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of enzymes normally involved in matrix remodeling. These
findings implicate that cultured tumor cells, especially those
from cell lines of high passage numbers, may no longer be true
representatives of their originating, solid tumors.

The purpose of the present study was (a) to assess the net
action of tumor-derived enzymes on intact connective tissue
matrices in a well-defined epithelial tumor system ofrat urinary
bladder carcinomas, (b) to investigate the qualitative and quan
titative differences in the expression of matrix-degrading en
zymes from solid tumors and corresponding tumor cell lines of
high and low passage numbers, and (c) to quantitatively com
pare enzyme activity levels with tumor cell invasiveness. Toward
that end, we utilized in our enzyme assays substrates represent
ative of loose and dense host connective tissue matrices (i.e.,
fibrillar collagen type I, homogenates of rat tail tendon, ho
mogenates of bovine anterior lens capsule basement mem
brane). These substrates were used in assays that were sensitive,
were quantitative, and allowed for the direct examination of
degradation products (30). In addition, we performed many of
our enzyme assays at 37C. At this temperature, a large portion
of soluble collagen molecules denatured to gelatin and became
susceptible to the action of many nonspecific proteolytic en
zymes (31â€”33).These matrix-degrading enzyme activities were
compared with the invasiveness of the corresponding tumor
cells, utilizing sensitive in vivo and in vitro invasion assays.

MATERIALS AND METhODS

Tumor Cell System. The cells used for this study were derived from
a metastatic, chemical carcinogen (N-(4-(5-nitro-2-furyl)-2-thiazolyl@
formamide)-induced tumor of the Fischer rat urinary bladder, desig
nated RBTCC-8 (34). This cell line was grown in continuous culture
for over 5 years (passage number, >100). To generate solid tumors, 10-
day-old syngeneic rats were given i.p. injections ofRBTCC-8 carcinoma
cells (1 x 106cells/0.2 ml PBS3/rat). Rats were sacrificed 14 to 30 days
after infection of the tumor cells. A small, nonnecrotic tumor nodule
harvested from the mesentery served to establish the daughter cell line
l-RBTCC-8. The fourth passage of l-RBTCC-8 was used for enzyme
and invasion analyses. The growth characteristics of these rat bladder
carcinoma cell lines in culture and in syngeneichosts were described in
detail elsewhere (34).

In Vivo Rat Bone Invasion Assay. This invasion assay method relies
on the degradation of developingrat bone by adjacent tumor masses in
vivo (34). RBTCC-8 carcinoma cells (1 x 10' cells/0.1 ml PBS/rat)
were injected adjacent to the femoral metaphysis of 10-day-old synge
neic rats. Inoculated rats were examined at weekly intervals for tumor
growth. Tumor isografts, 2 to 3 cm in diameter, were X-rayedand then
excisedtogether with the femur. Tissue samples containing tumor-bone
interfaces were processed for routine light microscopic examination.
The degree of destruction of rat femoral bone served as a measure of
the invasivepotential of the tumor cells.

In Vitro @Ca-labelodFetal Rat Bone Invasion Assay. This assay
system is a modification of that used by Raisz and Niemann (35) and

3 The abbreviations used are: PBS, Dulbecco's phosphate-buffered saline;
DME, Dulbecco'smodifiedEagle'smedium;TNC buffer,50 mMTris-HCIbuffer,
pH 7.5, containing 1 M NaCI and 5 m@tCaCI2;SDS, sodium dodecylsulfate;
PAGE, polyacrylamidegel electrophoresis;EGTA, ethyleneglycolbis(fl-amino
ethyl ether)-N,N,N',N'-tetraaceticacid.
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The invasiveRBTCC-8rat bladder carcinomacell line (passage num
her, >100) and its denvates, the RBTCC-8 tumor isografts and the 1-
RBTCC-8daughter cell line (fourth passage), express proteolyticactivi
ties of broad substrate specificity,whichallowthem to efficientlydegrade
extracellular (collagenous) matrices. Cell-associated, collagenolytic activ
ity is evidencedby the release of hydroxyprolinefromcollagensubstrates
of types I and IV, by visualizing the low-molecular-weightcollagen
breakdownproducts on sodiumdodecylsulfate-polyacrylamidegels, and
by the depth of invasioninto extracellular matrices in our bone invasion
assays. Fractionated by diethylaminoethyl column chromatography, the
major collagenolyticactivitiesagainst collagensof types I and IV coelute
in a relativelynarrow peak withina NaCIgradient. The pooledcollagen
olytic diethylaminoethyl fractions contain: (a) two chymotrypsin-like,
catheptic acflvities (b) activity against a synthetic elastase substrate (c)
gelatinase activity; and (to caseinolytic activity. Despite efficient colla
genolysis, a vertebrate-type collagenase cannot be detected in any of our
tumor samples, even after trypsin activation of the tumor cell extracts.
The mechanismof action of these nonspecificproteinases is thought to
be that of collagenâ€œcrosslinkases.â€•The neutral proteinase activities are
highest in RBTCC-8 tumor isografts, intermediate in the fourth passage
l-RBTCC-8 carcinoma cell line, and lowest in the RBTCC-8carcinoma
cell line of high passage number.The levelsof these nonspecificenzyme
activities are well correlated with the depth ofinvasion into bony matrices,
as shown by our invasionassays.

INTRODUCTION

Preceding metastasis, tumor cells must penetrate various host
connective tissue barriers. Many investigators have suggested
that this process can be facilitated by specific, connective tissue
degrading enzymes (1â€”6).The presence of these enzymes at the
tumor-stroma interface supports their role in invasiveness,
whether the enzymes are of tumor cell origin or result from
tumor-host interactions (7â€”12).Specific enzymes associated
with tumor invasion include: (a) collagenases which degrade
intersitial collagens of types I, II, and III, or basement mem
brane collagen type IV (1â€”4,13â€”15);(b) plasminogen activator
(16â€”19);(c)elastase(20â€”22);(d)acidiccathepsinssuchas
cathespsins B, H, and L (7, 9, 23, 24); (e) mast cell chymase
(25); and (1) glycosidases (6) including hyaluronidases (26)
and a heparitinase (27). The expression of these enzymes in
tumor cells appears as varied as the tumors which have thus far
been studied. In all of the reports cited above, each tumor type
expresses an individual profile of enzymes. Additional differ
ences are observed in those studies, which have been performed
on cells in culture. It has been found that expression of some
enzymes may be suppressed or lost in cell lines kept in culture
for many passages (24, 28, 29); alternatively, it is conceivable
that long-term culture may restore in tumor cells the expression
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COLLAGENOL'tSIS BY INVASIVE RAT BLADDER CARCINOMAS

Horton et a!. (36). It uses â€˜Ca-labeled fetal rat bone and tumor cells
(RBTCC-8 or l-RBTCC-8 carcinoma cells) in combined organâ€”cell
culture. Paired shafts ofthe radius and ulna from 19-day-old rat fetuses,
radiolabeled by injection of the mother with 250 pCi of 45Ca (New
England Nuclear, Boston, MA) on the previous day, were placed
individually into round-bottomed wells of a 96-well plate. They were
incubated for I 8 h in several changes of ice-cold, distilled water, which
served to kill bone cells and to remove exchangeable 45Ca. Bones were
extensively washed in assay medium IDME medium, supplemented
with bovine serum albumin (I mg/mI), I mM L-glutamine, penicillin G
(100 units/mI), and streptomycin (50 zg/ml)J. Tumor cells (5 x iO@/
200 MI of fresh assay medium) were then added to each bone, and the
plates were centrifuged at 500 rpm for 10 mm in order to ensure
intimate contact between tumor cells and bone. Bone shafts were
cultured in the presence oftumor cells for 144 h at 37'C in a humidified
505f C02/air atmosphere with appropriate transfers into fresh assay

medium every 48 h. The degree of bone resorption (osteolysis) in each
experiment was indicated by the average percentage of depletion of
â€˜Cafrom four pairs of radiolabeled fetal rat bones

S 4@ â€˜ 100 x cpm medium

Ce of -Ca depletion/bone =
cpm medium + cpm bone

utilizing liquid scintillation spectrometry (36). The depth of tumor cell
invasion into bone was visualized by routine electron microscopic
analyses.

Preparation of Cultured Tumor Cells for Enzyme Analyses. For en
zyme analyses. tumor cells were seeded at 1.5 X iO@cells into 850-cm2
roller bottles. Cells were grown in DME medium supplemented with
l0@@fetal bovine serum, penicillin G (100 units/mI), and streptomycin
(50 @g/ml). Cells were incubated at 37C in a humidified 5% CO2/air
atmosphere. Medium was replaced every 48 h. Twenty-four h before
harvest. at a late logarithmic growth phase, cells were washed repeatedly
with serum-free DME and incubated overnight in fresh serum-free
DrslE. Cells were then removed by scraping from the plastic growth
surface with a rubber policeman and pelleted by centrifugation at 500
x g. Cell pellets were suspended in 2 pellet-volumes ofTNC buffer and
disrupted using a sonicator (Model 18-850; VirSonic, Gardiner, NY)
at 60@ power for four I 5-s bursts. Cell debris was pelleted by centrif
tigation (27,000 x g, 10 mm; 4'C). The supernatant bufferwas removed
and reserved. The pellet was resuspended in the same volume of TNC
buffer as in the previous step and recentrifuged. The combined super
natants of the extractions were used as whole tumor cell extracts for
enzyme analyses. Extracts from human polymorphonuclear leukocytes,
prepared in a manner identical to that for the tumor cell extracts, were
used for comparative purposes in some of our enzyme analyses.

For time course studies, replicate 75-cm2 flasks were seeded at a
density of 6 x l0@ cells and grown as described above. On days I, 2, 3,4.and5ofincubation.10flaskswerewashedwithserum-freeDME
and transferred to fresh, serum-free medium. Cells thus treated were
cultured for 24 h in serum-free medium before harvesting and enzyme
analyses. Cell extracts were prepared for enzyme analyses as described
above. Pooled. conditioned media from 10 flasks were adjusted to 1 M
NaCI and 5 mM CaCI2 and then used immediately (or after trypsin
activation to detect latent vertebrate-type collagenase) for enzyme anal
yses.

Preparation of Solid Tumors for EnzymeAnalyses.Ten-day-old male
or female Fischer rats were given i.p. injections of RBTCC-8 carcinoma
cclls (I x 106/0.2 ml PBS/rat). Rats were sacrificed by etherization at
14 to 30 days after tumor cell inoculation (34). The abdomen was
opened aseptically, and discrete, nonnecrotic tumor nodules (1â€”5mm
in diameter) were collected from the mesenteries, peritoneal wall, and
diaphragm. Tumors were washed 3 times in I 0 ml cold PBS, containing
heparin (50 units/mI). Adherent blood vessels and connective tissues
were removed. Tumors were minced into 1-mm3 pieces and suspended
in TNC buffer (2 ml/g wet tumor weight). Suspensions were homoge
nized for 1 mm using a tissue mixer (Tekmar, Model SDT) followed
by sonication (5 times for I 5 s on ice) using a VirSonic sonicator at
60@ power. Cell debris was pelleted by centrifugation (27,000 x g, 10
mm), resuspended in the same TNC buffer (2 ml/g wet weight), and
recentrifuged. The combined supernatant material, termed crude tumor

extract, was used for enzyme analyses.
DEAE Fractionation of Tumor Cell Extracts. Tumor cell extracts

(160 mg protein/7 ml) were poured onto a DEAE-cellulose (Sigma
Chemical Co., St. Louis, MO) column (2.5 x 40 cm) equlibrated with
20 m@i Tris-HCI buffer, pH 8.6, containing 5 mrvi CaC12. The column
was washed with 100 ml of the same buffer and then eluted with 300
ml ofa linear NaCI gradient (0â€”0.5M).Four-mi fractions werecollected
and assayed for neutral catheptic, elastolytic, and collagenolytic activi
ties as described below.

EnzymeAssays UsingCollagenousSubstrates. Collagenolyticactivity
against type I collagen was assayed using as substrates suspensions rat
tail tendon homogenates as well as purified rat tail tendon collagen.
Tail tendons obtained from 2- to 3-month-old rats, were minced and
washed with two changes of cold distilled water. Homogenates were
prepared in a glass-to-glass Potter-Elvehjem homogenizer, filtered
through a 60 mesh stainless steel sieve, and suspended at 2 mg/mI in
TNC buffer. Acidâ€”solublecollagen was prepared by the method of
Birkedal-Hanson and Dano (37) and the purity was ascertained by
SDS-PAGE (38).The collagencontent ofthe preparation wasestimated
by hydroxyproline determination as described by Schwartz et a!. (39).
Dried collagen samples (not over 50 @gof hydroxyproline) were hydro
lyzed in 50 @olof 4 N NaOH (120C; 10 mm) and then adjusted to pH
6.0 with 1.4 N citric acid. Chloramine-T solution (I ml; Sigma) was
mixed with each sample and the mixture was incubated at room
temperature. After 20 mm, I ml of a freshly prepared aldehyde/
perchloric acid solution 115 g ofp-dimethylaminobenzol (Sigma) in 62
ml of n-propyl alcohol and 26 ml of 60% perchloric acidj was added.
The sample was incubated in a water bath at 65'C. Full color develop
ment occurred after I 5 mm, at which time absorbance was read at 550
nm and compared with hydroxyproline standards. 3H-Labeled collagen
was prepared by acetylation of acid-soluble collagen with I3Hlacetic
anhydride (400 mCi/mmol; New England Nuclear) according to the
method of Glissow and McBride (40). The acetylated collagen had a
specific activity of 4 x l0@cpm/mg protein.

Triplicate enzyme assays, each containing 200 @gof collagen and
tumor extracts (0.5â€”2 mg protein/mI) or conditioned media in I 20 @zl
of TNC buffer, were incubated for various periods of time at 3TC or
22C. Reactions were terminated by centrifugation (10,000 x g, IS
mm), when homogenized rat tail tendons were used as substrate, and
by the addition ofcold 5% trichloroacetic acid, when extracted collagen
was used as substrate. To detect latent vertebrate-type collagenase, cell
extracts and conditioned media were also assayed after trypsin activa
tion (41). For this purpose, samples were incubated with bovine pan
creatic trypsin (0.3 mg/mI of activation mixture) for 1 mm at 25C.
The activation process was stopped with soybean trypsin inhibitor (1.5
mg/mI).

The collagenolytic activity was quantitated by scintillation counting
of released 3H-labeled peptides or by estimating the solubilized hy
droxyproline content as described above (39). Collagen degradation
products were visualized by SDS-PAGE (38).

Basement membrane degradation was determined using homoge
nates of bovine anterior lens capsules. Capsules were dissected from
freshly obtained eyes of 18-month-old bovines as described previously
(42), suspended in distilled water without enzyme inhibitors, and
washed repeatedly to disrupt capsular epithelium and adherent lens
fibrocytes.The capsules were homogenized to a fine particulate suspen
sion in a glass-to-glass Potter-Elvehjem homogenizer, repeatedly
washed with distilled water to remove residual debris, and then sus
pended in TNC buffer. The capsule homogenates were used as solid
substrate in that form or after labeling with (3Hjacetic anhydride (400
mCi/mmol; New England Nuclear) (30). Quality control, assay condi
tions, and quantitative analyses were similar to those described for rat
tail tendon homogenates.

EnzymeAssays Using NoncollagenousSubstrates. Enzyme activities
were measured by well-established and standardized assay procedures
at 37'C. Each enzyme activity was measured in triplicate assays. En
zyme activities in crude extracts (or conditioned media) were generally
measured at a concentration range of 0.5 to 2 mg protein/mI extract in
TNC assay buffer. The exact quantity of the extract was adjusted so
that the resulting activity fell within the linear range of the enzyme
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Fetal rat bones were cocultured with5 x 10' tumor cells for 144h.Cell

line%
of 45Ca released from
dead fetal ratboneRBTCC-8

cell line
No cells9.01

Â±0.87a
5.53 Â±0.54l-RBTCC-8

cell line
No cells49.99

Â±4.54
4.25 Â±0.34a

Mean Â±SD.
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Fig. 2. Light micrograph of the femur shown in Fig. I displays growth of
RBTCC-8carcinoma cells in the marrow cavity.Tumor cells have replaced the
marrow and there are signs of bone digestion by invasive tumor cells (arrow). x
140.

Table I Release of'Cafrom radiolabeledfetal rat bone by invasive rat bladder
carcinoma cells

assay.
Neutral catheptic activity (for a definition ofcatheptic enzyme activ

ities, see Refs. 31, 33, and 43) was determined by the method of Starkey
and Barrett (44). using the synthetic chymotrypsin substrate N-benzoyl
DL-phenylalanine-@3-flaphthylester (Sigma). Elastolytic activity was as
sayed using insoluble l3Hlelastin (Sigma), prepared by the method of
Takahashi et a!. (45). Activity against the synthetic elastin substrate N-
succinyl-(L-alanine)3-p-nitroanilide (Sigma) was measured according to
the method of Bieth et a!. (46). Caseinolytic activity was determined
using a hydrolyzed casein substrate (Sigma), as described by Reimeides
and Klostermeyer (47). Bacterial collagenase activity was assayed with
the Pz-peptide, 4-phenylazobenzyloxycarbonyl-L-prolyl-L-leucyl-L-gly
cyl-L-prolyl-D-arginine (Sigma), using the method of Wunsch and Hei
drich (48). Substrate concentrations for the various enzyme assays were
selected as described in the original publications for the various enzyme
assay methods.

DNA Assay. Due to the varied character of the three tumor samples
(solid tumors s'ersus cultured tumor cells), measurements of DNA
content were chosen as estimates of the cell numbers. DNA was
determined by the procedure of Schneider (49), using appropriate
standards of calf thymus DNA (Sigma).

RESULTS

In Vivo Bone Invasion by RBTCC-8 Isografts. RBTCC-8
carcinoma cells formed palpable tumors 3 to 4 weeks after
periosseous inoculatin. Tumor cells invaded adjacent connec
tive tissue such as muscle and bone. The metaphysial compact
bone of the femur was penetrated and destroyed in several
places by invasive bladder carcinomas (Fig. 1). Tumor masses
formed within the marrow cavity, encasing bone spicules.
Where tumor cells confronted the bone, lacunar invaginations
were observed (Fig. 2). Eventually bone spicules were com
pletely digested as the tumor mass filled the entire marrow
cavity.

In Vitro Bone Invasion by RBTCC-8 and 1-RBTCC-8 Carci
noma Cells. RBTCC-8 tumor cells (passage number, >100)
were able to release 45Ca from fetal rat bone at a much lower
rate than the l-RBTCC-8 daughter cell line (4th passage).

Fig. 1. X-ray shows destruction (arrow) and penetration (double arrow) of the
femoral compact bone by invasive RBTCC-8 carcinoma (7') 10 weeks after
inoculation of a syngeneic rat with tumor cells. The tumor has invaded the
marrow cavity and grows in the proximal femoral metaphysis. x 2.5.

When RBTCC-8 carcinoma cells were cocultured with dead
fetal rat bone for 144 h, the net 45Ca release was only 3.48%,
compared to 45.74% for l-RBTCC-8 carcinoma cells (Table
1). These findings were supported by electron microscopic
studies, showing little or no destruction of bony matrices by
RBTCC-8 tumor cells (Fig. 3) and extensive erosion and de
struction of bone by 1-RBTCC-8 carcinoma cells (Fig. 4). The
interface between 1-RBTCC-8 cells and bone was rugged and
contained electron-dense, fibrillar material. There were small
bony sequesters characterized by an electron-dense perimeter
and ongoing phagocytosis of this disaggregated matrix.

Degradation of Extracellular, Collagenous Matrices by
RBTCC-8 Carcinoma Cell and Derivates. Collagenolytic activi
ties directed against collagens oftypes I and IV were synthesized
in significant amounts by RBTCC-8 rat bladder carcinoma cells
and its derivates. The activities were cell associated and were
not detectable in untreated or trypsin-activated media of con
fluent tumor cell cultures. Tumor cell extracts solubilized hy
droxyproline from particulate homogenates of rat tail tendons,
reconstituted acid-soluble type I collagen, or homogenates of
bovine anterior lens capsule (basement membrane collagen).
When reaction mixtures that were incubated at 22Â°Cor 37Â°C
were examined by SDS-PAGE, our collagenous substrates were
found to be degraded to low-molecular-weight products (Figs.
5, 6A, and 6B).
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Fig. 4. Invasive I-RBTCC-8 carcinoma cells are grown on fetal rat bone for 6 days. An extremely irregular bone surface and accumulationsof electron-dense
material (arrow) at the tumor cell-bone interface are evidence of bone matrix destruction. x 4900.

The tumor-derived collagenolytic activity directed against
type I collagen did not produce the a@ and c@ breakdown
products (Figs. 5 and 6A) that are characteristic of the action
of vertebrate-type collagenase. This type of collagen cleavage
was at variance with that of an identically prepared extract
from human polymorphonuclear leukocytes, which contained a
mixture of vertebrate-type collagenase, elastase, cathepsin G,
and other undefined proteinases (50). SDS-PAGE of reaction
mixtures containing type I collagen and leukocyte extracts
showed that even in the presence ofa complex enzyme mixture,
the a@and a' fragments could be clearly visualized (Fig. 6C).
These findings indicate that degradation of type I collagen by
extracts from rat bladder carcinoma cells occurs in the absence
of a vertebrate-type collagenase. The inability of EDTA or
EGTA to inhibit the tumor-derived collagenolytic activity fur
ther substantiated absence of vertebrate-type collagenase in our
tumor cell extracts.

In an attempt to further characterize the tumor-derived col
lagenolytic activities directed against collagen types I and IV,
tumor cell extracts were fractionated by DEAE column chro
matography, using a continuous NaCl gradient (0â€”0.5M).
DEAE fractions containing the most potent collagenolytic ac
tivity were identified by visualizing the breakdown of collagen
types I and IV on SDS-polyacrylamide gels (Fig. 7). The major

activity against both types of collagens coeluted at 0.30 to 0.35
M NaCl (hereafter referred to as collagenolytic DEAE frac
tions). The pooled collagenolytic DEAE fractions solubilized
hydroxyproline from particulate homogenates from rat tail
tendons, purified type I rat tail tendon collagen, and particulate
basement membrane homogenates from bovine anterior lens
capsule (Fig. 8). A significantly higher activity was observed in
reaction mixtures containing rat tail tendon homogenates than
in those containing gelled, acid-solubilized, fibrillar collagen,
even though the same enzyme and substrate concentrations
were used (based on protein Lowry). When the pooled collagen
olytic DEAE fractions were analyzed against other enzyme
substrates, they were found to contain the following, neutral
enzyme activities: (a) chymotrypsin-like, catheptic activity, (b)
elastase-like activity (c) gelatinolytic activity; and (d) caseino
lytic activity. The highest levels of these enzyme activities were
expressed by extracts from solid RBTCC-8 tumor isografts,
intermediate levels of enzyme activities were expressed by the
1-RBTCC-8 carcinoma cell line (4th passage), and the lowest
levels of enzyme activities were measured in extracts from the
parental RBTCC-8 carcinoma cell line (jassage number, >100)
(Fig. 9).

Pooled collagenolytic DEAE fractions could be resolved into
two enzyme activities when the synthetic chymotrypsin sub
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Fig. 3. RBTCC-8 carcinoma cells grown for 6 days on fetal rat bone are unable to penetrate the bony matrix (note the smooth tumor cell-bone interface). x 9800.
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COLLAGENOLYSIS BY INVASIVE RAT BLADDER CARCINOMAS

Enzyme Expression during Various Culture Growth Phases.
The expression of catheptic enzyme activity during various
growth phases was analyzed in 1-RBTCC-8 carcinoma cell
cultures. The sum of media and cell layer-associated enzyme
activity, expressed on a per cell basis, remained more or less
constant throughout the various growth phases (Fig. 10). How
ever, there was a notable shift in the distribution of the enzyme
from the medium to the cell layer-associated compartment. In
the early growth phase most of the enzyme appeared in the
culture medium, but with time in culture the enzyme concen
tration gradually declined in favor of accumulation in the cell
layer. In confluent cultures, all the enzyme activity was associ
ated with the cell layer. Identical observations were made for
the collagenolytic activities directed against collagen types I
and IV and the elastase-like enzyme activity.

DISCUSSION

Our data show that extracts from solid tumors or cultured
carcinoma cells derived from the parent RBTCC-8 carcinoma
cell line express a powerful collagenolytic activity, although a
vertebrate-type collagenase was not expressed by any of our
three tumor samples. This is evidenced by a complete lack of
the typical collagenase aA breakdown products in SDS-polyac
rylamide gels and a failure to inhibit this collagenolytic activity
by metalloproteinase inhibitors such as EDTA and EGTA. The
end effect ofthe three tumor extracts on fibrillar type I collagen
and rat tail tendon homogenates was the degradation of these
substrates to low-molecular-weight peptides. In contrast, iden
tically prepared extracts from human polymorphonuclear leu
kocytes, which, among other proteinases, contained a vetebrate
type collagenase, always produced the specific@ collagenase
breakdown products at 22Â°C(50). The collagenolytic activities
expressed by RBTCC-8 or 1-RBTCC-8 carcinoma cells could
be qualitatively correlated with the depth of invasiveness into
bony matrices and quantitatively with the release of 45Ca from
radiolabeled fetal rat bone. 1-RBTCC-8 carcinoma cells (4th
passage) were able to destroy and deeply invade syngeneic rat
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pp@ -@ â€” n â€¢ - â€” - -

Pâ€”L@J@ .
a@@ __@ I@@ . a' _..@@ A

@2@@@ â€”@@ a2@ 1

@ S â€¢L@@ â€¢ .@ I . ,

J@ ,@

@ :@;@

@ ==@ -@

1 2 3 4 5 6 1 2 1 2 3

Fig. 6. SDS-gel electrophoretic pattern of controls and reaction mixtures containing crude extracts prepared from RBTCC-8 tumor isografts (A and B) or crude
polymorphonuclear leukocyte extracts (C) and type I collagen (A and C) or homogenates from anterior lens capsule basement membrane (B). A: Lane 1, RBTCC-8
tumor isograft extract + type I collagen (37T; note the complete disappearance of a and@ bands); Lane 2, RBTCC-8 isograft extract alone (37T); Lane 3, type I
collagen alone (3TC); Lane 4, type I collagen alone (22T); Lane 5, RBTCC-8 tumor isograft extract alone (2TC); Lane 6, RBTCC-8 tumor isograft extract + type I
collagen (22T). B: Lane 1, homogenates of anterior lens capsule basement membrane alone (37T); Lane 2, RBTCC-8 tumor isograft extract + anterior lens capsule
basement membrane (3TC). C: Lane 1, type I collagen alone (2TC); Lane 2, leukocyte extract + type I collagen (22'C; note the c4' and a@cleavage products); Lane
3. leukocyte extract alone (22T). Temperatures in parentheses are indicative ofthe temperatures at which reaction mixtures and controls were incubated before SDS
PAGE. The incubationperiod was6 h.
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Fig. 5. SDS-gel electrophoretic patterns of controls and reaction mixtures

containing RBTCC-8 carcinoma cell and type I collagen (homogenates from rat
tail tendon). The unmodified monomeric, dimeric, and polymeric collagen chains
are designated a,@ and @y,respectively. Lane 1, type I collagen alone; Lane 2,
RBTCC-8cell extracts + type I collagen(37C; note the completedisappearance
of a, f1, and -y bands); Lanes 3, RBTCC-8 cell extracts alone. The incubation
period was 6 h.

strate N-benzoyl-DL-phenylalanine-f3-naphthyl ester was used.
Both catheptic activities were abolished by heat and by the
serine proteinase inhibitors phenylmethylsulfonyl fluoride and
soybean trypsin inhibitor. a1-Antitrypsin, leupeptin, and Tra
sylol were also effective inhibitors, while EGTA, EDTA, and
cysteine had little or no effect (Table 2). A relatively broad peak
of activity that was directed against the synthetic elastase sub
strate N-succinyl-(L-alanine)3-p-nitroanilide existed within the
collagenolytic DEAE fractions, yet no activity was registered
against insoluble elastin. This enzyme activity is similar to that
observed in extracts of human macrophages (5 1) and fibroblasts
(52). Presumably, the catheptic and elastase-like activities were
also responsible for the gelatinolytic and caseinolytic activities
detected in the pooled collagenolytic DEAE fractions.
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Table 2 Inhibitionofcathepiic enzymeactivityInhibitorInhibitor

concentration%
of inhibition relative

tocontrolaEGTA

o-Phenanthroline
Phenylmethylsulfonyl fluoride
Soybean trypsin inhibitor
a,-Antitrypsin
Aprotinin
Pepstatin A
Leupeptin10

mM
10 msi
10 m@i

0.2 mg/mI
0.1 mg/mI
0.1 mg/mI
0.1 mg/mI
0. 1 mg/mI16

(1420)b
26 (20â€”45)
76 (64â€”80)
68 (54â€”73)
69 (58â€”73)
39 (35â€”40)
59 (46â€”64)

5 (3â€”7)
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Fig. 9. Neutral enzyme activity profiles are measured in RBTCC-8 rat bladder
carcinoma cells (passage number, >100) (U); solid, mesenteric RBTCC-8 tumor
isografts (0); and l-RBTCC-8 carcinoma cells (4th passage) ( lJifl@).The highest
levels of enzyme activities are expressed by solid RBTCC-8 tumors, intermediate
levels by l-RBTCC-8 carcinoma cells, and the lowest levels by RBTCC-8 carci
noma cells. Collagenolytic, activity against type I collagen (SC, 200 @ig/l20sal;
EC, 100 zg/I20 sal; IT, 18 h; data expressed as cpm radioactive substrate
solubilized); ALCase, anterior lens capsule basement membrane degrading activity
(SC, 200 @ag/l20 @zI;EC, 100 @g/l2O@zl;IT, 18 h; data expressed as cpm of
radioactive substrate solubilized); Caseinolytic, activity against insoluble, bovine
casein (SC, 2.5 mg/ml; EC, 1 mg/mI; IT, 3 h; data expressedas absorbanceat
280 nm of solubilized peptides); Catheptic, activity against N-benzoyl-DL-phen
ylalanine-$-naphthyl ester (SC. 250 @zM;750 ,@g/ml;IT, 40 mm; data expressed
in @@molof substrate degraded). Values are the means of duplicate determinations
with an average range of>10%. SC, substrate concentration; EC, extract concen
tration; IT, incubation time at 37T.
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Fig. 8. Pooled collagenolytic DEAE fractions (0, 0, t@)or TNC buffer (,â€¢,

A) are incubated for various periods of time at 3TC with homogenates from rat
tail tendon (0, U), reconstituted purified type I collagen (0, â€¢),and homogenates
from bovine anterior lens capsule basement membrane (@, A). The release of
hydroxyproline is measured by the method of Schwartz et aL (39). The percentage
of hydroxyproline released from collagenous substrates is expressed as a function
of the incubation time.

aThesubstrateconcentrationwas250pMfor N-benzoyl-DL-phenylalanine-$
naphthyl ester and the pooled collagenolytic DEAE fraction contained protein
Lowry(500 zg/ml).The incubationperiod was 40 mm.

b Mean and range of quadruplicate determinations.

consisted almost exclusively of tumor cells and only a minor
host connective tissue component (34).

The extensive collagenolysis of our intact, connective tissue
matrices appears to be the result ofa concerted action of several
broadly acting proteinases, e.g., chymotrypsin-like catheptic
and elastase-like enzyme activities. When gross connective tis
sue disruption is needed, as in the case of invading tumor cells,
ubiquitous, less specialized proteinases may be sufficient and,
perhaps, more advantageous to a tumor, than resorting to a
highly specialized enzyme such as vertebrate-type collagenase
to accomplish the process of matrix disruption. This is espe
cially important since vertebrate-type collagenases express low
gelatinolytic activity and have greatly diminished hydrolytic
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Fig. 7. Crude cell extracts obtained from mesenteric RBTCC-8 isografts are

fractionated on a DEAE-cellulose column, utilizing a 0â€”0.5M NaCI gradient.
Every other fraction (4 ml) is incubated with type I collagen (4 h, 3TC) and
cleavage products in reaction mixtures were visualized by SDS-gel electrophoresis.
The collagenolytic DEAE fractions are enclosed by the dashed line (PCA).

bone, causing massive release of 45Ca from bony matrices. In
contrast, the parent RBTCC-8 carcinoma cell line, assayed at a
passage number of well over 100, and expressing significantly
lower levels of enzyme activities than the l-RBTCC-8 carci
noma cell line, was able only to superficially invade dead fetal
rat bone and release insignificant amounts of 45Ca. The higher
levels of enzyme activities expressed by both RBTCC-8 tumor
isografts and 1-RBTCC-8 carcinoma cells, relative to those of
RBTCC-8 carcinoma cells, were most probably the result of an
increased enzyme synthesis and was not caused by contaminat
ing, enzyme-secreting host cells (e.g., fibroblasts). This state
ment is supported by the fact that 1-RBTCC-8 carcinoma cells
consisted of a pure population of tumor cells as evidenced by
rigorous light and electron microscopy studies, as well as by the
fact that the small, solid RBTCC-8 tumor isografts, which
expressed the highest enzyme activities of all tumor samples,
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capabilities on collagen in fiber form (greater than 99% of all
matrix collagens exists in this state) (31â€”33).

The concept that neutral, broadly acting proteinases are
capable of the breakdown of native collagenous substrates is by
no means new (31â€”33,53). The process of type I collagen
degradation does not invoke the action of a vertebrate-type
collagenase but relies on a sequence of events that is initiated
by the action of telopeptide-degrading proteinases. Enzymes
with trypsin, chymotrypsin, or elastase-like activities initiate
the solubilization of fibrillar collagens through cleavages of
cross-link regions, which normally stabilize collagen molecules
(3, 3 1â€”33,37). The extent of solubilization at physiological
temperatures varies with the individual proteinase but is mainly
a function of locally active enzyme concentration and time.
Once dissociated from the fiber, at well below physiological
temperatures, regions of the triple helix are significantly desta
bilized and under many circumstances the entire structure can
undergo complete denaturation (54). A range of melting tem
peratures (TM temperature at which one-half of the collagen
molecules are denatured) between 35Â°C and 42Â°C has been
reported for various monomer preparations and methods of
analysis (55). In the presence ofproteinases such as trypsin, the
melting temperature of collagen monomers can be decreased as
much as 8Â°C,indicating that even for the highest TM reported
(37), a substantial portion of the collagen molecules are dena
tured. The transition from triple helix to gelatin drastically
increases the susceptibility of the molecule to those very cross
link-degrading enzymes which initiated the collagenolysis (31).

Alternatively, the collagenolysis observed in our studies may
be the result of a single, bacterial collagenase-like enzyme
present in the tumor cell extracts, even though we have shown
that the two chromatographically enriched catheptic activities
are able to hydrolyze type I collagen. The possible existence of
such an enzyme in eukaryotes is supported by reports of a
proteinase isolated from crab hepatopancreas which cleaves
native collagen at multiple sites within the helical region (56).
Our extracts from solid tumors and cultured cells were tested
for the presence of Pz-peptidase activity, however with negative
results.

The collagenolytic activity associated with our tumor samples
was consistently more pronounced against particulate homog
enates of rat tail tendons than against gelled, acid-soluble
collagen, although the reaction mixtures were otherwise iden
tical. The possibility exists that proteinases intrinsic to intact,

fibrillar collagen substrates may have enhanced the degradation
of tendon homogenates. Indeed, collagenase and other nonspe
cific proteinases have been reported to be bound to collagen
fibers (32, 41, 57), thus increasing the enzyme concentration in
our assays. In addition, hyaluronidase activity present in our
tumor cell extracts (data not shown) may further serve to lower
the melting temperature of solubilized collagen in our assays as
well as under in vivo conditions, counteracting the effect that
glycosaminoglycans must increase the TM of collagen mono
mers (58).

The enzyme activities of the three tumor samples also pro
duce marked degradation of the insoluble basement membrane
substrate, resulting in the complete hydrolysis of type IV col
lagen and the release ofhydroxyproline. This proteolytic poten
tial would greatly facilitate tumor cell penetration of the vas
cular basement membrane and the entry of tumor cells into the
vascular system (1, 3, 4), i.e., the major route of metastatic
spread. Enzymes which cleave extracted and purified type IV
collagen into specific fragments have been demonstrated in
other tumor cells (1, 13â€”15).However, basement membrane
collagens are highly susceptible to a wide variety of proteinases
from all classes and with differing substrate specificities (30).
Therefore, it may not be necessary to postulate that a specific
type IV collagen-degrading activity is present in our tumor
extracts. Degradation of basement membranes in our assay can
be accounted for by the catheptic enzyme activities and/or the
elastase-like activity.

The neutral collagen-degrading proteinases described in this
paper are highly efficient in their ability to produce extensive
disruption of connective tissue matrices. The extent of matrix
destruction is visualized most impressively by our enzyme as
says, utilizing intact connective tissue matrices as substrates,
and by the invading cells of RBTCC-8 isografts and l-RBTCC
8 cell lines in our in vivo and in vitro bone invasion assays. The
concept that deep invasion is achieved without the help of a
vertebrate-type collagenase is also supported by the observa
tions of Wirl and Frick (59), who correlated depth of invasion
(stage) of human urinary bladder carcinoma with collagenase
activity. In transitional cell carcinomas of stages A, B1, and B2
(deep muscle invasion), no collagenase activity is detectable. In
contrast, human bladder carcinomas of stages C and D exhibit
relatively high levels of collagenase activity. Since collagenase
activities of stage C and D carcinomas are associated only with
the perivesicular connective tissue, but not with the submucosa
and muscularis, Wirl and Frick (59) concluded that collagenase
may be a product of the host in response to the invading tumor,
and not a product of the tumor itself. Penetration of human
bladder carcinomas through the relatively dense layers of the
submucosa and muscularis would therefore have to be achieved
in the absence of a typical vertebrate-type collagenase.

In summary, we have shown for the first time in an epithelial
tumor system that collagen is efficiently hydrolyzed by enzymes
other than a vertebrate-type collagenase. The neutral collagen
olytic proteinases directed against collagens of types I and IV
are of a broad substrate specificity and, by their action, can be
termed as collagen â€œcrosslinkasesâ€•(33).
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