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ABSTRACT

The expression of type IV collagenase (Mr 72,000) has been examined in
tissues from patients with benign prostatic hyperplasia (6 patients) and
varying Gleason grades of malignant prostate cancer (18 patients). Im-

munoperoxidase labeling indicated that expression of the type IV colla
genase was weak or nonexistent in benign tissue but consistently strong in
the glandular and ductal epithelial cells of prostate tumors diagnosed at
Gleason grades 1-8. In moderate to advanced cancer (i.e., Gleason grades

2 to 8), invasive tumor foci in the stromal tissue produced relatively
modest amounts of type IV collagenase. The normal stromal tissue
(i.e., fibroblasts) uniformly failed to produce detectable levels of type IV
collagenase in the 24 patients examined. Northern and quantitative slot
blot hybridization assays demonstrated that collagenase type IV mRNA
levels were low in benign tissue and high in malignant tumors. In contrast,
the stromal cells did not express significant amounts of type IV collagenase
mRNA. Enzyme-linked immunosorbent assays demonstrated that the

amounts of type IV collagenase protein correlated directly with the mRNA
levels in the tumor tissue. The studies suggest that type IV collagenase may
be selectively overexpressed by malignant, preinvasive prostatic epithelial
cells.

INTRODUCTION

Prostate cancer ranks first as the cause of cancer deaths in adult
males in the United States. Distant mÃ©tastasesto the lymph nodes and
vertebrae bone marrow are the principal reasons for death. In prostate
cancer, tumor size is a poor indicator of metastatic behavior, but the
degree of cell differentiation, the extent of basement membrane de
struction, and localized invasion of the stroma are fair prognostic
factors.

Destruction of the basement membrane has been observed in col-
orectal adenocarcinoma, gastric carcinoma, and prostate adenocarci-
noma (1-3). The implication is that type IV collagenase (and other

proteases) is overproduced to facilitate penetration of the basement
membrane material and invasion of the stroma (4). Thus, type IV
collagenase production may serve as a good marker and prognostic
factor for tumor progression.

There are a few in vivo studies, notably in breast and colon cancer,
which have shown an association between increased collagenase pro
duction and malignant aggressiveness. One early study revealed that
a direct relationship existed between increased levels of collagenase
synthesis and the extent of tumor dissemination in expiants of mice
mammary tumors (5). Recent papers by Stetler-Stevenson and col
leagues (6-8) and others have clearly shown that an increased expres

sion of the M, 72,000 type IV collagenase occurred in malignant
breast cancer (7, 8), colon adenocarcinomas (8-10), and gastric cancer

(8). The investigators observed that the invasive ductal and lobular
tumor cells expressed high levels of type IV collagenase. In general,
they found that increased collagenase expression is associated with the
progression of tumor cells for each of these cancers. Likewise, Van
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Der Stappen et al. (11) found that enhanced collagenase activity is
associated with increased tumor penetration of the surrounding stroma
and poor differentiation of tumors.

In contrast to the above findings, one group reported that they
observed no striking differences in the level of collagenase secreted by
benign and malignant breast tumors (12). The contradictory nature of
these results is puzzling but may arise as a result of the patient
makeup, differences in the antibodies used, or masking of antigen sites
or the antibody-antigen recognition sites. Further work is required to

resolve such differences and to determine if other tumor tissues
(i.e., prostate cancer) or the surrounding stroma selectively overex-

press specific collagenases.
In our laboratory, we have investigated the role of metalloproteases

in prostate cancer invasion and metastasis (13-15). We observed that

high levels of a A/r 72,000 type IV collagenase were secreted in highly
invasive subclones (i.e., a PC-3 ML subclone) isolated from the PC-3
human prostatic parent line. Conversely, totally noninvasive PC-3

subclones isolated from the same parent line produced very low levels
of the protease. The invasive PC-3 subclones were highly metastatic

following i.v. injection in SCID mice (16) and overexpressed colla
genase type IV in vivo.3 The noninvasive PC-3 subclones were totally

nonmetastatic (16), grew slowly subcutaneously, and failed to express
the protease in vivo.4 Taken together, the data suggested that type IV

collagenase expression may be involved with tumor invasion and,
perhaps, may be an excellent prognostic marker for metastatic cells in
human tumors.

To learn more about the relationship of type IV collagenase
(Mr 72,000) expression to tumor phenotype in vivo, we have examined
BPH5 and malignant prostate tissue from transurethral resection of the

prostate of 24 patients. Immunoperoxidase labeling has demonstrated
that the benign or BPH patients (6 of 6) expressed the enzyme in a
variable fashion. In comparison, all the tumors given a Gleason grade
greater than 1 uniformly expressed significant amounts of type IV
collagenase. Quantitative Northern and slot blotting cDNA hybridiza
tion assays of RNA extracted from frozen tumor tissue showed that the
amounts of collagenase IV increased with higher Gleason scores.
ELISAs of protein extracts of the same tissue consistently indicated
that the collagenase IV levels were low in BPH tissue and increased
proportionally in tissues with an increased Gleason grade. We suggest,
therefore, that collagenase IV levels may be an excellent prognostic
indicator of the grade of progression of the disease.

MATERIALS AND METHODS

Prostate tissue was obtained fresh within 5 min of surgery from transurethral
resection of the prostate (provided by Dr. Lester Karafin at the Department of
Urology at the Medical College of Pennsylvania). For histology, pieces of the
tissue samples were immediately fixed in 95% methanol at 4Â°Cfor 30 min,

postfixed in 10% neutral buffered formalin for 18 h, and embedded in paraffin
for sectioning and Â¡mmunostaining. Samples of the above tissue (1 g) also were

1 M. Stearns and M. Wang, unpublished data.
4 M. Stearns and M. Wang, unpublished data.
s The abbreviations used are: BPH, benign prostatic hyperplasia; cDNA, complemen

tary DNA; ELISA, enzyme-linked immunosorbent assay; TC. tumor collagenase; TA,
tumor actin; NC. normal tissue collagenase; NA, normal tissue actin; PBS, phosphate-
buffered saline; SDS-PAGE. sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
PAP. peroxidase anti-peroxidase.
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frozen by dipping in liquid nitrogen and stored at -70Â°C. Other pieces were

fixed in formalin and sent to pathology for diagnosis. Twenty-four patients

were sampled in total (17), including 6 benign, and 18 patients were assigned

a Gleason grade of 1 to 8 by the pathologist.
Immunoperoxidase Labeling. The avidin-biotin immunoperoxidase tech

nique was used to label tissue sections according to methods of Hsu et al. ( 18).
In brief, the sections were dewaxed, rehydrated, and incubated with 0.5% HiCK
at room temperature in absolute ethanol for 60 min (3 times). The sections were
incubated with 57c normal goat serum plus 1% bovine serum albumin. The
solutions were removed, and the primary antibodies were added at dilutions of
1:200 for 2 h at 37Â°Cin a 5% CO2 incubator. Biotinylated goat anti-rabbit IgG

(1:200 dilution) was added for 1 h. Avidin-biotin-peroxidase (Vectastain Kit;

Vector Laboratories, Burlingame. CA) was added for 1 h, and the reaction
developed for exactly 15 min with freshly prepared (0.5 mg/ml) 3.3'-diami-

nobenzidine tetrahydrochloride (Sigma, St. Louis, MO) and 5 ul/ml H2O2 in 50
mM Tris (pH 7.6). All the antibodies were diluted with 50 mM Tris-buffered

saline (pH 7.6). Ten representative sections from each specimen were selected,
and the slides were photographed using a Zeiss microscope and a X40 plan-

apo lens.
ELISA Assays. For ELISA assays, 2-g pieces of human prostate tissue

snap-frozen in liquid nitrogen were ground to a fine powder on dry ice using
a mortar and pestle. The powder was resuspended in 1 ml 0.1 M Tris-HCl
(pH 7.2) at 4Â°Cwith shaking for I h. Following centrifugation at 10,000 X g

for 30 min, the supernatant (=1 ml) was concentrated to 0.2 ml with an
Amicon filter (10,000 molecular weight cut-off). The protein concentrations
were determined using a Bio-Rad kit and 40, 30, and 20 ug of each sample
added to individual 96-well ELISA plates (Costar, Inc.). Following I h of
incubation at 37Â°C,the sample was removed, the wells were washed 3 times

with PBS (pH 7.2) and incubated with PBS plus 5% normal goat serum, and
then primary antibody was added for 1 h at 37Â°C.Finally, the wells were

washed with PBS and incubated with secondary antibody-rhodamine conju

gates (Sigma). Following 3 washes with PBS. the plates were read on an
automated ELISA reader. The background fluorescence from secondary anti
body binding was presubtracted by the ELISA reader prior to reading the
primary antibody signal.

Extraction and Purification of Collagenase. The PC-3 ML cells were

cultured, and conditioned medium was prepared according to published pro
cedures (15). The M, 72,000 type IV collagenase was purified from the con
ditioned medium of human prostatic PC-3 ML cells (14, 15) according to the

method of Collier et al. (19). Crude protein extracts were prepared from pieces
(0.5 to 1 g) of pulverized prostate tissue. The pulverized powder was resus
pended in 0.5 ml Dulbecco's modified Eagle's medium and 0.5 M4-(2-hydrox-

yethyD-1-piperazineethanesulfonic acid buffer (pH 7.2) and centrifuged at
3000 X g for IO min, and the supernatant was prepared for SDS-PAGE and
Western blotting. Collagenase IV was purified using a protein A-linked (New

Brunswick Institutes. Trenton, NJ) collagenase IV antibody affinity column
(15).

SDS-PAGE (8% gels) was carried out according to the method of Laemmli

et al. (20). Silver staining was performed according to the method of Merril
et al. (2l ). Western blots were carried out by the method of Towbin et al. (22).
Protein measurements were made with a Bio-Rad kit (Bio-Rad) using the
manufacturer's procedures. Gelatinase assays were conducted according to

previously published methods (23).
Extraction of RNA. RNA was extracted from pieces of human prostate

tumor tissue and from 2-mm1 pieces of adjacent normal tissue obtained from

resections of the 24 patients sampled. To extract RNA the fresh tissue was
frozen in liquid nitrogen and stored at -70Â°C. The frozen tissue was reduced

to a powder using a mortar and pestle, and RNA was extracted with guanidine
isothiocyanate and isolated by centrifugation on CsCI gradients according to
published methods (24). Pieces of the tissue were also prepared by cryosec-

tioning for histopathology and Gleason grading.
Northern Blots. The extracted RNA (5 ug) was eluted on 1% w/v agarose

gels cross-linked with 2 M formaldehyde as described by Maniatis et al. (25).

The fractionated RNA was transferred to GeneScreen Plus membranes
(Dupont, Inc.) and the membranes were washed with 2x standard saline citrate
and UV-cross-linked with 1.5 X IO5 u/cm2 utilizing a UV Stratalinker 2400 kit

(Stratagene, Ine). Following prehybridization, the membranes were hybridized
for 18 h at 42Â°C with the type IV collagenase cDNA radiolabeled with
[a-'2P]dCTP (NEN, Ind.) using the random primer technique. The hybridized

filters were washed in I X standard saline citrate containing I% sodium dode-
cyl sulfate at 65Â°Cfor 1 h. Autoradiography was carried out at -70Â°C with an

intensifying screen. The M, 72,000 type IV collagenase cDNA was a gift of
Dr. Gregory Goldberg and colleagues (19, 26).

Slot blots with the collagenase cDNA were carried out utilizing a Bio-Rad

apparatus and methods described by Levy el al. (6). Three dilutions of each
total RNA (1, 2, 3 ug/ml) were prepared and blotted to Zeta-Probe membranes
(Bio-Rad), processed, and hybridized with 12P-labeled cDNA as described

above for the Northern blots. Signals in individual slots were extracted with
Clorox bleach and quantified using a scintillation counter (Beckman 9000S).
The data were averages Â±SD of triplicate experiments.

RESULTS

Western Blotting. The polyclonal antibodies raised against type
IV collagenase were previously shown to bind crude MT72,000 type
IV collagenase isolated from either the cytoplasm or the conditioned
media of two different human prostatic cell lines (i.e., PC-3 and DU
145) (13-15).

Western blots (Fig. 1, Lane 4) demonstrated that the antibodies
recognized the A/r 72,000 protease in crude tissue extracts from a
patient with advanced cancer (i.e., Gleason grade 8) (Table 1). West
ern blots (Fig. 2A ) further showed that following protein A antibody
affinity purification and activation of the proenzyme (with 10 UM
organomercurial chlorate for 30 min at 37Â°C)the antibodies specifi

cally recognized the Mr 72,000 proenzyme isolated from BPH and
Gleason grade 8 tumor tissue. The antibodies did not bind the
A/r 64,000 zymogen or the NH,-terminal fragment generated by ac

tivation (Fig. 14, arrow). The zymograph in Fig. 2B confirmed that
both BPH and Gleason grade 8 tissue extracts contained the Mr 72.000
prozymogen and Mr 64,000 activated zymogen gelatinase.

72

Fig. I. Western blot of crude tissue extracts from a Gleason grade 8 (Table I ) prostate
tumor. The crude extracts (Lanes I and 2) were blotted with the M, 72.000 type IV
collagenase antibody {Lanes 3 and 4). In Lane 3 there was a total absence of labeling with
antibody, which was preabsorbed with affinity-purified human lype IV collagenase (i.e.,
with 100 ng/ml for 30 min at 37Â°C)purified from PC-3 ML cells. In Urne 4 the type IV

collagenase antibody specifically binds the M, 72.000 prozymogen. The lanes were loaded
with 10 mg total protein and both first-degree and PAP second-degree antibodies used at
a dilution of 1:200.
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Table 1 S/ul Mot hybridisation assays of tola! cellular RNAfrom prostale tumor tissue and adjacent normal strrnna
Ten, 7.5, and 5 ug Â°feach RNA sample were eluted on the filters and hybridized with (Â«-"PldCTP-labeledtype IV collagenase cDNA. Duplicate experiments were carried out

using 12P-radiolabeledB-actin cDNA. Filters were extracted with Clorox bleach for scintillation counting. Each data point was the average Â±SD of triplicate measurements of the

three RNA dilutions.

Patient
sample12345678910II121314IS161718192021222.124GleasongradeBenignBenignBenignBenignBenignBenign112234446606888g8gTC4.6

Â±0.15.0
Â±0.26.6
Â±0.14.1
Â±0.34.5
Â±0.14.6

Â±0.212.5
Â±0.42.1

Â±0.324.0
Â±0.822.0
Â±1.024.0

Â±1.1107.0
Â±2.5116.0
Â±3.197.0

Â±2.0156.0
Â±4.2154.0
Â±5.1120.0
Â±4.1195.0
Â±3.8232.0
Â±5.5240.0

Â±5.6228.0
+6.6265.0

Â±7.1231.0Â±4.1187.0

Â±3.0dpm

xNC2.3

Â±0.12.1
Â±0.22.0
Â±0.22.1
Â±0.12.2
Â±0.22.3

+0.12.5
Â±0.24.2

Â±0.34.8
+0.32.2

Â±0.16.0
Â±0.24.2

Â±0.11.9Â±0.19.2

Â±0.36.6
Â±0.32.2
Â±0.21.6

Â±0.33.0
Â±0.12.3
Â±0.17.3
Â±0.19.6

Â±0.32.3
Â±0.12.1
Â±0.12.2

Â±0.410'TA23

Â±0.522
Â±0.120

Â±0.419
Â±0.424

Â±0.421
Â±0.325

Â±0.221
Â±0.524

+0.622
Â±0.420
Â±0.321

Â±0.419
Â±0.423

Â±0.620
Â±0.422
Â±0.316

Â±0.430
Â±0.323
Â±0.322
Â±0.424
Â±0.523
Â±0.621

Â±0.422
Â±0.3NA20

Â±0.422
Â±0.323
Â±0.220
Â±0.423
+0.122
Â±2.021

Â±0.425
Â±0.425
Â±0.320
Â±0.222

Â±0.119
Â±0.222

Â±0.321
Â±0.419
Â±0.322

+0.419
Â±0.423

Â±0.420
Â±0.422
Â±0.626
Â±0.523
Â±0.420
Â±0.422
Â±0.2TC:NC2.02.43.32.02.02.05.00.55.010.04.025.061.010.024.070.075.065.0101.033.024.0115.0110.085.0RatioNONA0.10.10.10.10.10.10.10.20.20.10.30.20.10.40.30.10.10.10.10.30.40.10.1O.ITOTA0.20.20.30.2(U0.20.5O.I1.01.01.25.16.14.27.87.07.56.510.110.99.511.511.08.5

PAP Immunolabeling. The expression of the Mr 72,000 collagen
ase was examined by PAP antibody labeling of benign and malignant
human prostate tissue (Table 1). Fig. 3 compares the relative extent of
antibody labeling observed in benign (Fig. 3A) and malignant tissue
(Fig. 3, B and C). In benign tissue, some of the glandular and ductal
epithelial cells express the M, 72,000 protease, but always to variable
degrees. Many of the cells and glands failed to express any detectable
collagenase (Fig. 3A). In comparison, in the tumor tissue, the epithe
lial cells within the glands and ducts were strongly labeled (Fig. 3fi,
Gleason grade 6). The tumor cells of invasive foci within the stromal
tissue were also labeled in these tissue (Fig. 3C). Fig. 3 shows an
example of what was typically observed in the 24 patients examined.
In all cases, there was positively no indication that the basement
membrane, the extracellular matrix, the surrounding stromal cells, or
nearby normal tissue (Fig. 3D) was labeled beyond faint background
levels. Labeling with secondary avidin-biotin peroxidase-labeled

antibodies also produced background levels of labeling. Finally, la
beling with ÃŸ-actinantibodies (Cappel Laboratories, Inc.) showed

uniform labeling of the epithelial and stromal cells in all of the
specimens (data not shown).

Northern and Slot Blotting. We have measured the mRNA con
tent of the M, 72,000 type IV collagenase in extracts of flash-frozen
tumor tissue. These tumor-rich areas and normal tissue were identified

by histolÃ³gica! examination of cryosections, and the tumor tissue and
normal tissue were removed from the block by dissection. These
tissues were then pulverized on dry ice for extraction of the RNA.

Fig. 4 shows Northern blots of total cellular RNA extracted from
benign tissue (Lane I ) and from malignant tissue which was assigned
Gleason grades of 1, 2, or 3 (Fig. 4A) and 4, 6, or 8 (Fig. 4B). The
Mr 72,000 type IV collagenase was expressed in barely detectable
amounts in benign tissue (Fig. 4A, Lane 1). In contrast, the protease
was expressed in significant amounts in malignant tissue taken from
patients with Gleason grades of 1-8 (Fig. 4A, Lanes 2-4; Fig. 4fi,
Lanes 1-4).

In all of these experiments, we were unable to separate the glan
dular tissue from the invasive tumor foci. More importantly, variable
amounts of stromal tissue were present in the samples. This did not
appear to be a problem, however, since the extracts from the normal

12 345

Fig. 2. A and B. SDS-PAGE (Lanes 1 and 2) and the corresponding Western blots
(Lanes 3 and 4), showing that the type IV collagenase antibodies recognized the affinity-
purified M, 72,000 proenzyme from both BPH (Lanes 1 and 3) and Gleason grade 8
(Lanes 2 and 4) patients. Lane 5 shows no labeling with 2Â°antibodies alone of BPH

extracts. Following activation with 10UMorganomercurial chlorate only the proenzyme at
M, 72,000 was recognized by the antibody.The cleaved. COOH-terminal (M, 64.000) and
NHi-terminal fragment (arrowhead} were not labeled. B. zymography of the BPH (Lane
I ) and Gleason grade 8 (Lane 2 ) protein extracts. The two bands at M, 72,000 and 64,000
demonstrate gelatinase activity of the prozymogen and zymogen form of the enzyme. The
lanes were loaded with 30 mg (Lane I ) and 10 mg of total protein from the crude whole
cell extracts.
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A
tissue and from normal stromal tissue of each specimen (i.e., taken
from each of the respective patients) was low. The ratio of collagenase
IV 32P-cDNA binding to tumor tissue (TC) versus normal stromal

tissue (NC) increased significantly as a function of the Gleason grade.
The ratio was approximately 2-3-fold in benign tissue; 0.5-5-fold at
Gleason grade 1; 5-10-fold at Gleason grade 2; 10-61-fold at Gleason
grade 4; 24-75-fold at Gleason grade 6; and 24-115-fold at Gleason

grade 8.
Control measurements showed that the levels of ÃŸ-actin32P-cDNA

binding to duplicate samples of both TA and NA remained fairly
constant in the 24 patient tissues examined. The TC:TA ratio ranged
from 0.2 in benign to 11.5 in grade 8 tumor tissue. In contrast, there
was no significant change in the NC:NA ratio in normal stromal tissue
extracts.

ELISAs of Collagenase IV Levels. ELISAs (Table 2) of the pa
tient samples in Table 1 demonstrated that the collagenase IV protein
levels (TC) directly correlated with the RNA levels in the 24 tumor
tissue samples. The ELISA values increased progressively from about
0.01 in BPH to as high as 0.60 in Gleason grade 8 tumor tissue. The
TA levels were fairly constant in all the tissue samples and varied from

N

1234 5678

B

Fig. 3. A-C. immunoperoxidase-labeled human prostate tissue from a benign (A ) and
malignant tumor (B and C), Gleason grade 6. The glandular and ductal tissue are shown
in A and B; an invasive foci is shown in C. D. unlabeled normal tissue from the specimen
in B and C The collagenase IV antibodies were used at dilutions of 1:250. A. X 800; B
and C. X 1200; D. 800.

stromal tissue of different patient samples did not contain detectable
type IV collagenase mRNA.

Slot blot hybridization assays were carried out on total RNA ex
tracted from the tumor-rich regions and the nearby normal stromal

tissue of frozen prostate tissue from 24 patients (Table 1). Scintillation
counting revealed that 32P-labeled type IV collagenase cDNA binding

to the filters increased with the assigned Gleason grade for the tumor
(Table 1). The levels of cDNA binding to RNA extracted from benign

1 234 567
Fig. 4. A and fl. Northern blol analysis of total cellular RNA from prostate tumor tissue

(T, Lanes 1-4) and adjacent normal stromal tissue (N, Lanes 5-8). respectively. In A, the
tissue was from benign tissue (Lanes 1 and 5); and from tissue with a Gleason grade of
1 (Lanes 2 and 6); 2 (Lanes 3 and 7); or 3 (Lanes 4 and A). In B the Gleason grade was
4 (Lanes 1 and 5); 6 (Lanes 2 and 6); 6 (Lanes 3 and 7); or 8 (Lanes 4 and 8ÃŒ.Each well
was loaded with 6 pg total RNA, and the membranes were hybridized with [a-'-P]dCTP-

labeled cDNA to the A/r 72,000 collagenase (upper hand} and ÃŸ-actin(lower hand). Note
that in B. Lane 5, the ÃŸ-actinblot was faint.
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Table 2 ELISA assays

Protein was extracted from 2 g of tissue, and 40, 30, and 20 ng of protein were applied
to membrane filters. The first-degree antibodies were used at dilutions of 1:250, and
rhodamine-tagged second-degree antibodies were used at 1:200 dilutions. Data are

averages Â±SD from duplicate studies and triplicate measurements for each protein
concentration of each sample.

Patient
sample1234567891011121314IS161718192021222324TC0.01

Â±0.010.01
Â±0.010.02
Â±0.010.01
Â±0.010.02
Â±0.010.03

Â±0.020.03
Â±0.010.05

Â±0.020.06
Â±0.020.10

Â±0.030.13
Â±0.040.18
Â±0.050.23

Â±0.040.25
Â±0.030.20
Â±0.050.29

Â±0.100.33
Â±0.080.25
Â±0.060.36
Â±0.040.42
Â±0.030.30
Â±0.020.52
Â±0.080.60

Â±0.120.45
Â±0.130.40
Â±0.11TA0.44

Â±0.110.35
Â±0.120.50

Â±0.100.43
Â±0.080.48
Â±0.070.33
Â±0.060.40
Â±0.050.43
Â±0.120.49

Â±0.110.44
Â±0.100.46
Â±0.150.38

Â±0.070.46
Â±0.060.37
Â±0.050.47
Â±0.040.44
Â±0.200.49
Â±0.170.35
Â±0.150.42

Â±0.110.51
Â±0.130.53

Â±0.140.40
Â±0.090.44
Â±0.080.52
Â±0.070.50
Â±0.06NC0.010.020.030.010.020.010.000.000.000.000.000.010.020.010.010.020.010.010.020.020.010.020.010.010.01NA0.5!

Â±0.200.48
Â±0.180.44

Â±0.150.48
Â±0.140.46

Â±0.120.47
Â±0.110.55

Â±0.130.54
Â±0.210.58

Â±0.220.61
Â±0.180.40

Â±0.160.44
Â±0.120.47
Â±0.150.49
Â±0.220.48

Â±0.210.46
Â±0.200.41

Â±0.120.42
Â±0.080.44
Â±0.060.48
Â±0.070.50
Â±0. 110.51

Â±0.090.52
Â±0.070.56
Â±0.060.49
Â±0.04TOTA0.020.030.040.020.040.090.080.120.120.230.280.470.500.680.430.660.670.710.860.820.571.301.360.860.80

0.35 to 0.52. Accordingly, the TC:TA ratio increased from 0.02 in
BPH to 1.36 in Gleason grade 8 (Table 2). The collagenase IV levels
in the adjacent normal tissue of the patient samples consistently
yielded values below 0.01. The NA levels in these tissue varied from
0.41 to 0.56, and the ratio of collagenase IV to actin was fairly
constant at about 0.02.

DISCUSSION

An increased secretion of metalloproteinases (i.e., type IV colla
genase and other proteases) has been associated with the invasive and
metastatic phenotype of tumors (4-8, 10, 12, 13-15, 19, 27). For

example, in vivo studies with several human primary colorectal car
cinoma cell lines which exhibited high type IV collagenase levels
have shown that the cells have a correspondingly high ability to
metastasize in nude mice. Following ras oncogene transfection, in
vivo studies have further demonstrated an association of enhanced
expression of the MT 72,000 type IV collagenase with an invasive
phenotype (19). Likewise, quantitative in vitro studies with Boyden
chemotactic chambers (13, 28) and animal model studies have indi
cated that the ability of tumor cells to invade basement membrane
material was directly associated with their metastatic aggressiveness
in vivo (2).

Utilizing collagenase antibodies which recognized the uncleaved
M, 72,000 type IV collagenase, we discerned qualitative differences in
the levels of cytoplasmic collagenase expressed by benign, malignant,
and invasive tumor foci. Immunoperoxidase labeling showed that the
epithelial cells in benign tissue were either labeled, poorly labeled, or
not labeled at all, indicating that there was variable expression of the
protease in the nonmalignant epithelial cells of the glands and ducts.
In comparison, the malignant epithelial tumor cells strongly expressed
collagenase at consistently high levels. Cells in the invasive tumor
foci also expressed the protease but often in comparatively modest
amounts.

Levy et al. (6) have found that antibodies raised against a A/r 72,000
human collagenase preferentially labeled only the invasive carcinoma
cells of the colon. The stromal cells were not labeled in their prepa

rations. Likewise, Hewitt et al. (10) recently have reported that type
IV collagenase and its inhibitor, tissue inhibitor of metalloproteinase,
were both overexpressed in advanced colorectal cancer. The benign
and normal tissue produced very little of either the protease or tissue
inhibitor of metalloproteinase. Interestingly, their immunolabeling
studies indicated that both type IV collagenase and tissue inhibitor of
metalloproteinase were also localized in the extracellular matrix im
mediately adjacent to the tumor tissue. More importantly, increased
staining of the matrix was observed at the leading invasive edge of the
tumor, indicating a direct involvement of protease secretion in the
process of invasion.

We observed only background levels or no staining by type IV
collagenase antibodies in the extracellular matrix surrounding prostate
tumor tissues. Similar results were obtained with both alcohol/
aldehyde fixed sections and cryosections (6-um thickness). Antibody

affinity and titer did not appear to be a problem, since labeling with
higher first-degree and second-degree antibody titers (1:100 and 1:20

dilutions, respectively) also failed to produce staining of the basement
membrane, the stromal cells, or the extracellular matrix (data not
shown). We believe, therefore, that the levels of protease in the ex
tracellular matrix may be below detectable limits. However, antigenic
masking could occur, or the protease may be localized on the outer
cell surface of the invasive cells and thus appear to be part of the
cytoplasmic pool.

The variable nature of the labeling in benign tissue suggested that
quantitative measurements of both type IV collagenase mRNA and
protease levels were essential for prognostic purposes. To measure the
mRNA levels, we utilized the A/r 72,000 type IV collagenase cDNA
clone of Goldberg et al. (26). Northern blots showed that the cDNA
detected mRNA in BPH and the malignant tissue at Gleason grade 1
to 8. The slot blot cDNA hybridization results clearly showed that
mRNA expression increased dramatically as a function of the malig
nant status of the human prostate tissue examined. Low and variable
levels of mRNA were detected in benign and low-grade tumors

(i.e., Gleason grade 1); whereas the more advanced tumors expressed
quantitatively significant increases in type IV mRNA in direct pro
portion to the tumor grade.

ELISA measurements of the Mr 72,000 proenzyme present in tissue
sample extracts mirrored the cDNA hybridization results and showed
that the collagenase IV levels were also increased as a function of the
Gleason grade of the tumor tissue. Benign tissue expressed low or
background levels of detectable collagenase IV. Thus, although col
lagenase is detectable in the BPH epithelial cells by immunoperoxi-

dase labeling, the overall levels of protease synthesis (and presumably
secretion) are low in benign epithelial cells and surrounding tissue.

In other studies of prostate cancer. Albini et al. (28) found by
Northern blot analysis that PUMP-1 (i.e., human metalloproteinase 1)
was expressed in 27% of normal prostate tissues, in 72% adenocar-

cinomas, and in 66% of the lymph node mÃ©tastasesexamined. In situ
hybridization with PUMP-1 antisense 12S-labeled mRNA revealed

that the gene was expressed in epithelial cells of the prostate adeno-

carcinomas. Invasive and metastatic cells also expressed the gene, but
the stromal cells did not express PUMP-1.

In addition, Pajouh et al. (29) carried out Northern blot studies of
type I and type IV collagenase and stromelysin I expression. They
reported that 6 of 10 adenocarcinomas and 0 of 4 normal prostate
tissues expressed type IV collagenase. All of the 9 adenocarcinomas
and 4 of 4 normal prostate specimens examined expressed type I
collagenase. Stromelysin I was not expressed in 13 adenocarcinomas.
Their data suggested that several metalloproteinases may be produced
by malignant tumor cells to facilitate penetration of the basement
membrane and stroma.
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The data in this paper concur with the results in Pajouh's report. Our

quantitative assays strongly suggest that increased type IV collagenase
production is associated with and, therefore, is a good prognostic
marker for malignant epithelial tumor cells in prostate cancer.
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