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Aggressive cells in prostate cancer secrete extracellu-
lar hyaluronan (HA) as a result of up-regulated HA
synthase enzymes HAS2 and HAS3. Combined detec-
tion of HA and the HA processing hyaluronidase en-
zyme Hyal1 in prostate tumors correlates with poor
outcome. HA oligomers produced by hyaluronidases
are potent angiogenic stimuli. We investigated the
respective roles of HAS2 and Hyal1 using 22Rv1 hu-
man prostate tumor cells that lack both enzyme activ-
ities. Stable transfectants were selected for overex-
pression of Hyal1 or HAS2 and for coexpression of
Hyal1 and HAS2. HAS2 overexpression elevated HA
production and excess pericellular HA retention.
However, HAS2-transfected tumor cell growth in cul-
ture was dramatically slowed. Coexpression of Hyal1
with HAS2 diminished HA retention but restored
growth kinetics, supporting a possible combined role
for excess HA synthesis and processing in maximiz-
ing unrestricted growth of prostate cancer cells. In
mice, overexpression of HAS2 increased subcutane-
ous tumor size. Excess activity of either Hyal1 or HAS2
enhanced angiogenesis, but the most significant tu-
morigenic potential was realized by coexpression of
both Hyal1 and HAS2 enzymes. Thus, HA production
by tumor cells in prostate cancer may enhance the
aggressive potential of the cells by increasing Hyal1-
dependent autocrine proliferation and potentiating
vascular development. (Am J Pathol 2006, 169:247–257;
DOI: 10.2353/ajpath.2006.060032)

Prostate cancer is the second leading cause of cancer
death in men.1 Although treatment efficacy has improved
dramatically by increased awareness and earlier diagno-
sis, a large number of cases progress to aggressive,
metastatic disease. Understanding the molecular phe-
nomena that lead to progression would improve diagnos-
tic, prognostic, and therapeutic indices.

A growing body of evidence suggests that aggressive
progression of cancer is facilitated by changes in the
composition of extracellular matrix surrounding the can-
cerous tissue. One matrix molecule implicated in the
progression of prostate cancer is hyaluronan (HA), a
large glycosaminoglycan polymer that is not prominent in
normal tissue or benign prostatic hyperplasia but is abun-
dant in tissue biopsies from patients in various stages of
prostate cancer.2–7 Normally, HA is produced during
specific events that require cellular proliferation and mo-
tility, such as developmental neural crest cell migration,8

cardiac morphogenesis,9 prostate development,10 and
wound healing.11 However, its accumulation is tightly
controlled and restricted in adulthood to extracellular
matrices within joint tissues, vitreous humor, skin, and
protective encapsulation of vital organs.12,13

Steady-state levels of HA are maintained by the cumu-
lative efforts of two families of enzymes: the HA syn-
thases14 (HAS1, HAS2, and HAS3 in mammals) and the
hyaluronidases15 (Hyal1 through Hyal4 and PH20). HA
synthases are integral membrane enzymes that synthe-
size HA polymers of 105 to 107 d, simultaneously secret-
ing them to the extracellular space as they are polymer-
ized. Retention of HA at the cell surface may result either
from association of nascent polymers with the HAS en-
zyme during actively up-regulated HA synthesis and/or
from specific cell-surface HA receptors cross-linking and
weaving the polymers into a pericellular matrix.16–18 Dis-
solution of HA from the extracellular space requires pro-
cessing of the polymers into smaller oligomeric units by
the hyaluronidases.19 The respective functions of en-
zymes and receptors in maintenance of such matrices
are not well understood.

Quantitative measurement of HA accumulation in hu-
man prostate tumors by histopathological analysis, in
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combination with elevated expression of the hyaluroni-
dase Hyal1, is an independent indicator of poor progno-
sis for patients.5–7 This correlative finding is consistent
with studies that show an active role for HA in tumor
progression. Overexpression of HA synthases in several
cell lines has been shown to stimulate tumorigenicity and
metastasis.20–23 Hyal1 overexpression has been impli-
cated in metastasis24 and invasive tumor growth,25 and in
glioma cells, excess production of HA requires counter-
balance by hyaluronidase expression to promote
growth.26 Hyal1 is a secreted protein found in plasma,
urine, and intracellularly in lysosomes.19 Its activity profile
is acidic, suggesting it may function with maximal effi-
cacy in acidic microenvironments such as those created
locally within developing tumors. Hyal1 converts poly-
meric HA to oligomeric species, some of which have
potent biological function. Depending on molecular
mass, the effect of HA exposure to cells can be antipro-
liferative (polymeric HA),27 angiogenic (large HA oli-
gomers),27–30 or apoptotic (small HA fragments).31,32 The
outcome of concurrent increased HA production and
processing on a tumor cell could therefore vary with
differential expression of HAS and Hyal isozymes.

Previous studies with human prostate tumor cell lines
have shown that excess HA production correlates with
aggressive potential of the cell.33 HAS2 and HAS3
isozymes were found to be specifically up-regulated in
the aggressive cells. Inhibition of HAS2 or HAS3 in these
cells significantly impairs tumor growth and spontaneous
metastatic potential.34,35 Not surprisingly, HA-deficient
tumors are very poorly vascularized relative to HA-rich
tumors. However, the respective and concerted roles of
hyaluronidase and HA synthase in HA accumulation and
utilization by tumor cells have not been examined. In this
report, we have selected and characterized prostate tu-
mor cell transfectants for expression of HAS2 or Hyal1
individually and for coexpression of Hyal1/HAS2. Cell
lines were compared for enzyme activity, growth proper-
ties in vitro and in vivo, and angiogenic potential in mice.
Excess HA production increased cell-surface HA reten-
tion and slowed cellular growth dramatically. Interest-
ingly, coexpression of Hyal1 virtually eliminated pericel-
lular HA retention and restored growth rates to control
levels. The cotransfected cells exhibited dramatic in-
creases in tumor growth rate on subcutaneous injection.
Angiogenesis was stimulated significantly by all three
transfection conditions but did not correlate with tumori-
genic potential of the cells. This is the first report to begin
systematically assessing the roles of HA biosynthesis
and degradation in prostate tumor cell biology. The re-
sults are consistent with an active role of both processes
in progression of prostate cancer.

Materials and Methods

Cell Culture and Reagents

The PC3 derivative cell line, PC3M-LN4 (human prostate
adenocarcinoma cells), was kindly provided by Dr. Isaiah
J. Fidler (M.D. Anderson Hospital Cancer Center, Hous-

ton, TX) and cultured similarly to PC3 in minimal essential
medium supplemented with 10% fetal bovine serum, non-
essential amino acids, and 1 mmol/L sodium pyruvate.
22Rv1 and LNCaP cells were purchased from the Amer-
ican Type Culture Collection (Manassas, VA) and cul-
tured in Roswell Park Memorial Institute (RPMI) 1640/10%
fetal bovine serum as recommended. Biotinylated HA-
binding protein (HABP) was from Seikagaku (Northstar
BioProducts, Fast Falmouth, MA). HA used in the quan-
tification assay was purchased from Sigma-Aldrich
(St. Louis, MO). Anti-mouse CD31-phycoerythrin conju-
gate was from BD Biosciences (San Diego, CA).

Determination of HAS and
Hyaluronidase Expression

Expression of HAS isozymes 1, 2, and 3 was assayed by
reverse transcriptase-polymerase chain reaction (RT-
PCR) as previously described.33 Hyal1 in prostate carci-
noma cell lines was assayed similarly. Briefly, poly(A)�

RNA was isolated from subconfluent tumor cells (Oligotex
mRNA isolation kit; Qiagen, Valencia, CA) and quantified,
and equal amounts were reverse-transcribed with an oli-
go(dT) primer using the Superscript III kit (Invitrogen,
Carlsbad, CA). Polymerase chain reaction (PCR) oligo-
nucleotides were designed using the published se-
quences. Target amplification sequences of 200–400
bases were selected and amplified in 25–35 cycles of
30-seconds denaturation at 95°C, 30-seconds annealing
at 60°C, and 30-seconds extension at 72°C. Glyceralde-
hyde-3-phosphate dehydrogenase was amplified in iden-
tical simultaneous reactions as a normalization control.
HAS2 expression in stable transfectants was similarly
assayed.

Plasmid Construction

The plasmid construct encoding HAS2 was previously
described.34 The Hyal1 coding sequence (accession
U96078) was amplified by RT-PCR from PC3M-LN4 cells,
subcloned with a Flag epitope tag, and placed in the
pIRES2-EGFP bicistronic expression vector (Clontech,
Palo Alto, CA) for constitutive expression and antibiotic
selection in eukaryotic cells. The sequence was verified
for identity to the published sequence. Expression of
each coding sequence was confirmed as described
below.

Transfection and Stable Selection of
Prostate Tumor Cells

22Rv1 human prostate tumor cells were transfected with
1) vector alone (pIRES2-EGFP); 2) plasmid encoding
Hyal1-Flag; 3) HAS2 plasmid; or 4) both the Hyal1 and
the HAS2 plasmid constructs. Transfections were per-
formed via a liposome-mediated method using FuGene6
reagent (Roche Applied Science, Mannheim, Germany),
according to the manufacturer’s protocol. Gene expres-
sion was verified by RT-PCR (HAS2) or Western blot
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(Hyal1) and by enzyme activity assays as described.
Stable selection of 22Rv1 transfectants was by clonal
isolation with cloning disks following incubation for 14 to
20 days with G418 (1.25 mg/ml). Multiple clones were
tested for expression, and those with average levels of
expression were pooled to eliminate bias from isolated
selection. Once established, stable transfectants were
maintained in the selection medium.

Hyaluronidase Activity Assays

Cell culture supernatants from transfected cell lines were
concentrated approximately 10-fold and electrophoresed
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on a 12% polyacrylamide gel containing 0.2
mg/ml HA. The gel was soaked for 1 hour at room tem-
perature in 3% Triton X-100 and then incubated in hyal-
uronidase assay buffer (50 mmol/L sodium formate, pH
4.0, 150 mmol/L NaCl, 0.1% bovine serum albumin
(BSA)) at 37°C overnight. Hyaluronidase activity was de-
tected as a clear band at the specific molecular weight
(eg, 58 kd) for Hyal1 on staining 1 hour with 0.5% Alcian
blue and destaining with 7% acetic acid. Cell lysates
were assayed similarly, but, although several light bands
were visible, no significant differences were observed
between control and Hyal1-transfected cells. Thus, the
majority of overexpressed Hyal1 was secreted. To deter-
mine whether supernatants or whole cell lysates con-
tained differential activities of the pH neutral hyaluroni-
dases (Hyal2 or PH20), substrate gels generated as
above were also assayed in 50 mmol/L sodium phos-
phate, pH 7.0, containing 150 mmol/L NaCl and 0.1%
BSA. No activity was observed in the conditioned media,
and, again, several faint bands were present in lysates
without significant differences between control and trans-
fected cells. Furthermore, the pattern was not apprecia-
bly different between lysates assayed at pH 7 versus pH
4. Hence, these data are not shown.

HA Quantification

The concentration of HA in transfected cell culture super-
natants was determined in a competitive binding as-
say.36 Briefly, Immulon 96-well microtiter plates were
coated with human umbilical cord HA at 50 �g/ml in 200
mmol/L carbonate buffer (pH 9.6) overnight at 4°C. Ex-
cess HA was removed, and wells were blocked with
Superblock reagent (Pierce, Rockford, IL). Overnight
conditioned culture media from prostate tumor cell cul-
tures were harvested, and cell counts were determined
manually. Cell culture supernatants were centrifuged,
boiled 20 minutes, and serially diluted in phosphate-
buffered saline/0.05% Tween 20. Equal volumes of each
dilution were combined with biotinylated HABP to a final
HABP concentration of 0.5 �g/ml and incubated in the
HA-precoated wells at room temperature for 6 to 8 hours.
Plates were washed four times with phosphate-buffered
saline/Tween 20 and developed using an avidin-biotin
horseradish peroxidase system (ABC-HRP kit PK-4000;
Vector Laboratories, Burlingame, CA) with tetramethyl-

benzidine (Sigma-Aldrich) as substrate, and absorbance
was read at 650 nm in a PowerWave microplate spectro-
photometer (BioTek, Winooski, VT). HA concentration
was interpolated from a standard curve of absorbance
values corresponding to known HA quantities. The mean
HA concentration for each sample of culture supernatant
was calculated, and results were normalized to cell
number.

HA Pericellular Detection and Quantification

Pericellular HA retention was visualized and quantified by
particle exclusion as described previously.34,35 Briefly,
prostate carcinoma cells cultured overnight in 48-well
plates were washed and incubated 90 minutes with 2
mg/ml aggrecan in phenol red-free RPMI with 0.1% BSA
at 37°C. The aggrecan solution was removed, and 1 �
108 glutaraldehyde-fixed sheep red blood cells (Accu-
rate Chemical and Scientific Corp., Westbury, NY) in
phosphate-buffered saline/1% BSA were added, allowed
to settle for 15 minutes, and then viewed with phase-
contrast microscopy. The HA matrix was evidenced by
halos surrounding the cells from which the fixed erythro-
cytes were excluded. Representative cells were photo-
graphed at magnification �400. To quantify matrix reten-
tion, outlines of matrices and cellular boundaries from
individual cells of each type were traced, and relative
areas were calculated using Adobe Photoshop (Adobe
Systems Incorporated, San Jose, CA). HA matrix thick-
ness is presented as the ratio of matrix area to cell area
for each transfectant or condition, with the mean ratio
represented by a horizontal bar.

Growth Assays

Two-dimensional growth in culture was assayed as pre-
viously described.35 Equivalent passages of each tumor
cell line were plated at 5000 cells/well in 24-well plates.
After 7 days, the most rapidly growing cell line had
reached �90% confluence, so this was chosen as the
experimental endpoint. At 24-hour intervals up to 7 days,
quadruplicate wells of each cell line were released with
trypsin, neutralized, and manually counted in a hemacy-
tometer. Duplicate counts for each well were averaged to
obtain the total cell count per well. Each point is the
mean � SE of the total cell counts. Although the graph
presents data from a single assay in quadruplicate, the
growth trends were reproduced in three additional iden-
tical assays.

Mouse Subcutaneous Injection

All mice were cared for and maintained under the super-
vision and guidelines of the University of Nebraska-
Lincoln Institutional Animal Care and Use Committee.
Male non-obese diabetic/severe combined immunodefi-
cient (NOD/SCID) mice (Jackson Laboratories, Bar Har-
bor, ME, a total of eight animals per condition) were
injected subcutaneously in each flank with 1 � 106 tumor
cells suspended in 100 �l of serum-free RPMI. Tumor
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growth was monitored weekly with caliper measure-
ments. After 28 days, mice were sacrificed, and tumors
were dissected and weighed. Mean tumor wet weight �
SE was plotted for each cell line. Statistical significance
was assigned by Student’s two-tailed t-test. The experi-
ment was repeated with an additional eight animals per
cell line, and similar results were obtained.

Immunohistochemistry and
Immunofluorescence

HA content and vascularization of tumors were detected
as described previously.35 Briefly, after weighing, tumors
were divided in halves. One half was formalin-fixed and
embedded in paraffin, and the other half was snap frozen
in OCT compound. For HA detection, paraffin-embedded
tumors were sectioned, dewaxed, incubated with 3 �g/ml
biotinylated HABP in phosphate-buffered saline/1% BSA
overnight at 4°C, and developed using the Vectastain
ABC kit (Vector Laboratories). Sections were counter-
stained with Meyer’s hematoxylin to visualize cellular
boundaries. White light images were collected at magni-
fication �200 on a Leica DM-IRB inverted microscope
equipped with an Optronics Magnafire digital camera.
Vascularization of the tumors was assessed in acetone-
fixed frozen sections (8-�m thickness) by antibody stain-
ing for CD31 as described previously.35,37

Angiogenesis Quantification

CD31-phycoerythrin-conjugated antibody staining of fro-
zen sections was visualized by fluorescence microscopy.
Five random sections from each of three tumors per cell
line were digitally photographed with 5-s exposure time,
saved as TIF files, and processed. Images were con-
verted from 16 to 8 bit in Adobe Photoshop, red channel
fluorescence was specifically isolated, images were con-
verted to grayscale and inverted, and a black-and-white
threshold was arbitrarily set based on levels. The histo-
gram function was then used to determine vessel density
as represented by density of black pixels at 0 on the
black-to-white scale. Average pixel density for each
transfectant tumor section was normalized to the average
pixel density for untransfected tumor sections. Statistical
significance was assigned by Student’s two-tailed t-test.

Results

22Rv1 Cells Express Hyaluronidases but
Lack Significant HA Synthase

To assess the relative and concerted roles of HA bio-
synthesis and processing, tumor cell lines were first
characterized for expression of HA synthase and hyal-
uronidase isozymes. Hyaluronidases have been re-
ported in aggressive prostate cancer cells,6,38,39 and
expression of the secreted hyaluronidase isozyme
Hyal1 appears to correlate directly with human disease
progression,7 as well as with tumorigenic/metastatic

behavior in cell lines.7,24,25 The commercially available
human prostate adenocarcinoma cell lines LNCaP,
22Rv1, and PC3, as well as PC3M-LN4 cells, were
evaluated for HAS and Hyal expression by RT-PCR.
Results showed that mRNA for Hyal1 is expressed in all
four cell lines and in normal prostate (Figure 1). Ex-
pression was elevated �2-fold in 22Rv1 cells but was
approximately equivalent in LNCaP, PC3, and PC3M-
LN4 cells relative to normal prostate (Figure 1, N.Pr.).
This observation will be discussed further below. A
previous report demonstrated Hyal2 and Hyal3 mRNA
expression in PC3 cells.24 Expression of these mes-
sages was detected by RT-PCR at levels that did not
differ appreciably among the cell lines tested or in
reference to normal prostate (not shown). Hyal2 and
Hyal3 proteins have not been implicated functionally in
the progression of prostate cancer to date.

HAS expression was characterized previously for
LNCaP, PC3, and PC3M-LN4 cells.33 LNCaP cells have
been used to characterize overexpressed HAS en-
zymes in vitro by transient transfection.34 However,
because these cells do not grow subcutaneously in
mice without addition of Matrigel, a reconstituted base-
ment membrane mixture containing HA, an alternative
model cell line was sought for stable transfection. Be-
fore choosing 22Rv1 for overexpression of the HA met-
abolic enzymes described in this report, HAS expres-
sion was evaluated. Results presented in Figure 1
illustrate a similar expression profile of HAS isozymes
for LNCaP, 22Rv1, and normal prostate. HAS2 was not
amplified at detectable levels, and HAS3 mRNA was
present at detectable but low levels, comparable to
normal prostate. Expression of HAS2 and HAS3 was
dramatically elevated in PC3 and PC3M-LN4 cells,
consistent with the previously published findings.
HAS1 was also assayed and, again in accordance with
previous results, found not to be expressed at detect-
able levels. 22Rv1 cells were therefore identified as an
appropriate HAS-negative cell line in which to examine
the respective roles of the HAS and Hyal1 enzymes.

Figure 1. Hyal1 mRNA is expressed in metastatic and non-metastatic prostate
carcinoma cells, but only metastatic cells express HAS2 and HAS3. Equivalent
amounts of input poly(A)� RNA from prostate carcinoma cell lines (LNCaP,
22Rv1, PC3, and PC3M-LN4) or a normal prostate mRNA library (N.Pr.) were
reverse-transcribed, and target messages were amplified using oligonucleo-
tide primers specific for Hyal1, HAS2, HAS3, or glyceraldehyde-3-phosphate
dehydrogenase (housekeeping control) as described previously and in Ma-
terials and Methods. An aliquot of 20 �l from each PCR was electrophoresed
on a 2% agarose gel and stained with ethidium bromide for digital imaging.
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Cloning and Overexpression of
Hyaluronidase in 22Rv1 Cells

To overexpress Hyal1 in tumor cells, the full-length Hyal1
cDNA was cloned from PC3M-LN4 cells by RT-PCR using
published sequence data. The clone was expressed as a
bicistronic message with green fluorescent protein
(GFP), with a Flag epitope tag for subsequent immuno-
detection. Highly expressing transfectants of 22Rv1 cells
were selected and pooled. Expression and secretion of
Hyal1-Flag specifically in the Hyal1 transfectants was
verified by Western blot analysis of conditioned media
(Figure 2A). Functional characterization of the secreted
Hyal1 enzyme was performed by HA substrate gel elec-
trophoresis for cells stably transfected with control vector
(GFP) or Hyal1 cDNA (Figure 2B, lanes 1 and 2). Inspec-
tion of the HA substrate gel showed minimal endogenous
hyaluronidase activity in concentrated conditioned media
from GFP control cultures, despite the apparently ele-
vated mRNA detected by RT-PCR (Figure 1). This may
reflect low protein expression or the presence of hyal-
uronidase inhibitors in the culture serum.40 Similar assay
of culture media from Hyal1 transfectants (lane 2) shows
that the Hyal1 clone is not only expressed and secreted
at the 58-kd molecular weight previously reported for
active Hyal1 but is enzymatically active. No other major
bands were visible, suggesting no other detectable hy-
aluronidase activity was secreted by 22Rv1 cells. The
Western blot and the substrate gel indicated that both
expression and enzyme activity are comparable in con-
ditioned media from tumor cells that have been selected
for stable expression of Hyal1 alone (lane 2) or coexpres-
sion of Hyal1 and HAS2 (lane 3). Because overexpres-
sion of Hyal1 has been shown to have a dose-dependent
effect on tumorigenesis in mice with extremely high levels

actually suppressing tumor growth,25 it was especially
important to normalize enzyme activities.

Overexpression of HA Synthases and
Coexpression with Hyaluronidase

In addition to Hyal1-stable transfectants, 22Rv1 cells
were also selected and characterized for stable expres-
sion of HAS2. HAS2 expression in transfected cells was
semiquantitatively assessed by RT-PCR (Figure 3A, lanes
2 and 4). Functionality of the overexpressed HAS2 en-
zyme was assessed in transfectants by measuring HA
content of conditioned media from control and HAS2
cultures (Figure 3B). GFP controls produced very little
HA, consistent with results of HA analysis of the untrans-
fected 22Rv1 cell line (not shown) and with the low de-
tectable HAS mRNA in both untransfected (Figure 1) or
GFP-transfected (Figure 3A, lane 1) 22Rv1 cells. Stably
selected HAS2 lines were characterized for HA produc-
tion as shown in Figure 3B. HAS2 transfectants produced
�5-fold more HA than the GFP controls, indicating the
enzyme is expressed and active in 22Rv1 cells, which
clearly have the capacity to produce HA (ie, they synthe-
size the requisite UDP-sugar precursors), although they
poorly express the HAS enzymes.

Additional populations of stable 22Rv1 transfectants
were selected and characterized for coexpression of

Figure 2. Hyal1 is secreted and active in conditioned media of stable 22Rv1
transfectants. Endogenous hyaluronidase activity and activity encoded by the
Hyal1 construct were verified by HA substrate gel electrophoresis. 22Rv1
cells were stably selected for expression of GFP control (lane 1), Hyal1
alone (lane 2), or combined Hyal1/HAS2 (lane 3). A: Concentrated media
from each cell line were analyzed by Western blot and probed with anti-Flag
(2 �g/ml) and developed by ECL. B: Concentrated media were electropho-
resed on a 12% nonreducing polyacrylamide gel containing 0.2 mg/ml HA.
The gel was washed for 1 hour in 3% Triton X-100, incubated in pH 4.0 assay
buffer (see Materials and Methods) at 37°C overnight, stained with 0.5%
Alcian blue, and destained with 7% acetic acid.

Figure 3. HA production is enhanced in HAS transfectants. A: Expression of
HAS2 mRNA in 22Rv1 cells stably selected for GFP control (lane 1), HAS2
(lane 2), Hyal1 (lane 3), or Hyal1 plus HAS2 (lane 4) was assayed semi-
quantitatively by RT-PCR (upper panel) with glyceraldehyde-3-phosphate
dehydrogenase amplified as a normalization control (lower panel). B: HA
content of conditioned media was quantified by competitive binding as
described in Materials and Methods and normalized to cell count. The mean
value � SE is plotted for each cell line assayed in triplicate serial dilutions.
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Hyal1 and HAS2 enzymes. Figure 2 illustrates equivalent
Hyal1 expression and activity in conditioned media from
Hyal1 (lane 2) and Hyal1/HAS2 (lane 3) cells. However, in
Figure 3B, HA content of the Hyal1/HAS2 cotransfectant
media is shown to be reduced almost to normal levels
despite equivalent expression of HAS2 relative to the
HAS2-only transfectants (compare Figure 3A, lanes 2
and 4). This is likely attributable to limitations in the de-
tection method, which depends on high affinity binding to
an HA-binding protein that only recognizes the polymers.
Because the Hyal1 and HAS expression levels are equiv-
alent in single transfectants and cotransfectants, it is
reasonable to assume HA is degraded as it is synthe-
sized in the cotransfected cells.

Highly expressing clones were characterized for HA-
surface retention by particle exclusion (Figure 4). As
expected, GFP control transfectants (Figure 4A) retained
no detectable cell-surface HA, consistent with their lack
of HAS expression. Not surprisingly, transfection with
Hyal1 did not confer the potential to retain surface HA,
although the cellular morphology was slightly flattened
such that cell boundaries became more difficult to distin-
guish (Figure 4B). By contrast, HAS2-transfected 22Rv1
cells retained abundant surface HA, evident as pericel-
lular clear zones in the images (Figure 4C). Inset panels
represent fluorescence images of the same cell to outline
the cell boundary and illustrate approximately equivalent
levels of GFP reporter expression among all of the clones.
Interestingly, HA was present on the surface of Hyal1/
HAS2 cotransfected cells (Figure 4D), but its retention
was diminished.

To illustrate levels of HA retention in a quantitative
fashion, matrix and cell boundaries of 20 randomly se-
lected individual cells from each transfected line were
traced in Adobe Photoshop. Areas for each were deter-
mined and plotted as a ratio (Figure 4E); a value of 1

indicates no detectable matrix. HAS2 transfectants were
encircled with significantly larger clear zones than con-
trol, Hyal1-, or Hyal1/HAS2-transfected cells. Because
HAS expression was equivalent for the HAS2 and Hyal1/
HAS2 cell lines (Figure 3A), this observation suggests
that HA is degraded and released from the cell surface
by Hyal1 in the cotransfectants. Analysis of HA secretion
by the respective cell lines also demonstrated reduced
HA quantities present in Hyal1/HAS2 cotransfectant-con-
ditioned media relative to HAS alone (Figure 3B), which is
again consistent with the average product size of com-
plete Hyal1-mediated HA degradation (tetra- and hexa-
saccharides) not detected by this assay.

HAS Overexpression Slows Intrinsic Growth
Rate of 22Rv1 Cells

As a prelude to animal studies, growth properties of the
22Rv1-stable transfectants were measured in vitro. To
assay intrinsic growth rate in standard two-dimensional
cell culture conditions, stable transfectants were seeded
in equal numbers, grown in serum-containing medium,
and counted manually following trypsin release each day
for 7 days. Growth rate of Hyal1 transfectants was some-
what faster than that of GFP controls (Figure 5). In con-
trast, HAS2 transfectants were significantly slower grow-
ing, suggesting overproduction of HA actually slowed
growth of cells in culture. Because addition of exogenous
HA at concentrations up to 1 mg/ml had no effect on
growth of the control cells (not shown), the slowed growth
was apparently limited to cells that were selected to
produce HA. Interestingly, coexpression of HAS2 with
Hyal1 restored growth to control levels.

Figure 4. Stable HAS overexpression in 22Rv1 cells confers pericellular HA matrix retention only in the absence of significant hyaluronidase activity. HA
pericellular matrix retention of the stably selected cell lines was evaluated by particle exclusion. Overnight cultures of 22Rv1 cells selected for expression of GFP
control vector (A), Hyal1 alone (B), HAS2 alone (C), and concurrent Hyal1/HAS2 (D) were incubated with 2 mg/ml aggrecan for 90 minutes. After washing, 1 �
108 fixed erythrocytes were added to each culture and allowed to settle. Clear zones around clusters of HAS2 transfectants indicate the presence of HA. GFP
reporter expression in each representative cell is shown in the corresponding inset. To quantify HA retention, matrix and surface boundaries of 20 individual cells
per transfected line were traced in Adobe Photoshop to obtain relative areas in pixels. Area ratios were plotted as a distribution of values for each individual cell
(E), with the mean represented by a horizontal bar.
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Overexpression of HAS2 and Coexpression of
HAS2 with Hyal1 Promotes Tumorigenesis and
Angiogenesis

Tumor-forming potential of the stable transfectants was
assayed by subcutaneous injection (1 � 106 cells) into
flanks of male NOD/SCID mice. After 4 weeks, mice were
sacrificed, tumors were weighed, tumor appearance was
assessed, and tissue was both cryopreserved for subse-
quent angiogenesis quantification and formalin-fixed for
hematoxylin/eosin staining and HA detection. Tumor
weights are plotted in Figure 6A. Consistent with the
reported phenotype, the 22Rv1 control GFP-transfected
cells were moderately tumorigenic,41 and the tumor ap-
pearance was quite avascular. Hyal1 transfectants gave
rise to similarly sized tumors, but differences in vascular-
ity were macroscopically visible (Figure 6B) with the con-
sistency of the tissue altered: rather than firm, encapsu-
lated tissue, these tumors were very soft and difficult to
palpate. Despite their slow intrinsic growth rate, HAS2-
transfected cells produced somewhat larger tumors that
were also highly vascular. Tumor take in these animals
was �50%, in contrast to 100% for the other cell lines in
the study, so the overall significance of altered tumor size
was difficult to establish. However, the injections were
repeated several times with the average tumor size of
HAS2 transfectants consistently twofold larger than GFP
controls (P � 0.116 for the representative data shown in
Figure 6) or the Hyal1 transfectants (P � 0.038). Coex-
pressing Hyal1/HAS2 tumors were among the largest
obtained from subcutaneous injections of prostate tumor
cells. The mean tumor size was approximately threefold
larger than GFP controls (P � 0.010) and �50% larger
than the average size of HAS2 tumors, although this was
again difficult to show statistically (P � 0.101). The ex-

Figure 5. In vitro growth of 22Rv1 cells is slowed by stable expression of
HAS but restored by coexpression of HAS with Hyal1. Quadruplicate wells of
stable transfectants (5000 cells/well of a 24-well plate) were seeded in
serum-containing RPMI. Cells were released and counted manually each day
as indicated. Data points indicate the mean � SE. Growth curves are plotted
for GFP controls (diamonds), individual Hyal1 (triangles), and HAS2
(filled squares) transfectants, and Hyal1/HAS2 (open squares)
cotransfectants.

Figure 6. Subcutaneous tumor growth and vascularity are enhanced by
HAS2 and Hyal1/HAS2 overexpression. Stably transfected 22Rv1 cells were
trypsin-released and resuspended in serum-free RPMI. Male NOD/SCID mice
were injected subcutaneously in each flank with 1 � 106 tumor cells. At 4
weeks after injection, tumors were excised, weighed, and preserved for
tissue sectioning. A: Mean tumor wet weight � SE is plotted for each
transfected cell line. Statistical significance determined by Student’s two-
tailed t-test is indicated on the graph for each cell line relative to the control
(GFP). B: Tumors generated by each cell line were photographed in situ.
Duplicate representative tumors from each group illustrate macroscopic
differences in surface vascularity that correlate with HAS2 overexpression. C:
Triplicate cryosections from three tumors per cell line were stained with
anti-CD31-phycoerythrin to visualize vascular endothelial cells. Five random
digital images per section were captured on a fluorescence microscope and
processed as described in Materials and Methods. Mean relative pixel den-
sity � SE for all images within a group is plotted as a measure of tumor
vasculature with respect to identically processed tumors from the parental
22Rv1 cell line. Statistical significance, determined by t-test, is indicated on
the graph for each cell line relative to the control (GFP). Additional statistics
are discussed in the text.
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ternal vascular appearance of these tumors surpassed
that of the individual transfectants, and the architecture of
the tumors was compromised (soft) as it was for Hyal1
tumors.

Vascular density of the tumors was assessed quanti-
tatively as described previously. The tumors were cryo-
sectioned and stained for the endothelial cell-specific
surface receptor CD31 using a phycoerythrin-conjugated
antibody for immunofluorescence. Digital images were
processed to determine vessel density in the tumor sec-
tions, which was plotted as relative pixel density aver-
aged among all tumor images (Figure 6C). The graph
illustrates a correlation between the increased tumor size
of the HAS2 (P � 0.015) and Hyal1/HAS2 (P � 0.056)
tumors and increased vascularization. However, Hyal1
tumors also had significantly higher vessel density than
controls (P � 0.041), despite comparable tumor size.
Hyal1 expression alone, although stimulating angio-
genesis, was not sufficient to promote enhanced
tumorigenesis.

Finally, the HA content of the tumors was determined
histochemically using labeled HA-binding protein (Figure
7). As expected by in vitro analysis of the cell lines,
virtually no HA was detectable in tumor sections derived
from the GFP control (Figure 7A) or Hyal1-transfected
(Figure 7B) 22Rv1 cell lines. In contrast, HA accumulation
was significant in tumors arising from injection of HAS2
transfectants, as evidenced by the strong brown precip-
itate (Figure 7C). Consistent with reduced apparent de-
tection of HA secretion in culture, Hyal1/HAS2 tumors
also contained very little HA, although there was a slight
increase in deposition relative to control GFP tumors
(Figure 7D). Collectively, these results may support a
model in which the production of HA stimulates tumori-
genesis, but this enhanced growth potential is maximal if
the HA is also processed in the environment of the tumor.
The source of the processing enzyme may be the tumor
cell itself or cells residing in the environment to which the
tumor cell is introduced.

Discussion

Aggressive prostate tumor cells produce abundant HA
and retain it at the cell surface. This property stems at
least in part from the overexpression of HA synthases
HAS2 and HAS3. However, the exogenous addition of HA
to HAS-inhibited tumor cells is sufficient to restore the
diminished in vivo growth and vascularization of those
cells. Because it is unlikely the HA remains associated
with those cells for long, the cells must express additional
proteins that stimulate proliferation and vascular endo-
thelial cell recruitment. HA processing and internalization
have been shown to promote these processes, so the
HA-processing enzymes, hyaluronidases, are likely can-
didates for growth promoters in the presence of HA. In
this study, the respective roles of HA synthase and the
prostate tumor cell-secreted hyaluronidase Hyal1 were
systematically addressed in stable transfectants that ex-
pressed little endogenous HA metabolic activity. HA pro-
duced by HAS2 was significantly growth inhibitory in vitro

unless Hyal1 was coexpressed, supporting a combined
role of excess HA synthesis and processing in maximiz-
ing unrestricted growth of prostate cancer cells. Excess
activity of either Hyal1 or HAS2 enhanced angiogenesis
in subcutaneous tumors, but the most significant tumor-
igenic potential was realized by coexpression of both
enzymes. The results are consistent with previous find-
ings that implicate each enzyme independently in pros-
tate tumor progression, but this is the first report to inves-
tigate the combined roles of HA synthesis and
processing.

HA is a critical mediator of cellular behavior during
normal development.42–44 Mitotic cells deposit HA during
cell rounding and separation, leading to the hypothesis
that HA may facilitate transient release from adhesion
constraints for the purpose of cell division.45 For exam-
ple, HA is required for motility of neural crest cells during
embryogenesis,8 as well as for prostate epithelial cells
during ductal branching in the developing prostate.10 In
cardiac development, HA not only provides a substrate
for migration of pericardial endothelial cells but also stim-
ulates an epithelial to mesenchymal transition, which con-
verts these cells to a motile phenotype.9 These observa-
tions underscore the importance of HA as a specific
biological stimulus, production of which must be closely
controlled by the concerted effects of HA synthases and
hyaluronidases.

HA has been extensively implicated in pathologies
such as cancer in which its dysregulated metabolism
promotes cellular transformation, proliferation, and motil-
ity. The pathological consequences of excess HA pro-
duction have been demonstrated by overexpression of
the HAS enzymes in several cell types. Transfection of
mammary carcinoma,21 fibrosarcoma,22 or melanoma
cells46 with HAS1 or HAS2 confers enhanced tumorigen-
esis or metastasis in mice. Studies in mice have also
shown that inhibition of HAS2 or HAS3 decreases HA

Figure 7. HA content of subcutaneous tumors. Formalin-fixed, paraffin-
embedded tumors were sectioned and stained with biotinylated HABP to
visualize HA content. Presence of HA is indicated by a brown precipitate.
Hematoxylin counterstain illustrates cellular boundaries. Representative sec-
tions photographed on an inverted light microscope at magnification �400
are shown from GFP control (A), Hyal1 (B), HAS2 (C), and Hyal1/HAS2 (D)
tumors.
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production and reduces the tumorigenic potential of the
cells.35,47 The effect of HA on tumorigenesis was recently
found to be concentration-dependent. Stable lines se-
lected for different levels of HA production by HAS1
overexpression were proportionally more tumorigenic
when synthesizing moderate amounts of HA, but tumor
growth was inhibited somewhat in cells that produced
excessive quantities.48 In this report, we selected HAS2
cell lines that produce HA at tumor-promoting levels.
Additionally, overexpression of HAS2 alone was shown to
be sufficient to enhance the tumorigenic potential of pros-
tate tumor cells, although this effect may be dependent
on a hyaluronidase-rich microenvironment such as the
subcutaneum. The HAS2 gene is located in a region of
DNA on chromosome 8 (8q24) that has been found over-
represented by a genetic translocation in human prostate
cancer biopsies, correlating to progression.49 Thus, it is
intriguing to speculate that one consequence of this ge-
netic lesion may be the promotion of tumorigenesis by
elevation of HA synthesis in neoplasia.

Interestingly, HA production inhibited growth of tumor
cells in culture. HA has been shown to associate with the
mitotic spindle during cell division,50,51 so its elevated
production may interfere with mitosis or limit the physical
separation of newly divided cells. Coexpression of HAS2
with Hyal1 was able to restore growth, which could both
serve to release the cells physically and to facilitate en-
dosomal internalization of HA. In fact, induction of Hyal1
in tumor cells has been previously shown by cell-cycle
analysis to increase the number of cells in mitosis.52 This
cellular response to HA oligosaccharides appears to re-
quire internalization, mediated by ligation of HA to spe-
cific cell-surface receptors and the subsequently en-
gaged endosomal mechanisms.53 Direct interactions
between ligated HA receptors and intracellular effector
proteins may provide a stimulus for ras transformation
and proliferation,9,53 as well as transducing signals that
increase cell motility. In contrast, HA polymers of the size
produced by HAS enzymes, when administered exog-
enously to cells or animals, have been shown to have an
antiproliferative and antiangiogenic effect.27,28 HA oli-
gomers can influence cell behavior by competitively dis-
placing ligated HA polymers, thereby disrupting locally
clustered receptors and transmitting signals for prolifer-
ation and motility. Hyal1 may thus restore the rapid
growth of HAS-overexpressing cells by providing HA oli-
gomers that stimulate proliferation.

The creation of processed fragments with the capacity
to induce proliferative, angiogenic, motile, or apoptotic
responses depends on the hyaluronidases. Hyaluroni-
dase isozymes are expressed in a tissue-specific manner
and exhibit differential subcellular localization.19 The
most well characterized isozyme, PH20, is testicular spe-
cific and linked to the cell surface by a glycosylphos-
phatidylinositol anchor. Hyal2 is fairly ubiquitous, has
comparatively low hyaluronidase activity, and is glyco-
sylphosphatidylinositol-anchored. Hyal1 is a secreted
protein abundant in plasma and urine. It is postulated that
Hyal1 and Hyal2 function in concert and/or in tandem to
facilitate HA turnover and subsequent endosomal inter-
nalization of HA, for lysosomal degradation and/or stim-

ulation of proliferation signaling cascades.54–56 Hyalu-
ronidases degrade HA to smaller polymers of 3 to 20 kd
or to oligosaccharide fragments of 4 to 6 saccharide
units. Overexpression of PH20 in human melanoma cell
lines induces vascularization of tumors formed in a
mouse corneal model,57 suggesting the HA oligosaccha-
ride product of the enzyme is angiogenic. HA oligosac-
charides have demonstrated angiogenic activity whether
administered in vitro29 or systemically in mice.58 These
small fragments of HA are considered to be biologically
active in recruitment of endothelial cells, particularly dur-
ing angiogenesis.27,28,30,59 Hyal1 overexpressed in pros-
tate tumor cells enhances metastatic potential in mice,24

possibly through increased vascularity. However, neither
of these studies investigated the role of HA biosynthesis.
In our experiments, Hyal1 was expressed without a
source of HA other than the microenvironment of the
subcutaneum and was found to promote angiogenesis
without any effect on tumorigenesis. This suggests that
HA must be tumor cell-associated to stimulate tumor cell
proliferation, but Hyal1 can act on nearby endothelial
cells bearing their own surface HA, thus triggering endo-
thelial cell motility and/or proliferation.

Recently, it has been suggested that overproduction of
HA via up-regulated synthesis is insufficient to bestow
increased growth properties on cells and that HAS over-
expression is tumorigenic only in cell types that also
express hyaluronidase.26 Elevated expression of both
HAS2 and Hyal2 has recently been found to correlate
with aggressive human breast cancers.47,60 Mechanisti-
cally, these observations have not been investigated. In
this report, coexpression of HAS2 and Hyal1 restored the
growth rate of prostate tumor cells that had been im-
paired by expression of HAS2 alone. This effect supports
a model in which excess HA production leads to surface
HA accumulation that inhibits cell proliferation, possibly
by stalling mitosis or by physically limiting cellular divi-
sion, unless a processing enzyme is present to facilitate
turnover. Hyaluronidase enzyme activity may actually be
inhibited by excess HA,61 so turnover would be slow in
these cells. Concurrently expressed Hyal1 would thus
promote turnover of HA for provision of a sustained pro-
liferation stimulus. It is notable that restoration of growth
can also be achieved by supplementing the culture me-
dium of the cells with exogenous hyaluronidase (data not
shown). In culture, the effect of hyaluronidase coexpres-
sion or addition is not significantly different from that of
controls, but in mice it is considerable. In this environ-
ment, the elevated HA may be an advantage to the early
and continued development of the tumor, by facilitating
continual cellular proliferation in an autocrine fashion and
by promoting blood vessel formation to sustain the tumor.

In conclusion, we have investigated the respective
roles of Hyal1 and HAS2 in determining cellular growth
rate and tumorigenic and angiogenic potential in a pros-
tate cancer model. Stable overexpressing lines were also
used to assess maintenance of cell-surface HA, which we
have previously found to correlate with tumorigenesis
and metastasis in mice following subcutaneous or ortho-
topic injection. It is evident from this study that tumori-
genic potential alone does not correlate with cell-surface
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HA retention, because the coexpression of HAS2 and
Hyal1 caused little HA to be retained by the cells but
maximally enhanced tumor growth. We are currently in-
vestigating the roles of these enzymes in orthotopic
growth and metastasis. The results described here sup-
port a complex role for both HA biosynthesis and pro-
cessing by HAS and Hyal, respectively, in conferring
aggressive phenotype to otherwise relatively nonaggres-
sive cells.
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