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Hyaluronan (HA), a secreted glycosaminoglycan com-
ponent of extracellular matrices, is critical for cellu-
lar proliferation and motility during development.
However, elevated circulating and cell-associated lev-
els correlate with various types of cancer, including
prostate. We have previously shown that aggressive
PC3M-LN4 prostate tumor cells synthesize excessive
HA relative to less aggressive cells, and express cor-
respondingly higher levels of the HA biosynthetic
enzymes HAS2 and HAS3. Inhibition of these enzymes
by stable transfection of PC3M-LN4 cells with anti-
sense HAS2 or HAS3 expression constructs dimin-
ishes HA synthesis and surface retention. In this re-
port, we used these HA-deficient cell lines to examine
the role of HA in tumorigenicity. Subcutaneous injec-
tion of SCID mice with hyaluronan synthase (HAS)
antisense-transfected cells produced tumors threefold
to fourfold smaller than control transfectants. Tu-
mors from HAS antisense transfectants were histolog-
ically HA-deficient relative to controls. HA deficiency
corresponded to threefold reduced cell numbers per
tumor, but comparable numbers of apoptotic and pro-
liferative cells. Percentages of apoptotic cells in cul-
tured transfectants were identical to those of control
cells, but antisense inhibition of HA synthesis ef-
fected slower growth rate of cells in culture. Quanti-
fication of blood vessel density within tumor sections
revealed 70 to 80% diminished vascularity of HAS
antisense tumors. Collectively, the results suggest
HAS overexpression by prostate tumor cells may fa-
cilitate their growth and proliferation in a complex
environment by enhancing intrinsic cell growth rates
and promoting angiogenesis. Furthermore, this is the
first report of a role for inhibition of HA synthesis in
reducing tumor growth kinetics. (Am J Pathol 2002,
161:849–857)

Prostate cancer is the second leading cause of cancer
death in men.1 In prostate cancer progression, prostate

epithelial cells undergo phenotypic and genotypic
changes that facilitate inappropriate proliferation, inva-
sion of surrounding stromal matrices, entry into the lym-
phatic system and/or the bloodstream, and colonization
of other tissues in the body. Understanding the molecular
events that mediate these processes is essential to ulti-
mate disease diagnosis, management, and treatment.

Hyaluronan (HA) is a secreted glycosaminoglycan
abundant in stromal matrices and important for providing
cushion around organ tissue and within joints.2 However,
more active roles for HA have been demonstrated in
proliferation, in which its deposition facilitates rounding of
mitotic cells;3 development, in which it is both a scaffold
for the movement of differentiating cells and a stimulus for
the transformation to a mesenchymal phenotype that pre-
cedes cellular migration to form organs such as the
heart4 and prostate;5 and wound healing, in which accel-
erated synthesis serves to recruit lymphocytes to the
wound through the action of specific HA receptors.6 Be-
cause these functions for HA are also components of
aggressive tumor cell behavior, it is not surprising that HA
has been implicated in tumorigenicity and metastasis. In
fact, HA overproduction is a diagnostic or prognostic
factor for several types of cancer, including breast,7 thy-
roid,8 ovarian,9 colorectal,10 and bladder cancers.11 In
histopathological analyses of human prostate cancer,12–14

excessive stromal HA accumulation is detectable in early
stages and intensifies throughout progression. Eventually,
advanced cancers exhibit tumor cell-associated HA, which
correlates to poor patient prognosis.15

HA biosynthesis is catalyzed by transmembrane HA
synthase (HAS) enzymes.16 Three human isozymes have
been identified and cloned (has1,17 has2,18 has319). The
cDNA of each isozyme is capable of conferring HA syn-
thesis and pericellular HA retention to transfected cells,
and the HA products and rates of synthesis seem to be
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very comparable in these transfectants.20,21 Manipulation
of specific isozyme expression levels has been demon-
strated to affect tumorigenicity and metastasis. Overexpres-
sion of HAS2 in fibrosarcoma cells or HAS3 in prostate
carcinoma cells yields significantly larger subcutaneous tu-
mors in nude mice.22,23 These results suggest involvement
of HA in tumor growth, and imply that specific HAS
isozymes and/or expression levels of those isozymes may
mediate this process.

Previous work in our laboratory has been directed at
determining the role of HA biosynthetic enzymes in pros-
tate cancer. Initially, we demonstrated overexpression of
mRNA for HAS isozymes 2 and 3 in PC3M-LN4, an ag-
gressive prostate carcinoma cell line,24 relative to less
aggressive prostate tumor cell lines and normal pros-
tate.25 Overexpression of HAS222 and HAS323 has been
shown to enhance growth of human tumor cell transfec-
tants in immunocompromised mice, but the effect of in-
hibited HA production by tumor cells has not been de-
termined. Altered HA synthesis and/or pericellular HA
retention by prostate carcinoma cells could contribute to
tumorigenic behavior, either by overall HAS expression
level or in an isozyme-specific manner. Seeking to estab-
lish a functional correlation, we developed and charac-
terized four stably transfected PC3M-LN4 cell lines.26 An
appropriate vector control; H2as, expressing only HAS2
antisense; H3as, with HAS3 antisense only; and H2/3as,
a double knockout incorporating antisense for both HAS2
and HAS3. Significant inhibition of HA synthesis and peri-
cellular HA retention was obtained by stable transfection
with individual HAS antisense, with double antisense
transfectants most dramatically affected.26

In this study, our goal was to evaluate the impact of
inhibited HA production on prostate tumor cell growth in
an animal model. We found the presence of excessive
HA was required for efficient tumor growth, and investi-
gated the potential mechanisms by which growth kinetics
were altered. Apoptosis was unaffected either in tumor
sections or cultured cells. The intrinsic rate of proliferation
in culture was modestly reduced by HAS antisense inhi-
bition, although the absolute percentage of proliferating
cells within the tumor sections was not impacted. Quan-
tification of blood vessel density among the cell lines
revealed significantly reduced vascularization of HAS
antisense-inhibited transfectant tumors. We conclude
that the role of HA in prostate tumor cell biology is both
proliferative and angiogenic.

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 was maintained in minimal essential me-
dium containing 10% fetal bovine serum, sodium pyru-
vate, and nonessential amino acids. Media supplements,
and antibiotics were purchased from Invitrogen (Carls-
bad, CA). Stably transfected cells selected as previously

described26 were maintained in the above medium con-
taining 1 mg/ml of G418 and 0.5 mg/ml of hygromycin
until one passage before injection, at which time this
medium was replaced with standard medium. C.B-
17.scid mice were purchased from Charles River, Wil-
mington, MA.

Mouse Subcutaneous Injection and Analysis

Male SCID mice (five animals per condition in three sep-
arate experiments) were injected subcutaneously in each
flank with 1 � 106 tumor cells suspended at 10 � 106

cells/ml in standard culture medium. Tumor growth was
monitored every 3 to 7 days using digital calipers. After
21 days, mice were sacrificed, a final caliper reading was
recorded, and tumors were dissected and weighed. One
part of each tumor was snap-frozen in OCT compound on
dry ice for subsequent sectioning and CD31 detection.
The other part was formalin-fixed, paraffin-embedded,
and sectioned for histological analysis. Five sections per
tumor type were stained with hematoxylin and eosin
(H&E).

Detection of HA in Tumor Sections

HA was specifically detected in tumor sections with a
biotinylated HA-binding protein (Seikagaku) at 3 �g/ml in
phosphate-buffered saline (PBS)/1% bovine serum albu-
min overnight at 4°C. Sections were then washed, incu-
bated for 1 hour with avidin-horseradish-peroxidase con-
jugate (Vector Laboratories, Irvine, CA), developed with
the 3,3�-diaminobenzidine tetrahydrochloride liquid sub-
strate system (Sigma Chemical Co., St. Louis, MO) for 10
minutes, hematoxylin-counterstained, and examined mi-
croscopically for 3,3�-diaminobenzidine tetrahydrochlo-
ride deposition.15 Representative sections were digitally
photographed at �400 magnification.

Cellularity Determination

Cell counts were determined manually in hematoxylin-
stained frozen sections. Five random sections were
counted in each of four to five tumors per cell line and
averages plotted in a distribution with the mean repre-
sented by a horizontal bar. To obtain relative cell num-
bers per tumor, the average two-dimensional cell counts
were integrated to a three-dimensional volumetric density
and normalized to the average three-dimensional volume
of each tumor.

Apoptosis

Subconfluent cultures of equivalent passages of tumor
cell lines were trypsin released, washed twice in PBS,
and fixed/permeabilized by addition of ice-cold ethanol.
Control aliquots of each cell suspension were incubated
with 10 �g/ml of DNase. A terminal dUTP nick-end label-
ing (TUNEL) assay for DNA fragmentation, an early event
in apoptosis, was performed according to the manufac-
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turer’s protocols using the TUNEL-Red apoptosis detec-
tion kit from Boehringer Mannheim, Indianapolis, IN. Cells
were analyzed by two-color flow cytometry, gating on
GFP-positive cells, and assessing incorporation of the
red fluorophore in the FL-2 channel.

Intrinsic Growth Rate

Equivalent passages of each tumor cell line were plated
at 2000 cells/well in 48-well plates. At 24-hour intervals up
to 6 days, quadruplicate wells of each cell line were
released with 150 �l of trypsin, neutralized with 150 �l of
serum-containing medium, and manually counted in a
hemacytometer.

Angiogenesis Quantification

Vascularization of the tumors was assessed in acetone-
fixed frozen sections by antibody staining for CD31, a
transmembrane protein specifically expressed by vascu-
lar endothelial cells. CD31-phycoerythrin-conjugated an-
tibody (BD Pharmingen) staining was visualized by fluo-
rescence microscopy. Five random sections from each of
three tumors per cell line were digitally photographed
with 5 seconds of exposure time, saved as TIF files, and
processed as previously described.27 Briefly, images
were converted from 16 bit to 8 bit in Adobe Photoshop,
red channel fluorescence was specifically isolated, im-
ages were converted to grayscale, inverted, and a black-
and-white threshold was arbitrarily set to 200 based on
levels. The histogram function was then used to deter-
mine 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 normal-
ized to the average pixel density for untransfected PC3M-
LN4 tumor sections.

Subcutaneous Injection with Exogenous HA

Tumor cells (GFP control and H2/3as cell lines) were
resuspended in standard culture medium as above or in
medium containing 1 mg/ml of sodium hyaluronate (av-
erage molecular size 810 kd; Lifecore, Chaska, MN),
solubilized overnight, and filter-sterilized. Male SCID
mice (five per condition in two separate experiments)
were injected subcutaneously in each flank and moni-
tored as above.

Results

Inhibition of Hyaluronan Synthase (HAS) by Anti-
Sense RNA Expression Reduces Growth Rate
of Subcutaneous Tumors

In a previous report, we described four stably transfected
subline populations of PC3M-LN4 prostate adenocarci-
noma cells: GFP, bearing the appropriate vector controls;
H2as, expressing HAS2 antisense; H3as, with HAS3 anti-
sense only; and H2/3as, incorporating antisense for both

HAS2 and HAS3.26 To evaluate the relevance of tumor
cell HA to tumor growth in vivo, we performed subcuta-
neous injections of PC3M-LN4 untransfected cells, con-
trol vector-transfected cells, or stable HAS antisense-
inhibited transfectants, into flanks of male SCID mice. At
3 weeks after injection, mice were sacrificed, and tumors
were dissected and weighed. All tumors appeared en-
capsulated and no spontaneous metastasis was de-
tected in any of the animals. Vector-transfected control
cells formed tumors of comparable size to those of
PC3M-LN4-untransfected cells (Figure 1). Expression of
either antisense HAS2 or HAS3 individually, or in concert,
in these cells, however, reduced the size of resultant
tumors by 70 to 75%, suggesting HA overproduction was
required for rapid tumor growth.

Tumors Derived from HAS Antisense-
Expressing Cells Contain Reduced HA and
Diminished Cell Counts

H&E staining of tumor sections derived from control and
transfected PC3M-LN4 cells confirmed the encapsu-
lated, locally confined nature of the tumors. There was no
evidence of necrosis, invasiveness, or spreading in any
of the sections, and no apparent differences in morphol-
ogy among cell lines. GFP expression within the trans-
fectant tumor sections was verified by antibody staining
(data not shown). To assess HA content of subcutaneous
PC3M-LN4 tumors, formalin-fixed, paraffin-embedded tu-
mors were sectioned, dewaxed, and probed with biotin-
ylated HA-binding protein. HA appeared as a heavy
brown stain interspersed among purple hematoxylin-
counterstained tumor cells (Figure 2A). HA content and
specificity of the probe was verified by absence of stain
when sections were pretreated with hyaluronidase en-
zyme (Figure 2B). HA content of subcutaneous PC3M-
LN4 transfectant tumors was then evaluated and visual-
ized (Figure 2; C to F). As illustrated by the representative

Figure 1. Inhibition of HAS gene expression in PC3M-LN4 cells by stable
transfection with antisense constructs impairs tumor growth kinetics in im-
munocompromised mice. Untransfected, or vector (GFP)-, HAS2 (H2as)-,
HAS3 (H3as)-, and HAS double antisense (H2/3as)-transfected tumor cells
were suspended in serum-containing medium and injected subcutaneously
into the flanks of male SCID mice. Tumors were harvested and weighed after
3 weeks. Data are plotted as the mean tumor wet weight (mg) � SEM of 10
tumors per condition and are representative of three separate experiments.
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sections presented, GFP control tumors (Figure 2C) were
similarly HA-rich, relative to the untransfected tumors, but
individual or double HAS antisense tumors contained
little to no intercellular HA (Figure 2; D, E, and F), consis-
tent with reduced production by the tumor cells.

Because massively reduced intercellular HA within the
tumors could translate to smaller tumor volumes with
equivalent cell numbers, we quantified cellular density of
the tumor sections. Cells were manually counted in five
random hematoxylin-stained sections from four to five
tumors for each cell line. Two-dimensional cell densities
(Figure 3A) were only slightly greater in the antisense
tumors. However, integration to three dimensions using
the relative volumes of the respective tumors (Figure 3B)
illustrated 2.5- to 3-fold more cells in control tumors.
Hence although cell densities were somewhat increased
by the absence of HA within the antisense tumors, the
difference in tumor size was primarily the result of re-
duced cell number.

HAS Antisense Expression Reduces Intrinsic
Growth Rate of PC3M-LN4 Cells But Does Not
Affect Apoptosis or Proliferation Rate in Tumors

Cell counts in locally confined tumors are the result of a
balance between apoptosis and growth in the tumor cell
populations. Apoptosis was measured by a TUNEL assay
for DNA fragmentation in fixed, permeabilized tissue sec-

tions. Sections viewed by fluorescence microscope ex-
hibited virtually no apoptotic cellular staining (data not
shown). However, at 3 weeks within the subcutaneous
environment, apoptosis may no longer be detectable by
this method, so we repeated the assay on cultured cell
suspensions. Results were analyzed by flow cytometry
(Figure 4; A to D), gating on GFP-positive cells, and
detecting red fluorophore incorporation by apoptotic
cells in FL-2 (black tracings). Approximately 1 to 2% of
the GFP-positive cells were undergoing apoptosis and no
differences in this percentage were evident among cell
lines. DNase treatment of permeabilized cells was in-
cluded as a control (gray tracings). Similar results were
obtained by annexin-V staining (3 to 4% of GFP-positive
cells were annexin-V-positive in all cell lines, data not
shown), suggesting inhibition of HA production did not
stimulate apoptosis in stably selected cultures.

Intrinsic growth rate of cells in culture was monitored
by trypsin release and manual counting each day for 6
days (Figure 4E). Growth of individual HAS antisense
transfectants was moderately impaired, and double anti-
sense cell growth rate was 60% of control in the 6-day
assay. We evaluated proliferation within tumor sections
by staining for the nuclear proliferation antigen Ki-67 (not
shown). The average percentage of Ki-67-positive cells

Figure 2. Evaluation of tumor HA content. Formalin-fixed paraffin-embed-
ded sections were dewaxed, rehydrated, hematoxylin-stained, and probed
with biotinylated HA-binding protein. After incubation with streptavidin-
horseradish peroxidase conjugate, HA was detected by 3,3�-diaminobenzi-
dine tetrahydrochloride precipitation. Representative stained tumor sections
from each cell line are shown at �400 magnification: A: PC3M-LN4; B:
PC3M-LN4, hyaluronidase-treated; C: GFP control; D: H2as; E: H3as; F:
H2/3as. Figure 3. Cell counts in HAS antisense tumors. A: Individual cells in hema-

toxylin-stained frozen sections were manually counted under �400 magni-
fication and the average number of cells per five random fields was deter-
mined. Results of four to five tumors per cell line are plotted as a distribution
with the mean represented by a horizontal bar. B: Two-dimensional aver-
age cell densities were integrated to volume densities, normalized to tumor
size, and plotted as the mean relative fractional cell number � SEM.
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per five random sections of tumor ranged from 35 to 55%
and was equivalent in all tumors. The high level of vari-
ability in these data among tumors derived from the same
cell line suggested no HAS antisense-related trends.
Hence, although intrinsic growth rate seemed to be sig-
nificantly slowed in the HAS antisense-inhibited tumor
cell lines, this did not account for the dramatic differ-
ences observed in tumor weight and volume.

Reduction of HA Synthesis Inhibits
Angiogenesis

Visualized grossly on dissection, control tumors were
obviously more vascularized than anti-sense HAS-ex-
pressing tumors. Furthermore, there is literature prece-
dent for angiogenic regulation by HA. In particular, its
oligomeric degradation products have been shown to
mediate endothelial cell motility and proliferation.28–30 To
quantify vascularity, tumors were stained with a phyco-

erythrin-conjugated antibody to CD31, a vascular endo-
thelial cell surface antigen. Representative grayscale
sections of GFP control (Figure 5A) and H2/3as (Figure
5B) tumors illustrate differences in CD31 staining. Digital
photographs of five random sections from each of three
tumors per cell line were analyzed as TIF files in Adobe
Photoshop.27 Angiogenesis in PC3M-LN4 transfectant tu-
mors is represented by average pixel density and nor-
malized to untransfected control tumors (Figure 5C). In-
hibition of HA synthesis in tumor cells reduced blood
vessel density by 70 to 80%, despite insignificant differ-
ences in cellular density. Therefore, HA overproduction
by tumor cells may be required for efficient subcutaneous
growth because of its impact on angiogenesis.

Exogenous HA Restores Subcutaneous Tumor
Growth and Vascular Density

If HA production were all that was required for efficient
growth of PC3M-LN4 cells, then inclusion of excess
quantities in the injection medium of the antisense-inhib-
ited transfectants would be predicted to restore tumor
growth kinetics to those of the control cells. Inclusion of 1
mg/ml of exogenous HA in the culture medium of untrans-
fected, control, or HAS antisense-transfected PC3M-LN4
cells had no effect on the two-dimensional growth curves
shown in Figure 4E (data not shown). To test this predic-
tion in vivo, vector (GFP) and double antisense (H2/3as)-

Figure 4. Apoptosis and intrinsic growth of HAS anti-sense cells in culture.
A–D: Subconfluent cultures of tumor cell lines were trypsin released,
washed, fixed, and permeabilized. Control aliquots of each cell suspension
were incubated with 10 �g/ml of DNase. Apoptosis was measured by a
TUNEL Red assay followed by two-color flow cytometry, gating on GFP-
positive cells, and assessing incorporation of the red fluorophore in the FL-2
channel. Black tracings represent the FL-2 distribution of GFP (A), H2as
(B), H3as (C), and H2/3as (D) cell lines. DNase control results are super-
imposed as gray tracings. E: Equivalent passages of each tumor cell line
were plated in 48-well plates. At 24-hour intervals up to 6 days, quadruplicate
wells of each cell line were trypsin released and manually counted in a
hemacytometer. Growth curves are shown for GFP controls (solid line,
squares), H2as (dotted/dashed line, triangles), H3as (dashed line, cir-
cles), H2/3as (dotted line, diamonds).

Figure 5. Antisense HAS expression in PC3M-LN4 cells yields poorly vascu-
larized tumors relative to controls. CD31-phycoerythrin-conjugated antibody
staining was used to quantify angiogenesis of tumor sections, visualized by
fluorescence microscopy. Representative sections from GFP control (A) and
HAS double antisense (B) tumors are shown. C: Five random sections from
each of three tumors per cell line were digitally photographed and images
processed as described in Materials and Methods. Average pixel density for
each transfectant tumor section was then normalized to the average pixel
density for untransfected PC3M-LN4 tumor sections.
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transfected cells were suspended in standard medium
(control) or medium containing 1 mg/ml of HA (average
molecular weight, 810 kd) before subcutaneous injection
as described. Tumors were harvested and weighed at 21
days (Figure 6A). Growth of control transfectants was
slightly, but not significantly, stimulated by addition of HA
to the injection medium. Inhibited growth of HAS double
antisense cells, however, was enhanced to match growth
of the controls. This confirmed the specific nature of
the antisense inhibition and the requirement only for the
product of the HAS isozymes, not for production by
the tumor cell, retention at the surface by HAS, or expres-
sion of a specific isozyme.

The efficacy of growth restoration in vivo, but not in
cultured cells, implies a more complex requirement for
HA than to modify intrinsic growth rate of the cells, and is
consistent with a putative role in angiogenesis. To inves-
tigate this possibility, we quantified vascular density of
GFP control and H2/3as tumors injected in standard or
HA-containing medium by CD31-phycoerythrin staining

as described above. Average CD31-positive pixel den-
sity was comparable for GFP controls cells irrespective of
injection medium (Figure 6B). However, the low vascular
densities observed for H2/3as tumors injected in stan-
dard medium were entirely restored to control levels by
addition of exogenous HA. This result provides direct
support for the involvement of HA in tumor vasculariza-
tion.

Discussion

Prostate cancer progression occurs with elevated HA
deposition in the prostate stroma and tumor cell-associ-
ated HA is a bad prognostic factor. HA overproduction
and cell surface retention correlates with malignant pros-
tate tumor cell phenotype. In this report, we have used
PC3M-LN4 aggressive prostate tumor cells selected for
stable expression of antisense HAS constructs to assess
the impact of inhibited HA production on tumorigenic
behavior in vivo. Diminished HA synthesis resulting from
reduced expression of either or both HAS enzyme iso-
forms significantly altered the growth kinetics of the tumor
cells (75% reduction). Intrinsic proliferation and apopto-
sis in two-dimensional cell cultures were not sufficiently
different to account for this observation. However, blood
vessel densities within the HAS antisense-inhibited tu-
mors reflected the same 75 to 80% reduction exhibited
by tumor growth. These results strongly imply that the
elevated HA levels produced by PC3M-LN4 cells function
both to enhance cell growth within the tumor and to
promote its vascularization.

Ample evidence exists for the function of HA in growth
and development. HA is deposited in large quantities by
cells undergoing mitosis, and facilitates both cell round-
ing and ultimate separation of the daughter cells.3 Addi-
tion of HA to explanted embryonic mouse prostate tissue
was required for ductal branching.5 Targeted disruption
of HAS2 is an embryonic lethal mutation in mice as a
result of cessation in heart development.4 Exogenous
addition of HA to explanted heart tissue from these em-
bryos was sufficient to restore wild-type levels of cardiac
endothelial cell motility, functioning not only as a requisite
migration substrate but also to influence transformation of
the cells to a motile phenotype. The product of HAS
enzymes, therefore, seems to be the essential compo-
nent of these events. This is consistent with our observa-
tions that antisense HAS expression in PC3M-LN4 cells
inhibits tumor growth and addition of HA to double anti-
sense-inhibited cells restores their rate of tumor formation
and vascularity to control levels. Although an essential
component of growth, cells apparently do not need to
make HA if it is made available to them.

Temporal and tissue-specific HA deposition has been
implicated in normal growth, but also promotes patholog-
ical growth. HA overproduction by cultured cells has
been shown to alleviate normal contact inhibited
growth.31 Addition of HA to explanted heart cells main-
tains them in an undifferentiated state, in which they
retain tumor cell characteristics of motility and continued
proliferation.32 HA stimulates myeloma proliferation in

Figure 6. Exogenous HA restores control tumor growth kinetics and vascular
density to double HAS antisense-inhibited PC3M-LN4 cells. A: Vector (GFP)
and HAS double antisense (H2/3as)-transfected tumor cells were suspended
in control culture medium (white bars) or medium containing 1 mg/ml of
sodium hyaluronate (average size, 810 kd), and injected subcutaneously into
the flanks of male SCID mice. Tumors were harvested and weighed after 3
weeks. Data are plotted as the mean wet weight (mg) � SEM of seven to nine
tumors per condition. B: CD31-phycoerythrin-conjugated antibody staining
was used to quantify angiogenesis of tumor sections. Five random sections
from each of three tumors per cell line injected in control medium (white
bars) or HA-containing medium (black bars) were analyzed as described in
Materials and Methods. Average pixel density of each section was normalized
to that of untransfected PC3M-LN4 tumor sections.
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bone marrow, possibly by locally enhancing autocrine
response to interleukin-6.33 Specific relevance of HA bio-
synthetic enzymes to tumor growth has been demon-
strated by HAS2 and HAS3 overexpression, both of
which were shown to promote anchorage-independent
growth,22,34 and to enhance subcutaneous tumorigenic-
ity in nude mice.22,23 In some cases, HA involvement in
tumorigenic behavior has been accompanied by altered
motility and metastasis.20,35–37 In the case of PC3M-LN4
subcutaneous tumors, there was no evidence of invasive-
ness or spontaneous metastasis either in control or in
antisense HAS-inhibited tumors, suggesting altered mo-
tility is not a significant component of the tumorigenic
mechanism of up-regulated HAS. It is more likely, there-
fore, that the observed differences in growth properties
and tumor angiogenesis of the HAS antisense cells are
modulating development of the tumors. As a corollary,
metastasis of these cells in other models (ie, prostate
orthotopic and intracardial injection24) may be promoted
by the influence of HA in growth and vascularization at
the remote site.

Interestingly, expression of antisense mRNA for HAS2
and HAS3 individually and in concert impacted tumor
growth to the same extent. The most straightforward ex-
planation for this phenomenon is that there is a requisite
threshold of HA production that must be achieved or
exceeded to effect control of growth or angiogenesis. In
support of this, synthesis and secretion of HA were re-
duced differentially in all three HAS antisense transfec-
tant cell lines, but cell surface HA was virtually unmea-
surable by particle exclusion assay in any of the three
lines.26 Another possible explanation is a general disrup-
tion by antisense expression in the PC3M-LN4 cells.
However, restored growth of tumors on augmentation of
HA in the injection medium suggests this is not the case.
It is also possible that there is nonspecific inhibition of
both HAS2 and HAS3 by each respective antisense. The
region selected for expression in antisense orientation,
however, is the first 300 nucleotides of coding sequence,
where the greatest differences in sequence alignment
are manifest. Furthermore, reverse transcriptase-poly-
merase chain reaction amplification of HAS2 and HAS3
from the antisense-inhibited cells demonstrated specific-
ity of message destabilization and quantification of HA
synthesis indicated incomplete inhibition in the single
antisense HAS cells. Collectively, these data support a
threshold of HA synthesis that probably correlates to HA
surface retention.

Several possible additional effects, which may be
overlaid on this model, cannot be ruled out. First, there
may be differential temporal regulation of the HAS
isozymes necessary for cell division, which would be
precluded by antisense expression. HAS2, for example,
seems to be the most highly regulated isozyme, because
gene regulation studies report no significant changes in
the levels of HAS1 or HAS3 transcripts to various stimuli
that impact HAS2.6,38,39 In addition, although cells in
culture and 21-day tumor sections failed to exhibit differ-
ences in apoptosis, absence of the requisite threshold on
injection into the animals may initiate immediate cell
death. This would diminish the original number of cells

available to develop into a tumor, but would be undetec-
ted in our assay. HAS antisense-expressing cells could
exhibit delayed initial growth rate, possibly as a result of
reduced ability to stimulate angiogenesis, that would ul-
timately approach the rate of control cell growth. Prelim-
inary experiments to determine the sacrifice endpoint for
subcutaneous injection, in which the size of HAS anti-
sense tumors no longer increased after 21 days (data not
shown), argue against equivalent but delayed growth.
Finally, the stably selected cells are a heterogeneous
population that may still include a small percentage of
HA-overproducing cells capable of growth. Abundance
of cell surface HA has been hypothesized to envelope the
cell in a semiorganized matrix that protects human glio-
mas40 and also virulent strains of Streptococcus pyogenes
bacteria41 from cytotoxic killing mediated by natural killer
cells in the bloodstream. SCID mice lack T and B cells,
but retain natural killer cell activity, so antisense inhibition
of surface HA may render PC3M-LN4 cells more suscep-
tible to the vestiges of immune function in the animals.
However, if this were the only mechanism of suppressed
growth, the resultant tumors would be expected to be
HA-rich and GFP-negative, suggesting this explanation
also is incomplete.

Blood vessel densities of each antisense HAS permu-
tation were decreased to a similar extent relative to con-
trols, reflecting the effect observed in tumor growth kinet-
ics. Because intrinsic differences in proliferation and
apoptosis, both in cell cultures and in tumor sections, do
not fully explain tumor size differential, it is likely that the
postulated requisite tumor cell HA synthesis threshold
directly impacts the ability of the cells to vascularize a
developing tumor. Vessel density within the tumor was
altered on a per-cell basis, not merely by a linear de-
crease with tumor size, suggesting direct impact of some
factor produced by the tumor cell on endothelial recruit-
ment. HAS3 overexpression has been correlated with
increased blood vessel density in subcutaneous tu-
mors,23 but this is the first report of impaired HA produc-
tion leading to decreased vascularization of a tumor. The
role of HA, particularly of its oligosaccharides, in angio-
genesis is well documented. Application of HA oligosac-
charides has been shown to locally increase blood vessel
density of rat skin.30 HA oligo fractions extracted from rat
ovaries were used to demonstrate the essential role of HA
in ovarian neovascularization.29 HA oligosaccharide
products formed by hyaluronidase degradation of high-
molecular weight HA was shown to stimulate blood ves-
sel formation in a chick chorioallantoic membrane assay
for angiogenesis.42 Subsequently, the same group
showed HA oligos specifically mediated endothelial cell
proliferation and recruitment, while high-molecular weight
HA was actually anti-proliferative,28 suggested elevated
HA in tumors appeared to correlate with angiogenesis,43

and that molecular weight differences in HA were medi-
ated by cells within the tumor.44 Tumor cells may there-
fore benefit from the presence of HA polymer either by
stimulating or exploiting existing hyaluronidase activity
within the tissue they are invading, or by expressing it
themselves. In fact, overexpression of hyaluronidase in
gliomas has been correlated to angiogenesis,45 and im-
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munohistological data suggest this may occur in prostate
carcinoma, because the hyaluronidase isoform Hyal-1
was shown to be overexpressed during human cancer
progression concurrently with elevated HA deposition.15

Our data are consistent with a model in which tumor
cells with enhanced capacity to synthesize and retain
pericellular HA are surrounded by a hydrated envelope
that facilitates tumorigenicity, perhaps by altering the
composition and interfering with the integrity of tissue
stromal matrices or permitting the tumor cells to evade
immune system detection. Short HA oligosaccharides
that stimulate angiogenesis may be elevated in the envi-
rons of such tumor cells through the action of hyaluroni-
dase enzymes. Inhibition of HAS enzyme expression
within the tumor would then decrease vascularization by
eliminating production of this angiogenic stimulus and
thereby suppress tumor growth. HA oligos may also fa-
cilitate motility and inappropriate proliferation in autocrine
manner by signal transduction through tumor cell HA
receptors such as CD44 and RHAMM.46
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