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ABSTRACT

Penetration of the extracellular matrix (ECM) by tumor cells, an event
which occurs at various stages of the metastatic process, involves tumor
cell glycosidase mediated hydrolysis of proteoglycans (PG). Recently, we
observed that human ovarian carcinoma cell lines (HOCC) derived from
primary tumors, peritoneal effusions, and distant mÃ©tastases possess a
varying ability to degrade radiolabeled PG of the ECM, while normal
cells (human mesothelial cells or ovarian fibroblasts) fail to do so. To
determine whether a quantitative relationship exists between glycosidase
activity and degradation of ECM, both intracellular and extracellular
glycosidase activities were measured for HOCC and normal cell lines.
No relationship was found between intracellular glycosidase activities
and the ability of cells to degrade ECM. However, a correlation was
observed between extracellular or secretory glycosidase activities and
HOCC mediated ECM degradation. In particular, a 5-8-fold increase,
as compared to normal cells, was observed for HOCC extracellular 0-.Y-

acetylglucosaminidase (EC 3.2.2 JO) activity. The accumulation or secre
tion of this enzyme from HOCC into culture medium was found to be
time dependent and not related to intracellular levels. Purified hexos-
aminidase derived from invasive HOCC was able to hydrolyze |'II|-

glucosamine radiolabeled ECM (up to 30% radiolabel) and resulted in
the cumulative release of free [3H(-/V-acetylglucosamine. This enzyme

mediated hydrolysis could be completely prevented with 2-acetamido-2-
deoxy-l,5-D-gluconolactone, a competitive inhibitor (KÂ¡HT" M). Finally,

HOCC mediated degradation of radiolabeled ECM was discerned to be
dependent upon active hexosaminidase action, since tumor cell mediated
degradation of ECM could be inhibited by up to 60% in the presence of
this synthetic competitive inhibitor. In summary, these studies indicate a
strong association between HOCC solubili/ut ion of glycoconjugates pres
ent in the ECM and extracellular levels of hexosaminidase.

INTRODUCTION

Pathological evidence indicates that ovarian carcinoma cells
are capable of localized invasion of normal ovarian tissue and
invasion of peritoneal surfaces following tumor cell implanta
tion (1, 2). One of the steps in the invasive process is tumor
cell penetration through basement membrane extracellular mat
rices which define tissue compartments. Ovarian tumor cell
transversal of these matrices can occur at multiple steps in the
metastatic cascade and include the penetration of peritoneal
submesothelial basement membrane and intravasation/extrav-
asation of either the vascular and/or lymphatic subendothelial
basement membrane, allowing for systemic tumor cell dissem
ination (3).

Presently, few detailed morphological and biochemical stud
ies have been undertaken to discern the mechanisms involved
in basement membrane degradation mediated by human tumor
celis (4). The majority of the studies undertaken to date have
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utilized murine tumors such as B16 melanoma (5), Iympho mus
(6), and sarcoma cell lines (7). However, in a recent report by
our group, several well characterized human ovarian carcinoma
cell lines, maintained as short-term cultures, were evaluated for
their ability to degrade ECM3 (8). The results from those studies

demonstrated a correlation between the ability of HOCC to
degrade ECM and their metastatic aggressiveness in the patient
of origin. The ability of those HOCC to hydrolyze specific
carbohydrate and protein moieties present in intact ECM was
also assessed. It was observed that invasive HOCC preferen
tially release matrix carbohydrate constituents at high rates, in
particular, [3H]fucose and [3H]-JV-acetylglucosamine. Those

findings suggested that tumor cell associated glycosidases play
a role in the hydrolysis of carbohydrate elements present in
ECM (8). In order to investigate this hypothesis, studies were
undertaken to determine if (a) a quantitative relationship exists
between glycosidase activity and the degradation of ECM, (b)
whether purified glycosidases can directly hydrolyze radiola
beled ECM, and (c) whether synthetic competitive inhibitors
have the ability to modulate HOCC mediated ECM degrada
tion.

MATERIALS AND METHODS

Cell Culture. Human ovarian tumor cells were derived from primary
ovarian tumor tissue (A121 ovary), ascitic effusions (A-l, A-69, and A-
121 ascites), and a distant inguinal lymph node metastasis (A-90). The
isolation procedures and characterization of these tumor cells have been
described previously (9-11). These tumor cells were established on
ECM and have been maintained continually in vitro as short-term
cultures (passages 10 to 30) for less than 1 year. Normal cell lines
included human mesothelial cells and human ovarian fibroblasts and
were utilized between passages 1 and 4 (3, 12).

All cells were maintained in the presence of RPMI 1640 supple
mented with 20% heat inactivated fetal calf serum, 25 HIM 4-(2-
hydroxyethyl)-l-piperazineethanesulfonic acid, 2 HIMglutamine, gen-
tamicin (50 Mg/ml), and Fungizone (2.5 Mg/ml) as described previously
(3).

Primary cultures of bovine corneal endothelial cells derived from calf
eyes were utilized as a source for ECM and maintained in culture as
described previously (13, 14). Culture dish surfaces coated with radio-
labeled ECM were prepared as described previously (8), with the use of
D-[6-3H]glucosamine hydrochloride (20 Ci/mmol) as a metabolic pre

cursor for matrix glycoconjugates, and were used as the substrate for
degradation assays.

Glycosidase Assays. Intracellular enzyme activity for the various cell
types, while in a logarithmic growth phase, was determined following
dissociation of the cells from the substratum by trypsin. Cells were
washed in RPMI 1640/20% (v/v) heat inactivated fetal calf serum,
centrifuged at 500 x g for 10 min at 20Â°C.and subsequently washed 3
more times with cold phosphate buffered saline (4Â°C).Cell number and

viability were determined using trypan blue dye exclusion. The cell
pellet was homogenized in 4 volumes of 0.1% Triton X-100 with 30

3The abbreviations used are: ECM, extracellular matrix; HOCC, human
ovarian carcinoma cell; HIFCS, heat-inactivated fetal calf serum; LDH, lactate
dehydrogenase.

4634

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/17/4634/2428964/cr0470174634.pdf by guest on 19 M

ay 2023



GLYCOSIDASE MEDIATED DEGRADATION OF MATRIX

strokes in a Dounce homogenizer at 4Â°C.This cellular homogenate was

used as a crude enzyme source for the subsequent glycosidase assays.
Conditions of linearity with respect to enzyme protein concentration
and incubation time were observed and conditions were optimized as
described previously (IS, 16). Extracellular glycosidase activity associ
ated with cell free conditioned medium was also determined in the
presence of twice heat inactivated (60Â°Cfor 30 min) fetal calf serum

for the various cell types. The amount of respective glycosidase or acid
phosphatase activity present in cellular homogenates or cell free con
ditioned medium was determined at pH 4.3 using commercially avail
able />-nitrophen\l sugar or />-nitrophenyl phosphate derivatives as
substrates (Sigma Chemical Co., St. Louis, MO). They included p-
nitrophenyl-a-D-galactopyranoside, -a-D-mannopyranoside, -a-D-glu-
copyranoside, -0-D-galactopyranoside, -/3-D-glucopyranoside, -a-L-fu-
copyranoside, -/3-L-fucopyranoside, -,8-D-glucuronide, -A'-acetyl-j3-D-
glucosaminide, -W-acetyl-Ei-D-galactosaminide, or -sodium phosphate.
The enzyme assay was carried out in the presence of 0.5 ml of 0.2 M
citrate buffer [pH 4.3], 0.5 ml of 6 mM of respective p-nitrophenyl
conjugate, and 20 n\ of cellular homogenate [equivalent to 70 Â±20
(SD) /ig of protein] or 50-//I aliquots of cell free conditioned medium.
The reaction mixture was incubated for l h at 37Â°C;the reaction was

terminated with the addition of 2 ml of 0.4 M glycine-NaOH buffer,
pH 10.5. The absorbance of the hydrolyzed p-nitrophenol was measured
at 420 nm with a Bausch and Lomb 710 spectrophotometer. Controls
consisted of substrate and enzyme blanks in which distilled water was
substituted for the substrate or cellular homogenate in the reaction
mixture. The values obtained from controls were subtracted from the
appropriate experimental values in order to account for the light
scattering capability of the enzyme preparations and for the nonspecific
hydrolysis of p-nitrophenyl conjugates. In each experiment, enzyme
assays were performed in duplicate or triplicate and specific activity
was expressed as nmol of p-nitrophenol hydrolyzed per h per mg of
cellular protein. Cellular protein associated with 20-^1 aliquots of

homogenate was determined by the method of Lowry et al. (17) using
crystalline bovine serum albumin fraction IV as a standard.

The specific activity for each extracellular enzyme was expressed as
nmol of /Miitrophenol hydrolyzed per h per ml per 10" cells. In each

experiment, assays and controls were run in quadruplicate. In addition,
LDH activity (EC 1.1.1.17) was also determined in conditioned medium
as an indicator of cellular death and disruption, since LDH is seques
tered within viable cells and released upon lysis. LDH analysis was
carried out utilizing a GEMENI automated analysis system using a
modification of the procedure of Wacker et al. ( 18). LDH activity was
expressed in IU per liter, where I unit is equivalent to 1 jumol of NADH
formed per min. Experimental extracellular glycosidase activities were
subsequently compared with extracellular LDH levels to estimate the
percentage of extracellular glycosidase activity present as a result of
nonspecific cellular lysis.

Isolation and Purification of Hexosaminidase. Nude mouse xeno-
grafts, following the inoculation of 2-5 x 10* of invasive HOCC (A-

121 ascites), were used as a tissue source for hexosaminidase. After 8
weeks of growth, tumors were carefully dissected free of normal tissue
and a representative tumor tissue sample was processed for histolÃ³gica!
examination. Tumor tissue which contained a high degree of malignant
cellularity and minimal amounts of contaminating cell types or necrosis
were utilized in these studies.

The purification of hexosaminidase from human ovarian tumor
tissue was undertaken with some modifications using the previously
published methods of Geiger and Arnon (19) for the isolation of this
enzyme from human placenta! tissue. All procedures were carried out
at 5Â°Cunless otherwise stated. Tumor tissue (10 g) was mechanically
minced into 1-mm3 fragments and homogenized in the presence of 4
volumes of 10 mM phosphate buffer, pH 6, with 10-s bursts using a
Brinkman homogenizer (Brinkman Instruments, Westbury, NY). The
crude homogenate was centrifuged at 23,000 x g for 45 min and the
supernatant was saved, while the pellet was rehomogenized in 2 volumes
of buffer and centrifuged once again. The supernatants were pooled
and fractionated with ammonium sulfate (65%, w/v) and stirred gently
for 2 h. The mixture was centrifuged at 23,000 x g for 45 min and the
pellet was resuspended in 10 mM phosphate buffer containing l M

NaCl, 1 HIMCaCl2, and l mM MnCl2, pH 6. The resuspended precipi
tate was dialyzed against the same buffer for 48 h using Spectrapor 25-
mm tubing with a M, 12,000-14,000 cutoff. Dialysate was centrifuged
at 23,000 x g for 15 min prior to the addition to a concanavalin A-
Sepharose affinity column (24 x 1.3 cm), which was previously equili
brated with 10 mM phosphate buffer, pH 6. The column was eluted at
a flow rate of 0.3 ml/min with equilibration buffer, collecting 4 nil
fractions. Protein content in the eluate was determined with a UV
monitor at 280 nm. Once a stable base line was reached the column
was washed with phosphate buffered saline. The enzymatically active
fraction was eluted from the column with 10% (w/v) a-methyl man-
noside in 10 mM phosphate buffer. Enzyme activity in all fractions was
determined using p-nitrophenyl-Ar-acetyl-/S-D-glucosammide and enzy

matically active fractions were pooled, concentrated, and washed by
pressure dialysis with 3-4 volumes of 10 mM phosphate buffer, pH 6.
The concentrate was then applied to an acetamido-./V-(<-aminocaproyl)-
2-deoxy-/3-D-glucopyranosylamine-Sepharose4B affinity column (15 x
1.3 cm) which was equilibrated with 10 mM phosphate buffer, pH 6.O.
The column was eluted at a flow rate of 0.3 ml/min with the equilibra
tion buffer; 2-mI fractions were collected. Once base line was achieved,
the column was washed with 10 mM phosphate buffer, pH 7. Subse
quently the enzymatically active fractions were eluted with 10 mM
phosphate buffer, pH 8.2. The enzyme activity in all fractions was
determined and enzymatically active fractions were pooled and concen
trated by ultrafiltration. Pressure dialysis was also carried out with 3-
4 volumes of 10 HIMphosphate buffer, pH 6. Using this methodology,
hexosaminidase was purified over 800-fold to homogeneity based upon
an increase in specific activity from 21.3 to 17,875 nmol of p-nitro-
phenol hydrolyzed/h/Mg of protein. The purity of the enzyme prepara
tion was determined by polyacrylamide gel electrophoresis in the pres
ence and absence of sodium dodecyl sulfate which identified a single
protein band at M, 66,000 and M, 100,000, respectively (20, 21).

ECM Degradation Assay. The ability of HOCC and normal cells to
solubilize radiolabeled ECM was determined as described previously
(8). Briefly, cells in exponential growth phase were harvested by a brief
exposure to 0.02% EDTA at 37Â°C,washed in culture medium, and
seeded at a density of 5 x 104cells/16-mm well/ml onto freshly isolated

radiolabeled ECM. Total radioactivity in 100 //I aliquots of the super
natant culture medium was measured at 24-h intervals. Cumulative
amounts of radioactivity released in the presence of cells were calculated
by the subtraction of background values obtained from medium supple
mented with 20% heat inactivated fetal calf serum in the absence of
cells (<15% of the total radioactivity).

ECM radiolabeled with [3H]glucosamine was subjected to different
concentrations (0.02-0.5 unit) of purified hexosaminidase derived from
A-121 ascites human ovarian carcinoma cells. One unit of enzyme
activity refers to 1 ^mol of p-nitrophenol hydrolyzed per min at 37'C.

The enzyme was dissolved in 0.5 ml of 0.2 M citrate buffer, pH 4.3, or
0.025 M Tris-HCl-0.075 M NaCl, pH 7.3, in the presence of 0.2% heat
inactivated (60Â°C,30 min) bovine serum albumin and incubated in a
humidified atmosphere at 37Â°C.Aliquots ( 100 Ml of the medium were

removed at various times and the total released radioactivity was
determined as described previously (8).

Inhibition Assay. 2-Acetamido-2-deoxy-l,5-D-gluconolactone, a hex
osaminidase inhibitor (22), was evaluated for its ability to inhibit
purified HOCC hexosaminidase and HOCC mediated degradation of
[3H]glucosamine radiolabeled ECM. In these studies the enzyme was
added at a concentration of 0.01-0.1 unit in 0.2 M citrate buffer, pH
4.3, along with 0.2% heat inactivated bovine serum albumin. The effects
of this inhibitor at a range of concentrations (0.5-10 mM) on enzyme
mediated hydrolysis of structurally intact radiolabeled ECM was com
pared to untreated controls. In another series of studies A-121 tumor
cells (5 x IO4 cells/ml) were seeded onto radiolabeled ECM and

incubated for 18 h followed by the renewal of cell culture medium.
Inhibitors at various concentrations (0.5-10 mM) or vehicle (RPMI
1640) were added to the cultures and the hydrolysis of ECM was
monitored over a 5-day period. The effectiveness of these agents in
inhibiting 0-/V-acetylglucosaminidase activity was determined by assay
ing culture medium for enzyme activity with the use of /Miitrophenyl-
yV-acetyI-/3-D-glucosaminide.

4635

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/17/4634/2428964/cr0470174634.pdf by guest on 19 M

ay 2023



GLYCOSIDASE MEDIATED DEGRADATION OF MATRIX

RESULTS

Intracellular versus Extracellular Glycosidase Levels. Intra
and extracellular activity of 11 different glycosidases were de
termined for all available cell types. Table 1 summarizes the
results obtained from screening the various cell types for intra-
cellular activity against a variety of p-nitrophenylglycoside sub
strates selective for their respective glycosidase. Highest levels
of activity were observed for ÃŸ-W-acetylglucosaminidase, with
the highest activity present within HMC-70 human mesothelial
cells, followed by A-121 asdics ovarian tumor cells and A-121
primary ovarian tumor cells (30.6, 19.7, and 17.5 ^mol/h/mg),
respectively. Mesothelial cells demonstrated elevated levels for
other glycosidases as well, when compared with the other cell
types. This may be due their ability to synthesize, repair, and
secrete large quantities of various proteoglycans, in particular,
hyaluronic acid. In addition, the other cell types illustrated
relatively high levels of acid phosphatase (0.85-5.2), /3-galac-
tosidase (0.21-1.1), and /S-W-acetylgalactosaminidase (0.36-
0.95) activity. Moderate a-mannosidase activity (0.025-0.62)
was observed with low levels of enzyme activity for the other
glycosidases tested.

The release of glycosidases into the cell free conditioned
medium by human ovarian tumor cell lines (A-121 ovary, A-
121 ascites, A-69, A-90, A-l) and normal cell lines (HOF-1 and
HMC-70) also was analyzed using /Â»-nitrophenyl-glycosides as
substrates. Table 2 summarizes the results from these studies.
High levels of /S-W-acetylglucosaminidase activity were observed
to be present, with also trace levels of the other glycosidase
activities, such as $-./V-acetyIgalactosaminidase, acid phospha
tase, a-mannosidase, and a-galactosidase. While negligible lev
els of a-glucosidase, /3-glucosidase, a-fucosidase, and /8-glucu-

ronidase activities were detected in the medium from these
cells. Interestingly, a 4-6-fold increase was observed in levels
of extracellular /S-W-acetylglucosaminidase and /S-W-acetylgalac-
tosaminidase activities between invasive (A-121 ascites, A-121
ovary, A-69, A-90) and noninvasive (A-l) ovarian tumor cells
or normal cell types (HOF-1, HMC-70). A relationship was
observed (Fig. 1) between the ability of tumor cells (A-90, A-
69, and both A-121 tumor cell lines) to release /S-W-acetylglu-
cosaminidase activity into the culture medium and the ability
of these cell types to degrade ECM in vitro as determined by
previous morphological findings (8). These results were further
supported by biochemical studies in which tumor cells (A-121
ovary, A-121 ascites, A-90) that released high levels of ÃŸ-N-
acetylhexosaminidase activity into the culture medium also
solubili/od large quantities (>8% of total radiolabel) of [3H]-JV-

acetylglucosamine from the ECM.

Kinetics of /WV-Acetylglucosaminidase Activity Accumulation.
The rate of accumulation of (8-jV-acetylhexosaminidase activity
for invasive A-121 tumor cells derived from the ovary and
ascites fluid was progressive with time over a 5-day period and
closely paralleled the rate of release of [3H]-jV-acetylglucosa-

mine from the ECM (Fig. 2). These results further corroborate
previous findings, which indicated a correlation between levels
of extracellular p'-A'-acetyIhexosaniinidusc activity and solubil
i/al ion of [3H]-Af-acetylglucosamine from the ECM in the pres

ence of these tumor cells. In order to investigate the possibility
that growth on ECM may modulate the accumulation of hex-
osaminidase activity in the culture medium, a comparative study
was undertaken measuring enzyme activity accumulation by A
121 tumor cells when cells were maintained on either plastic or
ECM (Fig. 3). Results from these studies indicated that the
overall rates of accumulation of this glycosidase activity were
progressive on both substrates and were quite similar through
out the 7-day period. A parallel series of experiments were
carried out using A-121 tumor cells grown on plastic or ECM
coated substrates, in order to determine the relationship be
tween the accumulation of this glycosidase activity and that of
the activity of acid phosphatase, a common lysosomal enzyme
marker, which is detectable in the culture medium. Levels of
acid phosphatase and LDH activity (data not shown) in the
medium, regardless of the growth substrate, were found to be
relatively constant over the 7-day culture period for both cell
types, with no time dependent increase as noted for /S-N-acetyl-
hexosaminidase activity (Fig. 3).

Results from these studies suggest that extracellular hexos-
aminidase may play a role in the degradation of ['HJ-A'-acetyl-

glucosamine radiolabeled macromolecular constituents of the
ECM mediated by invasive ovarian tumor cells. Moreover, the
release of this glycosidase into the extracellular environment is
probably mediated by an active secretory process which is
selective for this enzyme but is independent of the growth
substratum and intracellular enzyme levels.

Degradation of [3H)Glucosamine Radiolabeled Extracellular

Matrix by Hexosaminidase. Based on the findings that a cor
relation was observed between extracellular jS-W-acetylhexosa-
minidase activity and the degradation of [3H]glucosamine ra

diolabeled ECM by morphologically invasive ovarian carci
noma cells, the effects of a purified preparation of A-121 ascites
tumor hexosaminidase on the degradation of structurally intact
[3H]glucosamine radiolabeled ECM was investigated. In these

studies it was found that purified hexosaminidase extensively
degraded [3H]glucosamine radiolabeled ECM and this degra

dation was progressive with time and dependent upon enzyme
concentration over a wide range of enzyme concentrations (0.02

Table 1 Comparison of intracellular glycosidase activity for cultured normal and tumor cell lines
Following 6 days of growth in culture, enzyme activity was determined for cellular homogenates utilizing appropriate p-nitrophenylglycosides. Activity is expressed

as the mean Â±SD of 3 separate experiments performed in triplicate.

Specific activity (nmol/h/mg protein)

CelltypeA-121ovaryA-121ascitesA-69A-90A-lHOF-1HMC-70o-Gal"57

Â±270

Â±3289

Â±2469
Â±1150

Â±9104
Â±2474

Â±12o-Man25

Â±1353

Â±12616

Â±49451
Â±62144
Â±29126

Â±261,227
Â±183a-Glc84

Â±9H0Â±

4499

Â±4108
Â±12168

Â±421
Â±8141

Â±180-Gal213

Â±20358

Â±491,061

Â±37472
Â±131,069
Â±260429
Â±1032,357
Â±5210-Glc74

Â±1580

Â±1149

Â±932
Â±61

Â±0.539
Â±161,482
Â±28a-Fuc112Â±

1769

Â±14207

Â±974
Â±4454
Â±2211

Â±7953
Â±980-Fuc93

Â±1476

Â±1124

J-1110Â±734

Â±0.5064

Â±180-Gluc5Â±40145

Â±1823
Â±448

Â±187Â±670

Â±180-GalNAc535

Â±54602

Â±65952

Â±62375
Â±42361
Â±72668
Â±1431

2,743 Â±5,3960-GlcNAc16,524

Â±2,85319,681

Â±3,2048,505

Â±6625,499
Â±1,4775,361
Â±1,78215,975

Â±2,63830,629
Â±5,851Acid

Phos.851

Â±79978

Â±373,462

Â±39878
Â±495,170Â±

1,866905
Â±16313,384
Â±2,039

â€¢a-Gal, a-galactosidase (EC 3.2.1.22); Â«-Man,a-mannosidase (EC 3.2.1.24); o-GIc, a-glucosidase (EC 3.2.1.20); 0-Gal, 0-galactosidase (EC 3.2.1.23); 0-Glc, 0-
glucosidase (EC 3.2.1.21); a-Fuc, a-fucosidase (EC 3.2.51); 0-Fuc, 0-fucosidase (EC 3.2.1.38); 0-GIuc, 0-glucuronidase (EC 3.2.1.31); /3-GalNAc, 0-JV-acetylgalacto-
saminidase (EC 3.2.1.53); 0-GlcNAc, /S-A'-acetylglucosaminidase (EC 3.2.1.30); Acid Phos., acid phosphatase (EC 3.1.3.2).
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Table 2 Comparison of glycosidase activity released from cultured normal and tumor cell lines
Following 4 days of exponential cell growth, enzyme activity present in conditioned cell free medium was determined using appropriate p-nitrophenylglycosides.

Activity is expressed as the mean Â±SII of .1separate experiments performed in triplicate. For definitions of abbreviations, see Table 1, Footnote a.
Specific activity (nmol/h/ml/104 cells)

CelltypeA-121

ovaryA-
121ascitesA-69A-90A-lHOF-1HMC-70a-GalIf.

t1001

-1-0.528

Â±64Â±41

Â±0.57Â±4..Man7Â±426

Â±1414
Â±436

Â±27Â±63Â±14Â±2a-Glc0000â€”I

Â±0.5â€”0-Gal04Â±11

Â±0.514
Â±941

Â±0.500-Glc000i>â€”0â€”a-Fuc360â€”â€”1Â±0.5â€”0-Fuc30

Â±1369
Â±60â€”â€”0â€”/3-Gluc3Â±21Â±0.5071

Â±0.502Â±30-GalNAc24

Â±534
Â±1133
Â±1438
+122Â±25Â±25Â±60-GlcNAc267

Â±55"293
Â±84"276
+10a337
Â±42Â°88

Â±1144
Â±1055
Â±4Acid

Phos.43

Â±265Â±215

Â±225
Â±88Â±41

Â±0.59

" Differences in enzyme activity between invasive and noninvasive cells were statistically significant at p < 0.05 using a two-tailed Student's t test.
* â€”,not tested.
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Fig. 1. Comparison of intracellular (D) and extracellular (â€¢)/3-Ai-acetyIglucos-
aminidase activity and the morphological/biochemical degradation of ECM by
various normal and tumor cell types. (A) Relationship between intracellular and
extracellular 0-jV-acetylglucosaminidase activity and the ability of cells to mor
phologically digest extracellular matrix. (B) Quantitative relationship between
extracellular ,i-:Vaecty Igllicosa miniilase activity and the ability of cells to release
radioactivity into the culture medium from [3H]glucosamine metabolically prela-
beled ECM. *, ability of respective cell types to morphologically degrade ECM
as determined by light and electron microscopy (8). Data represent the mean of
quadruplicate determinations of three separate experiments with SD less than
15%.

to 0.005 unit). For example, the incubation of [3H]glucosamine
radiolabeled ECM together with a 0.02-unit concentration of
this enzyme resulted in the release of 18,000 cpm/0.1 ml or
32% of total incorporated radiolabel after 4 days of incubation
(Fig. 4).

In addition to these observations [3H]glucosamine radiola

beled ECM degradation studies were undertaken in the presence
of exogenously added purified tumor hexosaminidase (0.25
unit) and leupeptin, a broad spectrum proteinase inhibitor
(Table 3). Results from these studies indicated that treatment
with leupeptin, at a concentration of 250 Mg/ml over a 24-h
period, did not alter the extent of purified hexosaminidase
mediated solubilization of radiolabeled ECM. In contrast, it
was observed that exogenously added, purified tumor hexos
aminidase mediated release of [3H]glucosamine from radiola

beled ECM could be inhibited in a dose dependent manner in
the presence of the competitive hexosaminidase inhibitor, 2-
acetamido-2-deoxy-l,5-D-gluconolactone, within a 1-10 mw

I

iIÂ«
I

I 2 3

Time (Days)

Â«oo

500

I 2 3 Â« 5 -5
TimÂ»(DoyÂ») t

Fig. 2. Relationship between the accumulation of 0-/V-acetyIhexosaminidase
activity in cell free A-121 tumor cell conditioned medium and the rate of tumor
cell mediated release of radioactivity from [3H]glucosamine metabolically prela-
beled ECM. Tumor cells derived from either the ovary (A) or ascites fluid (B)
were plated (1 x 10* cells/ml) onto radiolabeled ECM. At the indicated time
intervals 100-nl aliquots of supernatant were removed and the amount of solubi-
lized radioactivity released in the presence of tumor cells was determined (â€¢).In
a parallel experiment, a similar number of tumor cells were plated onto ECM
coated culture dishes and at various time intervals enzyme activity present in cell
free conditioned medium (50 n\) was quantitated using p-nitrophenyl-A'-acetylglu-
cosaminide (O). Each point represents the mean from four separate cultures of
three different experiments; />ur\. SD.

concentration range. The release of radiolabeled products me
diated by purified tumor hexosaminidase (0.25 unit) was de
creased by 78% in the presence of 10 mM 2-acetamido-2-deoxy-
1,5-D-gluconolactone over a period of 24 h.

Modulation of Tumor Cell Mediated Degradation of ECM by
Hexosaminidase and Proteinase Inhibitors. The effectiveness of
the 2-acetamido-2-deoxy-l,5-D-gluconolactone as a hexosamin

idase inhibitor to decrease levels of extracellular accumulated
enzyme activity by invasive A-121 ascites tumor cells was
investigated (Fig. 5A). Tumor cells grown on ECM were incu
bated in the presence of varying inhibitor concentrations (5 x
IO"5to 5 x IO"3 M). /S-W-Acetylglucosaminidase activity present

in the supernatant of cell culture medium was determined at
various time intervals, usingp-nitrophenyl-ÃŸ-A'-acetyl-D-glucos-

aminide as a substrate. A significant decrease in the amount of
measurable enzyme activity present in the cell culture medium
was observed in the presence of increasing concentrations of
inhibitor as compared to untreated controls (Fig. 5A). For
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Time (Days)
Fig. 3. Effect of growth substrate on the accumulation of hexosaminidase and

acid phosphatase in cell free A-121 tumor cell conditioned medium. Tumor cells
derived from either the ovary (A) or ascites fluid (A) were plated (1 x IO4cells/

ml) onto ECM coated (O, O) or plastic (â€¢,â€¢)culture dishes in the presence of
RPMI 1640 supplemented with 20% freshly heat inactivated fetal calf serum. At
various time intervals hexosaminidase activity (O, â€¢)present in cell free condi
tioned medium (SO J i was determined using p-nitrophenyl-A'-acetylglucosamin-
ide. The ability of tumor cells to accumulate acid phosphatase (D, â€¢).a common
lysosomal marker in the culture medium, was also determined using p-nitrophen-
ylphosphate. Each point represents the mean from four separate cultures; har\.
SD.

Table 3 Ability of hexosaminidase and proteinase inhibitors to modulate purified
hexosaminidase mediated degradation of radiolabe led extracellular matrix
[3H]Glucosamine radiolabeled ECM was incubated with purified HOCC hex

osaminidase (0.2S unit) in the presence and absence of respective enzyme inhibi
tors in 1 ml of 0.2 M citrate buffer. pH 4.3. for 24 h. Aliquots (100 <il) were
removed and total released radioactivity was determined as described in "Mate
rials and Methods." Data represent the mean Â±SD of quadruplicate determina

tions.

Agent Concentration
Radioactivity

released

Control
2-Acetamido-2-deoxy-1,5-

D-gluconolactone

Leupeptin

Id HIM

5 mM
1 mivi

250 ng/ml

2370 Â±100
530 Â±330
740 Â±120

1680 Â±290
2330 Â±380

Â£N"gâ€¢o>sX"51â€¢IOZ

16005004003OO200100A~

ControlInhibitor5xlO"4M-

5xlO"sM---

% of in
hibition

0
78
69
29

2

5 6

Time (Days)
Fig. 4. Ability of purified hexosaminidase derived from human ovarian tumor

tissue to hydrolyze [3H)glucosamine radiolabeled ECM. Radiolabeled ECM
coated culture dishes were incubated over a 96-h period in 0.2 M citrate buffer,
pH 4.3, with a range of hexosaminidase concentrations including 0.02 unit (â€¢),
0.01 unit (O), and 0.005 unit (A). The amount of radioactivity released was
quantitated as described in "Materials and Methods" and data represent the mean

of quadruplicate determinations of at least two separate experiments: bars, SD.

|i
Â£â€¢
|>
e
.2

i

100

50

B
Control
Inhibitor

_ 5Â»IO"*M
5Â»IO~SM
I x!0"2M

I

Time (Days)
Fig. 5. Effect of a synthetic competitive hexosaminidase inhibitor. 2-aceta-

mido-2-deoxy-/3-D-gluconolactone, on the accumulation of extracellular hexos
aminidase and degradation of radiolabeled ECM by A-121 ovarian ascites tumor
cells. (II Tumor cells (1 x 10* cells/ml) grown on ECM coated culture dishes

were incubated continuously in the presence and absence of varying inhibitor
concentrations (5 x 10~*-5 x 10"' M). (S-JV-Acetylglucosaminidaseactivity present

in aliquots (100 .,1) of cell culture medium at indicated time intervals was
determined as described in "Materials and Methods" (B) Tumor cells (1 x IO4
cells/ml) plated onto [3H]glucosamine radiolabeled ECM were treated continu
ously over a 4-5-day period with hexosaminidase inhibitor at 5 x 10~4,5 x 10~3,
and I x io-' M. The amount of radiolabel released in the presence of these agents

was compared to untreated controls and expressed as percentage of maximal
release (100% -Id"1 cpm/ml). Data represent the mean of four separate cultures;

bars, SD.

example, on day 5 at a 5 x 10 3Mconcentration of 2-acetamido-
2-deoxy-l,5-D-gluconolactone a complete inhibition of extra
cellular enzyme activity was observed.

Additional studies were undertaken utilizing this inhibitor to
investigate its ability to modulate human ovarian carcinoma
cell (A-121 ascites) mediated degradation of ECM. The hex
osaminidase inhibitor was added, at a range of concentrations
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Fig. 6. Ability of leupeptin and hexosaminidase inhibitor to modulate the

degradation of [3H]glucosamine radiolabeled ECM by A-121 ovarian ascites
tumor cells. Tumor cells (1 x 10* cells/ml) were seeded onto radiolabeled ECM
in the presence of (A) leupeptin alone and (B) hexosaminidase inhibitor, leupeptin.
or a combination. The amount of radioactivity released over 4 days was quanti-
tated as described in "Materials and Methods" and expressed as percentage of
maximal release (100% ~ IO4cpm/ml). Data represent the mean of four separate

determinations; bars, SD.

(5 x 10~" to 1 x 10~2 M), to cultures containing tumor cells
plated on [3H]glucosamine radiolabeled ECM, and the hydrol

ysis of ECM was monitored. Tumor cells incubated in the
presence of inhibitor illustrated a marked decrease in the release
of radiolabel which was concentration dependent after 5 days.
Following 72 h of drug treatment, a 63,43, and 14% inhibition
in the release of radiolabel from ECM was noted at 1 x 10~2,
5 X I0'}, and 5 x IO"4 M, respectively (Fig. 5Ã„).However, the

duration of this inhibitory effect was somewhat limited, since
after 3 days the inhibition was partially overcome as indicated
by increased release of radiolabel.

In a similar set of experiments leupeptin, a protease inhibitor,
was added to cultures of ovarian A-121 ovarian ascites tumor
cells growing on ['Hjglucosamine radiolabeled ECM (Fig. 6/1).

Surprisingly, the addition of leupeptin at 100 and 250 ng/ml,
levels which did not inhibit the specific release of [3H]-./V-

acetylglucosamine by purified hexosaminidase, now caused a
substantial decrease in the amount of radiolabel released into
the medium by tumor cells. A 40% decrease in the amount of
released radioactivity was measured after 4 days following the
addition of 100 pg/ml leupeptin. Combining 1 x IO"3 M hex

osaminidase inhibitor, which alone decreased cellular radiolabel
release from ECM by 10%, with 100 ng/ml leupeptin (40%
reduction) resulted in a synergistic inhibition (>75%) of cellular
mediated radioactivity release (Fig. 6B). These findings imply
that a number of different tumor enzymes or processes are
responsible for the release of labeled fragments from ECM.

DISCUSSION

Glycosidases, in particular hexosaminidase, have been ob
served to be present at elevated levels in a variety of solid

tumors and/or their interstitial fluid (23-25). The studies de
scribed herein have focused upon glycosidase activity associated
with a variety of ovarian tumor cells, which behave differently
on the ECM with regard to their degradative activity of carbo
hydrate constituents. A relationship was observed between ex
tracellular 0-yV-acetylglucosaminidase activity and the ability of
these tumor cell types to morphologically and biochemically
degrade ECM. In addition, the rate of enzyme accumulation
for invasive tumor cells was progressive with time and closely
paralleled tumor cell mediated release of [3H]-./V-acetylglucosa-

mine containing fragments from the ECM.
A number of other reports have described the secretion of a

variety of hydrolytic enzymes from tumor cells which may act
upon the ECM. They include plasminogen activator (26), ca-
thepsin B (27), and collagenase (28). These hydrolases, includ
ing glycosidases, are not tumor specific but are secreted in large
quantities during other pathological conditions such as rheu
matoid arthritis (29) and also during normal physiological
processes such as ovulation, trophoblast implantation, as well
as others (30). Nevertheless, the evidence from these and earlier
investigations (8) illustrates a strong association between the
capacity of these tumor cells to release hexosaminidase, degrade
ECM in vitro, and be invasive in vivo.

One of the mechanisms by which extracellular hexosamin
idase might accumulate in the media of invasive tumor cells is
by alteration in lysosomal enzyme sorting into intracellular and
extracellular compartments. Since the transfer of lysosomal
enzymes into lysosomes requires a common phosphomannosyl
recognition marker, any defect in the synthesis of this marker
could result in the increased secretion of lysosomal enzymes,
including hexosaminidase (31). However, no such deficiency
was found in both invasive A-121 human ovarian tumor cell
lines as monitored by the measurement of one of the enzymes,
/V-acetylglucosaminylphosphotransferase involved in the bio
synthesis of the mannose 6-phosphate recognition marker (32).
However, the possibility of a defective mannose 6-phosphate
receptor in these invasive, secretory cell lines cannot be over
ruled.

The subcellular location of readily released hexosaminidase
in these invasive ovarian tumor cells is presently unknown.
However, data suggest the secretion pattern of this enzyme
differs from that of acid phosphatase, a common lysosomal
enzyme marker. If secretory hexosaminidase has a lysosomal
origin, it may be contained perhaps in a unique lysosomal
population accounting for its selective release. In addition,
hexosaminidase has been found to be localized on the cell
surface of both B16 amelanotic cells and rat splenocytes (33,
34) and thus its release may be mediated from that site.

Many functions have been ascribed to glycosidases and these
have been recently reviewed by us (35). In the studies herein, it
was found that hexosaminidase derived from invasive HOCC
can directly hydrolyze structurally intact [3H]glucosamine ra

diolabeled ECM. It was observed that this enzyme can effec
tively release up to 30% of the radiolabel from the ECM and
that this enzyme mediated hydrolysis can be completely pre
vented in the presence of a specific competitive inhibitor. The
release of radiolabel from ECM was observed to be pH depend
ent with the greatest activity being observed at an acidic pH.
Based on these kinetic and degradation studies, it would appear
that this enzyme would not effectively hydrolyze intact ECM
at a physiological pH range. However, the tumor microenviron-
ment is rich in acidic extracellular products such as carbonic
and lactic acid, characteristic of the high glycolytic activity of
tumors, and their presence may lower the extracellular pH (36,
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37). There is also theoretical and practical evidence to indicate
that pH at negatively charged surfaces is significantly lower
than that of the bulk phase. The concentration of various ions
in the region of the cell periphery have been calculated from
consideration of the Gibbs-Donnan equilibrium and the s-
potential (36, 37). These workers concluded that in the imme
diate vicinity of the predominantly negatively charged cell sur
face, there is an excess of mobile cations including hydrogen
ions and a relative deficiency of mobile anions. McLaren et al.
(36) observed indications of a lower pH (up to 2 units) at
negatively charged surfaces when comparing the pH depend
ence of enzyme activity in vitro in soluble and insoluble surface
bound states. Thus, in view of these factors, acid hydrolases
such as hexosaminidase might act preferentially at or near the
cell surface (38), this would corroborate focal patterns of ECM
degradation reported previously by us for invasive ovarian
carcinoma cells (8).

The radiolabeled degradation products elaborated by purified
hexosaminidase treatment of ECM have been partially charac
terized as low molecular weight material which comigrated with
N-acetylglucosamine as determined by descending paper chro-
matography, while the cellular mediated degradation products
were more complex (data not shown). The site of attack for this
isolated tumor enzyme is presently unclear, since numerous
carbohydrate containing structural macromolecules exist in the
ECM which may act as suitable substrates. However, earlier
studies have indicated that (40) mammalian hexosaminidase
can release terminal JV-acetylglucosamine from oligosaccha-
rides derived from either hyaluronic acid or chondroitin sulfate
(40, 41). Based upon the numerous macromolecular interac
tions which are known to exist between glycosaminoglycans
and collagens as well as other glycoproteins (42, 43), glycosi-
dases, such as hexosaminidase, may alter these protein/carbo
hydrate interactions via hydrolysis. This enzymatic action may
serve to unmask new proteolytic sites of action allowing for a
more efficient breakdown of biological matrices.

Additional studies with a specific competitive inhibitor were
undertaken in order to pharmacologically discern the role hex
osaminidase plays in the degradation of radiolabeled ECM by
invasive ovarian tumor cells. Under conditions (inhibitor added)
in which accumulated enzyme activities were well below control
levels (less than 10%), a significant reduction (50-60%) in the
amount of radiolabel released in the presence of tumor cells
was observed. These findings further supported the hypothesis
that tumor cell elaborated hexosaminidase is involved in ECM
degradation, under physiological conditions in culture.

The addition of leupeptin, a nonselective protease inhibitor,
to tumor cell cultures caused a substantial decrease in tumor
cell mediated radiolabel release from [3H]glucosamine labeled

ECM. This decrease was augmented with the addition of hex
osaminidase inhibitor, and in the study performed herein there
appeared to be a synergistic inhibition of tumor cell mediated
degradation of ECM caused by a combination of protease and
hexosaminidase inhibitors. These findings indicate that degra
dation of ECM requires the release of multiple hydrolytic
enzymes by tumor cells. It seems probable that complete deg
radation of ECM requires the action of a number of different
enzymes including cathepsins (27), glycosidases (35), collagen
ases (28), and plasmin (44) which act in a cooperative manner.
This is due to the complex biochemical structure, composition,
and heterogeneity of ECM from tissue to tissue. As a result of
the complexity of tumor invasion, cellular breakdown of extra
cellular matrices by hydrolytic enzymes is undoubtedly only
one of many necessary phenotypic properties that invasive

tumor cells must possess in order to infiltrate surrounding tissue
and metastasize (45). Detailed biochemical analyses of these
enzymes and degradation products may provide more insight
into processes involved in tumor invasion and metastasis and
also elucidate new targets and approaches for chemotherapeutic
intervention.
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