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ABSTRACT

To determine whether a relationship exists among urokinase plasmin-
ogen activator (u-PA) activity, tissue plasminogen activator (t-PA) activ

ity, and the malignant transformation of human fibroblasts, we measured
receptor-bound and secreted u-PAs and t-PA activity in fibroblast cell

strains of a unique cell lineage and compared the results with the values
obtained in human fibrosarcoma-derived cell lines and control cell lines.

The lineage consists of four nonmalignant, infinite life span cell strains,
clonally derived from a finite life span, neonatal foreskin-derived cell line

or one of its derivatives and 10 malignant cell strains clonally derived
from that same derivative. Seven of the latter were malignantly trans
formed by K-, H-, or Vra.v oncogene transfection, two were obtained

following carcinogen treatment, and one arose spontaneously. All 10
malignant strains in this lineage exhibited significantly higher levels of
activity of receptor-bound u-PA than was found in the cell strain from

which they arose or the nonmalignant cell strains derived from it. The
ras oncogene-transformed malignant strains also exhibited significantly
higher levels of activity of receptor-bound t-PA than their cell strain of

origin. The other three malignant strains showed undetectable levels,
consistent with their attaining the malignant state by an alternate process.
The five fully malignant fibrosarcoma-derived cell lines tested also
showed high levels of receptor-bound u-PA and t-PA. The majority

(>80%) of the nonmalignant control cell lines did not do so. The 10
malignant cell strains in the lineage also exhibited higher levels of activity
of secreted high molecular weight u-PA or t-PA than did their cell strain

of origin and the nonmalignant cell strains derived from it, as did the
malignant fibrosarcoma-derived cell lines. The data suggest that the

malignant state of human fibroblasts is always associated with high levels
of activity of receptor-bound u-PA, and in addition cells transformed to
the malignant state are very likely to exhibit high levels of receptor-
bound t-PA and secreted forms of plasminogen activators.

INTRODUCTION

During the process of growth, malignant cells penetrate
basement membranes, migrate through connective tissue, and
invade organs (1, 2). Metastasis additionally requires that ma
lignant cells enter lymphatic or blood circulation, be trans
ported to secondary sites, extravasate, and invade surrounding
tissue (3). Proteolytic enzymes released by malignant cells or
bound to their surfaces are thought to be required for these
processes since they degrade the proteins of adjacent cells and
extracellular matrix, providing room for tumor expansion (4).
The best known proteinases associated with the malignant
phenotype are the plasminogen activators (5,6) and the matrix-
degrading metalloproteinases (1, 5-7). The high amount of
plasmin in some cancer cells has been shown to be caused by
an increase in plasminogen activator activity which converts
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plasminogen to plasmin (4, 8, 9). Plasmin cannot only degrade
certain matrix and cellular proteins but also can activate latent
metalloproteinases, causing increased proteolytic activity and
broadening the spectrum of proteins attacked (1, 7, 10-12).

Many types of vertebrate cells produce and secrete PAs4 in
vivo and in culture (8, 12-17). The most common plasminogen
activators are known as u-PAs. Two forms of enzymatically
active u-PA, M, 33,000 and 54,000 protein, have been identified
(13). The other main type is t-PA, which has a molecular weight
of 70,000 (13). In addition, medium taken from human colo-
rectal and gastric tumors that have been placed in culture for a
short time (14) and from cultures of human lung cancer cells
(12) are reported to contain unique PAs which have unusually
high molecular weights (700,000-2,000,000) (VHMW PA).

Most studies of PAs have centered on the soluble enzymes
secreted by cells and found in the surrounding fluid. More
recently it has been found that many cultured cells have surface
receptors for u-PA and/or t-PA and that receptor-bound PAs
express their enzymatic activity at this site (18). In the case of
u-PA, it is known that the proenzyme form can become acti
vated while bound to the membrane (1, 4). It has also been
found that the external surfaces of sarcoma cells that are in
contact with normal fibroblasts have a higher concentration of
u-PA receptors than is found in such cells in contact with other
sarcoma cells, suggesting highly directional proteolytic attack
(10).

Data from certain in vivo and cell culture studies (8, 11, 17,
19-21) show that the activity of secreted plasminogen activators
and plasmin is higher in cells taken from highly malignant
tumors than in cells from less malignant tumors, benign tumors,
or normal tissues. However, others report little difference in
the amount of activity of secreted plasminogen activators in
such tissue (14, 22, 23). The fact that cell lines derived from a
particular organ obtained from various donors secrete PAs in
widely differing amounts (23), and that the level of PA activity
secreted by cells can decrease during passaging in culture (8,
23) makes it difficult to determine whether PAs play a role in
Carcinogenesis. An additional problem results from the fact that
many of the assays used in published studies were capable of
detecting only a single form of PA or were capable of detecting
multiple forms but with very different degrees of sensitivity (14,
21). For example, since t-PA interacts directly with fibrin,
assays that utilize fibrin as a substrate show higher t-PA activity
than assays that utilize casein (21).

To provide a more rigorous test of the hypothesis that malig
nant cells express higher levels of particular PAs, we compared
15 cell strains of a single human fibroblast cell lineage. The
parental cells of the lineage, designated LG1, were derived from

4The abbreviations used are: PA, plasminogen activator; u-PA, urokinase

plasminogen activator; HMW, high molecular weight; LMW, low molecular
weight; VHMW, very high molecular weight; t-PA, tissue plasminogen activator;
MNNG, /V-methyl-/V"-nitro-A'-nitrosoguanidine; ENU, /V-ethyl-/V-nitrosourea;

SDS, sodium dodecyl sulfate: PAGE, polyacrylamidc gel clectrophoresis; PU,
Plough unit of enzyme activity; PBS, 0.14 M NaCI, 0.0025 M KCI, 0.008 M
Na2HPO4, 0.0015 M calcium, and magnesium free (pH 7.4).
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the foreskin of a clinically normal newborn male. A diploid
infinite life span cell strain, MSU-1.0, was derived from the
LG1 cell line,5 and a second, near-diploid cell strain, MSU-1.1,

was cloned from the same population that gave rise to the
MSU-1.0 strain. Evidence that the clonally derived MSU-1.1
cell strain came from LG1 cells was obtained using isoenzyme
and restriction fragment length polymorphism analysis.4 It is
highly likely that MSU-1.1 is a clonal derivative of the MSU-
1.0 cell strain. By transfection of H-, N-, or K-ras oncogenes
into the MSU-1.1 cell strain followed by clonal selection,
progressively more transformed derivative cell strains have been
obtained, including fully malignant cell strains that give rise to
progressively growing invasive sarcomas in athymic mice with
a very short latency period (24-26). Malignant clonal deriva
tives of MSU-1.1 cells have also been obtained following ex
posure to carcinogens and in one instance by passaging the
MSU-1.1 cells for a very long period and isolating a clone of
morphologically altered cells that developed spontaneously.
This lineage, composed of nonmalignant and malignant cell
strains all directly related to a common parental cell strain,
should allow one to determine whether malignant human fibro-
blasts specifically express certain plasminogen activators and,
if so, which ones. The fact that the cells have a common origin
may circumvent the complications seen when cells from random
donors are compared. An additional advantage of this cell
lineage is that it includes two kinds of H- and N-ras oncogene
transfectants, malignant cell strains that overexpress the onco
gene, and strains that express it at a level too low to cause
malignant transformation.

We compared the level of activity of various PAs in the
nonmalignant and malignant cell strains of the lineage with
that found in human fibrosarcoma-derived malignant cell lines
and control cell lines. The results showed that all of the malig
nant cell strains or cell lines (15 of 15) exhibited high levels of
activity of receptor-bound u-PA, and 11 of 15 also exhibited
high levels of activity of receptor-bound t-PA and secreted u-
PA and t-PA. No such correlation was observed for the non-
malignant cell strains or lines.

MATERIALS AND METHODS

Cells and Cell Culture Conditions. The sources of the fibrosarcoma-
derived cell lines are as follows: HT 1080, American Type Culture
Collection, Rockville, MD; SHAC, Dr. B. Azzarone, Laboratoire de
Pathologie Cellulaire, INSERM. Villejuif, France; VIP:FT, Dr. B.
Mukerji, University of Connecticut Health Center, New Haven, CT;
NCI, Dr. C. Cooper, National Cancer Institute. Bethesda, MD; 8387,
Dr. W. Peterson, Jr., Children's Hospital of Michigan. Detroit, MI;

SW-684 and SW-982, Dr. J. Fogh, Sloan-Kettering Institute, New
York, NY. Cells from an adult skin biopsy, KD, were obtained from
Dr. J. Leavitt, Cancer Research Center, Palo Alto, CA. The cells from
a child skin biopsy, AG2602, were from the Environmental Epide
miology Branch. National Cancer Institute, Bethesda, MD; the five
neonatal foreskin-derived cell lines, LG1, SL81, SL83, SL85, and
SL86, were initiated in our laboratory. The cell strains or lines were
routinel) cultured in McM medium (27). a modification of MCDB 110
medium (28) containing penicillin (100 units/ml) and streptomycin
(100 Mg/ml). The medium was supplemented with 5% newborn calf
serum (KC Biological, Inc., Lenexa, KN) for fibrosarcoma-derived cells
and 10% newborn calf serum for all other cells. The cells to be assayed
for PA activity were in exponential growth at the time they were tested.

Preparation of Medium Containing Secreted PA. Since serum contains
protease inhibitors which could distort the results of the assay, the

medium on the cells was exchanged for McM medium lacking serum
24 h prior to harvesting. At the time of harvest, the medium was
removed and centrifuged at 1000 x g for 30 min to remove cell debris
and stored at â€”¿�80Â°Cuntil assayed for PA activity as described below.

The cells from which the medium was removed were then used in assays
of receptor-bound PA, as described below.

Removal of Receptor-Bound PA. The methods used to remove mem
brane bound PA from these cells were essentially as described previously
(29). Briefly, cells were treated for 3 min at room temperature with 3
ml of 50 IHMglycine-HCI buffer containing 0.1 M NaCl, pH 3.O. The
acid eluate was quickly neutralized by mixing 3 ml of the glycine-HCI
buffer with 0.9 ml of 0.5 M Tris-HCl, pH 7.8. This neutralized buffer
containing PA was frozen at -80Â°Cuntil assayed.

Assay of Plasminogen Activators Activity. The assay was done by
zymography essentially as described before (16). Briefly, four volumes
of cell culture medium containing secreted PAs or neutralized buffer
containing PAs that had previously been bound to cell receptors were
mixed with one volume of 5x loading buffer (30), and the proteins were
separated on 10% SDS-PAGE gel. To retain enzymatic activity ÃŸ-
mercaptoethanol was not included in the loading buffer (16), and the
samples were not heated before loading. The molecular weights of u-
PA and t-PA were determined using standard prestained molecular

markers. The molecular weight of VHMW PA was estimated using
apoferritin. M, 443,000, and thyroglobulin, M, 669,000 (Sigma Chem
ical Co., St Louis, MO), which remained in the stacking gel.

After electrophoresis the gel was placed in 500 ml of 2.5% Triton
X-100 (two changes, 45 min each) to remove SDS. Meanwhile, an
indicator gel was prepared. In order to avoid thermal denaturation of
plasminogen, this gel was formed by mixing 50 ml of 1.56% agarose in
PBS at 50Â°Cwith 20 ml of casein solution (100 mg/ml of PBS)
containing 2 Sigma units of plasminogen at 37Â°C.Casein and plasmin

ogen were purchased from Sigma, and the agarose was purchased from
Bethesda Research Laboratories, Gaithersburg, MD. The solutions
were mixed rapidly and then carefully poured into a 16 x 18-cm mold
so that it spread evenly. Care was taken to avoid bubbles. After the gel
hardened, excess fluid on the top of the SDS-PAGE gel was removed
with a paper towel, and the casein-agar indicator gel was laid on it. The
unit was sealed with plastic wrap and incubated in a moist chamber at
37Â°Cfor 24 h. The indicator gel was removed and photographed on a

dark-field immunodiffusion viewer. Lysis zones were easily seen as
clear areas surrounded by cloudy rings of unlysed casein. To enhance
differences between lysed and unlysed areas, the indicator gel was fixed
with a solution containing methanol. water, and glacial acetic acid at a
ratio of 5:5:2. Each strain or cell line was assayed at least three times.

Quantitation of PA. The level of activity of PA was determined from
the area of the lysis zones. Lysis zones of three or more independent
samples per determination were measured with a C-2 image analyzer
(Olympus). We determined empirically that the correlation between the
activity of the enzymes and the area of the lysed zone could be expressed
by the following equations:

and

Log (u-PA activity) = -2.2 + 1.4(AREA)Â°-'

Log (t-PA activity) = -1.1 + 2.0(AREA)Â°

5J. J. McCormick, unpublished data.

where AREA = area of lysed zones in cm2. These formulas were used

to estimate the activity of the PA detected.
Specific Activity of u-PA and t-PA Determinations. The medium

containing secreted PAs and buffer containing PAs that had previously
been bound to cell receptors were incubated with murine anti-human
urokinase monoclonal antibody (394 from American Diagnostica Inc..
Greenwich, CT; 50% inhibitor}') and with murine anti-human t-PA

antibody (3748 from American Diagnostica: partially inhibitory). The
medium or buffer (1 ml) was incubated for 40 min. at 4Â°Cwith 20 Â¿i'

of PBS (control sample) or anti-human u-PA or anti-human t-PA. After
incubation the supernatants were stored at -80Â°Cuntil assayed.

Vimentin Filaments Detection. Sections of tumors for Â¡mmunostain-
ing were fixed in freshly prepared B-5 fixative for 2 h and then
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transferred to 70% ethanol. Tissues fixed in B-5 were processed by
routine histological methods and imbedded in paraffin blocks. Tumors
were serially sectioned into 2- to 3-mm slices and all slices were
imbedded, so that 3-10 sections of each tumor represent different areas.
Six-Jim sections were cut and stained by an avidin-biotin immunopreox-
idase method for vimentin including a known positive human tissue
control and negative primary antibody control. Sections were placed
on poly-L-lysine-coated slides and deparaffinized overnight at 60Â°C.

Next, slides were immersed in methanol for 10 min. Endogenous
peroxidase activity was blocked by incubation for 10 min in HiOi,
followed by 5 min in normal goat serum. Slides were then labeled with
monoclonal mouse anti-vimentin. After treatment with linking antibody
and labeling reagent, slides were exposed to chromogenic substrate for
5-20 min. Slides were counterstained with Mayer's hematoxylin.

RESULTS

Optimization of the Assays for PAs. We began by determining
that nonspecific background proteolytic enzymatic activity was
not present in the assay system by incubating the casein-agar
indicator gels for 72 h in a moist chamber at 37Â°Cand exam

ining them for evidence of lysis. Inclusion of commercial plas-
minogen activators in the polyacrylamide gel caused lysis in the
casein gel within 24 h. As expected, lysis was shown to be
dependent upon the presence of plasminogen in the assay
system, indicating that the caseinolytic activity in the medium
or buffer was caused by the presence of the plasminogen acti
vators rather than general proteases.

As described in "Materials and Methods," the cells to be

assayed for PA activity were maintained in serum-free medium
for 24 h prior to harvesting. We determined that medium or
buffer taken from cultures of various cell lines can produce up
to four distinct lysis zones on the indicating gel. It is known
from electrophoretic mobility that the molecular weights of the
lysing proteins are: 33,000, 54,000, 70,000, and >700,000.
These correspond, respectively, to human LMW u-PA, HMW
u-PA, t-PA, and VHMW PA. To determine whether the plas
minogen activators were contaminants or carryovers from
serum, we tested the PA activity of serum alone. No activity
was detected. To demonstrate that the activity came from
human cells, we incubated medium and buffer from MSU-1.1
and MSU-1.1 N-ras 8T cells with monoclonal murine antibod
ies against human t-PA and u-PA. As expected, significant
reduction of activity (to below 50%) was detected for u-PA and
t-PA, consistent with the specifications of the manufacturer.
Immunoprecipitation of t-PA and u-PA using these same anti
bodies reduced activity 54-68%. Since long incubation times
(48 h) were involved, it may be that the proteolytic activity of
PA(s) or activated plasminogen degraded the antibodies and,
therefore, prevented us from seeing greater inhibition. From
these results, we conclude that the observed PAs were produced
by human cells.

To develop a quantitative assay for proteolytic activity, com
mercial samples of u-PA (0.012-6.25 PU) and t-PA (0.4-500
IU) (Sigma) were electrophoresed in 10% SDS-PAGE gel,
transferred to an indicating gel, and incubated for 24 h. The
amount of activity of PA was estimated from the lysis zone
using the C-2 automated image analyzer and the empirically
derived formulas as described previously.

PA Activity in the Cell Strains Transformed in Culture. The
levels of activity of receptor-bound PAs of the 15 cell strains of
the LG1 lineage are presented in Table 1. The level of activity
of receptor-bound u-PA was significantly higher in all 10 of the
malignant cell strains of the lineage than in the nonmalignant
cell strains. The two MSU-1.1 ras-transfected cell strains that
are not tumorigenic, E73 and L98-2A, exhibited a level of

receptor-bound u-PA activity lower than the malignant cell
strains but higher than the MSU-1.1 cell strain from which
they were derived. These latter two strains express the trans-
fected ras oncogenes at a low level.4 The LG1 cell line, from
which the MSU-1.0 and MSU-1.1 cell strains were clonally
derived, had a very high level of receptor-bound t-PA. However,
its clonal derivative, MSU-1.1, had a very low or nondetectable
level, as did the two nonmalignant cell strains derived from
MSU-1.1 and the malignant MSU-1.1 derivative cell strains
that did not arise from ras oncogene transfection. In contrast,
the level of receptor-bound t-PA activity was significantly
higher in all seven of the ras-transformed malignant cell strains
than in their parental MSU-1.1 cell strain. The fact that the
two carcinogen-transformed cell strains assayed, as well as a
spontaneously transformed cell strain, showed receptor-bound
u-PA activity higher than that of the parental MSU-1.1 cells,
but no receptor-bound t-PA activity, suggests that the mecha
nism of transformation of these cells differs from that of the
ras-transfected cells.

Table 1also shows the level of activity of various PAs secreted
into the surrounding medium by these cell strains. The medium
contained PAs with molecular weights of 33,000 (LMW u-PA),
54,000 (HMW u-PA), 70,000 (t-PA), and >700,000 (VHMW
PA). Only six of the cell strains exhibited LMW u-PA, and its
secretion did not correlate with either the malignant or the
nonmalignant state. Neither did VHMW PA, which was found
in only three of 15. What is most significant is that all except
two of the malignant cell strains exhibited significantly higher
levels of secreted u-PA activity than did the MSU-1.1 cell strain
from which they were derived. Similarly, all but the two malig
nant cell strains arising after carcinogen treatment exhibited
significantly higher levels of secreted t-PA activity than did
their parental MSU-1.1 strain. The nontumorigenic E73 and
L98-2A cell strains, which express low levels of activated N-
ras or H-ras, respectively, had HMW u-PA activity similar to
that of the nonmalignant MSU-1.1 cell strain.

Identification of the Tissue Origin of the Cell Tested. Tumors
produced by human fibroblasts transformed in culture were all
sarcomas, and this was supported by positive staining for vi
mentin intermediate filaments which are markers for mesen-
chyma-derived cells. Furthermore, because the antibody we
utilized was specific for an epitope on human vimentin fila
ments and failed to react with murine mesenchyma-derived
cells, positive staining for vimentin confirmed that the cells
were of human origin.5 The fibrosarcoma cell line-derived tu
mors were also vimentin positive.5

PA Activity in Fibrosarcoma-derived Malignant Cell Lines.
We also determined whether the levels of activity of receptor-
bound u-PA and t-PA were higher in cells from human tumors
of fibroblastic origin (fibrosarcomas) than in normal human
fibroblasts. Fibrosarcomas are rare, so we made use of a series
of human fibrosarcoma-derived cell lines. Before assaying the
cell lines for PA activity, we determined their ability to form
progressively growing invasive sarcomas in athymic mice with
a relatively short latency of 1-3 months. One cell line did not
produce any tumors; a second gave only a single tumor out of
three animals. The other five were highly malignant (data not
shown). As a control, in addition to our LG1 cell line, we
assayed four cell lines derived from normal newborn males and
two lines derived from older donors. The results are shown in
Table 2. All five fully malignant fibrosarcoma-derived cell lines
exhibited high levels of receptor-bound u-PA and t-PA, levels
comparable to or higher than the levels found for the malignant
cell strains of the LG1 lineage shown in Table 1. The levels in
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Table 1 Level of activity of plasminogen activators secreted and receptor bound by nonmalignant and malignant cell strains of the LG1 lineage

ReceptorboundLG1Tumori-

Cell Straingenicity"-MSU-1.0MSU-1.MSU-1.MSU-1.MSU-1.MSU-1.MSU-1.MSU-1.MSU-

.MSU-

.MSU-

.MSU-

.MSU-

.MSU-
.-N-ras

E73H-ras
L98-2AN-ras

3T+N-ras
5T+N-ras
8T+H-ras
1MT1+H-ras
2MT1+v-K-ras

178-2BT+v-K-ras
178-2DT+-MMNG
L55I-3T+-ENU

2AC4-MT+-SPONT
L45I-B5T +HMW

u-PAactivity

(PU/24 h/106cells)3.8

Â±0.5C7.1

Â±1.45.1
Â±0.39.7

Â±0.78.0
Â±1.116.0
Â±1.933.4
Â±0.927.4
Â±2.215.8Â±

2.918.7
Â±1.940.6
Â±5.229.8
Â±7.129.5
Â±5.317.3Â±

2.719.1
Â±2.1t-PA

activity
(IU/24 h/106cells)245.0

Â±101.334.0
Â±10.8ND*NDND13.5

Â±0.9249.4
Â±58.49.9
Â±1.964.5
Â±10.343.5

Â±13.973.6
Â±18.88.3

Â±1.5NDNDNDSecreted*HMW

u-PAactivity

(PU/24 h/106cells)22.3

Â±3.899.8
Â±23.331.9

Â±5.432.5
Â±2.038.3
Â±4.3103.5
Â±12.933.0
Â±4.670.1

Â±3.285.0
Â±18.950.8

Â±5.1134.3
Â±28.2112.7
+37.845.8
Â±3.052.5
Â±9.219.3
Â±2.3t-PA

activity
(IU/24 h/106cells)205.9

Â±9.1NDNDND2.6

Â±0.952.3
Â±14.7108.6
Â±7.714.8
Â±9.486.4
Â±21.7237.9
Â±139.7560.7
Â±114.630.5
Â±11.7NDND27.6

Â±5.0
" -, no tumors ever observed during numerous assays, IO7cells were injected s.c. into athymic mice and the animals were observed for at least 8 mo.; +, progressively

growing, invasive tumors that reached diameter of 1 cm within 0.5-3 months postinjection.
*The following cell strains have shown additional secreted PA activity LMW u-PA: MSU-1.1 N-ras E73, 2.0 Â±0.4; MSU-1.1 N-roi 3T, 1.1 Â±0.6; MSU-1.1 ti

ros 1MT1, 3.3 Â±0.4; MSU-1.1 MMNG L55I-3T, 4.2 Â±1.2; MSU-1.1-SPONT L45I-B5T, 1.4 Â±0.6. VHMW PA: MSU-1.1 H-ras 1MT1, 1.9 Â±0.2; MSU-1.1 v-K-
ras 187-2BT, 2.3 Â±0.8; MSU-1.1 v-K-ras 178-2DT, 14.1 Â±2.3.

' Mean Â±SD.
â€¢¿�*ND, nondetectable or activity smaller than 0.1 (0.3 for receptor bound) PU/24 h/106 cells for LMW u-PA and HMW u-PA and 2.5 (7.5 for receptor bound) IU/

24 h/106 cells for t-PA.

Table 2 Level of activity of receptor-bound and secreted plasminogen activators from malignant and nonmalignant human fibroblast cell lines

ReceptorboundCell

lineHT

1080SHACVIP:FTNCI8387

SW-684SW-982KDAG2602LG1SL81SL83SL85SL86Tumori-

genicity"+++++

Â±â€”â€”â€”â€”NTNTNTNTHMW

u-PAactivity

(PU/24 h/106cells)34.1

Â±0.3'37.5

Â±6.844.7
Â±2.7134.5
Â±26.923.6
Â±11.0

ND*0.5

Â±0.3NDND3.8

Â±0.548.9
Â±3.11.0Â±
0.42.6

Â±0.40.9
Â±0.1t-PA

activity
(IU/24 h/106cells)50.3

Â±11.961.8
Â±11.866.9
Â±11.4397.2
Â±50.630.7
Â±14.1

NDNDNDND245.0

Â±101.3122.2
Â±8.6NDNDNDSecreted*HMW

u-PAactivity

(PU/24 h/106cells)96.0

Â±19.2125.8
Â±12.140.7
Â±2.6226.5
Â±55.584.4
Â±9.2

1.3Â±0.11.5
Â±0.1NDND22.3

Â±3.8160.1
Â±5.94.6
Â±3.485.3
Â±3.97.5
Â±2.9t-PA

activity
(IU/24 h/106cells)73.3

Â±14.8326.9
Â±14.250.6
Â±9.9843.5
Â±236.242.7
Â±12.1

NDNDNDND205.9

Â±9.1175.1
Â±3.0ND84.4

Â±9.7ND

Â°+. malignant tumors; Â±,only 1 tumor out of the 3 animals; -, no tumors; NT, not tested.
* The following cell lines showed additional secreted PA activity. LMW u-PA: SHAC, 6.3 Â±0.5; NCI, 5.9 Â±0.8; SL81, 2.6 Â±1.0. VHMW PA: HT1080, 1.7 :

0.1; SHAC, 16.3 Â±6.2; V1P:FT, 1.3 Â±0.1; NCI, 8.5 Â±2.5; 8387, 0.4 Â±0.1; SL81, 3.0 Â±0.7.
' Mean Â±SD.
' ND, nondetectable or activity smaller than 0.1 (0.3 for receptor bound) PU/24 h/106 for u-PA or 2.5 IU/24 h/106 (7.5 for receptor bound) for t-PA.

the other two fibrosarcoma cell lines were extremely low or
nondetectable. As might be expected for independent, non-
cloned cell lines derived from various normal donors, the levels
of activity in the control cell lines varied greatly.

The data in Table 2 also show that the five malignant cell
lines exhibited relatively high levels of secreted HMW u-PA
and t-PA activity in the surrounding medium, levels comparable
to those seen for the ras-transformed malignant cell strains
shown in Table 1. All five cell lines also showed detectable
levels of VHMW PA. Again, as might be expected, the level of
activity detected in the various nonmalignant cell lines, includ
ing the two fibrosarcoma-derived lines or those from normal
donors, gave various levels ranging from very high to nonde
tectable.

DISCUSSION

These studies were undertaken to test the hypothesis that u-
PA and/or t-PA activity will be present at high levels in malig

nantly transformed human fibroblasts, suggesting that these
PAs function in the tumor invasion or metastatic processes.
The results indicated that this hypothesis is true for receptor-
bound u-PA and, perhaps, receptor-bound t-PA. All the malig
nant cell strains derived from single lineage had significantly
higher levels of receptor-bound u-PA than did the parental
MSU-1.1 cells, the MSU-1.0 cells, or the nonmalignant strains
derived from MSU-1.1. Furthermore, five human fibrosarcoma-
derived malignant cell lines showed similarly high levels of this
u-PA. In addition, the malignant cell strains derived from
MSU-1.1 lineage and the five fibrosarcoma-derived malignant
cell lines exhibited high levels of receptor-bound t-PA. These
findings suggest that, for human fibroblasts to become malig
nant, they must acquire high levels of receptor-bound u-PA
and, perhaps, receptor-bound t-PA also. It may be that, when
PAs are secreted by the cells, they bind to the cell and permit
expression of activity at the site where it will have maximum
effect. It is known that the proenzyme forms can be activated
while they remain bound to their receptors and that the active
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form maintains its ability to catalyze plasmin formation, cre-
. ating areas of very high "directional proteolysis" (9, 18). There

fore, a cell with those properties should possess the unique
ability to destroy connective tissue and extracellular matrix
and. consequently, to invade and metastasize. There was no
significant difference among the five malignant fibrosarcoma-
derived cell lines in the duration of their latency period, rate of
growth, or invasiveness (data not shown). The 10 cell strains
transformed to the malignant state in culture by oncogene
transfection also did not differ significantly in these character
istics (24-26).

A similar increase in u-PA and t-PA activity secreted into the
medium was seen with the MSU-1.1 cells transformed to the
malignant state by ras oncogenes, except for cell strain N-ras
5T. Since the latter strain did not differ significantly from the
other two ras oncogene-transformed malignant cell strains in
its tumor-forming characteristics, secreted PAs activity may be
less crucial for the malignant state than receptor-bound PAs.

The profile of the three malignant cell strains in the lineage
that were not the result of ras oncogene transfection (MSU-1.1
MNNG L55I-3T, MSU-1.1 ENU 2AC4-MT, and MSU-1.1
SPONT L45I-B5T) differed from those of the ras-transformed
cells. The mechanism by which these three cell strains became
malignant is not known. MSU-1.1 cells that had been exposed
to carcinogen, or untreated MSU-1.1 cells of very high passage
number, were propagated, selected for growth in soft agar or
focus formation, or examined for colonies of morphologically
altered cells. Clonal isolates were tested for tumorigenicity.
Unlike the cell strains transformed to malignancy by transfec
tion of ras oncogenes, which produced tumors in a very short
time, the cells from these clones developed tumors only after
several months (data not shown). The tumors were returned to
culture, and the progeny cells were used in this study. It may
be significant that L45I-B5T was found to express t-PA activity
in the medium, whereas the other two malignant cell strains
did not, but additional such cell strains will need to be derived
and analyzed to determine whether the pattern of PA expression
we observed is a general one.

The PA activity data for N-ras E73 and H-ras L98-2A, the
nonmalignantly transformed MSU-1.1 ras transformants, are
of special interest. These cell strains express an activated N-ras
or H-ras, but the total amount of ras-specific p21 protein is
only 2-fold the total of the endogenous ras proteins in nontrans-
fected MSU-1.1 cells.4 The secreted u-PA activity is similar to
that of their parent cell strain, and the receptor-bound u-PA
activity is intermediate between MSU-1.1 and the malignant
transformants. No receptor-bound t-PA activity was observed
in these two strains, and the level of secreted t-PA activity was
nondetectable or almost so. Therefore, these cell strains appear
to be truly intermediate between MSU-1.1 and fully malignant
MSU-1.1 derivatives transformed by ras-oncogene transfection.

The data for the five fully malignant human fibrosarcoma-
derived cell lines are consistent with those obtained for the ras-
transformed malignant cells of the lineage. The receptor-bound
and secreted u-PA and t-PA activities are high in all cases. The
cell line SW-684, which expresses very low levels of u-PA-
secreted activity in the medium, is very weakly tumorigenic.
Cell line SW 982, which is reported to be tumor derived, but
has never made a tumor in numerous tests with athymic mice,
exhibited little or no u-PA or t-PA activity. This correlates with
its failure to form tumors.

As shown in Table 2, the skin fibroblast cell lines derived
from normal donors exhibit various patterns of u-PA and t-PA

activity. The majority of these particular cell lines have not
been tested for tumorigenicity, but we and others (31) have
tested many such foreskin-derived cell lines in the past, and
tumors have never been found, nor has spontaneous transfor
mation of such cultures in vitro ever been observed (32). It has
been reported that normal fibroblasts express relatively low
levels of secreted activity of u-PA and t-PA (16, 23). However,
it has also been reported that the level of secreted u-PA in
normal kidney cell cultures of normal kidney cells obtained
from a series of various healthy individuals can range from 19
to 370 U/106 cells/24 h. Why cell lines taken from tissues or

organs from some donors have high PA activity and others
have a low level of activity is not clear. It should be noted,
however, that LG1 cells, a foreskin-derived cell line that is not
tumorigenic, showed high t-PA activity. A clonal isolate from
the LG1 line, MSU-1.0, showed very low levels, as did the
clonally derived MSU-1.1 cell strain. What is obvious from

these studies is that, when one compares the fully malignant
fibrosarcoma-derived cell lines with finite life span control cell
lines, as we do in Table 2, the former consistently exhibit high
levels of activity of receptor-bound and secreted u-PA and t-
PA, whereas the latter exhibit high or low levels in an apparently
random fashion. This random variation in control cell lines
from normal donors obscures the role such activators play in
tumorigenicity. However, by using a series of cell strains from
a common, clonally derived parent cell strain, we were readily
able to detect the relationship between the level of activity of
PAs and malignant transformation. Since MSU-1.1 has two
unique marker chromosomes and is Geneticin resistant, and all
MSU-1.1-derived cells (Table 1) carry the same two marker
chromosomes and are Geneticin resistant, the lineage of the
cells assayed is demonstrated.

It should be noted that in the present study we did not control
for possible effects of inhibitors of plasminogen activators.
However, it has been shown by Cubellis et al. (33) that any u-
PA plasminogen activator inhibitor(s) complexes bound to the
u-PA receptor are internalized and degraded. In light of their
results, one would not expect the receptor-bound u-PA assayed
by us to be influenced by such inhibitors. More important, the
receptor-bound u-PA activity we measured should reflect the
proteolytic activity important for malignancy.

When cells expressed high levels of secreted HMW u-PA or
t-PA activity, LMW u-PA or VHMW PAs were also frequently
detected. The LMW u-PA may reflect proteolytic degradation
of HMW u-PA. The VHMW PA activity detected may be the
result of a unique protein controlled by the same regulatory
pathway as some, or perhaps all, of the other PAs (14). It is
also possible that VHMW PA is a precursor to u-PA or t-PA
or that it represents some type of aggregate of lower molecular
weight forms (14). Such possibilities are consistent with our
results, since it was found only in cells which expressed rela
tively high levels of u-PA or t-PA.
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