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ABSTRACT

The degradation of subendothelial and smooth muscle matrices by
normal and neoplastic uroepithelial cells grown under serum-free condi
tions was examined. Normal urothelial cells were compared with neo
plastic cells derived from a low grade papillary tumor (RT4) and a more
invasive carcinoma (l-'.l). Low levels of degradation were observed with

all cell types in serum-free medium alone. Supplementing the medium
with plasminogen increased the degradative activity of each cell type.
Logarithmically growing normal urothelial cells degraded extracellular
matrix proteins 6 to 14 times faster on a per cell basis than their
transformed counterparts. Analysis of the residual matrix constituents
revealed that, while the levels of glycoprotein breakdown by the normal
and neoplastic cells were similar, the normal cells degraded more of the
collagen components than the neoplastic cells. Epidermal growth factor
and cell density were examined as possible regulators of degradative
activity. The neoplastic cells were not responsive to cell density as a
regulatory factor and were only slightly responsive to epidermal growth
factor. However, epidermal growth factor increased the degradative ac
tivity of logarithmically growing normal urothelial cells in the presence
of plasminogen and the activity of confluent cells was increased to an
even greater extent. Gelatin substrate gel analysis confirmed that the
normal urothelial cells elaborated a more diverse set of gelatinases than
the tumorigenic cells. Although normal urothelial cells had higher deg
radative abilities than their malignant counterparts, it is significant that
the neoplastic cells were less responsive to regulatory signals in our
model system. Thus, loss of regulatory mechanisms for protease secretion
and matrix degradation may be a more important determinant of invasive
ability in vivo than protease secretion or matrix degradation in vitro.

INTRODUCTION

The process of tissue invasion by malignant cells is complex
and is thought to require the production of proteases for the
degradation of the various connective tissue barriers encoun
tered by an invading cell (1, 2). Many details of matrix degra
dation are not understood, but it has been demonstrated that
the presence of plasminogen in the culture medium significantly
increases the rate of degradation of extracellular matrix proteins
by neoplastic cells (3-6). Plasminogen requires conversion by
PA3 to its active form, plasmin, before it can degrade matrix
proteins (5, 6) and also activate other zymogens, such as pro-
collagenases (7), which are also important in matrix dissolution.
The enzymes activated through this cascade, therefore, are
dependent on the presence of both plasminogen, which is found
circulating in the blood and in extracellular fluids, and PA
produced by the cells (8). Thus, a neoplastic cell can activate a
variety of proteases and subsequently degrade large amounts of
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extracellular matrix proteins by producing PA. Plasminogen
activator exists in two forms: tPA and uPA, Mr 70,000 and
50,000, respectively (8); however, it is typically the uPA form
which is found to be elevated in tumor tissues (9).

Dubeau et al. (10) examined the production and regulation
of PAs in normal and neoplastic uroepithelial cells grown in a
chemically defined medium. EGF, which had already been
found to increase PA secretion in A431 epidermoid cells (11),
and cell density were examined as regulatory factors. Normal
urothelial cells produced tPA to a much greater extent than
uPA, and this tPA activity decreased when the cells reached
saturation density. However, at this density the secretion of
tPA was increased by the addition of EGF to the medium. The
cells responded to EGF in a dose-dependent manner with
maximal stimulation at 50 ng/ml EGF (10). The uPA activity
was modulated to a lesser extent by both EGF and cell density.
On the other hand, neoplastic urothelial cells produced only
uPA, and these cells showed little or no response of uPA
production to cell density or the presence of EGF in the
medium.

The secretion of PAs by both normal and neoplastic cells had
previously been measured by examining overall enzymatic ac
tivity using fibrin as a substrate (10). However, we wanted to
determine whether this activity predicted the ability of a whole-
cell system to degrade complex extracellular matrices similar
to those encountered in vivo. Therefore, we compared normal
urothelial cells with cells derived from a highly invasive carci
noma (EJ) ( 12) and from a superficially invasive papillary tumor
(RT4) (13) for their abilities to dissolve complex extracellular
matrices. Previous experiments, in which neoplastic cells were
injected transurethrally into nude mouse bladders, confirmed
that the neoplastic cell lines had maintained their original
invasive characteristics (14). These cells with different invasive
potentials provided an opportunity for us to compare the in
vivo characteristics of the cells with their in vitro degradative
activities. Additionally, since the presence of plasminogen and
other proteases and their inhibitors in growth medium contain
ing serum complicated the interpretation of earlier matrix-
degradation reports (3, 4, 15-18), we took advantage of a
serum-free medium we have developed to eliminate serum
factors and zymogens from the culture (19). Although previous
studies have examined matrix degradation under serum-free
conditions (20), the cells in this earlier work were cultured in
serum immediately before being tested for degradative activity.
In contrast, we were able to completely eliminate the need for
undefined medium constituents, to examine matrix dissolution
under chemically defined conditions.

MATERIALS AND METHODS

Source and Maintenance of Normal and Neoplastic Urothelial Cells.
Cells from normal urothelium were isolated and cultured from approx
imately 20-week-old human fetuses as described previously (19). These
cells could be passaged in culture 5-6 times before senescing. EJ cells
were derived from a highly invasive bladder carcinoma by Evans et al.
(12) and were obtained from Dr. Eric Stanbridge (University of Cali-
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MATRIX DEGRADATION BY UROTHELIAL CELLS

infilili at Irvine). The RT4 cell line was derived from a well differentiated
papillary' transitional cell bladder carcinoma by Rigby and Franks (13)

and was obtained from the American Type Tissue Collection (ATCC
HTB2). The cells were grown under chemically defined, serum-free
conditions (19); however, in these experiments the medium was not
supplemented routinely with EGF.

Degradation of Extracellular Matrices by Bladder Epithelial Cells.
Tissue culture dishes coated with extracellular matrices labeled with L-
[4,5-'H]proline (TMM-160; Research Products International Corp.,

Mount Prospect, IL) and elaborated by bovine endothelial cells (V2C12)
(21) or rat smooth muscle cells (R22CID) (22) were obtained using the
method originally developed by Jones and DeClerck (3). For experi
ments utilizing serum-free medium, the cells either had been grown
under serum-free conditions from the time they were isolated from
primary expiants or were adapted for growth under such conditions for
1 to 12 months before being used. To examine degradation by actively
growing cells, 2 x 10* EJ cells, 4 x 10s RT4 cells, or 2 x IO5 normal

urothelial cells were seeded; however, when confluent normal urothelial
cells were used, 5 x IO5 cells were seeded. Cells were trypsinized,
washed twice in phosphate-buffered saline containing 0.05% SBTI
(Sigma, St. Louis, MO. Type 1-S), and plated on matrix-coated dishes
in medium containing 0.05% of this inhibitor. This step was essential
to prevent the subsequent degradation of the matrix by trypsin carried
over from the plating procedure. The SBTI was removed when the
medium was changed 24 h after seeding, and radioactivity released into
the medium was measured before each medium change by counting a
\(>(>ii\ aliquot of supernatant in 10 ml scintillation cocktail. The values
were derived as the means from triplicate dishes of cells grown under
different medium conditions after subtracting the background counts,
which were determined from dishes kept under similar conditions
without cells present. Each experiment was performed at least twice.

Analysis of Matrix Components Degraded by Urothelial Cells. Cells
were lysed with 25 HIMNH4OH after each matrix degradation experi
ment, and the amount of glycoproteins and collagen that had been
degraded was determined by sequential digestion for 4 h at 37Â°Cwith

10 jig/ml trypsin pretreated with bovine elastin to adsorb contaminating
elastase (Sigma, St. Louis, MO, bovine pancreas type III) and for 24 h
at 37Â°Cwith 20 Mg/ml collagenase (Ctostridium histolyticum-CLSPA;

Cooper BiomÃ©dical,Malvern, PA) as previously described (3). The
percentage of radioactivity released after trypsin or collagenase treat
ment was derived by subtracting the amount of radioactivity released
from dishes in which cells were grown under different medium condi
tions from the amount released from dishes kept under similar medium
conditions with no cells present. This value represented the amount of
glycoprotein or collagen digestion by the cells themselves. This number
was divided by the total amount of glycoprotein or collagen present in
each dish, i.e.. the amount released from dishes in which no cells were
present, to determine the percentage of matrix component released.

Protease Analysis. Confluent or logarithmic growth phase cells were
cultured with or without 50 ng/ml receptor grade EGF (Collaborative
Research Inc., Bedford, MA) and 4 ^g/ml plasminogen (purified from
whole human blood, courtesy of W. Laug, Childrens Hospital of Los
Angeles) for 24 or 48 h. Samples of supernatant medium were removed
and assayed directly by substrate gel analysis as described below. Cell-
associated activity was analyzed by lysing the cells in 0.5% Triton X-
100, 0.1 M Tris-HCl (pH 8.0). The lysates were centrifuged at 1000 x
g for 10 min and the Triton X-100-soluble supernatant was assayed for
protein concentration by the method of Bradford (23). Equal quantities
of protein from each cell line were examined for protease production.

Substrate Gel Analysis. Protease production was detected using a
technique in which 1% gelatin (Difco, Detroit, MI) was incorporated
in the matrix of a 10% sodium dodecyl sulfate-polyacrylamide gel (24).
The gel was electrophoresed at 4Â°C,the sodium dodecyl sulfate was

removed by incubating the gel in the presence of 2.5% Triton X-100,
and the gel was incubated overnight at 37Â°Cin the presence of 5 HIM

CaCl2. The gel was stained with Coomassie blue, and gelatinase activity
was detected as a clear band on the resulting blue background. Electro-
phoresis separated enzymes from their inhibitors and thus provided
information regarding total potential proteolytic activity. Gels were
incubated overnight in the presence of 10 m,M EDTA in some experi

ments to determine whether metalloproteases were responsible for
gelatinase activity.

Determination of Type IV Collagenase Activity. Type IV collagenase
activity was measured as described elsewhere (25). [MC]Proline-labeled

type IV collagen (ICN, Costa Mesa, CA) was prepared from short term
cultures of mouse Englebreth-Holm-Swarm tumor. Conditioned media
from urothelial cells which were grown on extracellular matrices in
serum-free medium were activated with trypsin (10 ^g/ml) for 10 min
and then SBTI was added in 5-fold excess to inactivate the trypsin. The
activated conditioned media were then incubated with 2900 cpm of
type IV collagen for 16 h at 37Â°Cin 10 HIMCaCl2 in a reaction volume

of 860 Â¡i\.The reaction was terminated with the addition of /V-ethyl-
maleimide (10 m.\i; Sigma). The reaction mixture was placed on ice for
30 min following the addition of 200 n\ of a solution containing 10%
trichloroacetic acid and 0.5% tannic acid and 20 Â¿ilof bovine serum
albumin (1 mg/ml). The undigested type IV collagen was then removed
by centrifugaron at 2500 rpm for 15 min, and the solubilized radioac
tivity was determined using a liquid scintillation counter.

RESULTS

Degradation of Extracellular Matrices by Actively Growing
Bladder Carcinoma Cell Lines. Urothelial cells with different
oncogenic and invasive abilities were used to determine the
potential roles of PAs in matrix degradation and the regulation
of degradative activity by EGF and cell density. EGF did not
stimulate the growth of either the normal or neoplastic uro
thelial cells (19) and in fact was slightly inhibitory for the
growth of the neoplastic cells in the experiment analyzed (see
below). To compensate for differences in growth rates, EJ cells
were seeded at 2 x IO5cells and RT4 cells at 4 x IO5cells per
35-mm dish coated with radiolabeled matrix. EJ and RT4
carcinoma cells degraded the bovine endothelial cell matrices
(V2C12), as shown by the solubilization of radioactivity from
the substrates as a function of time (Fig. 1, A and A, respec
tively). The results showed relatively low levels of activity in
the serum-free medium, compared to the levels in medium
supplemented with plasminogen. EGF was growth inhibitory
in this particular experiment and caused a 50% decrease in the
number of cells on day 7. Therefore, the degradation rate was
2-fold higher on a per cell basis in the presence of the growth
factor. Once again, the presence of plasminogen resulted in a
marked increase in the rate of matrix dissolution.

The neoplastic cells were lysed with 25 HIM NH4OH at the
conclusion of the experiments shown in Fig. 1, and the residual
matrices were treated first with trypsin and then with collagen
ase to determine which matrix components had been digested
by the tumorigenic cells. These matrices contained glycopro
teins such as laminin and fibronectin as well as several collagen
isotypes: type I, 18%; type III, 27%; type IV, 7%; and type V,
48% (21 ). The results confirmed that lower levels of degradation
occurred in serum-free medium alone, relative to medium sup
plemented with plasminogen, for both the more invasive EJ
cells and the less invasive RT4 cells (Fig. 2, A and B, respec
tively). Low levels of glycoprotein breakdown were observed in
serum-free medium alone, and these levels were increased mark
edly by the addition of plasminogen to the medium. Little
collagen degradation occurred regardless of the presence or
absence of plasminogen and EGF did not have a significant
effect on the amount of each matrix component digested.

Degradation of Extracellular Matrices by Actively Growing
Normal Urothelial Cells. The degradation of matrices by ac
tively growing normal urothelial cells was next investigated
(Fig. 3). Normal cells were seeded at 2 x IO5cells onto radio-

labeled matrices and, after 6 days of incubation, 5.3 Â±0.4 x
IO5cells were present whether or not the medium was supple-
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Fig. 1. Degradation of extracellular matrix by neoplastic urothelial cells.
Neoplastic urothelial cells (2 x 10* EJ and 4x10' RT4) were plated onto 35-

mm dishes coated with a radiolabeled bovine endothelial cell (V2C12) matrix
containing approximately 100,000 cpm/dish, in serum-free medium alone (D),
serum-free medium supplemented with 50 ng/ml EGF (O), serum-free medium
supplemented with 4 /jg/ml plasminogen (â€¢).or serum-free medium supple
mented with 4 ng/ml plasminogen and 50 ng/ml EGF (â€¢).The radioactivity
released into the medium was measured before each medium change and the
cumulative release plotted against time. Each point represents the average from
three dishes which, in general, did not differ from each other by more than 10%.
I, EJ cells; B, RT4 cells. The first point was taken after the dishes had incubated

24 h in serum-free medium and 0.05% SBT1, at which time the medium was
changed and the various experimental media were added. At the end of the
experiment, one dish with and one without EGF were counted using a Coulter
counter. EJ cells seeded in serum-free medium with plasminogen had 4.2 x 10'
cells, with plasminogen and EGF, 1.7 x 10*cells. RT4 cells seeded in serum-free
medium had 3.7 x 10' cells and with EGF added, 1.6 x IO6cells. Similar results

were obtained when the experiment was repeated.

mented with EGF. The time course analysis of matrix degra
dation revealed that low levels of breakdown products were
present in serum-free cultures and that the presence of plasmin
ogen resulted in a large increase in the rate of degradation (Fig.
3). Adding EGF to the serum-free medium did not influence
the rate of degradation. However, when EGF was added to
medium supplemented with plasminogen, the amount of matrix
degradation was greater than that with plasminogen alone.
Similar results were obtained with two other independently

Plsg Plsg . EGF

Additions to Sarum-treÂ«Medium

Fig. 2. Analysis of matrix components degraded by neoplastic urothelial cells.
At the completion of the experiment in Fig. 1, the residual extracellular matrix
was analyzed by sequential enzyme digestion with trypsin and collagenase for EJ
(A) and RT4 (B) cells. Results are reported for triplicate dishes (+SD) for the
percentage of each component digested. Similar results were obtained in an
independent experiment. Plsg, plasminogen. â€¢¿�.glycoproteins: D, collagen.

derived normal urothelial cell strains. The observation that the
normal cells digested more matrix than the neoplastic cells was
unexpected (compare Figs. 1 and 3), and on a per cell basis this
amounted to a 6- to 14-fold difference.

The analysis of matrix breakdown products revealed low
levels of glycoprotein and collagen degradation in serum-free
medium; however, there was an extensive amount of both
glycoprotein and collagen digestion in plasminogen-supple-
mented cultures (Fig. 4). While the large increase in glycopro
tein breakdown also had been observed with the carcinoma cells
(Fig. 2), the increase in collagenolytic activity was unique to
the normal urothelial cells. Since the collagenase activity was
the major difference between the normal and neoplastic uro
thelial cells, it probably was responsible for the overall increase
in matrix degradation by the normal cells. Further, when com
pared to the neoplastic cells, the normal urothelial cells digested
more glycoproteins and collagen in response to EGF in plas-
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Fig. 3. Degradation of extracellular matrix by normal urothelial cells. The
experiment was carried out as for Fig. 1, using normal urothelial cells and
radiolabeled bovine endothelial matrix which had approximately 100,000 cpm/
dish. The cells were derived from a fetal ureter and were at their fourth passage
in culture. They were seeded at 2 x IO5cells/35-mm dish and grown in serum-
free medium alone (G), serum-free medium supplemented with 50 ng/ml EGF
(O), serum-free medium supplemented with 4 Mg/ml plasminogen (â€¢).or serum-
free medium supplemented with 4 /Â¿g/mlplasminogen and 50 ng/ml EGF (â€¢).
The radioactivity released into the medium was measured before each medium
change and the cumulative release plotted against time. Each point represents the
average from three dishes which, in general, did not differ from each other by
more than 10%. The first point was taken after the dishes had incubated 24 h
under the specific medium conditions. At the end of the experiment the cell
numbers were determined and found to be 5.3 Â±0.4 X 10*for all four experimental

conditions. Similar results were obtained in two other experiments utilizing
independently derived normal urothelial cell strains.

80 -i

E
40 -

20 -

None EGF Plsg Plsg + EGF

Additions to Serum-free Medium

Fig. 4. Analysis of matrix components degraded by normal urothelial cells.
At the completion of the experiment in Fig. 3, the residual extracellular matrix
was analyzed by sequential enzyme digestion with trypsin and collagenase. Results
are reported for triplicate dishes (+SD) for the percentage of each component
digested. Similar results were obtained in an independent experiment. Plsg,
plasminogen. â€¢¿�,glycoprotein; D, collagen.

minogen-supplemented medium.
A similar set of experiments was performed utilizing a rat

smooth muscle matrix which contained elastin in addition to
glycoproteins and collagen (22). The normal urothelial cells
degraded all of the matrix constituents including elastin to a
greater extent than the neoplastic cells (results not shown), as

Fig. 5. Degradation of rat smooth muscle matrix by normal urothelial cells.
Photomicrograph (x 100) of residual rat smooth muscle matrix digested by
normal urothelial cells. Cells were grown for 5 days on dishes coated with rat
smooth muscle matrix in the presence of 4 fig/ml plasminogen and 50 ng/ml
EGF. Cells were then lysed in 25 IHM NH4OH, allowing visualization of the
remaining matrix, which had been extensively degraded.
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Fig. 6. Degradation of extracellular matrix by confluent normal urothelial
cells. Normal urothelial cells (5 x 10s) were seeded in 35-mm dishes and grown

to confluence for 5 days in the presence of 0.05% SBTI on matrices, as described
in Fig. 1. The inhibitor was then removed and the cells were grown in serum-free
medium alone (D), serum-free medium supplemented with 50 ng/ml EGF (O),
serum-free medium supplemented with 4 ^g/ml plasminogen (â€¢),or serum-free
medium supplemented with 4 ng/ml plasminogen and 50 ng/ml EGF (â€¢).Release
of radioactivity was measured on days 1, 3, and 5 prior to the addition of the test
medium on day 5 (arrow) and then daily for the next 3 consecutive days. The
average from triplicate dishes, which in general did not differ from one another
by more than 10%, was plotted against time. At the conclusion of the experiment,
cell numbers were determined and found to be 1.6 Â±0.2 x 10' for all four

experimental conditions.

seen previously in the experiments using endothelial matrices.
The aggressive degradation of matrix by normal urothelial cells
could be observed directly under the microscope (Fig. 5). Large
holes were made in the matrix preparations directly under
outgrowths of these cells, suggesting that the most active deg
radation occurred in the pericellular area.

Degradation of Extracellular Matrices by Confluent Normal
and Neoplastic Urothelial Cells. Since tPA activity can be stim
ulated by EGF in confluent cultures of normal urothelial cells
(10), we measured the degradative activity of the cells and its
modulation by EGF at confluence (Fig. 6). Normal urothelial
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cells were seeded at 5 x IO5 cells/35-mm dish and grown to

confluence in the presence of trypsin inhibitor to prevent matrix
degradation by the dividing cells. No appreciable matrix deg
radation occurred during that time period (Fig. 6, days 1, 3,
and 5). The inhibitor was then removed on day 5, EGF or
plasminogen was added (Fig. 6, arrow), and the subsequent rate
of degradation was determined. Low levels of matrix dissolution
were observed in serum-free medium with or without EGF, and
the addition of plasminogen to the medium resulted in a large
increase in the rate of matrix degradation. When the medium
was supplemented with both plasminogen and EGF. the normal
urothelial cells degraded almost the entire matrix. Thus, allow
ing the cells to reach confluence before adding EGF and plas
minogen to the medium accentuated the effect of EGF on the
ability of the normal cells to degrade matrices in the presence
of plasminogen. The cell number present under all conditions
was 1.6 Â±0.2 x IO6at the end of the experiment. Examination

of the residual endothelial matrix components revealed that
very little glycoprotein or collagen dissolution occurred if the
medium was not supplemented with plasminogen (Fig. 7). The
addition of plasminogen resulted in increased digestion of both
these products, which was stimulated further by the presence
of EGF in the medium. Similar results were not apparent when
confluent carcinoma cells were utilized (results not shown),
which is consistent with the earlier results of Dubeau et al. ( 10).
These results demonstrated that the regulation of PA produc
tion by cell density and its subsequent modulation by EGF were
able to effect a change in the ability of the normal urothelial
cells to degrade complex extracellular matrices.

Substrate Gel Analysis of Gelatinase Activity Associated with
Normal and Neoplastic Urothelial Cells. Gelatinases are capable
of degrading denatured collagen and are thought to act syner-
gistically with collagenases (26). The normal and neoplastic
urothelial cells, therefore, were analyzed for gelatinolytic activ
ity using substrate gels. Two different strains were examined
under conditions of logarithmic growth and confluence. Super
natant medium was collected from each strain after 24 h of
logarithmic phase growth and analyzed by gel analysis. Both
strains were morphologically similar but the dish with strain 1
had a slightly higher cell number, containing 1.5 times as many
cells as the dish with strain 2. Strain 1 (Fig. 8/4, lanes 7, 2, 6,
and 7) produced a single detectable gelatinase in serum-free
medium (Fig. 8/4, lane 1) and was not responsive to EGF (Fig.
8-4, lane 2). Supplementing the medium with plasminogen or
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Fig. 7. Analysis or matrix components degraded by monolayer urothelial cells.
At the completion of the experiment in Fig. 6. the residual extracellular matrix
was analyzed by sequential enzyme digestion with trypsin and collagenase. Results
are reported for triplicate dishes (+SD) for the percentage of each component
digested. Plsg, plasminogen. â€¢¿�.glycoproteins; D, collagen.

205Â»-

116 :
93 l

29Â»-

B

205Â»

66 Â»â€¢

29Â»

45Â»-

Fig. 8. Secreted gelatinolytic activity of logarithmically grow ing and confluent
normal urothelial cells. Two different normal urothelial cell strains (strain I.
lanes I, 2, 6, and 7; strain 2, lanes 3, 4. 8, and 9) were grown for 24 h in serum-
free medium alone (lanes I and 3), in serum-free medium supplemented with 50
ng/ml EGF (lanes 2 and 4). in serum-free medium supplemented with 4 /jg/ml
plasminogen (lanes d and <?),or in serum-free medium supplemented with 4 fig/
ml plasminogen and 50 ng/ml EGF (lanes 7 and 9). Unconcentrated conditioned
media were assayed directly from each dish in the absence (A) or presence (B) of
10 HIMEDTA. Strain 1 had 1.5 times as many cells as strain 2 in each condition
(288,000 versus 189,000). Normal urothelial cells (strain I) were grown to
confluence (C) in serum-free medium (lanes I and 6: 1.46 x 10*cells), in serum-
free medium with 50 ng/ml EGF (lanes 2 and 7; 1.48 x 10*cells), in serum-free
medium supplemented with 4 Mg/ml plasminogen (lanes 3 and #; 1.46 x 10*
cells), or in serum-free medium supplemented with 4 ,.}_â€¢ml plasminogen and 50
ng/ml EGF (lanes 4 and 9; 1.42 x 10*cells). Unconcentrated conditioned media

(24 h) were assayed directly from each dish and incubated in the absence (lanes
1-4) or presence (lanes 6-9) of 10 mM EDTA. Molecular weight markers were
in lane 5 and their values (x 1000) are indicated.

plasminogen and EGF resulted in the induction of four new
bands in the molecular weight range 70,000-80,000 (Fig. 8/4,

lanes 6 and 7, respectively), which were not inhibited by EDTA
(Fig. SB, lanes I, 2, 6, and 7) and probably corresponded to
plasmin (27, 28). The second strain examined (Fig. 8/4, lanes
3, 4, 8, and 9) responded similarly to culture conditions, with
the exception of the production of low levels of a M, 250,000
band and an increase in activity of the M, 93,000 band found
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in the first strain examined (Fig. 8, A and B, lanes 3, 4, 8, and
9).

The effect of confluence on the production of gelatinases by
these normal urothelial cell strains was also analyzed; however,
the results from only strain 1 are shown (Fig. 8C). At confluence
the cells produced a new, faintly visible, M, 63,000 gelatinase
in serum-free medium (Fig. SC, lane I) or serum-free medium
with EGF (Fig. 8C, lane 2). Both gelaninases were inhibited by
EDTA (Fig. 8C, lanes 6 and 7, respectively), and thus were
metalloproteinases. In the presence of plasminogen, the normal
urothelial cell strains showed new gelatinolytic activities be
tween M, 70,000 and 80,000 (Fig. 8C, lane 3), which probably
corresponded to plasmin since they were not inhibited by EDTA
(Fig. 8C, lane 8) and their molecular weights were in the
expected range for this enzyme (Fig. 8ÃŸ).Additional lower
molecular weight gelatinases which were faintly visible between
M, 50,000 and 30,000 were also activated (Fig. 8C, lane 3) and
were inhibited by EDTA (Fig. 8C, lane 8). The addition of EGF
to the plasminogen-supplemented medium did not change the
production of gelatinases (Fig. 8C, lane 4) and also showed the
same pattern of inhibition by EDTA (Fig. 8C, lane 9). The
induction of the new activities in the presence of plasminogen
coincided with the increase in degradative activities by the
logarithmic (Fig. 3) or confluent (Fig. 6) normal cells and
presumably contributed to the increased degradation rate.

Gelatinase secretion by near confluent neoplastic and normal
urothelial cells, EJ (Fig. 9, lanes 1, 6, and W), RT4 (Fig. 9,
lanes 2, 7, and //), and two normal urothelial strains (Fig. 9,
lanes 3, 8, and 12 and lanes 4, 9, and 13, respectively), was also
analyzed. In serum-free medium the neoplastic cells produced
M, 63,000 and 57,000 gelatinases (Fig. 9, lanes 1 and 2), which
were also secreted by the normal cells; however, they lacked the
high level of production of the Mr 93,000 gelatinase (Fig. 9,
lanes 3 and 4), although the EJ cells did produce it to a lesser
extent (Fig. 9, lane 1). The EJ cells were unique in their
secretion of an additional gelatinase (M, 72,000) in response to
EGF (Fig. 9, lane 6), and neither the RT4 cells nor the two
normal urothelial cell strains responded to EGF (Fig. 9, lanes
7, 8, and 9, respectively). All gelatinases were inhibited by
EDTA (Fig. 9, lanes 10-13). These results demonstrated that
the gelatinases secreted by the neoplastic cells were similar to
those secreted by the normal cells under the same conditions
(Fig. 8C, lanes 3, 4, 8, and 9). The only differences observed
were the high levels of production of the M, 93,000 gelatinase
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Fig. 9. Secreted gelantinolytic activity of confluent normal and neoplastic
urothelial cells. EJ cells (lanes I, 6. and 10). RT4 cells (lanes 2. 7. and //), and
two normal urothelial strains (lanes 3, A, and 12 and lanes 4, 9. and 13,
respectively) were grown to near confluence in serum-free medium for 48 h (lanes
1-4) or in serum-free medium supplemented with 50 ng/ml EGF (lanes 6-13).
The supernatants from these dishes were assayed directly on the substrate gel and
subsequently incubated in either the absence (lanes 1-9) or presence (lanes 10-
13) of 10 mM EDTA. Total protein from each dish was similar for the two normal
urothelial cell strains, and the RT4 and EJ cells had 2 and 4 times the level seen
with urothelial cells, respectively. Molecular weight markers were in lane 5 and
their values (x 1000) are indicated.

by the normal cells, as seen in Fig. 9 (lanes I and 2 versus 3
and 4 and 6 and 7 versus 8 and 9), and the production of a M,
72,000 gelatinase by EJ cells only when grown in the presence
of EGF. Further, no other differences were detected with the
addition of plasminogen or plasminogen with EGF to the
medium (results not shown).

Since the normal and neoplastic urothelial cells secreted
many of the same gelatinases, cell-associated gelatinolytic ac
tivity was assayed to examine other differences in gelatinase
production. Very low levels of membrane-bound gelatinases
were detected and found to be metalloproteases; however, no
differences were observed among the three cell types (results
not shown). Therefore, the major difference between the normal
and neoplastic urothelial cells was the production of a larger
amount of a M, 93,000 gelatinase secreted by the normal cells.
This gelatinase may act synergistically with other enzymes
activated in the presence of plasminogen to enable these cells
to degrade collagen, as well as matrix glycoproteins, more
effectively than the tumorigenic cells.

Analysis of Type IV Collagenase Activity Secreted by Normal
and Neoplastic Urothelial Cells. The M, 63,000 gelatinase pro
duced by the various cell types had a molecular weight similar
to that of a gelatinase/type IV collagenase already described
(29-31); therefore, it was important to determine directly if the
cells produced any type IV collagenolytic activity. Conditioned
medium from each cell type was assayed for type IV collagenase
activity. Both the normal and neoplastic urothelial cells pro
duced low levels of activity (Table 1) without a substantial
difference in the levels of degradation induced by normal or
transformed cell types. Thus, the invasive ability of the EJ cells
in vivo and noninvasive phenotype of the RT4 and normal
urothelial cells cannot be correlated with differences in type IV
collagenase activity.

DISCUSSION

Many laboratories have examined matrix degradation and its
regulation by normal and neoplastic cells (3, 5, 16-18, 32, 33).

The interpretation of these results has often been complicated
by the presence of serum, which may contain factors regulating
degradation. The development of a serum-free, chemically de
fined medium which supports the active growth of urothelial
cells allowed us to examine more precisely the factors regulating
matrix degradation in vitro.

The two tumorgenic cell lines used in these studies had
previously been examined for their invasive potentials by trans-
urethral injection into nude mice; the RT4 cells developed
noninvasive tumors whereas the EJ cells were invasive and
metastic (14). The observation that the more invasive EJ cell
line and the less invasive RT4 cell line displayed similar deg
radative abilities was unexpected and suggested that, although

Table 1 Type I y collagen digestion by conditioned medium from normal and
neoplastic urothelial cells

Conditioned medium from the neoplastic cells and from two different normal
urothelial cell strains grown in serum-free medium was activated with trypsin and
then assayed for type IV collagenase activity. Results are reported for duplicate
dishes from a single experiment and are expressed as percentage of radioactivity
released from dishes containing approximately 2900 cpm of labeled type IV
collagen from the dish.

Cell type

Type IV
collagen released

EJ
RT4
Normal cells
Normal cells

1.1
5.8
2.9
2.2
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both cell lines have similar degradative potentials in vitro, other
factors not present in our in vitro model must be operating in
vivo to limit the invasion by the RT4 cells (14). Normal uro-
thelial cells and these tumorigenic derivatives all showed low
levels of matrix dissolution in defined medium alone: however,
the surprising result that we obtained was that in the presence
of plasminogen the normal urothelial cells degraded the matrix
more avidly than either neoplastic cell line. Further, since the
oncogenic cells grew faster than their normal counterparts, the
results were even more significant on a per cell basis. These
results contradict the assumption that an invasive cell would
degrade matrix proteins more aggressively in vitro and question
the generality of correlating in vivo invasive ability with in vitro
connective tissue breakdown. Analysis of the degradation prod
ucts revealed that normal and neoplastic cells caused similar
levels of glycoprotein breakdown but that only the normal cells
degraded substantial quantities of collagen, which was espe
cially pronounced in the presence of plasminogen. Further, the
increased degradative activity of the normal urothelial cells
corresponded to higher levels of gelatinase secretion.

It is uncertain whether the normal urothelial cells produce
high levels of degradative activity in vivo. Since the cells are
derived from fetal tissue, it is possible that only the fetal cells
and not their adult counterparts secrete proteases that modify
their environment during migration. Dubeau et al. ( 10) observed
that tPA was associated to a greater extent with the apical
urothelial cells than with the basal ones in fetal ureters; there
fore, the normal cells may secrete proteases into the urine to
degrade proteins, such as growth factors or proteases, as a
means of removing them from contact with the urothelium. If
this were true then the adult cells might also produce high
levels of tPA for this purpose. The production of high levels of
plasminogen activator and collagenase by normal adult uro
thelial cells might also be important in maintaining bladder
homeostasis. Since the bladder undergoes constant expansion
and contraction with the filling and voiding of urine, proteases
may be utilized, and under tight regulation, to modify the
architecture of the bladder wall. Therefore, although the high
levels of degradative activity associated with the normal uro
thelial cells were unexpected, the cells may secrete proteases
under tight regulation in vivo for maintaining the normal func
tioning of the bladder.

Gelatinases have been shown to degrade type V collagen (29),
which is the primary isotype found in the matrix used in our
studies (21). These enzymes may also contribute to the degra
dation process not only by degrading matrix proteins but also
by exposing substrates which other proteases could then digest
(5, 6, 34). Plasmin may also play a significant role in matrix
dissolution, because it can degrade type V collagen (5) or
glycoproteins, which would expose other collagen isotypes for
attack by various enzymes (3, 35), and it can activate procolla-
genases (36, 37).

Although the substrate gel analysis does not distinguish be
tween gelatinases and collagenases, many of the lower molecu
lar weight gelatinases activated in the presence of plasminogen
possess characteristics of collagenases (38). These proteases
have been described as metalloproteases which are inhibited by
EDTA, function at neutral pH to degrade collagen and gelatin,
and have molecular weights in the range of 25,000 to 60,000
(39-42). Some collagenolytic activity has also been demon
strated to be membrane bound (43, 44) and may represent the
activity detected in cell lysates. Both the neoplastic and normal
urothelial cells produced similar levels of a M, 63,000 gela
tinase, which is near the molecular weight value established for

a type IV collagenase (30, 31, 45), and degraded purified type
IV collagen to similar extents.

Normal urothelial cells produced a M, 93,000 gelatinase/
type IV collagenase (46) to a greater extent than either neo
plastic cell line. The production of this gelatinase has typically
been observed in transformed invasive cells (46, 47), although
neutrophils also secrete it (48). However, our data show that
results correlating invasion and secretion of this enzyme cannot
be generalized. Our model system may also imply that the
normal urothelial cells are under strong regulatory signals in
vivo to prevent or neutralize the activities of such an enzyme.

One possible mechanism regulating proteolytic expression in
vivo could be cell-cell contact; therefore, we compared logarith
mic phase and monolayer normal urothelial cells. Logarithmi
cally growing normal uroepithelial cells are not seen in vivo
under normal conditions (49); therefore, our confluent cells are
probably more representative of the in vivo condition. The
confluent cells secreted two additional gelatinases, which was
unexpected because proteolytic activation has been correlated
with actively growing rather than with growth-arrested cells
(50). These cells also showed an increased responsiveness in
PA production (10) and matrix degradation when EOF was
present. One explanation for the lack of a response to EGF by
the neoplastic cells was that these cells secrete EGF or an EGF-
like molecule which had down-regulated the receptor. We have
examined the EJ cells for growth factor production and found
that, although they produced an autocrine growth factor, it was
not EGF or an EGF-like molecule.4 The responsiveness of the

normal urothelial cells to EGF may or may not be generalized
to other growth factors which might regulate protease produc
tion and extracellular matrix degradation. However, since the
uroepithelial cells are exposed to numerous growth factors
present in the urine and there is a precedent for growth factor
control of PA activity (10, 51-53), other growth factors need
to be examined for their potential role in the modulation of
matrix degradation.

Factors in the extracellular matrix also may contribute to the
regulation of protease production in vivo. Recent work from
this laboratory (54) has demonstrated that EJ cells, and not
normal urothelial cells, were highly stimulated to grow in the
presence of medium conditioned by bladder fibroblasts. It is
possible that the normal uroepithelial cells are subject to fibro-
blast-derived factors for the regulation of secretion of proteases
and that the EJ cells not only have escaped from this control
mechanism but also utilized some fibroblast factors to enhance
their growth. Further, protease inhibitors or factors which
regulate inhibitors may be produced by fibroblasts and may
regulate the proteolytic activity of the normal and RT4 cells,
but not of the EJ cells, in vivo. Additional work will examine
this aspect of regulation of matrix degradation by normal
urothelial cells.

In summary, our work failed to show any correlation between
absolute levels of matrix degradation by urothelial cells in vitro
and invasive abilities in vivo. However, the degradative activity
of normal cells was more responsive to EGF and cell density
than that of the neoplastic cells. This suggests that aberrant
responses to regulatory stimuli may be more significant in
predicting invasiveness in vivo than absolute levels of proteolytic
activities.
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