine, and in the saliva of head and neck cancer
patients (7, 9, 18).

Hyaluronidase is crucial for the spread of bacterial infections,
toxins, and venoms (19, 20). The human genome contains six
hyaluronidase genes, found on two chromosomes: 3p 21.3 (HYALL,
HYAL?2, and HYAL3) and 7q 213 (HYAL4, PH20, and HYALPL;
ref. 21). PH20 or testicular hyaluronidase induces the acrosomal
reaction during ovum fertilization (22). HYAL1 is present in human
serum and urine and has a pH optimum of ~4.2. HYAL1 is 50%
active at pH 4.5 (7, 23, 24). Lack of functional HYAL1 causes a mild
disorder called type IX mucopolysaccharidosis (25). It is also the
major hyaluronidase expressed in cancers of the prostate, bladder,
and head and neck, and is secreted by tumor cells (7, 11, 18, 26). In
bladder cancer, increased hyaluronidase levels (i.e., HYAL1) serve as
an accurate marker for detecting high-grade tumors (6, 9, 10).
Using radical prostatectomy specimens from patients with a 6- to
10-year follow-up, we found that HYALl is an independent
predictor of biochemical recurrence (i.e., disease progression; refs.
11, 12). Hyaluronidase levels also increase in breast cancer cells
when they become metastatic (27, 28). We recently showed that
blocking HYAL1 expression in an invasive bladder cancer line
decreases tumor growth by 9- to 17-fold, inhibits tumor infiltration,
and decreases microvessel density 4- to 9-fold (29). Expression of
HYAL1 in PC-3 prostate cancer cells that produce low levels of
hyaluronidase causes a slight increase in lung metastasis (30).
These observations show that hyaluronidases in general, and
HYAL] in particular, are tumor promoters.

Contrary to the tumor growth- and metastasis-promoting
effects of HYAL1, the chromosomal locus (ie., 3p 21.3) that
encodes the HYAL-1, HYAL-2, and HYAL-3 genes is deleted in
some epithelial tumors at high frequency, although the tumor
suppressor gene in this locus is not one of the hyaluronidase
genes (31-33). HYAL2 levels are also slightly decreased in high-
grade B-cell non-Hodgkin’s lymphomas (34). Overexpression of
HYALL1 in a rat colon carcinoma line inhibits tumor growth and
generates necrotic tumors (35). Administration of super high
concentrations of bovine testicular hyaluronidase (300 units)
causes a 50% regression of breast tumor xenografts (36).
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Furthermore, transient expression of HYAL1 and HYAL2 in 1929
mouse fibroblasts or treatment of these cells with super high
concentrations of bovine testicular hyaluronidase (100 units/mlL)
increases tumor necrosis factor-mediated cytotoxicity by induc-
ing the expression of a proapoptotic protein WOX1 (a ww
domain-containing oxidoreductase; refs. 37-40). In these cells,
WOX1 induces apoptosis following its activation by phosphory-
lation on Tyr-33 residue (WOX1-PTyr-33) and its translocation to
mitochondria and then into the nucleus (38). These observations
suggest that hyaluronidases, including HYAL1, are tumor sup-
pressors.

At present, no studies have been conducted to explain the
contradictory findings about HYAL] function in tumor growth and
invasion. To discern the tumor-promoting and tumeor-suppressing
functions of HYAL], we stably transfected androgen-independent
prostate cancer cell lines DU145 and PC-3 ML to generate
moderate HYAL1 producers, high HYAL1 producers, and no/little
HYAL1 producers. Our results show that HYAL1 is both a tumor
promoter and a suppressor, depending on its concentration.

Materials and Methods

Generation of HYALI-S and HYALI-AS stable transfectants. The
HYALL coding region was cloned into a eukaryotic expression vector,
pcDNA3.1/v5-His TOPO, in the sense (HYAL1-S) and antisense (HYAL1-AS)
orientation, with respect to the cytomegalovirus promoter (29). DU145 and
PC-3 ML cells (1 X 10%/6-cm dish) were transfected with vector, HYALI-S, or
HYALI-AS ¢DNA constructs (1 pg DNA) using Effectene (Qiagen). Trans-
fectant clones were selected in a growth medium (RPMI 1640 + 10% fetal
bovine serum + gentamicin) plus geneticin (Invitrogen, Carlsbad, CA).

Analysis of hyaluronidase activity and HYALL. Hyaluronidase activity
secreted by transfectants into serum-free conditioned media was measured
using a hyaluronidase ELISA-like assay and expressed as milliunits per 10°
cells (41). Both the active hyaluronidase species and HYAL1 were identified
in the transfectant conditioned media (secreted by 5 x 10 cells, ~ 10 pg
total protein) with substrate (hyaluronic acid)-gel electrophoresis and
immunoblot analysis, using a rabbit anti-HYALI immunoglobulin G (IgG),
respectively (26).

Immunoblot analysis and kinase assay. Cell lysates (4 X 10* cells) were
immunoblotted using anti-cyclin Bl IgG, anti-cdc2/p34 IgG, anti-cdc25¢
IgG, or anti-actin IgG (Lab Vision Corp./Neomarkers, Fremont, CA; ref. 29).
cdc2/p34 kinase was immunoprecipitated from cell lysates (1 X 10° cells/
transfectant) using an anti-cdc2/p34 antibody. Immunoprecipitates were
used for the cdc2/p34-associated HI histone kinase activity assay using H1
histone (29). Cell lysates were also immunoblotted using rabbit anti-WOX1
and rabbit anti-WOX1 phosphospecific Tyr-33 IgG (1:3,000 dilution; EMD
Biosciences, San Diego, CA).

Cell proliferation assay. Transfectant clones were cultured on 24-well
plates in growth medium + geneticin. Cells were counted in duplicate
wells every 24 hours, for a total period of 120 hours, in two independent
experiments.

Cell cycle analysis. Cell cycle phase distribution in actively growing
transfectant cultures was estimated by propidium iodide staining of DNA
and flow cytometry using an EPICS XL flow cytometer (29). FL3
histograms were analyzed using the Modfit Easy (Lite) Program (Veritas
Software ME). Samples were assayed in duplicate in two independent
experiments.

Apoptosis assays. Ninety-six-hour cultures of transfectants (10° cells/24-
well plate) were lysed and the cell lysates were tested for free nucleosome
release using the Cell Death ELISA kit (Roche Diagnostics, Pleasanton, CA).
Annexin V binding was examined in 96-hour cultures of transfectants (~ 3 X
10° cells/6-cm dish) using the ApoAlert Annexin V-enhanced green
fluorescent protein kit (BD Clontech Labs, Mountain View, CA) and flow
cytometry. Median fluorescence intensity (Annexin V binding to phospha-
tidylserine) was compared among the transfectants in the green fluorescence

channel (log FL1). Mitochondrial depolarization was examined by incubating
actively growing cultures of transfectants with a mitochondria-specific dye,
JC-1, for 15 minutes followed by flow cytometry. An increase in the green
fluorescence intensity was approximated as a decrease in mitochondrial
membrane potential (AY; ref. 42).

Matrigel invasion assay. Transfectants (3 X 10° cells) were plated on
the upper chamber of a Matrigel-coated transwell plate in serum-free
medium. The bottom chamber contained growth medium. After 48 hours,
invasion of cells through the Matrigel into the bottom chamber was
quantified using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay. Cell invasion was calculated as (cells in the bottom
chamber + cells in upper + bottom chambers) X 100 (29).

Pericellular matrix assay. Formaldehyde-fixed human erythrocytes
were overlaid on transfectants, which were cultured for 24 hours (10 cells/
6-cm dish). Cells showing a bright region around the entire periphery with
width equal to or greater than the diameter of an erythrocyte (ie.
pericellular matrix) were counted in 10 fields. Results were expressed as
percentage of cells with pericellular matrix + SD (29, 43).

Tumor xenografts and histology. Transfectants (2 x 10° cells) were sc
implanted on the dorsal flank of 5-week-old male athymic mice (10/clone).
After the tumors became palpable, the tumor size was measured twice
weekly. Tumor volume was approximated to an ellipsoid (44). Following
euthanasia (DU145: 42 day; PC-3 ML: 28 day), the tumors were weighed.
Tukey's multiple comparison test was used to evaluate the differences in
tumor growth rate and tumor weight. Tumor histology was done at Charles
River Laboratories (Wilmington, MA).

Hyaluronic acid, HYAL1 localization, and microvessel density
determination. Hyaluronic acid and HYAL! were localized in tumor
xenograft specimens by immunohistochemistry using a biotinylated
hyaluronic acid-binding protein and the anti-HYAL1 IgG, respectively
(29). Microvessel density was evaluated using CD34 staining (rat anti-mouse
CD34 1gG; BD PharMingen, Mountain View, CA; ref. 29). Microvessel density
was determined by two readers independently counting microvessels in 10
fields and expressed as mean £ SD. The length of the microvessels was
measured using a Nikon H550L microscope with a video screen camera
equipped with measuring tools.

Results

Analysis of HYAL1 expression in DUl45 and PC-3 ML
transfectants. Whereas DU145 cells secrete hyaluronidase activity
into their conditioned media, PC-3 ML cells secrete very little
hyaluronidase (7). We generated HYAL1-S (hyaluronidase over-
producing) transfectants of both DU145 and PC-3 ML cells, but
only HYAL1-AS transfectants of DU145. We analyzed 25 to 30
clones of each transfectant type for hyaluronidase production and
HYAL1 expression. We selected two types of HYAL-S transfectants,
moderate hyaluronidase overproducing and high hyaluronidase
overproducing. Data on two clones from each type are shown. As
shown in Fig. 14-a, when compared with vector #1 and #2 clones,
DU145 HYALI-S clones #1 and #2 secrete 1.5- to 2.3-fold more
hyaluronidase activity (moderate overproducers). HYAL1-S #3 and
#4 clones (high producers) secrete 3.8- to 7.3-fold more hyaluron-
idase activity than the vector clones (Fig. 14-a). There is >90%
reduction in hyaluronidase secretion in HYAL1-AS clones. PC-3 ML
HYAL1-S clones #1 and #2 secrete 10-fold more hyaluronidase
activity than that secreted by PC-3 ML vector clones (Fig. 14-b).
HYALL-S #3 and #4 clones secrete 80 to 100 milliunits hyaluron-
idase activity, which is similar to that secreted by DU145 #3 and #4
clones.

Anti-HYAL] immunoblot analysis shows that a ~ 60 kDa HYAL1
protein is secreted in the conditioned media of DU145 vector and
HYAL1-S clones but not in HYAL1-AS clones (Fig. 1B-a). In PG3
ML clones, HYAL] protein is detected in the conditioned mediatof
HYALL-S transfectants but not in vector clones. The amount of
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Figure 1. Analysis of hyaluronidase activity in DU145 and PC-3 ML transfectants. A, hyaluronidase activity (milliunits per milligram) was measured using an ELISA-like
assay. Columns, mean (triplicates in three experiments); bars, SD. B, detection of HYAL1 expression by immunoblot and substrate (hyaluronic acid)-gel assay. '
A and C, immunoblot analysis. Conditioned media (10 pg protein; conditioned media of 50,000 cells) were subjected to anti-HYAL1 IgG immunoblotting. B and D,

substrate (hyaluronic acid)-gel assay. Conditioned media (10 pg protein; conditioned media ot 50,000 cells) were analyzed by substrate (hyaluronic acid)-gel

electrophoresis.

HYAL] protein detected in HYAL1-S clones #3 and #4 is higher than
that detected in HYAL1-S #1 and #2 clones (Fig. 1B-b). The
substrate (hyaluronic acid)-gel analysis confirms immunoblot
results and detects a ~60 kDa active hyaluronidase species in
the conditioned media of DU145 vector and HYAL1-S clones and in
PC-3 ML HYALL-S clones (Fig. 1B-¢ and B-d).

Effect of HYALY expression on cell proliferation and cell
cycle. The growth rates of DU145 vector and HYAL1-S #1 and #2
transfectants are comparable (doubling time, ~26-28 hours;
Fig. 24). However, both HYAL1-AS clones and HYAL1-S #3 and #4
clones (which secrete >100 milliunits/10° hyaluronidase activity)
grow 4- to 5-fold slower than vector clones (doubling time, ~ 90-96
hours). PC-3 ML HYAL1-S #1 and HYAL1-S #2 clones grow 1.5- to
2-fold faster than the vector clones; however, the high HYAL1
producing clones, HYAL1-S #3 and #4, grow 2- to 2.5-fold slower
than the vector clones (Fig. 2B).

Cell cycle analysis showed that the decreased growth rate of
HYALI1-AS transfectants was due to cell cycle arrest in the G,-M
phase. There was a 200% to 300% increase in the number of
HYAL1-AS #1 and #2 cells in Go-M phase (22.3% and 31.3%,
respectively) when compared with vector (#1: 11.5%, #2: 12.4%) and
all HYAL1-S transfectant (9.7-12.1%) clones. This increase in the
G,-M phase was statistically significant (P < 0.001, Tukey's test).
Correspondingly, the percentage of HYAL1-AS cells in § phase was
lower (#1: 28.8%, #2: 24.8%) when compared with vector (¥1: 35.9%;
#2: 37.2%) and HYAL1-S (#1: 36.4%; #2: 38.5%) cells. There was no
change in the percentage of cells in Gyo-G, phase in any of the
transfectants, In PC-3 ML transfectants, HYAL] expression also
increased the number of cells in the S phase with a corresponding
decrease in the number of cells in G,-M phase (data not shown).

The expression of G,-M regulators (ie., cdc25c, cyclin Bl, and
cdc2/p34 proteins) was analyzed in various clones by immuno-
blotting. As shown in Fig. 2C, both cdc25¢ bands, plausibly
representing phosphorylated (slow-moving) and native forms, are
detected in all DU145 transfectants. There is an ~ 3-fold decrease
in the expression cdc25c and cyclin B1, as well as a 2-fold decrease
in cdc2/p34 expression in HYAL1-AS transfectants, when compared
with the vector and HYAL1-S transfectant clones (Fig. 2C). A 2.5-
and 3-fold decrease in cdc2/p34-associated H1 histone kinase
activity is observed in HYALI1-AS transfectant clones when
compared with vector and all HYAL1-S transfectants (Fig. 2C).
These results show that the slow proliferation rate of HYAL1-AS
transfectants is due to G,-M arrest.

Effect of HYAL! expression on apoptosis. Next we determined
whether the slower growth of HYAL1-S #3 and #4 clones of DU145
and PC-3 ML cells was due to a high rate of apoptosis. As shown in
Fig. 34, there was a 3-fold increase in the intracellular levels of free
nucleosomes (ie., increased apoptotic activity) in DU145 HYAL1-S
#3 and HYAL1-S #4 clones when compared with vector, HYAL1-S #1
and #2, as well as HYAL1-AS clones. Similar results were obtained
for PC-3 ML transfectants.

To confirm the induction of apoptosis, we measured the outward
translocation of plasma membrane phosphatidylserine by Annexin
V binding. As shown in Fig. 3B, there is a distinct increase in
enhanced green fluorescent protein-Annexin V binding to the
surface of HYAL1-S #3 and #4 cells when compared with vector
control (i.e., right shift in log FL1; median peak log FL1: vector, 1.21;
HYAL1-S #3, 2.37; HYAL1-S #4, 2.83). i

We next examined mitochondrial involvement in high-HYAL1-
mediated increase in apoptosis using the JC-1 dye binding assay
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Figure 2. A and B, determination of proliferation rate of transfectants.

Points, mean from duplicate measurements (three independent experiments);
bars, SD. A, DU145; B, PC-3 ML. C, analysis of G»-M cell cycle regulators.
Cell lysates of DU145 transfectants were analyzed by immunoblotting using
anti-cdc25¢ (a), anti-cyclin B1 (b), anti-cdc2/p34 (c), and p-actin {(d) antibodies.
Lanes 1 and 2, vector clones #1 and #2; lanes 3 to 6, HYAL1-S clones #1 to #4;
lanes 7 and 8, HYAL1-AS clones #1 and #2. e, measurement of H1 histone
kinase-associated activity. Lanes 1 to 8, the same as described above; /ane 9,
negative control.

(42). As shown in Fig. 3C, HYAL1-S #3 and HYAL1-S #4 trans-
fectants exhibit a 200% increase in log FL1, indicating a decrease in
AY (ie., increased mitochondrial permeabilization) when com-
pared with vector and moderate HYAL1 overexpressing clones.
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Figure 3. Examination of apoptosis. A, apoptotic activity in various transfectants
was evaluated using the Cell Death ELISA Plus assay kit. Columns, mean
(triplicates in two experiments); bars, SD. B, cell surface enhanced green
fluorescent protein-Annexin V binding to translocated phosphatidylserine was
analyzed in transfectants using flow cytometry. Experiment was repeated twice.
C, mitochondrial depolarization was analyzed by JC-1 dye binding assay using
flow cytometry. Columns, mean; bars, SD. D, cell lysates of DU145 transfectants
were analyzed by immunoblotting using anti-WOX1 (a) and anti-WOX1
phosphospecific Tyr-33 antibodies (b). Lanes 1 and 2, vector clones #1 and #2;
lanes 3 to 6, HYAL1-S clones #1 to #4; lanes 7 and 8, HYAL1-AS clones #1 and #2.
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Figure 4. Examination of pericellular matrix in DU145
transfectants. Pericellular matrices surrounding DU145
transfectants were visualized using the particle exclusion
assay. A, vector #1; B, HYAL1-S #1; C, HYAL1-S #4;
D, HYAL1-AS #2.

We then examined the expression of the proapoptotic protein
WOX1 and its activated form, WOX1-"Tyr-33, in various trans-
fectants. As shown in Fig. 3D, the major WOXI1 isoform expressed
in DU145 transfectants is 46 kDa WOXIl-vl, although some
expression of the 41 kDa WOXI1-v2 isoform is also observed
(Fig. 3D-a). The expression of both WOX1 isoforms is increased
>3-fold in HYAL1-S #3 and #4 clones, when compared with vector,
moderate HYAL1 expressing clones, and HYALI-AS clones. The
expression of the activated form of WOX1-vl (WOX1-"Tyr-33) is
also increased >3-fold in HYAL1-S #3 and #4 clones. This suggests
that increased apoptosis in high HYAL1 producing clones involves
mitochondria and is possibly mediated by increased WOX1
expression and its activation.

Effect of HYAL1 expression on in vitro invasion. In the
Matrigel invasion assay, the invasive activity of DU145 vector #1
clone (22.3 + 4.3%) was normalized as 100%. The invasive activity
of all HYAL1-S clones (#1-#4) varied between 109% and 118% and
was not statistically different from that of vector clones (P > 0.05).
However, the invasive activity of HYAL1-AS clones (28.2 £ 1.7% and
315 £ 1.5%) was 3-fold less when compared with vector clones
(P < 0.001, Tukey’s test). HYAL1 expression increased the invasive
activity of PC-3 ML transfectants by 3- to 3.5-fold when compared
with vector clones (P < 0.001). These results show that HYAL1
expression increases the invasive activity of prostate cancer cells.

Effect of HYAL1 expression on pericellular matrix forma-
tion. As shown in Fig. 4, vector #1 and HYAL1-S clones (#1 and #3)
do not exhibit pericellular matrices as the erythrocytes closely abut
the surface of each cell. However, HYAL1-AS cells (clone #1) exhibit
a clear pericellular matrix. In 10 randomly selected fields (120-150
cells), the percentage of cells with pericellular matrix was 3- and
4.6-fold higher in the HYAL1-AS transfectants (#1: 94.2 £+ 8.6%; #2:
86.3 &+ 9.0%) when compared with vector (#1: 27.8 £ 18%; #2: 35.5
+ 11.1%), moderate HYAL1 overproducing (HYAL1-S #1: 255 +
13.2%; #2: 31.2 + 18%), and high HYAL1 overproducing (HYAL1-S
#3: 22.3 + 16.1%; #4: 17.2 = 13.2%) transfectants, respectively (P <
0.001). Thus, hyaluronic acid is an important component of the
pericellular matrix of prostate cancer cells and it is degraded by
HYALL

Effect of HYALl expression on tumor xenografts. In
xenografts, there is a 4- to 5-fold delay in the generation of
palpable tumors in animals injected with DU145 HYALI-AS
transfectants (33 X 4 days) when compared with vector and
moderate HYAL1 overproducing transfectants (6-8 days; Fig. 54,
P < 0.001). Interestingly, high HYAL1 producers did not form
palpable tumors even on day 40 when necropsy was done. Weights
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Figure 5. Examination of the growth of DU145 and PC-3 ML. transfectant tumors
in xenografts. DU145 and PC-3 ML transfectants were injected s.c. in athymic
mice (10 animals/group) and tumor volume was measured as described in
Materials and Methods. Columns, mean; bars, SD. A, DU145; B, PC-3 ML.
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(in grams) of tumors generated by vector clones (#1: 0.17 + 0.05; #2:
0.14 + 0.04) and moderate HYAL1 overproducers (HYAL1-S #1: 0.21
+ 0.06; #2: 0.27 + 0.14) were 4- to 7-fold higher than HYALI-AS
tumors (#1: 0.03 + 0.01; #2: 0.04 + 0.01), respectively (P < 0.001).
HYAL1-S #1 and #2 tumors also showed the presence of large blood
vessels. None of the animals injected with HYALL-S #3 or #4
transfectants had visible evidence of tumor, although in some
animals a Matrige] pluglike material was visible. Two additional
high HYAL1 producing transfectants generated in a second
transfection experiment also did not form palpable tumors (data
not shown).

Moderate HYAL1 producing PC-3 ML tumors (HYAL1-S #1
and #2) grow about 2-fold faster, whereas high HYAL1 producing
tumors grow 2- to 2.5-fold slower than vector tumors (Fig. 5B). At
day 28, the weights (in grams) of moderate HYALI producing
tumors (#1: 0.57 + 0.12; #2: 0.6 + 0.14) were ~ 2-fold higher than
vector tumors (#1: 0.28 + 0.06; #2: 0.29 + 0.04) and 3.5-fold higher
than high HYAL1 producing tumors (#3: 0.16 + 0.03; #4: 0.14 £ 0.05;
P < 0.001). Interestingly, PC-3 ML cells cultured from HYAL1-S #3
and #4 tumor tissues did not secrete any hyaluronidase activity
and had lost HYAL1 expression. This suggests that in vivo, in the
absence of a selecting agent (i.e, geneticin), HYAL1-S #3 and #4
transfectants reverted to wild-type, and therefore formed tumors
(although the tumors were smaller than vector tumors).

Histology reports and photomicrographs show that DU145
vector and moderate HYAL1 producing tumors show high mitotic
figures, invade skeletal muscle and lymph nodes, and infiltrate
lymphatic and blood vessels. However, the tumors generated by
HYALI1-AS transfectants are noninvasive (Fig. 64). The Matrigel
pluglike material removed from HYAL1-S #3 and #4 animals is
>99% free of tumor cells and no mitotic figures are observed
{Fig. 64). Therefore, whereas blocking HYAL1 production signifi-
cantly reduces tumor growth, its overproduction also decreases
tumor growth and may even inhibit tumor incidence.

HYALL, hyaluronic acid expression, and microvessel density
in tumor xenografts. Tumor cells in vector and HYAL1-S #1 and
#2 xenografts express significant levels of HYAL1, but HYAL1-AS
cells do not secrete HYAL1 (Fig. 6B). Interestingly, as we observed
in bladder cancer xenografts (29), hyaluronic acid production is
increased in the tumor-associated stroma of vector and HYAL1-S
#1 tumor specimens when compared with HYALI-AS #1 tumor
specimens (Fig. 6B). Microvessel density in vector (39.09 + 4.6;
#2: 365 + 6.5) and moderate HYAL1 producing (HYAL1-S #1: 47.64
+ 13; #2: 51.3 + 12.5) tumors is slightly higher than HYAL1-AS
(#1: 343 + 17.6; #2: 27.3 + 12.1) tumors (P > 0.05). However, the

Figure 6. Examination of tumor histology. A, photomicrographs of H&E-stained
tumor specimens are shown at x100 magnification. 1, vector #1: muscle
fibers are surrounded by tumor cells (arrow a) and the tumor impinges on an
adjacent nerve (arrow b). 2, vector #2: tumor (T) approaches a lymph node (LN).
Between the tumor and the lymph node is adipose tissue containing several
blood vessels. 3, HYAL1-S #1: a thrombus (Thr) fills a blood vessel at the
periphery of the tumor ( T). Tumor cells (arrows) have infiltrated the blood vessel.
4, HYAL1-S #2: tumor cells (arrow) have infiltrated a lymphatic vessel (LV).

5, HYAL1-S #4: clusters of cells, mostly leukocytes, are scattered in
pale-staining Matrigel (G). 6, HYAL1-AS #1: the tumor (7) does not invade
skeletal muscle (M) or a nerve (N) as connective tissue (CT) separates them.
B, HYAL1 and hyaluronic acid localization. a-¢, HYAL1 localization; d-f,
hyaluronic acid localization. a and d, vector #1; b and e, HYAL1-S #1; c and f,
HYAL1-AS #1. C, localization of microvessels. The areas of the highest
microvessel density from each type of tumor specimen are presented;
magnification, x400. a, vector #1; b, HYAL1-S #1; ¢, HYAL1-S #2; d,
HYAL1-AS #1. HYAL1-S #3 and #4 were not stained for hyaluronic acid, HYAL1,
or microvessels as the specimen was tumor cell-free.

length of the capillaries (in micrometers) in vector (817.4 + 141.5)
and HYAL1-S (#1: 1,031 £ 262.5; #2: 817.9 + 305.3) tumors is 4- to
5-fold greater than the capillaries found in HYALI1-AS tumors
(#1: 218.1 + 103.4; #2: 247.1 + 96.1; Fig. 6C).
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Discussion

The results of our study help to explain contradictory findings
about the role of HYAL1 as a tumor promoter or suppressor.
Whereas in some cancers hyaluronidase (i.e, HYAL1 or PH20)
serves as a diagnostic or prognostic indicator, in others, hyaluro-
nidase levels slightly decrease in high-grade tumors (6, 9-12, 18,
45-47). In bladder cancer, blocking HYAL1 expression decreases
tumor growth, invasion, and angiogenesis, but in a rat colon
cancer line, HYALL expression suppresses tumor growth and
induces necrosis (29, 35). Two possibilities can explain these
contradictory results: (a) hyaluronidases (and HYALL in partic-
ular) function either as tumor promoters or suppressors
depending on the tumor type; (b) tumor promoter and
suppressor functions of hyaluronidase/HYAL1 are concentration
dependent.

Our data on two prostate cancer lines show that in the same
tumor cell system, HYAL} acts as a tumor suppressor and as a
tumor promoter, depending on its concentration. For example, as is
the case in bladder cancer (29), HYAL1-AS transfectants of prostate
cancer cells grow 4-fold slower in vitro, are blocked in the Go-M
phase of the cell cycle, are less invasive, and generate small, less
angiogenic, noninvasive tumors. HYAL] expression in PC-3 cells
has also been shown to increase their metastatic potential (30).
Therefore, HYAL is necessary for tumor growth, invasion, and
angiogenesis.

Mean hyaluronidase levels in high-grade prostate cancer tissues
(~ 36 milliunits/mg protein) are comparable to the hyaluronidase
activity (14-40 milliunits/10° cells) secreted by vector and
moderately overproducing HYAL1 transfectants of DU145 and
PC-3 ML cells (7). This suggests that the hyaluronidase concentra-
tion found in tumor tissues is in the range that is stimulatory to
tumor growth, invasion, and angiogenesis.

Our data show that hyaluronidase levels of =80 to 100
milliunits/10° cells slow tumor cell growth in vitro, inhibit tumor
generation by DU145 transfectants, and decrease growth of PC-3
ML tumors. Consistent with these observations, in the study that
reported HYAL] expression suppresses tumor growth in a rat colon
carcinoma cell model, the transfectants expressed 220 to 360
milliunits hyaluronidase activity/10° cells (35). In the study
involving bladder cancer cells in which we showed HYAL1
enhances tumor growth, invasion, and angiogenesis, HYAL1-S
transfectants produced only 2- to 2.5-fold more hyaluronidase
activity than vector transfectants (29). It is possible that in that
study, high HYAL1 producing transfectants grew extremely slowly
and did not form clones. Our results show that high HYAL1
producing prostate cancer cells undergo apoptosis. Furthermore,
partially purified HYAL] induces apoptosis in DU145 vector and

HYALL-S #1 and #2 clones.® This finding may be important in
cancer treatment, as tumor cells which either do not express or
moderately overexpress HYAL1 can be induced to undergo
apoptosis by exposing them to HYALl1 concentration of >100
milliunits/mL.

Although the mechanism by which HYAL] induces apoptosis in
tumor cells is not fully understood, our data show that high HYAL1
expression-induced apoptosis in prostate cancer cells involves
mitochondria and is possibly mediated by increased WOX1
expression and its activation. WOX1-induced apoptosis involves a
mitochondrial pathway, resulting in mitochondrial permeabiliza-
tion (38). Increased WOX1 expression has been shown in benign
prostatic hyperplasia, prostate cancer, and metastasis (48). WOX1
may also be activated by androgens in an androgen receptor-
independent manner (48). However, the functional significance of
these observations is unknown.

Nearly a decade ago, it was shown that treatment with
testicular hyaluronidase overcomes acquired drug resistance
displayed by tumor cells growing in multicellular spheroids (49).
Similarly, a clinical study conducted a few years ago showed
that infusion of high doses of bovine testicular hyaluronidase
(>100,000 units/kg) improves the efficacy of cytotoxic drugs (50).
In these studies, it was believed that hyaluronidase played a
passive role by improving drug penetration. However, such high
levels of hyaluronidase may also aid in controlling tumor growth
by inducing apoptosis.

Taken together, our study helps to resolve the contradiction
about the role of HYAL] as a tumor promoter and a suppressor.
This study may also provide a basis for possible anti-hyaluronidase
(hyaluronidase inhibition) and high-hyaluronidase treatments for
controlling cancer growth and progression.
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Hyaluronidase (HAase), a class of enzymes which degrade
hyaluronic acid (FIA), are involved in the spread of infections/
toxins, ovum fertilization, and cancer progression. Thus,
HAase inhibitors may have use in disease treatments. We
evaluated 21 HAase inhibitors against HYAL-1, testicular,
honeybee, and Streptomyces HAases. Among these inhibi-
tors, polymers of poly (styrene-4-sulfonate) (PSS) (i.e.,
molecular weight 1400-990,000 or PSS 1400-PSS 990,000)
and O-sulfated HA (sHA) derivatives (sHA2.0, 2.5, and 2.75)
were the most effective. HYAL-1 and bee HAases were the
most sensitive, followed by testicular HAase; Streptomyces
HAase was resistant to all mhlbltors, except PSS 990,000
and VERSA-TL 502 (i.e., PSS 106 dalton). The length of the
PSS polymer determmed their potency (e.g., ICsy for
HYAL-1, PSS 990,000: 0.0096 1.M; PSS 210 no inhibition;
ICj5y for testicular HAase, PSS 990,000: 0.042 p.M; PSS 210
no inhibition). The presence, but not the number, of sulfate
groups on the sHA molecule determined its potency (e.g.,
ICsq for HYAL-1: sHA2.0, 0.019 pM; sHA2.75, 0.0083 pM).
Other known HAase inhibitors, such as gossypol, sodium-
aurothiomalate, 1-tetradecane sulfonic acid, and glycerrhizic
acid, were not effective. Both PSS and sHA inhibited HAases
by a mixed inhibition mechanism (i.e., competitive + uncom-
petitive) and were 5- to 17-fold better as uncompetitive
inhibitors than as competitive inhibitors. These results demo-
nstrate that HAase inhibitors show selectivity toward the dif-
ferent types of HAases, which could be exploited to inhibit
specific HAases involved in a variety of pathophysiologic
conditions.

Key words: bee hyaluronidase/HY AL1/hyaluronic acid/
hyaluronidase inhibitors/hyaluronidase/Streptomyces
hyaluronidase/testicular hyaluronidase
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Introduction

Extracelluar matrix synthesis and its degradation not only
regulate several normal physiologic functions but are also
involved in disease processes, such as tumor metastasis,
angiogenesis, and atherosclerosis. Inhibitors of extracelluar
matrix degrading enzymes (e.g., matrix-metalloproteinases)
are useful in the treatment of gingivitis, dry eye syndrome,
and cancer (Lokeshwar, 1999; Woessner, 1999; Dursun et al.,
2002). Inhibitors of hyaluronidase (HAase) may be useful
as contraceptives, because these inhibit the acrosomal reac-
tion initiated by testicular HAase (Anderson et al., 2000,
2002; Zaneveld et al., 2002).

Hyaluronic acid (HA) is a glycosaminoglycan made up
of repeating disaccharide units, D-glucuronic acid and N-
acetyl-D-glucosamine. In addition to maintaining the tis-
sues hydrated and osmotically balanced, HA regulates cell
adhesion, migration, and proliferation (Laurent and
Fraser, 1992; Delpech et al., 1997, Tammi et al., 2002).
Concentrations of HA are elevated in cancer tissues, where
it most likely promotes tumor metastasis (Delpech et al.,
1997; Setala et al., 1999; Auvinen et al., 2000; Lokeshwar
et al., 2000, 2001; Pirinen et al., 2001; Toole et al., 2002;
Posey et al., 2003). Elevated urinary HA levels serve as an
accurate marker for detecting bladder cancer regardless of
the tumor grade (Lokeshwar et al., 2000, 2002b). The high
molecular mass HA (>10° daltons) is anti-angiogenic,
whereas small fragments of HA (3-25 disaccharide units)
are angiogenic (Rooney et al., 1995; Trochon et al., 1997,
Slevin et al., 1998; Lokeshwar and Selzer, 2000).

HAase cleaves internal [B-N-acetyl-D-glucosaminidic
linkages in the HA polymer. Exhaustive digestion of HA
by HAase yields tetrasaccharides, whereas limited diges-
tion yields angiogenic HA fragments (Roden et al., 1989).
In humans, six HAase genes cluster into two tightly linked
triplets on chromosomes 3p21.3 (HYAL-1, HYAL-2, and
HYAL-3) and 7q31.3 (HYAL-4, HYALPI1, and PH20)
(Csoka et al., 2001). PH20, that is, the testicular HAase, is
present on the sperm cell surface and is required for pene-
tration through the follicle cell layer (Cherr et al., 2001;
Vines et al., 2001). It has a broad pH spectrum (pH 3. 2.
9.0) (Vines et al., 2001; Franzmann et al., 2003). HYAL-1
type HAase is present in human serum and urine (Csoka
et al., 1997; Frost et al., 1997). However, we have shown
that HYAL-1 is the major tumor-derived HAase
expressed in prostate, bladder, and head and neck cancer
cells (Lokeshwar et al., 1999; 2001; Franzmann et al.,
2003). Elevated HYAL-1 levels serve as an accurate
marker for detecting intermediate- and high-grade bladder
cancer and as a prognostic indicator for predicting pros-
tate cancer progression (Lokeshwar et al., 2000; Posey
et al., 2003). We have recently shown that expression of
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HYAL-1 in tissues is regulated by alternative mRNA
splicing (Lokeshwar et al., 2002a).

Historically, HAases were considered “spreading fac-
tors,” because they are crucial for the spread of bacterial
infections and toxins present in various venoms (Tu and
Hendon, 1983; Henrissat, 1991; Gmachl and Kreil, 1993;
Kreil, 1995; Henrissat and Bairoch, 1996; Stern, 2004).
Determination of the crystal structure of honeybee (bee)
venom HAase has helped in the understanding of HA catal-
ysis by mammalian HAases, since these HAases share ~30%
sequence identity with bee HAase (Markovic-Housley et al.,
2000). Many pathogenic streptococci such as Streptomyces
hyaluronlyticus and even phages of group A streptococci
produce HAase (Baker ef al., 2002). HAase production by
streptococci is related to their virulence. Streptomyces
HAase is often used as a standard in HAase assays (Stern
and Stern, 1992; Lokeshwar et al., 2000, 2001). We have
recently shown that HYAL1-type HAase promotes bladder
tumor growth, muscle invasion, and angiogenesis (Lokeshwar
et al., 2005b). Therefore, potent HAase inhibitors would be
useful as contraceptives, anti-tumor agents and possibly have
anti-bacterial and anti-venom/toxin properties.

Many synthetic and naturally occurring compounds act
as HAase inhibitors. These include high molecular mass
poly (styrene-4-sulfonate) (PSS), gossypol, sodium aurothi-
omalate, fenoprofen, glycerrhizic acid, fatty acids, plant-
derived compounds, heparin, and O-sulfated HA (sHA)
(Balazs et al., 1951; Perreault et al., 1980; Wolf et al., 1984;
Joyce et al., 1986; Yuan et al., 1995; Furuya et al., 1997;
Toida et al., 1999; Anderson et al., 2000, 2002; Mio and
Stern, 2002; Zaneveld et al., 2002; Yingprasertchai et al.,
2003). For example, more than half a century ago, Balazs et al.
(1951) reported that sHA and heparin inhibit testicular
HAase. HAase inhibitors such as high molecular mass PSS
and sodium cellulose sulfate (Ushercell) are being tested as
vaginal contraceptives, because they inhibit the activity of
testicular HAase (Anderson et al., 2002). These compounds
also inhibit sexually transmitted disease-causing bacteria
but not the normal vaginal flora (Anderson et al., 2000;
2002; Zaneveld et al., 2002). Similarly, sodium aurothioma-
late has been shown to reduce local tissue damage and pro-
long survival time in mice injected with different venoms
(Yingprasertchai et al., 2003). The anti-inflammatory agent
glycerrhizic acid from licorice has been shown to inhibit tes-
ticular HAase (Furuya et al., 1997). O-Sulfated derivatives
of HA inhibit urinary HAase, which is identical to HYALI1
(Csoka et al., 1997; Frost et al., 1997; Lokeshwar et al.,
1999; Toida et al., 1999).

Although several inhibitors of HAase are known, it is
unknown whether these inhibitors show variability in inhib-
iting the activity of different types of HAases (i.e., testicu-
lar, HYAL-1, bacterial, and venom-derived [e.g., bee
venom)). If different HAases show differential sensitivity
toward various HAase inhibitors, HAase inhibitors can be
selected to inhibit the activity of one type of HAase without
inhibiting others. Such selectivity may help in designing
HAase inhibitors as therapeutics for diseases, contracep-
tives, and venom antidotes, without significantly affecting
HAase functions that are required in normal physiology.

In this study, we compared the sensitivity of HYAL-1,
testicular, bee, and Streptomyces HAases with 21 HAase

2

inhibitors, using the HAase enzyme-linked immunosorbent
assay (ELISA)-like assay and enzyme kinetic analysis.

Results

Effect of PSS compounds on HAase activity

To study the effect of PSS compounds on HYAL-1, testicular,
Streptomyces, and bee HAases, we used an activity-based
HAase ELISA-like assay. All four HAases were assayed at
their optimum pH, and the pH optimum value for each
HAase was determined by generating pH activity profile
curves (14, 26, and data not shown). HAase activity is usu-
ally expressed as the number of glycosidic linkages split per
time unit. It is noteworthy that although the HAase
ELISA-like assay is specific and allows assaying of several
specimens simultaneously, it does not give information on
the number of glycosidic linkages split per time unit. There-
fore, all of the constants, that is, ICsg, Ky, P inax, and Ki
values reported in this study should be considered as appar-
ent. In addition, the molecular weights of each compound

— &

(e.g., 990,000 dalton for PSS 990,000, 1400 dalton for PSS
1400) were used in the calculations of ICsy values and other

constants.
As shown in Figure 1A, PSS 990,000 inhibits the activity
of all four HAases in a dose-dependent manner. However,
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Fig. 1. Effect of PSS 990,000 and PSS 1400 on HAase activity.
Approximately 40 mU/mL of HYAL-1, bee, testicular, or Streptomyces
HAase were incubated on an HA-coated microtiter well plate in the
presence or absence of various concentrations of PSS 990,000 (A) or PSS
1400 (B). The HAase ELISA-like assay was performed as described in
Materials and methods. HAase activity, in the absence of any inhibitor,
was considered as 100% (control), and the data are expressed as %

of control.
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HYAL-1 and bee HAases are more sensitive to inhibition
by PSS 990,000 than testicular and Streptomyces HAases.
From the inhibition curves, we determined the ICg; values
for each inhibitor. The ICs values of PSS 990,000 for testic-
ular HAase (0.042 uM) and Streptomyces HAase (0.39 pM)
are 4.2-fold and 40-fold higher than the ICsy values for
HYAL-1 (0.0096 uM) and bee HAase (0.0091 uM), res-
pectively (Table I). VERSA-TL 502 is the sodium salt of
PSS of molecular weight ~106 dalton, which was used by
Anderson et al. (2000) to demonstrate that PSS inhibits tes-
ticular HAase activity and blocks fertilization. As summarized
in Table I, ICsy values of VERSA-TL 502 for HYAL-1
(0.0088 uM), bee (0.0081 uM), testicular HAase (0.042 uM),
and Streptomyces HAase (0.32 uM) mirror those for PSS
990,000.

Next, we determined whether the length of the PSS poly-
mer affects its ability to inhibit the activity of different
HAases. All four HAases showed a progressive decrease in
susceptibility to inhibition by PSS polymers of decreasing
lengths, when ICsy values were calculated on the real
molecular weight basis. In addition, the HAases also
showed differential sensitivity to various PSS inhibitors.
For example, PSS 210 (a monomer) does not inhibit the
activity of any of the four HAases (Table I). As shown in
Figure 1B and Table I, although HYAL-1 and bee HAase

—®/
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are inhibited completely with PSS 1400 (ICsy = 8.2 and 6.6
UM, respectively), the activity of testicular HAase is
blocked only partially (ICsg = 68 uM). The activity of
Streptomyces HAase is not inhibited by PSS 1400. PSS
4300 and PSS 6800 also show differences in their ability to
inhibit HYAL-1 (ICsg = 3.3 and 2.0 uM), bee (IC5g = 2.6
and 1.9 pM), testicular (IC5y = 4.9 and 6.7 uM), and Strep-
tomyces (no inhibition) HAases. The ICsy values for
HYAL-1 and bee HAases closely resemble those for testicu-
lar HAase for PSS compounds between PSS 17,000 and
PSS 150,000 (Table I). It is noteworthy that although sig-
nificant differences were observed in the sensitivity of testic-
ular HAase to higher molecular mass PSS compounds,
when compared with PSS1400, there appears to be very lit-
tle difference in the inhibitory power of PSS compounds
when the ICs; values for HYL1 and bee HAases are calcu-
lated on a weight concentration basis.

Effect of sHA on HAase activity

O-Sulfation of glycosaminoglycans, including O-sHA and
heparin, inhibit both urinary and testicular HAases (Balazs
et al., 1951; Wolf et al., 1984; Toida et al., 1999). In fact, the
anti-HAase activities of sHA and heparin against testicular
HAase were compared as early as 1951 by Balazs et al.

Table I. 1Cs values of 21 HAase inhibitors for HYAL-1, bee, testicular, and Streptomyces HAases

HYALI1 Bee venom Testicular Streptomyces
Inhibitors ICs5p (UM) HAase IC59 (uM) HAase ICsq (M) HAase ICsy (LM)
990,000 0.0096 0.0091 0.042% 0.39*
VERSA-TL 502 0.00876 0.0081 0.0416? 0.316%
350,000 0.037 0.013 0.074 1.5
150,000 0.07 0.047 0.074 NI
77,000 0.19 0.13 0.39 NI
49,000 0.31 0.34 0.23 NI
32,000 0.42 0.53 0.54 NI
17,000 0.89 1.0 0.89 NI
6800 33 2.6 49 NI
4300 1.97 1.9 6.7 NI A
1400 8.2 6.6 67.6° NI
PSS 210 NI NI NI NI
sHA2.0 0.019 0.019 0.078* NI
sHA2.5 0.017 0.018 0.049? NI
sHA2.75 0.0083 0.012 0.038% NI
Heparin 0.39 0.41 172 NI
Gossypol NI NI NI NI
Fenoprofen NI NI NI NI
1-Tetradecane sulfonic acid 632 NI NI NI
Glycerrhizic acid 39.42 NI NI NI
Sodium aurothiomalate NI NI 947 NI

NI, no inhibition.

The ICsg values for each of the 21 inhibitors were calculated by generating an inhibition curve for each inhibitor, as shown in Figures 1 and 3 for PSS

and sHA compounds, respectively.

3The differences in the ICsq values of a particular HAase inhibitor among different HAases are statistically significant (P < 0.05; unpaired ¢ test).
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(1951). Therefore, we tested the effect of sSHA and heparin on
the activity of HYAL-1, testicular, bee, and Streptomyces
HAases. We also determined whether the number of sulfate
groups on sHA affected its ability to inhibit HAase activity.

sHA compounds containing varying degrees of sulfation
were prepared using the tributylamine salt of HA and vari-
ous amounts of SO;- pyridine, as reported by one of us
(i.e., Barbucci et al., 1995). Depending on the sulfate con-
tent, we designated these sHA species as sHA2.0, sHA2.5,
and sHA2.75. To determine the degrees of sulfation in each
of the sHA compounds, we performed %S and %N analysis.
As summarized in Table II, based on our previously
described procedure, we are able to obtain sHA species
with increasing degrees of sulfation by increasing the SO3~
pyridine to the tributylamine HA ratio. The %S in sHA2.0
(9.74%) is close to the theoretical %S value (i.e., 10.3%) cal-
culated from a sHA disaccharide (molecular weight = 620
dalton) that contains two sulfate groups; the experimental
and theoretical values for %N are identical (i.e., 2.2%). The
%S in sSHA2.5 (i.e., 11.8%) is slightly lower than the theoret-
ical %S value (i.e., 12.2%), and the %N value in sHA2.5 is
slightly higher (i.e., 2.2%) than the theoretical %N value
(i.e., 2.1%). These differences may be because of experimen-
tal variation, which was about 10%. sHA2.5 (molecular
weight of the disaccharide = 656 dalton) means that 50% of
disaccharides in the HA molecule most likely contain two
sulfate groups and the remaining 50% contain three sulfate
groups. Nonetheless, the degree of sulfation in sHA2.5 is
higher than that in sHA2.0. In case of sHA2.75 (disaccha-
ride molecular weight = 680 dalton), the %S value (12.5%)
is closer to the theoretica! value 12.9%, and the %N value is
almost the same (2.01%) as that of the theoretical value
(2.05%). This suggest that in the sHA2.75 polymer, 75% of
the HA oligosaccharides contain three sulfate groups and the
remaining 25% contain two sulfate groups. As summarized
in Table II, increasing the SO3~ pyridine to the tributy-
lamine HA to 15:1 does not result in a further increase in
HA sulfation.

We also confirmed the presence of sulfate groups in each
sHA compound wusing the dimethylmethylene blue
(DMMB) assay and the HA ELISA-like assay. Sulfated
glycosaminoglycans, but not HA, are detected by the
DMMB assay. As shown in Figure 2A, HA is not detected

Table II. Elemental analysis of sHA compounds.

SO;- pyridine ratio: Nitrogen/
Compound tributylamine HA (w/w) %N %S sulfur ratio
HA — 341 0.68 5.0
sHA2.0 4.2:1 22 9.74 0.23
sHA2.5 8.4:1 2.2 11.8 0.19
sHA2.75 10:115:1 2.01/1.98 12.5/12.6 0.16/0.16

sHA compounds were prepared by adding various amounts of

503~ pyridine to the tributylamine salt of HA. The %S was determined
by inductively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis after dissolution. %N was determined by micro combustion and
micro titration analyses. Each analysis was carried out in duplicate. The
variation in duplicate %S analyses was <2.3%, and in %N analyses, it was
£9.1%.
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Fig. 2. Characterization of sHA compounds. (A) DMMB assay. Various
concentrations of HA and sHA compounds were mixed with DMMB
reagent, and the O.D. was measured at 515 nm. (B) HA ELISA-like assay.
Various concentrations of HA and sHA compounds were measured by the
HA ELISA-like assay, as described in Materials and methods.

by the DMMB assay. However, sHA derivatives, sHA2.0,
sHA2.5, and sHA2.75, are detected by the DMMB assay,
and the optical density increases in a dose-dependent man-
ner. Furthermore, sHA derivatives are detected by the
DMMB assay in a manner very similar to that of other sul-
fated glycosaminoglycans assayed by the DMMB method
(data not shown). As shown in Figure 2B, HA is detected
by the HA ELISA-like assay; and the maximum limit of
HA detection by the ELISA-like assay is 10 ng/mL of HA.
However, none of the sHA compounds are detected by the
HA ELISA-like assay at that concentration. Furthermore,
even at >100,000-fold excess concentration (i.e., 100-300
pg/mL), the detection of sHA2.0, sHA2.5, or sHA2.75 in
the HA ELISA-like assay is <50% of the maximum optical
density reading obtained at 10 ng/mL concentration of HA.
It is noteworthy that sulfated glycosaminoglycans are also
not detected by the HA ELISA-like assay. These three ana-
lytical analyses establish that we have synthesized sulfated
derivatives of HA.

We tested the effects of SHA2.0, sHA 2.5, and sHA 2.75
on HAase activity using the HAase ELISA-like assay. As
shown in Figure 3A, sHA2.0 inhibits the activity of HYAL-1,
bee, and testicular HAases in a dose-dependent manner.
However, the activity of Streptomyces HAase is not inhib-
ited by sHA2.0. The ICs; value of sHA2.0 to inhibit testicu-
lar HAase (0.078 uM) is four times higher than that for
HYAL-1 (0.019 uM) and bee HAase (0.019 uM), respec-
tively (Table I). sHA2.5 has similar inhibition profile as that
for sHA2.0, that is, HYAL-1 and bee HAases are inhibited
to a greater degree than the testicular HAase (Figure 3B;
Table I). Streptomyces HAase is not inhibited by sHA2.5
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Fig. 3. Effect of sHA on HAase activity. Approximately 40 mU/mL of
HYAL-1, bee, testicular, or Streptomyces HAase were incubated on an
HA-coated microtiter well plate in the presence or absence of various
concentrations of sHA2.0 (A), sHA2.5 (B), or sHA2.75 (C). The HAase
ELISA-like assay was performed as described in Materials and methods.
HAase activity, in the absence of any inhibitor was considered as 100%
(control), and the data are expressed as % of control.

even at a concentration of 100 ug/mL (Figure 3B). sHA2.75
is slightly more inhibitory to HYAL-1, bee, and testicular
HAase than to sHA2.0 and sHA2.5 (Figure 3C). In fact,
Streptomyces HAase is slightly inhibited (~5%) by sHA2.75
at the 100 pg/mL concentration. The ICsy values for
HYAL-1 (0.0083 uM) and bee (0.012 uM) HAases are ~2.8-
to 4.6-fold higher than the ICs, values for testicular HAase
(0.038 pM), respectively (Table I). It is noteworthy that in
the same assay system, HA alone even at high concentra-
tion (i.e., 100 pg/mL) did not inhibit the activity of any of
the four HAases (data not shown). Because sHA deriva-
tives are hygroscopic and the molecular weight of sHA2.0
(774,000 dalton), sHA2.5 (818,000 dalton), and sHA2.75
(848,000 dalton) are estimates, the IC, values presented in
Table I for each sHA compound may be off by a factor of 2
(or 50% error).
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As summarized in Table I, both HYAL-1 and bee HAases
can be inhibited by heparin with ICs; values of 0.39 pM for
HYAL-1 and 0.41 uM for bee HAase, respectively. However,
the ICs of heparin for testicular (ICso = 17 uM) is ~40 times
higher, and Streptomyces HAase is resistant to inhibition
by heparin.

Effect of small molecular weight inhibitors on HAase activity

As summarized in Table I, gossypol and fenoprofen do not
inhibit the activity of any of the four HAases when tested
up to a concentration of 100 pg/mL. Both 1-tetradecane
sulfonic acid (ICs = 63 pM) and glycerrhizic acid (IC5y =
39 uM) weakly inhibit HYAL-1 activity (Table I). Sodium
aurothiomalate inhibited only testicular HAase with an
ICs5p of 94 uM (Table I).

The results described above demonstrate that among the
21 HAase inhibitors that were tested, PSS and sHA are the
two categories of inhibitors that are the most effective in
inhibiting HYAL-1, bee HAases and to a lesser degree tes-
ticular HAase. The activity of Streptomyces HAase is not
inhibited by all but two (i.e., PSS 990,000 and VERSA-TL
502) HAase inhibitors.

Enzyme kinetic studies

To determine the mechanism by which PSS and sHA com-
pounds inhibit the activity of HYAL-1, bee, and testicular
HAases, we performed enzyme kinetic studies. For kinetic
studies, we slightly modified the ELISA-like assay by coat-
ing microtiter wells with HA at concentrations from 0.5 to
10 pg/mL. This range of substrate concentration was cho-
sen to be in the linear range of product formation.

Figures 4 and 5 show Lineweaver-Burke plots for HA
degradation by HYAL-1 (Figure 4) and testicular (Figure 5)
HAases in the presence of four different concentrations of
PSS 990,000, PSS 1400, and sHA2.5. As shown in Figure
4A-C, the double reciprocal plots for HA degradation by
HYAL-1 in the presence or absence of PSS 990,000, PSS
1400, and sHA2.5 are linear, indicating that none of the
HAase inhibitors induce any cooperativity. However, in the
presence of each of these inhibitors, the slopes and extrapo-
lated Y- and X-intercepts increase, suggesting that PSS
990,000, PSS 1400, and sHA2.5 inhibit HYAL-1 through a
mixed inhibition mechanism (i.e., competitive and uncom-
petitive inhibition). Both sHA2.0 and sHA2.75 also inhibit
HYAL-1 activity through a mixed inhibition mechanism.
As summarized in Table III, the K, of HYALLI to degrade
HA, in the absence of any inhibitor, is 0.28 pM, and it
either increases or decreases slightly when PSS 990,000
(K, = 0.4 pM), PSS 1400 (K, = 0.33 uM), sHA2.0 (K, =
0.35 uM), sHA2.5 (X, = 0.31 pM), and sHA2.75 (K, =
0.25 uM) are added in the enzyme reaction. Although not
statistically significant (Tukey’s multiple comparison test),
this consistent increase or decrease in K, is characteristic of
a mixed inhibition. As summarized in Table III, the V.,
also decreases in the presence of various inhibitors, and this
decrease in Vp,,, when compared with no inhibitor, is sta-
tistically significant (Tukey’s multiple comparison test; P >
0.05, in each case). The Ki(s) of PSS 990,000 for competitive
and uncompetitive components are 0.03 pM and 0.035 pM,
respectively, suggesting that PSS 990,000 is equally effective
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Fig. 4. Lineweaver-Burke (double reciprocal) analysis of HA degradation
by HYAL-1 in the presence of HAase inhibitors. HYAL-1 (20 mU/mL)
was incubated on a HA-coated (0.5-10 pg/mL) microtiter well plate in the
presence or absence of four different concentrations of PSS 990,000

(A), PSS 1400 (B), or sHA2.5 (C). The HAase ELISA-like assay was
performed, as described in Materials and methods. The initial velocity V
was defined as pmol of HA degraded per min, during incubation. S is the
substrate concentration (ug/mL) used to coat the micro titer wells.
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Fig. 5. Lineweaver-Burke (double reciprocal) analysis of HA degradation
by testicular HAase in the presence of HAase inhibitors. Testicular HAase
(~20 mU/mL) was incubated in a HA-coated (0.5-10 pg/mL) microtiter
well plate in the presence or absence of four different concentrations of
HAase inhibitors PSS 990,000 (A), PSS 1400 (B), or sHA2.5 (C). The
HAase ELISA-like assay was performed, as described in Materials and
methods. The initial velocity ¥ was defined as pmol of HA degraded per
min, during incubation. S is the substrate concentration (ug/mL) used to
coat the micro titer wells.

as a competitive and uncompetitive inhibitor. However,
because the Ki(s) of PSS 1400 and all three sHA compounds
as competitive inhibitors are 15- to 23-fold higher than their
Ki(s) as uncompetitive inhibitors, these compounds are

6

more effective as uncompetitive inhibitors. As in the case of
ICsy values, the Ki values obtained for each sHA com-
pound may be off by a factor of 2 (or 50% error).

As summarized in Table III, both testicular and bee
HAases also appear to be inhibited by PSS and sHA com-
pounds through a mixed inhibition mechanism. Except for
PSS 1400, the other inhibitors are equally good as competi-
tive and uncompetitive inhibitors of testicular HAase
(Table IIT). For bee HAase, except for PSS 990,000, the
Ki(s) of PSS 1400, sHA2.0, sHA2.5, and sHA2.75 as com-
petitive inhibitors are ~25-fold higher than the Ki(s) of the
same inhibitors as uncompetitive inhibitors, suggesting that
these compounds are better uncompetitive inhibitors.

Discussion

HAases are expressed in both prokaryotes and eukaryotes
and are involved in bacteria! pathogenesis, spread of toxins
and venoms, acrosomal reaction/ovum fertilization, and
cancer progression (Tu and Hendon, 1983; Henrissat, 1991;
Gmachl and Kreil, 1993; Kreil, 1995; Henrissat and
Bairoch, 1996; Anderson et al., 2000, 2002; Lokeshwar et al.,
2000, 2001, 2002b, 2005b; Zaneveld et al., 2002; Stern,
2004). Thus, inhibition of HAase activity by HAase inhibi-
tors could be used as an antidote for toxins/venoms, contra-
ceptives, and anti-tumor therapy. For example, using
bladder and prostate cancer model systems, we have
recently shown that HYALI is a molecular determinant of
tumor growth, invasion, and angiogenesis (Lokeshwar et al.,
2005a,b). Lack of HYALLI arrests cells in the G2-M phase
of the cell cycle, and the tumors generated are 10-fold
smaller, less angiogenic, and resemble benign neoplasia.
Thus, if an HAase inhibitor is more specific for HYALI, it
could be used to design anti-cancer therapies. Several
reports have shown that the sodium salt of PSS, sodium cel-
lulose sulfate, and other HAase inhibitors have a broad
spectrum of anti-microbial activity against organisms
which cause sexually transmitted diseases and are effective
as both contraceptive agents and as antidotes for cobra and
pit viper venoms (Anderson et al., 2000, 2002; Zaneveld ¢t al.,
2002; Yingprasertchai et al., 2003). The availability of selec-
tive inhibitors, which target one type of HAase, without
affecting other HAases, is desirable because HAases have
normal physiologic functions. These examples suggest a
practical value for surveying HAase inhibitors for specific
clinical uses.

In this study, we show that there is some selectivity
among the different inhibitors with respect to blocking the
activity of different HAases. For example, we found that
HYAL-1 and bee HAases show similar sensitivity to all but
two HAase inhibitors (i.e., 1-tetradecane sulfonic acid and
glycerrhizic acid). HYAL-1 and bee HAases have an acidic
pH optimum and share a 27.2% amino acid identity. How-
ever, the amino acid identity cannot explain the similarity
and differences of various HAases to inhibition by different
HAase inhibitors. For example, testicular HAase is more
resistant than HYAL-1 and bee HAase to inhibition by 20
of the 21 HAase inhibitors that were tested in this study.
Similarly, Streptomyces HAase, which has a pH optimum at
5.0, is resistant to all but two (PSS 990,000 and VERSA-TL

9
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502) of the HAase inhibitors tested in this study. Thus,
although the reason is unknown at this time, it appears that
HAases active at pH 25.0 are resistant to several different
classes of HAase inhibitors. However, consistent with our
conclusion that different HAase inhibitors have different
selectivity toward HAases, Botzki et al. (2004) showed that
L-ascorbic acid 6-hexadeconoate is 14- to 25-fold more
potent in inhibiting HAase from Streptococcus agalactiae
than it is for inhibiting Streptococcus pneumoniae and tes-
ticular HAase. Because sodium-PSS, cellulose sulfate, hep-
arin, and gossypol have been shown to inhibit the
acrosomal reaction, it is important to bear in mind that
when used clinically, these inhibitors will inhibit HYAL-1
which is present in serum (Wolf et al., 1984; Yuan et al.,
1995; Lokeshwar et al., 1999; Anderson et al., 2000, 2002;
Zaneveld et al., 2002).

At this time, it is unknown why the bacterial HAase (i.e.,
Streptomyces HAase) is resistant to all but two HAase
inhibitors that were tested. Because the sequence of Strep-
tomyces hyaluronlyticus is unknown, we performed an
amino acid sequence alignment between HYAL-1 (GenBank
Accession number BC035695.1) and Streptomyces griseus
HAase (GenBank Accession number AB028210.1). Although,
there is ~26% amino acid identity between these two pro-
teins, the identical amino acids occur randomly in both
sequences. In addition, large stretches of amino acid sequences
present in one protein are absent in the other and vice
versa. Similar observations were made when we aligned the
Streptomyces HAase sequence with either PH20 (GenBank
accession number NM003117.3) or bee HAase (GenBank
accession number A47477; Markovic-Housley et al., 2000).
It is noteworthy that we have identified a 30 amino acid
sequence that is well conserved in all six human HAases
and in bee HAase. This sequence is required for HAase
activity (Lokeshwar et al.,, 2002a). We noted that within
this 30 amino acid sequence, identical or conserved amino
acid substitutions are present at positions 2, 3, 6, 7, 14, 15,
and 17-22 in all mammalian and bee HAases. However,
this 30 amino acid sequence is not well conserved in Strep-
tomyces HAase. These observations suggest that higher
eukaryotic HAases have significantly diverged from bacte-
rial HAases, and this may explain why the bacterial HAase
is resistant to most of the HAase inhibitors that were tested
in this study. The crystal structures of S. agalactiae, testicu-
lar HAase, bee venom HAase and chondroitin ABC lyase
have been deciphered recently (Markovic-Housley et al.,
2000; Huang et al., 2003; Botzki et al., 2004). These struc-
tures show notable similarities and differences in the cata-
Iytic sites of these glycosaminoglycan-degrading enzymes.
Because many of the HAase inhibitors are uncompetitive
inhibitors, it appears that they most likely do not bind
directly to the catalytic domain. The sequences of these
enzymes in other parts of the molecule are less conserved,
suggesting that it may be possible to identify natural com-
pounds or synthesize new ones that specifically inhibit a
particular glycosaminoglycan-degrading enzyme.

It has been previously shown that fully O-sHA can
inhibit urinary HAase activity. In this study, we find that
modification of HA with two sulfate groups is as effective
in inhibiting HAase activity as is the sSHA with a mixture of
HA disaccharides with two and three sulfate groups. It is

8

interesting that although theoretically HA disaccharides
can contain up to four sulfate groups, experimentally we
could not achieve this degree of sulfation even after increas-
ing the SO;- pyridine to the tributylamine HA ratio from
1:10 to 1:15. We could not increase this ratio further,
because of the solubility of SO;~ pyridine, at higher concen-
trations. It is noteworthy that Balazs et al. (1951) reported
13.2% S content in their SHA preparation. This experimen-
tal %S value is also less than the theoretical %S value
(13.8%) for a HA disaccharide that contains three sulfate
groups, suggesting that maximally sHA polymer is most
likely a mixture of disaccharides containing two or three
sulfate groups. In the case of PSS compounds, the length of
the polymer is the factor that decides the efficacy of HAase
inhibition. Therefore, if these or cellulose-sulfate com-
pounds are to be used as contraceptives, the optimum con-
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centration will depend upon the length of the polymer and

how it inhibits testicular HAase.

It has been previously reported that fully O-sHA inhibits
urinary HAase activity through both competitive and non-
competitive mechanisms (Toida et al., 1999). Since in that
study, the K}, values in the absence or presence of inhibitor
were not reported, it is unclear whether the authors
observed a non-competitive or uncompetitive inhibition. In
our study, most inhibitors caused a slight increase in the
K, suggesting a mixed inhibition consisting of competitive
and uncompetitive mechanisms. Since both sHA and PSS
compounds are more effective as uncompetitive inhibitors
than as competitive inhibitors, these would be effective
in vivo, as their efficacy will be independent of the HA con-
centration present in target tissues and tissue fluids. This
finding is particularly important for designing anti-HAase
treatments for cancer, because in many tumor tissues HA
concentration is elevated (Setala et al., 1999; Auvinen et al.,
2000; Lokeshwar et al., 2000, 2001, 2002b; Pirinen et al.,
2001; Posey et al., 2003).

Taken together, our study demonstrates that although all
HAases degrade HA, they show differences in their sensitiv-
ity to different classes of HAase inhibitors. HAase inhibi-
tors displaying mixed inhibition may prove to be effective
in inhibiting HAase activity in various pathophysiologic
conditions.

Materials and methods

Materials

Sodium salts of PSS of molecular weight 210 (PSS 210),
1400 (PSS 1400), 4300 (PSS 4300), 6800 (PSS 6800), 17,000
(PSS 17,000), 32,000 (PSS 32,000), 49,000 (PSS 49,000),
77,000 (PSS 77,000), 150,000 (PSS 150,000), 350,000 (PSS
350,000), and 990,000 (PSS 990,000) were purchased from
Fluka Biochemicals (Switzerland). VERSA-TL 502, a PSS
of molecular weight 1 x 10° dalton was kindly provided by
Alco Chemicals, a Division of National Starch Company
(Chattanooga, TN). Gossypol, fenoprofen, 1-tetradecane
sulfonic acid, glycerrhizic acid, and heparin were purchased
from Sigma Chemicals (St. Louis, MO).

sHA derivatives sHA2.0, sHA2.5, and sHA2.75 were pre-
pared as discussed previously (Barbucci et al., 1995) with
the following modifications: 100 mg of human umbikical

—&—

— &




‘ @, cwj036.fim Page 9 Tuesday, September 20, 2005 4:28 PM
¢
v

cord HA- sodium salt was dissolved in distilled water and
desalted on a Celex-P matrix (BioRad, Hercules, CA). HA
was then mixed with three molar equivalents of tributy-
lamine at room temperature for 2 h. Following incubation,
the HA solution was alkalinated (~pH 8.0), dialyzed exten-
sively against distilled water, and lyophilized. Hundred mil-
ligrams of the HA-tributylamine salt was suspended in
anhydrous dimethylformamide and mixed with various
amounts of anhydrous SO;~ pyridine under a stream of
nitrogen. The amount of SOj3” pyridine determines the
number of O-sulfated groups in the sHA polymer (Barbucci
et al., 1995). The sHA was then precipitated, dialyzed
against water, and lyophilized. The molecular mass of the
various sHA compounds was determined using a Sepharose
S-300 gel filtration column (1.5 x 120 cm) eluted with phos-
phate-buffered saline + 0.05% Tween 20; 1.6 mL/fraction.
The column was cahbrated using HA species of various
molecular mass (2.0 x 10% D to 8 kD; Genzyme, MA). The
elution volume for sHA2.0 derivatives was similar to 0.5 x 10
D HA, whereas that of sHA2.75 was closer to the 1.0 X 106
D HA standard. Based on the degree of sulfation, and the
molecular weight of HA, the molecular weights of sHA2.0,
sHA2.5, and sHA2.75 were approximated to 774,000,
818,000, and 848,000 dalton, respectively. These molecular
weights were used for calculating Ki values.

Elemental analysis

Percentages of nitrogen and sulfur per disaccharide unit of
sHA2.0, sHA2.5, and sHA2.75 were determined by elemen-
tal analysis performed by Mikroanalytisches Labor Pascher,
Remagen-Bandorf, Germany. Nitrogen analysis was carried
out by micro combustion and micro titration, and sulfur
analysis was performed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES).

HAases

HYAL-1 was partially purified from the conditioned medium
of HT1376 bladder cancer cells stably transfected with
HYAL-1 cDNA encoding the full-length protein (Lokeshwar
et al., 2005b). Briefly, a stable HYALL1 clone expressing ~40
mU/mL activity was expanded in T-75 cm? flasks. At ~60%
confluence, cultures were washed three times in phosphate-
buffered saline and incubated in RPMI 1640 medium con-
taining insulin, transferrin, and selenium. Following 48-h incu-
bation, the conditioned medium was collected and HYAL-1
was partially purified, as described previously (Lokeshwar
et al., 1999). Bovine testicular HAase and Streptomyces HAase
were purchased from MP Biomedicals (Irvine, CA). Lyo-
philized bee venom was purchased from Sigma Chemicals.

HAase ELISA-like assay

The HAase ELISA-like assay was performed, as described
earlier (Stern and Stern, 1992; Lokeshwar er al., 2000,
2001). Microtiter well plates coated with human umbilical
cord HA (MP Biomedicals) were incubated with ~40 mU/mL
of HYAL-1, testicular, bee, or Streptomyces HAase in the
presence or absence of various HAase inhibitors in respec-
tive assay buffers. For the HYAL-1 activity assay, we used
0.1 M sodium formate, 0.15 M NaCl, 0.02% bovine serum
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albumin buffer, pH 4.2. Testicular HAase assay buffer
contains 0.1 sodium acetate, 0.15 M NaCl, 0.02% bovine
serum albumin, pH 5.5. Bee HAase was assayed in the same
buffer as that used for HYAL-1, whereas Streptomyces
HAase was assayed in 0.1 M sodium acetate, 0.15 M NacCl,
0.02% bovine serum albumin, pH 5.0.

The effect of HAase inhibitors on the activity of HYAL-1,
testicular, bee, and Streptomyces HAases was tested at 0, 1,
2,4, 6, 8, 10, 20, 40, 60, 80, and 100 pg/mL concentrations
of each inhibitor. The plate was incubated at 37°C for 16 h.
Following incubation, the degraded HA was washed off,
and the HA remaining on the microtiter plate was deter-
mined using a biotinylated HA-binding protein and an avidin-
biotin detection system (Vector Laboratories, Burlingame,
CA) (Lokeshwar ef al., 2001). Each plate was developed for
3 min, and the reaction was terminated by adding 3 N HCL.
HAase activity (mU/mL) was calculated from a standard
graph, prepared by plotting known amounts of Streptomy-
ces HAase (10 U/mL), versus (control [no enzyme]
O.D.405 nm — sample O.D.495 nm)- ICsq for each inhibitor
was calculated as the concentration (UM) of an inhibitor
required to inhibit 50% of the activity of the HAase tested.
Molecular weights of each compound (e.g., 990,000 dalton
for PSS 990,000, 1400 dalton for PSS 1400, 774,000 for
sHA?2.0) were used in the calculations of ICs; values in pM.
About 100% activity was defined as the enzyme activity
obtained in the absence of any inhibitor. The data pre-
sented are mean + SEM from duplicate measurements in
two independent experiments.

Enzyme kinetic assays

Microtiter plates were coated with 100 uL of 0, 0.5, 1, 2.5. 5,
7.5, and 10 pg/mL of human umbilical cord HA at 37°C for
4 h. Following incubation, each well received ~20 mU/mL
of HYAL-1, Streptomyces, testicular, or bee HAase and
0, 6, 10 or 20 pg/mL of an inhibitor, in a total volume of
100 pL of an appropriate HAase assay buffer (as described
above). Control wells received inhibitor at a particular
concentration but no enzyme. The plate was incubated at
37°C for 4 h and then developed as described above. The
amount of product (i.e., HA degraded) was calculated by
subtracting the amount of HA remaining on the well from
the amount of HA that was used to coat the wells. The
amount of HA remaining on the wells was calculated from
O.D.495 um in control wells (i.e., wells containing no
enzyme) and O.D. 45 in sample wells (i.e., wells contain-
ing enzyme + inhibitor). K, Vjnay, and Ki (for both com-
petitive and uncompetitive inhibition) were calculated by
plotting Lineweaver-Burke double reciprocal plots. The K,
value was expressed in uM by assuming the molecular mass

~ of HA to be 500,000 dalton. The molecular mass of HA was

determined by gel filtration chromatography performed on
a Sepharose S-300 column. The Vj,,, was expressed as
pmole/min. The graphs were plotted using the GraphPad
Prism Software Program (version 3.1), and Ki values for
each inhibitor were calculated from the extrapolated X- and
Y-intercepts and the slope. Ki for the competitive inhibition
component of mixed inhibition was calculated from the
equation: oo = 1 + I/Ki, where oo = 1/V ... The Ki for the
uncompetitive inhibition component of mixed inhibition was
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calculated as o’ = 1 + I/Ki, where o = Y-intercept X Viaq.
The Ki values were expressed as UM concentration of the
inhibitor and were calculated from the molecular mass of
the inhibitor.

DMMB assay

Various concentrations of HA and sHA in a final volume
of 0.1 mL were mixed with 0.5 mL of DMMB reagent. The
optical density of the color developed was determined at
515 nm (Farndale et al., 1982).

HA ELISA-like assay

HA ELISA-like assay was performed, as described previ-
ously (Lokeshwar et al., 2000, 2001). Briefly, 25 pg/mL
human umbilical cord HA was coated on microtiter wells of
a 96-well plate. Following the blocking of nonspecific sites
using 1% bovine serum albumin, various concentrations of
HA or sHA compounds were incubated in HA-coated wells
in phosphate-buffered saline, containing 0.05% Tween 20
and 1 pg/mL biotinylated HA-binding protein. The incuba-
tion was continued for 16 h at room temperature. Following
incubation, the unbound HA-binding protein was washed
off, and the HA-binding protein bound to microtiter wells
was measured using an avidin-biotin detection system
(Vector Laboratories). HA present in each sample (ng/mL)
was determined from a standard graph plotted as (control
0.D.405 nm — Sample O.D.45 nm) Versus concentration.
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ABSTRACT

Introduction: Lack of reliable prognostic markers hinders accurate prediction of disease -
progression in prostate cancer. The inducible pro-inflammatory enzyme Cyclooxygenase-2
(COX-2) is implicated in prostate carcinogenesis, but its role in cancer progression is less clear.
We examined whether COX-2 expression evaluated by immunohistochemistry (IHC) in radical
prostatectomy (RP) specimens can predict biochemical recurrence.

Experimental Design: Archival prostate cancer specimens (n=60) were obtained from patients
who underwent RP, but had not received neo-adjuvant hormonal therapy. 23 patients had
biochemical or clinical recurrence (mean time of recurrence: 38.2 months), and 37 patients were
recurrence free (mean follow-up: 95 months). COX-2 expression was determined by IHC using
an anti-COX-2 antibody. Three individuals scored the staining independently, as high- or low-
expression.

Results: COX-2 was expressed in prostate cancer cells, and in adjacent normal glands, in
specimens from patients who later progressed. At 62-months follow-up, COX-2 staining
predicted progression with 82.4% sensitivity and 81.3% specificity. Sensitivity (86.4%) and
specificity (86.7%) improved at > 100-month follow-up. In univariate analysis, Gleason score,
pre-operative PSA, extra-prostatic extension, margin, seminal vesicle invasion, and high COX-2
expression were significant predictors of biochemical recurrence (P<0.05). In multivariate
analysis, pre-operative PSA (Hazard ratio/unit PSA change 1.080; P = 0.0036) and COX-2
expression (Hazard ratio 16.442; P < 0.0001) were independent prognostic indicators. Patients
with PSA> 7 ng/ml and high COX-2 expression had the highest probability of recurrence
(Kaplan-Meier analysis).

Conclusion: COX-2 expression is an independent predictor of prostate cancer progression
following RP and underscores the significance of inflammatory factors in this process.




INTRODUCTION

Cyclooxygenase-1 (COX-1) and Cyclooxygenase-2 (COX-2) are prostaglandin
endoperoxide synthases that are rate limiting enzymes in the conversion of the fatty acid
arachidonic acid into physiologically active eicosanoids such as prostaglandin,
thromboxane, and prostacyclin [1]. COX-2 is the inducible form of COX that is frequently
elevated in cancer tissues [2-4]. Although the mechanism of COX-2 action in
carcinogenesis or progression is not well established, COX-2 inhibitors have been
shown to be chemopreventive in cancer, specifically in colorectal cancer [5-7].

The expression and role of COX-2 in prostate cancer has been a topic of several
reports over the decade [reviewed in 8, 9]. There exists some controversy over the
expression, detection and the putative role of COX-2 in prostate carcinogenesis and
progression. While early studies reported high-level expression of COX-2 in prostate,
findings from subsequent studies have been mixed [10-12]. Typically, later studies
reported low or no expression in normal, benign prostatic hyperplasia or low-grade
cancer tissues but elevated levels in prostatic intraepithelial neoplasia (PIN) and high-
grade cancer [13-26]. A prominent study however discounted COX-2 specific staining in
all epithelial tissues and claimed that COX-2 is expressed only in infiltrating lymphocytes
and proliferative inflammatory atrophy [27]. Nonetheless, several studies using
experimental models and established prostate cancer cell lines have established a
chemopreventive and anti-tumor activity of COX-2 inhibitors, implying the putative role of
COX-2 in prostate carcinogenesis [28-35].

A direct demonstration of potential role of COX-2 in advanced prostate cancer
was recently demonstrated by one of us [36]. Using an anti-sense COX-2 cDNA
construct (tetracycline-inducible model) to suppress COX-2 expression in PC-3ML cell
line (a highly metastatic androgen unresponsive prostate cancer line) we demonstrated
tumor-enhancing function of COX-2. In a related study we also showed
chemosensitization of prostate tumor xenografts by a COX-2 inhibitor celecoxib,
indicating a potential role of COX-2 in both carcinogenesis and resistance to treatment
[37].

Until recently, elevated COX-2 levels were shown to be related to carcinogenesis
but not progression as illustrated by its elevated levels in pre-neoplastic colon polyps,
inflammatory atrophy and prostatic intraepithelial neoplasia. Moreover, the significance
of the elevated expression of COX-2 was believed to be secondary to the elevation of
several COX-2 inducing signaling mechanisms, notably the activated levels of Akt
(phospho-AKT) [38, 39]) and nuclear-factor kappa B (NFkB) which activates COX-2
promoter and transcription [40-42). The significance of COX-2 over-expression in
disease progression, especially in prostate cancer, has evaded rigorous testing until now.
This ambivalence is due to earlier studies that showed uneven labeling of COX-2 in
prostate cancer tissues in archival samples. However, if COX-2 expression in prostate
cancer specimens correlates with disease recurrence/progression, it may explain the
conflicting results reported in various studies regarding COX-2 expression [10-27].
Investigating such a correlation is also important to understand prostate cancer
progression because at least in experimental models of prostate cancer, COX-2 over-
expression leads to increase in aggression of tumor cells, higher secretion of angiogenic
factors and metastasis [43, 44]. In this study, we investigated COX-2 expression in
archival radical prostatectomy specimens from 60 prostate cancer patients on whom a
minimum 62-month follow-up was available. Our results show that COX-2 expression in




prostate cancer cells is an independent prognostic indicator for predicting biochemical
recurrence.

MATERIALS AND METHODS
Specimens and study patients:

Sixty randomly selected prostate cancer specimens were obtained from patients who
underwent radical retropubic prostatectomy between 1992 and 1995 at the University of Miami
Medical Center, Miami, Florida. These patients did not receive neo-adjuvant hormonal therapy
and 58 patients were node negative. The minimum available follow-up on all patients was 62
months. The study was conducted under a protocol approved by University of Miami’s
Institutional Review Board for human subjects’ research. Of the 60 patients, 23 patients had
biochemical or clinical recurrence (mean time to recurrence: 38.2 months; range: 1 to 121
months), and 37 patients were free of disease recurrence (mean follow-up: 95 months; range:
62 - 142 months). Biochemical recurrence was defined as a PSA level = 0.4 ng/ml in 2
successive measurements after radical prostatectomy, in which case the first date of elevated
PSA level was considered as the date of recurrence. The patient characteristics with respect to
age, preoperative PSA, and tumor (i.e., Gleason sum, stage, margin, extra-prostatic extension
(EPE) and seminal vesicle (SV) invasion) are shown in Table 1.

Immunohistochemistry and slide grading:

For all specimens, paraffin embedded blocks containing prostate cancer tissues representing
the major Gleason score was selected. From each block, 6 slides were prepared and 2 were
used for COX-2 staining. The other slides were used to either optimize COX-2 antibody
concentration for staining, for determining non-specific staining, for repeating the staining in
case of any discrepancy or for comparing COX-2 staining using antibodies from different
companies (as discussed below). The specimen slides were de-paraffinized, rehydrated and
treated with an antigen retrieval solution (Dako Laboratories). The slides were incubated with a
rabbit polyclonal anti-human COX-2 IgG, PG-27b (200-fold dilution of the antiserum; Oxford
Biomedical Res., Oxford, MI) at 4° C for 16 hours. Following incubation the slides were washed
and incubated with a linking solution containing a biotinylated swine anti-rabbit 19G (Dako LSAB
kit) at room temperature for 30 min. The slides were then treated with streptavidin peroxidase
and DAB chromogen. The slides were counterstained with hematoxylin, dehydrated and
mounted.

Initially about 20 specimens were stained with anti-COX-2 antibodies from Santa Cruz
Biotechnology (Santa Cruz, CA) and Cayman Chemical (Ann Arbor, Ml) along with the PG-27b
antibody to evaluate the specificity of different antibodies. We also evaluated 10 specimens for
COX-2 staining using a non-biotin-based Envision kit, as per the manufacturer’s protocol (DAKO
Laboratories).

Slide grading: COX-2 staining of tumor cells in each slide was initially graded as 0 to 3+. To
account for heterogeneity in staining, the overall staining grade for each slide was assigned
based on the staining intensity of the majority of the tumor tissue in the specimen. However, if ~
50% of the tumor cells in the section were assigned +1 staining, and the other 50% as 3+, the
overall staining grade was 2+. If the staining distribution was, ~ 50% of the tumor cells staining
2+ and the remaining staining as 3+, the overall staining inference assigned were 3+. The
staining was later grouped as low- and high-grade staining. High-grade staining represented 2+
and 3+ staining, whereas low-grade staining included 0 and 1+ staining intensities. Normal-
benign tissues near and away from tumor cells were also evaluated for staining intensity and
graded as low- and high-staining. Two readers independently evaluated all slides in a blinded
fashion. Out of the total 60 stained slides, there was discrepancy in 8 slides. These
discrepancies were resolved by both readers reexamining those slides simultaneously. In




addition, to check for the repeatability of the evaluation system, a 3" reader, after familiarizing
with the grading system, randomly picked 40 slides and graded them for staining intensity. The
discrepancy in slide evaluations by the 3™ reader was < 10%.

Statistical Analysis:

For COX-2 staining, high-grade staining was considered as a true positive if the patient
had biochemical recurrence. Consequently, low-grade staining was considered as a true
negative, if the patient had no biochemical recurrence. The sensitivity, specificity, accuracy,
positive predictive value (PPV), and negative predictive value (NPV) for COX-2 staining
inferences were calculated using the 2 x 2 contingency table (high-grade/low-grade staining and
progressed/non-progressed CaP patients) at 62, 72, and 100 month cut-off limits [45]. The data
on various, biochemical, surgical, and pathologic parameters, as well as COX-2 staining
inferences, were analyzed by Cox proportional hazard model, using single variable analysis
(univariate analysis) or step-wise selection (multivariate) analysis. Stratified Kaplan-Meier
analyses were performed on the variables that were found to be significant in the multivariate
Cox Proportional Hazard model. For PSA subset analysis, Mantael-Haenszel Chi-square
analysis or Student's t test were used to determine statistical significance. Statistical analysis
was carried out using the SAS Software Program (version 8.02; SAS Institute, Cary, NC).

RESULTS:
Localization of COX-2 in prostate cancer tissues:

Previous studies on the localization of COX-2 in prostate cancer cells or tissues have
used anti-COX-2 antibodies from at least 3 different commercial sources (i.e., Oxford
Biomedical Research; Cayman Chemical and Santa Cruz Biotechnology [13, 17, and 19]).
Among these antibodies, a 1:200 dilution of the PG-27b anti-COX-2 antibody from Oxford
Biomedical Research was specific in localizing COX-2 in prostate cancer tissues and yielded
optimal staining intensity. As reported previously, we also determined the ability of PG27b to
localize COX-2 in archival prostate tissues using a non-biotin based immunohistochemical
method (Envision Plus; [13]). However, this method yielded only weak to no staining in any
prostate glands (i.e., normal-benign or cancer) from recurred or non-recurred patients.
Therefore, we used PG27b antibody at 1. 200 dilution to stain all of the 60 archival prostate
cancer tissues.

The 60 archival tissues used in this study were from patients with prostate cancer, who
either had biochemical recurrence or did not, in a mean follow-up of up to 95 months. As shown
in Figure 1A, very little COX-2 staining is observed in prostate cancer cells from two patients
with either Gleason 7 (panel a) or Gleason 8 (panel c¢) prostate cancer, and who had no
biochemical recurrence within 62 months. Among 43 patients with prostate cancer, who did not
have biochemical recurrence in 62 months, specimens from 35 patients showed low-grade
staining. Figure 1A also shows high-grade staining in prostate cancer cells of two different
patients with either Gleason 7 (panel b) or Gleason 8 (panel d) prostate cancer, and who had
biochemical recurrence within 62 months (mean time to recur 38 months). Among the 17
patients who had biochemical recurrence within 62 months, 14 had high-grade staining in their
specimens.

We next examined COX-2 staining in normal-benign glands. As shown in Figure 1B,
normal-benign glands that are away from prostate cancer cells have low-grade staining,
regardiess of whether the specimen was obtained from a patient who did not recur (panel a) or
recurred within 62 months (panel b). However, the normal-benign gland that is adjacent to tumor
cells shows high-grade staining, if the specimen was obtained from a patient who recurred
(panel d). The normal-benign glands adjacent to tumor cells do not stain for COX-2, if the




specimen was obtained from a patient who did not recur (panel ¢). These results show that
COX-2 expression in prostate cancer cells is related to disease progression and that normal
prostate epithelial cells also express COX-2, if they are adjacent to prostate cancer cells which
have malignant potential.

Determination of sensitivity, specificity, accuracy, PPV and NPV of COX-2 staining:

On all patients a minimum follow-up of 62 months was available (mean follow-up: 95
months; range: 62 - 142 months). We therefore determined the sensitivity, specificity, accuracy,
PPV and NPV of COX-2 staining at 62 months, 72 months and 100 months of follow-up. As
shown in Table 2, the sensitivity of COX-2 staining ranges from 82% to 86% between 62 and
100 months of follow-up. Out of the 23 patients who recurred, one recurred after 121 months
and the COX-2 staining in the specimen was low-grade. Thus, the overall sensitivity for all 23
patients at 121 months is 82.6%. The specificity of COX-2 staining at 62 months is 81% but it
increases to 84% and 86.7% at 72 and 100 months, respectively. The increased specificity is
because, 5 of the patients who were false positive at 62-month follow-up had a biochemical
recurrence within 62 to 100 month of follow-up (Table 2). Consequently, the accuracy of COX-2
staining also increases from 81.6% at 62 months to 86.5% at 100 months of follow-up. Similarly,
the PPV of the COX-staining increases significantly from 62 months (PPV, 63.6%) to 100
months (PPV, 90.5%) of follow-up. The NPV of COX-2 staining decreases by about 10% at 100
months of follow-up, which might be due to the low number of patients in the non-recurred
category for that follow-up.

Evaluating the prognostic potential of pre- and post-operative parameters and COX-2
staining in prostate specimens:

Univariate analysis: Since the patients in this cohort had variable follow-up between 62 and 142
months, we used the Cox proportional hazards model and single-parameter analysis to
determine the prognostic significance of each of the preoperative (i.e., age, PSA and clinical
stage) and postoperative (i.e., Gleason sum, margin, EPE, SV invasion) parameters, as well as
staining inferences of COX-2. As shown in Table 3, age and clinical stage are not significant in
predicting biochemical recurrence. However, pre-operative PSA, Gleason sum, margin status,
EPE, SV invasion and COX-2 staining inferences significantly predict biochemical recurrence
(Table 3).

Multivariate analysis: To determine the smallest number of variables that could jointly predict
biochemical recurrence in this cohort of patients, we used the Cox proportional hazards model
and step-wise selection analysis. When age, preoperative PSA, clinical stage, Gleason sum,
EPE, SV invasion and COX-2 staining inference were included in the model, only preoperative
PSA (P = 0.0036, hazard ratio/unit PSA change = 1.08), and COX-2 staining inference (P <
0.0001, hazard ratio = 16.442) reached statistical significance in predicting biochemical
recurrence (Table 4).

To demonstrate the joint effect of COX-2 and pre-operative PSA on biochemical
recurrence, we performed Kaplan-Meier analysis. Since PSA was a continuous estimate, with
the median PSA level for the entire cohort of patients (n = 60) as 6.9 ng/ml, we divided the
cohort into those with PSA levels < 7 and > 7 ng/ml. As shown in Figure 2, individuals with COX-
2 staining high and PSA > 7 ng/ml had the highest probability of recurrence, followed by those
with COX-2 high and PSA < 7 ng/ml. Individuals with low COX-2 staining and either PSA > 7
ng/ml or < 7 ng/ml had the lowest probability of recurrence.

PSA subgroup analysis: It has been suggested that biochemical recurrence before 24 months
indicates systemic disease, whereas biochemical recurrence beyond 24 months suggests local




recurrence [46]. By Mantel-Haenszel chi-square analysis we found that COX-2 staining
inferences could distinguish between PSA recurrence before and after 24 months in a
statistically significant manner (P < 0.0001; chi-square, 16.7812).

DISCUSSION

There are few reliable markers for accurate prediction of prostate cancer recurrence
besides pre-operative PSA and Gleason sum [43]. However, nearly two thirds of patients
diagnosed with prostate cancer have the preoperative PSA range 4 ng/ml to 10 ng/ml, with T1C
disease and a biopsy Gleason score of 5 to 7 [47-49]. For such patients, one or a combination
of accurate prognostic indicators could improve the physicians’ ability to identify aggressive
disease, so that more individualized treatments could be offered. In this study, pre-operative
PSA level and COX-2 expression were found to provide independent prognostic information.

In specimens from prostate cancer patients who later progressed, normal-benign
prostate glands adjacent to highly stained tumor cells also showed high-level COX-2 expression,
indicating a paracrine mechanism of COX-2 induction. Therefore, it is likely that factors, which
induce COX-2 enzyme, may also be potential markers for predicting progression. ldentifying
such a factor or factors is likely to be daunting because of the promiscuity of COX-2 induction.
Several cytokines, chemokines and inflammatory enzymes are known to induce COX-2
expression [50-52).

The data analysis presented above for COX-2 staining intensity show for the first time
that COX-2 expression, can independently predict prostate cancer recurrence. The sensitivity,
specificity and accuracy of COX-2 staining to predict biochemical recurrence exceeded 80% at
62 to 100 month follow-up after radical prostatectomy. Furthermore, both univariate and
multivariate analyses showed significant association of COX-2 over expression and biochemical
recurrence. Kaplan-Meier analysis shows that prostate cancer patients with high COX-2
expression and PSA > 7 ng/ml have the highest probability of disease progression. This
explains why the multivariate analysis selected COX-2 staining inference and pre-operative PSA
as independent prognostic indicators. The data also show that prostate cancer patients with
PSA > 7 ng/ml could be further classified based on the COX-2 staining in their prostate cancer
specimens to predict biochemical recurrence. In this study, biochemical recurrence indicates the
possibility of developing metastatic disease, since all of the study patients underwent radical
prostatectomy, rising PSA levels would indicate either local or distant metastases. The high
sensitivity, specificity and positive predictive value (63%-93%) of COX-2 expression point to the
possibility that future treatment should consider inhibition of inflammatory pathways either at the
time of initial treatment or together with androgen ablation during the treatment of residual
disease [53].

The findings presented in this report are consistent with studies conducted on pre-
clinical models of prostate cancer. For example, Fujita et al [41] reported that forced expression
of COX-2 in a relatively indolent LNCaP tumor model increases tumor growth, angiogenesis and
PSA secretion, without increasing androgen receptor levels or activity. Since, increased
angiogenesis results in increased invasion and metastasis, increased COX-2 expression may
be predictive of disease progression in prostate cancer patients. Our earlier work also showed
that suppression of COX-2 by anti-sense cDNA transfection in an aggressive tumor model (PC-
3ML) reduces tumor growth and increases apoptosis in vivo [37].

Earlier studies on IHC localization and semi-quantitative estimation of COX-2 expression
concluded that COX-2 expression has limited association with stage, and disease severity (local




invasion) but it strongly associates with tumor grade [10-15]. On contrary, some reports have
dismissed any association with tumor grade and have suggested that COX-2 is expressed by
infiltrating lymphocytes and macrophage, which occurs during inflammatory atrophy of the
prostate [13]. However, none of these reports analyzed COX-2 expression with respect to
biochemical recurrence (i.e., disease progression). Consistent with earlier studies, we also did
not find any correlation between COX-2 expression and tumor grade and stage (P > 0.05, chi-
square analysis). In fact, the inclusion of COX-2 staining inferences in the multivariate model
eliminated the prognostic significance of all clinical and pathologic parameters except pre-
operative PSA.

Although, the expression of COX-2 with prostate cancer is controversial in several
cancers COX-2 expression has been shown to associate with disease progression, poor
response to treatment and survival. For example, in non-Hodgkin's lymphoma, high COX-2
expression correlates with increased stage, lower survival and lower complete response rate to
therapy [54]. In breast cancer, COX-2 over-expression occurs in 43% of human invasive breast
cancers and 63% of ductal carcinomas in situ [55]. Furthermore, high expression of COX-2
associates with decreased disease specific survival [56]. In gastric cancer, COX-2 is expressed
not only in cancer cells but also in precancerous lesions such as metaplastic and adenomatous
cells, suggesting that COX-2 over-expression is an early event in gastric cancer development
[57]. In bladder cancer, COX-2 expression in carcinoma in situ significantly associates with
disease recurrence and progression but it is not associated with survival [68, 59]. However,
among bladder cancer patients who receive systemic chemotherapy, strong COX-2 expression
significantly correlates with poor overall survival [59]. These studies support the notion that
COX-2 expression and inflammatory processes are involved in cancer progression.

Taken together, this study shows that COX-2 expression in prostate cancer correlates
with aggressive disease and is an independent prognostic indicator of biochemical recurrence.
The results of our study also suggest that the inhibition of inflammatory processes may be an
effective means of controlling prostate cancer progression.
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Table 1: Pre- and postoperative parameters of the study patients. ' EPE = extra-prostatic
extension of tumor. 2 SV = seminal vesicle invasion. *Two patients who had biochemical
recurrence had positive lymph nodes. * Three of the patients had only designation of tumor

stage as T2.

Preoperative parameters

Postoperative parameters

Progression | Age (yrs) PSA (ng/ml) | Clinical | Gleason | 'EPE Margin | “SV
Stage sum invasion

Biochemical | Median: 66 Median: 8.9 | T1c:11 | 6=2 (=17 | (#)=15 | (H)=9
recurrence | Mean: 65.0 | Mean: 121 | T2a: 3 7=11 (-)=6 (-)= 8 (-)=14
(n=23)° T2b:9 |[8=5

9=5
No Median: 63 Median: 6.3 | T1c:23 |[4=1 (+)=6 |(H=11 |(#)=2
biochemical | Mean: 62.8 Mean: 6.3 T2a: 9 5=4 (-)=31 |[(-)=26 |[(-)=35
or  clinical T2b: 2 6=8
recurrence “T2: 3 |7=21
(n=237) 8=2

9=1
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Table 2: The sensitivity, specificity, accuracy, PPV and NPV of COX-2 staining

inferences. Note that 62 months, 72 months, and 100 months were used a cut point for

determining biochemical recurrence.

Parameter 62 Months (%) 72 Months (%) 100 Months (%)
Sensitivity 82.4 (14/17) 84.2 (16/19) 86.4 (19/22)
Specificity 81.3 (35/43) 84.6 (33/39) 86.7 (13/15)
Accuracy 81.6 (49/60) 84.5 (49/58) 86.5 (32/37)
PPV 63.6 (14/22) 72.7 (16/22) 90.5 (19/21)
NPV 92.1 (35/38) 91.6 (33/36) 81.3 (13/16)
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Table 3: Univariate analysis of pre- and post-operative prognostic parameters and IHC
staining inferences. *:. Statistically significant. Cl: Confidence Interval. Cox proportional
hazard model and single parameter analysis was used to determine the prognostic
significance of pre-operative (age, pre-operative PSA, and clinical stage) and post-operative

(Gleason sum, margin +/-, EPE +/-, SV invasion +/-) parameters and COX-2 staining

inferences.
Parameter Chi-square P-value Hazard Ratio 95% CI
Gleason sum 14.9131 0.0001* 2.314 1.512-3.543
Age 1.5032 0.2202 1.045 0.974-1.120
Pre-operative PSA | 22.1515 <0.0001* 1.138 1.078-1.201
Stage 1.2109 0.2712 1.584 0.698-3.593
EPE 18.9354 <0.0001* 8.054 3.147-20.612
Positive  Surgical | 7.1743 0.0074* 3.240 1.371-7.660
Margin
SV invasion 14.1786 0.0002* -1 5.331 2.231-12.737
COX-2 Expression | 23.4676 <0.0001* 20.868 6.104-71.338
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Table 4: Multivariate analysis of pre- and post-operative prognostic parameters and
IHC staining inferences. Cox proportional hazard model and step-wise selection was used
to determine which of the pre-operative (i.e., age, PSA and clinical stage) and post-
operative (i.e., Gleason sum, EPE, margin +/-, and SV invasion) parameters and Cox-2
staining inferences have independent prognostic significance. The significant parameters (P

> 0.05) selected by the model are shown.

Parameter Chi-square | P-value Hazard Ratio 95% ClI
Pre-op PSA 8.4813 0.0036 1.080 1.021-1.143
COX-2 Expression | 45.4154 <0.0001 16.442 4.656-58.067
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Figure Legends

" Figure 1A: Localization of COX-2 in prostate cancer tissues. COX-2 was localized in
prostate cancer tissues from non-progressed patients (panels a_and ¢) and progressed
patients (panels b _and d) using anti-COX-2 antibody and immunohistochemistry. Panels a
and b: Gleason sum 7 prostate cancer specimens. Panels ¢ and d: Gleason 8 prostate

cancer specimens. The each panel represents 400X magnification.

Figure 1B: Localization of COX-2 in normal-benign prostate glands. COX-2 expression
was examined in normal-benign prostate glands, which are either adjacent to tumor or away
from it. Panels a and b: Normal-benign glands away from tumor. Panels C and D: Normal-
benign glands adjacent to tumor. Panels a and ¢: Specimen from a patient with Gleason
sum 7 prostate cancer, who did not progress. Panels b and d: Specimen from a patient with

Gleason sum 7 prostate cancer, who progressed.

Figure 2: Kaplan-Meier analysis. Kaplan-Meier analysis was performed after stratifying the

data as COX-2 high (H)/Low (L), and PSA < or <7 ng/ml.
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